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Foreword

When I was on staff at the Peter Bent Brigham Hos-
pital in Boston, we had a weekly Neurology Grand
Rounds together with the Children’s Hospital and the
Beth Israel Hospital. Dr. Charles Barlow was Chief at
Children’s Hospital and Professor of the Harvard Neu-
rology Department at Children’s and the Brigham. At
the Grand Rounds, a wide variety of neurological cases
were presented, but we were not permitted to present a
patient with degenerative ataxia. Dr. Barlow certainly
admitted that the patients were interesting, but he got
too frustrated with the presentations, since we never
made a clear diagnosis. Times have certainly changed.
The differential diagnosis of identified conditions is
now huge, and advances in genetics and molecular
biology have begun to give detailed insights into the
pathophysiology. Neurodegeneration is still not with-
out mystery, but medicine is hot on the trail to under-
stand a variety of pathways by which it occurs.

The cerebellum has the most neurons of any part
of the brain, and it interacts with all parts of the brain.
Its beautiful cellular architecture seen throughout the
structure suggests a common mode of information
processing, which is still not fully determined. When
malfunctioning, there are gross motor problems, and
more recently, it has become clear that there are more
subtle problems with other brain functions, including
cognition and emotion. Advances are being made here
also.

This book on cerebellar disorders by Dr. Mario
U. Manto begins with our current understanding of
the anatomy and physiology of the cerebellum, and
then dives into the diagnosis and treatment of the
many different disorders. As virtually all pathological

processes can affect the cerebellum, the book actually
covers much of neurology. Dr. Manto has been devoted
to the study of the cerebellum in his career. His contri-
butions are numerous in many areas, and his enthusi-
asm led him to found and edit the journal, The Cere-
bellum, which has rapidly become quite distinguished
with an impact factor approaching 4. He is almost
uniquely qualified to write an authoritative text cov-
ering the whole subject.

When dealing with the different disorders, the
book approaches the patient in multiple ways. What
is the differential diagnosis by age or by pathologic
entity? What is the differential diagnosis for reces-
sive, dominant, or X-linked disorders? What labora-
tory tests should be done to clarify the situation? What
scales can be used to quantify the disorder? And then,
what can be done for treatment? There is no reason to
take a dim view of treatment when the possibilities are
taken as a whole for all the ataxias.

The text is written in a clear way without excessive
material. The facts, the important ones, are easy to find,
and can serve to educate and advise when dealing with
a specific patient. The book can be helpful not only
for students and neuroscientists, but for neurologists
at all levels of expertise. It is a welcome addition to the
neurology library.

Mark Hallett, MD

Human Motor Control Section
National Institute of Neurological
Disorders and Stroke

National Institutes of Health
Bethesda, Maryland
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Preface

Our knowledge of cerebellar functions and cerebel-
lar disorders has increased tremendously during the
past century. With the advent of new technologies,
important pathophysiological mechanisms have been
deciphered or are being elucidated. The twenty-first
century will be the century of treatment for the large
spectrum of cerebellar disorders. This book aims to

provide updated information both at the clinical and
fundamental levels. It is written to provide an inte-
grated view of cerebellar functions, facilitate diagnos-
tic strategies, and become a companion for students
and neuroscientists dealing with the cerebellum or
cerebellar ataxias.
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Introduction

The terminology of cerebellar ataxias encompasses a
wide range of disorders. The advances in neuroimag-
ing, the progress in translational neurosciences, the
recent discoveries in molecular biology, and the avail-
ability of genetic testing have revolutionized the field of
cerebellar disorders. In particular, the identification of
the causative mutations of many hereditary ataxias has
influenced daily practice worldwide. Since the clinical
diagnosis of subtypes of ataxias is often complicated by
the salient overlap of the phenotypes between genetic
subtypes, and given the numerous disorders affecting
the cerebellum, many students, biologists, clinicians,
and researchers often experience difficulties in the dis-
cipline of cerebellar diseases. Making the right diagno-
sis remains a major goal when facing a growing num-
ber of disorders which look apparently similar. This
book aims to provide a framework for the diagnosis
and management of cerebellar ataxias, with explana-
tions on the pathophysiological basis to bridge the gap
between basic medical sciences and clinical problems.
In particular, I have reviewed the literature of these last
15 years and tried to gather the most relevant infor-
mation in the field, often published in papers scattered
throughout the scientific literature. The most critical
tests to be performed are underlined.

The book is divided into 23 chapters, starting with
the embryology and anatomy of the cerebellum. These
chapters remain essential for the appraisal of cerebel-
lar ataxias. The chapter on physiology reviews the the-
ories and mechanisms underlying cerebellar function.
The most commonly used clinical scales for evaluating

ataxic disorders are discussed in Chapter 4. Diagnosis
and general management of cerebellar ataxias are dis-
cussed in Chapters 5 and 6, respectively. The following
chapters discuss the sporadic forms and inherited
diseases encountered in daily practice. Each chapter
describes the disorder and its pathogenesis, empha-
sizing the research aspects which have direct clinical
implications. Autosomal recessive cerebellar ataxias,
autosomal dominant cerebellar ataxias (spinocerebel-
lar ataxias [SCAs]), and X-linked ataxias are reviewed.
The sections on inherited ataxias have been expanded
to include the most recently discovered genetic atax-
ias. The last decades have brought a growing number
of demonstrations that the cerebellum participates in
non-motor activities. The contributions of cerebellar
circuitry in the so-called cognitive operations, includ-
ing executive functions, learning, and language, and in
emotional symptoms are also discussed.

I have attempted to take into account the numer-
ous comments received following the publication of
The Cerebellum and Its Disorders in 2002. In partic-
ular, I have included tables to facilitate the differen-
tial diagnosis of cerebellar ataxias. Disorders occurring
in children had been overlooked. They are now pre-
sented, so that most of the cerebellar disorders relevant
in a general neurologist’s practice will be explained. I
have also attempted not to duplicate material in order
to keep the text as concise as possible. In particular,
I had to be selective for the animal models of cere-
bellar ataxias, selecting those with a potential clinical
application.




Embryology

Origin of the cerebellum

The cerebellum originates from the metencephalon
and the caudal mesencephalon (dorsal rhombomere 1)
and reaches its final configuration several months after
birth (Koop et al., 1986; Lechtenberg, 1993). The supe-
rior vermis begins to be formed at about 7 to 8 weeks
of gestation, and the fusion of the inferior vermis
continues up to about 18 weeks. The superior rhombic
lip and the adjacent parts proliferate to generate the
rudiment of the cerebellum. The central cavity of
the rhombencephalon becomes the fourth ventricle.
In the following weeks, the cerebellum will expand
rostrally, caudally, dorsally, and laterally. Cerebellar
hemispheres can be identified at the fifth month as two
lateral masses.

Transverse fissures appear progressively on the sur-
face (Figure 1.1). The posterolateral fissure is the first
to appear, enabling the identification of the flocculi
and the nodulus. The flocculus and the superior cere-
bellar peduncle are identified at day 45 (O’Rahilly
et al., 1988). The posterolateral fissure is clearly dis-
cernible at week 9. At the end of the third month,
the primary fissure emerges, demarcating the anterior
lobe. Two grooves can be distinguished: the secondary
fissure and the prepyramidal fissure.

Generation of cerebellar neurons

The ventricular neuroepithelium is responsible for
the generation of nuclear cells and Purkinje cells.
Interneurons of the cerebellar cortex originate from
the metencephalon and the mesencephalon, while
granule cells emerge solely from the external granu-
lar layer (EGL) originating from the metencephalon.
The migration of primitive cells over the surface of
the cerebellum begins at about 11 to 12 weeks of ges-
tation. Three stages can be identified: (1) generation
of nuclear neuroblasts from the ventricular epithe-

Embryology and anatomy

lium, deep nuclei appearing at weeks 11 to 12, and
an intense growth of dentate nuclei between week 20
and week 25 (Mihajlovic & Zecevic, 1986); (2) radial
outward migration of Purkinje neuroblasts and tan-
gential migration of the EGL, with the Purkinje cell
layer becoming apparent between weeks 17 and 28
and synapses between Purkinje cells and parallel fibers
being formed at week 24; and (3) inward migration of
the external granular layer starting at week 30 and per-
sisting after birth. EGL cells will migrate through the
Purkinje cell layer to form the internal granular layer.

During the development of the cerebellum, the
number of Purkinje cells determines the size of the
population of granule neurons. Purkinje cells control
the mitotic activity of granule cell neuroblasts within
the EGL. Indeed, the Purkinje cell layer located under-
neath the EGL continuously secretes a mitotic sig-
nal sonic hedgehog (SHH), which drives the extensive
proliferation of granular cells such that granule cells
become the most abundant neurons in the cerebel-
lum (Wechsler-Reya & Scott, 1999) (Figure 1.2). SHH
also acts on Bergmann glia differentiation. The SHH
overall expression profile in early post-natal stages is
directly responsible for the final size of the cerebellum,
being required for full lobe extent (Vaillant & Monard,
2009). The external granular layer will disappear pro-
gressively during the first year of life (Lechtenberg,
1993).

Projections to the cerebellum display a parasagit-
tal and striped organization, perpendicular to the fis-
sures, forming compartments in the cerebellar cir-
cuitry (Gravel & Hawkes, 1988; Voogd & Ruigrok,
2004). Cells in limited regions of the inferior olive send
climbing fibers in a band-like manner to a specific
compartment of Purkinje neurons, and mossy fibers
project to the granule cell layer in specific regions
of the bands (Hawkes et al., 1993; Zagrebelsky et al.,
1997). Parasagittal bands of Purkinje neurons are pre-
programmed intrinsically during development (see
also section The inferior olivary complex).



Chapter 1 - Embryology and anatomy

A B
/PF Anterior
lobe
PLF/'/ PLF//
Nodulus Nodulus
c D PF
PE / Anterior
lobe
Prepyr F
PyrF_g Y/ \X
SF ——,

Figure 1.1 Genesis of fissures. The first fissure appearing is the
posterolateral fissure (PLF). The second is the primary fissure (PF),
which delineates the superior part of the anterior lobe. The
prepyramidal fissure (Prepyr F) and the secondary fissure (SF) appear
subsequently, followed by a development of the anterior lobe.

Figure 1.2 Development of the cerebellar cortex. SHH (Sonic
hedgehog, represented with red squares) is secreted by Purkinje
neurons (PN). SHH triggers the mitosis of cerebellar granular
neuronal precursors in the external granular layer (EGL). SHH also
promotes differentiation of Bergmann glia (BG). SHH acts through a
patched protein and a transmembrane protein called SMO,
triggering the activation of transcription factors. EGL cells will
migrate to form the internal granular layer (IGL). Adapted from:
Vaillant and Monard, 20009.

Vertebrobasilar system embryogenesis

The vertebrobasilar system arises from collaterals of
the dorsal aorta (which will give rise to the internal
carotid artery) (Padget, 1954). Three embryonic arter-
ies contribute to the intracranial portions of the ver-
tebrobasilar system: the trigeminal artery, the acous-
tic artery, and the hypoglossal artery (Figure 1.3). At
the cervical level, the first six segmental arteries will
form the vertebral arteries. The first segmental artery
is called the proatlantal artery. At 30 days, a longitu-
dinal neural artery appears on each side, supplied by
the trigeminal artery, the acoustic artery, the hypoglos-
sal artery, and the proatlantal artery. At 31 days, the
two longitudinal neural arteries merge to become the

Figure 1.3 Representation
of the embryonic
carotid-vertebrobasilar
anastomoses on the right
side. Abbreviations: Ao: aorta;
LNA: longitudinal neural
artery; T: trigeminal artery; Ac:
acoustic (otic) artery; H:
hypoglossal artery; ProAtl 1:
type 1 proatlantal artery;
ProAtl 2: type 2 proatlantal
artery. Adapted from: Pasco
etal, 2004.

basilar artery. This latter communicates with the pos-
terior communicating arteries originating from the
internal carotid arteries. Simultaneously, the ventral
trunks of the trigeminal, acoustic, and hypoglossal
arteries disappear. The posterior-inferior cerebellar
artery is a remnant of the embryological hypoglos-
sal artery. At day 33, the proatlantal artery is linked
to the basilar artery by its cranial branch. The ventral
trunks of the first six segmental arteries will disappear.
Disruption of the embryogenesis of the vertebrobasi-
lar system leads to persistent carotid-vertebrobasilar
anastomoses (Pasco et al., 2004):

* The persistent trigeminal artery is found - usually
incidentally - in about 0.2% of angiograms in
adults. The artery arises from the posterior side of
the intracavernous internal carotid artery and
joins the basilar artery in its distal part. The
ipsilateral vertebral artery and the proximal
basilar artery are often hypoplastic. Patients may
complain of diplopia due to abducens nerve
(nerve VI) irritation in the cavernous sinus or
may complain of facial neuralgias. Aneurysms
may develop.

* The persistent hypoglossal artery is found in about
0.05% of angiograms. It arises from the posterior
side of the cervical internal carotid in front of the
C1-C2 space. The ipsilateral vertebral and
posterior communicating arteries are hypoplastic.

* The persistent acoustic artery is very rare. It
originates from the internal carotid artery in the
intrapetrous carotid canal and reaches the caudal
portion of the basilar artery.

Genes, signaling, and development
of the cerebellum

Several genes involved in the regulation of brain
and cerebellar development have been identified, in
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Figure 1.4 Cerebellar neurons are generated from two
anatomically distinct progenitor zones within the primordia.
Math1 expressing neuroepithelium (rhombic lip) generates
glutamatergic neurons (red arrows). PTF1A-expressing
neuroepithelium (ventricular zone) generates GABAergic neurons
(blue arrows). Cells leaving the rhombic lip migrate over the
anlage and form an external layer of cells which continue to
proliferate. Granule neuron progenitors form the external granular
layer (EGL). Inward radial migration of EGL generates the internal
granular layer (IGL). Cerebellar Purkinje neurons are post-mitotic
as they leave the ventricular zone. Adapted from: Hoshino,

2006. (See color section).

particular, microcephalin, ASPM, and FOXP2 (Evans
et al., 2006). Microcephalin plays a critical function
in brain size regulation during the proliferation phase
of neurogenesis. FOXP2, a transcription factor, affects
the development of several regions of the brain. Exper-
iments with mice show that FOXP2 regulates cere-
bellar development and neural migration (Shu et al.,
2005).

The Mathl gene encodes a transcription factor
specifically expressed in the precursors of the EGL
and is required for granule cell lineage (Ben-Arie
et al,, 1997). All known glutamatergic neurons of
the cerebellum derive from the Math1-positive rhom-
bic lip, including unipolar brush cells and the glu-
tamatergic subset of neurons in cerebellar nuclei
(Figure 1.4). PTF1A (pancreas transcription fac-
tor 1A) is implicated in the genesis of cerebellar
GABAergic neurons (Hoshino et al, 2005). Muta-
tions of the PTF1A gene on chromosome 10pl13-
pl2.1 is associated with pancreatic and cerebellar
agenesis (Sellick et al., 2004; see also Chapter 7).
In absence of PTF1A, failure to generate GABAergic
neurons will lead to a massive pre-natal death of
all glutamatergic neurons because the GABAergic
synaptic partners are absent (Millen & Gleeson,
2008). The so-called zinc finger family of transcrip-

tion factors (ZIC) includes ZIC1, whose activity is
required to maintain the EGL cells in a progenitor
state.

Notch proteins are transmembrane proteins which
participate in the process of cell-fate assignation
during development (Artavanis-Tsakonas et al., 1999).
The activation of Notch signaling is dependent on
the interaction with Delta, Serrate, and Lag-2 li-
gands expressed on neighboring cells. Notch
undergoes proteolytic cleavages. The resulting Notch1
intracellular domain translocates to the nucleus and
activates transcription of target genes involved in
cellular differentiation and development (Bailey &
Posakony, 1995). Delta-Notch-like epidermal growth
factor-related receptor, a Notch ligand on neurons,
is abundantly expressed in Purkinje neurons and
moderately expressed in granule cells. It contributes
to the maturation of Bergmann glia via Purkinje
neurons-glia interactions (Eiraku et al., 2002; Saito
& Takeshima, 2006). Notchl signaling regulates the
responsiveness of progenitor cells to bone morpho-
genetic proteins secreted from the roof plate of the
fourth ventricle. In the absence of Notchl, cerebellar
progenitors are depleted during the early production
of hindbrain neurons, resulting in a severe decrease
in the deep cerebellar nuclei that are normally born
subsequently (Machold et al., 2007).

SHH acts on gene expression through the activ-
ity of the GLI transcription factor family (Vaillant &
Monard, 2009). Its transmembrane receptor Patched
1 allows the translocation of a protein called SMO to
the cilia (see also Joubert syndrome in Chapter 7).
SHH needs to be cholesterol-modified in order to be
active. Inhibition of this step causes abnormal devel-
opment (Lanoue et al., 1997). The Smith-Lemli-Opitz
syndrome is an example of association of cerebellar
hypoplasia (see also Chapter 7) and impaired choles-
terol metabolism (Porter, 2008).

The reelin signaling pathway guides neuroblast
migration in the developing cerebral cortex and cere-
bellum (D’Arcangelo et al., 1995). In the cerebel-
lum, the granule cells secrete reelin, which guides
migration of Purkinje neurons. Very low density
lipoprotein receptor and apolipoprotein E receptor
type 2 are transmembrane receptors for reelin (see also
dysequilibrium syndrome in Chapter 20). With reelin
binding, an intracellular signaling cascade is triggered,
allowing neuroblasts to complete migration and adopt
their ultimate positions in laminar structures in
the CNS.
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Neurotrophins

Neurotrophins, such as nerve growth factor, neu-
rotrophin 3, and brain-derived neurotrophic factor
(BDNF), play important functions in the development
and maturation of the nervous system. Their effects
are mediated by binding to specific high-affinity tyro-
sine kinase receptors (Trks). Nerve growth factor is
a ligand for TrkA type receptors, BDNF targets TrkB
receptors, and neurotrophin 3 is a ligand for TrkC
receptors. BDNF is highly expressed in the cerebel-
lum. Granule cells express BDNEF, and both granule
and Purkinje cells express TrkB receptors (Wetmore
et al., 1990; Segal et al., 1995). BDNF is found in
the adult cerebellum, especially in Purkinje neurons.
BDNF promotes survival and axonal elongation of
granule cells and promotes survival and differentiation
of Purkinje neurons (Larkfors et al., 1996). BDNF not
only regulates cerebellar post-natal development and
dendritic maturation, but also participates in synaptic
plasticity (Richardson & Leitch, 2005). Development
of GABAergic synapses is also under the control of
BDNF (Rico et al., 2002). Neural activity tunes the
release of neurotrophins. Therefore, neurotrophins
participate in activity-dependent synaptogenesis of
inhibitory synapses (Drake-Baumann, 2006).

Imaging and fetal development

Ultrasound and fetal MRI have become two major
techniques to assess cerebellar development in the
fetus (Triulzi et al., 2006). The ultrasound technique
has several advantages: easy access, low cost, porta-
bility, and real-time assessment. The technique pro-
vides accurate brain and ventricular morphometric
measurements, with fairly good intra- and inter-reader
reliability. Nevertheless, for the qualitative assessment
of brain parenchyma and anatomy, it is operator-
dependent. It also suffers from a lack of resolution.
MRI is superior to ultrasound in this regard. It is very
accurate for identifying morphologically the develop-
ment of the cerebellum. Its limitations include the res-
olution, although improvements are occurring. Fetal
MRI allows an accurate estimation of cerebellar devel-
opment from about week 19 (Figure 1.5). Vermis
height and length and cerebellar transverse diameter
can be identified easily. Quantitatively, the cerebel-
lum will roughly double its diameters between week
19 and week 37. After 21 weeks, posterior fossa struc-
tures are well defined on MRI. At this time, the tento-
rium has reached its final orientation, and the typical

shape of the brainstem is recognizable. Primary fissure
is well discernible in sagittal sections at week 21 or 22,
and vermis folia start to be visible after week 24. Fetal
MRI can be used also to assess indirectly the processes
of myelination and synaptogenesis. Myelination starts
during midgestation from the spinal cord to progress
cranially. Sensory pathways are the first to myeli-
nate. The archicerebellum and the paleocerebellum
are myelinated in a newborn, while cerebellar hemi-
spheres are not. T2-weighted techniques are particu-
larly suited to monitor the progression of myelination
due to the high contrast between the unmyelinated and
the myelinated white matter. A slight hypointense sig-
nal can be recognized by week 21 in the deep white
matter of the cerebellum, corresponding to cerebellar
nuclei.

Anatomy
Nomenclature

In humans, Jansen proposed to divide the cerebellum
in three parts: the anterior lobe, the posterior lobe,
and the paraflocculus/flocculus (Figure 1.6). Dow has
suggested to divide the cerebellum in three areas on
the basis of the mossy fiber projections: the vestibu-
locerebellum corresponds to the flocculonodular lobe,
the paleocerebellum corresponds to the vermal ante-
rior and posterior lobes with mainly spinal projec-
tions, and the neocerebellum refers to the mediolateral
part with essentially corticopontocerebellar projec-
tions (Dow, 1942). The nomenclature of Larsell is
widely used in animals. The cerebellum is divided
in 10 lobules (I to X according to the nomencla-
ture of Larsell), illustrated in Figures 1.6 and 1.7. Fis-
sures separating the lobules are shown in Figure 1.8.
Although individual lobules are easily identified in the
human cerebellum, the overall shape of the cerebellum
may vary between subjects (Diedrichsen et al., 2009).
For instance, lobule IX may appear downwards near
the opening of the foramen magnum in some sub-
jects, whereas in others it will appear upwards to lob-
ule VIII. The proportion of the cerebellar gray matter
assigned to each lobule is illustrated in Figure 1.9. Lob-
ule VII, consisting of crus I, crus II, and crus VIIb,
accounts for nearly 50% of the gray matter volume
(Diedrichsen et al., 2009). The left hemisphere is larger
than the right hemisphere in the majority of subjects.
Anterior lobules IIT and I'V are larger on the right side.
The reverse is observed for lobule V1. This asymmetry
might be related to handedness (Snyder et al, 1995).
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Figure 1.5 Steps of cerebellar
development in the fetus on brain MRI.
(A) Cerebellar development at 21 weeks
gestational age (GA). MRl in the sagittal (s),
transverse (t), and coronal (c) planes. Primary
fissure (black arrow) is already detectable on
the sagittal image. A slight hypointense
Y signal, most likely due to dentate nuclei, can

J d A N \ E be recognized on the deep cerebellar white
" ‘;. J (L ) matter (white arrows). (B) Cerebellar

E —g * 3 development, 24 weeks GA. Primary fissure
(black arrow) and cerebellar nuclei (white
arrows) are detectable. T2 hypointensity in
dorsal medulla and pons is also detectable
(white dotted arrow). (C) Cerebellar
development, 28 weeks GA. A rapid increase
of vermian size (s) in comparison with A and
B is well detectable. (D) Cerebellar
development, 31 weeks GA. Hypointense
cerebellar flocculi are visible (black arrows).
(E) Cerebellar development, 34 weeks GA.
Cerebellar folia are easily detectable also in
coronal and transverse section. (F)
Measurements on brain MRI. Upper panels:
Measurements of vermis height,
vermis anteroposterior diameter,
Transverse cerebellar diameter. Bottom
panels: isolated mild inferior vermian
hypoplasia detected at 20 weeks GA, and
follow-up studies at 24 and 29 weeks GA
demonstrate a progressively normal
development of cerebellar vermis. From:
Triulzi, 2006. With permission.
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Figure 1.6 lllustration of the human cerebellum. (A) Superior view. The anterior lobe is demarcated from the posterior lobe by the primary
fissure. (B) Anterior-inferior view showing the cerebellar peduncles. The flocculonodular lobe, delineated by the posterolateral fissure, is
visible. (C) Inferior view showing the posterior part of the posterior lobe and the flocculonodular lobe. (D) Phylogenetic division of the
cerebellum in paleocerebellum (medially), neocerebellum (laterally), and archicerebellum (flocculonodular lobe) represented on an unfolded
cerebellum. (E) Division in 10 lobules. (F) Components of the vermis. From: Colin et al., 2002. With permission. (See color section).
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Figure 1.7 Parcellation of the cerebellum in individual lobules.
Upper panels, coronal sections; lower left, parasagittal section; lower
right, inferior view of the cerebellum. (See color section).
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Figure 1.8 Lobules of the cerebellum in a coronal section and the
corresponding fissures.

The cerebellum is highly stereotyped in its cellular
circuitry, but the organization of input-output path-
ways differs according to the cerebellar region, leading
to a functional compartmentalization.

Afferent fibers

Three pairs of cerebellar peduncles allow the affer-
ent fibers to reach their targets: the inferior cerebel-
lar peduncle (also called restiform body), the middle
cerebellar peduncle (brachium pontis), and the supe-
rior cerebellar peduncle (brachium conjunctivum).
Tracts passing through the cerebellar peduncles are
listed in Table 1.1. The number of afferent fibers is
very high as compared with cerebellar efferent fibers
(ratio of about 40:1). The cerebellum receives three
types of fibers: climbing fibers emerging exclusively
from the contralateral inferior olive and ascending in
the inferior cerebellar peduncle, mossy fibers arising
from a large number of sources, and the diffusely dis-
tributed cholinergic/monoaminergic afferents (often
called “the third afferent system”). While climbing
fibers are thin and relatively slow-conducting fibers,
mossy fibers are large and fast conducting fibers (Colin
et al,, 2002; see also Chapter 2).

The afferent synaptic projections are organized in
parasagittal stripes: (1) mossy fiber inputs from the
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Figure 1.9 Volume of lobules in percentage of the total estimated cerebellar gray matter volume in healthy adults (total = 100%). Volumes
of left and right side are considered together. Adapted from: Diedrichsen et al,, 2009. (See color section).
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Table 1.1 Tracts passing in the cerebellar peduncles
Peduncle

Inferior cerebellar peduncle (restiform body)

Middle cerebellar peduncle (brachium pontis)

Superior cerebellar tract
(brachium conjunctivum)

aUncrossed. PCrossed.

Afferents

Olivocerebellar tract
Vestibulocerebellar tract
Cuneocerebellar tract?
Reticulocerebellar tract
Dorsal spinocerebellar tract?
Trigeminocerebellar tract

Ventral spinocerebellar tract?
Tectocerebellar tract

Efferents

Cerebelloolivary tract
Cerebellovestibular tract
Cerebellospinal tract
Cerebelloreticular tract

Pontocerebellar tract

Dentatorubral tract
Cerebellotegmental tract
Cerebellovestibular tract
Cerebelloolivary tract

spinocerebellar and cuneocerebellar tracts, (2) striped
muscarinergic receptors in the Purkinje and molec-
ular layers complemented with mossy fiber rosettes
stained with acetylcholinesterase, and (3) zonal and
prealbumin/calcitonin gene-related peptide reactive
climbing fiber inputs (Hamamura et al., 2004). Stripes
of these inputs alternate and monoclonal antibodies
against a membrane fraction clearly show a parasagit-
tal stripe organization of Purkinje neurons, with alter-
nating zebrin-positive and -negative bands. These
zebrin compartments could represent a fundamental
unit of organization in the cerebellum (see also section
The inferior olivary complex).

Cerebellar circuitry

The cerebellum is highly stereotyped in its cellular cir-
cuitry (Figure 1.10). The highly folded cerebellar cor-
tex projects to (relatively) small nuclei, the sole output
of the cerebellum.

The cerebellar cortex

Purkinje neurons

The cerebellar cortex is divided in three layers.
Purkinje cells make a monolayer (ganglionic), which
separates the molecular layer (outer) from the inner
granular layer. The estimation of the number of Pur-
kinje neurons for a human cerebellum is about 15 mil-
lion. These neurons have a typical pear-shaped soma,
with a single axon leaving the lower pole. The agran-
ular endoplasmic reticulum is extremely developed.
Its membrane contains inositol 1,4,5-triphosphate and
ryanodine receptors. In the granular layer, numerous
collaterals are oriented perpendicularly to the axis of

the folium. Purkinje neurons are GABAergic (Ito &
Yoshida, 1964). They inhibit deep nuclei and vestibu-
lar nuclei. Also, branches of the supra-ganglionic and
infra-ganglionic plexus inhibit the basket/stellate cells
and the Golgi/Lugaro cells, respectively.

The primary dendrite emerging from the outer
pole makes an arbor, with the terminal part of the
dendrite being covered by numerous spines making
excitatory synapses with parallel fibers. Purkinje neu-
rons have one of the most extensive dendritic domains,
composed of a dense network of spines along dis-
tal shafts. Climbing fibers target Purkinje neurons
in an exclusive one-to-one relationship. The connec-
tion between one ascending climbing fiber and a Pur-
kinje neuron represents a very powerful synapse (see
Chapter 2).

Granule cells

Granule cells have an oval shape, with typical naked
nuclei due to the thinness of the cytoplasm. There are
about 3 to 7 million granule cells/mm?® in humans,
which equals between 10'° and 10! cells/cerebellum.
Terminals of mossy fibers end up in the granular layer,
giving rise to clubby enlargements, called “rosettes”
(Figure 1.11), which are parts of a complex globular
enlargement (glomerulus). Rosettes give rise to special
“en marron” excitatory synaptic contacts with termi-
nal branches of the granule cell dendrites. One rosette
makes about 90 to 100 synapses with dendrites, with
each granule cell presenting four to five dendrites.
Axons of Golgi neurons make inhibitory synapses on
the branches of the granule dendrites. Granule cells
are the origin of an ascending thin axon which pene-
trates in the molecular layer to bifurcate in two parallel
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Figure 1.10 Wiring and connections of the cerebellar circuitry. (A) Mossy fibers (blue) and climbing fibers (red) project to cerebellar cortex
(gray area) and cerebellar nuclei. The Purkinje neuron interacts with granule cells and inhibitory interneurons of the cerebellar cortex. Purkinje
cells represent the output of the cerebellar cortex. Purkinje neurons inhibit cerebellar nuclei, which are the origin of the output emerging
from the cerebellum. (B) Neurons of cerebellar circuitry. Abbreviations: MF: mossy fiber; CF: climbing fiber; IO: inferior olive; Gran. c: granule
cell; br. c: brush cell; Ge: Golgi cell; Le: Lugaro cell; Bc: basket cell; Sc: stellate cell; PN: Purkinje neuron; CN: cerebellar nuclei.

+: excitatory; — : inhibitory. (See color section.)
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Parallel fibers ©)

Glomerulus

fiber

Figure 1.11 The glomerulus. The enlarged extremity of a mossy
fiber (represented in yellow), called “rosette,” is connected with
dendrites of the granule cells (shown in blue) and a Golgi cell
(illustrated in green). It also receives an axonal projection from the
latter. Therefore, Golgi cells regulate mossy fiber inputs. Golgi cells
are themselves excited by parallel fibers emerging from the granule
cells. (See color section.)

branches running parallel to the axis of the folium in
opposite directions. Parallel fibers have a diameter of
about 0.25 wm, with a length estimated at 2 to 7 mm.
Varicose swellings form excitatory synapses with den-
dritic spines of Purkinje neurons, which are dynamic
small protuberances bearing the postsynaptic compo-
nents of the synapses. Their shape and number are
sensitive to numerous physiological conditions, such
as learning (Federmeier et al., 2002). Parallel fibers
liberate nitric oxide (NO), which activates guanylate-
cyclase.

Unipolar brush cells

Unipolar brush cells are found in the granular layer.
Their size is between a granule cell and a Golgi cell
(Mugnaini & Floris, 1994). They are densely stained
with anti-serum against calretinin, a calcium-binding
protein. A main feature of unipolar brush cells is their
thick dendrite terminating in a brush-like tip, hence
their name. They are found mainly in the vestibulo-
cerebellum and the lingula. Their density is moderate-
to-low in other folia of the vermis and in the interme-
diate cortex. They are found rarely in lateral regions
of the cerebellum. Mossy fiber terminals form a spe-
cial synapse with the dendrites of unipolar brush cells.
There is a long synaptic cleft, with many sites of vesicle
clustering. The neurotransmitter is trapped in the cleft,
a single spike in the mossy fiber producing a 500-msec
spike burst. The axons branch in the granular layer and
end with a rosette.

Inhibitory interneurons

Inhibitory interneurons are located in the molecular
and granular layers. Basket cells are located just above
the Purkinje layer. Their dendrites have long spines.
The axon runs perpendicular to the long axis of the
folium above Purkinje neurons and gives off descend-
ing collaterals surrounding the Purkinje cell soma in a
basket-like shape. The end of the basket connects with
the Purkinje cell in a structure called “pinceau.” This is
an inhibitory synapse, one basket cell inhibiting up to
nine Purkinje neurons. Stellate cells occupy the outer
two-thirds of the molecular layer. They have a short
axon. Their dendrites make inhibitory synapses with
the Purkinje cell dendrites outside the basket. Golgi
cells and stellate cells share parallel fiber inputs with
the Purkinje neurons. Golgi cells are inhibited by col-
laterals of Purkinje neurons and inhibit the synaptic
transmission between mossy fiber rosettes and granule
cell dendrites, regulating mossy fiber inputs. Lugaro
cells are characterized by a small fusiform soma and a
dendrite expanding horizontally under Purkinje cells.
Both their soma and dendrites receive a massive inner-
vation from collaterals of the axon of Purkinje neu-
rons. Lugaro cells have an ascending axon, making
numerous inhibitory synapses with the soma and den-
drites of basket and stellate cells.

Bergmann glial cells

Bergmann glial cells are specialized astrocytes closely
associated with Purkinje cells. Astrocytes are exten-
sively coupled by gap junctions (Giaume & McCarthy,
1996). These latter participate in electrical coupling
and intercellular signaling. They are formed by two
hemichannels, each of which comprises six protein
subunits called connexins. Connexin43 (Cx43), the
major constituent of astrocytic gap junctions, is highly
expressed in astrocytes throughout the brain. Another
group of proteins, called pannexins and contributing
to gap junctions, are expressed in particular in Pur-
kinje cells.

Cerebellar nuclei

The cerebellar nuclei are the main target of Purkinje
neurons. In humans, the medial nucleus corresponds
to the fastigial nucleus, the globosus/emboliformis to
the anterior/posterior interpositus nucleus, and the
lateral nucleus to the dentate nucleus. This latter con-
tains the majority of neurons. It looks like a folded
band, with a hilus located medially. It can be identified
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on high-resolution MRI (Figure 1.12). The dentate
nucleus is composed of a rostromedial zone (mag-
nocellular) and a posterolateral zone (parvocellular).
While neurons in the dentate nucleus are mainly com-
posed oflarge multipolar cells, the interpositus nucleus
and the fastigial nucleus are composed of both large
and small multipolar neurons.

Nucleofugal fibers are excitatory and use gluta-
mate as a neurotransmitter, except for the GABAer-
gic nucleo-olivary projections, which exert a strong
inhibition on the contralateral inferior olive, regulate
Purkinje cell firing, and might be involved in the gating
of sensory input to the olive. Nuclear neurons receive
a dense projection from Purkinje neurons. The exci-
tatory input on nuclear cells emerges from collaterals
of climbing and mossy fiber afferents. It is currently
accepted that the input from mossy fibers is the major
excitatory input to nuclei. Nucleofugal fibers emit col-
laterals ending in the granular layer (nucleocortical
fibers). These projections have a somatotopic organi-
zation (Provini et al., 1998). They are often considered
as providers of negative feedback loops.

The fastigial nucleus projects bilaterally to the
vestibular and reticular nuclei, controlling reticu-
lospinal and vestibulospinal tracts (Figure 1.13).
Crossed (uncinate fasciculus or hook bundle, which
arches around the brachium conjunctivum) and
uncrossed fibers emerge from the fastigial nucleus.

The interpositus nucleus, divided in anterior and
posterior parts, projects to the contralateral thalamus
and adjacent areas of the ventral anterior (NVA), area
X, and ventral posterolateralis nucleus (VPLN). Fibers
send collaterals to the red nucleus. The interpositus
nucleus also sends collaterals to the nuclear reticularis
tegmenti pontis (NRTP), the pontine nuclei, and the
superior colliculus.

The dentate nucleus projects mainly to the thala-
mus (NVL, VPLN, area X, intralaminar nuclei) and the
red nucleus.

The inferior olivary complex

The inferior olivary complex includes the principal
olive, medial and dorsal accessory olive, and medial
lamina. The inferior olive comprises about 1.5 mil-
lion cells. As mentioned earlier, the white matter of
the cerebellum can be divided in longitudinal strips:
eight major bands (A, X, B, C1, C2, C3, D1, D2) project
to well-defined regions of cerebellar nuclei and receive
climbing fibers from specific areas of the inferior olive

(Voogd & Glickstein, 1998). Zones A, X, and B are
found in the vermis. Zones C1-C3 project to the ante-
rior interposed nucleus, the C2 zone projects to the
posterior interposed nucleus, and the D1-D2 zones
project to the caudoventral and rostrodorsal portions
of the dentate. The flocculus is also divided into eight
longitudinal strips, which are related to four small
parts of the inferior olive. Anatomically and function-
ally, the olivocerebellar system can be considered as
composed of a sagittal band of cortex receiving climb-
ing fibers from a small part of the inferior olive and
sending an output to a well-defined zone of nuclei.
In other words, a small area in the inferior olive is
linked to a definite area of the cerebellar output. Such
an input-output topographical link is absent for the
mossy fibers. Purkinje neurons exhibit biochemical
and immunological heterogeneities which fit with this
sagittal distribution. Cells in the inferior olive are
organized in groups which tend to discharge simul-
taneously and project to the same sagittal band. The
inferior olive is particularly enriched in neuronal gap
junctions, which serve to underlie synchronous activ-
ity in the olivocerebellar system (Llinas et al., 1974;
Sotelo et al., 1974; Marshall et al., 2007). Gap junctions
are formed mostly by connexin36 proteins.

The inferior olive receives projections from the
spinal cord (crossed ventral and dorsal spinoolivary
tracts), the brainstem (especially red nuclei), cerebel-
lar nuclei (interpositus and dentate nuclei exert an
inhibitory effect), pretectal nuclei (relaying optoki-
netic information), layer V of motor cortex area 4
and premotor cortex area 6, and visual and vestibu-
lar areas. Zona incerta of the thalamus also projects
to the inferior olive and might be a relay not only for
the projections from the motor cortex, but also from
prefrontal, cingulated, parietal, and temporal areas
(Schmahmann & Pandya, 1997).

Spinocerebellar tracts

Spinocerebellar tracts end mainly in the anterior lobe,
the paramedian lobule, and the pyramis of the pos-
terior lobe. The dorsal spinocerebellar tract (DSCT;
Flechsig tract) takes its origin in the Clarke column
in the thoracic and lumbar segments. DSCT conveys
information from the hind limbs. DSCT is uncrossed
and enters the cerebellum via the inferior cerebel-
lar peduncle. DSCT neurons are either propriocep-
tive or exteroceptive. DSCT transmission is charac-
terized by a high level of accuracy in time and space.
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Figure 1.12 Imaging of cerebellar nuclei in adults using high-resolution MRI. (A) (a—c) Axial, coronal, and sagittal slices of the human
cerebellum and corresponding slices through the high-resolution (0.7 x 0.7 x 0.7 mm 3 voxels) p (d-f) and T1 (g-i) maps calculated from
multi-averaged data requiring 40 min of scan time. The dentate, as well as globose and emboliform nuclei of the interposed nucleus, can be
clearly delineated on both the T1 and p maps, allowing their anatomy to be fully appreciated. Arrows indicate the dentate nucleus on each
image. (B) Anatomy of the deep cerebellar nuclei. Upper row, the dentate nucleus is composed of two parts: a dorsomedial and rostral region
with narrow dentations (microgyric dentate) and a ventrolateral and caudal portion with wide and subdivided gyrations (macrogyric dentate).
Lower picture: identification of the fastigial, globose, and emboliform nuclei. (C) Volume renderings of the dentate nuclei of each of 10 adults,
superimposed on their corresponding T1 maps. The images are taken from the superior-anterior viewpoint. From: Deoni and Catani, 2007.
With permission. (See color section.)
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Figure 1.13 Connections of the fastigial nucleus (FN). FN projects
bilaterally to vestibular nuclei (VN) and projects to the
periaqueductal gray (PAG) and the mesodiencephalic nuclei (MDN:
interstitial and Darkschewitsch nuclei). FN also projects to bulbar
reticular formation: medial bulbar reticular formation (RFm) and
lateral reticular nuclei (LRN), at the origin of the reticulospinal tract
(RST). Reticular nuclei project back to cerebellar nuclei
(cerebello-reticulocerebellar loops, not illustrated) and receive
afferents from the spinal cord. FN is also connected with the
parasolitarius nuclei (PSN) and the perihypoglossal nuclei (PHN). VN
projects to the spinal cord via the vestibulospinal tract (VST) and
projects back to the FN and the flocculonodular lobe. Interrupted
line: midline. (See color section).

Proprioceptive cells are stimulated by Ia, Ib, and II
fibers. Exteroceptive cells are activated by cutaneous
pressure receptors.

The ventral spinocerebellar tract (VSCT; Gowers
tract) emerges from the third to sixth lumbar seg-
ments. VSCT crosses the midline, ascends ventrally to
DSCT in the spinal cord, and crosses a second time
in the superior cerebellar peduncle. VSCT also con-
veys information from the hind limbs. VSCT neurons
receive a dense polysynaptic input from the ipsilateral
flexor reflex afferents, predominantly exciting fibers
evoking flexor reflexes, including cutaneous fibers,
groups II and III muscle afferents, and joint afferents
(Oscarsson, 1973). They are also influenced by group I
muscle receptors.

The cuneocerebellar tract conveys information
from the forelimb. It includes proprioceptive cells
found in the external cuneatus nucleus and exterocep-
tive cells. The rostral spinocerebellar tract is the equiv-
alent of the VSCT for the forelimb. Cell bodies are
located in the rostral Clarke column. Axons enter the
cerebellum via the superior and the inferior cerebellar
peduncles.

Vestibular afferents

Primary afferents from vestibular nerves/vestibular
nuclei project to the ipsilateral vestibulocerebellum.
Fibers from the vestibular nuclei project diffusely
to the vermis, the flocculus and paraflocculus, the
paramedian lobule, and the fastigial and interpositus
nucleus.

Acoustic, visual, and trigeminal afferents

Sounds and stimulation of the visual cortex induce
responses in lobules VI to VIII, the audiovisual rep-
resentation of the cerebellum. Trigeminal afferents
project to the posterior lobe.

Reticular nuclei

The lateral reticular nucleus (LRN), located lateral
to the inferior olive, emits projections ascending via
the superior cerebellar peduncle. Mossy fibers are
bilaterally distributed, with an ipsilateral dominance.
Spinal tracts project upon the LRN. These nuclei also
receive collaterals from propriospinal neurons, which
stimulate the motoneurons. This is seen as a source
of information for the cerebellum about motor com-
mands. Both the pyramidal tract and the rubrospinal
tract stimulate the LRN, which also receives affer-
ent fibers from the superior colliculus and the lateral
vestibular nucleus.

The LRN receives a powerful excitatory input from
the cerebellar nuclei, to which it sends excitatory pro-
jections (Dietrichs, 1983). Ringing has been shown in
this reciprocal excitatory connection (Ito, 1984). The
projections to cerebellar nuclei would provide a con-
trolled excitatory background activity averaged over
multiple spinal and supra-spinal inputs, modulated by
the inhibition from Purkinje cells.

The nuclear reticularis tegmenti pontis (NRTP),
located dorsally to the medial lemniscus, receives
its main input from Brodmann areas 1 to 6. NRTP
projects to the contralateral anterior lobe and the para-
median lobule and medial parts of lobules VI/VII,
sending collaterals to the dentate and interpositus
nuclei. These nuclei send massive projections back to
the NRTP. The NRTP relays visual information to the
flocculus.

The paramedian reticular nucleus, located near the
raphe, receives numerous afferents from the spinal
cord. Projections reach the anterior lobe, the vermal
posterior lobe, and the flocculus.

13



14

Chapter 1 - Embryology and anatomy

One of the perihypoglossal nuclei, called the
nucleus prepositus hypoglossi, projects to the ocu-
lomotor nuclei, has connections with vestibular and
cerebellar nuclei, and receives visual plus somesthetic
inputs. The nucleus prepositus hypoglossi plays a key
role in the control of gaze.

Pontine nuclei

Projecting neurons to the cerebellum give off mossy
fibers. Areas 4 and 6 are a major input of the corti-
copontocerebellar connections. Primary sensory areas
3, 1, and 2; parietal areas 5 and 7; and supratempo-
ral areas also contribute. Brodmann areas project to
slabs oriented rostrocaudally in the pons. Each slab
projects mainly contralaterally to the cerebellar hemi-
sphere in a defined area. Because a small area of the
cortex may project to several points in a slab and
in the cerebellar surface, the terminology of “frac-
tured somatotopy” is commonly used. This patchy
projection of the mossy fiber system contrasts with
the sagittal strip projection of the climbing fiber sys-
tem. About 10% of the pontocerebellar projection is
ipsilateral.

The thalamocortical projections

The thalamic nuclei NVL/VPLN/NVA are key targets
of cerebellar projections. Inputs from contralateral
dentate and interpositus nuclei terminate densely in
these nuclei. Inputs from fastigial nuclei are restricted
and bilateral. A fine somatotopic organization has been
suggested for the cerebello-thalamocortical projec-
tion, with separate output channels from the cerebel-
lar nuclei being linked to distinct regions of the motor
cortex (Middleton & Strick, 1997). Thalamic nuclei
project to motor cortex, premotor cortex, supplemen-
tary motor area, and prefrontal, posterior parietal, and
temporal regions. Intralaminar nuclei project towards
association areas and limbic cortices (Schmahmann
& Pandya, 1997). Projections to the motor and pre-
motor cortex originate from the dorsal portions of
the dentate nucleus, whereas projections to the pre-
frontal and posterior parietal areas of the cortex orig-
inate from the ventral portions of the dentate nucleus
(Dum & Strick, 2003) (Figure 1.14). Purkinje cells of
the ansiform lobule receive inputs from the prefrontal
area 46 and project to the same area (Kelly & Strick,
2003).

Table 1.2 Origin and targets of aminergic pathways in the

cerebellum
Amine Source Targets
5-HT Medullary and pontine  Cerebellar cortex:
reticular formation dense plexus in
granular and
Purkinje cell layers
Raphe nuclei Cerebellar nuclei:
dense plexus
NE Dorsal and ventral Cerebellar cortex:
parts of the locus around glomeruli
coeruleus and around
dendrites of
Purkinje cells
Cerebellar nuclei
ACh Pedunculopontine Cerebellar cortex
tegmental nucleus Cerebellar nuclei
Lateral
paragigantocellular
nucleus
Raphe nuclei
DA Ventral mesencephalic ~ Cerebellar cortex
tegmental area
Histamine  Tuberomammillary Cerebellar cortex

nucleus

Abbreviations: ACh: acetylcholine; DA: dopamine; 5-HT: sero-
tonin; NE: noradrenaline.

OUTPUT CHANNELS OF THE DENTATE NUCLEUS

DORSAL « » VENTRAL
VPLo X MD/VLc
Area 4 Area 6 Areas 9,46

Figure 1.14 Output channels of the dentate nucleus. Distinct
areas of the dentate nucleus project predominantly upon different
regions of the contralateral cerebral cortex, via thalamic nuclei
(MD/VLc: medial dorsal/ventralis lateral pars caudalis nuclei; area X,
VPLo: nucleus ventralis posterior lateralis pars oralis). Dorsal portions
of the dentate nucleus project mainly upon area 4. With permission
from: Manto, 2009. (See color section.)

Aminergic and cholinergic inputs
to the cerebellum

Both the cerebellum and the inferior olive receive a
diffuse aminergic innervation. Table 1.2 lists the main
sites of origin of these inputs, as well as their targets
in the cerebellar circuitry. Aminergic fibers are neu-
romodulators in cerebellar circuits. Neuromodulation
is defined by chemical communication between neu-
rons that is not fast, not point-to-point, or not simply
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Figure 1.15 Connections of the so-called “limbic cerebellum.”
Medial zones of the cerebellum are connected with reticular nuclei,
hypothalamus, and limbic areas. Reciprocal connections with the
limbic structures include the amygdala, the hippocampus, and the
septum. These pathways would be the substratum of a limbic
cerebellum, according to which the vermis and fastigial nuclei
participate in the regulation of the arousal system, autonomic
functions, and emotions.

excitation or inhibition (Schweighofer et al., 2004). See
also section Neurotransmitters.

Autonomic centers

Stimulation of the vagal nerve evokes responses in
the cerebellar cortex, and the cerebellum receives pro-
jections from the sensory nuclei of nerve IX. Cere-
bellar circuitry projects to the hypothalamus, with a
reciprocal connectivity. Projections arise from multi-
ple hypothalamic nuclei and terminate in all layers of
the cerebellar cortex, as well as in cerebellar nuclei.
There is a preferential distribution in the flocculus and
vermis (Haines et al., 1990).

Connections with the limbic system

The cerebellum is connected with multiple elements
of the Papez limbic circuit subserving emotion (see
also the section Cognitive abnormalities and emo-
tional disorders in Chapter 3) (Figure 1.15). Cerebellar
stimulation of the fastigial nucleus evokes responses in
the hippocampus and the amygdala (Heath & Harper,
1974).

Neurotransmitters

Table 1.3 lists the neurotransmitters and neuro-
modulators of cerebellar circuitry. Glutamate is
a transmitter for both the mossy fiber and the
climbing fiber system. The post-synaptic element

Table 1.3 Neurotransmitters and neuromodulators of the
cerebellum

Glutamate
Aspartate
GABA
Glycine
Taurine

Neuromodulators
Serotonin
Noradrenaline
Acetylcholine
Dopamine

Histamine
Nitric oxide

Peptides
Opioids (enkephalin)
Corticotropin releasing factor
Secretin/PACAP/VIP
Cholecystokinin
Calcitonin gene-related peptide
Tachykinins
Somatostatin
Motilin

Endocannabinoids
Purinergic signaling (ATP, adenosine)
Zinc ()

Abbreviations: ATP: adenosine triphosphate; PACAP: pituitary
adenylate cyclase—activating polypeptide; VIP: vasoactive intesti-
nal peptide.

of the synapse mossy fiber-granule cell presents
N-methyl-D-aspartate  (NMDA) and amino-3-
hydroxyl-5-methyl-4-isoxazole-proprionate (AMPA)
receptors. Some mossy fibers contain choline acetyl
transferase and use acetylcholine as a transmitter.
Moreover, several peptides having a modulatory
role have been identified in the mossy fibers, such
as enkephalin or corticotrophin-releasing factor.
Corticotrophin-releasing factor, cholecystokinin, and
calcitonin gene-related peptide may be gathered in
mossy fibers. Climbing fibers are strongly enriched in
glutamate and can retrogradely transport aspartate to
the inferior olive (Wiklund et al., 1984). It was thought
initially that climbing fibers might use homocysteic
acid as a neurotransmitter for some of them, but
immunoreactivity studies indicate that homocysteic
acid is mostly confined to glia. Transporters removing
transmitters from the synaptic cleft for climbing fibers
are excitatory amino acid transporter type 4 (EAAT4),
concentrated in Purkinje cell spines, and EAAT3,
which has a wider distribution (Rothstein et al., 1994).
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Figure 1.16 A-B. Expression of secretin and secretin receptor in the rat cerebellar cortex. (A) In the cerebellar cortex, only Purkinje neurons
are immunopositive to secretin antibody, indicating that these cells are the source of endogenous secretin. Positive signal is indicated by
brown reaction product. Scale bar: 40 pm. (B) In situ hybridization technique reveals that both Purkinje neurons and interneurons within the
molecular layer express secretin receptor mRNA and therefore synthesize the receptor. Positive signal is indicated by deep blue reaction
product. Scale bar: 100 um. ML, molecular layer; P, Purkinje cell layer; GL, granule cell layer. (C) Proposed model of the actions of secretin in
the cerebellum. Increased firing of Purkinje neurons opens voltage-gated calcium channels and triggers the release of secretin from the
somatodendritic region. Secretin then facilitates GABA release from interneuron terminals directly via activation of presynaptic secretin
receptor, and indirectly via the release of glutamate from an unknown source and involving presynaptic AMPA receptors. Secretin could also
bind to secretin receptors located on Purkinje cells. The exact function of this interaction remains to be identified, but may be related to
neurotrophic action of secretin, especially in immature brain, and modulation of long-term synaptic plasticity. From: Yung et al., 2006. With

permission.

Glutamate is also the transmitter of parallel fibers.
Purkinje cell spines contain high densities of AMPA
receptors (Baude et al, 1994). Post-synaptic densi-
ties are also enriched in delta2-receptors, involved in
synaptic plasticity and cerebellar development (Kuri-
hara et al., 1997). A mutation of this receptor has been
identified in Lurcher mice. GLAST, the predominant
glial glutamate transporter in the cerebellum, is abun-
dant around parallel fiber-Purkinje cell synapses, sug-
gesting that glial glutamate transport contributes sig-
nificantly to the termination of transmitter action.

Purkinje cells are enriched in glutamic acid decar-
boxylase, a GABA-synthesizing enzyme. The first evi-
dence of an inhibitory action of Purkinje cells came
from the work of Ito and Yoshida (1964). Taurine is

also enriched in Purkinje cells and is considered to play
a role in osmoregulation. Taurine could regulate the
volume of Purkinje neurons during an osmotic stress
via an interaction with glia.

Purkinje cells also contain the pituitary adenylate
cyclase-activating polypeptide (PACAP), involved
in apoptosis and cerebellar development. PACAP
increases proliferation of granule cells and stim-
ulates their migration (Vaudry et al, 1999).
Secretin, a 27-amino acid peptide belonging to
the secretin/PACAP/VIP superfamily, is present and
neuroactive in several regions of the brain, including
the cerebellum (Yung et al., 2006). Within the cere-
bellar cortex, both secretin and secretin receptor are
expressed in Purkinje neurons (Figure 1.16). Secretin
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Figure 1.17 Staining for cannabinoid type 1 (CB1)
immunoreactivity in the cerebellum. (A) The molecular layer (ML)
and Purkinje cell layer (PC) are intensely CB1-immunoreactive. The
inset shows the area from which subsequent images are taken.

(B) The arrow indicates Purkinje cells detailed in (C). (C) Purkinje cells
show a polarized distribution of CB1, with greater
CB1-immunoreactivity adjacent to the granule layer (arrows). Scale
bars: (A, B) 200 um; (C) 20 pm. CB1-cerebellum. From: Ashton et al.,
2004. With permission.

is also expressed in basket cells. Co-expression of
secretin and secretin receptor mRNA has been
detected in cerebellar nuclei. Secretin modulates
GABAergic synaptic transmission, acting as a ret-
rograde messenger. Tachykinins constitute another
group of endogenous neuropeptides, including sub-
stance P, neurokinin A, and neurokinin B. These three
neuropeptides bind with G-protein-linked receptors.
They act synergistically with glutamate transmission
(Severini et al., 2003). In particular, tachykinins
interact with AMPA receptors on granule cells (Pieri
et al., 2005). They may participate in excitotoxicity by
inducing an overactivation of AMPA receptors.
Recent studies have demonstrated that another
group of retrograde messengers, the endocannabi-
noids, is released by Purkinje cells. Type 1 cannabi-

Table 1.4 Effects of aminergic neuromodulators on cerebellar
neurons and synapses

5-HT NE ACh DA Histamine

Purkinje cells? = = 4F

GABA-Purkinje cells  +4++ FAFF ++

Lugaro cells aF

Basket cells/stellate +
cells

Granule cells— - — = L =
Purkinje cells

Granule cells - (variable) +

Mossy fiber— -
granule cell

Parallel fiber— -
Purkinje cells

Nuclei = =

Inferior olive + =

Abbreviations: Ach: acetylcholine; DA: dopamine; 5-HT:
serotonin; NE: noradrenaline; +: short-term facilitation; ++:
long-term facilitation; -: short-term depression; —: long-term
depression.

aThe net effect of serotonin on Purkinje cells is a decrease in
responsiveness to its inputs. Adapted from: Schweighofer et al,
2004.

noid receptors (CB1Rs) are expressed presynaptically
at all studied synaptic inputs to the Purkinje neurons
(Diana et al., 2002). A high proportion of CB1 recep-
tors are located at inhibitory interneurons throughout
the molecular layer (Ashton et al., 2004) (Figure 1.17).
Labeling studies are consistent with their presence in
basket cell and stellate cell inhibitory interneurons.
Endocannabinoids may participate in the regulation of
Purkinje cell inputs in order to promote synaptic plas-
ticity (Safo et al., 2006).

GABA is the predominant transmitter of cerebel-
lar interneurons (basket cells, stellate cells, Golgi cells,
Lugaro cells). Glycine is also thought to be involved
in the inhibitory processes controlled by cerebellar
interneurons. About 70% of Golgi neurons co-express
GABA and glycine. Both molecules could be trans-
ported by the same vesicular carrier. The unipolar
brush cells are an exception in the population of cere-
bellar interneurons. They are glutamatergic.

Table 1.4 summarizes the main effects of the amin-
ergic neuromodulators on cerebellar neurons and
synapses. Regarding serotonin input, fibers are dis-
tributed in all parts of the cerebellum, except lob-
ule X. Serotoninergic fibers inhibit glutamate release
from mossy fibers, tune cellular responses to GABA,
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Figure 1.18 Top panels: dendritic growth
and spinogenesis in response to
progesterone in the developing Purkinje
cell. Cerebellar cultures from newborn rats
grown for 5 days in vitro and
immunostained for calbindin. (A, B) Purkinje
cell dendrites in the progesterone-treated
group appear to be well developed
compared with the control group. Scale
bars: 20 mm. (C, D) Progesterone treatment
induced the greater density of dendritic
spines of the Purkinje cell. Arrowheads
indicate spine structures. Scale bars: 5 pm.
Bottom: Potential mechanisms for
organizing actions of progesterone
produced in the developing Purkinje cell.
Progesterone acts on the Purkinje cell
through intracellular receptor-mediated
mechanisms that promote dendritic
growth, spinogenesis, and synaptogenesis
in this neuron by genomic mechanisms.
Progesterone may induce the expression of
neurotrophic factors which directly
promote Purkinje dendritic growth,
spinogenesis, and synaptogenesis during
neonatal life. Reproduced in part from:
Tsutsui, 2006. With permission.

and regulate the activity of glial GABA transporters  found in the cerebellum. Dopamine and dopamine
(Voutsinos et al., 1998). Local application of sero-  transporters are found in the three layers of the cere-
tonin modulates the firing rate of Purkinje cells both  bellar cortex, with the highest densities in the molecu-
in vivo and in vitro. Lugaro cells are also responsive lar layer (Panagopoulos et al., 1991; Ikai et al., 1992).
to serotonin. The noradrenergic input modulates the ~ Cerebellum expresses all dopamine receptors (D;_s)
responses of cerebellar neurons to GABA and glu-  belonging to the two D1-like and D2-like superfami-
tamate. A genuine dopaminergic innervation is also  lies (Giompres & Delis, 2005).
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The hypothalamus projects to the cerebellum using
histamine as a transmitter. Histaminergic fibers are
found in all cortical layers of the cerebellum. H1
receptors are preferentially expressed on Purkinje cell
dendrites.

Activation of NMDA receptors in the cerebellum
stimulates the production of nitric oxide (NO).
Granule cells are a main source of NO. Granule cells,
parallel fibers, and basket cells are equipped with
the neuronal isoform of NO synthase. Release of NO
from parallel fibers is involved in long-term depression
(see Chapter 2). Production of cyclic guanosine
monophosphate (cGMP) results indirectly from NO
production. cGMP immunoreactivity is found mainly
in Bergmann glia and astrocytes.

Adenosine triphosphate (ATP) is released from
both neurons and glial cells as a transmitter or
as a co-transmitter. In the cerebellar cortex, ATP
acts on presynaptic inhibitory interneurons. ATP can
be degraded in adenosine, which itself can activate
adenosine receptors (Deitmer et al., 2006). Overall,
ATP is considered as an endogenously released trans-
mitter, enhancing the spontaneous activity of Purkinje
neurons via P2 receptors. Adenosine A1 receptor acti-
vation decreases the excitatory output of granule cells
and increases their excitability (Courjaret et al., 2009).

The possibility that zinc is involved in cerebellar
synaptic transmission has been raised. This is sup-
ported by the expression of zinc transporters in Pur-
kinje neurons, granule cells, inhibitory interneurons of
the cerebellar cortex, and Bergmann glia of the Pur-
kinje cell layer (Wall, 2005). Multiple zinc transporters
are present in Bergmann glia, suggesting that these
cells might represent a zinc pool in the cerebellar cor-
tex (Wang et al., 2005). Zinc could modulate synap-
tic transmission in cerebellar glomeruli (Wang et al.,
2002). However, a genuine role of zinc in cerebellar
synaptic transmission remains to be established.

Neurosteroids

Recent data show that the brain is capable of syn-
thesizing steroids de novo (Tsutsui, 2006) (Figure
1.18). Purkinje neurons are a main site of neurosteroid
formation. They are equipped with several steroido-
genic enzymes. Purkinje cells synthesize progesterone
and allopregnanolone de novo from cholesterol dur-
ing neonatal life. Progesterone promotes spinogen-
esis and synaptogenesis via nuclear receptors. Allo-
pregnanolone is involved in Purkinje and granule

cell survival. Estrogen formation also occurs in the
neonate.
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The output of the cerebellum is directed to all com-
ponents of the motor systems, except for the basal
ganglia. It tunes the activities of voluntary muscles,
coordinating the timing, durations, and magnitudes of
muscle discharges. The cerebellum participates in the
planning of activities, in the learning of new motor
skills, and in the updating of motor schemes acquired
earlier. Moreover, it contributes to various aspects of
cognitive operations and might regulate emotional
processes.

The three functional divisions

Three rostrocaudal longitudinal zones have been iden-
tified in the cerebellar cortex: a vermal zone pro-
jecting to the fastigial nucleus, an intermediate zone
projecting to the interpositus nucleus, and a lateral
zone projecting to the dentate nucleus (Figure 2.1; see
also Chapter 1). Theories of cerebellar functions sug-
gest that the intermediate cerebellum is more involved
in monitoring of ongoing movement, while the lat-
eral cerebellum is more active during anticipatory
control.

Activities in the cerebellar nuclei

A complete body map is found within each of the cere-
bellar nuclei (Figure 2.2). There is somatotopic repre-
sentation, with the hind limb located rostromedially.
Cerebellar nuclei are under the inhibitory control of
Purkinje cells. Purkinje neurons and cerebellar nuclei
change their firings in advance of changes in the firing
of their downstream targets such as the motor cortex,
indicating a key role in prediction. In absence of move-
ment, nuclear cells fire at high discharge rates of about
40 to 50 Hz (Bastian & Thach, 2002). There is a fine
modulation of firing rates during sensorimotor tasks.
Vestibular and fastigial nuclei control eye movements,
stance/posture, and gait. The interpositus nucleus con-
tributes to modulation of reflexes, including stretch
and placing. The dentate nuclei are involved in the

Physiology of the cerebellum

control of voluntary movements of the extremities,
including reaching and grasping.

Functional imaging studies show that the fasti-
gial nucleus is activated during repetitive move-
ments in relation to task complexity/postural adjust-
ment (Tracy et al., 2001). Pronation/supination tasks
(diadochokinesia) activate the medial areas of the
cerebellum. The globose/emboliform nucleus shows
increased activity during sequential distal movements
(Dimitrova et al., 2006). Valsalva maneuver, thirst sati-
ation, and nociception also activate the fastigial and
globose/emboliform nuclei. However, there are diffi-
culties in delineating the activation of these nuclei.
This is due to several factors: they are very thin, they
are closely related to the gray matter of lobules VIII
and IX, and imaging techniques like functional MRI
(fMRI) underestimate the activation due to partial
volume effects and statistical thresholding problems.
These technical issues are also valid for the activa-
tion of dentate nuclei, keeping in mind that activation
reflects synaptic and dendritic processing and not just
spiking of neurons. The tasks associated with activa-
tion of dentate nuclei are summarized in Table 2.1.
The dentate nucleus is predominantly recruited dur-
ing complex motor, sensorimotor, and cognitive tasks.
It is strongly activated during sequential movements
of fingers and tongue, drawing, and coordination of
eye and hand during tracking movements (Jueptner &
Weiller, 1998; Dimitrova et al., 2006). Activation is also
observed during performance of intentional eye move-
ments, such as saccades. Hyperactivation of the den-
tate nucleus is also observed in patients with palatal
tremor, possibly due to inferior olivary discharges
(Boecker et al., 1994). Ipsilateral activation of the den-
tate nucleus is preferential during polymodal cue-
guided and complex motor activity. The dentate is also
active during active tactile discrimination and pas-
sive sensory discrimination without finger movements
(Seitz et al., 1991; Liu et al, 2000). The activity is
strongly modulated by cognitive factors such as the
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Figure 2.1 Comparison of the anatomical connections of the three functional zones of the cerebellum: the vermal zone (A), the
intermediate zone (B), and the lateral zone of the cerebellum (C). The midline zone and the intermediate zone receive direct information from
the spinal cord, unlike the lateral cerebellum. Abbreviations: IOC: inferior olivary complex; LVN: lateral vestibular nucleus; FN: fastigial nucleus;
NI: nucleus interpositus; DN: dentate nucleus. With permission from: Manto, 2009.

MULTIPLE BODY MAPS

Figure 2.2 Multiple body maps are represented in each cerebellar
nucleus. Abbreviations: pf: parallel fibers; PN: Purkinje neurons. With
permission from: Manto, 2009.

attentional load and the involvement of working mem-
ory. Foci of activation predominate in ventrocaudal
and mediocentral parts in these tasks.

Activities of Purkinje neurons

Beams of parallel fibers excite dendrites of inhibitory
interneurons in the cerebellar cortex (basket, stellate,
and Golgi cells). Basket and stellate axons run tan-
gential to either side of the transverse parallel fiber
beam, inhibiting the Purkinje neurons in the flanks
of the beam. Purkinje neuron simple spike activity is
driven by mossy fiber input to granule cells. Via paral-
lel fibers, Purkinje neurons receive a massive conver-
gence of inputs. Purkinje cell simple spikes are influ-

enced by direction of movement and motion speed
(Coltz et al., 1999).

Incoming spikes from climbing fibers produce
large excitatory post-synaptic potentials which gener-
ate repetitive responses at the level of the soma, called
complex spikes (Thach, 1967). Purkinje neuron com-
plex spike activity occurs at rates of 1 to 3 Hz. Accord-
ing to the Marr-Albus-Ito theory, the complex spike
informs of an error or provides a teaching signal to
the Purkinje neuron, helping a trial-and-error learning
mechanism (Marr, 1969; Albus, 1971; Ito, 1984). This
is supported by studies showing an increase in com-
plex spike activity during the learning phase. Com-
plex spikes occurring early during a reaching task
could participate in the encoding of direction and des-
tination of the arm (Kitazawa et al., 1998). Another
hypothesis is that complex spikes provide an internal
motor clock (Lang et al., 1999).

The complex spikes activate voltage-controlled cal-
cium channels, and calcium triggers a major calcium-
to-calcium release from the reticulum. However, the
synapse-climbing fiber Purkinje neuron is not just
excitatory. The climbing fiber also carries an inhibi-
tion signal, and when the climbing fiber is stimulated
simultaneously with the parallel fibers, the responsive-
ness of parallel fibers decreases after the conjunctive
stimulation (long-term depression [LTD]). This is con-
sidered to be a chemical memory trace which could be
involved in the storage of key parameters underlying
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Table 2.1 Tasks associated with activation of dentate nuclei

Motor tasks Procedural learning

Bimanual movements Writing ideograms

Finger/tongue/foot movements Visuomotor learning
Sequences of movements Sequential movements
Tracking tasks Isometric tasks
Drawing

Eye-hand coordination

Voluntary eye movements

Adapted from: Habas et al. (in press).

Sensory tasks Cognitive tasks

Tactile discrimination of objects Procedural learning

Tactile exploration Working memory
Navigation

Semantic tasks

motion control. Stimulation of parallel fibers alone can
trigger a long-term potentiation of the synapse parallel
fiber/Purkinje neuron.

Activities of the inferior
olivary complex

Olivary cells have low discharge rates. They rarely
exceed 5 to 10 spikes/sec. Indeed, olivary neurons are
refractory for about 100 msec following discharge,
which limits their abilities to fire at high rates (Gibson
et al., 2004). Inferior olivary neurons display spon-
taneous oscillatory activity and respond as nonlin-
ear oscillators to afferent signals (Marshall & Lang,
2004). The great majority of olivary cells respond to
somatosensory stimulation, but not as a direct con-
sequence during active movement. Recordings sug-
gest that the inferior olivary complex associates arbi-
trary sensory stimuli with somatosensory events (see
also discussion of eyeblink conditioning in section
Learning) (Gibson et al., 2004). Although the cerebel-
lum receives a massive mossy fiber input from mus-
cle spindles, the direct projection of primary spindle
afferents to the inferior olive is very small. The dor-
sal accessory olive is more sensitive to somatosensory
stimuli than the principal olive or the medial acces-
sory olive. Interestingly, olivary neurons often respond
to more than one modality of stimulation (somatosen-
sory, vestibular, visual, nociceptive, visceral), which
provides a property of modality convergence to the
inferior olivary complex (Gibson et al., 2004). Neu-
rons of the inferior olivary complex are sensitive to
amines. Serotonin increases the average firing rate of
inferior olivary neurons while slowing their oscillation

frequency and increasing the coherence of oscillations
(Sugihara et al., 1995).

Control of eye movements

Anatomically, the flocculonodular lobe and the
paraflocculus are strongly interconnected with the
vestibular nuclei (see Chapter 1). The cerebellum
controls the vestibuloocular reflex (VOR) and the
optokinetic reflexes. The VOR stabilizes vision during
head turning by counter-rotating the eyes in the orbit.
The gain (eye velocity/head velocity) can be adapted
by visual-vestibular mismatch. Flocculectomy impairs
gain adaptation. Visual suppression of the VOR by
fixating a target moving simultaneously is reduced in
cerebellar patients. The initiation of the optokinetic
nystagmus, evoked when watching a target moving
rapidly in one direction, is often characterized by
either exaggerated or decreased excursions. Smooth
pursuit depends on the integrity of the cerebellum.

Single-unit recordings show a major role of the
fastigial nucleus related to eye movements, control
of head position, and regulation of muscle activities
during stance and gait. The rostral fastigial nucleus
controls head orientation and eye-head gaze shifts
(Pelisson et al., 1998). The caudal fastigial nucleus con-
trols oculomotor aspects, such as saccades or smooth
pursuit (Fuchs et al., 1994).

Control of speech

Lesions of the superior paravermal region are com-
monly associated with speech deficits (Lechtenberg
& Gilman, 1978). Recent studies point towards two
separate networks subserving speech motor control
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(Riecker et al., 2005). A preparative loop includes the
supplementary motor area, dorsolateral frontal cor-
tex including Broca area, anterior insula, and superior
cerebellum. The executive loop comprises the senso-
rimotor cortex, basal ganglia, thalamus, and inferior
cerebellum.

Control of limb movements

Single-unit recordings in the intermediate cerebel-
lar cortex and the interpositus nucleus have demon-
strated that they control reflex movements when a
holding position is suddenly perturbed (Frysinger
et al,, 1984).The interpositus nucleus is implicated
in somesthetic reflexes that control antagonist mus-
cles to damp joint oscillations and to correct move-
ments via feedback initiated by the movement itself
(Vilis & Hore, 1980). It contributes to the excitabil-
ity of both the motor cortex and the stretch reflex
by controlling the gamma motor neurons (Gilman,
1969).

The dentate nucleus regulates reaction time
through initiation of movements triggered by vision
or mental percepts and accuracy of single-joint
and multi-joint goal-directed movements, such as
reaching. Lesions of the dentate nuclei are associated
typically with an overshoot of the target (hyperme-
tria) and a decomposition of multi-joint movements
(Thach et al., 1992; Bastian et al., 1996). Rapid limb
movements towards a fixed target (called ballistic
movements) are normally characterized by high peak
velocities and bell-shaped velocity profiles, with a
triphasic pattern of electromyographic activity: a first
agonist burst is followed by an antagonist burst, with a
subsequent second agonist burst. The lateral cerebel-
lum plays a major role in the programming of several
parameters: preparation time, peak acceleration, rate
of rise of the agonist and antagonist muscle activities,
and onset latency of the antagonist activity (Hore
et al., 1991; Manto et al., 1994; see also Chapter 3).
Overall, cerebellar circuits exert a facilitatory effect
upon motor cortical areas of agonist and antagonist
muscles.

The lack of coordination observed during multi-
joint movements is not explained by a simple summa-
tion of the elemental deficits observed during single-
joint movements. Interaction torques generated in the
multi-degree of freedom human arm require a very
accurate central control (Topka & Massaquoi., 2002).
The net torque (NET) takes into account forces aris-

ing from muscle activities (MUS), external forces such
as gravity (EXT), and dynamic inertial and interac-
tion forces (DYN) according to the following equa-
tion: NET = MUS + EXT + DYN. One main function
of the cerebellum would be to predict and compen-
sate for dynamic interaction forces during voluntary
movement. Intensities of forces are scaled to the square
of movement speed, providing a possible explanation
for the increase in clumsiness when patients perform
quicker movements. Cerebellar circuitry might keep
an internal representation of the biomechanical prop-
erties of each body segment, regularly updated by
peripheral sensory information (Sainburg et al., 1999).
This representation might be defective in cerebellar
disorders.

Posture and gait

Due to its anatomical connections, the medial cere-
bellar zone can integrate spinal and vestibular inputs
to influence vestibulospinal and reticulospinal tracts.
The intermediate zone can integrate spinal and cor-
tical inputs to influence walking via projections to
motor cortical areas. Regarding the lateral cerebellum,
it influences walking via cortical interactions and con-
tributes to the voluntary modifications of the locomo-
tor cycle (Bastian & Morton, 2007).

Sitting, stance, and gait are usually impaired in
midline cerebellar lesions. Lesions in the medial and
intermediate zones of the cerebellum, especially in the
anterior lobe, disturb movements linked to an equi-
librium function (Horak & Diener, 1994). Lack of
coordination of trunk and legs leads to an irregular gait
in cerebellar patients. Lower vermal lesions tend to be
associated with pluridirectional increased body sway
at low frequency and high amplitudes, and lesions
in the upper vermal zone tend to increase anterior-
posterior body oscillations at higher velocities and
lower amplitudes (Dichgans & Fetter, 1993; Bastian &
Morton, 2007; see also Chapter 3).

The cerebellum regulates step and stride length
and cadence and attenuates the variability of gait dur-
ing successive cycles. Walking trajectory veers errati-
cally in cerebellar patients, with difficulties in initia-
tion, stops, or turns. Abnormal patterns of gait include
irregular timing of peak flexion at one joint with
respect to the other joints and/or joint-joint decom-
position, which can be seen as a reduction in the
movement at one joint during movement of another
joint (Bastian & Morton, 2007). The cerebellum
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Figure 2.3 Cerebellar control of long-latency reflexes (LLR).
lllustration of long-latency electromyographic (EMG) responses to
stretches of the first dorsal interosseous muscle in a cerebellar
patient (black line) and in a control subject (gray line). Latencies of
averaged rectified EMG responses are normal, but the M3 response
is increased in the cerebellar patient. Surface EMG rectified and
averaged 200 times. Responses are calibrated in arbitrary units (a.u.).
With permission from: Manto, 2009.

allows the adequate scaling of anticipatory postu-
ral responses during standing postural perturbations
(Horak & Diener, 1994). The analysis of goal-directed
leg placement shows that the interposed and the adja-
cent dentate nuclei are more frequently affected (Ilg
et al., 2008). The intermediate zone seems to play
an important role for multi-joint limb control both
in goal-directed leg movements and in locomotion.
Regarding the posterior cerebellar vermis, it might
control the coordination of bilateral movements of the
legs (Bastian et al., 1998).

The cerebellum modulates the magnitudes of long-
latency reflexes (LLRs) in four limbs. LLRs are involved
in the stabilization of postural activities in four
limbs and contribute to stability of stance. The cere-
bellum controls the M2/M3 components of LLRs
(Friedemann et al., 1987). In particular, the cerebellar
cortex decreases the amplitude of the M3 component,
which corresponds to a transcortical loop (Figure 2.3).
These cerebellar-cortical loops are especially involved
in adapting postural responses based on prior experi-
ence (Jacobs & Horak, 2007).

Learning

The cerebellum plays several key roles in learning.
It is established that multiple memory systems oper-
ate in parallel. The cerebellar circuits are involved
in many aspects of memory, in particular, in non-
declarative memory. This latter includes procedural
learning (skills and habits), priming and perceptual
learning, basic associative learning (including simple
classical conditioning of emotional and skeletal mus-
cle responses), and non-associative learning (Gerwig

etal., 2007). Performance of activities is the method to
convey procedural memory.

While the corticostriatal system deals with learning
of new sequences, the cerebrocerebellar systems are
primarily engaged in the motor adaptation phases of
learning (Doyon et al., 2003). Cerebellar circuits coor-
dinate event sequences. Cerebellar patients have diffi-
culties in serial reaction time tasks (SRTTs), showing
marked impairments in the acquisition of procedures
(Torriero et al., 2007). The classical paradigm in SRTT
is a choice reaction time with four possible responses.
The subject is asked to respond as quickly as possi-
ble to a series of stimuli which consists of a repeat-
ing sequence of about 10 elements. Control subjects
become faster with practice, even if they are not aware
that there is a sequence. The subject may recognize
that there is a sequence (shift from implicit learning
to explicit learning). The identification of the sequence
will be associated with an improvement in perfor-
mance. Cerebellar patients have an abnormal implicit
learning (Pascual-Leone et al, 1993).They do not
improve in reaction times and fail to develop explicit
knowledge, even when clues about the sequences are
provided. The left lateral cerebellum might be more
active in procedural learning through the ipsilateral
hand, whereas the right lateral cerebellum would be
involved equally regardless of hand (Torriero et al.,
2004).

The cerebellum is essential to the adjustments
required when facing environmental changes or per-
turbations (Morton & Bastian, 2004). The prototype
of adaptation learning is the gain of the vestibulooc-
ular reflex (VOR), which refers to the amplitude of
eye movements due to head motion. The cerebellum
and brainstem are key players in the adaptation of the
VOR. Selection of the gain is a learning phenomenon,
but no apparent new skill is required when the gain
changes (Hallett & Grafman, 1997). VOR adaptation
aims to minimize image movement on the retina, tun-
ing the trajectory of the compensatory eye movement.
When the eye-movement command is inaccurate, the
image on the retina will move (the so-called retinal
slip). Retinal slip can be seen as a sensory consequence
of inaccurate motor commands in the VOR (Highstein
etal., 2005). Climbing fiber input to floccular Purkinje
cells carries a retinal slip signal (Maekawa & Simpson,
1973). In this way, VOR adaptation is an exam-
ple of how the cerebellum uses the sensory conse-
quences of inaccurate movement commands to learn
precise motor commands (Highstein et al., 2005).
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In practice, the VOR operates in conjunction with
other systems, such as smooth pursuit. The sites of
plasticity for VOR adaptation are multiple (Boyden
et al, 2004). The brainstem (especially vestibular
nuclei) and the cerebellar cortex are two main loca-
tions. Having multiple sites of plasticity offers the
advantage of improving the performance of the VOR
given the delayed slip signal (Highstein et al., 2005). In
addition, multiple plasticity mechanisms may provide
the flexibility required to store memories over different
time scales (Boyden et al., 2004).

One paradigm which is used to estimate the adap-
tation motor learning in arm movements is the follow-
ing (Deuschl et al., 1996): the subject is facing a screen
showing a target moving repeatedly between two posi-
tions. The subject has to match a ballistic movement of
the elbow (or hand) to the target (or to match the iso-
metric force during a pinch task). After a first block of
trials, the gain of the system is modified (the relation
between the arm movement and its visual feedback is
changed), and a second block of trials is recorded. The
absolute movement amplitude and movement dura-
tion are analyzed. An exponential function is fitted to
the amplitude values obtained after change of the gain.
This function is an estimation of the speed of learn-
ing. Errors show typically exponential learning curves
during adaptation. The number of trials necessary to
adapt to the new condition is higher in cerebellar
patients.

Another typical example of adaptation to environ-
mental change is the prism adaptation. In this task,
the subject has to adjust movements while wearing
prism glasses, which displace vision. Subsequently,
the prisms are removed and the subject has to re-
adjust movement once again. Cerebellar patients have
difficulties in both tasks. The recalibration of mis-
aligned reference frames due to perturbed visual input
is dependent upon a network of cortical (anterior cin-
gulate, anterior intraparietal region) and cerebellar
regions (Danckert et al., 2008).

One model which has been extensively studied is
classical conditioning of eyeblink responses (Thomp-
son, 2005; Delgado-Garcia & Gruart, 2006; Gerwig
et al., 2007). A corneal airpuff or periorbital shock
(the unconditioned stimulus, US) is delivered to the
eye (Figure 2.4). This stimulus elicits a reflexive blink
(the unconditioned response, UR), which consists of
closure of the eyelid in humans. When a neutral con-
ditioned stimulus (CS) such as a tone is repeatedly
paired with a corneal airpuff, subjects learn to blink

the eye to the tone. This conditioned response (CR)
occurs in a timed manner, so that the eyelid is low-
ered and the cornea protected at the time of the air-
puff. The CS enters in the circuitry mainly through the
pontine nuclei. The US projects to the dorsal accessory
inferior olive via the trigeminal nucleus. Simultane-
ously, the US is projected from the trigeminal nucleus
through brainstem areas to cranial nerves, including
the facial nucleus. The brainstem generates the UR.
Mossy fibers originating from the pontine nuclei carry
CS information into the cerebellum. Climbing fibers
originating from the inferior olive carry US infor-
mation into the cerebellum. Plastic changes occur in
the cerebellar cortex and cerebellar nuclei, resulting
in increased interpositus nucleus activity after paired
CS-US presentation. Plastic changes also occur in
the pontine nuclei and trigeminal complex (Bracha,
2004). Repeated tone/airpuff pairings cause long-term
depression (LTD) of the excitatory synapses between
parallel fibers and Purkinje cells in which activity
immediately precedes climbing fiber activation. This
may reduce tone-evoked Purkinje cell activity. The
consequence is a reduced inhibition from Purkinje
cells to the cerebellar nuclei, enhancing the activ-
ity in the cerebellar nuclei which is thought to drive
the learned eyeblink (Linden, 2003). Human studies
have allowed better delineation of the contribution of
the cerebellar components in the control of eyeblink
conditioning. Cerebellar lesions are associated with
impaired eyeblink conditioning (Solomon et al., 1989;
Gerwig et al., 2003). Acquisition of eyeblink condi-
tioning is impaired in various disorders in which the
cerebellum plays a key role, such as essential tremor.
Impairment of more complex forms of eyeblink condi-
tioning (e.g. trace eyeblink conditioning) and delayed
conditioning of other aversive responses (e.g. limb
flexion response) in cerebellar subjects suggest a more
general role of the cerebellum in associative learn-
ing (Gerwig et al., 2007). Overall, the cerebellum
is involved in acquisition, timing, and extinction of
conditioned eyeblink responses. Cortical areas of the
ipsilateral superior cerebellum contribute to the acqui-
sition and timing of CR. Moreover, the ipsilateral
cerebellar cortex participates in extinction of CRs.
Cortical areas important for CR acquisition overlap
with areas related to the control of the unconditioned
eyeblink response. Likewise, cortical lesions are fol-
lowed by increased amplitudes of unconditioned eye-
blinks (Gerwig et al., 2007). These findings are in good
accordance with those of animal studies.
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Figure 2.4 Cerebellar circuit for classical
eyeblink conditioning. The conditioned
stimulus CS (tone) enters the circuit

Cerebellar cortex

Parallel fiber T, ., &

through the pontine nuclei. The
unconditioned stimulus (US; an airpuff or
shock) is projected via the trigeminal
nucleus to the inferior olive, and at the
same time to the facial nucleus, forming a
brainstem pathway responsible for
production of the unconditioned
response (UR). Mossy fibers originating
from the pontine nuclei carry CS
information, while climbing fibers
originating from the inferior olive carry US
information into the cerebellum.
Excitability changes occur in cerebellar
neurons that receive input from the CS

mossy fibers and US climbing fibers both m

in the cerebellar cortex (for example
long-term depression — LTD - of parallel T

Granule cell § +

Mossy fiber

fiber-Purkinje cell synapses) and in nuclei.
The net effect of plasticity in these two
areas is to increase interpositus nucleus
activity, which may be capable of driving
activity in brainstem neurons that control
eye blinking. CR: conditioned response.
Adapted from: Gerwig et al., 2007.
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“Sensory” processing

One of the basic cerebellar functions could be
the online monitoring of sensory information (Gao
et al., 1996). The cerebellum could facilitate the use
of sensory information for the brain or could detect
sensory sequences rather than controlling timing
aspects (Miall, 1997). Although cerebellar circuits are
activated by numerous sensory stimuli (propriocep-
tive, exteroceptive, etc.), sensory deficits in cerebellar
patients are extremely subtle and are outside the classi-
cal testing of sensations used in daily practice for neu-
rological patients.

Cerebellum and timing

The cerebellum has been considered as a provider of
the internal timing system required to perform senso-
rimotor tasks accurately (Ivry et al., 1988). Cerebellar
circuits would provide the precise temporal represen-
tation to execute motion smoothly (Yarom & Cohen,
2002). Interactions between the cerebellum and the
inferior olive would endow the system with the abil-
ity to generate complex temporal patterns, produc-
ing consistent intervals between movements. Never-
theless, neuroimaging studies suggest that the function
of timing is under the control of distributed networks
composing the cerebellum, the dorsolateral prefrontal
cortex, the intraparietal sulcus region, and the caudate

e
PN
Cerebellar nucleiég
Climbing fiber
CR
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olive
v 4
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nucleus. The specific role of the cerebellar circuitry
might be related to the anticipatory responses and
the ability to learn predictive relationships between
sequences of events (see section Learning).

Computational models of
cerebellar function

Optimal strategies are mandatory to perform motion
with accuracy, given the highly complex non-linear
biomechanical features of the human body, includ-
ing the muscles and joints, and the numerous inter-
actions with the environment. The CNS copes perma-
nently with noise and delays. Therefore, a high degree
of modifiability in the operational mechanisms under-
lying motor control is mandatory.

The works of Marr and Albus have strongly influ-
enced the computational models of cerebellar function
these last decades (Ito, 2006). This theory proposes that
a subset of the parallel fiber synapses contacting any
Purkinje cell controls its output. This would be accom-
plished by weakening the strength of the synapses acti-
vated during an erroneous motor command. The error
signal leading to such weakening was proposed to be
the climbing fiber input. The cerebellum would gain
the control of movement through trial-and-error prac-
tice, linking a given motor context to a new motor
response. The theory predicts a plasticity of the parallel
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fiber synapse if it is active at the same time as the climb-
ing fiber (see also LTD). Another attractive model is
based upon the adaptive filter hypothesis. The adap-
tive filter is a signal-processing device transforming
sets of signals varying temporally (Fujita, 1982). One
main goal of adaptive filters is to decorrelate inputs
from outputs (Dean et al., 2004). From the compu-
tational standpoint, the adaptive filter advantageously
deals with the unavoidable noise encountered in bio-
logical systems.

Internal models

Expectations and estimates of future motor states
are critical for performing fast coordinated move-
ments. Predictions are necessary because the cerebral
cortex cannot respond solely on the basis of slowly
evolving sensory and perceptual feedback. One of the
main theories addresses a central issue in motor con-
trol, namely, the intrinsic time delay of sensory feed-
back associated with motor commands and motion.
Sensorimotor delays vary according to the modal-
ity and context and may be in the range of 50 to
400 msec. The cerebellum has been proposed to con-
tain the neural representations or “internal models” in
order to emulate fundamental natural processes such
as body motion (Ramnani, 2006). This theory is sup-
ported by fMRI studies, transcranial magnetic stimu-
lation (TMS) experiments, and psychophysical stud-
ies. Clumsiness would be due to a malfunction in the
predictive feedforward control and/or to a disorder in
the accurate appraisal of the consequences of motor
commands. According to this theory, the brain pre-
cisely controls the movement without the need for sen-
sory feedback.

The cerebellum may function similarly to a “for-
ward model” by using efference copies of motor orders
to predict sensory effects of movements. Accurate
predictions would decrease the dependence on time-
delayed sensory signals. Cerebellar circuitry would be
necessary to learn how to make appropriate predic-
tions using error information about the discrepan-
cies between the actual and predicted sensory conse-
quences, not only for limb movements, but also for
postural adjustments (Ioffe et al., 2007). The cerebel-
lum would compute an expected sensory outcome,
which would be sent to cerebral cortical areas via exci-
tatory connections to the thalamus and to the infe-
rior olive via inhibitory connections (Figure 2.5). The
inferior olive could operate as a sort of comparator,
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Figure 2.5 Forward models. Communication flows for information
processing in forward models of motor coding. Cerebellar modules
receive an efference copy of motor commands via the
cortico-pontocerebellar tract, in order to make predictions.
Reafference signals and corollary discharges reach the comparator
(inferior olive), which generates an error signal updating the plastic
cerebellar microcircuits. Expected sensory outcomes are conveyed
to the primary motor cortex via excitatory connections and to the
inferior olive via inhibitory pathways. With permission from: Manto,
2009.

signaling errors back to the cerebellar cortex and train-
ing it to make correct predictions. Purkinje cell fir-
ings have several of the characteristics of a forward
internal model of the arm. Indeed, Purkinje cell firing
heralds the kinematics of motion. Experimental data
suggest that Purkinje neurons from lobules IV to VI
encode position, directional parameters, and velocities
of arm movements (Roitman et al., 2005). The cerebel-
lum takes information and adapts it to a given sensori-
motor context and, through repetitions, will make the
appropriate adjustments to make the behavior more
and more efficient.

Some of the most convincing evidence that the
CNS uses internal forward models in human motor
behavior comes from studies dedicated to the con-
trol of grasping forces during manipulation of objects
(Nowak et al., 2007). The rate of grip force develop-
ment and the balance between the grip and load forces
when grasping/lifting an object are programmed in
order to meet the requirements due to physical object
properties, such as weight, surface friction, or shape.
Cerebellar patients generate excessive grip forces in
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relation to loads, suggesting a distorted predictive
force control.

Inverse models

According to this theory, the cerebellum would lodge
an “inverse model.” Here the input to the cerebel-
lum would be the aimed trajectory, and the output
would be a motor command. In order to train this
type of model, error information would best be char-
acterized in motor coordinates in three directions.
In the laboratory, cerebellar patients exhibit difficul-
ties in adapting to external force field, in agreement
with the inverse dynamics hypothesis (Maschke et al.,
2004). Neurophysiological data support the existence
of inverse models. Shidara and colleagues have shown
that Purkinje cell activity during ocular movements is
consistent with signals of an inverse model (Shidara
et al., 1993). Although studies of the changes in
Purkinje cell firings that occur when an external force
load is changed from resistive to assistive during elbow
movements are suggestive of an inverse dynamics
model, it should be noted that these experiments have
not controlled limb kinematics or modified the magni-
tude of external loads (Yamamoto et al., 2007). To test
the hypothesis that Purkinje cell firing is the output of
an inverse dynamics model, forces must be changed
while kinematics is kept constant. Purkinje neurons
might code for kinematic (i.e. sensory state) but not
dynamic information (i.e. muscle commands) (Pasalar
et al, 2006). A majority of Purkinje cells do not
exhibit any modulation in the patterns of discharges
as a function of force type or load. In addition, the
spatial tuning pattern seems unaffected, strengthen-
ing the idea of uncoupling between Purkinje cell firing
and electromyographic activity in limbs. Two of the
differences between cerebellar simple spike responses
and those of motor cortical cells are the non-uniform
distribution of preferred directions and the extensive
overlap in the timing of the correlations. These dif-
ferences suggest that Purkinje cells handle kinematic
information in a different way as compared with motor
cortical neurons.

Forward models and inverse models can be seen as
two inter-related models. Forward models are required
for the acquisition of a behavior. During learning of a
given behavior, an inverse model is created, allowing
skilled motion at an unconscious level (Ito, 2008). The
cerebellum interacts permanently with supra-tentorial
areas, especially the premotor cortex, the motor cortex,

the posterior parietal cortex, and the primary sensory
cortex, in order to generate the appropriate encoding
of force and direction of motion (Figure 2.6).

Cerebellum and cognitive operations

The cognitive regions of the cerebellum receive pro-
jections from the non-primary frontal, parietal, and
occipital association cortex and send projections back
via the thalamus. A similar operational mechanism
could underlie both motor processing and cogni-
tive operations, given the similar architecture of the
circuits. A closed cerebrocerebellar communication
loop is present for the cerebellum with the pre-
frontal cortex, supporting the hypothesis that cere-
bellar circuitry provides a forward model for men-
tal operations of the cerebral cortex. Ito has suggested
that internal models could apply also to cognitive
functions such as thought (Ito, 2006). In thought, a
mental model of an image, idea, or concept is pre-
sumably formed in the temporoparietal association
cortex. In a second stage, mental models are con-
trolled as an object by the prefrontal cortex. The pre-
frontal cortex would manipulate mental models just
as the motor cortex regulates motion of body seg-
ments (Ito, 2006). In a third stage, the cerebellar cir-
cuitry would copy a mental model to form an internal
model.

Evidence that the cerebellum contributes to
executive functions is growing (see also Chapter 3).
Executive control refers to the ability to orches-
trate various cognitive tasks to achieve a specific
goal. Executive functions are closely linked to the
prefrontal cortex in human subjects. Accumulating
data suggest that different regions of the prefrontal
cortex are related to distinct aspects of executive
control. The lateral prefrontal cortex, which is strongly
connected with the cerebellum, plays an important
role. Response inhibition (assessed, for instance, by
the Stroop test), multitasking (assessed by the digit
span), set shifting (assessed by the Wisconsin Card
Sorting Test), and working memory are all executive
control subcomponents under the supervision of the
prefrontal cortex.

Anatomical connections of the cerebellum with
reticular nuclei and thalamic nuclei projecting widely
throughout cerebral hemispheres open the possibility
of a role of cerebellar circuitry in arousal and nocicep-
tion (Schmahmann, 2002).
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Figure 2.6 Overview of the motor control strategy for limb movements. Cerebellum builds internal models and corrects motor commands,
comparable to a system identification function. Basal ganglia ensures an optimal control of motion, facilitating motor commands. The parietal
cortex integrates proprioceptive and visual outcomes, as well as sensory feedback, playing a role of state estimator. Premotor cortex and
motor cortex transforms predictions into sets of motoneuronal discharges, encoding for force and direction of movement. With permission

from: Manto, 2009.

Cerebellum, mood, and depression

Cerebellar activation in lobules IV, V, and VI has been
reported in conditions associated with happiness or
sadness (Lane et al., 1997). Morphologic differences in
the cerebellum of patients with depression have been
suspected. In particular, unipolar depression and bipo-
lar disorder have been associated with smaller size
of the cerebellum (Soares & Mann, 1997). Moreover,
decreased size of the vermis has been reported in major
depression (Shah et al., 1992). A reduction of the size
of vermal lobules VIII to X has been found in patients
with multiple episodes of depression (DelBello et al.,
1999). Further studies are required to confirm these
findings and provide a definite link between cerebel-
lar operations and control of mood.
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Cerebellar function is usually affected through sev-
eral mechanisms, which often combine (Gilman et al.,
1981): reduced blood flow, edema, mechanical com-
pression, invasion of cerebellar parenchyma, inflam-
matory response, immune process, cytotoxic effect,
and neurodegeneration. Brainstem and meninges are
commonly affected also.
Five general principles apply (Manto, 2002):

1. Lateral focal cerebellar lesions induce ipsilateral
signs, although expanding lesions may produce a
false localization of clinical signs.

2. Diftuse cerebellar disorders, such as degenerative
ataxias, are usually responsible for relatively
symmetric deficits.

3. Cerebellar deficits due to non-progressive disease
tend to undergo attenuation with time.

4. Lesions involving the afferent or efferent
cerebellar pathways outside the cerebellum may
generate cerebellar-like deficits.

5. Cerebellar symptoms are influenced more by the
location and rate of progression of the disease
than by the pathological characteristics (Gilman
etal., 1981; Lechtenberg, 1993). Slowly progressive
lesions may be remarkably asymptomatic for a
long time, while rapidly expanding lesions are
associated with severe symptoms in most cases
(Dow & Moruzzi, 1958; Gilman et al., 1981).

Table 3.1 lists the symptoms commonly encoun-
tered in patients exhibiting a cerebellar ataxia, with
lesions affecting mainly the cerebellum itself. Cogni-
tive and emotional deficits are discussed in the sec-
tion Classification of clinical signs, under “Cognitive
abnormalities” and emotional disorders. Gait diffi-
culties, headache, nausea/vomiting, and dizziness are
the most common symptoms. In patients presenting
lesions restricted to the cerebellum, the main symp-
toms are gait difficulties, headache, dizziness, limb
clumsiness, speech difficulties, blurred vision, feeble-
ness, and fatigability.

Symptoms of cerebellar disorders

Table 3.1 Symptoms associated with cerebellar disorders®
Symptom

Gait difficulties

Headache

Nausea/vomiting

Dizziness

Clumsiness in limbs

Speech difficulties

Tremor

Blurred vision, impaired visual acuity
Diplopia

Feebleness

Sensory complaints

Fatigability

Memory difficulties

Impotence

Swallowing difficulties

[llusion of movement in environment
Hearing loss

Tinnitus

Limb or facial weakness

Urinary incontinence

aCognitive and emotional symptoms are discussed in section
"Cognitive abnormalities” and emotional disorders.

Headaches are reported very early in many
patients. They can be influenced by postural changes.
Headaches may be the sole symptom in cases of
tumor, abscess, or stroke. Pain may be restricted
to a region around or behind the eye(s) or to the
parietal or occipital region. Occipital pain may be
associated with sensations of neck stiffness (Gilman et
al., 1981). A cerebellar tumor must be ruled out in all
children complaining of headache in the morning in
association or not with nausea, vomiting, clumsiness,
or gait difficulties. Vomiting may be projectile with
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Table 3.2 Clinical signs as a function of the sagittal zone

affected
Paravermal
Vermal zone zone Lateral zone
Oculomotor Dysarthria Oculomotor deficits
deficits
Dysarthria Dysarthria
Head tilt Head tilt
Ataxia of stance Dysmetria

Ataxic gait Kinetic tremor

Action tremor
Hypotonia
Dysdiadochokinesia
Decomposition of
movements
Dysrhythmokinesia
Impaired check/rebound
Ataxia of stance
Ataxic gait

Titubation

no warning. Severe abrupt dull headache associated
with gait ataxia and vomiting in a hypertensive patient
suggests an intracerebellar hemorrhage.

Ataxia: definition

Ataxia is a term originally used to describe dysequilib-
rium in tabes and is currently applied to describe the
jerky or irregular character of movement or posture,
when a disorder of coordination cannot be explained
by strength or sensation deficits (Holmes, 1917). Asyn-
ergia was defined by Babinski as an inability to com-
bine each element of a movement into a complex
motor action (Babinski, 1899). Dysmetria is a term
coined to describe the errors in metrics of motion:
hypermetria designates an overshoot and hypometria
an undershoot. The inability to perform rapid succes-
sive movements is called adiadochokinesia or dysdi-
adochokinesia (Babinski, 1902).

Clinical signs and sagittal

zone affected

Table 3.2 lists the clinical signs depending on the sagit-
tal zone affected (Gilman et al., 1981; Dichgans, 1984).
The combination of oculomotor deficits with ataxia of
stance and gait suggests a midline zone disorder. There
is no syndrome associated with a lesion restricted to
the intermediate zone, but isolated dysarthria has been

reported (Amarenco et al., 1991). Combinations of
dysmetria, kinetic tremor, hypotonia, and dysdiado-
chokinesia are indicative of lateral lesions.

Classification of clinical signs

Cerebellar signs can be assigned to one of the six
following categories:

* oculomotor disturbances

* dysarthria/speech deficits

e deficits in limbs movements
* deficits in gait/posture

* autonomic signs

*  “cognitive abnormalities”

Oculomotor disturbances

Clinical examination

The examiner checks the stability of gaze (by holding
the index finger at about 30 cm in front of the patient),
looks for a static ocular misalignment, and looks for
a nystagmus by maintaining the index finger motion-
less laterally (left/right) and in an upwards and down-
wards position. Saccades are assessed by putting the
index fingers in each of the patient’s temporal visual
fields. The patient is asked to keep the eyes in a primary
position and then to look laterally at one of the fingers
(Trouillas et al., 1997). Latency, accuracy, and velocity
of saccades are estimated. To assess the vestibuloocular
reflex (VOR), the patient is seated on a rotating chair,
fixating on an object which moves synchronously with
head movements. Movements of the eyes are observed
while the chair is rotated at a constant velocity. Nor-
mally, the subject can suppress the VOR by fixating on
the object. The rotation of the chair is then stopped
suddenly, and a post-rotatory nystagmus is specifi-
cally looked for. The rotating drum is used to assess
the optokinetic response (the drum test also evaluates
the pursuit) by asking the patient to count the stripes.
Finally, Frenzel goggles allow the estimation of eye
movements without fixation. Table 3.3 lists the oculo-
motor deficits observed in cerebellar patients.

Table 3.4 indicates the correlation between the
topography of the lesion and the observed deficits.
In cerebellar patients, oculomotor disorders usually
result from lesions of the dorsal vermis or fastigial
nucleus, the flocculus/paraflocculus, and/or the uvula
and nodulus (Lewis & Zee, 1993). The dorsal vermis
and the fastigial nuclei are primarily involved in

37



38

Chapter 3 - Symptoms of cerebellar disorders

Table 3.3 Oculomotor deficits observed in cerebellar disorders

Fixation deficits
Unsteady fixation (instability of gaze)
Flutter
Macrosaccadic oscillations

Ocular misalignment
Skew deviation

Disorders of pursuit
Saccadic pursuit

Deficits of saccades
Hypermetric/hypometric saccades

Nystagmus
Gaze-evoked nystagmus
Centripetal nystagmus
Rebound nystagmus
Primary-position upbeat nystagmus
Periodic alternating nystagmus

VOR and OKR deficits

Abbreviations: OKR: optokinetic reflex; VOR: vestibuloocular
reflex.

Table 3.4 Correlation between the topography of the
cerebellar lesion and oculomotor deficits
Structure Deficits

Dorsal vermis/fastigial
nucleus (lobules VI, VII)

Saccadic dysmetria

Flutter

Macrosaccadic oscillations
Saccadic pursuit

Flocculus/paraflocculus Gaze-evoked nystagmus
Rebound nystagmus
Saccadic pursuit
Abnormal gain of VOR

Abnormal optokinetic response
Nodulus Periodic alternating nystagmus
Ventral uvula

Abbreviation: VOR: vestibuloocular reflex.

initiation, accuracy, and dynamics of saccades,
whereas the flocculus/paraflocculus is involved
mainly in stabilization of a visual image on the retina
(Fetter et al., 1994).

Fixation deficits

Flutter typically refers to conjugate brief oscillations
of the eyes during a fixation or during movement of
the eyes (Cogan, 1954; see Figure 3.1). Oscillations are
usually horizontal. Macrosaccadic oscillations refer

to cycles of square wave jerks, defined as spon-
taneous small saccades in opposite directions dur-
ing fixation. Opsoclonus (“dancing eyes”) is defined
as involuntary, multidirectional, and conjugate sac-
cadic oscillations (Orzechowski, 1927). Opsoclonus
and myoclonus are symptoms of the “Kinsbourne
syndrome” (Kinsbourne, 1962; see Chapter 11).

Skew deviation

Skew deviation is characterized by a static ocular
misalignment, with one eye being higher than the
other (Lewis & Zee, 1993). It results from an imbal-
ance between otolith inputs. This misalignment can be
associated with lesions of the mesencephalic region,
pontomesencephalic area, cerebellum, medulla, or
peripheral vestibular apparatus, or in the vestibular
cortex. Skew deviation should be considered when
faced with any vertical diplopia which cannot be
explained by cranial nerve palsies, myasthenia, or dis-
ease of extraocular muscles.

Ocular tilt reaction

Ocular tile reaction (OTR) is an eye-head postural
reaction combining head tilt, conjugated eye cyclotor-
sion, skew deviation, and impaired vertical perception
(tilt of the subjective visual vertical). Partial OTR may
occur following lesions of the caudal parts of the cere-
bellum, such as cerebellar infarction in the territory
of the posterior inferior cerebellar artery (Mossman
& Halmagyi, 1997). The dentate nucleus is involved in
vestibular processing, such as the perception of verti-
cality (Baier etal., 2008). Lesions of the dentate nucleus
can lead to tilts of the subjective visual vertical in the
contraversive direction (i.e. a vestibular tone imbal-
ance to the contralateral side), while cerebellar lesions
excluding the dentate nucleus and involving the biven-
ter lobule, the middle cerebellar peduncle, the ton-
sil, and the inferior semilunar lobule can induce a
tone imbalance to the ipsilesional side (Baier et al.,
2008).

Disorders of pursuit

Lack of smoothness during a pursuit task is very com-
mon in cerebellar patients, but is not specific for cere-
bellar disorders. Movements are decomposed into fast
and slow movements, called “catch-up saccades.” A
superimposed nystagmus is usually observed.
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Figure 3.1 Oculomotor disturbances in
cerebellar patients recorded with 5
electrooculography (EOG). Upwards
deflections: eye movement to the right,
downwards deflections: eye movement to
the left. From: Manto, 2002. With
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Disorders of saccades formations, in hereditary ataxic diseases (in particular,

The overshoot of a target (hypermetric saccade) is very
common in cerebellar disorders (Selhorst et al., 1976).
In most cases, centripetal saccades are more dysmet-
ric than centrifugal saccades. When the dysmetria is
more severe for one eye, the term of disconjugate dys-
metria is used. Hypermetric saccades may be followed
by corrective saccades or glissadic movements. Glis-
sades are very common in patients presenting a diffuse
cerebellar atrophy. Hypometria designates the under-
shoot and is less specific than hypermetria.

Nystagmus

Nystagmus is made of oscillations of the eyes, with
alternating fast and slow movements. Gaze-evoked
nystagmus (also called gaze-paretic), which is very
common in cerebellar disorders, consists of a slow
drift of the eyes followed by saccades tending to return
the gaze towards an eccentric position (Gilman et al,,
1981). When the fast component has a large ampli-
tude, it is often called a “coarse” nystagmus. Rebound
nystagmus is a transient nystagmus occurring dur-
ing the return to a primary position after maintain-
ing an eccentric gaze. Although relatively specific, it
lacks any localizing value. Down-beat nystagmus is a
primary-position nystagmus with fast ocular move-
ments downwards. It is observed mainly in diseases
of the cervicomedullary junction such as Chiari mal-

spinocerebellar ataxia type 6), and in immune disor-
ders (Yee et al., 1984). Lateral gaze and convergence
usually exacerbate down-beat nystagmus. Down-beat
nystagmus occurs when physiological inhibitory cere-
bellar input, in particular of the flocculus, to the
vestibular nuclei is inhibited. When the nystagmus is
provoked by extension/rotation of the head, a cere-
bellar lesion compressing the brainstem should be
suspected. Down-beat nystagmus may also be posi-
tional in a context suggesting a peripheral labyrinthine
disorder: vertigo, adaptation, and habituation on
repeated testing (Bertholon et al., 2002). Hallpike
maneuver may be positive bilaterally in these patients
(in classical benign paroxysmal positional vertigo
associated with a posterior canalolithiasis, Hallpike
maneuver is usually positive on one side only), and
nystagmus may be provoked by a straight head-
hanging procedure, suggesting an anterior semicircu-
lar canalolithiasis. A periodic form of downbeat nys-
tagmus due to a metabolic disorder has been reported
(Du Pasquier et al., 1998). Up-beat nystagmus is
a primary-position nystagmus with the fast phase
upwards. It has been reported mainly in drug over-
dose, midbrain lesions, lesions of the lower brainstem,
and midline cerebellar lesions. Up-beat nystagmus is
likely due to an imbalance of vertical vestibuloocular
reflex tone. Ocular bobbing is a fast movement of
the eyes downwards, followed by a slow drift back
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Table 3.5 Main extra-cerebellar signs observed in ataxic
patients

Clinical sign

Slowing of saccadic movements
Ophthalmoparesis/ophthalmoplegia
Papilledema

Optic neuritis

Concomitant movement disorders (dystonia, rigidity,
dyskinesias, rest tremor)

Cognitive deficits

Seizures

Pyramidal signs

Signs of peripheral neuropathy

Dysautonomia

to midposition. It is observed in cerebellar disorders
with brainstem compression or may be observed fol-
lowing basilar artery occlusion. Monocular bobbing
occurs in patients with contralateral oculomotor palsy.
Periodic alternating nystagmus is a spontaneous nys-
tagmus beating in one direction, followed by a silent
phase, and then by resurgence of the nystagmus
in the opposite direction. It may be congenital or
acquired.

Signs of extra-cerebellar disease

Table 3.5 lists the most common neurological signs
which are suggestive of an extra-cerebellar involve-
ment. The reader is referred to the specific chapters in
the book.

Dysarthria and mutism

Examination of speech
The patient is asked to maintain a sustained vowel

phonation (“ah”, “ee”), repeat syllables, produce mono-
syllabic words, repeat a standard sentence, and read
aloud a standard text. The clarity, rhythm, and flu-
ency of speech are evaluated. Speed of speech can
be estimated by recording on a tape recorder the
time taken to pronounce a fixed number of words.
Cerebellar disorders are typically associated with slow
speech accompanied by slurring. Comprehension is
spared. Temporal dysregulation may lead to unintelli-
gible words (Kent et al., 1997). Speech may turn out to
be explosive, taking a staccato rhythm and a nasal char-
acter. Scanning speech is easily recognizable, made of
hesitations, accentuation of some syllables, omission

of some pauses, and addition of inappropriate pauses.
Voice tremor may occur also. The disturbed melody
of speech is called dysprosody. Dysarthria may even
appear more complex because of additional naming
difficulties and agrammatism. The superior paraver-
mal segment of the left hemisphere at about lobules
VIand VII is one of the cerebellar regions that plays a
critical role in speech (Gilman et al., 1981). Cerebellar
mutism refers to an absence of speech following pos-
terior fossa surgery in children (Rekate et al., 1985).
Mutism usually appears within 12 to 48 hours after
surgery and lasts 1.5 to 12 weeks after onset. Dysarthria
occurs following resolution of mutism (van Dongen
et al., 1994). Focal non-surgically induced cerebellar
damage may also cause a mutism (Frassanito et al.,
2009). Lesions of the cerebello-thalamocortical path-
way after midbrain infarction can present with parox-
ysmal attacks of dysarthria and limb ataxia (Matsui
etal., 2004).

Deficits in limb movements

Clinical examination

For the upper limbs, the patient is seated in a comfort-
able position. In the finger-to-nose test, the patient is
asked to touch his nose with the index finger, with the
hand resting initially on the thigh. Each side is tested.
During the finger-to-finger test, the examiner moves
his index finger in various locations in front of the
patient, who has to touch it with his own index finger.
To check for a postural tremor, the patient is requested
to maintain the upper limbs parallel to the floor, with
the elbows extended and hands held in supination. The
index-to-index test consists of maintaining the two
index fingers medially, pointing at each other at a dis-
tance of 1 cm, with the elbows maintained horizon-
tally. For alternate movements, the patient is asked to
maintain the forearms vertically and to perform suc-
cessive pronation/supination hand movements. Dur-
ing the tapping test, the patient places palmar and dor-
sal surfaces of the hands alternatively on the thigh.
To assess muscle tone, the wrists, elbows, and shoul-
ders are passively moved. In addition, the examiner
grasps the forearm and shakes the relaxed hand to
evaluate the level of hypotonia. To assess difficulties
in changing directions of movement, the patient is
asked to draw slowly and with accuracy a square in
space. The Barany test is performed with the eyes
closed. The patient has to extend the arms horizon-
tally, direct them straight over the head, and then come
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Figure 3.2 Cerebellar hypermetria. Superimposition of nine fast wrist flexion movements in a control subject (A) and a cerebellar patient (B).
Movements (MVT) are accurate in A and are hypermetric in B (overshoot of the target). Aimed target (dotted lines) located at 0.4 rad from the
start position corresponding to a neutral position of the joint. The target is visually displayed. With permission from: Manto, 2009.

back to the initial position. A similar task is the hori-
zontal pointing maneuver, in which the subject moves
quickly one index finger towards a target area delin-
eated by the index finger and thumb contralaterally,
keeping the elbows extended. In the Stewart-Holmes
test, the patient has to flex the elbow forcefully while
the observer attempts to extend the joint by holding
the forearm of the patient (Stewart & Holmes, 1904).
The forearm is then released abruptly and the exam-
iner notes whether the patient strikes his shoulder or
his chest with the hand. For the index-to-wrist maneu-
ver, the examiner holds his wrist horizontally at the
height of the patient’s shoulder at an approximate dis-
tance of 85% of the length of the patient’s upper limbs.
The patient is asked to touch the wrist with his index
finger as fast as possible.

For examination of lower limbs, the patient is in
a supine position. The knee-tibia test consists of ask-
ing the patient to raise one leg and place the heel on
the contralateral knee, which is kept motionless. The
patient slides the heel down the tibial surface slowly
and regularly up to the ankle. In the heel-to-knee test,
the patient is asked to keep the heel motionless on
the contralateral knee for several seconds. During the
great toe-finger test, the patient touches the index of
the examiner with one great toe. To check for a postu-
ral tremor in lower limbs, the patient is asked to keep
the legs horizontally, with a 90-degree flexion of hips
and knees. Muscle tone is again evaluated by passively
moving each joint of the lower limbs.

Dysmetria

Dysmetria is a cardinal sign of cerebellar disease.
Dysmetria represents an error in trajectory of move-

ment. Hypermetria is usually more evident during fast
movements (Figure 3.2 and Figure 3.3). Hypometria
is less common. Both forms of dysmetria are usually
followed by corrective movements. Dysmetria affects
both proximal and distal joints. Patients presenting
with chronic cerebellar disease display a worsening of
dysmetria when the inertia of the limb is increased
mechanically (Manto et al., 1994). Silent cerebellar
lesions may be detected with this procedure (Manto
et al,, 1995). Dysmetria is associated with abnormal
patterns of electromyographic activities (Figure 3.4).
Kinematics of movement is typically asymmetrical
(Figure 3.5).

Kinetic tremor

The terms intention tremor and kinetic tremor refer to
oscillations increasing at the end of a voluntary move-
ment. Kinetic tremor is tested during finger-to-nose
and knee-tibia tests. It may be present during the whole
range of motion, although exaggerated near the goal
(Holmes, 1939). Tremor is perpendicular to the main
direction of movement and may be predominant in
proximal joints (Gilman et al., 1981). Unlike dysme-
tria, kinetic tremor may be improved with the addition
of inertia (Chase et al., 1965). In some patients, kinetic
tremor tends to increase in the days or weeks following
an initial injury.

Action tremor

Action tremor is observed in tasks requiring preci-
sion (Table 3.6): finger-to-finger test, heel-to-knee test,
arms maintained outstretched, legs maintained hori-
zontally. Tremor is most evident in the line of gravity
(Holmes, 1922). Oscillations during the heel-to-knee
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Table 3.6 Postural tremor in cerebellar disorders

Tremor Anatomical lesion Precipitants Frequency (Hz)
Precision tremor Nuclei Precision tasks 2-5
Superior cerebellar peduncle
Asthenic tremor Hemisphere Fatigue Irregular
Axial postural tremor ? Posture 2-10
3-Hz leg tremor Anterior lobe Posture 28-33
Midbrain tremor Outflow tract, nigrostriatal Posture 25-5

! Figure 3.3 Effects of increasing
velocities on kinematics of the upper limb
pointing movements in a control subject
(upper panels) and a cerebellar patient
(lower panels). Subjects are seated and
comfortably restrained in order to allow
only shoulder and elbow movements.
They are asked to perform a vertical
pointing movement towards a fixed target
at various speeds. The target is located in
front of the subjects at a distance of 85%
of total arm length. In the patient, deficits
Time (sec) Time (sec) Time (sec) in angular motion are enhanced with
increasing velocities, especially the
increased angular motion of elbow
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Figure 3.4 Abnormal triphasic pattern of electromyographic (EMG) activities associated with cerebellar ataxia. EMG activities in a control
subject (left) and in a cerebellar patient exhibiting hypermetria (right). In the control subject, the first agonist burst (AGO1) is followed by a
burst in the antagonist muscle (ANTA), followed by a second burst in the agonist muscle (AGO2). In the cerebellar patient, three EMG deficits
are observed: the rate of rise of EMG activities is depressed, the onset latency of the antagonist EMG activity is delayed, and the two agonist
bursts are not demarcated. Abbreviations: FCR: flexor carpi radialis; ECR: extensor carpi radialis. EMG traces are full-wave rectified and averaged
(n = 10 movements). With permission from: Manto, 2009.
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Figure 3.5 Asymmetry in kinematics of fast wrist flexion
movements in cerebellar patients exhibiting hypermetria. Values
correspond to ratios of Acceleration Peaks divided by Deceleration
Peaks (Acc/Dec). Mean =+ SD and individual ratios are shown. Data
from n = 7 ataxic patients; mean age: 53.2 £ 5.7 years. Control
group: n = 7 subjects; mean age: 54.5 £ 6.1 years. Aimed target: 15
degrees; n = 10 movements per subject. With permission from:
Manto, 2009.

test evolve in unwanted lateral movements, despite
attempts by the patient to block the heel. A typical 3-
Hz tremor with a waxing and waning amplitude and
taking a spindle-like aspect during a sustained leg ele-
vation while the patient is supine are highly suggestive
of a lesion of the anterior lobe (Mauritz et al., 1979;
see also Chapter 15). Oscillations may be detected dur-
ing writing, which is typically irregular. Some patients
have abnormally large handwriting with an increase in
the height of letters during writing. This macrographia
contrasts with the micrographia observed in Parkin-
son’s disease.

Palatal tremor

Palatal tremor is also called rhythmic palatal
myoclonus. It may be associated with a hypertrophic
contralateral inferior olivary nucleus subsequent to
lesions of the so-called “Guillain-Mollaret triangle,”
at the level of the contralateral dentate nucleus or
superior cerebellar peduncle, or at the level of the
ipsilateral central tegmental tract (Lapresle, 1979;
see also Chapter 14). Frequency of the tremor is
between 0.5 and 3 Hz. Palatal tremor may occur in
the context of sporadic or familial progressive ataxia

in the so-called progressive ataxia and palatal tremor
syndrome (see also Chapter 23) (Samuel et al., 2004).

Essential tremor and orthostatic tremor

Essential tremor is now recognized as a tremor asso-
ciated with a disorder of cerebellar pathways (see
Chapter 19). It affects mainly the upper limbs and the
head. Tremor combines postural and kinetic features.
Some patients with lesions in the posterior fossa may
exhibit an orthostatic tremor of irregular or, excep-
tionally, of regular frequency (symptomatic orthostatic
tremor), which typically affects weight-bearing mus-
cles. Table 3.7 lists the main differential diagnosis of
cerebellar tremor.

Disorders of muscle tone

Hypotonia is a decreased resistance to passive manip-
ulation of the limbs. It is classically more intense in
children. In adults, it appears early after an exten-
sive cerebellar damage, is usually greater in proxi-
mal segments, and tends to disappear quickly. Joints
and limbs appear more relaxed (Lechtenberg, 1993).
Hypotonia may be associated with pendular reflexes.
Differential diagnosis of cerebellar hypotonia includes
extensive brainstem lesion, spinal shock, anterior
horn cell disease, polyradiculitis/polyneuropathy, and
“floppy infant syndrome” in children. Cerebellar fits
are spasms associated with intermittent opisthotonos
(Stewart & Holmes, 1904). They are associated with
posterior fossa tumors, Chiari malformations, and
stroke involving the cerebellar cortex but sparing the
nuclei. The mechanism is presumably an extensor tone
disinhibition. Cerebellar fits are included in the cate-
gory of “cerebellar seizures,” which also includes hemi-
facial seizures associated with a dysplastic cerebellar
tumor in infants (Harvey et al, 1996). In particu-
lar, ganglioglioma of the cerebellum may be associ-
ated with paroxysmal facial contractions (Chae et al.,
2001). Similar symptoms may be observed in children
with hamartoma of the floor of the fourth ventricle
(Delande et al., 2001).

Decomposition of movement

Cerebellar patients perform compound movements
which tend to be decomposed into their elemental
components, with a lack of synergy between joints.
Typically, the movements of the shoulder and the
elbow are asynchronous in maneuvers such as the
index-to-wrist test. When the movement is performed
slowly, errors in direction and rate of movement
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Table 3.7 Differential diagnosis of cerebellar tremor affecting the limbs

Tremor Type or disease

Postural tremor Physiological tremor

Enhanced physiological tremor

Essential tremor

Rest tremor
syndromes”

Multiple sclerosis

Tumor

Trauma

Stroke

Infection

Inflammatory condition

Midbrain tremor

Rhythmic myoclonus

Paraneoplastic

Myorhythmias Infectious

Immune

Genetic

CIDP, paraproteinemia
Peripheral neuropathy HSMN

Diabetes, uremia

Psychogenic tremor

Parkinson disease and “Parkinson-plus

Features

Hands predominantly affected Frequency: 8-13 Hz

Drug intake (theophylline, caffeine, steroids,
beta-mimetics, epinephrine)

Family history

Head affected

Alcohol reducing tremor

Frequency: 5-8 Hz

“Pill-rolling”

Rigidity, bradykinesia, impaired postural reflexes
Tends to be reduced by movement

Frequency: 4-7 Hz

Rest, postural and kinetic
Frequency: 2.5-5 Hz

Irregular, shock-like contractions
Variable amplitude
Regular

Frequency: 1-3 Hz

Postural

Distal muscles

Abrupt onset

Variable amplitude and frequency
Reduced by distraction

Favorable effect of placebo

Abbreviations: CIDP: chronic inflammatory demyelinating polyneuropathy; HSMN: hereditary sensorimotor neuropathy.

appear, in absence of detectable rhythmic oscillations.
This ataxia of slow movements is thus different from
kinetic tremor associated with execution of slow move-
ments. Decomposition of movements is often associ-
ated with an inability to generate independent finger
movements during successive tapping movements of
the index finger against the thumb (index-thumb test).
The “sign of the piano” consists of a successive flexion
of the third, fourth, and fifth finger followed by a phase
of immobility of the fingers during attempts to move
the thumb and index finger alone. It is observed early
after a cerebellar stroke involving the cerebellar out-
flow tracts.

Dysdiadochokinesia

Dysdiadochokinesia is characterized by irregular and
slow alternate sequential movements. An abnormal
sway of the elbow is present in advanced cases.

Dysrhythmokinesia (“arrhythmokinesis”)

Dysrhythmokinesia is a disturbed rhythm associated
with repetitive sequential movements, such as tapping
movements (Wertham, 1929). It is a characteristic of
adiadochokinesia.

Check and rebound

Disturbed check consists of a large displacement of
the upper limbs when a tap is exerted over the hands
while the patient is asked to keep the upper limbs
outstretched. The excessive rebound is the overshoot
followed by successive oscillations around the initial
position. Impaired check is tested during the Stewart-
Holmes test.

Isometrataxia

Cerebellar disorders are associated with an inability
to generate constant forces, especially during tasks
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Figure 3.6 Spread of feet in a natural position. Left: healthy
subjects (n = 25 subjects, age: 14 to 76 years), right: cerebellar
patients (n = 25 patients, age: 13 to 78 years). Distance measured
between the internal malleoli using an optoelectronic system. With
permission from: Manto, 2002.

requiring hand and finger use (Mai et al., 1989). Iso-
metrataxia is tested by asking the patient to exert a
slight and constant pinch force between the lateral
parts of the examiner’s thumb. An irregular pressure
is felt. It may be associated with action tremor. Isome-
trataxia is usually observed in the first hours following
a cerebellar stroke.

Deficits in gait/posture

Gait can be considered as resulting from balance and
locomotor tasks. Balance tasks include standing in an
upright position, anticipatory adjustments, and pos-
tural responses to external forces. Locomotor tasks
include the rhythmic character of movement. Both
balance and locomotor tasks are defective in cerebel-
lar disorders.

Ataxia of stance

Quiet stance is evaluated with the patient’s eyes open
and closed. The patient is asked to stand on one foot,
then with feet in tandem, and then with feet together.
The spread of feet in natural position with the eyes
open is a simple and reliable test (Trouillas et al., 1997).
The distance between the medial malleoli is measured.
Values higher than 12 cm are abnormal (Manto, 2002;
Figure 3.6). Eye closure during the Romberg test leads
to increased ataxia of stance in the large majority of
cerebellar patients. However, the exacerbation induced
by eye closure is usually less pronounced than in

proprioceptive ataxia or in the so-called vestibular
ataxia (Diener et al, 1984). Ataxia of stance is charac-
terized by unstable body segments. The trunk tends to
lurch from side to side. The drift on one side is called
lateropulsion, which is usually towards the side of the
lesion. Rhythmic extensions-flexions of the feet are
common (“dancing feet”). Titubation refers to rhyth-
mic oscillations of the head, trunk, or entire body
in an anterior-posterior plane or a lateral plane or
which tend to be rotatory. Titubation is often over-
looked when oscillations are of small amplitudes (Lou
& Jankovic, 1993). The scaling of the amplitude of pos-
tural responses is inappropriate, with patients falling
in the direction opposite to the one in which a force is
applied (Horak & Diener, 1994).

Ataxia of gait

Regular gait is tested in a 10-m test, including the
examination of the half-turn. The test is followed by
an assessment of walking in a straight line, walk-
ing in tandem, and walking backwards. Ataxic gait
is irregular and broad-based, with unequal steps and
multiple corrections. Rhythm is distorted, with a
reduction in speed. Children with a transection of
the posterior inferior cerebellar vermis are unable to
perform tandem gait, whereas regular gait and stand-
ing are relatively preserved (posterior vermian split
syndrome; Bastian et al., 1998). Lesions of the floc-
culonodular lobe are associated with ataxic gait also.
“Frontal ataxia” is a form of gait apraxia observed in
patients presenting with a frontal lesion. Coordination
between trunk and lower limbs is poor, with feet cross-
ing. Crossing the legs is very unusual in cerebellar gait.
Cerebellar ataxia of gait needs to be distinguished from
sensory ataxia (Table 3.8). Decreased or abolished ten-
don reflexes and decreased sensation(s) argue for a
sensory ataxia. The main causes of sensory ataxia are
listed in Table 3.8. Some patients exhibit combinations
of cerebellar ataxic gait and sensory ataxia.

Psychogenic gait ataxia

Ataxic gait of psychogenic origin is one of the most
common presentations of hysterical gait disorders
(Keane, 1989). Suggestive historical clues include an
abrupt onset, spontaneous remissions, somatizations,
search for a compensation, context of litigations,
and previous history of work in health care. Clin-
ical clues include inconsistency of gait, the influ-
ence of distraction, self-inflicted injuries, disparities
in neurological examination (such as ataxic gait while
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Table 3.8 Principal causes of sensory ataxia

Familial sensory neuropathy (autosomal dominant)
Diabetes

Anti-neoplastic drugs (cisplatin, oxaliplatin, paclitaxel)

Immune origin (Miller Fisher syndrome, anti-MAG antibodies,
GALOP syndrome)

Paraneoplastic (anti-Hu syndrome)
Intoxication to pyridoxine

Refsum disease

Diphtheria

Abbreviations: GALOP: gait ataxia late-onset polyneuropathy;
MAG: myelin-associated glycoprotein.

heel-to-knee test is normal) or discrepancies during
repeated neurological examination, uneconomic pos-
tures with wastage of energy, remission with placebo,
and positive findings during a psychiatric interview.
Co-morbidity with a true cerebellar ataxia is not excep-
tional.

Autonomic signs

Autonomic signs may result from increased intra-
cranial pressure, concomitant brainstem damage, or
genuine involvement of the autonomic centers (see
also Chapter 18). There is growing evidence that
pure cerebellar lesions may affect autonomic control
(Haines et al., 1997). These clinical manifestations
might be underestimated. Voluntary movements may
trigger a vasomotor response, such as face flushing
and pupil dilatation. Bradycardia and hyperventilation
have been reported.

“Cognitive abnormalities” and
emotional disorders

Cerebellar patients may present with cognitive and
behavioral changes. Some clinicians still believe that
the constellation of cognitive deficits remains very sub-
tle as compared with motor deficits. The concept of
cognitive dysmetria has been brought up, by exten-
sion to the observations of motor deficits (Andreasen
et al,, 1996). The terminology of “cerebellar cognitive
affective syndrome” (CCAS) encompasses impairment
of executive functions, including planning and work-
ing memory, deficits in visuospatial skills, linguistic
deficiencies such as agrammatism, and inappropriate
behavior (Schmahmann & Sherman, 1998). The neu-
ropsychiatric manifestations associated with cerebel-

Table 3.9 Neuropsychiatric symptoms in cerebellar disorders

Positive Negative
Domain symptoms symptoms
Attention Distractibility Perseveration
Hyperactivity Difficulties for
shifting attention
Compulsive Obsessional
behavior behavior
Emotion Impulsiveness, Anhedonia
disinhibition
Anxiety, agitation Depression
Pathological Dysphoria
laughing and
crying
Social skill set Aggression Passivity
Irritability Difficulties with
social interactions
Psychosis lllogical thinking Lack of empathy

Hallucinations Emotional blunting

Avoidant behavior
Sensory overload

Adapted from: Schmahmann and Pandya (2008).

Autism spectrum Stereotypes

Table 3.10 Cerebellar disorders associated with the cerebellar
cognitive affective syndrome?

Cerebellar stroke

Post-operative period (cerebellar tumor, malformation)
Cerebellar malformation (hypoplasia, agenesis)
Trauma

Superficial siderosis

Hereditary disorders (Gillespie syndrome)
Paraneoplastic cerebellar ataxia

Drugs (topiramate)

aSee Collinson et al., 2006; Turkel et al.,, 2006; Baillieux et al., 2008;
Marién et al.,, 2008; Uttner et al., 2009.

lar disorders are shown in Table 3.9. The conditions
associated with CCAS are given in Table 3.10. The
main deficits reported in hereditary ataxias (see also
Chapter 23) are summarized in Table 3.11. Executive
dysfunction is commonly reported. Tasks requiring
planning/initiation, sustaining and inhibiting activ-
ity, inferring, judging, and shifting set are commonly
abnormal in inherited ataxias, but a pre-morbid state
might strongly influence their severity and mode of
presentation. Some patients with autosomal dominant
spinocerebellar ataxia (SCA) exhibit a clear intellec-
tual decline, such as SCA17 or dentatorubral palli-
doluysian atrophy (see also Chapter 23). Mood dis-
orders and personality changes are not exceptional.
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Table 3.11 Cognitive deficits in hereditary ataxias®

Dominant ataxias
Spinocerebellar ataxias

Mental deterioration
Defects in memory
Defective verbal and non-verbal intelligence
Impaired executive function
Restlessness and emotional instability
Perseverations
Apathy
Depression
Aggressivity
Psychotic-like behavior

Episodic ataxias
Anxiety
Depression
Attentional deficits
Subtle learning deficits

Gillespie syndrome
Cerebellar cognitive affective syndrome

Spastic paraplegia, ataxia, and mental retardation syndrome
Variable degrees of mental deterioration

Recessive ataxias
Friedreich ataxia
Abnormal information processing
Impaired verbal learning
Abnormal visuospatial tasks
Impaired executive function
Personality changes: irritability, impulsiveness, reduced
defensiveness, and blunting of affect

Ataxia with oculomotor apraxia
Impaired learning and retrieval information
Impaired executive function

Ataxia-telangiectasia
Low verbal IQ

Joubert syndrome
Learning deficits (developmental delay, psychomotor
retardation)

Congenital disorders of glycosylation syndrome
Mental deficits

X-linked ataxias
Fragile X—associated tremor ataxia syndrome
Impaired executive functions
Anxiety
Irritability, agitation
Psychosis
Depression
Frontal-subcortical dementia

9See Goldfarb et al, 1989; Spadaro et al, 1992; Dubourg et al,,
1995; Zawacki et al., 2002; Bellebaum and Daum, 2007

Lexicosemantic knowledge may be impaired in sub-
jects with advanced SCA, suggesting that language
may become affected as the disorder progresses.
Reduced speed of processing of visual information and
inability to shift attention are encountered in the end
stage of the disease. Attentional deficits are congru-

ent with the hypothesis of a role of the cerebellum
in providing attentional resources allotted in a rapid
way. Speech may be characterized by vocal instability,
reduced rate, and monotony, complicating dysarthria
(Schalling et al., 2008).

The constellation of cognitive/behavioral deficits is
suggestive of a disruption of the cerebellar modulation
of the neural circuits that link the prefrontal, posterior
parietal, superior temporal, and limbic structures,
including the amygdala, hippocampus, and septum
(Schutter & van Honk, 2009). Actually, nearly all
regions of the associative and paralimbic cortices
project to the pontine nuclei in a segregated manner,
and the pontine nuclei send mossy fibers to the cere-
bellum. The prefrontal cortex projects to the medial
and dorsomedial regions of the pons, the association
areas of the temporal lobes project to the lateral pons,
the superior regions of the parietal association cor-
tices project to the central pons, the inferior parietal
regions send projections to the rostral pons, and the
paralimbic regions project to the medial and lateral
pontine nuclei. A “limbic cerebellum” has even been
suggested (Schmahmann et al., 2007). Impaired per-
formance on the Wisconsin Card Sorting Task points
towards damage to the dorsolateral prefrontal cor-
tex and/or its subcortical connections, including the
cerebellar circuits (Nagahama et al., 1996). Behavioral
changes might be more common in patients present-
ing with lesions of the posterior cerebellar lobe and
the vermis. Attention errors and abnormal visuospatial
skills are reported repeatedly in these patients. Visu-
ospatial deficits might be more common in cases of left
side cerebellar lesions.

Positive effects of electrical cerebellar stimulation
on mood in psychiatric disorders have been reported,
suggesting a role of the cerebellum in human emotion
(Heath, 1977). Indeed, damage to the vermis has been
associated with emotional dysregulation (Levisohn
et al., 2000). Which form of the emotional pro-
cess is handled by cerebellar circuitry remains an
open question (Schutter & van Honk, 2005; Koziol &
Budding, 2009). The so-called posterior fossa syn-
drome can be considered as a very acute form of CCAS.
The syndrome affects mainly children between the
age of 2 and 10 years. Following resection of a mid-
line tumor of the cerebellum, children show mutism,
buccal and lingual apraxia, apathy, and poverty of
movements (Riva & Giorgi, 2000). Mutism often devel-
ops 1 to 5 days after the resection. Post-surgical
mutism evolves into speech disorders or language
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disturbances similar to agrammatism and behavioral
disturbances ranging from irritability to behaviors
reminiscent of autism, with emotional lability (irri-
tability, emotional reactions, agitation) and regres-
sive personality changes. When the lesion involves the
vermis and spares the hemispheres, mutism quickly
develops into dysarthria, and dysarthria will improve
markedly. When both the vermis and the right cerebel-
lar hemisphere are involved, the recovery of speech is
slow, and speech often becomes monotonous and tele-
graphic, reminiscent of speech deficits found in frontal
lobe lesions. Concomitant cognitive deficits are com-
mon: impairment in the shifting of attention, persever-
ation, and difficulties in problem solving.

Some of the behavioral symptoms observed in
cerebellar patients are also observed in attention deficit
hyperactivity disorder and schizophrenia, two con-
ditions in which the cerebellar circuitry has been
implicated via neuroimaging studies and post-mortem
investigations (Ashtari et al., 2005; Picard et al., 2008).
This is corroborated by the findings of impaired eye-
blink conditioning, impaired adaptation of the VOR,
deficits in procedural learning tests, the correlation
between poor cognitive performance and abnormal
cerebellar activations on neuroimaging evaluation,
and reports of decreased size of the cerebellar ver-
mis (Okugawa et al., 2003). In addition, diffusion ten-
sor imaging, a technique which detects subtle dis-
ruptions of neural connectivity, has shown reduction
of fractional anisotropy (a parameter which reflects
the integrity and orientation of neural tissue) in the
middle and superior cerebellar peduncles of patients
with schizophrenia, suggesting a neural disconnec-
tivity between the cerebellum and cerebral cortex
(Okugawa et al., 2005; Okugawa et al., 2006). How-
ever, the cerebellar contribution might be limited or
indirect. Autism spectrum disorders are discussed in
Chapter 16.

Lesion—symptom mapping

The introduction of high-resolution structural brain
imaging and new analysis methods has led to signif-
icant improvements in our understanding of the cor-
relations between the anatomy of cerebellar lesions
and the observed clinical deficits (Rorden & Karnath,
2004). Signal-to-noise ratio on MRI increases with
increasing field strength and now allows spatial res-
olution in the submillimeter range (Timmann et al,,
2009).
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Figure 3.7 Lesion symptom mapping. (A) Cerebellar lobules
shown on an unfolded cerebellum. (B) Lesion-symptom mapping.
Schematic sketch of findings in patients with focal cerebellar
lesions. The figure summarizes the results of lesion-symptom
mapping in studies on eyeblink conditioning, cerebellar ataxia
rating scores, balance in stance and gait, and upper and lower limb
coordination. 1: ataxia of stance/gait; 2: lower limb ataxia; 3: upper
limb ataxia; 4: dysarthria; 5: limb ataxia; 6: conditioned eyeblink
response (CR) timing; 7: CR acquisition. Adapted from: Timmann

et al, 2008. (See color section).

Lesion-based MRI subtraction analysis shows
that the fastigial nuclei (and to a lesser degree the
interposed nuclei) are more frequently affected in
patients with impaired compared with unimpaired
dynamic balance control (Timmann et al., 2009;
Figure 3.7). Also, the interposed and the adjacent
dentate nuclei are more frequently affected in patients
with impaired leg placement compared with those
with non-impaired leg placement. Patients with
impaired leg placement abnormalities exhibit diffi-
culties in the adaptation of locomotion to additional
loads. Recent data show that the intermediate zone
appears to be of particular importance for multi-joint
limb control both in goal-directed leg movements and
in locomotion. Lesions of the intermediate zone may
lead to impaired leg and trunk coordination.
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In cerebellar stroke, a somatotopy of the superior
cerebellar cortex is found, in agreement with animal
data and functional MRI observations in healthy con-
trol subjects (Grodd et al., 2001). Upper limb ataxia is
correlated with lesions of cerebellar lobules IV-V and
VI. Lower limb ataxia is correlated with lesions of lob-
ules III and IV. Dysarthria is correlated with lesions of
lobules V and VI. Limb ataxia is correlated with lesions
of the interposed and part of the dentate nuclei, and
ataxia of posture and gait is correlated with lesions of
the fastigial nuclei, including part of interposed nuclei.
Recovery after lesions to the nuclei of the cerebellum
is often less complete (Eckmiller & Westheimer, 1983).

In cerebellar cortical degeneration, there is a sig-
nificant correlation between the cerebellar degen-
eration and both International Cooperative Ataxia
Rating Scale and Scale for Assessment and Rating of
Ataxia scores (see Chapter 4). Oculomotor disorders
are highly correlated with atrophy of the medial cere-
bellum. Posture and gait ataxia subscores show the
highest correlations with the medial and intermedi-
ate cerebellar volume, whereas impairment in limb
kinetic functions correlates with atrophy of lateral and
intermediate parts of the cerebellum. Atrophy of the
intermediate zone is correlated not only with limb
ataxia and dysarthria, but also with ataxia of stance and
gait.

For classical conditioning of the eyeblink response,
a form of motor learning (see Chapter 2), learning rate
in healthy subjects is related to the volume of the cor-
tex of the posterior cerebellar lobe (Timmann et al.,
2008). In patients with focal cerebellar lesions, acquisi-
tion of eyeblink conditioning is significantly decreased
in lesions that include the cortex of the superior poste-
rior lobe, but not the inferior posterior lobe. Impaired
timing of conditioned eyeblink responses correlates
with lesions of the anterior lobe. A meta-analysis of
neuroimaging studies supports the following func-
tional topography (Stoodley & Schmahmann, 2009):

* Sensorimotor tasks activate the anterior lobe
(lobule V) and adjacent lobule VI, with additional
foci in lobule VIII. Motor activation is linked with
activation in lobules VIIIA/B, and somatosensory
activation is confined to VIIIB.

* The posterior lobe is involved in higher-level
tasks. Lobule VI and crus I are activated in
language and verbal working memory; lobule VI
is activated in spatial tasks; lobules V1, crus I, and
lobule VIIB are activated in executive functions;

and lobule VI, crus I, and medial VII are activated
during emotional processing. Language is
right-lateralized, whereas spatial processing shows
a greater left hemisphere activation. Language and
executive tasks activate regions of crus I and
lobule VII implicated in prefrontal-cerebellar
loops. Emotional processing is associated with
activation of the vermal lobule VII, participating
in cerebellar-limbic circuitry. Functional
neuroimaging investigations support the
hypothesis that there is an anterior sensorimotor
versus posterior cognitive/emotional dichotomy
in the human cerebellum (Stoodley &
Schmahmann, 2009). Motor tasks are localized to
the anterior lobe, with a secondary representation
in lobules VIIIA/B; somatosensory tasks also
involve the anterior lobe, with a secondary
representation in lobule VIIIB. None of the
“higher-level” language, working memory, spatial,
or executive tasks are associated with activation in
the anterior lobe. These observations are in
agreement with the hypothesis of a double
representation of the body in the cerebellum
(Snider & Eldred, 1951).
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Figure 1.4 Cerebellar neurons are generated from two
anatomically distinct progenitor zones within the primordia.
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as they leave the ventricular zone. Adapted from: Hoshino,
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cerebellum. (E) Division in 10 lobules. (F) Components of the vermis. From: Colin et al., 2002. With permission.
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Figure 1.7 Parcellation of the cerebellum in individual lobules.
Upper panels, coronal sections; lower left, parasagittal section; lower
right, inferior view of the cerebellum.
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of left and right side are considered together. Adapted from: Diedrichsen et al., 2009.
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Figure 1.11 The glomerulus. The enlarged extremity of a mossy
fiber (represented in yellow), called “rosette,” is connected with
dendrites of the granule cells (shown in blue) and a Golgi cell
(illustrated in green). It also receives an axonal projection from the
latter. Therefore, Golgi cells regulate mossy fiber inputs. Golgi cells
are themselves excited by parallel fibers emerging from the granule
cells.
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Figure 1.12 Imaging of cerebellar nuclei in adults using high-resolution MRI. (A) (a—c) Axial, coronal, and sagittal slices of the human
cerebellum and corresponding slices through the high resolution (0.7 x 0.7 x 0.7 mm 3 voxels) p (d-f) and T1 (g—i) maps calculated from
multi-averaged data requiring 40 min of scan time. The dentate, as well as globose and emboliform nuclei of the interposed nucleus, can be
clearly delineated on both the T1 and p maps, allowing their anatomy to be fully appreciated. Arrows indicate the dentate nucleus on each
image. (B) Anatomy of the deep cerebellar nuclei. Upper row, the dentate nucleus is composed of two parts: a dorsomedial and rostral region
with narrow dentations (microgyric dentate) and a ventrolateral and caudal portion with wide and subdivided gyrations (macrogyric dentate).
Lower picture: identification of the fastigial, globose and emboliform nuclei. (C) Volume renderings of the dentate nuclei of each of 10 adults,
superimposed on their corresponding T1 maps. The images are taken from the superior-anterior viewpoint. From: Deoni and Catani, 2007.
With permission.
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Figure 1.13 Connections of the fastigial nucleus (FN). FN projects
bilaterally to vestibular nuclei (VN) and projects to the
periaqueductal gray (PAG) and the mesodiencephalic nuclei (MDN:
interstitial and Darkschewitsch nuclei). FN also projects to bulbar
reticular formation: medial bulbar reticular formation (RFm) and
lateral reticular nuclei (LRN), at the origin of the reticulospinal tract
(RST). Reticular nuclei project back to cerebellar nuclei
(cerebello-reticulocerebellar loops, not illustrated) and receives
afferents from the spinal cord. FN is also connected with the
parasolitarius nuclei (PSN) and the perihypoglossal nuclei (PHN). VN
projects to the spinal cord via the vestibulospinal tract (VST) and
projects back to the FN and the flocculonodular lobe. Interrupted
line: midline.
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Figure 1.14 Output channels of the dentate nucleus. Distinct
areas of the dentate nucleus project predominantly upon different
regions of the contralateral cerebral cortex, via thalamic nuclei
(MD/VLc: medial dorsal/ventralis lateral pars caudalis nuclei; area X,
VPLo: nucleus ventralis posterior lateralis pars oralis). Dorsal portions
of the dentate nucleus project mainly upon area 4. With permission
from: Manto, 2009.
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Figure 3.7 Lesion symptom mapping. (A) Cerebellar lobules
shown on an unfolded cerebellum. (B) Lesion-symptom mapping.
Schematic sketch of findings in patients with focal cerebellar
lesions. The figure summarizes the results of lesion-symptom
mapping in studies on eyeblink conditioning, cerebellar ataxia
rating scores, balance in stance and gait, and upper and lower limb
coordination. 1: ataxia of stance/gait; 2: lower limb ataxia; 3: upper
limb ataxia; 4: dysarthria; 5: limb ataxia; 6: conditioned eyeblink
response (CR) timing; 7: CR acquisition. Adapted from: Timmann
etal, 2008.
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Figure 8.2 Arterial groups and cerebellar territories supplied by the main cerebellar arteries. lllustration of serial sections (4-mm thick) based
on a bicommissural plane passing through the anterior and posterior commissures. From: Tatu et al.,, 1996. With permission. (See color
section.)

Anatomic structures of sections | to XII

1 Corticospinal tract; 2 Medial lemniscus; 2’ Medial longitudinal fasciculus; 3 Spinothalamic tract; 4 Spinal trigeminal tract/nuclei; 5 Gracile
and cuneate nuclei; 6 Nucleus of solitary tract; 7 Dorsal motor vagal nucleus; 8 Hypoglossal nucleus; 9 Inferior olivary nucleus; 10 Inferior
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Figure 8.2 (cont) cerebellar peduncle; 11 Vestibular nucleus; 12 Nucleus prepositus; 13 Facial nucleus; 14 Superior olivary nucleus;

15 Abducens nucleus; 16 Pontine nuclei; 17 Motor trigeminal nucleus; 18 Principal sensory trigeminal nucleus; 19 Nucleus ceruleus;

20 Superior cerebellar peduncle; 21 Substantia nigra; 22 Inferior colliculus; 23 Trochlear nucleus; 24 Superior colliculus; 25 Oculomotor
nucleus; 26 Red nucleus; 27 Mammillary body; 28 Optic tract; 29 Lateral geniculate nucleus; 30 Medial geniculate body; 31 Pulvinar;

32 Mamillothalamic tract; 33 Column of fornix; 34 Caudate nucleus; 35 Putamen; 36 Anterior commissure; 37 Tonsil; 38 Biventer lobule;
39 Inferior semilunar lobule; 40 Pyramid of vermis; 41 Uvula; 42 Superior semilunar lobule; 43 Tuber of vermis; 44 Middle cerebellar
peduncle; 45 Dentate nucleus; 46 Folium of vermis; 47 Nodulus; 48 Flocculus; 49 Declive; 50 Simple lobule; 51 Culmen; 52 Quadrangular
lobule; 53 Central lobule; 54 Ala of the central lobule, V' Trigeminal nerve, VII Facial nerve, VIIl Vestibulocochlear nerve,

IX Glossopharyngeal nerve.



LATERAL MEDULLARY INFARCTION (Wallenberg syndrome)

Nystagmus Descending vestibular Nc
Palatal weakness
Horner syndrome ——————— Symp. Fibers
Analgesia-anesthesia ————

Trigeminal Nc

Limb ataxia ——— Spinocerebellar. Tr . .
Crossed dissociated

sensory impairment

VA

Figure 8.4 Anatomical basis of the symptoms in lateral medullary infarction. The lateral region of the medulla (grey zone) is supplied by
small perforating branches. Abbreviations: Ambiguous Nc: ambiguous nucleus; Spinothal. Tr: spinothalamic tract; CSP tract: corticospinal tract;
VA: vertebral artery; PICA: posterior inferior cerebellar artery; Trigeminal Nc: trigeminal nucleus; Symp. Fibers: sympathetic fibers; IX-X: cranial
nerves IX-X.

Figure 11.1 Post-infectious cerebellitis. (A,B) T1- and
T2-weighted images show no abnormality. (C) By
contrast, '231-SPECT demonstrates a decreased
regional cerebral blood flow (rCBF) in the cerebellum.
(D) SPECT in a control subject. From: Nagamitsu et al,,
1999. With permission.




Figure 11.2 Cerebellar involvement in
Creutzfeldt-Jakob disease. The larger
cerebellar loci of significantly elevated
apparent diffusion coefficient (ADC) and
CSF volume (respectively in A and B) are
found bilaterally in the cerebellar nodule,
shown here in three orthogonal
projections. Focal atrophy cannot be
detected on clinical reading of standard
MRI sequences but is highly significant on
statistical group analysis. Degenerative
changes are reflected in elevated
diffusion in the cerebellum, presumably
due to tissue destruction and
replacement by CSF. From: Cohen et al,,
2009. With permission.



Figure 14.6 (A) Relative hypermetabolism of the cerebellar vermis and pons in a patient with post-anoxic coma. (B) Control case. From: Lupi
etal, 2007. With permission.

Figure 15.1 Cerebral atrophy in a patient with
a history of chronic alcohol abuse. (A, B) Axial
T2-weighted images show widening of
cerebellar sulci of the anterior lobe. (C, D)
Coronal images show atrophy of the cerebellar
cortex in different lobules, as well as cerebral
cortical atrophy (arrows).
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Figure 15.2 A 3-Hz body sway in chronic alcoholic cerebellar degeneration. (A) Representation of the center of pressure during a Romberg
test using a pressure platform. (B) Displacements of the center of pressure in orthogonal axis X-Y. (C) Superimposition of power spectral
density curves in the anterior-posterior axis. A 3-Hz tremor is found (arrow). (D) Time frequency representation of the oscillations.

Figure 20.2 Gross pathology of a Friedreich (FRDA)
heart and light microscopy of iron-reactive granules in
sarcoplasm and endomysium. (A) Gross specimen. Left
and right ventricular walls are greatly thickened. The
myocardium is discolored, lacking the normal dark and
homogeneous appearance of normal heart. (B-E) Iron
histochemistry. The stain shows finely granular reaction
products that lie parallel to the long axis of
cardiomyocytes (arrow in B). A cluster of much larger
iron-positive granules lies adjacent to or within a
necrotic muscle fiber (arrow in C). (D, E) Iron
histochemistry of an endocardial biopsy of an FRDA
patient at the age of 9 years (D) and a section of the
autopsy specimens at the age of 26 years (E). Both
sections display iron-positive granules in cardiac muscle
fibers, and the frequency of iron-reactive fibers among
all cardiomyocytes is similar. Sections illustrated in B-E
are counterstained with Brazilin. Markers: A, 1 cm; B, C,
100 mm; D, E, 50 mm. From: Michael et al.,, 2006. With
permission.
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Figure 20.4 lllustration of the mitochondrial respiratory chain. Electrons are transferred from complex | (C. 1) and Il (C. II) to the oxidized form
of coenzyme Q10 (CoQ). CoQ is reduced to CoQHj, which transfers the electrons to Complex Il (C. Ill). Other abbreviations: C. IV: complex IV; C.
V: complex V; Cyt. C: cytochrome C.

Figure 21.4 Brain MRI and magnetic resonance spectroscopy (MRS) in a patient with a mitochondrial disease. (A) Coronal T2-weighted
sequence; (B) sagittal T1-weighted image demonstrating atrophy of the vermis; (C) a peak of lactate in the cerebellar parenchyma is detected
on MRS.



Figure 22.1 Brain MRl and gait analysis in a patient with fragile X tremor ataxia syndrome (FXTAS). (A) Sagittal T1-weighted image showing a
moderate atrophy of the vermis; (B) hyperintense signals in the middle cerebellar peduncles on a T1-weighted axial image; (C) atrophy of the

cerebellar cortex and cerebral sulci (arrows; T2-weighted image). (D-F) Analysis of tandem gait. The path of the center of pressure is dysmetric
(arrows in D and F). (E) Representation of the displacements of the center of pressure in orthogonal planes X and Y. Reproduced in part from:

Manto and Jissendi, 2009. With permission.
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Figure 23.1 Relative frequencies of spinocerebellar ataxias (SCAs). The SCA with highest frequency is indicated in each pie.



Figure 23.2 Inclusions in spinocerebellar ataxias
(SCAs). Inclusion bodies in selected SCAs. (A-C)
SCA-3/Machado-Joseph disease (MJD),
anti-ataxin-3 (A and B), anti-ubiquitin (C): confocal
fluorescence microscopy shows multiple small
nucleoliform ataxin-3-reactive intranuclear
inclusions in neurons of the basis pontis (arrows in
A; fluorescein isothiocyanate [FITC]). Ataxin-3
reaction product in B (FITC) colocalizes with
ubiquitin in C (Quantum Red) (arrows). The images
were processed to reduce lipofuscin fluorescence.
(D) SCAT1, anti-polyglutamine: Positive-contrast
reaction product is present in large intranuclear
inclusions (arrows). (E) SCA-2, anti-polyglutamine:
the intranuclear inclusion body (arrow) is relatively
small compared with those in SCA-1 (D). (F-H)
3 . SCA-17, anti-polyglutamine (F and H),
of * .': % : M TATA-binding protein (G): Neurons of the basis
5 e e P 8 pontis reveal pan-nuclear reaction product (F, G).
D ; L LE“"’ ’ = In the cerebellar cortex, pan-nuclear inclusions are
* i . . present in the basket and stellate cells (H). The
iy inset shows an intranuclear inclusion in a surviving
? a . . Purkinje cell. (I, J) SCA-6, anti-polyglutamine:
. . Pontine neurons show small intracytoplasmic
. ; inclusions (I, arrows). A Purkinje cell contains
L 3 multiple cytoplasmic inclusion bodies (J).
> . L Magnification markers: A-C, F, and H, 25 mm; D-E,
- 3 . G, J,andinsetin H, 10 mm; [, 15.9 mm. From:
F e G — | | H i P ey e g Koeppen, 2005. With permission.
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Figure 23.4 lllustration of the mechanisms of cerebellar ataxias at the cellular level. 1, transcription; 2, DNA repair; 3, transport; 4, processing;
5, replication; 6, glycosphingolipid metabolism; 7, isolation membrane; 8, autophagy; 9, autolysosome; 10, Ca2+ activated voltage-gated K+
channel; 11, translation; 12, protein folding; 13, lipoprotein assembly; 14, fatty acid metabolism; 15, protein import; 16, non-NMDA receptor;
17, NMDA receptor; 18, voltage-gated Ca2+ channels; 19, DNA repair/replication; 20, mitochondrial impairment; 21, Krebs cycle; 22,
chaperones; 23, axonal transport and vesicle trafficking; 24, aggregation; 25 Ca2+ homeostasis; 26, synaptic function. Abbreviations: Ca2+:
Calcium lons; ER: endoplasmic reticulum; Glu: glutamate; K+: potassium ions; Na+: sodium ions; Q: glutamine; Ub: ubiquitin; Cl: respiratory
chain complex I; Cll: respiratory chain complex II; Clil: respiratory chain complex Ill; CIV: respiratory chain complex IV; cQ: coenzyme Q; cytC:
cytochrome C; ACO: aconitase; HEME; Fe2+: ferrous iron; IscU: iron-sulphur cluster scaffold protein; ROS: reactive oxygen species; RNA:
ribonucleic acid; OHx: hydroxyl radical; Fe-S: iron-sulfur cluster; Vitamin E; cQ10: coenzyme Q10; Cu+: copper; SCA (1-17): spinocerebellar
ataxia (Type 1-17); DRPLA: dentatorubral-pallidoluysian atrophy; EA (Type 1-6): episodic ataxia (Type 1-6); FGF14: fibroblast growth factor 14;
FXTAS: Fragile X tremor/ataxia syndrome; FA: Friedreich ataxia; AOA (type 1-2): ataxia with oculomotor apraxia (Type 1-2); IOSCA:
infantile-onset spinocerebellar ataxia; AT: ataxia telangiectasia; SCAN1: spinocerebellar ataxia with axonal neuropathy; LOTSD: late-onset
Tay-Sachs disease; RD: Refsum disease; ARSACS: autosomal recessive ataxia of Charlevoix-Saguenay; MSS: Marinesco-Sjogren syndrome; ABL:
abetalipoproteinemia; CTX: cerebrotendinous xanthomatosis; AVED: ataxia with vitamin E deficiency; CA: Cayman ataxia; MIRAS: mitochondrial
recessive ataxia syndrome; MELAS: mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke; MERRF: myoclonus epilepsy
associated with ragged-red fibers; NARP: neuropathy, ataxia, and retinitis pigmentosa. From: Manto and Marmolino, 2009. With permission.



Figure 23.7 Brain MRl and H1 magnetic resonance spectroscopy of a patient with SCA2 exhibiting a slight cerebellar syndrome: (A) MRI
used to plan the single voxel acquisition; (B) spectrum acquired in the deep left cerebellum of patient; (C) spectrum acquired in the deep left
cerebellum of age- and sex-matched control. The images in (A), axial fluid-attenuated inversion recovery, coronal T2-weighted, and sagittal
T1-weighted (from left to right), show global atrophy in the posterior fossa as well as in the supratentorium. The spectrum in (B) shows a
decrease of the N-acetyl-aspartate/creatine ratio (1.26) compared with the control (1.53). From: Manto and Jissendi, 2009. With permission.

Figure 23.10 The transcription initiation
complex. The initiation of the RNA
synthesis by RNA polymerase Il requires
the transcription factors TFIIA, B, D, E and F.
TFIID (TBP: TATA-box binding protein)
@ I'E binds to the TATA-box (TATAAA). TBP has a
variable size depending on the number of
glutamine residues (25-42 in normal
el condition). Arrow corresponds to the

transcription start site. Adapted from:
Zihlke and Burk, 2007.
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Clinical scales

|

Several scales are used to quantify cerebellar ataxia
according to the severity of symptoms (Trouillas et al.,
1997). The need for standardized scales is obvious for
the assessment of patients, not only for the follow-up
of patients, but also during clinical trials or pharmaco-
logical studies.

ICARS

The International Cooperative Ataxia Rating Scale
(ICARS) (Trouillas et al., 1997) is a 100-point semi-
quantitative scale. It is divided into four parts, on the
basis of the compartmentalization of cerebellar symp-
toms (Babinski & Tournay, 1913):

Postural and stance disturbances (subscore: /34)
Limb movement disturbances (subscore: /52)
Speech disorders (subscore: /8)

Oculomotor deficits (subscore: /6)

e =

Posture and Gait Score (total of scores A to G)

A. Walking capacities: 10-m test including half-turn,
near a wall

0 Normal

1 Almost normal naturally, unable to walk with
feet in tandem

2 Walking without support, but abnormal and
irregular

3 Walking without support but with
considerable staggering; difficulties in
half-turn

4 Walking with autonomous support impossible;
episodic support of the wall for a 10-m test

5 Walking only possible with one stick

6 Walking only possible with two special sticks
or with a stroller

7 Walking only with accompanying person

8 Walking impossible, even with accompanying

person (wheelchair)

. Gait speed: a preceding score of 4 or more gives

directly a score of 4 in this test

0 Normal

Slightly reduced

Markedly reduced

Extremely slow

Walking with autonomous support no longer
possible

W N -

. Standing capacities, eyes open

0 Normal, able to stand on 1 foot more than 10
sec

1 Cannot stand on 1 foot more than 10 sec, but
can stand with feet together

2 Able to stand with feet together, but cannot
stand with feet in tandem position

3 Able to stand in natural position without
support, with no or moderate sway. Cannot
stand with feet together

4 Standing in natural position without support,
with considerable sway and corrections

5 Unable to stand in natural position without
strong support of one arm

6 Unable to stand at all, even with strong
support of two arms

. Spread of feet in natural position without support,

eyes open: patient is asked to find a comfortable
position, and the distance between the medial
malleoli is measured.

0 Normal (<10 cm)
1 Slightly enlarged (>10 cm)
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2 Clearly enlarged (between 25 and 35 cm)
3 Severely enlarged (>35 cm)
4 Standing in natural position impossible

. Body sway with feet together, eyes open

0 Normal

1 Slight oscillations

2 Moderate oscillations (<10 cm at the level of
head)

3 Severe oscillations with risk of fall (=10 cm at
the level of head)

4 Immediate falling

. Body sway with feet together, eyes closed

0 Normal

1 Slight oscillations

2 Moderate oscillations (<10 cm at the level of
head)

3 Severe oscillations with risk of fall (>10 cm at
the level of head)

4 Immediate falling

. Quality of sitting position: on a hard surface,

thighs together, arms folded

0 Normal

1 Slight trunk oscillations

2 Moderate oscillations of trunk/legs
3 Severe dysequilibrium

4 Impossible

Kinetic functions (total of scores H to N)

H. Knee-tibia test: patient in a supine position, head

tilted. Patient asked to raise one leg and place the
heel on the knee and then slide the heel down the
anterior tibial surface of the resting leg towards
the ankle. On reaching the ankle joint, the leg is
again raised in the air to a height of about 40 cm,
and the action is repeated. At least three
movements of each limb. Under visual guidance.

0 Normal

1 Lowering of heel in continuous axis,
movement decomposed in several phases,
without real jerks, or abnormally slow

2 Lowering jerkily in the axis

Lowering jerkily with lateral movements

4 Lowering jerkily with extremely strong lateral
movements or test impossible

W

SCORE Right ..........
SCORE Left ..........

. Heel-to-knee test: the action tremor of the

heel-to-knee test is specifically observed when the
patient holds the heel on the knee for a few
seconds before sliding down the anterior tibial
surface under visual control.

0 No trouble

1 Tremor stopping immediately when the heel
reaches the knee

2 Tremor stopping in less than 10 sec after
reaching the knee

3 Tremor continuing for more than 10 sec after
reaching the knee

4 Uninterrupted tremor or test impossible

SCORE Right ..........
SCORE Left ..........

. Finger-to-nose test: subject sitting on a chair.

Hand is resting on the knee before the beginning
of the movement. Three movements of each limb
are performed under visual guidance.

0 Normal

1 Oscillating movement without decomposition

2 Segmented movement in two phases and/or
moderate dysmetria in reaching the nose

3 Movement segmented in more than two
phases and/or considerable dysmetria in
reaching the nose

4 Patient unable to reach the nose

SCORE Right ..........
SCORE Left ..........

. Finger-to-nose test: the “intention” tremor is

specifically looked for. Tremor appearing during
the “ballistic” phase of the movement is assessed.
See previous task.

0 Normal
1 Simple swerve of the movement
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2 Moderate tremor with estimated amplitude
<10 cm

3 Amplitude of tremor between 10 cm and
40 cm

4 Amplitude of tremor >40 cm

SCORE Right ..........
SCORE Left ..........

. Finger-finger test: the sitting patient is asked to
maintain medially the two fingers pointing at each
other for about 10 sec at a distance of about 1 cm,
at the level of the thorax, under visual guidance.
Action tremor is specifically looked for.

0 Normal

1 Mild instability

2 Moderate oscillations of fingers with estimated
amplitude <10 cm

3 Oscillations of the fingers between 10 and
40 cm

4 Jerky movements >40 cm of amplitude

SCORE Right ...........
SCORE Left ..........

. Pronation-supination alternating movements: the
subject is sitting on a chair. Forearms are raised
vertically, and alternative movements of the hands
are performed. Each side is assessed separately.

0 Normal

1 Slightly irregular and slowed

2 Clearly irregular and slowed, with no sway of
the elbow

3 Extremely irregular and slowed movement,
with sway of the elbow

4 Movement completely disorganized or
impossible

SCORE Right ...........
SCORE Left ..........

. Drawing of the Archimedes spiral on a pre-drawn
pattern: subject comfortably settled in front of a
table. The sheet of paper is fixed on the table. No
timing requirement. Dominant hand examined.

0 Normal

1 Impairment and decomposition, the line
quitting the pattern slightly, but without
hypermetric swerve

2 Line completely out of the pattern with
recrossings and/or hypermetric swerves

3 Major disturbance due to hypermetria and
decomposition

4 Drawing completely disorganized or
impossible

Speech assessment (total of scores O to P)

O. Fluency of speech: the patient is requested to
repeat several times a standard sentence, for
instance: “A mischievous spectacle in
Czechoslovakia”

0 Normal

1 Mild modification of fluency

2 Moderate modification of fluency

3 Considerably slow and dysarthric speech
4 No speech

P. Clarity of speech
0 Normal
Suggestion of slurring

Definite slurring, most words understandable

1
2
3 Severe slurring, speech not understandable
4 No speech

Oculomotor deficits (total of scores Q to S)

Q. Gaze-evoked nystagmus: the subject is asked to
look laterally at the finger of the examiner: the
movements assessed are mainly horizontal, but
may be oblique, rotatory, or vertical.

0 Normal

1 Transient

2 Persistent but moderate
3 Persistent and severe

R. Abnormalities of the ocular pursuit: the subject is

asked to follow the slow lateral movement
performed by the finger of the examiner

0 Normal
1 Slightly saccadic
2 Clearly saccadic
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S. Dysmetria of saccades: the index fingers of the
examiners are placed in each temporal visual field
of the patient, whose eyes are in the primary
position. The patient is asked to look laterally at
the finger on the right and on the left. The average
overshoot or undershoot of the two sides is
estimated.

0 Absence of dysmetria
1 Bilateral clear overshoot or undershoot of the
saccade

The ICARS is a reliable scale satisfying accepted
criteria for inter-rater reliability, test-retest reliabil-
ity, and internal consistency (Schmitz-Hubsch et al.,
2006a). Inter-rater correlation is very high for the total
score, and high to very high for each component sub-
score (Storey et al., 2004). The scale is sensitive to a
range of ataxia severities from mild to severe. Some
authors argue that the ICARS might show some redun-
dancies of several items and that the different factors
extracted by a factorial analysis do not coincide with
the ICARS subscores, questioning its usefulness (see
section Comparison between scales).

The ICARS is also useful to extract and rate the
severity of cerebellar signs in multiple system atrophy;,
although it is contaminated by parkinsonian features
(Tison et al., 2002).

BARS (Brief Ataxia Rating Scale)

The Brief Ataxia Rating Scale (BARS) evaluates gait
(score from 0 to 8), knee-tibia test (score from 0 to 4
on each side), finger-to-nose test (score from 0 to 4 on
each side), dysarthria (score from 0 to 4) and oculo-
motor deficits (score from 0 to 2), with a maximal total
score of 30 (Schmahmann et al., 2009). BARS provides
a quick and easy to perform estimation of the overall
cerebellar function.

AS20 (Ataxia Scale on 20 points)

This rapid scale has three parts: a first allowing a very
quick evaluation of the severity of ataxia, a second esti-
mating globally the disability, and a third characteriz-
ing the quality of life by a visual analog rating scale.
The scores are combined. The scale is highly correlated
with the speed and accuracy of three-dimensional
movements in upper limbs.

Part |

Body sway

0 Normal
Cannot stand with feet joined, but can stand with
feet apart; minor oscillations of the trunk or the
body

2 Marked body sway despite feet apart; however, no
external support required
Requires a support or assistance. Falls without
assistance

4 Impossible

Gait (10 m go/return)

0 Normal

1 Mild ataxia

2 Walks with a cane or needs a support (inter-
mittently puts his hands on a wall to avoid falling)

3 Gait with assistance or with a walker. Cannot walk
with a cane

4 Unable to walk with aid or support

Upper limb ataxia during self-paced finger-to-nose test

0 Normal

1 Errors near the target, the trajectory of the
movement is curved, immediate corrections

2 Ataxia at the end of movement, presence of a
discernible kinetic tremor, but the patient can stop
the finger at the target. Fewer than 2 cycles of
movement

3 Tremor is marked. The patient exhibits difficulties
to stop the hand at the target. At least three cycles
of oscillations

4 Unable to stop tremor

» «

Dysarthria: the patient repeats “mi-mi,” “la-la,” “ga-

ga,” “AhAhAhAh,” “Pataka”

0 Normal

1 Mildly irregular voice. All words understandable.
No need to repeat statements

2 Speech is slow, slurred, and/or scanned. Has to
repeat some statements to make them
understandable

3 Some words are not understandable

4 Unintelligible
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Ocular movements

1 Presence of a transient nystagmus on vertical
and/or lateral gaze

2 Presence of a sustained nystagmus on vertical
and/or lateral gaze

3 Square wave jerks

4 Hypometric or hypermetric saccades

5 Slow saccades

6 Absence of saccades

Part |

Global disability score

A. Patient remaining fully independent in daily life

B. Patient requiring some help, but most tasks are
performed alone

C. External aid is required most of the time

D. Totally dependent

Part Il

Visual analog scale

A card with a vertical scale ranging from 0 to +100,
with unit marks and numbers appearing every five
scores, is presented to the subject. The respondent
is told that 0 signifies death and 100 is associated
with perfect health. The subject is asked to report
verbally the number on the above scale. This num-
ber represents the general quality of life during the
month preceding the visit.

SARA (Scale for Assessment and
Rating of Ataxia)

The scale is based on a semiquantitative assessment
of cerebellar ataxia on an impairment level (Schmitz-
Hiibsch et al., 2006b). SARA rates only ataxia-related
symptoms and does not take into account extra-
cerebellar symptoms which may be found. The scale
has 8 items yielding a total score of 0 (no ataxia) to 40
(most severe ataxia):

1. Gait (subscore: /8)

Stance (subscore: /6)

Sitting (subscore: /4)

Speech deficits (subscore: /6)

Finger chase (subscore: /4)

vk w N

6. Nose-finger test (subscore: /4)
7. Fast alternating movements (subscore: /4)
8. Heel-shin slide (subscore: /4)

Items 5 to 8 are rated for each side. The arithmetic
mean of both sides is included in the total score.

I. Gait: the subject is asked to walk at a safe
distance parallel to a wall including a half-turn
and to walk in tandem without support

0 Normal

1 Slight difficulties, only visible when walking
10 consecutive steps in tandem

2 Clearly abnormal, tandem walking >10
steps impossible

3 Considerable staggering, difficulties in
half-turn, but without support

4 Marked staggering, intermittent support of
the wall required

5 Severe staggering, permanent support of
one stick or light support by one arm
required

6 Walking >10 m only with strong support
(2 special sticks or stroller or accompanying
person)

7 Walking <10 m only with strong support
(2 special sticks or stroller or accompanying
person)

8 Unable to walk, even support

II. Stance: the subject is asked to stand firstin a
natural position, second with feet together in
parallel (big toes touching each other), and
finally in tandem (no space between heel and
toe, feet on one line). The subject keeps eyes
open and cannot wear shoes. For each of the
three conditions, three trials are allowed and
the best of them is rated.

0 Normal, can stand in tandem for >10 sec

1 Can stay with feet together without sway,
but not in tandem for >10 sec

2 Able to stand with feet together for >10 sec,
but only with sway

3 Able to stand for >10 sec without support
in natural position, cannot stand with feet
together

4 Able to stand for >10 sec in natural
position only with intermittent support
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IIL

Iv.

5 Able to stand >10 sec in natural position
only with constant support of 1 arm

6 Unable to stand for >10 sec even with
constant support of 1 arm

Sitting: the subject is sitting on an examination

bed. No support of feet. Eyes open and arms

outstretched to the front.

0 Normal, no difficulties to sit for >10 sec

1 Slight difficulties, intermittent sway

2 Constant sway, able to sit for >10 sec
without support

3 Canssit for >10 sec only with intermittent
support

4 Unable to sit for >10 sec without
continuous support

Speech deficits: assessment during normal
conversation.

0 Normal

Suggestive of a speech disturbance
Impaired speech, but easy to understand
Words occasionally difficult to understand
Many words difficult to understand

Only single words understandable

(o2 N0) NGV S I )

Speech is unintelligible/anarthria

. Finger chase: rating for each side. Subject is

sitting comfortably. Support of feet and trunk
allowed if required. The examiner is in front of
the subject and performs five consecutive
sudden and fast pointing movements in
unpredictable directions in a frontal plane at
about 50% of the proband’s reach. Movements
have an amplitude of 30 cm and a frequency of
1 movement every 2 sec. The subject is asked to
follow the movements with his index finger as
fast/accurately as possible. The average
performance of last three movements is rated.
0 No dysmetria
1 Dysmetria, under/overshooting target
<5cm
2 Dysmetria, under/overshooting target
<15cm
3 Dysmetria, under/overshooting target
>15cm

VL

VIL

4 Unable to perform five pointing movements

SCORE Right ..........
SCORE Left ..........
Mean of Right/Left ..........

Nose-finger test: rating for each side. The
subject is sitting comfortably. Support of feet
and trunk allowed if required. The subject is
asked to point repeatedly with his index finger
from his nose to examiner’s finger which is in
front of the proband at about 90% of the
proband’s reach. Speed of movement is
moderate. The average performance of
movements is rated according to the amplitude
of the kinetic tremor.

0 No tremor

Tremor with an amplitude <2 cm

Tremor with an amplitude <5 cm

Tremor with an amplitude >5 cm

Unable to perform five pointing movements

W N =

Fast alternating hand movements: rating for
each side. Support of feet and trunk allowed if
required. The subject is asked to perform 10
cycles of repetitive alternation of pronations
and supinations of the hand on his/her thigh as
fast/accurately as possible. Movement is
demonstrated by the examiner at a speed of
about 10 cycles within 7 sec. Exact times for
movement execution have to be taken.

0 Normal, no irregularities (performs in
<10 sec)

1 Slightly irregular (performs in <10 sec)

2 Clearly irregular, single movements difficult
to distinguish or relevant interruptions,
performs in <10 sec

3 Very irregular, single movements difficult to
distinguish or relevant interruptions,
performs in >10 sec

4 Cannot complete 10 cycles

SCORE Right ..........
SCORE Left ..........
Mean of Right/Left ..........
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VIII. Heel-shin slide: each side is rated. The subject
is lying on the examination bed, without sight
of his legs. The subject is asked to lift one leg,
point with the heel to the opposite knee, slide
down along the shin to the ankle, and lay the
leg back on the examination bed. The task is
performed three times. Slide-down movements
should be performed within 1 sec. If the subject
slides down without contact to shin in all three
trials, rating is 4.

0 Normal

1 Slightly abnormal, contact to shin
maintained

2 Clearly abnormal, goes off shin up to three
times during three cycles

3 Severely abnormal, goes oft shin four or
more times during three cycles

4 Unable to perform the task

SCORERIight ..........
SCORE Left..........
Mean of Right/Left ..........

SARA score is closely correlated with the Barthel
Index, which is widely used to estimate activities of
daily living. The score correlates poorly with duration
of the disease, and the scale presents some difficulties
in detecting the beginning stage of cerebellar ataxias.

Comparison between scales

Inter-rater reliability and test-retest reliability are high
for total ICARS and all but one of its subscales
(Schmitz-Hiibsch et al., 2006a). Internal consistency is
good (Schoch et al., 2007). However, the score on cer-
tain items determines the score on other items, and
internal validity might be problematic in degenera-
tive ataxias. Ideally, the rating results of the ICARS
should be determined by four factors that correspond
to the four subscales in a factorial analysis. Principal-
component analysis reveals five distinct and clinically
meaningful factors in patients with focal cerebellar
lesions (Schoch et al., 2007). These correspond to the
four ICARS subscales and the laterality of kinetic func-
tions. Inter-rater reliability is high for total SARA and
single items except for nose-to-finger left and heel-
to-shin left. Test-retest reliability is high. Factorial
analysis shows that results on each item are deter-
mined by a single factor, suggesting that SARA mea-
sures a common underlying construct: ataxia. Advan-
tageously, SARA is easier to administer and requires

less time (less than 10 min). However, SARA con-
tains redundancies and excludes oculomotor assess-
ment (Schmahmann et al., 2009).

Use of total ICARS is justified for both focal and
degenerative disorders, and use of ICARS subscores
remains justified in patients with focal lesions. The
ICARS is probably more sensitive than the SARA scale
for mild cerebellar dysfunction.

The AS20 is very quick and includes a global esti-
mation of the disability and an estimation of the qual-
ity of life. However, it is less sensitive than the ICARS
or the SARA scale. The BARS scale is easy to perform
and sufficiently accurate for clinical purposes.

Quantitative tests

Timed tests are a good complement to clinical scales.
They provide quantitative data, which are used for
parametric testings.

The SCA Functional Index (SCAFI) has been pro-
posed for autosomal dominant spinocerebellar ataxias
(SCAs), taking into account three functional measures:
8-m walking time (8MW), 9-hole peg test (9HPT), and
PATA repetition rate (Schmitz-Hiibsch et al., 2008).
Z-scores are correlated with SARA ratings.

The Composite Cerebellar Functional Severity
(CCEFS) score takes into account the 9-hole peg test
(9HPT) and the click test performed with two mechan-
ical counters located 39 cm apart (du Montcel et al,,
2008). This distance is based on kinematic and kinetic
analysis showing that it is the optimal inter-counter
distance to evaluate the metrics of goal-directed multi-
joint movements under visual guidance in the upper
limbs. The subject presses buttons alternatively 10
times. CCFS is calculated as follows:

CCEFS = log,[7 + Z1 + 4 x Z2]

Where: Z1 = Z pegboard dominant hand/10, and
Z2 = Z click dominant hand/10

The CCEFS score is significantly higher in autoso-
mal dominant SCAs as compared with controls and
autosomal dominant spastic paraplegias. CCFS rating
is correlated with disease duration. It is anticipated that
the CCFS might be particularly useful for the discrim-
ination of paucisymptomatic carriers and to monitor
disease progression.

FARS (Friedreich Ataxia Rating Scale)

This scale was designed as a disease-specific scale for
rating of Friedreich ataxia (Subramony et al., 2005).
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It takes into account extra-cerebellar symptoms. The
authors aimed to give a greater weight to gait. The
examination assessed bulbar, upper limb, lower limb,
peripheral nerve, and upright stability/gait functions.
Timed activities tested included the timed walk of 50
feet, the number of repetitions of “PATA” in a 10-sec
interval for speech assessment, and time taken to
retrieve pegs in a 9-hole pegboard test. The scale starts
with a functional staging and an evaluation of daily
living.

Functional staging for ataxia
Increment by 0.5 may be used if the status is about the
middle between two stages.

STAGE 0
STAGE 1.0

Normal.

Minimal signs detected by physician
during screening. Can run or jump
without loss of balance. No disability.
Symptoms present, recognized by
patient, but still mild. Cannot run or
jump without losing balance. The
patient is physically capable of leading
an independent life, but daily activities
may be somewhat restricted. Minimal
disability.

Symptoms are overt and significant.
Requires regular or periodic holding
onto wall/furniture or use of a cane for
stability and walking. Mild disability.
(Note: many patients postpone
obtaining a cane by avoiding open
spaces and walking with the aid of
walls/people etc. These patients are
graded as stage 3.0.)

Walking requires a walker, Canadian
crutches, or two canes. Or other aids
such as walking dogs. Can perform
several activities of daily living.
Moderate disability.

Confined but can navigate a
wheelchair. Can perform some
activities of daily living that do not
require standing or walking. Severe
disability.

Confined to wheelchair or bed with
total dependency for all activities of
daily living. Total disability.

STAGE 2.0

STAGE 3.0

STAGE 4.0

STAGE 5.0

STAGE 6.0

Activities of daily living
Increments of 0.5 may be used if strongly felt that a task
falls between two scores.

1. Speech

0 Normal.

1 Mildly affected. No difficulty being
understood.

2 Moderately affected. Sometimes asked to
repeat statements.

3 Severely affected. Frequently asked to repeat
statements.

4 Unintelligible most of the time.

2. Swallowing

0 Normal.

1 Rare choking (<once a month).

2 Frequent choking (<once a week, >once a
month).

3 Requires modified food or chokes multiple
times a week, or patient avoids certain foods.

4 Requires nasogastric tube or gastrostomy
feedings.

3. Cutting Food and Handling Utensils

0 Normal.

1 Somewhat slow and clumsy, but no help
needed.

2 Clumsy and slow, but can cut most foods with
some help needed. Or needs assistance when
in a hurry.

3 Food must be cut by someone, but can still
feed self slowly.

4 Needs to be fed.

4. Dressing

0 Normal.

1 Somewhat slow, but no help needed.

2 Occasional assistance with buttoning, getting
arms in sleeves, etc., or has to modify activity
in some way (e.g. having to sit to get dressed;
use velcro for shoes, stop wearing ties, etc.).

3 Considerable help required, but can do some
things alone.

4 Helpless.

5. Personal Hygiene

0 Normal.
1 Somewhat slow, but no help needed.
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2 Very slow hygienic care or has need for devices
such as special grab bars, tub bench, shower
chair, etc.

3 Requires personal help with washing, brushing
teeth, combing hair, or using toilet.

4 Fully dependent.

6. Falling (assistive device = score 3)

0 Normal.

1 Rare falling (<once a month).

2 Occasional falls (once a week to once a
month).

3 Falls multiple times a week or requires device
to prevent falls.

4 Unable to stand or walk.

7. Walking (assistive device = score 3)

0 Normal.

1 Mild difficulty, perception of imbalance.

2 Moderate difficulty, but requires little or no
assistance.

3 Severe disturbance of walking, requires
assistance or walking aids.

4 Cannot walk at all even with assistance
(wheelchair bound).

8. Quality of Sitting Position

0 Normal.

1 Slight imbalance of the trunk, but needs no
back support.

2 Unable to sit without back support.

3 Can sit only with extensive support (geriatric
chair, posy, etc.).

4 Unable to sit.

9. Bladder Function (if using drugs for bladder,
automatic score of 3)

0 Normal.

1 Mild urinary hesitance, urgency, or retention
(<once a month).

2 Moderate hesitance, urgency, rare
retention/incontinence (>>once a month, but
<once a week).

3 Frequent urinary incontinence (>once a
week).

4 Loss of bladder function requiring
intermittent catheterization/indwelling
catheter.

Total activities of daily living score:

Neurological examination

Each item is scored on the basis of the patient status
during examination. Increments of 0.5 may be used
if examiner feels an item falls between two defined
severities.

A. Bulbar

1. Facial Atrophy, Fasciculation, Action
Myoclonus, and Weakness:

0 None.

1 Fasciculations or action myoclonus, but no
atrophy.

2 Atrophy present but not profound or
complete.

3 Profound atrophy and weakness.

2. Tongue Atrophy, Fasciculation, Action
Myoclonus, and Weakness:

0 None.

1 Fasciculations or action myoclonus, but no
atrophy.

2 Atrophy present but not profound or
complete.

3 Profound atrophy and weakness.

3. Cough (patient asked to cough forcefully three
times):

0 Normal.
1 Depressed.
2 Totally or nearly absent.

4. Spontaneous Speech (ask the patient to read or
repeat the sentence “The President lives in the
White House” or “The traffic is heavy today”):

0 Normal.

1 Mild (all or most words understandable).

2 Moderate (most words not
understandable).

3 Severe (no or almost no useful speech).

Total bulbar score:

Upper limb coordination

Each limb is assessed and scored.

1. Finger-to-Finger Test (The index fingers are
placed in front of each other with flexion at the
elbow about 25 cm from the sternum. Observe for
10 sec. Score amplitude of oscillations.):
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0 Normal.

1 Mild oscillations of finger (<2 cm).

2 Moderate oscillations of finger (2-6 cm).
3 Severe oscillations of finger (>6 cm).

. Nose-Finger Test (Assess kinetic or intention

tremor during and towards the end of movement:
examiner holds index finger at 90% reach of
patient; test at least three nose-finger-nose trials;
movement slow >3 sec.):

0 None.

1 Mild (<2 cm amplitude).

2 Moderate (2-4 cm amplitude or persisting
through movement).

3 Severe (>>6 cm and persisting through
movement).

4 Too poorly coordinated to perform task.

. Dysmetria (Fast Nose-Finger) Test (Assess

dysmetria: The patient touches tip of examiner’s
finger eight times as rapidly as possible while the
examiner moves his finger and stops at different
locations at about 90% reach of the patient. Assess
dysmetria - i.e. inaccuracy of reaching the target -
at examiner’s finger.):

0 None.

1 Mild (misses 2 or fewer times).

2 Moderate (misses 3-5 times).

3 Severe (misses 6-8 times).

4 Too poorly coordinated to perform task.

. Rapid Alternating Movements of Hands (Forearm

pronation/supination 15 cm above thigh; 10 full
cycles as fast as possible; assess rate, rhythm,
accuracy; practice 10 cycles before rating, if time
>7 sec, add 1 to score. Use stopwatch.):

0 Normal.

1 Mild (slightly irregular or slowed).

2 Moderate (irregular and slowed).

3 Too poorly coordinated to perform task.

. Finger Taps (Index fingertip-to-thumb crease;

15 reps as fast as possible; practice 15 reps once
before rating; if time >6 sec, add 1 to rating. Use
stopwatch.):

0 Normal.
1 Mild (misses 1-3 times).
2 Moderate (misses 4-9 times).

3 Severe (misses 10-15 times).
4 Cannot perform the task.

Total upper limb coordination score:

Lower limb coordination

Each limb is assessed.

1.

Heel Along Shin Slide (Under visual control, slide
heel on the contralateral tibia from the patella to
the ankle up and down, three cycles at moderate
speed, 2 sec/cycle, one at a time. May be seated
with contralateral leg extended or supine, but
perform same way each time. Circle which: supine
seated.):

0 Normal (stay on shin).

1 Mild (abnormally slow, tremulous but contact
maintained).

2 Moderate (goes off shin a total of 3 or fewer
times during 3 cycles).

3 Severe (goes oft shin 4 or more times during 3
cycles).

4 Too poorly coordinated to attempt the task.

Heel-to-Shin Tap (Patient taps heel on midpoint
of contralateral shin 8 times on each side from
about 6-10 in, one at a time. May be seated with
contralateral leg extended or supine but perform
the same way each time. Circle which: supine
seated.):

0 Normal (stays on target).

Mild (misses shin 2 or fewer times).
Moderate (misses shin 3-5 times).
Severe (misses shin 4 or more times).
Too poorly coordinated to perform task.

B W N =

Total lower limb coordination score:

Peripheral nervous system

1.

Muscle Atrophy (Score most severe atrophy in
either upper or lower limb.):

0 None.

1 Present - mild/moderate.

2 Severe/total wasting.

Muscle Weakness (Test deltoids, interossei,
iliopsoas, and tibialis anterior. Score most severe
weakness in either upper or lower limb.):

0 Normal (5/5).
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1 Mild (movement against resistance but not full
power; 4/5).

2 Moderate (movement against gravity but not
with added resistance; 3/5)

3 Severe (movement of joint but not against
gravity; 2/5).

4 Near paralysis (muscular activity without
movement; 1/5).

5 Total paralysis (0/5).

3. Vibratory Sense (Educate patient regarding the
sensation. Test with 128-cps tuning fork set to
near-full vibration; eyes closed; test over index
finger and great toe. Abnormal <15 sec for toes
and <25 sec for hands.):

Time felt for toes and fingers is noted for each
side.

0 Normal.
1 Impaired at toes.
2 Impaired at toes or fingers.

4. Position Sense (Test using minimal random
movement of distal interphalangeal joints of index
finger and big toe.):

0 Normal.

1 Impaired at toes or fingers.
2 Impaired at toes and fingers.

5. Deep Tendon Reflexes (0 — absent; 1 -
hyporeflexia; 2 - normal; 3 - hyperreflexia; 4 -
pathologic hyperreflexia):

Right:

BJ Br] KJ AJ
Left:

BJ Br] KJ AJ

0 No areflexia.
1 Areflexia in either upper or lower limbs.
2 Generalized areflexia.

Total peripheral nervous system score:

Upright stability

For sitting posture, patient can sit in a chair or on an
examination table. For standing and walking assess-
ment, instruct patient to wear best walking shoes
and record below if barefoot, footwear, or ankle-foot

orthoses (AFOs) used. Stance assessment begins with
feet 20 cm apart. Place marker tapes in the exam room
20 cm apart, and the insides of the feet are lined up
against these. Subsequent stance tests get more dif-
ficult. For feet together, the entire inside of the feet
should be close together as much as possible. For tan-
dem stance, the dominant foot is in the back and the
heel of the other foot is lined with the toes of the
dominant foot but not in front of the toes (because
this makes it even more difficult). For one-foot stance,
the patient is asked to stand on the dominant foot
and the other leg is elevated by bringing it forward
with knee extended; this gives some advantage to the
patient. If a patient can stand in a particular posi-
tion for 1 minute or longer in trial 1, then trials 2
and 3 are abandoned. Otherwise, each of three tri-
als is timed and then averaged. Grading scores are
then given as noted. Tandem walk and gait are per-
formed in a hallway, preferably with no carpet, but
at least serial examinations should be done on the
same surface. For gait, place markers 25 feet apart. The
patient walks the distance, turns around, and comes
back, and the activity is timed. Note if the gait was
achieved with or without device, and serial examina-
tions should be done with the same device as in the first
examination.

Stance and gait tests may be done barefoot if the
patient does have appropriate footwear; however, they
should be done the same way for serial measure-
ment.

Circle which: Barefoot Footwear

Also, indicate if AFOs are used: Yes No

1. Sitting Posture (Patient seated in chair with thighs
together, arms folded, back unsupported; observe
for 30 sec.):

0 Normal.

1 Mild oscillations of head/trunk without
touching chair back or side.

2 Moderate oscillations of head/trunk; needs
contact with chair back or side for stability.

3 Severe oscillations of head/trunk; needs
contact with chair back or side for stability.

4 Support on all four sides for stability.

2. Stance - Feet Apart (Inside of feet 20 cm apart
marked on floor. Use stopwatch; three attempts;
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time in seconds. Three trials are performed and
the averaged is noted.):

0 1 min or longer.

1 <1 min, >45 sec.

2 <45 sec, >30 sec.

3 <30 sec, >15 sec.

4 <15 sec or needs hands held by
assistant/device.

3. Stance - Feet Together (Use stopwatch; three
attempts; time in seconds. Three trials are
performed and the averaged is noted.):

1 min or longer.
<1 min, >45 sec.
<45 sec, >30 sec.
<30 sec, >15 sec.
<15 sec.

B W N = O

4. Tandem Stance (Use stopwatch; three attempts,
dominant foot in front; time in seconds. Three
trials are performed and the averaged is noted.)

0 1 min or longer.
<1 min, >45 sec.
<45 sec, >30 sec.
<30 sec, >15 sec.
<15 sec.

B W N =

5. Stance on Dominant Foot (Use stopwatch; three
attempts; time in seconds. Three trials are
performed and the averaged is noted.):

1 min or longer.
<1 min, >45 sec.
<45 sec, >30 sec.
<30 sec, >15 sec.
<15 sec.

B W N = O

6. Tandem Walk (Tandem walk 10 steps in straight
line; performed in hallway with no furniture
within reach of 1 m/3 ft and no loose
carpet.):

0 Normal (able to tandem walk >8 sequential
steps).

1 Able to tandem walk in less than perfect
manner/can tandem walk >4 sequential steps,
but <8.

2 Can tandem walk, but <4 steps before losing
balance.

3 Too poorly coordinated to attempt task.

7. Gait (Use stopwatch; walk 8 m/25 ft at normal
pace, turn around using single-step pivot and
return to start; performed in hallway with no
furniture within reach of 1 m/3 ft and no loose
carpet.):

Device, if any:
Time in seconds:

0 Normal.

1 Mild ataxia/veering/difficulty in turning; no
cane/other support needed to be safe.

2 Walks with definite ataxia; may need
intermittent support or examiner needs to
walk with patient for safety sake.

3 Moderate ataxia/veering/difficulty in turning;
walking requires cane/holding onto examiner
with one hand to be safe.

4 Severe ataxia/veering; walker or both hands of
examiner needed.

5 Cannot walk even with assistance (wheelchair
bound).

Total upright stability score:
Total neurologic examination score:

Instrumental testing

1. PATA Rate
2. Nine-Hole Pegboard Test

Scores correlate significantly with functional dis-
ability, activities of daily living scores, and disease
duration. The scale is well correlated with the Func-
tional Independence Measure (FIM, an 18-item scale
evaluating the functional abilities) and the Modified
Barthel Index, and is well suited for clinical trials
(Fahey et al., 2007).

Unified Multiple System Atrophy
Rating Scale (UMSARS)

The scale includes
(Wenning et al., 2004):

the following components

e Part I: historical (12 items)

e Part II: motor examination (14 items)
e Part III: autonomic examination

e PartIV: global disability scale



Chapter 4 - Clinical scales

Part I. Historical review. The average functional sit-
uation for the past 2 weeks (unless specified) is rated,

according to the patient and caregiver interview.

3.

Speech-

0 Not affected.

1 Mildly affected. No difficulties being understood.

2 Moderately affected. Sometimes (less than half of the
time) asked to repeat statements.

3 Severely affected. Frequently (more than half of the
time) asked to repeat statements.

4 Unintelligible most of the time.

Swallowing-

0 Normal.

1 Mild impairment. Choking less than once a week.

2 Moderate impairment. Occasional food aspiration with
choking more than once a week.

3 Marked impairment. Frequent food aspiration.

4 Nasogastric tube or gastrostomy feeding.

Handwriting-

0 Normal.

1 Mildly impaired, all words are legible.

2 Moderately impaired, up to half of the words are not
legible.

3 Markedly impaired, the majority of words are not
legible.

4 Unable to write.

Cutting food and handling utensils-

0  Normal.

1 Somewhat slow and/or clumsy, but no help needed.

2 Can cut most foods, although clumsy and slow; some
help needed.

3 Food must be cut by someone, but can still feed slowly.

4 Needs to be fed.

Dressing-

0  Normal.

1 Somewhat slow and/or clumsy, but no help needed.

2 Occasional assistance with buttoning, getting arms in
sleeves.

3 Considerable help required, but can do some things
alone.

4 Completely helpless.

Hygiene-

0  Normal.

1 Somewhat slow and/or clumsy, but no help needed.

2 Needs help to shower or bathe, or very slow in
hygienic care.

3 Requires assistance for washing, brushing teeth,
combing hair, using the toilet.

4 Completely helpless.

Walking-

0  Normal.

1 Mildly impaired. No assistance needed. No walking aid
required (except for unrelated disorders).

2 Moderately impaired. Assistance and/or walking aid
needed occasionally.

3 Severely impaired. Assistance and/or walking aid
needed frequently.
4 Cannot walk at all even with assistance.

8. Falling (rate the past month)-

None.

Rare falling (less than once a month).

Occasional falling (less than once a week).

Falls more than once a week.

Falls at least once a day (if the patient cannot walk at
all, rate 4).

A wNn — O

9. Orthostatic symptoms-

0  No orthostatic symptoms.?

1 Orthostatic symptoms are infrequent and do not
restrict activities of daily living.

2 Frequent orthostatic symptoms developing at least
once a week. Some limitation in activities of daily living.

3 Orthostatic symptoms develop on most occasions.
Able to stand >1 min on most occasions. Limitation in
most of activities of daily living.

4 Symptoms consistently develop on orthostasis. Able to
stand <1 min on most occasions. Syncope/presyncope
is common if patient attempts to stand.

10. Urinary function®-
0 Normal.
1 Urgency and/or frequency, no drug treatment required.
2 Urgency and/or frequency, drug treatment required.
3 Urge incontinence and/or incomplete bladder
emptying needing intermittent catheterization.
4 Incontinence needing indwelling catheter.

11. Sexual function-

No problems.

Minor impairment compared with healthy days.
Moderate impairment compared with healthy days.
Severe impairment compared with healthy days.
No sexual activity possible.

A wnNn — O

12. Bowel function-

0 Nochange in pattern of bowel function from previous
pattern.

1 Occasional constipation but no medication needed.

2 Frequent constipation requiring use of laxatives.

3 Chronic constipation requiring use of laxatives and
enemas.

4 Cannot have a spontaneous bowel movement.

Total score Part I

aSyncope, dizziness, visual disturbances or neck pain, relieved on
lying flat.
bUrinary symptoms should not be due to other causes.

Part II. Motor examination. The worst affected
limb is rated.

1. Facial expression-
0 Normal.
1 Minimal hypomimia, could be normal (Poker face).
2 Slight but definitely abnormal diminution of facial
expression.
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5.

3 Moderate hypomimia; lips parted some of the time.
4 Masked or fixed facies with severe or complete loss of
facial expression, lips parted 0.25 in or more.

Speech-

The patient is asked to repeat several times a standard

sentence.

0 Normal.

1 Mildly slow, slurred, and/or dysphonic. No need to
repeat statements.

2 Moderately slow, slurred, and/or dysphonic.
Sometimes asked to repeat statements.

3 Severely slow, slurred, and/or dysphonic. Frequently
asked to repeat statements.

4 Unintelligible.

Ocular motor dysfunction-

Eye movements are examined by asking the subject to
follow slow horizontal finger movements of the examiner,
to look laterally at the finger at different positions, and to 8.
perform saccades between two fingers, each held at an
eccentric position of approximately 30 °. The examiner
assesses the following abnormal signs: (1) broken-up
smooth pursuit, (2) gaze-evoked nystagmus at an eye
position of more than 45 degrees, (3) gaze-evoked
nystagmus at an eye position of less than 45 degrees, and
(4) saccadic hypermetria. Sign 3 suggests that there are at
least two abnormal ocular motor signs, because Sign 2 is
also present.

0 None.

One abnormal ocular motor sign.

1
2 Two abnormal ocular motor signs.
3 Three abnormal ocular motor signs.
4 Four abnormal ocular motor signs.
9.
Tremor at rest (rate the most affected limb)-
0 Absent.
1 Slight and infrequently present.
2 Mild in amplitude and persistent. Or moderate in
amplitude, but only intermittently present.
3 Moderate in amplitude and present most of the time.
4 Marked in amplitude and present most of the time.
Action tremor-
Postural tremor of outstretched arms (A) and action tremor
on finger pointing (B) are assessed. Maximal tremor severity
in Task A and/or B (whichever is worse) is rated for the most
affected limb.
0 Absent.
1 Slight tremor of small amplitude (A). No interference 10.

with finger pointing (B).

2 Moderate amplitude (A). Some interference with finger
pointing (B).

3 Marked amplitude (A). Marked interference with finger
pointing (B).

4 Severe amplitude (A). Finger pointing impossible (B).

Increased tone (rate the most affected limb)-

Judged on passive movement of major joints with patient

relaxed in sitting position; ignore cogwheeling.

0 Absent.

1 Slight or detectable only when activated by mirror or
other movements.

2 Mild to moderate.
3 Marked, but full range of motion easily achieved.
4 Severe, range of motion achieved with difficulty.

Rapid alternating movements of hands-
Pronation—supination movements of hands, vertically or
horizontally, with as large an amplitude as possible, each
hand separately, rate the worst affected limb. Note that
impaired performance on this task can be caused by
bradykinesia and/or cerebellar incoordination. Rate
functional performance regardless of underlying motor
disorder.

0 Normal.

1 Mildly impaired.

2 Moderately impaired.

3 Severely impaired.

4 Can barely perform the task.
Finger taps-

Patient taps thumb with index finger in rapid succession
with widest amplitude possible, each hand at least 15 to
20 sec. Rate the worst affected limb. Note that impaired
performance on this task can be caused by bradykinesia
and/or cerebellar incoordination. Rate functional
performance regardless of underlying motor

disorder.

0 Normal.

1 Mildly impaired.

2 Moderately impaired.

3 Severely impaired.

4 Can barely perform the task.

Leg agility-

Patient is sitting and taps heel on ground in rapid
succession, picking up entire leg. Amplitude should be
approximately 10 cm, rate the worst affected leg. Note that
impaired performance on this task can be caused by
bradykinesia and/or cerebellar incoordination. Rate
functional performance, regardless of underlying motor
disorder.

Normal.

Mildly impaired.

Moderately impaired.

Severely impaired.

Can barely perform the task.

W — O

Heel-knee-shin test-

The patient is requested to raise one leg and place the heel
on the knee, and then slide the heel down the anterior
tibial surface of the resting leg toward the ankle. On
reaching the ankle joint, the leg is again raised in the air to a
height of approximately 40 cm and the action is repeated.
At least three movements of each limb must be

performed for proper assessment. Rate the worst affected
limb.

Normal.

Mildly dysmetric and ataxic.

Moderately dysmetric and ataxic.

Severely dysmetric and ataxic.

Can barely perform the task.

AwWN — O
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11. Arising from chair-

Patient attempts to arise from a straight-back wood or

metal chair with arms folded across chest.

0 Normal.

1 Clumsy, or may need more than one attempt.

2 Pushes self up from arms of seat.

3 Tends to fall back and may have to try more than once
but can get up without help.

4 Unable to arise without help.

12. Posture-

0 Normal.

1 Not quite erect, slightly stooped posture; could be
normal for older person.

2 Moderately stooped posture, definitely abnormal; can
be slightly leaning to one side.

3 Severely stooped posture with kyphosis; can be
moderately leaning to one side.

4 Marked flexion with extreme abnormality of posture.

13. Bodysway-

Rate spontaneous body sway and response to sudden,

strong posterior displacement produced by pull on

shoulder while patient erect with eyes open and feet

slightly apart. Patient has to be warned.

0  Normal.

1 Slight body sway and/or retropulsion with unaided
recovery.

2 Moderate body sway and/or deficient postural
response; might fall if not caught by examiner.

3 Severe body sway. Very unstable. Tends to lose balance
spontaneously.

4 Unable to stand without assistance.

14. Gait-
0 Normal.
1 Mildly impaired.
2 Moderately impaired. Walks with difficulty, but requires
little or no assistance.
3 Severely impaired. Requires assistance.
4 Cannot walk at all, even with assistance.

Total score Partl:

Part III. Autonomic examination. Supine blood
pressure and heart rate are measured after 2 min of rest
and again after 2 min of standing. Orthostatic symp-
toms may include lightheadedness, dizziness, blurred
vision, weakness, fatigue, cognitive impairment, nau-
sea, palpitations, tremulousness, headache, neck and
coat-hanger ache.

Systolic blood pressure

Supine
Standing (2 min)
Unable to record

Diastolic blood pressure

Supine
Standing (2 min)
Unable to record

Heart rate

Supine

Standing (2 min)

Unable to record
Orthostatic symptoms

Yes
No

Part IV. Global disability scale.

1. Completely independent. Able to do all chores with
minimal difficulty or impairment. Essentially normal. Unaware of
any difficulty.

2. Not completely independent. Needs help with some
chores.

3. More dependent. Help with half of chores. Spends a large
part of the day with chores.

4. Very dependent. Now and then does a few chores alone or
begins alone. Much help needed.

5. Totally dependent and helpless. Bedridden.
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The importance of obtaining
a detailed genealogy

Ataxias can be divided into sporadic forms and hered-
itary ataxias. These latter include autosomal recessive
forms, autosomal dominant ataxias (spinocerebellar
ataxias [SCAs]), X-linked disorders, and mitochon-
drial diseases. The reader is also referred to Chapters
20,21, 22, and 23.

Family history and detailed clinical examination
provide major information for the work-up of cere-
bellar ataxias. Obtaining a detailed description of the
onset and progression of symptoms is an important
step (Fogel & Perlman, 2006). Concomitant symptoms
such as dementia, seizures, parkinsonian features, or
peripheral neuropathy can be useful for differentiating
ataxias.

Detailed genealogy often reveals an apparent mode
of inheritance (Brusse et al., 2007):

*  Multiple affected siblings in a family or
consanguinity indicates a possible autosomal
recessive transmission.

* Ataxia in consecutive generations suggests an
autosomal dominant inheritance.

* X-linked transmission is characterized by affected
males in the maternal line.

* Mitochondrial ataxias may be difficult to suspect,
because mutations may occur in nuclear or
mitochondrial DNA. These latter may present like
autosomal dominant or recessive diseases due to
mechanisms such as heteroplasmy. In addition,
mitochondrial deletions/insertions are often
sporadic (Finsterer, 2004).

Anticipation and reduced penetrance should be
kept in mind when facing ataxic patients. There is a
clear correlation between the age of onset/severity of
disease and the size of the triplet expansion in SCAs.
Moreover, de novo mutations may occur, and there-
fore the absence of family history does not rule out

Diagnosis of cerebellar disorders
as a function of age

hereditary ataxia. Autosomal dominant ataxias include
SCA, dentatorubral-pallidoluysian atrophy (DRPLA),
episodic ataxias (where the episodic occurrence of
symptoms is suggestive), hereditary spastic ataxias,
sensorimotor neuropathies with ataxias, and several
leukodystrophies (Schoéls et al., 2004; Brusse et al.,
2007). The most common recessive ataxias are Fried-
reich ataxia (FRDA), ataxia telangiectasia (AT), and
ataxia and oculomotor apraxia type 1 (more frequent
in Portugal and Japan). Although there are exceptions,
most recessive ataxias are symptomatic before the age
of 25 years, unlike dominant ataxias, which tend to
appear later.

Because more and more new genetic tests are
becoming available, patients who are suspected to
present with a hereditary cerebellar ataxia should be
re-evaluated regularly with updated tests. Acquired
and hereditary causes may coexist and a multifacto-
rial disease is not exceptional, especially in the elderly
(Fogel & Perlman, 2006).

The role of brain imaging

Brain imaging, in particular MRI and to a lesser extent
CT scan, immediately identifies structural lesions
in the posterior fossa. Cerebellar atrophy itself is a
relatively aspecific finding. The atrophy may be asym-
metrical (Figure 5.1). However, the topography of the
atrophy or concomitant lesions may point towards a
diagnosis. For instance, atrophy of the anterior lobe
in adults may suggest a toxic cause (see Chapter 15),
white matter lesions in the middle cerebellar pedun-
cles may point towards a fragile X-associated tremor/
ataxia syndrome (FXTAS) (see Chapter 22), adult-
onset hemicerebellar atrophy suggests a post-
infectious origin (see Chapter 11), and calcifications
in dentate nuclei are found in SCA20 (see Chapter 23;
Storey et al., 2005). Atrophy of the brainstem or spinal
cord may be observed in several diseases, such as
FRDA.
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Blood studies

Biochemical/blood studies and genetic tests may con-
firm the diagnosis of a cerebellar ataxia. Examples are
decreased levels of vitamin E in ataxia associated with
vitamin E deficiency (AVED), elevated plasma lev-
els of cholestanol in cerebrotendinous xanthomatosis
(CTX, see Chapter 20), impaired copper metabolism
in Wilson disease, and mutation in a given locus in a
genetically determined form of ataxia (see Chapter 20).

Which cutoff for age?

Cutoft points for age of onset need a flexible interpre-
tation. The following classification considers congeni-
tal and childhood disorders (until adolescence), ataxia
in young adults, and ataxia in the elderly. Local factors
(environment, etc.) and regional prevalence of diseases
need to be taken into account. The origin of a family
needs special attention.

Congenital and childhood disorders

There is an overlap between congenital and childhood
ataxias. Ataxias are most often related to:

* developmental disorders (see Chapter 7)

* infections and para-infectious manifestations (see
Chapter 11)

* X-linked disorders

* autosomal dominant ataxias (especially SCAL,
SCA2, SCA7, SCAS, SCA13, SCA25, SCA27,
DRPLA, and episodic ataxias)

e autosomal recessive diseases (see Table 5.1. for
laboratory investigations): the most common are
FRDA, AT, ataxia with oculomotor apraxia
(AOA), AVED, abetalipoproteinemia, Refsum
disease, GM2 gangliosidosis, Krabbe disease,
Niemann-Pick (type C) disease,
adrenoleukodystrophy, CTX, spastic ataxia of
Charlevoix-Saguenay, and Marinesco-Sjogren

Figure 5.1 lllustration with MRI of
hemiatrophy of the cerebellum, with
widening of the cerebellar sulci on the
right side (R). T2-weighted coronal section.

Table 5.1 Laboratory investigations in autosomal recessive
ataxias

Genetic tests

Blood studies
Vitamin E
Acanthocytes
Lipids (cholesterol, triglycerides, LDL, VLDL)
Lactate/pyruvate
Albumin
Immunoglobulins
Alpha-fetoprotein
Folic acid
Vitamin B12
Phytanic acid
Copper/ceruloplasmin
Enzymes (hexosaminidase, arylsulfatase, alpha/beta-
galactosidase, beta-galactocerebrosidase, neuraminidase)
VLCFA (very long chain fatty acids)
Organic acids

Urine studies
Metabolic screening
Bile alcohols

Skin biopsy

syndrome. Some diseases are very rare, such as
L-2-hydroxyglutaric aciduria.

Symptoms of FRDA usually start at the end of
the first decade or the beginning of the second.
Phenotype includes tendon areflexia, sensory deficits,
pyramidal signs, cardiomyopathy, scoliosis, diabetes,
and sensorimotor deafness. The clinical spectrum of
AT includes oculocutaneous telangiectasias, choreoa-
thetosis, and dystonic posture. Patients develop
immunodeficiencies and are at risk for malignancies.
AT usually starts in early childhood. AOA starts in
childhood or in early teenage years in most cases.
Blood levels of alpha-fetoprotein are raised in AT
and AOA2 (Date et al., 2001). AVED shares with
FRDA the tendon areflexia, loss of vibration sense
in lower limbs (as a result of a polyneuropathy),
and pyramidal signs. However, cardiac involvement
and diabetes are uncommon in AVED. Age of onset
ranges between 2 and 50 years, being usually before
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18 years. Evidence of peripheral nerve disease is also
observed in abetalipoproteinemia, which usually
starts between 4 and 15 years of age by digestive
symptoms. A retinopathy should be searched for.
Blood studies show acanthocytes (on fresh blood
smears) and evidence of malabsorption. Vitamin A
and vitamin E levels may be decreased. Refsum dis-
ease starts before the age of 26 years in most patients.
The syndrome includes retinitis pigmentosa, anos-
mia, polyneuropathy, deafness, and ichthyosis.
L-2-hydroxyglutaric aciduria presents with cerebellar
ataxia associated with pyramidal signs, mental decline,
seizures, and macrocephaly. Cerebral folate deficiency
is associated with low cerebrospinal fluid (CSF)
5-methyltetrahydrofolate (the active folate metabo-
lite), in the presence of normal folate metabolism
outside the nervous system (Ramaekers & Blau, 2004).
Typical features are manifest from the age of 4 months:
marked unrest, irritability, and sleep disturbances
followed by psychomotor retardation, cerebellar
ataxia, spastic paraplegia, dyskinesias, and seizures.
Most children show deceleration of head growth
from the age of 4 to 6 months, and visual deficits
start around the age of 3 years. Neuroimaging shows
atrophy of frontotemporal regions, periventricular
demyelination, and slowly progressive supra- and
infratentorial atrophy. Disorders of folate metabolism
may cause elevated plasma homocysteine levels and
homocystinuria presenting clinically as a subacute
syndrome comprising progressive ataxia, dysarthria,
tremor, and mental deficits (Bishop et al., 2008).
Another metabolic disorder which should not be
overlooked in early infancy is the Glutl deficiency
syndrome, a potentially treatable disorder. Clinical
features usually comprise motor and mental develop-
mental delay, seizures, deceleration of head growth,
and movement disorders with ataxia, dystonia, and
spasticity (Brockmann, 2009). Symptoms may be
carbohydrate-responsive. A laboratory hallmark is the
reduced glucose level in CSF with decreased CSF-to-
blood glucose ratio. Ataxia may be intermittent (Joshi
et al., 2008). Trauma and its complications should not
be underestimated in infants.

Ataxias in young adults

The principal causes of ataxias in young adults are
listed in Table 5.2. Mean age of onset of SCAs is in
the third and fourth decade, but there is considerable
variation among the various SCAs (see Chapter 23).

Severe anticipation is usually indicative of SCA?7,
SCA17, and SCA2. Childhood or early adult onset of
tremor points to SCA27.

Late-onset Friedreich ataxia presents between the
ages of 25 and 50 years. The phenotype is usually
milder as compared with classical FRDA. Cardiomy-
opathy is often absent (Bhidayasiri et al., 2005).

Copper metabolism disorders include Wilson
disease, hypo- or aceruloplasminemia, and hyper-
cupremia with ataxia. Eye examination shows Kayser-
Fleischer ring in Wilson disease and retinal degen-
eration in aceruloplasminemia. Partial ceruloplasmin
deficiency may present with a moderate cerebellar syn-
drome starting in the fourth decade (Miyajima et al.,
2001). Brain MRI shows cerebellar atrophy.

Cataract in young adults presenting with cerebel-
lar ataxia, pyramidal signs, mental deterioration, and
polyneuropathy and in whom white matter lesions are
observed on brain MRI should point to a possible
CTX. Other findings are tendon xanthomas and diar-
rhea. White matter lesions are also found in various
adult-onset leukodystrophies.

Table 5.3 shows the laboratory investigations and
Table 5.4 lists the secondary investigations facing a
young adult presenting with cerebellar ataxia.

Ataxia in the elderly

The most common causes of ataxia in the elderly are
stroke, trauma, infections, cerebellar multiple system
atrophy, SCAs, FXTAS, metastases, and paraneoplastic
diseases.

Multiple system atrophy (MSA) is discussed in
Chapter 18. The cerebellar presentation is increas-
ingly recognized as one of the most common causes
of ataxia starting in the elderly. Clinical hallmarks are
autonomic dysfunction, cerebellar ataxia, parkinson-
ism, and pyramidal signs. The following studies can
be helpful to distinguish MSA from other neurode-
generative diseases: brain MRI, functional imaging,
sphincter electromyography, and investigations of the
autonomous system.

FXTAS combines cerebellar ataxia and tremor,
parkinsonism, cognitive decline, and autonomic dys-
function. Patients may present with a peripheral neu-
ropathy. Brain MRI is suggestive (see Chapter 22).
In the older male without overt family history, the
late-onset phenotype of FXTAS can be misdiagnosed
as dementia, essential tremor, stroke, or Parkinson
disease (Fogel & Perlman, 2006).

7



72

Chapter 5 - Diagnosis of cerebellar disorders as a function of age

Table 5.2 Differential diagnosis of cerebellar ataxias in young adults®

Disease

Spinocerebellar ataxia (SCA)

Episodic ataxia (EA)

Friedreich ataxia (FRDA)/Late-onset
Friedreich ataxia (LOFA)

Other recessive ataxias (see Table 5.1)

Fragile X tremor—associated ataxia
(FXTAS)

Wilson disease

Primary tumor

Paraneoplastic ataxia

Infectious/parainfectious

Immune
Multiple sclerosis

Celiac ataxia

Toxics

Endocrine diseases

Leukodystrophies
Metachromatic leukodystrophy
X-linked adrenoleukodystrophy
Krabbe disease
Niemann-Pick disease

Mitochondrial disorders
Kearns-Sayre syndrome
MELAS

MERRF

NARP

May-White syndrome
IOSCA (Finland mainly)
MIRASP

SANDOP?

Clues

Dominantly inherited

Predominant cerebellar syndrome

Extra-cerebellar signs present in various SCAs (mainly ophthalmoplegia, movement disorders,
pyramidal deficits, cognitive/behavioral symptoms, seizures, peripheral neuropathy)

Dominantly inherited

Attacks of ataxia

History of migraine in EA2

Interictal myokymia, kinesigenic ataxia, and brief attacks in EA1

Tendon areflexia
Babinski sign

X-linked ataxia

Family history of infertility, early menopause, or mental retardation
Cognitive deficits

Parkinsonian syndrome

Chorea, dystonia
Kayser-Fleischer ring
Liver dysfunction

Subacute course
Symptoms of general cancer

History of infection
Immunoglobulin M/immunoglobulin G antibodies in serum
CSF studies

Optic neuritis

History of relapses
CSF studies, brain MRI, and evoked potentials suggestive
Anti-gliadin antibodies

Hypothyroidism
Thyroiditis (Hashimoto)

Dementia
Psychiatric manifestations

Ophthalmoplegia, pigmentary retinopathy, cardiac conduction defects
Myopathy, encephalopathy, lactic acidosis, stroke-like episodes

Myoclonic epilepsy, myopathy, dementia, ophthalmoplegia, deafness, seizures
Peripheral neuropathy, retinitis pigmentosa

Myoclonus, deafness

Polyneuropathy, ophthalmoplegia, optic atrophy, seizures
Migraine, epilepsy, myoclonus, ophthalmoplegia, polyneuropathy
Sensory ataxic neuropathy, dysarthria/dysphagia, ophthalmoparesis

Abbreviations: IOSCA: infantile onset spinocerebellar ataxia; MELAS: mitochondrial encephalomyopathy, lactic acidosis, and stroke-like
episodes; MERRF: myoclonic epilepsy with ragged-red fibers; MIRAS: mitochondrial recessive ataxia syndrome; NARP: neuropathy, ataxia,
and retinitis pigmentosa; SANDO: sensory ataxic neuropathy, dysarthria, and ophthalmoparesis.

9Readers are referred to corresponding chapters in the book for a detailed description of the disorders. The main features are indicated in

this table.

bAssociated with mutations of the DNA polymerase gamma (gene locus 15024-15G26).
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Table 5.3 Laboratory investigations in adult-onset cerebellar
ataxia

Genetic tests

Blood studies
Sedimentation rate, C-reactive protein
Complete blood cell count
Renal and liver function tests
Serum electrolytes
Glucose, glucose tolerance test, glycated hemoglobin
Antinuclear antibodies
Thyroid-stimulating hormone, anti-TPO antibodies
Protein electrophoresis
Angiotensin-converting enzyme
Vitamin E
Vitamin B12, homocysteine, folate
Acanthocytes
Lipids (cholesterol, triglycerides, LDL, VLDL)
Lactate/pyruvate
Copper/ceruloplasmin
Antigliadin antibodies
Anti-GAD antibodies
Anti-cerebellar antibodies (Yo, Ri, Hu, CV2, Tr, Ma1, mGluR1,
Amphiphysin)

CSF studies
Cell count, protein, glucose, lactate
Cytology
Cultures
IgG index, oligoclonal bands
14-3-3 protein
Paraneoplastic antibodies

Urine studies
Protein electrophoresis
Metabolic screening
Bile alcohols
Heavy metals

Abbreviations: GAD: glutamic acid decarboxylase; LDL: low-
density lipoprotein; TPO: thyroid peroxidase; VLDL: very low den-
sity lipoprotein.

Prion disorders usually manifest with prominent
dementia, but patients may present with an ataxic syn-
drome, particularly for sporadic Creutzfeldt-Jakob dis-
ease or familial Gerstmann-Straussler-Scheinker dis-
ease. Electroencephalography, CSF studies, and MRI
are informative, but neuropathology remains a corner-
stone for a definitive diagnosis.

The acronym of ILOCA refers to an idiopathic late-
onset cerebellar ataxia associated with cerebellar atro-
phy on MRI. The diagnosis is retained when the other
causes of cerebellar atrophy have been excluded.

Genetic testing

Genetic testing can be used not only for diagnosis, but
also for pre-natal evaluation, predictive testing, and

Table 5.4 Secondary investigations in adult-onset cerebellar

ataxia
Diagnosis
suspected
Prion disease

Neuropathy

Demyelinating
disease

Multiple systemic
atrophy (MSA)

Paraneoplastic
ataxia

Mitochondrial
disease

Metabolic disorder

Lysosomal storage
disease

Peroxisomal
disease

Investigation
Electroencephalography, genetic tests

Electromyography/nerve conduction
velocities
Nerve biopsy

Evoked potentials
MRI of spine

Autonomic tests, FDopa/
fluorodeoxyglucose-positron
emission tomography (FDG-PET)
scan

CT scan/FDG-PET scan of whole body

Muscle biopsy, MR spectroscopy (MRS)
Genetic tests

MRS

Bone marrow biopsy
Genetic tests

Conjunctival/skin biopsy
Genetic tests

carrier testing (for relatives of patients with X-linked
or autosomal recessive ataxia).

Pre-natal testing requires tissue obtained by
amniocentesis or chorionic villous biopsy. Such
procedures require a clear understanding of the risks
and outcomes of the tests. The decision to terminate
the pregnancy as a result of these tests should be
provided by a genetic counselor and an obstetrician or
gynecologist. Preimplantation testing with subsequent
implantation of embryos free of any mutation should
be carefully discussed with the family.

Although presymptomatic patients may have a
psychosocial benefit, there are potential negative
consequences, such as loss of insurability, prob-
lems of employability, and impact on self-perception
and familial social interactions. Predictive testing
should be avoided in non-consenting adults. In
addition, disorders characterized by a high vari-
ability in expression should be considered very
cautiously regarding predictive evaluation. Indeed,
some patients with mild deficits may consider that
they are not affected. In addition, the disease may
progress so slowly that a patient may die of another
disease.
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This chapter summarizes the main treatments in
the various causes of cerebellar ataxias. Readers are
also referred to the corresponding chapters for more
details regarding the specific management of a given
disorder.

Medical treatment

An overview of the sites of action of drugs is provided
in Figure 6.1. The first line is to treat the underlying
disorder in symptomatic ataxias:

* Cerebellar ataxia due to intoxication is potentially
treatable in most cases.

* Cerebellar stroke requires management of risk
factors, prevention of secondary lesions (see also
Chapter 8 for antiplatelets agents and
anticoagulants).

* Patients presenting with a paraneoplastic ataxia
should be treated as soon as possible for the
underlying cancer.

* Patients with gluten ataxia should be put on
gluten-free diet.

* Specific deficiencies in vitamins require
immediate supplementation. Vitamin E
deficiency is discussed in Chapter 20. In cerebral
folate deficiency, oral treatment with
5-formyltetrahydrofolate (folinic acid; SMTHF)
should be started in low doses at 0.5 to
1 mg/kg/day (Ramaekers & Blau, 2004).

In some patients, higher daily doses of folinic

acid at 2 to 3 mg/kg/day are required to
normalize CSF 5SMTHF values. Careful clinical
follow-up is mandatory. After 4 to 6 months of
folinic acid treatment, CSF analysis should be
repeated in order to prevent over- or underdosage.

*  Glut-1 deficiency syndrome responds to ketogenic
diet (Brockmann, 2009).

Overview of the general management
0 of cerebellar disorders

* Copper overload in Wilson disease can be treated
with zinc supplements (see Chapter 20).

* Restriction of phytanic acid intake may slow down
symptoms in Refsum disease. Chenodeoxycholic
acid is recommended in cerebrotendinous
xanthomatosis.

* Endocrine diseases require a specific treatment.

Several drugs need to be used cautiously in
cerebellar patients, due to their potential cerebellar
toxicity (Table 6.1; see also Chapter 15). Various drugs
have been suggested to improve cerebellar ataxia,
cerebellar tremor, and nystagmus (Table 6.2; Fogel &
Perlman, 2006). Regarding tremor, propranolol pro-
vides only a little benefit in most cases. Valproate may
exacerbate postural tremor. Clonazepam has been
proposed in kinetic tremor associated with multiple
sclerosis or olivopontocerebellar atrophy (Trelles et al.,
1984). Stimulation of the Vim nucleus may improve
significantly postural/kinetic tremor in selected
cases. Aminopyridines (3,4-diaminopyridine and
4-aminopyridine) are non-selective blockers of the
Kv family of voltage-gated potassium channels, which
increase Purkinje cell excitability. Aminopyridine may
significantly reduce the intensity of downbeat nystag-
mus and restore gaze-holding capacities (Strupp et al.,
2008). However, in many cases, treatments currently
available are only symptomatic and provide little or
moderate benefits at most. So far, no treatment has
been shown to stop or reverse the progression of
neurodegeneration.

In spinocerebellar ataxias, medical treatment
remains limited, but several drugs targeting deleteri-
ous pathways are under investigation (see Chapter 23).
In episodic ataxias, acetazolamide may be very effec-
tive to prevent attacks and stabilize ataxia.

Management of seizures in progressive myoclonic
epilepsies with drugs is discussed in Chapter 17.
Modified diet and percutaneous gastrostomy may be
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Table 6.1 Drugs which might exacerbate cerebellar ataxia

Lithium salts
Phenytoin
Valproate
Amiodarone
Metronidazole?
Procainamide
Calcineurin inhibitors
Mefloquine
Isoniazid

Lindane

Perhexiline maleate
Cimetidine

IToxicity predominating for cerebellar nuclei and perinuclear
areas.

required for dysphagia. Psychological support should
be provided in chronic disorders.

Surgery

In children, developmental malformations may
require surgical procedures. The principal indications
of surgery in adults are tumors and space-occupying
lesions in the posterior fossa (trauma, infections,
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etc.), to relieve increased intracranial pressure and
prevent life-threatening herniation. Deep brain stim-
ulation (Vim) may improve postural/kinetic tremor
in selected cases (see also Chapters 19 and 23).

Rehabilitation and assistive therapy

Maintaining a safe deambulation and autonomy in
activities of daily life are main objectives for chronic
cerebellar disorders. Occupational therapy is valuable
for improving activities of daily life.

Rehabilitation with postural training, if possi-
ble on a daily basis, is recommended in ataxic
patients, although we are still missing large studies
confirming a beneficial effect. Nevertheless, patients
participating in daily motor rehabilitation show a
less abrupt deterioration in progressive degenera-
tive disorders. Physical and occupational therapies
should attempt to reinforce muscle activity and
maximize functional capacities. Passive movements
under various conditions of inertia might improve
coordination.

Patients who are wheelchair-bound or confined to
beds should receive specific care to prevent complica-
tions such as pressure sores.

Assistive therapy improves the autonomy of
patients. Orthotic devices are used to stabilize joints.
A wearable orthosis may be used for short periods.

Figure 6.1 Overview of the sites of
action of therapies in cerebellar disorders.
A neuron is represented (insert: the circle
corresponds to a synapse). Drugs and
other alternatives are shown in green.
Abbreviations: 5-HTP: 5
hydroxytryptophan; Co-Q: coenzyme Q;
4-AP: 4-aminopyridine; PPARy agonists:
peroxisome proliferator-activated
receptor agonists; Znt: zinc; DFO:
deferiprone; FE2+: iron; Vit E: vitamin E;
RNAi: RNA inhibitors; ROS: reactive oxygen
species; NOS: NO synthase; NO: nitric
oxide; PolyQ: polyglutamine; GABA-R:
gamma-aminobutyric acid receptor;
HDACi: histone deacetylase inhibitors; K*:
potassium; Cu™+: copper; NMDA:
N-methyl-D-aspartate; lg:
immunoglobulins. Courtesy of D.
Marmolino. Adapted from
http://commons.wikimedia.org/wiki.
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Table 6.2 Principal drugs which have been suggested for cerebellar symptoms in adults

Symptom Drug

Cerebellar ataxia

Amantadine (release of dopamine and modulation of NMDA pathway) 50-300 g/day

Buspirone (5-HT1A agonist) 10-60 mg/day

Tandospirone (5-HT1A agonist) 15-30 mg/day

D-cycloserine (partial NMDA receptor allosteric agonist) 50 mg/day

L-tryptophan (precursor of 5-HT) 600-1000 mg/day

Primidone (interactions with voltage-gated sodium channels) 250-500 mg/day

Pregabalin (acting on a28 subunit of the voltage-dependent calcium channel) 75-300 mg/day

Tremor Propranolol (beta-blocker) 80-240 mg/day
Clonazepam (benzodiazepine derivative) 2-8 mg/day
Ondansetron (5-HT3 antagonist) 4-16 mg/day

Nystagmus Gabapentin (GABA analog) 900-4200 mg/day

Clonazepam 0.5-3 mg/day

3,4-diaminopyridine 40-80 mg/day

Baclofen (GABA-B receptor agonist) 20-80 mg/day

Memantine (uncompetitive NMDA antagonist) 5-20 mg/day

Abbreviations: GABA: gamma-aminobutyric acid; NMDA: N-methyl-D-aspartic acid.

Adapted from: Fogel and Perlman (2006).

Although about one-third of patients feel improve-
ments in daily life with wearable orthoses, comfort
and aesthetics often limit their use. Wearable dynamic
assistive devices (gait, limb movements) are under
development.

Speech therapy is useful for dysarthria and dys-
phagia. Neuropsychological rehabilitation should be
promoted. Social workers and psychologists should
be integrated in the discussion on therapeutic proce-
dures, especially in chronic disorders of the cerebel-
lum.

Treatments under investigation

Several treatments are currently under investigation
(inhibitors of histone deacetylase in animal models
of Friedreich ataxia and spinocerebellar ataxias, RNA
interference, grafting procedures). They are discussed
in Chapter 23.
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Malformations

Classification of cerebellar
malformations

The embryologic development of the posterior fossa
structures begins at about 3 weeks of gestation and
continues until 20 months of post-natal life for
cellular differentiation and neuronal arborization in
humans (Parisi & Dobyns, 2003). The cerebellum is a
derivative of the most rostral segment of the primitive
hindbrain or rhombencephalon (rhombomere 1), the
pons emerges from the rostral half of the hindbrain
(metencephalon), and the medulla emerges from the
lower half of the hindbrain (myelencephalon; see also
Chapter 1).

Our understanding of the morphology of posterior
fossa malformations is growing (Patel & Barkovich,
2002). Several classifications have been proposed
(Ramaekers et al., 1997; Patel & Barkovich, 2002). The
classification suggested by Parisi and Dobyns (2003)
is based upon the embryological structures involved
(Table 7.1).

Advances in imaging (sonography, CT, MRI) have
led to the identification of a growing number of subtle
abnormalities in fetuses and in neonates (Forzano
et al., 2007). A crucial element for accurate diagno-
sis is the quality of imaging, especially MRI scans.
Serial imaging may be necessary to confirm the diag-
nosis of a malformation. Ultrasonography is useful
for fetal and neonatal screening, especially for any
unstable infant who cannot be examined in the radi-
ology department (Madsen et al., 2002). Transcranial
Doppler can provide useful information for identi-
tying infants and newborns with increased intracra-
nial pressure. CT is the primary imaging modality
when the acoustic window is no longer available for
ultrasonography. It is of particular interest in detect-
ing gross anomalies, for acute presentations, when
an increased intra-cranial pressure is suspected, and
to rule out a shunt malfunction or a post-operative
complication (Madsen et al., 2002). MRI provides a

more detailed delineation of complex anomalies for
diagnosis, treatment, and genetic counseling. MRI is
a powerful tool for assessing subtle malformations.
Cerebrospinal fluid (CSF) dynamics can be evaluated
with motion-sensitive MRI techniques.

Ataxia related to autism spectrum disorders is dis-
cussed in Chapter 16.

Table 7.2 lists the main clinical features and the
loci/genes associated with the four major groups of
malformations.

Malformations of both midbrain
and hindbrain

The group of brainstem-cerebellar hypoplasia-
dysplasia includes a spectrum of developmental
disorders from the very rare complete cerebellar
agenesis to more common forms of hypoplasia with
diffuse brainstem involvement. Figure 7.1 illustrates
an example of nearly complete cerebellar agenesis.
Hypoplasias can affect different cerebellar regions.
In addition to motor deficits, children may exhibit
diminished levels of intelligence with decreased
or borderline IQ values, impairments in executive
functioning, language deficits, and psychoaffective
disturbances, including autistic-like behavior and
obsessive rituals (Courchesne et al., 1994). Cerebellar
hypoplasia with endosteal sclerosis is a rare disorder
with a probable autosomal recessive transmission
(Ozgen et al.,, 2005). Patients exhibit cerebellar ataxia
associated with cerebellar hypoplasia, hypotonia,
developmental delay, microcephaly, growth retarda-
tion, endosteal sclerosis, tooth eruption disturbances,
and hip dislocations.

Chiari malformations represent the most com-
mon posterior fossa malformations. They are char-
acterized by a downwards displacement of brainstem
and cerebellar tonsils through the foramen magnum
(Chiari, 1891). Type II Chiari malformations are com-
plex malformations of the entire neuraxis. Almost all
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Table 7.1 Classification of mid-hindbrain developmental disorders

Malformations of both midbrain and hindbrain

Brainstem-cerebellar hypoplasia/dysplasia

Chiari type ll

Cobblestone lissencephaly

Molar tooth sign-associated malformations (Joubert syndrome and associated
disorders)

Rhombencephalosynapsis

Malformations affecting mainly the cerebellum and
derivatives (Rhombomere 1)

Focal or hemispheric hypoplasia
Paleocerebellar hypoplasia (affecting mainly the vermis; including

Dandy-Walker malformation and cerebellar vermis hypoplasias)
Neocerebellar hypoplasia

Malformations affecting mainly the lower hindbrain
(Rhombomeres 2-8)

Developmental abnormalities of posterior fossa

Chiari type |
Cranial nerve and nuclear aplasias

Abnormal fluid collections

Abnormal bone and brain structure

Pre-natal onset degeneration

Pontocerebellar hypoplasia

Congenital disorders of glycosylation

Adapted from: Parisi and Dobyns (2003).

patients have an associated meningomyelocele, most
often in the lumbar region (Arnold-Chiari malforma-
tion). Clinically, the spectrum of symptoms is large.
Patients may be nearly asymptomatic or exhibit severe
disabilities. Respiratory failure, swallowing difficulties,
and vocal cord dysfunction due to brainstem involve-
ment are causes of death. While neonates typically
show a rapid neurological deterioration over a period
of several days, older patients experience an insidious
progression of symptoms. Cerebellar dysplasia may be
associated, and there may be a dorsal angulation of the
cerebellar fissures (Madsen et al., 2002). The cerebel-
lum and brainstem are inferiorly displaced through a
wide foramen magnum, leading to compression and
impaction of pyramis, uvula, and nodulus. Axial views
show an “angel wing” aspect of the brainstem due to
prepontine migration of the cerebellum at the level
of the middle cerebellar peduncles. Inferior vermian
pegs posterior to the medulla is a constant obser-
vation (Wolpert et al,, 1987). The fourth ventricle is
usually collapsed, but may be dilated if trapped.
Mesencephalic abnormalities involving the aqueduct
and colliculi are common (Naidich et al., 1980). The
tectum may be bulbous or beaked. Aplasia/hypoplasia
of cranial nerve nuclei may be found. Defects of
the corpus callosum are observed in up to 80% of
patients (Barkovich, 1995). Complete agenesis occurs
in one-third of patients. Supratentorial CSF spaces are
commonly prominent. A majority of patients before
6 months of age present a marked thinning of the
occipital and parietal bones (craniofenestria). Surgery
for the Chiari II malformation is often difficult. Suboc-

cipital craniectomy may be dangerous due to the low
position of the torcular. Possible hydrocephalus fol-
lowing surgical closure of the myelomeningocele and
complications of ventricular shunting such as isolation
of the fourth ventricle must be kept in mind. Chiari
type III malformation is characterized by a cervico-
occipital cephalocele with hindbrain dysplasia. Stig-
mata of Chiari type II are commonly found.

Cobblestone lissencephaly with mid-hindbrain
abnormalities and cerebellar hypoplasia may be asso-
ciated with congenital muscular dystrophy and ocu-
lar deficits, including muscle-eye-brain disease and
Fukuyama congenital muscular dystrophy (Dobyns &
Truwit, 1995).

Molar tooth sign-associated malformations
include Joubert syndrome and Joubert syndrome-
related disorders. The estimated prevalence is about
1 per 100 000. Joubert syndrome is characterized by
both intrafamilial and interfamilial phenotypic vari-
ability, including in monozygotic twins (Raynes et al.,
1999). Joubert syndrome has been defined on the basis
of clinical findings, including hypotonia, develop-
mental delay and mental retardation, abnormal ocular
movements, and abnormal breathing with episodes
of hyperpnea or apnea, and the presence of the
molar tooth sign on cranial MRI (Maria et al., 1999).
This sign includes a deepened interpeduncular fossa,
hypoplastic cerebellar vermis, and prominent superior
cerebellar peduncles. The molar tooth aspect is consec-
utive to an axonal migration defect (Millen & Gleeson,
2008). The cerebellar vermis often has a “kinked”
appearance, with enlargement of the fourth ventricle.
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Table 7.2 Clinical features and genetic basis

Disorders

Molar tooth sign and associated disorders
Classic Joubert syndrome

Joubert syndrome-Leber congenital amaurosis-like
Coach syndrome

(cerebellar vermis hypoplasia, oligophrenia, ataxia,
coloboma, hepatic fibrosis)

Senior-Lgken syndrome
(retinopathy with nephronophthisis)
Dandy-Walker malformation

Classic form

Other forms
Cerebellar vermis hypoplasia
X-linked

Other
Posterior fossa collections
Pontocerebellar hypoplasia

Type 1

Type 2

Type 3

Congenital disorders of glycosylation

Clinical signs

Hypotonia, DD, MR
Oculomotor apraxia

Apnea/tachypnea

Retinal dystrophy with severe visual impairment

Ocular coloboma

Hepatic fibrosis, liver failure

Retinal dystrophy, nephronophthisis

Cerebellar vermis hypoplasia

Dilatation of fourth ventricle

Elevated torcula

Other structural malformations associated

Cerebellar vermis hypoplasia Xq12
Retrocerebellar cyst, hypotonia,

spasticity, seizures

Non-communicating membrane-
enclosed cyst; ataxia; hydrocephalus

Spinal muscular atrophy
Respiratory insufficiency
Contractures

Microcephaly

Dyskinesia

Poor feeding

Seizures

Microcephaly

Seizures, spasticity
Pontocerebellar hypoplasia
Hypotonia

Stroke-like deficits

Seizures

Dysmorphic facies

Failure to thrive

Strabismus

Lipodystrophy

Inverted nipples

Vomiting, diarrhea, liver dysfunction
Kyphoscloliosis

Abbreviations. AR: autosomal recessive; DD: developmental delay; MR: mental retardation.

Adapted from: Parisi and Dobyns (2003).

Loci/genes (mode
of inheritance)

9934 (AR)

2q13;3922;
1036 (AR)

3q24
Sporadic?
Multiple

(chromosomal, syndromic)

(X-linked)

(AR?)

7q11-21 (AR)

la: 16p13
Ib: 15922
Ic: 1p22.3
Id: 327
(AR)




Chapter 7 - Malformations

CEREBELLAR AGENESIS

Figure 7.1 Cerebellar agenesis. Top panels: Magnetic resonance
axial (A) and coronal (B) T2-weighted imaging in a patient with
ataxia and nystagmus. A near-complete cerebellar agenesis is
observed. The cerebellar remnant comprises anterior quadrangular
lobes (arrows). From: Alkan et al., 2009. With permission.

Figure 7.2 Joubert syndrome. Axial T2-weighted image showing
an absence of cerebellar vermis and dysplasia of the brainstem.
From: Madsen et al., 2002. With permission.

Dysplasia of cerebellar nuclei and brainstem is very
common (Figure 7.2). Breathing deficits may improve
with age and even completely disappear. Seizures and
autistic behavior have been described. Other abnor-
malities include a pigmentary retinopathy, pendu-
lar nystagmus, colobomas, cystic dysplasia of the
kidneys, and nephronophthisis. Retinal dystrophy and

nephronophthisis are related to defective functions
of primary cilia, appendages composed of a mem-
brane with a microtubule structure and a centrosome
at the base. Several diseases sharing clinical features
and the molar tooth sign with Joubert syndrome are
categorized in the group of Joubert syndrome and
related disorders, such as the orofacial-digital syn-
drome type VI, with vermal hypoplasia, tongue hamar-
tomas, midline cleft lip, and polydactyly. Recommen-
dations for the work-up in all children suspected to
present with Joubert syndrome or a related disease are
the following: genetics referral to evaluate for consan-
guinity, physical examination, peripheral blood kary-
otype to exclude a chromosomal disorder, polysomno-
gram to identify possible apnea, swallowing studies,
EEG monitoring, developmental testing, ophthalmo-
logical evaluation including electroretinogram if nec-
essary, yearly kidney ultrasound examination, renal
and liver function tests, and brain MRI. Children with
Joubert syndrome are very sensitive to the respira-
tory depressant effects of drugs. Complications of end-
stage renal disease resulting from cystic kidney disease
or nephronophthisis often require specific treatments,
including dialysis and/or kidney transplantation. Indi-
viduals with liver failure and/or fibrosis may be candi-
dates for portal shunting or orthotopic liver transplan-
tation. Polydactyly may require surgery.
Rhombencephalosynapsis is characterized by an
absence of the vermis or a severe dysgenesis of mid-
line cerebellar structures. There is a fusion of the
cerebellar hemispheres, peduncles, and dentate nuclei
(Truwit et al., 1991). Fusion of dentate nuclei and
inferior colliculi may be associated with a peculiar
diamond-shaped fourth ventricle (Utsunomiya et al.,
1998). Coronal MRI typically shows horizontally ori-
ented folia and fissures. The thalami may also be fused.
Other findings include hydrocephalus and absence of a
corpus callosum (Toelle et al., 2002). Partial rhomben-
cephalosynapsis is characterized by a relatively normal
anterior vermis and nodulus, with a deficient posterior
vermis and a partial fusion of cerebellar hemispheres
(Figure 7.3). This latter malformation can occur in
combination with Chiari type II malformation (Wan
et al., 2005). Clinical deficits depend on the extent
of the cerebellar involvement and the coexistence of
supra-tentorial lesions, ranging from mild ataxia to
a syndrome of cerebral palsy (Toelle et al., 2002).
Rhombencephalosynapsis is considered to be due to
a defect of vermian differentiation occurring between
28 and 40 days of gestation, as a result of impaired
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PARTIAL RHOMBENCEPHALOSYNAPSIS

Figure 7.3 Rhombencephalosynapsis. Magnetic resonance axial
T2-weighted imaging in a patient with partial
rhombencephalosynapsis. Inferior vermian agenesis, fusion of the
inferoposterior parts of the cerebellar hemispheres (arrow in left
panel), and dysplasia of the superior vermis (short arrows in right
panels). From: Alkan et al., 2009. With permission.

expression of a dorsalizing organizer gene (Sarnat
et al.,, 2000).

Malformations predominantly
affecting the cerebellum and
derivatives

Focal cerebellar hypoplasias are a heterogeneous group
characterized by hypoplastic cerebellar structures
observed focally. Paleocerebellar hypoplasias include
Dandy-Walker malformations, isolated cerebellar
vermis hypoplasia, and cerebellar vermis hypoplasias
associated with other malformations, such as periven-
tricular nodular heterotopia, lissencephaly, and
polymicrogyria (Ross et al., 2001). Dandy-Walker
malformation presents clinically with nystagmus,
truncal ataxia, and variable combinations of extra-
cerebellar deficits. Elemental features of Dandy-
Walker malformations are the hypoplastic cerebellar
vermis and the cystic dilatation of the fourth ventricle
(Figure 7.4; Dandy & Blackfan, 1914; Taggart &
Walker, 1942). The fourth ventricle communicates
with a retrocerebellar cyst which may enlarge the
posterior fossa. The roof of the posterior torcula
appears elevated on MRI. Falx cerebelli is absent. A
communicating hydrocephalus, leading to macro-
cephaly, with enlarged lateral ventricles is variably
present. Dandy-Walker malformations would rep-
resent about 4% of cases of hydrocephalus, with
an incidence of about 1/3500 births (Kaiser et al.,
1977). Associated malformations including occipital

Figure 7.4 Dandy-Walker malformation. (A) Axial T2-weighted
image showing an absence of cerebellar vermis with dilatation of
the fourth ventricle. (B) A concomitant callosal dysgenesis is shown.
From: Madsen et al., 2002. With permission.

encephalocele, polymicrogyria, and heterotopia are
observed in about one-third of patients. About 1 child
in 10 has a concomitant agenesis or dysgenesis of the
corpus callosum. The heterogeneity in Dandy-Walker
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malformation is reinforced by the presence of other
anomalies, such as congenital heart disease and facial
hemangiomas in the so-called PHACE syndrome
(posterior fossa malformation, hemangiomas, arterial
anomalies, coarctation of the aorta, eye defects)
(Metry et al., 2001). Moreover, Dandy-Walker mal-
formation has been reported in a wide variety of
chromosomal abnormalities and has been described
in many genetic syndromes. Parisi and Dobyns (2003)
have suggested to distinguish four groups of mal-
formations: (1) “true” Dandy-Walker malformation,
which features cerebellar vermis hypoplasia with
upward vermis rotation and elevation of the torcula,
enlarged fourth ventricle extending posteriorly as a
retrocerebellar cyst, and hydrocephalus present in
about 50% to 80% of subjects; (2) Dandy-Walker
variants, made of malformations with less severe
cerebellar vermis hypoplasia, less notable or absent
upward rotation of the vermis, and relatively smaller
fluid collections; (3) diffuse cerebellar hypoplasia
involving the vermis and the hemispheres, usually
associated with brainstem hypoplasia; and (4) patients
with posterior fossa fluid collections (see section
Developmental abnormalities with fluid collections).
The first group often presents in the neonatal period
with macrocephaly, occipital cephaloceles, and/or
hydrocephalus (Hirsch et al., 1984). Apnea and
seizures are not uncommon. Intellectual capacities are
normal in up to 80% of children. From a genetic point
of view, deletions on chromosome 3q24 have been
identified in several patients. This region encompasses
the adjacent ZIC1 and ZIC4 genes involved in granule
neuron progenitor proliferation (see discussion of
SHH pathway in Chapter 1).

Cerebellar vermis hypoplasia/dysplasia is associ-
ated with normal position of the cerebellar vermis.
Due to its craniocaudal pattern of formation, cere-
bellar hypoplasia always involves the caudal rather
than the rostral part. The fourth ventricle may be
enlarged. The tentorium cerebelli is not elevated.
The retrocerebellar fluid collection is generally small
as compared with a true Dandy-Walker malforma-
tion. In several families, cerebellar vermis hypoplasia
has an X-linked inheritance. Nevertheless, many
disorders sharing features with cerebellar vermis
hypoplasia/dysplasia appear sporadic in inheritance.
The following syndromes with primary vermis
hypoplasia have been described: Cogan syndrome,
combining oculomotor apraxia with motor impair-
ment; otopalatodigital syndromes; and hypoplasia

with lissencephaly (Barth, 1993; Ross et al., 2001).
Malformation of the cerebral cortex is generally the
most striking finding in these disorders.

Pre-natal diagnosis of Dandy-Walker malforma-
tion and cerebellar vermis hypoplasia/dysplasia may
be problematic. Indeed, it may be difficult to identify
the type of malformation with pre-natal imaging. The
cisterna magna is detectable visually between weeks
15 and 25 of gestation, and a mild dilatation may be
hard to diagnose (see also Chapter 1). Concerns have
been raised in the last few years about early diagno-
sis that would have led to the termination of pregnan-
cies of children who would have had normal cognitive
or motor development. Paradoxically, a milder dilata-
tion may be associated with a worse prognosis than
a classic Dandy-Walker malformation associated with
a large dilatation. Recurrence risks in Dandy-Walker
malformation and cerebellar vermal hypoplasias are
varijable, estimated at between 0.5% and 5% in subse-
quent pregnancies for the former. Surgical treatment
of Dandy-Walker malformation involves diversion of
the CSF from the ventricular space or the cystic space
to another site, such as the peritoneal cavity.

Tectocerebellar dysraphia has features overlap-
ping those of Dandy-Walker malformation, Chiari
II malformation, and ventriculocele of the poste-
rior fossa. It is characterized by vermian hypoplasia/
aplasia and dorsal traction of the brainstem. Cerebellar
hemispheres are displaced ventrolaterally. The tectum
appears fused.

Neocerebellar hypoplasias, aplasias, and dysplasias
are grouped under the terminology of dysgenesis of
the neocerebellum. The vermis may appear moderately
atrophic, but is relatively spared. Neocerebellar dys-
genesis may occur at any time between week 7 of gesta-
tion and the first post-natal year (Madsen et al., 2002).

Very low birth weight infants born between 24
and 32 weeks of gestation are at risk for developing a
smaller cerebellum (Messerschmidt et al., 2008). Addi-
tional supra-tentorial hemorrhagic brain injury fol-
lowed by hydrocephalus, neurosurgical interventions,
and hemosiderin deposits on the cerebellar surface are
significantly related to disruptive cerebellar develop-
ment.

Malformations predominantly
affecting the lower hindbrain

Chiari type I malformation consists of a hindbrain
herniation through the foramen magnum. It occurs
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more commonly in adults. The extension of cerebel-
lar tonsils below the foramen magnum is at least 3 to
5 mm. Tonsils are characteristically pointed inferiorly.
Patients complain of headache and neck pain and may
develop paroxysmal dizziness, vertigo, or vomiting.
Neurological examination may show a nystagmus and
symmetrical or asymmetrical cranial nerve palsies.
Craniocervical dysgenesis, Klippel-Feil syndrome, and
basilar invagination may be associated. Positional
changes and coughing may exacerbate or precipitate
symptoms. In about 60% of patients, the tonsils extend
to C1 (Madsen et al.,, 2002). Unlike Chiari type II,
supratentorial anomalies are usually lacking. Hydro-
cephalus is observed in one-fourth of patients. Possible
associated findings include hydrosyringomyelia, pos-
sibly due to transmission of increased pressure into the
spinal cord, and a progressive scoliosis (Oldfield et al.,
1994). Surgical intervention aims at decompressing the
structures of posterior fossa (Madsen et al., 2002).

Mobius syndrome belongs to the group of cranial
nerve and nuclear aplasias. Aplasias of cranial nerves
VI and VII are associated with lateral gaze deficits and
facial nerve palsy.

Developmental abnormalities
with fluid collections

Arachnoid cysts represent collections of CSF sur-
rounded by a pia-arachnoid layer. Mega-cisterna
magna is a retrocerebellar fluid collection with nor-
mal positioning of the cerebellum and a normal shape
of the fourth ventricle. It can be found incidentally or
it may be associated with hydrocephalus and mental
retardation (Niesen, 2002). It is sometimes difficult to
distinguish mega-cisterna magna from cerebellar ver-
mis hypoplasia (Parisi & Dobyns, 2003). There is no
significant mass effect appearance in the large major-
ity of cases, although the cerebellum may sometimes
take a scalloped aspect.

Mega-cisterna magna is diagnosed pre-natally
using ultrasound when the enlargement is greater than
10 mm at 18 to 23 weeks of gestation (Forzano et al.,
2007). In a recent series of posterior fossa malforma-
tions detected pre-natally, it accounted for 40% of all
the posterior fossa malformations detected. An iso-
lated finding of mega-cisterna magna on pre-natal
ultrasound with a normal fetal karyotype carries a
good prognosis. When additional abnormalities are
found, the risk of poor outcome increases significantly.

Blake pouch cyst (retrocerebellar arachnoid cyst)
is a malformation closely related to Dandy-Walker
malformation, lined by ependyma or astroglial mem-
brane. Mass effect on the cerebellum is common, with
the cerebellum taking a compressed aspect. The ten-
torium may bulge. CT cystogram or CSF MRI flow
study may be necessary to distinguish the cyst from
mega-cisterna magna. Shunting may be necessary. The
cyst is presumably due to a maldevelopment occurring
around the fifth week of gestation (Barkovich et al.,
1989).

Prenatal-onset degeneration

Pontocerebellar hypoplasias, or atrophies, are charac-
terized by progressive neuronal loss on serial brain
imaging studies (Barth, 1993). Typically, repeated MRI
will demonstrate a progressive atrophy of the ventral
pons and the inferior olivary nuclei, vermis, and cere-
bellar hemispheres. Enlargement of lateral ventricles
and widened cerebral sulci with a thinning of the cor-
pus callosum may be observed (Zelnik et al., 1996).
Children exhibit post-natal marked developmental
delay and mental retardation, usually with a poor out-
come. Several forms of pontocerebellar hypoplasias are
distinguished. Pontocerebellar hypoplasia with spinal
muscular atrophy (type I) is characterized by respira-
tory insufficiency in the neonatal period and arthro-
gryposis. Feeding and respiratory complications result
in death in the first year of life. MRI shows hypopla-
sia of the cerebellum and the brainstem, as well as
degeneration of the anterior horns in the spinal cord
similar to Werdnig-Hoffman disease. Pontocerebel-
lar hypoplasia with dyskinesia (type II) presents clin-
ically with a marked microcephaly in the neonatal
period. Generalized seizures, chorea, and dystonia
appear after (Barth et al., 1995). The anterior horn of
the spinal cord is spared. Most children die within
the first 10 years of life. Pontocerebellar hypopla-
sia without dyskinesia (type III) has been reported
in consanguineous families. Children develop men-
tal retardation, a progressive microcephaly, spasticity,
and generalized epilepsy. Extra-pyramidal signs are
lacking. Congenital disorders of glycosylation (CDG;
also called carbohydrate-deficient glycoprotein syn-
dromes) are autosomal recessive conditions present-
ing clinically with severe feeding difficulties, failure
to thrive in early infancy, mental retardation, hypoto-
nia, ataxia, and peripheral neuropathy due to defective
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synthesis of N-linked oligosaccharides (Jaeken et al.,
1980). Febrile and afebrile seizures are relatively com-
mon. Stroke-like deficits (hemiparesis, coma) are
variably present. Dysmorphic face with strabismus,
inverted nipples, and lipodystrophy (fat pads) are
suggestive. Pericardial effusions occur in up to 50%
of cases. Absence of puberty and hypergonadotropic
hypogonadism are reported repeatedly in girls with
CDG-Ia, one of the most common types of CDG
syndrome. MRI shows in most cases a cerebellar
hypoplasia or a pontocerebellar atrophy, ending in
global cerebral atrophy. Cerebellar atrophy often runs
a progressive course, with some patients having an
apparently normal size of the cerebellum in the first
months of life. The number of adults with CDG-Ia
syndrome is growing (Krasnewich et al., 2007).
They exhibit a moderate mental retardation, cerebel-
lar ataxia, seizures, retinitis pigmentosa, peripheral
neuropathy, kyphoscoliosis, and endocrinopathies.
Abnormal liver function tests are usually found (Kjaer-
gaard et al., 2001). Isoelectric focusing of serum sialo-
transferrin shows an abnormal glycosylation of this
glycoprotein in type I CDG (Stibler et al., 1998). How-
ever, ataxic patients may present an unequivocal cere-
bellar hypoplasia but a normal or slightly abnormal
transferrin isofocusing result (Vermeer et al., 2007).
In these cases, the enzymatic activity of phospho-
mannomutase (PMM?2) is deficient in both leukocytes
and fibroblasts. Several mutations have been identi-
fied, in particular the R141H - the Danish population
has a high carrier frequency of this mutation - and
F119L of the PMM?2 gene located on chromosome
16p13 (Matthijs et al., 1997; Kjaergaard et al., 2001).
A majority of patients are compound heterozygotes.
Dietary supplementation might be helpful in some
cases associated with a protein-losing enteropathy
(Freeze, 1998). Surgical draining of pericardial effu-
sions or pericardiectomy should be considered when
ventricular function is compromised.

Other malformations and syndromes

Lhermitte-Duclos syndrome

Children affected by this syndrome exhibit macro-
cephaly, seizures, and mild cerebellar deficits. Granule
cells are replaced by abnormal ganglion cells, hence the
name cerebellar gangliocytoma (Lhermitte & Duclos,
1920; see also Chapter 13).

Macrocerebellum

The cerebellum may appear diffusely enlarged. It may
be associated with delayed white matter myelination.
Children may present with developmental delay, ocu-
lomotor disorders, and hypotonia. Alexander disease
is recognized as a cause of macrocerebellum (see also
Chapter 20).

Aicardi syndrome

This rare neurodevelopmental disorder has a proba-
ble X-linked dominant inheritance, being identified
almost exclusively in girls, with lethality in the hemi-
zygous male (Aicardi et al., 1969; Aicardi, 2005). Some
cases have been reported in 47, XXY males. The
syndrome is characterized by a triad of corpus cal-
losum agenesis, chorioretinal lacunae, and infantile
spasms. Focal seizures rather than spasms are common
(Aicardi, 2005). Symptoms typically appear before the
age of 5 years, usually in the first year. EEG recordings
show suggestive bilateral independent bursts (BIBs),
which are pseudo-periodic discharges occurring asyn-
chronously over both hemispheres (Ohtsuka et al.,
1993). BIBs may evolve to hypsarrhythmia or multiple
focal spikes in the middle of infancy. Brain MRI shows
polymicrogyria predominating in the frontal and peri-
sylvian regions, periventricular heterotopia, widening
of the operculum, and intracranial cysts. Recent stud-
ies underline the high incidence of cerebellar abnor-
malities: superior foliar prominence of the vermis,
inferior vermian hypoplasia, dysplasia, hypoplastic
hemispheres, enlarged cisterna magna, and cerebellar
cysts (Hopkins et al., 2008). The prognosis is generally
unfavorable, although the course may be milder.

Smith-Lemli-Opitz syndrome

Smith-Lemli-Opitz syndrome (SLOS) is an autoso-
mal recessive disorder caused by reduced activity
of 7-dehydrocholesterol reductase. This results in
an increased concentration of 7-dehydrocholesterol
and 8-dehydrocholesterol in body fluids and tissues,
whereas levels of cholesterol are decreased (Porter,
2008). SLOS is characterized by multiple developmen-
tal malformations, including cerebellar hypoplasia.
SLOS is an example of the link between cholesterol
metabolism and cerebellar development (see discus-
sion of SHH in Chapter 1). Combined treatment of
a cholesterol-enriched diet and simvastatin is recom-
mended (Chan et al., 2009).
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Cerebellar stroke

Anatomy of cerebellar vessels

The cerebellum is supplied by the two vertebral
arteries and the basilar artery located anteriorly to the
brainstem (the vertebrobasilar system is illustrated in
Figure 8.1, see Chapter 1 for the embryology of cere-
bellar vessels). Therefore, given the shared artery
supply, the cerebellum and brainstem are often dam-
aged together in cases of arterial occlusion. Vertebral
arteries enter the skull via the foramen magnum. In
about 60% of the population, vertebral arteries are
asymmetrical.

Vascularization of the cerebellar cortex is divided
into a pial network and intracortical vessels (Duver-
noy et al., 1983). Three superficial vascular layers fol-
low approximately the three subdivisions of the cere-
bellar cortex (see Chapter 1).

The three main cerebellar arteries are, from the
origin of the vertebral artery, the posterior inferior
cerebellar artery (PICA), the anterior inferior cerebel-
lar artery (AICA), and the superior cerebellar artery
(SCA). The arterial territories of the major cerebellar
vessels are illustrated in the anatomical sections pre-
sented in Figure 8.2.

The PICA is the largest branch emerging from the
vertebral artery. The PICA is a sinuous artery which
takes its origin in most cases from the V4 segment
(intradural) of the vertebral artery (Amarenco et al.,
1998). In some cases, it may arise from the basilar
artery on one side or, rarely, from the ascending pha-
ryngeal artery. It is estimated that the PICA is miss-
ing in 7% to 9% of the patients. Hypoplasia occurs in
5% of cases. The PICA irrigates the posterior and cau-
dal part of the cerebellum (sections I to VII of the Fig-
ure). The artery gives off medial (mPICA) and lateral
(IPICA) branches. mPICA supplies the inferior vermis
and the inferior part of the inferior semilunar lobule,
gracilis lobule, and tonsil. IPICA irrigates the inferior
parts of the biventer lobule, the inferior semilunar and
gracilis lobules, and the ventrolateral part of the tonsil.

The dorsal medullary area (comprising the middle and
inferior vestibular nuclei, the restiform body, the dor-
sal nucleus of the vagus, the area postrema, the gracilis,
and cuneiform nuclei) is vascularized by the PICA and
the posterior spinal arteries.

The AICA emerges from the first third of the basi-
lar artery in about 75% of subjects. It takes its ori-
gin more distally on the basilar artery in the remain-
ing cases. The point of origin is asymmetrical in most
individuals. The AICA supplies a territory involving
the pons and the cerebellum (sections IV to VII).
The AICA supplies cranial nerve V (which may be
vascularized by the basilar artery also) and is the
origin of the auditory and labyrinthine arteries.
Unusually, the AICA shares its origin with the internal
auditory artery. The territory of the brainstem irrigated
by the AICA includes the lateral region of the pons,
the facial nucleus, the lateral lemniscus, the spinotha-
lamic tract, the vestibular nuclei (superior, lateral, and
medial), and the cochlear nucleus. The middle cerebel-
lar peduncles are also vascularized by branches of the
AICA. The artery divides in two branches: the lateral
branch irrigates the lateral portion of the biventer lob-
ule, and the medial branch irrigates the inferior surface
of the cerebellum. Branches of the AICA and branches
of the SCA make an anastomosis in the posterior supe-
rior fissure.

The SCA arises either from the top or from the ros-
tral part of the basilar artery, before the origin of pos-
terior cerebral arteries. The SCA is the main source
of arterial supply for the superior part of the cere-
bellum (sections V to XII). The SCA gives off two
main branches: the medial branch (mSCA) and the
lateral (ISCA) division. SCA supplies the dorsolat-
eral tegmental area of the upper pons, including the
superior cerebellar peduncle, the lateral lemniscus, the
spinothalamic tract, and the root of the contralateral
cranial nerve IV. It irrigates the medial half of the
superior cerebellar surface, the lobulus simplex, the
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Figure 8.1 lllustration of the vertebrobasilar system on T2-weighted coronal MRI. Vertebral arteries (VA, white arrows) and basilar artery (BA)
are identified. The posterior cerebral arteries originate from the top of the BA (arrowheads in panel 1). Note the asymmetry in size of the VAs
(panel 2). The origin of the posterior inferior cerebellar artery (PICA) is visible in panel 3. R: right side.

superior semilunar lobule, the culmen, the central lob-
ule, the tuber, and the lingula of the vermis. The rostral
part of the cerebellar nuclei also depends on the arte-
rial blood of the SCA.

The venous drainage of the cerebellum is charac-
terized by relatively large zones of venous return and
anatomical variations between subjects. Three main
groups of veins are identified: the superior or Galenic
group, the anterior or petrosal group, and the poste-
rior or tentorial group (Figure 8.3). The superior group
drains the upper brainstem and the superior portion
of the cerebellum. The superior cerebellar vein reaches
the great cerebral vein of Galen. The anterior group
drains the anterior parts of the brainstem and cerebel-
lum. The veins of this group empty mostly in the supe-
rior petrosal vein near the pons (Braun et al., 1996).
The posterior group drains the inferior parts of the
cerebellar vermis and medial parts of the cerebellar
hemispheres. Veins from this group will empty in the
straight sinus and the transverse sinus.

Cerebellar infarctions

Cerebellar infarctions account for about 3% to 4% of
strokes. A majority of cerebellar strokes are ischemic
(80%). Given the arterial distribution, the simultane-
ous involvement of the cerebellum and the brainstem
is frequent (Macdonnel et al., 1987).

PICA infarctions

PICA infarcts account for 40% to 50% of patients with
cerebellar infarctions (Amarenco, 1993; Kase et al,,
1993). Partial infarcts are the most common, with the
whole territory of the PICA being involved in only

7% to 8% in autopsy series. Other cerebellar infarc-
tions in the territory of the AICA or SCA may be
associated.

Symptoms are given in Table 8.1. Six patterns of
PICA infarctions may occur (Table 8.2). Ataxia in
dorsal lateral medullary syndrome (Wallenberg syn-
drome; Figure 8.4) is mainly due to a lesion of the
dorsal spinocerebellar tract (DSCT), which runs in
the inferior cerebellar peduncle. The intact ventral
spinocerebellar tract cannot fully compensate for the
loss of key information due to DSCT damage (see
Chapter 1).

AICA infarctions

AICA infarctions are relatively rare. These infarcts are
typically small and usually affect the middle cerebellar
peduncle, the caudal pons, and the flocculus. In indi-
viduals with hypoplastic PICA, the AICA supplies the
territory normally irrigated by the posterior inferior
artery. Therefore, the infarction can include signs usu-
ally observed in PICA infarcts. Four main clinical pre-
sentations may occur (Table 8.3).

SCA infarctions

SCA infarctions are the most common after PICA
infarcts. In three of five patients, signs of brainstem
infarction are present, usually at the level of the mes-
encephalon. Autopsy series reveal concomitant infarc-
tions in the occipital/temporal lobes and thalamic-
subthalamic areas in 70% of patients (Amarenco &
Hauw, 1990). Six clinical presentations are described
(Table 8.4).
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Figure 8.2 Arterial groups and cerebellar territories supplied by the main cerebellar arteries. Illustration of serial sections (4-mm thick) based
on a bicommissural plane passing through the anterior and posterior commissures. From: Tatu et al,, 1996. With permission. (See color
section.)

Anatomic structures of sections | to XII

1 Corticospinal tract; 2 Medial lemniscus; 2 Medial longitudinal fasciculus; 3 Spinothalamic tract; 4 Spinal trigeminal tract/nuclei; 5 Gracile
and cuneate nuclei; 6 Nucleus of solitary tract; 7 Dorsal motor vagal nucleus; 8 Hypoglossal nucleus; 9 Inferior olivary nucleus; 10 Inferior
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Figure 8.2 (cont) cerebellar peduncle; 11 Vestibular nucleus; 12 Nucleus prepositus; 13 Facial nucleus; 14 Superior olivary nucleus;

15 Abducens nucleus; 16 Pontine nuclei; 17 Motor trigeminal nucleus; 18 Principal sensory trigeminal nucleus; 19 Nucleus ceruleus;

20 Superior cerebellar peduncle; 21 Substantia nigra; 22 Inferior colliculus; 23 Trochlear nucleus; 24 Superior colliculus; 25 Oculomotor
nucleus; 26 Red nucleus; 27 Mammillary body; 28 Optic tract; 29 Lateral geniculate nucleus; 30 Medial geniculate body; 31 Pulvinar;

32 Mamillothalamic tract; 33 Column of fornix; 34 Caudate nucleus; 35 Putamen; 36 Anterior commissure; 37 Tonsil; 38 Biventer lobule;
39 Inferior semilunar lobule; 40 Pyramid of vermis; 41 Uvula; 42 Superior semilunar lobule; 43 Tuber of vermis; 44 Middle cerebellar
peduncle; 45 Dentate nucleus; 46 Folium of vermis; 47 Nodulus; 48 Flocculus; 49 Declive; 50 Simple lobule; 51 Culmen; 52 Quadrangular
lobule; 53 Central lobule; 54 Ala of the central lobule, V Trigeminal nerve, VIl Facial nerve, VIIl Vestibulocochlear nerve,

IX" Glossopharyngeal nerve.
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Table 8.1 Symptoms in territorial cerebellar infarctions

Symptoms SCA AICA PICA
Deafness Absent Frequent Absent
Dizziness Frequent Absent Frequent
Drowsiness Frequent Frequent Uncommon
Tinnitus Uncommon  Frequent Absent
Vertigo Frequent Frequent Very
common
Nausea/vomiting  Frequent Very Frequent
common
Hallucinations Uncommon  Uncommon  Absent
Headache/facial ~ Uncommon  Absent Uncommon
pain
Pain in Absent frequent Absent
limbs/trunk
Sleep Uncommon  Absent Absent

disturbances

Abbreviations: AICA: anterior inferior cerebellar artery; PICA: pos-
terior inferior cerebellar artery; SCA: superior cerebellar artery.

Figure 8.5 illustrates an example of a stroke in the
territory of the lateral branch of the superior cerebellar
artery.

Border zone infarctions (watershed)

Border zone infarctions are more frequent than pre-
sumed (Amarenco etal., 1993). MRI is the technique of
choice to identify the lesions, which have an area usu-
ally less than 2 cm in diameter (Rodda, 1971). Brain
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imaging shows small infarctions mainly found at the
boundaries between the SCA and PICA territories,
either on the surface of the cortex or around cerebellar
nuclei (Amarenco, 1995). They are classified in three
categories:

* Cortical border zone infarcts are perpendicular to
the cerebellar cortex. They are located at the
boundary zones between the SCA and PICA
territories, or between the PICA and AICA
territories.

¢ Cortical dorsal infarcts are parallel to the cortex,
distributed between the SCA and PICA territories.

e Small deep infarcts are located either in the
border zone of the AICA and lateral branches of
PICA territories, or between the vermal branches
of the two SCA arteries.

Clinically, symptoms are similar to those described
in SCA, PICA, or AICA infarctions. Symptoms tend
to be transient and may be recurrent. Position-related
symptoms are common (vertigo, disequilibrium, etc.).
They are probably due to states of low blood flow in the
posterior circulation.

Lacunar infarctions

Lacunar infarctions probably do not exist in the cere-
bellum, due to the fact that cerebellar arteries show
a progressive reduction in diameter in their course,
without penetrating branches arising from middle-size
arteries (Fisher, 1977).

Figure 8.3 Cerebellar venous anatomy.
The Galenic group, the petrosal group,
and the posterior group empty into the
vein of Galen, the superior/inferior
petrosal sinuses, and the straight sinus,
respectively. Abbreviations: ANT: anterior;
SUP: superior; POST: posterior; INF: inferior.
With permission from: Blecic and
Bogousslavsky, 2002.

POST

Inferior cerebellar
hemispheric vein
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Table 8.2 Patterns of posterior inferior cerebellar artery infarctions

Type Incidence Presentation
Dorsal lateral medullary syndrome 25-30% Vertigo
(Wallenberg syndrome) Nystagmus

Ipsilateral Horner sign

Appendicular ataxia

Cranial nerve palsies (V, IX, X)
Contralateral loss of pain/temperature
Lateropulsion

PICA infarct sparing brainstem 15-20% Vertigo
Limb and gait ataxia
Nystagmus
Lateropulsion
Headache
Risk of brainstem compression

Isolated acute vertigo 5% Mimics a peripheral labyrinthitis

mPICA 10% Vertigo
Lateropulsion
Dysmetria
Possible associated
Wallenberg syndrome

IPICA 10% Vertigo
Dysmetria
Multiple infarcts 25-30% Multiple infarcts in PICA, AICA, SCA

Possible pseudotumoral presentation
Impaired consciousness, coma

Abbreviations: AICA: anterior inferior cerebellar artery; PICA: posterior inferior cerebellar artery; SCA: superior cerebellar artery.

LATERAL MEDULLARY INFARCTION (Wallenberg syndrome)

Nystagmus Descending vestibular Nc
Palatal weakness
Horner syndrome ———— Symp. Fibers
Analgesia-anesthesia ————

Trigeminal Nc

Limb ataxia ——— Spinocerebellar Tr . .
Crossed dissociated

sensory impairment

VA

Figure 8.4 Anatomical basis of the symptoms in lateral medullary infarction. The lateral region of the medulla (gray zone) is supplied by
small perforating branches. Abbreviations: Ambiguous Nc: ambiguous nucleus; Spinothal. Tr: spinothalamic tract; CSP tract: corticospinal tract;
VA: vertebral artery; PICA: posterior inferior cerebellar artery; Trigeminal Nc: trigeminal nucleus; Symp. Fibers: sympathetic fibers; IX-X: cranial
nerves IX-X. (See color section.)
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Table 8.3 Patterns of anterior inferior cerebellar artery
infarctions

Incidence Presentation

Type

Classic syndrome 30-50% Vertigo

Vomiting

Tinnitus

Dysarthria

Ipsilateral facial palsy

Facial sensory loss

Horner syndrome

Dysmetria

Contralateral loss of
sensation

Hearing loss

Gaze palsy

Dysphagia

Ipsilateral motor
weakness

Isolated vertigo 10-15% Mimics a labyrinthitis

Coma
Tetraplegia
Ophthalmoplegia

Massive infarction 10%

Isolated cerebellar 5%
signs

Figure 8.5 Hyperintense lesion (arrow) in the territory of the lateral
branch of the superior cerebellar artery. This patient had a history of
abrupt-onset unilateral cerebellar dysmetria with kinetic tremor.

Extra-cerebellar lesions causing hemiataxia

Homolateral ataxia may be accompanied by signs of
corticospinal tract involvement in the so-called ataxic
hemiparesis (Hiraga et al., 2007). This lacunar syn-
drome is associated with lesions in the pons, internal

Table 8.4 Patterns of superior cerebellar artery (SCA)
infarctions

Incidence Presentation

Type

Classical infarct 3-5% Ipsilateral limb dysmetria

Ipsilateral Horner syndrome

Contralateral loss of
pain/temperature

Sleep disorders

Ipsilateral slow involuntary
movements

Hearing loss (uncommon)

Contralateral nerve palsy

(IV; rare)
Palatal myoclonus/jaw
myoclonus
Rostral basilar 20-25% Diplopia
artery Dizziness

Paresthesias

Drowsiness

Balint syndrome

Thalamic-mesencephalic
signs

Hemiballism

Benedikt syndrome

Claude syndrome

Weber syndrome

syndrome

Concomitant Signs of SCA occlusion

infarction in Aphasia
the anterior Brachiofacial weakness
circulation
Vestibular form Headache
of SCA Unsteadiness
Dizziness
Vomiting
Dysarthria
Dysmetria
Kinetic tremor
Nystagmus
Lateral SCA Ipsilateral limb dysmetria
syndrome Axial lateropulsion
Dysarthria
Nystagmus
Contrapulsion of ocular
saccades
Medial SCA Gait ataxia
syndrome Ataxia of limbs
Increased tone in extensor
muscles
Isolated dysarthria
Multiple Drowsiness, coma
infarctions Tetraparesis/tetraplegia

Ophthalmoplegia

capsule, corona radiate, and precentral gyrus. Lacunae
involve the fibers of the frontopontocerebellar system.
A resulting cerebellar diaschisis can be observed.
Pontine lesions involve the anteromedial pontine
arteries. Pontocerebellar fibers disperse among
numerous divergent fascicles before converging to
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enter into the contralateral middle cerebellar peduncle
(Schmahmann et al., 2004). Contralateral hemiataxia
and motor paresis may arise from lesions affecting
corticopontine and corticospinal fibers descending
close to each other to the midpontine level (Marx
et al.,, 2008).

Lesions at the rostral pontomesencephalic level
affect the decussation of the dentate-rubrothalamic
pathways as they leave the cerebellum via the upper
cerebellar peduncle and cause a bilateral ataxia due to
outflow tract impairment (Marx et al., 2008).

Posterior and lateral thalamic stroke can mimic a
cerebellar lesion (thalamic ataxia). Patients often show
sensory deficits and various degrees of pain according
to the location of the stroke. Patients with a thalamic
infarct in the territory of the posterior choroidal artery
involving the posterior thalamic nuclei may develop
delayed complex hyperkinetic motor syndromes, com-
bining ataxia, tremor, dystonia, myoclonus, and chorea
(“jerky dystonic unsteady hand”) (Ghika et al., 1994).
These patients have sensory dysfunction. Brain MRI
shows infarcts in the territory of the posterior cerebral
artery involving the posterior choroidal territory, with
an abnormal signal in the posterior area of the thala-
mus. The other thalamic, subthalamic, and midbrain
structures are spared. Dystonia, athetosis, and chorea
are associated with position sensory loss, whereas the
tremor and myoclonic movements are related to the
presence of ataxia (Kim, 2001).

Pure or predominant brainstem sensory stroke is
most often caused by small infarcts or hemorrhages in
the paramedian dorsal pontine area and may be distin-
guished from thalamic pure sensory stroke by the fol-
lowing features: frequent association of dizziness and
gait ataxia, predominant lemniscal sensory symptoms,
occasional leg dominance or cheiro-oral pattern, and
frequent bilateral perioral involvement (Kim & Bae,
1997).

Outcome of cerebellar infarctions

The pseudotumoral complication with brainstem
compression and herniation is a major life-threatening
consequence of cerebellar infarctions. Patients develop
hydrocephalus, impaired consciousness, and coma.
The compression may develop from a few hours after
the stroke up to 8 days after the stroke, although the
first 4 days involve greater risk. Full PICA infarc-
tions lead to brainstem compression and tonsillar her-
niation in 25% of cases (Kase et al., 1993). Isolated

Table 8.5 Mechanisms of cerebellar infarctions

Atherosclerosis
Dissection
Embolism
Hypoperfusion
Small artery disease
Aneurysm

Infection

Migraine

AICA infarctions have a more benign course. How-
ever, the prognosis of proximal occlusion of the AICA
may be worse, since AICA infarcts may herald a mas-
sive occlusion of the basilar artery. Full SCA infarc-
tions have a pseudotumoral presentation in 20% of
cases. Nevertheless, partial SCA infarcts usually have a
benign course. This is typically the case in lateral SCA
infarction (Barth et al., 1993).

Pathogenesis of cerebellar infarcts

The main mechanisms of ischemic stroke in the ver-
tebrobasilar system are listed in Table 8.5. Atheroscle-
rosis is the leading cause. Plaques can be observed in
the vertebrobasilar system. They may be calcified or
ulcerated, especially in vertebral arteries. In the ver-
tebrobasilar system, plaques evolve in a local clot in
most cases. The thrombus may extend to the basilar
artery when the occlusion occurs into the intra-cranial
part of the vertebral artery (Castaigne et al.,, 1973).
The proximal portion of the basilar artery is more
regularly involved than the distal part. Atherosclero-
sis progresses by involving the orifice of the AICA
and SCA arteries. The top of the basilar artery is
also damaged by atherosclerosis. While PICA infarc-
tions are due to atherosclerosis in about 60% of cases,
cardio-embolism is the leading cause of SCA infarc-
tion (Amarenco et al., 1994). AICA infarction is due to
atherosclerosis in the large majority of patients, espe-
cially those who present with diabetes.

Stroke following a dissection may be due to arte-
rial occlusion, especially in young patients (Barina-
garrementeria et al., 1997). The extra-cranial verte-
bral artery is the most vulnerable site of dissection,
especially at the level of the C2 vertebra (Frumkin
& Baloh, 1990). Trauma, neck manipulation, vas-
culitis, and several congenital pathologies (Marfan
disease, Ehlers-Danlos disease, Gronblad-Strandberg
syndrome, fibromuscular dysplasia) are risk factors.
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The recurrence rate is about 1% in the general popu-
lation. Dissection of the basilar artery is rare. Patients
usually develop a coma very rapidly.

Embolism generates a clinical deficit which is usu-
ally abrupt and culminating at onset. Main sources are
the heart (about 45% of cases), the aortic arch, and the
vertebral artery. Embolism is either focal or multiple.
Cardio-embolism is the cause of border zone infarcts
in about half of cases (Mounier-Vehier et al., 1995).
The heart disorders which cause embolism are atrial
fibrillation, valvular diseases, myocardial infarct, con-
gestive heart failure, and patent foramen ovale.

Another cause of border zone infarction is hypo-
perfusion, leading to low flow ischemia. However, this
is uncommon, due to the numerous anastomoses in
the cerebellum.

Lipohyalinosis affects the small penetrating
branches in the brainstem, occluding the lumen of the
vessel as a result of subintimal proliferation. Involve-
ment of the cerebellar parenchyma is not demon-
strated.

Saccular aneurysms of the vertebral artery or the
basilar artery can lead to cerebellar infarction, proba-
bly following a clot in the aneurysmal sac. This is the
case in particular for the distal part of the basilar artery
and the vertebral/PICA junction.

Aspergillosis can involve the posterior circulation
vessels, occluding the distal branches of the cerebel-
lar arteries and leading to either infarction or hem-
orrhage (Walsh et al, 1985). Rare causes of cere-
bellar stroke also include migraine and vasculitis
(systemic lupus erythematosus, granulomatous angi-
itis, polyarteritis nodosa, giant cell arteritis, Takayasu
arteritis, syphilis, isolated angiitis of the central ner-
vous system) (Caplan, 1991; Mclean et al., 1993; Klos
et al., 2003). Cocaine can cause a cerebellar stroke
by several mechanisms (vasculitis, vasospasm, peak of
hypertension, cardiac arrhythmia) (Daras et al., 1991).

Fabry disease is an X-linked lysosomal disorder
resulting from alpha-galactosidase deficiency. The dis-
order affects hemizygous males, as well as both het-
erozygous and homozygous females. Symptoms are
usually more severe in males (probably due to X-
inactivation patterns during embryonic development).
The deficiency causes accumulation of glycosphin-
golipids, causing neuropathic pain, with predominant
involvement of small nerve fibers, progressive renal
dysfunction, cardiomyopathy, and stroke (Morel &
Clarke, 2009). Stroke usually presents around the age
of 40 years. The vertebrobasilar circulation is symp-

tomatic in about two-thirds of patients, with numer-
ous silent lesions, increasing with age, affecting mainly
small perforant arteries (periventricular white mat-
ter, brainstem, cerebellum, basal ganglia). Mechanisms
are multiple: progressive stenosis of small vessels,
arterial remodeling, endothelial dysfunction, cerebral
hypoperfusion consecutive to dysautonomy, and car-
diac embolism (Clavelou et al., 2006). Patients often
show suggestive skin lesions (angiokeratoma) which
should prompt the diagnosis. A peculiar corneal opac-
ity (cornea verticillata) may be observed. Proteinuria
is often the first sign of kidney involvement.

Cerebellar hemorrhage

The clinical presentation in adults is usually very
similar to cerebellar infarcts. Nevertheless, the sud-
den onset of occipital headache, dizziness, vomiting,
and stance/gait ataxia is very suggestive of bleeding
(Gilman et al., 1981). Stupor and coma may be the
initial presentation. Patients may deteriorate in a few
hours or days, suggesting a pseudo-tumoral course.

The hemorrhage is located around the lateral nuclei
in most cases. This region is particularly sensitive
to peaks of arterial hypertension. Hemorrhage can
extend to the middle cerebellar peduncle, the brain-
stem, and the fourth ventricle.

The hemorrhage results from hypertension in most
cases, but some patients may be carriers of a silent
aneurysm (about 10-15% of aneurysms are located
in the posterior fossa). Aneurysms are located in the
following zones: bifurcation of the basilar artery in
the posterior cerebral arteries, along the basilar artery,
the junction of the vertebral artery with PICA, and
along the cerebellar arteries (Hudgins et al., 1983).
Patients may develop classical signs of subarachnoid
hemorrhage, followed by vasospam in some cases.
Grading varies from I to IV in the Hunt and Hess
scale (Redekop et al., 1997). Intraventricular hemor-
rhage and hydrocephalus are common in ruptured
aneurysms of cerebellar arteries. The clinical presen-
tation of a giant aneurysm of the basilar artery can
mimic a tumor of the posterior fossa. Other sources
of hemorrhage in the cerebellum are anticoagulation
therapy, angiomas and hemangioblastomas, arteriove-
nous malformations, brain metastases, trauma, and
disorders of coagulation. In addition, cerebellar hem-
orrhage may be the consequence of a primary infarc-
tion, usually an embolism from the heart or the verte-
bral arteries. In this case, the hemorrhage is commonly
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A POST-RESECTION OF SPHENOIDAL MENINGIOMA

B POST-LUMBAR SURGERY

C POST-THORACIC SURGERY

Figure 8.6 Remote cerebellar hemorrhage. (A) Axial CT scan
obtained 2 hours after resection of a large left-sided sphenoidal
meningioma. The zebra coat-like pattern of remote cerebellar
hemorrhage with a typical streaky, curvilinear bleeding pattern is
located in the upper cerebellar sulci. (B) CT scan of a comatose
patient obtained 4 hours after lumbar surgery. More than 500 mL of
serous fluid, which retrospectively was considered to be CSF, had
been drained within this time. Curvilinear bleeding pattern with
blood in the cerebellar sulci facing the tentorium is seen. Note
likewise the small hemorrhage in the interhemispheric fissure
(interpreted as being related to acute loss of CSF). (C) CT scan of a
patient who underwent resection of a Pancoast tumor with
subsequent insertion of a thoracic suction drain. From: Brockman,
2006. With permission.

detected on serial scans performed in the days follow-
ing stroke onset (Chaves et al., 1996).

Isolated venous angiomas of the posterior fossa are
common and are very often asymptomatic. They are
managed conservatively.

Remote cerebellar hemorrhage is a rare compli-
cation of supra-tentorial, thoracic, or lumbar spinal
surgery (Brockmann & Groden, 2006). Brain imaging
shows a typical bleeding pattern (Figure 8.6). Remote

cerebellar hemorrhage should not be mistaken for a
hemorrhagic infarction. Outcome is good in more
than half of cases, with only mild remaining neurolog-
ical symptoms or complete recovery. However, death
occurs in approximately 10% to 15% (Brockmann &
Groden, 2006). Close monitoring of patients undergo-
ing surgery that involves the risk of draining large vol-
umes of cerebrospinal fluid is mandatory. Patients with
post-operative drainage of large amounts of fluid are at
risk.

Extremely low birth weight infants (<1000 g) are
at high risk for cerebellar hemorrhage (Maddalena &
Gibbins, 2008). Associated risk factors include imma-
turity, fetal distress, and cardiorespiratory instability.

Cerebellar vein thrombosis

Cerebellar venous infarction is a rare cause of cerebel-
lar stroke (<5 %). The initial occlusion involves either
the surface veins (draining in the transverse sinus)
or the superior cerebellar vein (draining in the great
vein of Galen). Thrombosis of the vein of Galen or the
straight sinus is a life-threatening condition. The cere-
bellum is affected bilaterally, in association with the
rostral brainstem and supratentorial structures.

Cerebellar vein occlusion can be either hemor-
rhagic or ischemic. Surrounding edema is very com-
mon. Patients may develop cerebellar herniation (ton-
sillar or upward) and brainstem compression. This
pseudo-tumoral presentation results from compres-
sion of posterior fossa structures (Rousseaux et al.,
1988). Signs of intra-cranial pressure in the poste-
rior fossa may evolve abruptly or develop progressively
over several weeks.

Predisposing factors are given in Table 8.6 (Bousser
& Russel, 1997). In patients with pterional craniotomy,
symptoms of brainstem compression and obstruc-
tive hydrocephalus develop within 24 hours follow-
ing surgery (Papanastassiou et al., 1996). Diagnosis is
made with MRI/MRA demonstrating the vein occlu-
sion. Increased venous blood flow velocity is used as
an indirect indicator of venous thrombosis (Stolz et al.,
1999).

Diagnosis of cerebellar stroke

The techniques and ancillary tests used for the diagno-
sis of cerebellar stroke are given in Table 8.7.
Conventional MRI is the recommended test to
evaluate stroke in the posterior fossa. It has a marked
superiority as compared with other techniques. MRI
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Table 8.6 Predisposing factors to cerebellar vein thrombosis
Pregnancy

Oral contraceptives

Hyperosmolar states

Coagulation disorders (antithrombin Il deficiency, R-APC)
Infection (mastoiditis, facial pyodermitis, sinusitis)

Pterional craniotomy

Abbreviation: R-APC: resistance to activated protein C.

Table 8.7 Techniques and ancillary tests used for the
diagnosis of cerebellar stroke

MRI

MRA

CT scan

Conventional angiography in selected cases
Ultrasound imaging

Single-photon emission CT

Blood studies

Cardiac investigations

Lumbar puncture in selected cases

allows one to determine the precise location of the
lesion(s) and therefore to make a presumption about
the cause of the stroke (Tohgi et al., 1993). MRA is
a useful complement to MRI. It allows the investiga-
tion of the vertebrobasilar system. The technique is
non-invasive. Brain CT is useful for the diagnosis and
follow-up of acute hemorrhage.

Conventional angiography is performed if an
aneurysm or a vascular malformation is suspected. It
may prove to be superior to MRA when a dissection is
suspected. The technique carries a risk.

Due to anatomical reasons, ultrasound of the
posterior circulation is less informative as com-
pared with that of the carotid arteries. Neverthe-
less, continuous-wave Doppler and duplex systems are
non-invasive techniques which can detect stenosis and
even dissection (Trattnig et al., 1990). Transcranial
Doppler (TCD) is used to evaluate hemodynamics. It
detects microbubbles during the Valsalva maneuver
in patients presenting with a patent foramen ovale in
whom microbubbles are injected in the veins of the
upper limbs, confirming a right-left shunt (paradoxi-
cal embolism). However, transcranial Doppler of the
vertebrobasilar system requires technical skills and
also depends on the anatomical variability between
subjects.

Table 8.8 Management of cerebellar stroke

Identification/management of risk factors (hypertension,
diabetes mellitus, hyperlipemia, cigarette smoking, exposure
to vasoconstrictive agents)

Control of vital functions
Intensive follow-up (stroke unit)

Ischemia
Thrombolysis
Anticoagulants
Antiplatelet agents
Neurosurgery
Endovascular prosthesis in selected cases

Hemorrhage
Neurosurgery

Vein thrombosis
Anticoagulants
Monitoring of intra-cranial pressure
Surgical removal of the lesion if required
Endovascular thrombolysis in selected cases
Antibiotics in case of infection

Single-photon emission computed tomography
with technetium-99 hexamethylpropyleneamine oxi-
me may reveal a reduction in blood flow in the terri-
tory of a cerebellar infarct. A contralateral diaschisis,
clinically silent or not, may be detected (Rousseaux &
Steinling, 1999).

Blood tests should include cell counts, hematocrit,
lipid levels, glucose level, and coagulation studies.
Coagulation studies should be detailed in patients with
unexplained strokes or a positive family history of
stroke.

Electrocardiographic studies may demonstrate an
arrhythmia or signs of congestive heart failure. Trans-
esophageal echocardiography - which is superior to
transthoracic echocardiography for detecting cardiac
sources of embolism — with contrast administration is
recommended when a cardiac source of embolism is
suspected, as well as 24-hour Holter monitoring.

Lumbar puncture should be performed in patients
complaining of severe headache, without known cause.
Mass effect in the posterior fossa should first be ruled
out by a CT scan.

Treatment of cerebellar stroke

Management of cerebellar stroke is discussed in
Table 8.8. General management in the acute phase
includes cardiac and respiratory care, metabolic main-
tenance, blood pressure control, and prevention of bed
sores and phlebitis.
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Enzyme replacement therapy (agalsidase alfa/beta)
in Fabry disease improves pain and stabilizes renal
function and might prevent stroke and adverse cardiac
events.

Vasculitis is usually treated with steroids or
immunosuppressants (cyclophosphamide therapy to
induce remission, commonly followed by maintenance
treatment with a less toxic immunosuppressant, such
as azathioprine or methotrexate).

Thrombolysis within a few hours should be con-
sidered in patients with recent thrombotic occlusions
(Hacke et al., 1988). The role of heparin in the acute
treatment of ischemic stroke is not established. How-
ever, patients with transient ischemic episodes might
have some benefit (Amarenco et al., 1998). Long-
term oral anticoagulation is recommended in patients
presenting with cardio-embolism (atrial fibrillation,
myocardial infarction, intra-cardiac thrombus, valvu-
lar disease). Prothrombin time should be maintained
between 1.2 and 2.5. Patent foramen ovale can be man-
aged with percutaneous closure. Antiplatelet agents
(aspirin, ticlopidine, clopidogrel, dipyridamole) are
active in the secondary prevention of ischemic stroke
in the vertebrobasilar circulation (Sivenius et al.,
1991).

Decompressive surgery with monitoring of intra-
cranial pressure needs to be performed as soon
as possible in patients presenting with a pseudo-
tumoral ischemic stroke. Most authors recommend
external ventricular drainage (intra-cranial pressure
>35 mm H,O as detected by monitoring of intra-
cranial pressure requires ventricular drainage in most
cases) and/or suboccipital craniectomy when acute
hydrocephalus develops. Third ventriculocisternos-
tomy is a treatment option which may obviate the
placement of an external ventricular drainage (Roux
et al, 2002). The absence of a hypodense lesion
on CT scan in the cerebellum in the first hours
after stroke onset should be kept in mind. Early
surgery in both cerebellar hemorrhage and infarc-
tion (external drainage or evacuation of the lesion)
may have a good outcome (Mathew et al, 1995).
About three-quarters of patients with hematoma will
require a neurosurgical procedure. Brain MRI should
be performed immediately in patients presenting with
severe weakness, hemiplegia, or tetraplegia. Indeed,
a massive pontine infarction might be detected. In
these patients, the neurosurgical procedure is not
advised.

Aneurysms are managed with neurosurgery
(clipping) or endovascular treatments. A decision-
making algorithm has been suggested for dissecting
aneurysms of the vertebral artery (Iihara et al., 2002).
Embolization of arteriovenous malformations may
facilitate the resection of the lesion. Multimodality
therapy (combinations of radiosurgery, surgery, and
endovascular techniques) of arteriovenous malforma-
tions of the posterior fossa is associated with a better
clinical outcome (Kelly et al., 2008). Vasospasm is
treated with “triple H” therapy (hemodilution, hyper-
tension, hypervolemia), calcium channel blockers,
recombinant tissue plasminogen activator, and percu-
taneous transluminal angioplasty (Chiappetta et al.,
1998).
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Multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory-
demyelinating disease of the central nervous system
which typically presents as an acute clinically isolated
syndrome attributable to a monofocal or multifocal
demyelinating lesions. MS is a common chronic neu-
rological disorder in young and middle-aged adults,
with a prevalence up to 100 to 200 cases per 100 000.
The disorder affects mainly Caucasians. African Amer-
ican individuals have a more severe disease course,
an older age at onset, and clinical manifestations usu-
ally restricted to the optic nerves and spinal cord
(opticospinal MS) as compared with White persons
(Cree et al., 2009). Demyelination usually affects the
optic nerve, brain, and spinal cord. The relapsing-
remitting and secondary progressive forms of MS are
the most common presentations (70% of cases). A
majority of patients with late-onset MS (diagnosed
after 50 years of age) have a primary progressive dis-
ease course, whereas a majority of younger patients
with age at diagnosis of less than 40 years have a
relapsing-remitting course (Kis et al., 2008). Other
presentations include the primary progressive (15-
20% of cases), the progressive relapsing, and the
benign course, which continues for years after onset
(benign MS).

(linical manifestations

Clinical manifestations are multiple. Fatigue is a com-
mon and disabling symptom, impairing quality of
life. Prevalence of depression is high, and a system-
atic screening for depression is now recommended.
Roughly two-thirds of individuals with MS experience
significant cognitive dysfunction, especially in the
domains of learning/memory, processing speed, and
working memory. Sensory manifestations are present
in nearly all the patients, reflecting spinal and/or
supra-spinal plaques. Lhermitte sign is suggestive of
MS, although it is not entirely specific. Optic neuritis

is common and usually unilateral. Uhthoff sign (tem-
porary decrease in vision during exercise or while tak-
ing a hot bath) and heat intolerance reflect impaired
conductivity in demyelinated axons. Eye movement
disorders, such as nystagmus and internuclear oph-
thalmoplegia, are related to brainstem and cerebellar
lesions. Many patients have action tremor, either pos-
tural or kinetic (Alusi et al., 2001). Tremor severity
ranges from minimal to severe. Tremor severity corre-
lates with the degree of dysarthria, dysmetria, and dys-
diadochokinesia. The association of nystagmus, scan-
ning speech, and kinetic tremor is called the Charcot
triad of cerebellar signs. These latter are a major factor
of incapacity. Dysarthria can be paroxysmal (Blanco
et al., 2008). Paresis is usual in lower limbs and may
be associated with spasticity, tendon hyperreflexia, and
extensor plantar reflexes, reflecting lesions along the
pyramidal tracts. Bladder symptoms (failure to store
urine) are common. Patients often complain of con-
stipation and anal incontinence due to anorectal dys-
function, which occurs more commonly in progres-
sive forms (Munteis et al., 2008). Patients with anorec-
tal dysfunction are older and have greater disabil-
ity, longer disease duration, and a greater association
with urinary dysfunction (Munteis et al., 2006). Sex-
ual dysfunction is a significant and often underesti-
mated symptom of multiple sclerosis, affecting 50% to
90% of men and 40% to 80% of women (Kessler et al.,
2009).

Diagnostic criteria

Diagnostic criteria are based on the objective demon-
stration of dissemination of lesions in time and space
(Table 9.1). New criteria allow the occurrence of
lesions of MRI to fulfill the requirements for dissem-
ination (McDonald et al., 2001). Attacks must have
a duration of at least 24 hours, and two successive
attacks must be separated by at least 30 days between
the onset of events. In patients with abnormalities in
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Table 9.1 Diagnostic criteria for multiple sclerosis

Presentation Additional studies required

2 or more attacks None (desirable, must be
consistent with MS)
2 or more objective

clinical lesions

Demonstration of a dissemination
in space by MRI, or positive CSF
and at least 2 MRl lesions, or a
new attack in another site

2 or more attacks
1 objective clinical lesion

1 attack
2 or more clinical lesions

Dissemination in time
demonstrated by MRl or a
second clinical attack

1 attack
1 objective clinical lesion

Dissemination in space
demonstrated by MRI or
positive CSF with at least
2 MRl lesions

Dissemination in time
demonstrated by MRl or a
second clinical attack

Neurological Positive CSF
progression Dissemination in space
suggestive of MS demonstrated by brain MRI

(9 lesions or more), or at least
2 spinal cord lesions, or 4-8
brain lesions and 1 spinal cord
lesion, or positive visual evoked
potential (VEP) with 4 to 8 MRI
lesions, or positive VEP with
fewer than 4 brain lesions with
1 spinal cord lesion
Dissemination in time
demonstrated by MRI or
continued progression for
1 year

cerebrospinal fluid (CSF) (see below), the presence of
two or more lesions is sufficient to disclose dissem-
ination in space. New T2- or gadolinium-enhancing
lesions appearing at least 3 months after the onset
of the clinical event satisfy the MRI criteria for dis-
semination in time. Failure to perform follow-up MRI
in patients with clinically isolated syndromes may
become a practical difficulty for compliance with the
criteria (McHugh et al., 2008).

Differential diagnosis

Several disorders can mimic MS:

* Neuromyelitis optica (NMO) is characterized by
optic neuritis and myelitis. Revised diagnostic
criteria for definite NMO also require at least two
of three supportive criteria: MRI evidence of a
contiguous spinal cord lesion (three or more
segments in length), onset brain MRI

nondiagnostic for multiple sclerosis, or NMO
immunoglobulin (Ig) G seropositivity
(NMO-IgG, an autoantibody targeting
aquaporin-4, is a biomarker for NMO)
(Wingerchuk et al., 2006).

* Other causes of optic neuritis

e Transverse myelitis

* The group of vasculitis disorders affecting the
central nervous system

* Fabry disease (Saip et al., 2007): patients present
with unexplained stroke-like episodes,
angiokeratomas, and proteinuria (see Chapter 8)

* Fulminant or acute inflammatory-demyelinating
diseases, such as the Marburg variant of MS,
Bal6 concentric sclerosis, Schilder disease, and
acute disseminated encephalomyelitis (see
Chapter 11)

¢ Erdheim-Chester disease (see Chapter 13)

* Congenital adrenal hyperplasia is an inherited
recessive disorder of adrenal steroidogenesis
caused by a total or partial deficiency in
21-hydroxylase due to a deletion of or mutations
in the CYP21 gene (Bergamaschi et al., 2004).
Impaired cortisol biosynthesis results in
corticotropin hypersecretion. Patients may
present with cerebellar signs. Repeated brain MRI
shows focal white matter lesions in periventricular
areas, the corpus callosum, the cerebellum, and
the brainstem.

Neurophysiology

Multimodality evoked potentials (visual evoked
potentials, somatosensory evoked potentials, auditory
evoked potentials, and motor evoked potentials)
document spatial dissemination of lesions. These
lesions may be clinically silent. Evoked potentials
are particularly useful when symptoms are atypical
without any objective impairment and when symp-
toms have already recovered at the time of clinical
examination (Fischer et al., 2001). Transcranial
magnetic stimulation measures have a high sensitivity
in detecting lesions in MS, and abnormalities in
central motor conduction time may correlate with
motor impairment and disability (Chen et al., 2008).
Cerebellar stimulation may detect lesions in the
cerebellum or the cerebellar output pathways.

About half of the patients have impaired sympa-
thetic skin responses. Sudomotor regulation failure
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might be correlated with the total lesion volume in the
whole brain and focal lesion volumes in the temporal
lobe, in the pons, and in the cerebellum (Saari et al.,
2008).

Neuroimaging

MRI has a unique sensitivity to demonstrate the spatial
and temporal dissemination of demyelinating plaques
in the brain and spinal cord (Rovira & Ledn, 2008).
Conventional MRI techniques, such as T2-weighted
and gadolinium-enhanced T1-weighted sequences, are
sensitive in detecting MS plaques and provide a quan-
titative assessment of inflammatory activity and lesion
load. However, there is often a discrepancy between
clinical efficacy and MRI-based estimation of the
effects of treatments.

T2-weighted images of the optic nerve usually
show a hyperintense lesion in optic neuritis, and
gadolinium enhancement is seen in the acute attack
(Kolappan et al., 2009). Quantifying atrophy of the
optic nerve using MRI gives an indication of the degree
of axonal loss. Magnetization transfer ratio (MTR) of
the optic nerve provides an indication of myelination,
and diffusion tensor imaging of the optic nerve/optic
radiation gives information about the involvement
of the visual white matter tracts. Infratentorial T1-
weighted hypointense lesions are often found on brain
MRI in patients with MS and chronic cerebellar ataxia.
The Expanded Disability Status Scale score correlates
with both the number and the volume of these lesions.
Lesions may predominate in the cerebellar peduncles
in some patients. Overall, cerebellar lesions are less fre-
quent in late-onset MS as compared with young-onset
MS (Kis et al., 2008).

Cortical and subcortical atrophy in MS relates to
clinical outcomes. Voxel-based automated studies for
brain reconstruction show that cerebellum white mat-
ter volumes are significantly lower in MS from the
earliest clinical stages (Ramasamy et al.,, 2009). MS
patients have lower volumes of thalamus as well as
cortical thinning, which increases as the disease pro-
gresses.

Diffusion tensor MRI scans might become a useful
tool for detecting abnormalities which are not appar-
ent in T2-weighted sequences. In primary progressive
MS patients, mean diffusivity changes involve several
cortical-subcortical structures in all cerebral lobes and
the cerebellum (Ceccarelli et al., 2009). An overlap
between decreased white matter fractional anisotropy

and increased white matter mean diffusivity is found
in the middle cerebellar peduncles.

(SF studies

More than 95% of patients have positive oligoclonal
bands or raised IgG index in the CSE.

Neuropathology

Plaques are found in both gray and white matter.
The most likely sites are periventricular and peri-
aqueductal areas. Acute plaques typically spread out
from the post-capillary venules. Early plaques are usu-
ally hypercellular, with diffuse demyelination, swollen
astrocytes, and attack of the myelin by macrophages.
Inflammation and edema will slowly decrease there-
after. The cerebellar cortex is a predilection site for
demyelination, in particular in patients with pri-
mary and secondary progressive MS (Kutzelnigg et al.,
2007). In these patients, about 40% of the cerebellar
cortical area is affected. Cerebellar cortical demyelina-
tion occurs mainly in a band-like manner. There is no
correlation between demyelination in the cortex and
the white matter.

Pathogenesis

MS is characterized by immune attack(s) against
myelin and myelin-forming cells in the central ner-
vous system. Multiple causes have been suggested. In
particular, damage to oligodendrocytes might follow a
viral or a bacterial infection, myelin repair by oligo-
dendroglia might be defective, and MS might develop
following complex genetic—environmental interac-
tions. Increased family risks range from 300-fold for
monozygotic twins to 20- to 40-fold for biological
first-degree relatives (Ebers et al., 1995). MRI shows
abnormalities consistent with demyelination in some
monozygotic and dizygotic co-twins who are clini-
cally unaffected (Mumford et al., 1994). Episodes of
demyelination and axonal damage are mediated pri-
marily by CD4-positive T-helper cells with a pro-
inflammatory Th1 phenotype, macrophages, and sol-
uble mediators of inflammation. Experimental allergic
encephalomyelitis is a commonly used model of MS in
animals.

Treatment

Therapies are summarized in Table 9.2. It is now
possible to diagnose patients with MS earlier than
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Table 9.2 Treatment of multiple sclerosis

Corticosteroids
Beta-interferons
Glatiramer acetate
Plasma exchange
Immunosuppressants
Monoclonal antibodies
Cladribine

Treatment of tremor (deep brain stimulation, thalamotomy)

previously due to the integration of MRI parameters
into the diagnostic criteria. This provides a window of
opportunity to treat patients before clinically manifest
tissue destruction (Tintoré, 2009).

Corticosteroids remain a mainstay of treatment
for acute relapses in MS and optic neuritis (Tumani,
2008). High-dose short-term intravenous steroid
therapy (methylprednisolone 500-1000 mg/day for
3-5 days) provides symptomatic relief, improves
motor function, and accelerates the recovery, but
there is no evidence that long-term corticosteroid
treatment delays progression of long-term disability.
Young-onset MS patients usually respond to steroids
to a significantly greater degree as compared with
late-onset MS patients (Kis et al., 2008). Oral applica-
tions of steroids may be proposed for the treatment
of exacerbations if intravenous administration poses
practical problems (Tumani, 2008). Acute monitoring
in patients with diabetes mellitus, patients receiving
anticoagulation, or those having a history of glaucoma
is recommended. Behavioral disturbances and gastri-
tis are potential side effects. Supplements of vitamin D
and calcium (1 g/day) may be added in patients with
osteoporosis. Some authors suggest bisphosphonates
or calcitonin.

Patients suffering from severe steroid-resistant
relapses may benefit from plasma exchange. This ther-
apy has become an integral part of escalating relapse
therapy in relapsing-remitting MS (Linker & Gold,
2008). Best effects can be expected when plasma
exchange is administered within 4 to 6 weeks after
onset of symptoms and require usually at least three
sessions. Possible complications are related to the use
of central venous access (infections, thrombosis, pneu-
mothorax), anticoagulation, and hypocalcemia due to
citrate infusion.

Beta-interferons and glatiramer acetate, a com-
plex heterogenous mixture of polypeptides with

immunomodulatory activity, can decrease the fre-
quency and severity of relapses. Patients with relaps-
ing multiple sclerosis randomized to interferon-beta
1b or glatiramer acetate show similar MRI and clinical
activity (Cadavid et al., 2009). Patients treated with an
interferon-beta should be monitored systematically for
the appearance of neutralizing antibodies. Interferon-
beta treatment should be discontinued in case of per-
sistent neutralizing antibodies.

Monoclonal antibodies such as natalizumab might
reduce relapses and progression in relapsing-remitting
and secondary progressive MS. The risk of progres-
sive multifocal leukoencephalopathy (see also Chap-
ter 11) is increased with this agent (Langer-Gould
et al., 2005). The interleukin-2 receptor antagonist
daclizumab leads to both clinical improvement and a
reduction in MRI activity (Rose et al., 2007).

Brief immunosuppression with mitoxantrone fol-
lowed by maintenance therapy with glatiramer acetate
might provide a synergistic effect on control of disease
activity (Boggild, 2009).

Cladribine is a novel immunosuppressant cur-
rently under investigation. Cladribine triggers anti-
inflammatory effects on MRI evaluation, but may not
influence the neurodegenerative process (Filippi et al.,
2000).

Fatigue may improve with modafinil and gla-
tiramer acetate (Lange et al., 2009; Ziemssen, 2009).

Sildenafil (50-100 mg) is effective in the treatment
of sexual dysfunction in some patients.

Paroxysmal dysarthria responds to carbamazepine
(Blanco et al., 2008).

Improvement of tremor with medical treatment
(clonazepam, gabapentin, topiramate, primidone
Mysoline®) is often modest. Stereotactic surgery
targeting the vim nucleus of the thalamus is success-
ful in alleviating MS tremor. Tremor with a poor
response to vim deep brain stimulation monotherapy
may respond favorably to vim plus ventralis oralis
anterior/ventralis oralis posterior (Foote et al., 2006).
Stimulation of the zona incerta nucleus may have
the advantage of improving proximal components
of tremor (Plaha et al., 2008). Gamma knife radio-
surgical thalamotomy is an effective alternative to
stereotactic surgery (Mathieu et al., 2007). Patients
experience improvement in tremor after a median
latency period of 2.5 months. More improvement
was noted in tremor amplitude than in writing and
drawings. Transient contralateral hemiparesis is a
potential complication which may respond to steroids.
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Recent studies suggest that vagus nerve stimulation
might improve postural cerebellar tremor associated
with MS, probably by acting at multiple levels in the
brainstem (Marrosu et al., 2007).

Repetitive transcranial magnetic stimulation over
the motor cortex in MS subjects with cerebellar symp-
toms improves hand dexterity, but the therapeutical
implications remain to be determined.

Ataxia with anti-GAD antibodies

Glutamic acid decarboxylase (GAD) is the enzyme
converting glutamate to GABA (see also Chapter 1).
Antibodies against GAD (GAD-Ab) may be associated
with neurological disorders such as cerebellar ataxia
or stiff-man syndrome (Saiz et al., 1997). Patients
may suffer from insulin-dependent diabetes or auto-
immune polyendocrine syndrome (APS; see section
Other immune disorders affecting the cerebellum).

Clinical presentation

Neurological examination shows various degrees of
severity of cerebellar ataxia, ranging from mild to
severe. Nystagmus (gaze-evoked, periodic alternating,
downbeat) may be the predominant finding. Patients
are at risk for aspiration pneumonia in advanced cases.

Neuroimaging
Brain MRI reveals various degrees of cerebellar atro-
phy after several years of evolution.

Neuropathology

Autopsy shows depletion of Purkinje cells and dif-
fuse proliferation of the Bergmann glia (Ishida et al.,
2007). This is reminiscent of pathological changes that
are observed in paraneoplastic cerebellar degeneration
(see Chapter 13). Basket cells appear relatively pre-
served (Ishida et al., 2007). Lymphocytic infiltration in
the pancreas and selective decrease in the pancreatic
islets are suggestive of an antibody-mediated diabetes
mellitus (Nakanishi et al., 1993).

Blood studies

GAD-Ab are considered as a serological diagnos-
tic marker of the disease. There is a significant link
between GAD-Ab and cerebellar symptoms (Honno-
rat et al., 2001). Purkinje cells, particularly enriched in
GAD, are probably very sensitive to GAD-Ab (Manto

et al., 2007). Purkinje cells might have the ability to
uptake immunoglobulins from the CSE, so that GAD-
Ab would reach their target. GAD-Ab suppress cere-
bellar GABAergic transmission and impair NMDA-
mediated synaptic regulation of neurotransmitters
(Ishida et al., 1999; Manto et al., 2007). Muscle spasms
are presumably due to dysfunction of inhibitory cir-
cuits in the spinal cord.

Treatment

Ataxia may respond to intravenous immunoglobulins
(Abele et al., 1999). Plasma exchanges and immuno-
suppressive therapy might improve slightly cerebellar
ataxia (Ishida et al., 2007). Baclofen tends to reduce
oculomotor deficits. Spasms and rigidity may improve
with diazepam and baclofen administration. Oculo-
motor deficits may respond to gabapentin (900-3000
mg/day).

Celiac disease and gluten ataxia

Gluten ataxia is an immune-mediated disorder which
is triggered by ingestion of gluten in susceptible
individuals (Hadjivassiliou et al., 2008). It is one of
the extraintestinal manifestations of gluten sensitivity,
which is a systemic illness. Gluten ataxia can be defined
as a sporadic cerebellar ataxia associated with circulat-
ing antigliadin antibodies in absence of an alternative
etiology for ataxia (Hadjivassiliou et al., 2008).

There is a high prevalence of antigliadin antibodies
in sporadic ataxias as compared with healthy individ-
uals. The prevalence of antigliadin antibodies in a con-
trol population is about 5% to 12%, depending on the
technique used and the local prevalence of celiac dis-
ease (Hadjivassiliou et al., 2008). Some authors argue
that this high prevalence in controls decreases the
value of antigliadin antibodies as a marker of disease.
Nevertheless, these antibodies remain the most sen-
sitive marker for gluten ataxia, until the discovery of
more specific ones. The prevalence of occult gluten
sensitivity in subjects with positive antigliadin anti-
bodies and no enteropathy is unknown.

Clinical presentation

Mean age of gluten ataxia is 53 years, with a male-
to-female ratio of 1:1. The onset of ataxia is usu-
ally insidious. Gait is always abnormal, with limb
ataxia being present in most cases. Severe gait ataxia
occurs usually after a long disease duration. Subacute
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course mimicking a paraneoplastic cerebellar degen-
eration may occur. Patients presenting with gluten
ataxia may exhibit other neurological features. In par-
ticular, gluten ataxia is often accompanied by periph-
eral neuropathy involving large fibers or small fibers
(more than 50% of patients with gluten ataxia present
with evidence of sensorimotor axonal neuropathy;
Hadjivassiliou et al., 2003), autonomic insufficiency,
and can be associated, although uncommonly, with
cognitive impairment, pyramidal signs, myoclonus,
palatal tremor, opsoclonus-myoclonus, parkinson-
ism or chorea, and myopathy (Cooke & Thomas-
Smith, 1966; Luostarinen et al., 1999; Hadjivassiliou
et al., 2002; Pereira et al., 2004). The clinical picture
may be suggestive of multiple system atrophy (see
Chapter 23).

Blood studies

By definition, all patients have positive IgG and/or
IgA antigliadin antibodies (Hadjivassiliou et al., 2008).
Anti-endomysium antibodies are detected in 1 in 5
patients. However, these antibodies have a high speci-
ficity for the presence of enteropathy. It should be
noted that the specificity of IgG antigliadin antibod-
ies is lower than that of IgA antigliadin antibodies in
the diagnosis of celiac disease (Farrell & Kelly, 2002).
Tissue transglutaminase antibodies are positive in up
to 56% of patients with gluten ataxia. Concomitant
auto-immune disease is not exceptional (especially
Hashimoto thyroiditis, type 1 diabetes mellitus, and
pernicious anemia) (Hadjivassiliou et al., 2008).

Neuroimaging

Brain MRI shows various degrees of cerebellar atrophy.
White matter lesions also can be found. They tend to
be confluent. Single-photon emission CT images may
demonstrate decreased cerebellar blood flow (Ihara
et al,, 2006). Proton MR spectroscopy reveals abnor-
mal ratios of N-acetylaspartate to creatine in the cere-
bellum (Wilkinson et al., 2005). Oligoclonal bands are
found in the CSF in 50% of cases.

Small bowel biopsy

Small bowel biopsy shows evidence of enteropathy in
about 35% of patients with gluten ataxia. Duodenal
biopsy demonstrates infiltration of plasma cells and
lymphocytes in the lamina propria, crypt hyperpla-
sia, and villous blunting. It should be kept in mind

that extra-intestinal manifestations of gluten sensitiv-
ity can exist in the absence of an enteropathy disclosed
by biopsy specimen.

Pathogenesis

Gluten sensitivity is probably genetically determined.
Many patients presenting with gluten ataxia express
HLA-DQ?2, found in 70% of cases and in about 90%
of patients with celiac disease (Hadjivassiliou et al.,
2003; Hadjivassiliou et al., 2008). The other patients
are HLA-DQ8 and HLA-DQ1 positive. There is grow-
ing evidence for impaired immunoregulation in gluten
ataxia. Post-mortem studies have provided evidence
of neuroinflammation in the cerebellum and posterior
columns (Hadjivassiliou et al., 2002). Patchy losses of
Purkinje cells are found in the cerebellar cortex, and
the cerebellar white matter is characterized by astro-
cytic gliosis, vacuolation, and diffuse infiltrate with a
majority of T-lymphocytes, which are also identified in
perivascular cuffing. Experimental studies indicate an
antibody cross-reactivity between antigenic epitopes
on Purkinje cells and gluten peptides (Hadjivassiliou
etal., 2002). Some authors have hypothesized that pos-
itivity for antigliadin antibodies might be a conse-
quence rather than the origin of the cerebellar degen-
eration, raising some controversy about the entity of
gluten ataxia (Bushara et al., 2004). Malabsorption of
vitamins (such as vitamin E) and nutrients could con-
tribute to cerebellar deficits (Harding et al., 1982).

Treatment

A gluten-free diet should be initiated immediately.
This can lead to symptomatic relief in ataxic patients
(Ihara et al., 2006). In others, diet will stop the pro-
gression of ataxia. The best marker of strict adherence
to a gluten-free diet is serological demonstration of the
elimination of circulating antigliadin antibodies (Had-
jivassiliou et al., 2008). Intravenous immunoglobu-
lins can be considered also. They may improve gluten
ataxia without enteropathy (Burk et al., 2001). Main
additional immunosuppressive treatments used are
cyclosporin and cyclophosphamide. They are used in
refractory cases and require a close follow-up.

Other immune disorders affecting
the cerebellum

Cogan syndrome is a disorder which is probably over-
looked. It affects young adults and is characterized
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by episodes of acute interstitial keratitis with vestibu-
loauditory dysfunction (Cogan, 1945). From 2% to
50% of patients present with neurological deficits,
mainly meningoencephalitis, seizures, organic men-
tal syndrome, and peripheral neuropathy. Patients may
present with thrombosis of the PICA artery or multiple
acute cerebellar lesions mimicking cerebellar infarc-
tions (Norton & Cogan, 1959; Fair & Levi, 1960; Manto
& Jacquy, 1996). The diagnosis should be considered in
any patients presenting with a combination of eye and
ear symptoms with cerebellar signs. The pathogenesis
consists of a vasculitis. Cerebellar ataxia may improve
with steroids (Manto & Jacquy, 1996).

Behget disease usually starts between 16 and
55 years of age, with a predominance in males. The
disorder is a vasculitis characterized by a triad of
oral and genital aphthous ulcers, meningoencephali-
tis, and relapsing uveitis. The disease has a wide
systemic spectrum, involving joints, nervous system,
gastrointestinal tract, and vessels. About 10% to 25%
of patients exhibit neurological deficits (Nakasu et al.,
2001; Wolf et al, 1965; Hadfield et al., 1997). Usually,
patients have fever during or preceding CNS manifes-
tations (O’Dufty & Goldstein, 1976). The most com-
mon symptoms of neuro-Behget disease are headache,
paresthesia, unsteadiness, diplopia, and weakness
(Ashjazadeh et al., 2003). Neurological examina-
tion shows various combinations of gait deficits,
sensory abnormalities, ophthalmoplegia, cerebellar
ataxia, pseudobulbar syndrome, and hemiplegia. The
most common presentation is a “brainstem-plus”
type. Intracranial hypertension is not rare. Suba-
cute onset or a relapsing-remitting course may first
suggest a multiple sclerosis (MS). Patients are par-
ticularly at risk for venous sinus thrombosis, arte-
rial occlusion, or thrombophlebitis. Most intra-cranial
aneurysms which have been described are located
supra-tentorially. The superior cerebellar artery is
a potential site (Ho & Deruytter, 2005). The most
common neuropathologic findings are focal necrotic
lesions in the brain. Perivascular inflammation is par-
ticularly marked (Arai et al, 2006). Although some
aneurysms disappear after steroid therapy, others
require surgery, keeping in mind that aneurysms may
be the site of an inflammatory process and therefore
are friable (Nakasu et al., 2001; Chun et al., 2001).
Regarding CSF, neuro-Behget disease is characterized
by pleocytosis with predominant lymphocytosis, as
well as elevated protein levels (O’Dufty & Goldstein,
1976). MRI is the investigation of choice, revealing

iso-/hypointense lesions in T1-weighted images and
hyperintense lesions in T2-weighted images, mainly
in the mesodiencephalic junction, cerebellar pedun-
cles, or other brainstem areas (Haghighi et al., 2005).
Steroids are usually effective to reduce or stop the
progression of the neurological deficits. Immuno-
suppressive agents used are cyclophosphamide, aza-
thioprine, and chlorambucil (Benamour et al., 2006).
Anticoagulation and anti-epileptic agents may be
required for dural sinus thrombosis. The progno-
sis is usually worse in cases of parenchymal CNS
involvement.

Systemic lupus erythematosus may affect cerebellar
structures in an acute or subacute mode. Patients are
at risk for acute vasculopathy in the territory of cere-
bellar arteries or may develop a subacute pancerebel-
lar syndrome (Manto et al., 1996; Chan et al., 2006;
Parikh et al., 2007). Multiple infarctions in the verte-
brobasilar territory may be the initial manifestation
(Kwon et al., 1999). Sjogren syndrome and Hashimoto
encephalopathy might share some pathophysiological
mechanisms with lupus. Antibodies directed against
Purkinje cells have been reported in patients with
lupus ataxia (Shimomura et al., 1993). Treatments
include prednisone, cyclophosphamide, and anticoag-
ulation. Ataxia may respond promptly to steroids in
some cases.

Polyarteritis nodosa is characterized by a necro-
tizing arteritis of small and medium arteries. The
disorder manifests from childhood to midlife and
affects mainly the skin, joints, kidneys, gastrointesti-
nal tract, and peripheral nerves in a context of fever
and weight loss (Conn, 1990). Hypertension is com-
mon. CNS involvement includes diffuse encephalopa-
thy, focal deficits, and seizures. Infarctions are found in
the cortical and subcortical regions of cerebral hemi-
spheres, in basal ganglia, internal capsule, brainstem,
and cerebellum (Provenzale & Allen, 1996). Cerebral
angiography shows alternating sites of narrowing and
dilatation in middle-size and small arteries, con-
sistent with arteritis. Diagnosis can be confirmed
by nerve, muscle, or kidney biopsy. Neurological
symptoms usually respond to steroid and cytotoxic
agents.

Auto-immune polyglandular syndromes (APS)
comprise a wide spectrum of auto-immune disorders
and are divided into a rare juvenile (PAS type I) and
a more common adult type with (PAS II) or without
adrenal failure (PAS III) (Kahaly, 2009). Autosomal
recessive PAS I is caused by mutations in the
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Figure 9.1 Auto-immune polyglandular syndrome (APS) type 2 in a young man presenting with a disabling cerebellar syndrome. (A,B)
T2-weighted brain MRI. Cerebellar sulci are widened (A). There is a moderate cerebral diffuse cortical atrophy (B). (C,D) Single-photon emission
CT imaging showing an asymmetry of cerebellar blood flow, with hypoperfusion of right cerebellar hemisphere (arrows). (E-H)
18F-Fluorodeoxyglucose positron emission tomography study shows an asymmetry of cerebellar metabolism and a diffuse cerebral cortical
hypometabolism.

auto-immune regulatory (AIRE) gene on chro-
mosome 21. Mutations in the AIRE gene result in
defective proteins which cause auto-immune destruc-
tion of target organs. Neurologic deficit may result
from the associated endocrinopathies (hypoparathy-
roidism, hypothyroidism, diabetes mellitus), vitamin
deficiencies (vitamins B12 and E), and celiac sprue
(Berger et al., 2008). Cerebellar syndrome may be
prominent in APS type I or type II. Brain MRI
can demonstrate a cerebellar atrophy, and positron
emission tomography studies can reveal a cerebellar
hypometabolism (Figure 9.1). Diagnosis of PAS
involves serological measurement of organ-specific
autoantibodies and subsequent functional testing.

Vogt-Koyanagi-Harada disease is an inflammatory
disorder characterized by posterior uveitis, iridocy-
clitis, and papillitis. Hair loss and vitiligo are com-
monly observed. Patients may present with diplopia,
dysarthria, and cerebellar ataxia as a result of a brain-
stem encephalitis extending into the middle cerebel-
lar peduncle (Hashimoto et al., 2009). Wallenberg syn-
drome due to stroke is a complication. Ataxia may
respond to administration of steroids.

Kikuchi-Fujimoto disease (histiocytic necrotizing
lymphadenitis) is a benign and self-limiting disease of
unknown etiology affecting mainly young women. It
presents with localized lymphadenopathy, usually cer-
vical, accompanied by various systemic manifestations
including fever, weight loss, night sweats, leukopenia,
and high erythrocyte sedimentation rate. Patients may
present with acute aseptic meningitis. Kinetic tremor
and gait ataxia may precede cervical lymphadenopathy
(Moon etal., 2009). Diagnosis is based upon the biopsy
of cervical lymph nodes, showing areas of necrosis
with abundant debris and reactive histiocytes. Acute
cerebellar symptoms resolve spontaneously. Kikuchi-
Fujimoto disease has been described in association
with other auto-immune disorders, mainly systemic
lupus erythematosus.

Graft-versus-host disease after a bone-marrow
transplant is a cause of cerebral vasculitis (Camp-
bell & Morris, 2005). Lesions may predominate in
the cerebellum. Cerebral angiography shows dilated
and narrowed segments of the posterior circulation.
Steady improvement with immunosuppressant ther-
apy is reported.
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Thyroid disorders

The main cause of cerebellar ataxia of endocrine ori-
gin is a dysfunction of the thyroid gland. Thyroid
hormones exert a trophic action during growth of
the cerebellum and throughout the lifespan. They are
involved in proliferation, migration, and maturation
of cerebellar neurons and promote myelination as
well as gliogenesis. They also interact with growth
factors.

Both hypothyroidism and hyperthyroidism are
associated with cerebellar ataxia. The stage of devel-
opment of the cerebellum and the severity of the
endocrine dysfunction are main factors for influencing
cerebellar function. Ataxia predominates for trunk and
limb movements. Patients may exhibit kinetic tremor,
dysmetria, and dysdiadochokinesia. Oculomotor dis-
turbances are usually subtle. The main deficit is sac-
cadic pursuit. Speech is usually normal. Concomitant
vestibular signs may render the clinical examination
equivocal.

In all ataxic patients, thyrotropin hormone (TSH)
and free T4 levels should be determined.

Hypothyroidism

The general signs and the neurological deficits
associated with hypothyroidism are summarized in
Table 10.1. Cerebellar ataxia is associated with extra-
cerebellar signs in most cases. Cerebellar ataxia
may be the first manifestation of hypothyroidism
(Gilman et al., 1981). When present, the cerebellar
signs commonly develop gradually over a period of
several months. Patients report unsteadiness and gait
difficulties (Harayama et al., 1983; Pinelli et al., 1990).
This is due to the fact that the superior vermis is the
cerebellar region that is most affected (Barnard et al.,
1971). The slowness of muscle contractions as well as
the involvement of peripheral nerves also contributes.

Endocrine disorders

Levothyroxine is the principal treatment of
hypothyroidism. The initial dose is usually about 50
pg/day. Doses are increased by steps of 25 ng/day
according to basal levels of TSH. The goal is to reach
both clinical and biological euthyroid status.

Cerebellar ataxia resulting from a congenital
hypothyroidism carries a poor prognosis if the ther-
apy is not initiated immediately after birth, leading to
permanent sequelae. In adult-onset hypothyroidism,
ataxia usually resolves with levothyroxine therapy.
Regression of ataxia may be complete in a few weeks
or months, although ataxia may not improve in some
patients (Bonuccelli et al., 1991).

Hyperthyroidism

In hyperthyroidism, patients show combinations of
general symptoms such as sweating and heat intol-
erance, restlessness, palpitations, and diarrhea. The
thyroid may be enlarged, and endocrine ophthalmopa-
thy is common. Patients show an enhanced physiologi-
cal tremor, myopathic signs, seizures, choreoathetosis,
pyramidal deficits, and psychiatric symptoms. Ataxia
predominates on posture and gait and may have a
recurrent course.

Hyperthyroidism is treated with the following
methods: anti-thyroid drugs (propylthiouracil, methi-
mazole), radioactive iodine therapy, and surgical thy-
roid ablation. Beta-blockers such as propranolol are
often used in the management of hyperthyroidism,
including for the management of tremor.

Hashimoto ataxia

About 30% of patients with Hashimoto ataxia have a
history of other auto-immune disorders. Hashimoto
thyroiditis is associated with two principal neuro-
logical presentations: encephalopathy and vasculitis-
like syndrome (Kothbauer-Margreiter et al., 1996).
The encephalopathy presents with dementia, seizures,
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Table 10.1 General and neurological signs associated with

hypothyroidism
Neurological
General signs deficits
Congenital Deficient Mental retardation
hypothyroidism growth
Endemic cretinism  Delayed Lethargy
skeletal Deaf mutism
maturation Spastic diplegia
Constipation Cerebellar ataxia
Skin mottling
Adult-onset Dry/coarse skin Hearing deficit
hypothyroidism  Cold intolerance Dementia
Decreased Depression
sweating Coma
Periorbital Myoclonus
puffiness Myopathy
Constipation Entrapment
Bradycardia neuropathy
Polyneuropathy

Cerebellar ataxia

psychotic episodes, agitation, hallucinations, or altered
consciousness ranging from drowsiness to coma.
Symptoms may have a fluctuating course. Ataxic jerks
occur in about 10% of cases, but gait ataxia affects up
to two-thirds of patients (Castillo et al., 2006). Patients
are usually middle-aged women who have often been
misdiagnosed as presenting with a psychiatric dis-
order. The clinical picture can mimic a Creutzfeldt-
Jakob disease (see Chapter 11), with a combination of
dementia, myoclonus, and ataxia (Seipelt et al., 1999).
Status epilepticus is a rare presentation (Aydin-Ozemir
et al,, 2006), but it should be kept in mind that seizure
is a potential presentation in young children or ado-
lescents (Hoffmann et al., 2007). The stroke-like pre-
sentation combines focal neurological deficits, includ-
ing cerebellar deficits, and confusion. Ataxic signs
are acute, subacute, or even recurrent if the disor-
der remains untreated. Thyroid sonography shows a
hypoechoic thyroid (Seipelt et al., 1999). Blood stud-
ies show high titers of autoantibodies against thy-
roglobulin and thyroid peroxidase. One difficulty is
that these antibodies can be detected in elevated
titers in the healthy general population (Mocellin
et al,, 2007). Autoantibodies against the amino ter-
minal of alpha-enolase are detected in about 70% of
cases and might become a useful serological diag-
nostic marker for Hashimoto encephalopathy (Yoneda
etal, 2007). In some patients, anti-TSH receptor anti-
bodies are identified. Patients may be euthyroid at the
time of neurological presentation. Increased erythro-

cyte sedimentation rate is not rare. Cerebrospinal fluid
(CSF) studies are abnormal in 80% of cases, show-
ing an increased leukocyte count and/or raised pro-
tein levels and increased CSF/serum concentration
ratio of albumin. Oligoclonal bands may be present.
Protein 14-3-3 is not detected. Electroencephalogram
(EEG) recordings show a slowing of the background
activity in half of cases and epileptic activity in about
15% of cases, but periodic sharp wave complexes
(see Chapter 11) are usually absent. Brain CT shows
hypodense areas in 30% of cases. Areas of increased
signal are found on brain MRI in most cases. MRI sig-
nal abnormalities may have a diffuse subcortical pat-
tern (Bohnen et al.,, 1997). Atrophy of gray matter
may be detected also (Takahashi et al., 1994). Single-
photon emission CT/positron emission tomography
studies show decreased tracer uptake with a patchy
pattern or a global hypoperfusion (Forchetti et al.,
1997). MRI spectroscopy shows decreased levels of
N-acetylaspartate and increased levels of the choline-
containing compounds. Clinical deficits respond to
immunosuppressive therapy. Steroid administration
is the treatment of choice (hence the terminol-
ogy of steroid-responsive encephalopathy associated
with auto-immune thyroiditis [SREAT]). High-dose
methylprednisolone (1 g/day for 5 days) is recom-
mended in cases of encephalopathy (Shaw et al.,
1991). Levothyroxine may be added. There is usually
a good clinical response to steroids, especially in the
encephalopathic presentation, provided the treatment
is initiated early in the course of the disease. In some
patients, addition of other drugs like azathioprine or
methotrexate is required. Seizures respond to anti-
convulsant drugs. Clonazepam is useful to decrease
myoclonus. Steroid administration is often associ-
ated with a drop of antibody titers and normaliza-
tion of the CSF results, the EEG, and MRI lesions
(Bohnen et al, 1997). Doses of steroids are pro-
gressively reduced after the acute episode. Plasma-
pheresis (four exchanges with a volume of plasma
exchanged per treatment of 1.5 times to twice the
total plasma volume; Boers & Colebatch, 2001) and
intravenous immunoglobulins can be considered in
patients refractory to steroids (Mocellin et al., 2007).
Thyroidectomy can be considered in rare cases of thy-
rotoxic Hashimoto encephalopathy with poorly con-
trolled relapses (Yuceyar et al.,, 2007). Some authors
add antipsychotics in case of psychotic-like symptoms.
In patients in whom therapy has been delayed for
years, neurological deficits may be irreversible.
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Table 10.2 Parathyroid disorders associated with cerebellar ataxia

Disorder General features  Neurological deficits ~ Cerebellar deficits

Increased neuromuscular
excitability
Seizures

Hypoparathyroidism Bilateral cerebellar syndrome with

dysarthria, dysmetria,

dysdiadochokinesia, and ataxia of gait

Choreoathetosis
Parkinsonism
Dystonia
Hemiballism
Mental retardation

Short stature
Round face

Short metacarpals
Obesity
Hypertension

Pseudohypoparathyroidism
Pseudopseudohypoparathyroidism

Hyperparathyroidism

Seizures
Mental deterioration
Extra-pyramidal deficits

Cognitive deficits

Bilateral cerebellar syndrome

Minor cerebellar deficits

Psychiatric symptoms
Ophthalmoplegia
Pyramidal signs
Fasciculations
Myopathy

Drug-induced dysfunction of the
thyroid gland

Amiodarone and lithium salts can generate a genuine
cerebellar syndrome (see Chapter 15).

Parathyroid disorders

Parathyroid hormone plays a key role in the regulation
of calcemia. The parathyroid disorders associated with
cerebellar ataxia are given in Table 10.2.
Hypoparathyroidism is idiopathic or acquired
(resection of glands during thyroidectomy for can-
cer, multinodular goiter, or Graves disease; compli-
cation of thalassemia major due to iron overload).
Hypoparathyroidism may also be part of a spectrum
of multiple endocrine deficits, such as auto-immune
polyglandular syndrome type 1 (Berger et al., 2008).
Patients usually exhibit signs of increased neuromus-
cular excitability due to hypocalcemia: tetany, pares-
thesias, cramps, and muscle spasms, with Chvostek
and Trousseau signs. Patients exhibit a pancerebel-
lar syndrome (Ertas et al., 1997). Laboratory findings
show hypocalcemia and hyperphosphatemia, with
decreased levels of parathyroid hormone. In chronic
hypoparathyroidism, deposits of calcium are com-
monly observed in the dentate nuclei, cerebellar white
matter, and granular layer of the cerebellum. How-
ever, despite these deposits, cerebellar syndrome may
be reversible with calcium administration. Calcium

deposits also occur in the so-called Fahr syndrome
involving the cerebellum, thalami, lentiform nuclei,
and white matter of cerebral lobes. Bilateral calcifica-
tions in the globus pallidus are common after the age of
55 years and may be an incidental finding. The corre-
lation between deposits of calcium in the cerebellum
and ataxia is poor. Treatment of hypoparathyroidism
includes supplements of calcium and vitamin D.
Pseudohypoparathyroidism (PHP) is a genetic dis-
order characterized by a resistance to the parathy-
roid hormone. Patients have low serum calcium and
high phosphate levels, but the parathyroid hormone
level is high. Some of these patients have a pheno-
type of Albright hereditary osteodystrophy in absence
of disorders of calcium metabolism (pseudopseudohy-
poparathyroidism [pseudo PHP]). Patients show mas-
sive, symmetrical calcifications located in the basal
ganglia, dentate nuclei, and cerebral sulci (Nyland &
Skre, 1977; Araki et al., 1990). The mutations in the
gene (GNAS1) encoding the alpha subunit of the stim-
ulatory G protein (this signaling protein is essential for
the actions of parathormone) cause at least three dif-
ferent forms of the disease: PHP type 1A, PHP type 1B,
and pseudo-PHP (Bastepe, 2008)
Hyperparathyroidism may be primary (adenoma),
secondary to hypocalcemia (malabsorption, pancre-
atic failure, vitamin D deficiency), or tertiary (renal
failure). Hyperparathyroidism may be associated
with cerebellar hemangioblastomas (see Chapter 13)
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Table 10.3 Differential diagnosis of cerebellar ataxia
associated with diabetes mellitus

Friedreich ataxia (see Chapter 20)

Mitochondrial disorders (see Chapter 21)

Anti—glutamic acid decarboxylase antibodies (see Chapter 9)
Auto-immune polyendocrine syndromes (see Chapter 9)
Aceruloplasminemia (see Chapter 20)

Hemochromatosis

Cytomegalovirus infection

Von Hippel-Lindau disease (see Chapter 13)

Langerhans histiocytosis (see Chapter 13)

Wolfram disease (see Chapter 20)

Cerebellar and pancreatic agenesis (neonatal diabetes mellitus
with cerebellar hypoplasia/agenesis and dysmorphism: see
also Chapter 1)

Table 10.4 Disorders combining cerebellar ataxia
and diabetes insipidus

Langerhans histiocytosis (see Chapter 13)
Erdheim-Chester disease (see Chapter 13)
Wolfram disease (see Chapter 20)

De Morsier syndrome (septo-optic dysplasia)

(Gaymard et al., 1989). Residual sequelae are often
observed following removal of a parathyroid adenoma
or hyperplastic parathyroid glands (Patten & Pages,
1984).

Cerebellar ataxia and diabetes

Cerebellar patients may present with diabetes melli-
tus or diabetes insipidus. The differential diagnosis of
the disorders combining cerebellar ataxia and diabetes
mellitus or insipidus is shown in Tables 10.3 and 10.4,
respectively. In addition to primary cerebellar dam-
age, it should be kept in mind that both hyperglycemia
(a risk factor for stroke) and hypoglycemia may be
associated with cerebellar deficits. Although the cere-
bellum is relatively protected from hypoglycemia due
to differences in glucose metabolism, a cerebellar syn-
drome may develop following a severe hypoglycemia,
such as after an overdose of insulin (Berz & Orlander,
2008). Cerebellar deficits are usually reversible. The
delay for recovery ranges from a few hours to several
days.

Cerebellar ataxia and hypogonadism

Holmes ataxia and Boucher-Neuhauser syndrome are
discussed in Chapter 20. Septo-optic dysplasia (De
Morsier syndrome) is characterized by unilateral or
bilateral hypoplasia of the optic nerve (Willnow et al.,
1996). Patients may exhibit diabetes insipidus centralis
or hypothyroidism. Brain MRI shows a cavum septum
pellucidum, aplasia of the corpus callosum, aplasia of
the fornix, and cerebellar hypoplasia. An empty sella
with or without an ectopic pituitary has been reported
in some cases. Differential diagnosis includes Kall-
mann syndrome, which combines hypogonadotropic
hypogonadism and anosmia. Hypogonadism is due to
gonadotropin-releasing hormone deficiency. Anosmia
is related to the absence or hypoplasia of the olfac-
tory bulbs and tracts. The disorder is genetically het-
erogeneous and can be transmitted in an autosomal
dominant form, as an autosomal recessive trait, or in
an X chromosome-linked form. It has been shown
recently that anosmin-1, the protein defective in the
X-linked form of Kallmann syndrome, stimulates out-
growth and branching of developing Purkinje axons
(Gianola et al, 2009). Hypogonadism occurs also
in carbohydrate-deficient glycoprotein syndrome (see
Chapter 7). The so-called 4H syndrome is character-
ized by progressive encephalopathy, cerebellar ataxia,
central hypomyelination, hypodontia, and hypogo-
nadotropic hypogonadism (Timmons et al., 2006).
Electron microscopy and myelin protein immunohis-
tochemistry of sural nerves show granular debris-
lined clefts, expanded abaxonal space, outpocketing
with vacuolar disruption, and loss of normal myelin
periodicity. Decreased levels of galactocerebroside,
sphingomyelin, and GM1-N-acetylglucosamine and
increased levels of esterified cholesterol are found.
Brain MRI shows diffuse hypomyelination, which is
confirmed with diffusion and spectroscopy studies.
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Bacterial infections

Most of the abscesses in the brain occur in the supra-
tentorial areas. Nevertheless, the cerebellum may be
the site of a bacterial infection, in particular follow-
ing an otogenic infection (Brydon & Hardwidge, 1994;
Kurien et al., 1998). About 8% to 18% of purulent brain
abscesses are located in the cerebellum (Beller et al.,
1973; Gilman et al., 1981). The incidence of cerebellar
abscesses is higher between the ages of 3 and 8 years,
and between 18 and 40 years.

Cerebellar abscesses require a particular attention,
due to the risk of brainstem compression, tonsillar her-
niation, and obstructive hydrocephalus. The clinical
presentation is acute in most patients and depends on
the location, the size, and the number of infectious
lesions. Patients usually complain of headache and
develop cerebellar signs very rapidly. Fundus examina-
tion may reveal papilledema due to raised intra-cranial
pressure.

The causes are summarized in Table 11.1. Oto-
genic infection may disseminate to the cerebellum by
direct extension from the temporal bone or by ret-
rograde thrombosis from the lateral inferior petrosal
or superior petrosal sinuses (Nager, 1967). Petrous
apex osteitis or labyrinthitis is usually associated with
medial and deep cerebellar infections (Shaw & Rus-
sell, 1975). Infection located in the sinodural angle
or thrombophlebitis of the lateral sinus tends to dis-
seminate laterally or superficially. The proportion of
abscesses located in the hemispheres is higher as com-
pared with midline infections (Carey et al., 1972; Shaw
& Russell, 1975). Culture of CSF specimen is positive
in up to 50% of cases. Blood studies commonly reveal
a leukocytosis, usually in the range of 11 000 to 25 000
white blood cells/mL, and increased erythrocyte sedi-
mentation rate.

Infectious diseases

Neuroimaging
The role of imaging techniques is crucial for the diag-
nosis and follow-up of cerebellar abscesses.

Brain CT scan is often the first technique avail-
able. The degree and pattern of contrast enhancement
help to differentiate a cerebellar abscess from another
pathology. At an early stage (days 1-3 of abscess for-
mation, called early cerebritis), a low-density non-
enhancing lesion is observed. Contrast enhancement
changes from mild peripheral enhancement to thick,
taking a ring appearance. The late cerebritis is char-
acterized by a hypodense necrotic core, with a sur-
rounding capsule usually taking the contrast intensely.
Enhancement can diffuse from the periphery towards
the central area, making the radiological lesion more
homogeneous. With time, the necrotic center becomes
decreased in size while the capsule becomes thicker.
After 2 weeks and up to several months later, the
capsule still enhances, but there is only a minimal
contrast diffusion into the core, if any (Dobkin et
al., 1984). Peripheral edema around the abscess is
observed early in the course of abscess formation.
Steroids may decrease contrast enhancement at the
cerebritis stage (Enzmann et al.,, 1982). Differential
diagnosis of a ring-like enhancing lesion on CT scan
includes high-grade gliomas and metastases, infarc-
tion, resolving hematoma, granulomas, and radiation
necrosis (Osborn, 1994).

MRI detects very small lesions (which may be over-
looked by CT scan) and allows a detailed anatom-
ical description. Its superiority to CT scan makes
MRI the technique of choice when a cerebellar
abscess is suspected. Peripheral edema appears mildly
hypointense in T1-weighted images and hyperintense
in T2-weighted images. The core is usually rich in
proteins and appears hyperintense as compared with
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Table 11.1 Causes of cerebellar abscesses

Otogenic infection
Cyanotic heart disease
Congenital dermal sinus
Tuberculosis

Traumatic injury
Post-operative complication

Septic emboli

CSF but is usually hypointense relative to white matter
(T1-weighted sequences). In T2-weighted sequences,
the necrotic core is usually isointense or hyperin-
tense as compared with CSF and gray matter. The
capsule may enhance with gadolinium. It is isoin-
tense or hyperintense to white matter in T1-weighted
sequences and usually hypointense to gray mat-
ter in T2-weighted sequences (Sze & Zimmerman,
1988).

Magnetic resonance spectroscopy (MRS) is a good
complement to MRI. MRS can detect metabolites nor-
mally not found in other disorders. Peaks of aspar-
tate, amino acids (due to proteolysis), lactate (resulting
from bacterial anaerobic activity), pyruvate, and lipids
are found. Gliomas display increased peaks of choline
and smaller peaks of N-acetyl-aspartate, creatine, lac-
tate, and lipids and usually near absence of amino acids
or acetate (Dev et al., 1998).

Single-photon emission CT (SPECT) and positron
emission tomography studies may provide addi-
tional information. Leukocyte scintigraphy may detect
inflammatory foci in the brain, but may be inaccurate
in the presence of steroids (Belloti et al., 1986). False
positives occur with brain tumors.

Treatment of cerebellar abscesses

Due to the small volume of posterior fossa, mass effect
and obstructive hydrocephalus may develop rapidly.
Therefore, surgical management may be required.
Antibiotics and steroids are usually in the front line.
Antibiotics should be started immediately. When-
ever possible, a culture should be performed before
the initiation of drug administration. Broad-spectrum
antibiotics are selected initially in an empirical mode,
and the drugs and doses are adapted when the micro-
organism is identified. Selection of antibiotics takes
into account the blood-brain barrier. Lipophilic and
non-protein-bound antibiotics penetrate the brain.

Antibiotics may resolve the abscess if lesions are small,
especially at an early stage of abscess prior to cap-
sule formation. The earlier the diagnosis, the greater
is the chance for antibiotics to resolve the abscess
(Heineman et al., 1971). Many abscesses of a diameter
<2.5cm can be completely resolved with antibiotics
(Dyste et al., 1988). Steroids are used in abscesses
producing mass effect and significant perilesional
edema.

If the medical treatment does not resolve the
abscess or in cases of large infectious lesions (diame-
ter >2.5cm), surgery may be indicated. When brain
imaging is not informative or in immunocompro-
mised patients, surgical treatment should be discussed
(Osenbach & Loftus, 1992). Surgery may consist of
aspiration and drainage, or full resection. The risk
of obstructive hydrocephalus may justify an external-
ized ventricular drain. Aspiration by a burr hole is
less invasive, provides a rapid decompressing effect,
reduces mass effect, and allows the identification of
the germ(s), thus enabling one to adapt the antibi-
otics. This technique is recommended in patients in
whom a general anesthesia is contraindicated or in
those presenting with multiple lesions (Shahzadi et al.,
1996). The reduction in the size of the abscess may
also increase the efficacy of drugs (Black et al., 1973).
Aspiration may be performed under CT guidance.
Transmastoid drainage is possible (Coin et al., 1983).
A stereotactic approach may be particularly useful
for deep lesions. Some authors recommend the endo-
scopic approach, which allows a direct visualization of
the cavity (Fritsch & Manwaring, 1997). The resection
of the abscess has the advantage to decrease drastically
the mass effect, to provide a large specimen for culture
or histological study, and to remove fragments follow-
ing a trauma. These fragments may be the source of
an abscess after a penetrating injury (Rish et al., 1981).
Fungal abscesses and multiloculated infections may
require excision. Subtotal excision may be performed
when the cyst capsule adheres firmly to vital struc-
tures, as observed in abscesses associated with poste-
rior fossa dermoid cysts (Manto, 2002). The most com-
mon primary sites of infection are the gastrointestinal
tract and the respiratory airways (Klockgether et al.,
1993). Cerebellitis may also start after a skin rash or a
vaccination. Usually, the deficits occur in children aged
1 to 6 years and in young adults. Nevertheless, cerebel-
litis may also develop in the elderly. Males are more
affected. The male-to-female ratio varies from 2:1
to 4.3:1.
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Cerebellitis

Clinical presentation

Fever may be absent at the time of neurological deficits,
with body temperature being considered an unreli-
able clinical sign (Clearly et al., 1980). Headache is
common. The clinical presentation is characterized
by an acute or subacute cerebellar syndrome devel-
oping in the hours, days, or weeks (usually up to 5
weeks) following the infection. A history of orchitis or
parotitis may point to mumps, myalgia and myocardi-
tis suggest a coxsackie infection, and rash may occur
in enterovirus infection. History of insect bite should
prompt a search for tick-borne diseases, in particu-
lar Lyme disease and rickettsial infection. Cerebellar
ataxia is either isolated or part of a diffuse inflamma-
tion of the CNS (Table 11.2). Children usually present
with a combination of abrupt-onset limb clumsiness,
gait difficulties, and muscle hypotonia. A majority of
patients exhibit oculomotor disturbances (impaired
smooth pursuit, dysmetria, impaired suppression of
the VOR, nystagmus, opsoclonus). Patients with brain-
stem signs usually exhibit cranial nerve palsies (espe-
cially nerves VI and VII), sensory deficits (bilateral
or unilateral), pyramidal signs, and increased mus-
cle tone sometimes localized to the neck muscles
(Alfaro, 1993; Yuki et al., 1997; Aylett et al., 1998).
Vertigo may be particularly intense, often associated
with vomiting. Rarely, mutism followed by dysarthria
is observed in patients with swelling of the cere-
bellum (Papavasiliou et al.,, 2004). Opsoclonus may
be an early sign of neonatal herpes simplex cere-
bellitis (Krolczyk et al., 2003). Cerebellar signs may
be accompanied by seizures, headaches, and drowsi-
ness in cases of generalized meningoencephalitis or
acute diffuse encephalomyelitis (ADEM). Ataxia com-
bined with ophthalmoplegia and tendon areflexia sug-
gests a Miller Fisher syndrome. There may be an
overlap between a predominant brainstem syndrome

Table 11.2 Clinical presentation of cerebellitis

Pure cerebellar syndrome bilateral or with unilateral
predominance (“hemicerebellitis”)

“Cerebellar plus”

Miller Fisher syndrome

Bickerstaff brainstem encephalitis
Opsoclonus-myoclonus (Kinsbourne syndrome)
Acute hydrocephalus due to edema
Dystonia-rigidity of neck and limbs
Spinocerebellar syndrome

Part of diffuse encephalitis

(Bickerstaff encephalitis), cerebellitis, and Guillain-
Barré syndrome. Acute hemorrhagic leukoencephali-
tis (Hurst disease) may involve predominantly the
brainstem and the cerebellum (Hofer et al., 2005).
It usually evolves following an unspecific respiratory
infection. Progressive neurological deficits predom-
inate, leading to reduced consciousness and coma.
Human T-lymphotropic virus types I and II, usually
associated with tropical spastic paraparesis, may cause
a spinocerebellar syndrome characterized by a com-
bination of cerebellar deficits (dysarthria, nystagmus,
dysmetria, ataxic gait) and signs due to spinal cord
involvement (spastic paraparesis, bladder and sphinc-
ter disturbances) (Castillo et al., 2000). Spastic para-
paresis may develop several years after the onset of
cerebellar symptoms.

Infectious agents

Table 11.3 lists the infectious diseases and the vacci-
nations associated with cerebellitis. Varicella, measles,
mumps, and rubella are the most common in children.
About 0.05% to 0.10% of children with varicella infec-
tion present with cerebellar ataxia. In adults, cerebellar
ataxia is common in enteric fever, with an incidence
of 2.3% (Wadia et al., 1985). Ataxia usually develops
in the second week. Even with the use of polymerase
chain reaction (PCR) or the search for antigens, the
causative agent remains unknown in one-third of the
cases.

Pathogenesis

Different factors contribute to cerebellar ataxia. Cere-
bellitis following a viral infection is related to a direct
viral replication and post-infectious demyelination.
Viruses penetrate the CNS via the bloodstream or via
the peripheral nerves. Immuno-allergic reactions par-
ticipate in the pathogenesis of demyelination (Johnson
etal., 1985). The latent interval of several days to weeks
is reminiscent of a delayed antigen-antibody reac-
tion. The possibility of molecular mimicry between
antigens of infectious agents and epitopes in the
cerebellum is raised. Familial association; favorable
response to steroids in some patients; increased lev-
els of tumor necrosis factor alpha, interleukin (IL) 6,
and IL-2 in blood and CSF; and serum antibodies to
gangliosides (mainly GM1, GM2, and GT1b) argue
in favor of an immunological mechanism (Woody
et al., 1989; de Silva et al., 1992; Komatsu et al.,
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Table 11.3 Infections and vaccinations associated with cerebellitis

Infections in children

Varicella

Measles

Mumps Varicella
Rubella Influenza
Infectious mononucleosis Hepatitis B

Enterovirus (poliovirus, coxsackie, echovirus)
Whooping cough

Legionellosis

Parvovirus B19 infection

Hepatitis A

Q fever

Rotavirus gastroenteritis

1998). Autoantibodies to triosephosphate isomerase
have been discovered recently in patients with a pre-
ceding Epstein-Barr virus (EBV) infection (Uchibori
et al,, 2005). Autoantibodies against glutamate recep-
tor delta 2 (predominantly expressed in the cere-
bellum) have been reported also (Shimokaze et al.,
2007). Cerebellitis associated with whooping cough
might be triggered by an exogenous toxin. Bordetella
pertussis liberates an exotoxin called lymphocytosis-
promoting factor (LPF; a membrane-associated pro-
tein). The cerebellum might be one of the most vul-
nerable regions in the brain to this exotoxin (Askel6f
& Bartfai, 1979). LPF increases cellular levels of 3/,5
cyclic guanosine monophosphate, a second messen-
ger involved in cerebellar neurotransmission. Another
possible mechanism of cerebellitis is a direct toxicity
of the virus to cellular populations, as suggested in
cerebellar degeneration associated with HIV infection
(Tagliati et al., 1998). In this case, atrophy of the cere-
bellum is greatest in the posterior cerebellar vermis
and is not correlated with CD4+ T-cell counts or viral
load (Klunder et al., 2008). Hurst disease is character-
ized at pathological examination by perivascular hem-
orrhages, vessel wall necrosis, and extensive necrotic
areas. The possible role of EBV in its pathogenesis has
been recently underlined (Hofer et al., 2005).
Lymphocytic choriomeningitis virus (LCMV) is
a prevalent human pathogen causing substantial
neurological disorders (Peters, 2006). Mechanisms
of neurological deficits are directly related to infec-
tion and due to a consecutive cascade of neuro-

Vaccinations

Diphteria-tetanus-poliomyelitis
Mumps-measles-rubella

Infectious agents in adults

Epstein-Barr virus

Influenza

Parainfluenza

Enterovirus (poliovirus, coxsackie,
echovirus)

Herpes simplex virus

Varicella zoster virus

Cytomegalovirus

Adenovirus

HIV-1

Human T-lymphotropic virus types |
and Il

Borrelia burgdorteri

Rickettsia

Mumps virus

Mycoplasma pneumoniae

Legionella pneumophila

Salmonella typhi

Plasmodium falciparum

teratogenic events. Rodents are the reservoir, espe-
cially the common house mouse. Children and adults
acquire LCMV infection by contact with contami-
nated fomites, by inhalation, or via transplantation
(Fischer et al., 2006). Classic signs of post-natal infec-
tion are those of an aseptic meningitis, with full
recovery within 4 weeks. By contrast, pre-natal infec-
tion can cause severe and permanent disease for
the fetus. Children with congenital LCMV infec-
tion develop chorioretinitis and variable structural
brain deficits including microencephaly, periventricu-
lar calcifications, ventriculomegaly, pachygyria, cere-
bellar hypoplasia, cysts, and hydrocephalus (Bonthius
et al., 2007). Epilepsy and cerebral palsy are common.
All these children will have permanent neurologi-
cal deficits. Those with isolated cerebellar hypopla-
sia present with jitteriness and are ataxic at follow-
up, with only mild mental deficits and relatively less
affected vision.

Tick-borne diseases can induce a severe menin-
goencephalitis, with meningeal lymphoid infiltrates,
widespread loss of Purkinje neurons, and marked
Bergmann gliosis in the cerebellum (Tavakoli et al.,
2009).

Investigations

Blood studies

Serology may point to the diagnosis. Miller Fisher syn-
drome is associated with anti-GQ1b antibodies. The
anti-GQ1b immunoglobulin G (IgG) antibody titer
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may also be increased in Guillain-Barré syndrome and
Bickerstaft encephalitis, two disorders which might be
closely related or part of a continuous spectrum (Lo,
2007). Anti-GQ1b antibodies have also been associ-
ated with ocular flutter, generalized myoclonus, and
trunk ataxia (Zaro-Weber et al., 2008). Anti-GD1b
antibodies may be associated with the ataxic variant
of Guillain-Barré syndrome in the absence of ophthal-
moplegia or severe loss of proprioceptive sense (Yuki
et al., 2000). These antibodies bind to the cerebellar
granular layer or spinocerebellar Ia fibers (Sugimoto
etal., 2002). Anti-GM1b and GalNAc-GD1a have been
reported in Bickerstaff encephalitis following Campy-
lobacter jejuni enteritis (Matsuo et al., 2004).

CSF studies

Opening pressure is either normal or slightly
increased. In the majority of cases, a pleocytosis is
found. White blood cells are increased up to 250/p.L,
with a predominance of lymphocytes from 60% to
99%. Protein levels are increased up to 300 mg/dL. The
CSF IgG/albumin ratio is increased in 60% of cases.
Oligoclonal bands are relatively rare in pure cerebelli-
tis. Glucose level is normal in most cases, but may be
found to be reduced. Culture of virus may be positive.
PCR of virus DNA is very useful. Demonstration of
a viral infection can be made very early (Dangond
et al., 1993), allowing early diagnosis and treatment
and preventing unnecessary investigations.

Clinical neurophysiology

Non-specific slowing in the EEG records and abnor-
mal evoked potentials (somatosensory evoked poten-
tials, visual evoked potentials, brainstem auditory
evoked potentials) are found in patients with extra-
cerebellar lesions.

MRI

MRI is clearly superior to brain CT scan. MRI shows
inflammatory lesions in the white matter of the cere-
bellar hemispheres and diffuse lesions in the cerebel-
lar cortex and may reveal round-shaped lesions in
the cerebellar peduncles (Hayakawa & Katoh, 1995).
Lesions may be asymmetrical and may predominate on
one side. Swelling of the cerebellum occurs in 10% to
15% of cases, with possible obstructive hydrocephalus
and tonsillar herniation into the foramen magnum
(Sawaishi et al., 1999). Variable degrees of enhance-
ment occur with gadolinium administration. Cerebel-
lar involvement may appear on one side in hemicere-

bellitis, with a pseudotumoral presentation (Amador
et al, 2007). A pattern of predominantly pial con-
trast enhancement, absence of a well-defined mass,
and decline of the abnormalities in follow-up examina-
tions help to exclude a malignancy (de Mendoncaetal.,
2005). Hemicerebellitis may have a recurrent course
with a mirror pattern of involvement of the contralat-
eral cerebellar hemisphere (Oguz et al., 2008). MRI
lesions may either persist or disappear with time. In
some patients, an irreversible cerebellar atrophy may
be demonstrated in the months following the acute
episode.

MRS

In the acute phase, low N-acetylaspartate-to-creatine
and N-acetylaspartate-to-choline ratios can be
detected (Guerrini et al, 2002). These changes can be
reversible.

SPECT

Technetium-99m (*™Tc) hexamethylpropy-
leneamine oxime shows a decreased regional perfu-
sion in the cerebellum. Iodine-123 N-isopropyl-p-
iodoamphetamine SPECT may be superior to MRI
(Figure 11.1; Nagamitsu et al., 1999).

Ultrasound

Cranial ultrasound in the neonatal period may
reveal a small cerebellum in children with congeni-
tal cytomegalovirus infection (de Vries et al., 2004).
Other concomitant findings are periventricular cal-
cifications, lenticulostriate vasculopathy, ventricular
dilatation, cysts, polymicrogyria, and foci of dysplasia.

Differential diagnosis

ADEM is a differential diagnosis of demyelinating dis-
eases of the CNS, especially MS. ADEM is character-
ized by a monophasic course. Although lesions have
similar features, MS is a progressive disease with a
relapsing-remitting or progressive course.

Table 11.4 shows the disorders mimicking cere-
bellitis, and Table 11.5 lists the causes of opsoclonus-
myoclonus  (Kinsbourne syndrome). Metabolic
encephalopathies and paraneoplastic disorders are
the main differential diagnoses of para-infectious
opsoclonus-myoclonus. In patients with AIDS, pre-
valent brainstem and cerebellar signs may be found
in cytomegalovirus encephalitis, which should
be distinguished from Listeria monocytogenes
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Figure 11.1 Post-infectious cerebellitis. (A,B)
T1-and T2-weighted images show no
abnormality. (C) By contrast, '23I-SPECT
demonstrates a decreased regional cerebral
blood flow (rCBF) in the cerebellum. (D) SPECT in
a control subject. From: Nagamitsu et al., 1999.
With permission. (See color section.)

rhombencephalitis (Pierelli et al., 1997), a poten-
tially serious illness, especially in pregnant women,
neonates, the elderly, and immunocompromised
patients. A vacuolar cerebellar leukoencephalopa-
thy as a complication of AIDS has been reported
(Aboulafia & Taylor, 2002).

Cerebellitis can mimic a tumor on brain imaging
(pseudo-tumoral presentation). The lesion may be uni-
lateral (Amador et al., 2007). Predominant pial con-
trast enhancement, absence of a well-defined mass,
and regression of the lesion in follow-up argue for cere-
bellitis (de Mendonca et al., 2005).

multifocal

Progressive leukoencephalopathy
(PML) is a demyelinating infectious disease due
to a neurotrophic papovavirus (John Cunningham
[JC] virus). PML affects patients with impaired cell-
mediated immune status (Brooks & Walker, 1984).
Its incidence has markedly increased with AIDS
pandemia. The JC virus has a particular tropism for
oligodendroglia, the myelin-producing cells. Cere-
bellar signs occur in about 13% of patients (Morriss
et al., 1997). CSF studies show pleocytosis in up to
20% of cases and increased protein levels in up to
30% of patients (Tornatore et al., 1994). Detection
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Table 11.4 Differential diagnosis of cerebellitis
Labyrinthitis

Migraine

Post-infectious or inflammatory acute sensory neuropathy
Accidental exposure to toxins/drugs
Opsoclonus-myoclonus

Tumor

Heat stroke

of viral DNA confirms the diagnosis in up to 70% of
cases (Gibson et al., 1993). Brain CT may disclose a
low-density lesion in the white matter, in the absence
of a mass effect. Middle cerebellar peduncles and
the adjacent white matter are particularly involved.
MRI shows asymmetrical or symmetrical white
matter lesions appearing hypointense in T1-weighted
sequence and hypersignal in T2-weighted images.
Lesions are usually not enhanced by gadolinium -
unlike in lymphoma and abscess - although enhance-
ment occurs in atypical cases (Rosas et al., 1999).
MRS demonstrates low levels of N-acetylaspartate
and increased levels of choline, lipids, and lactate
(Chang et al., 1997). Another syndrome, called JC
virus granule cell neuronopathy, has been described
recently in association with the JC virus (Koralnik
et al., 2005). The infection is restricted to the granule
cells, with preservation of Purkinje neurons and
absence of white matter lesions suggestive of PML.
Several drugs aiming to inhibit virus replication
have been suggested for the treatment, with variable
responses (Brink & Miller, 1996; Brambilla et al.,
1999).

Cerebellar ataxia is also encountered in Whip-
ple disease. This infectious disease is due to an
intracellular Gram-positive actinomycete called Tro-
pheryma whippelii (Relman et al, 1992). Whipple
disease causes four groups of symptoms: gastroin-
testinal, articular, cardiac, and neurologic (Verhagen
et al., 1996). There is often a context of diarrhea and
weight loss. Oculomasticatory myorhythmia, charac-
terized by a convergence nystagmus associated with
mandibular/tongue/neck involuntary movements tak-
ing a bruxism-like or dystonic aspect, are pathog-
nomonic (Tison etal., 1992). Their frequency is usually
between 2 and 4 Hz. Patients may develop a cerebel-
lar syndrome that includes scanning speech and limb
and truncal ataxia leading to frequent falls. Duode-
nal or jejunal biopsy may demonstrate periodic acid-

Table 11.5 Causes of opsoclonus-myoclonus

Post-infectious Epstein-Barr virus, enterovirus,
herpes zoster, herpes simplex type
2, lymphocytic choriomeningitis,

mumps, rubella

Metabolic
encephalopathies

Paraneoplastic Neuroblastoma, leukemia, Hodgkin

disease, lung cancer, breast or
gynecologic cancer, renal cancer

Cranial trauma
Hydrocephalus
Thalamic hemorrhage
Brainstem lesion

Herbal medicine, cocaine,
chlordecone

Toxins

Progressive
encephalopathy with
rigidity

Sarcoidosis

Idiopathic

Schiff-positive foamy macrophages in the lamina pro-
pria. Similar macrophages may be found in the CSE
in which an increased protein level and elevated cell
count are common. PCR (on intestinal tissues, CSF
fluid, vitreous specimen, or brain tissue when a biopsy
has been performed) discloses a portion of 16S ribo-
somal RNA gene sequence specific for Whipple dis-
ease (Relman et al., 1992). Its sensitivity and speci-
ficity are high. Brain MRI shows hypointense areas
in T1-weighted sequence and hyperintense lesions on
T2-weighted images. Lesions are usually enhanced
by gadolinium. Enhancement may be restricted to
ependymal zones. Penicillin G, streptomycin, and co-
trimoxazole are recommended (Singer, 1998).

Progressive ataxia in patients with a history of
chronic liver disease following hepatitis B infection
should raise the possibility of acquired hepatocerebral
degeneration (Park & Heo, 2004). Cerebellar symp-
toms may be prominent.

Treatment of cerebellitis

Antibiotics and steroids are the main treatments.
Intravenous acyclovir 10 mg/kg three times/day for 10
to 15 days reduces the duration and severity of the
varicella infection if administered very early. However,
it becomes ineffective if initiation starts after a few
days. Ceftriaxone (4 g/day intravenously for 2 weeks)
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remains a treatment of choice for cerebellitis associ-
ated with Lyme disease (Manto, 1995). Minocycline
(4 mg/kg per day) is recommended for Coxiella
brunetti infection (Sawaishi et al., 1999).

The usual doses of steroids are the following: oral
prednisolone 1 to 5 mg/kg per day during 10 to 15
days, followed by a progressive tapering of doses. In
case of ADEM, doses up to 1 g/day of methylpred-
nisolone for 5 days are usually administered. Due to
the self-limited character of cerebellitis in a substan-
tial number of cases, the effects of steroids on the clin-
ical course are not established. Steroids should be used
cautiously in cerebellitis associated with enterovirus
infection, due to the risk of worsening (Tabarki et al.,
1998). Adrenocorticotrophic hormone reduces symp-
toms in up to 85% of children with Kinsbourne syn-
drome and is more effective than prednisone.

Nausea, vomiting, and vertigo require an immedi-
ate treatment. Nausea can be managed with metoclo-
pramide, domperidone, or ondansetron. Neuroleptics
may improve vertigo. Transtentorial or transforami-
nal herniations are life-threatening conditions treated
with posterior fossa decompression and external ven-
tricular drainage in most cases, although herniated
tonsils compressed by a swollen vermis may respond
to glycerol and dexamethasone (Asenbauer et al., 1997;
de Ribaupierre et al, 2005). Plasmapheresis might be
effective in some patients presenting with Miller Fisher
syndrome and Bickerstaff encephalitis (Yuki, 1995), as
well as in cerebellitis associated with EBV (Schmah-
mann, 2004). High-dose immunoglobulins (0.4 g/kg
daily for 5 days) may stop the progression in Miller
Fisher syndrome (Zifko et al., 1994).

Prognosis

Prognosis is usually good in children and adults before
the age of 40 years. About 80% to 90% of patients
return to normal life. Moderate residual cerebellar
deficits are observed in 10% to 20% of cases. Recov-
ery occurs between 1 week and 30 weeks. Cerebellar
ataxia associated with Plasmodium falciparum infec-
tion carries an excellent prognosis (Senanayake & de
Silva, 1994).

Despite the favorable prognosis in the majority of
patients, some patients may develop permanent seque-
lae, especially the elderly (Klockgether et al., 1993).
Yawning and hiccoughs appearing during the acute
phase might carry a bad prognosis. Cerebellar atro-
phy may occur, especially in young patients and after

the age of 60 years. Atrophy may be localized to
one cerebellar hemisphere in patients with a history
of hemicerebellitis. Congenital cytomegalovirus infec-
tion can lead to severe neurological sequelae, with
cerebellar atrophy (de Vries et al., 2004).

Hurst disease has a fatal outcome in most cases.

Human prion diseases

Human prion disorders, a group of neurodegenerative
and infectious disorders with a fatal course, include
sporadic Creutzfeldt-Jakob disease (CJD), variant
CJD, fatal familial insomnia, Gerstmann-Straussler-
Scheinker disease, and kuru (Collinge, 2001). About
85% of cases are sporadic CJD, with a worldwide
incidence of about 1.2 cases/million population per
year. latrogenic causes include contamination via
growth hormone from cadavers, implantation of
contaminated dura mater grafts, corneal transplan-
tation, contaminated EEG electrodes, and surgical
procedures with contaminated instruments (Brown
et al., 2000). Incubation periods can extend up to 30
years. Acquired prion disease resulting from a dietary
origin presents as kuru, affecting patients in Eastern
Highlands of Papua New Guinea (transmission due to
ingestion of infected tissues from deceased relatives),
and variant CJD (due to exposure of prions from
cattle).

Prions appear to be composed principally or
entirely of abnormal isoforms of a host-encoded gly-
coprotein (prion protein). Prion propagation involves
recruitment of host cellular prion protein PrPc, com-
posed primarily of alpha-helical structure, into a
disease-specific isoform rich in beta-sheet structure
PrPsc (Prusiner, 1982).

Clinical presentation

The main clinical presentation of sporadic CJD is a
rapidly progressive dementia in people between the
ages of 60 and 65 in about 70% of cases. Mean illness
duration is 9 months.

Patients develop myoclonus, parkinsonism, cere-
bellar ataxia, seizures (partial or generalized seizures),
and akinetic mutism. In any sporadic ataxic patient
developing dementia and myoclonus, the diagnosis
of sporadic CJD should be suspected. Only 5% of
patients with sporadic CJD have an isolated cerebel-
lar onset (Cooper et al., 2006). These patients subse-
quently develop myoclonus and pyramidal deficits.

The variant CJD (reported in UK, France, Ireland,
Italy, and United States) occurs in younger people
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(average age of onset of around 27 years) and mani-
fests with prodromal symptoms consisting of sensory
disturbances and joint pains in the legs, as well as psy-
chiatric symptoms (Collinge et al., 1996). Depression
is common. Ataxia develops in all cases, and patients
develop akinetic mutism. The mean duration of illness
is 13 to 14 months, with a range of 9 to 35 months
(Zeidler et al., 1997).

Tatrogenic CJD is characterized by a progressive
cerebellar syndrome. Patients usually present with
gait ataxia and psychiatric symptoms (Lowden et al.,
2008).

Fatal familial insomnia manifests with prominent
insomnia, generally in combination with dysautono-
mia, myoclonus, and eventual dementia.

The clinical presentation of kuru is stereotyped.
Following a prodromal phase, three consecutive stages
occur: an ambulatory phase, a sedentary phase,
and a tertiary stage. Progressive cerebellar ataxia
is a dominant clinical feature, while dementia is
less prominent and occurs later (Wadsworth et al.,
2008).

Differential diagnosis

Differential diagnosis of prion disorders includes
Alzheimer disease, dementia with Lewy bodies,
frontotemporal dementia, and spinocerebellar atax-
ias (see Chapter 23). The possibility of Hashimoto
encephalopathy should not be overlooked, because
this is a treatable condition which can mimic a
sporadic CJD (see also Chapter 10) (Sakurai et al,,
2008). Lymphomatosis cerebri (infiltrating form of
primary central nervous system lymphoma) has to
be considered in the differential diagnosis of rapidly
progressive dementia (Vital & Sibon, 2007). The
14-3-3 protein may be positive in the CSE, and brain
MRI is characterized by diffuse leukoencephalopa-
thy without contrast enhancement (Kanai et al,
2008).

Neuroimaging

Brain MRI shows brain atrophy and high signal inten-
sity in the caudate nucleus and putamen bilaterally
on T2-weighted images. Diffusion-weighted imaging
(DWI) and fluid-attenuated inversion recovery appear
to be the most sensitive techniques. DWI can show cor-
tical hyperintensities, cortical and subcortical abnor-
malities, or isolated subcortical anomalies. In cases
of isolated cortical involvement, frontal and parietal

lobes are the most affected (Meissner et al., 2008).
An involvement of the thalamus can be observed.
Thalamic lesions are common in variant CJD. The
“pulvinar sign” (hyperintense signals in the posterior
thalamus) is observed in about 70% of cases. Ataxic
patients may show a predominant cerebellar atrophy
on MRI. Cerebellar atrophy may not be detected on
clinical reading of standard MRI images and becomes
apparent on statistical group analysis, with elevated
diffusion in the cerebellum (Figure 11.2).

8E_Fluorodeoxyglucose positron emission tomog-
raphy shows a pronounced regional decrease in glu-
cose brain metabolism, indicative of neuronal dys-
function (Engler et al, 2003). Changes are usually
most pronounced in the frontal, occipital, and pari-
etal cortices, and in the cerebellum. In some patients,
regional cerebral glucose metabolism is increased in
temporal lobes and basal ganglia.

9mTc-ethyl cysteinate diethylester SPECT images
demonstrate an overall decrease in the accumulation
of ®™Tc in the cerebrum. SPECT of the dopamine
transporter shows putaminal dopaminergic presy-
naptic alterations in sporadic CJD (Ragno et al.,
2009).

Neurophysiology

EEG is usually suggestive in sporadic CJD. Recordings
show characteristic changes depending on the stage of
the disease, ranging from non-specific findings such
as diffuse slowing and frontal rhythmic delta activity
in early stages to typical periodic sharp wave com-
plexes (PSWC) in middle and late stages, areactive
coma traces, or even alpha coma in preterminal state
(Wieser et al., 2006). PSWC tend to disappear during
sleep and may be attenuated by sedative medication
and external stimulation. PSWC have a positive pre-
dictive value of about 95%. In iatrogenic CJD, PSWC
are usually found with more regional EEG findings
corresponding to the site of inoculation of the trans-
missible agent. PSWC are often absent in the variant
CJD, and they are uncommon in familial prion disor-
ders since they occur in about 10% of patients (Wieser
et al., 2006).

Fatal familial insomnia is characterized by severe
disturbances of sleep, with major disturbances in spin-
dle formation (Cortelli et al., 2006). Sporadic CJD
patients also have marked sleep EEG abnormalities,
with very low sleep efficiency and virtual absence of
REM sleep (Landolt et al., 2006).
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Figure 11.2 Cerebellar involvement in
Creutzfeldt-Jakob disease. The larger
cerebellar loci of significantly elevated
apparent diffusion coefficient (ADC) and
CSF volume (respectively in A and B) are
found bilaterally in the cerebellar nodule,
shown here in three orthogonal
projections. Focal atrophy cannot be
detected on clinical reading of standard
MRI sequences but is highly significant on
statistical group analysis. Degenerative
changes are reflected in elevated diffusion
in the cerebellum, presumably due to
tissue destruction and replacement by
CSF. From: Cohen et al,, 2009. With
permission. (See color section.)

A
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(SF studies

Classically, CSF shows a non-inflammatory profile
in sporadic CJD, although a significant CSF pleocy-
tosis has been reported in some cases (Bui et al,
2008).

Testing for 14-3-3 protein (a cellular protein
whose release reflects extensive neuronal damage) in
the CSF is useful when considered in an appropriate
clinical context. However, the classical assay cannot be
used for screening because of the high rate of false pos-
itives in sporadic CJD (Brechlin et al., 2008). False-
positive results include stroke, meningoencephalitis,
and dementia with Lewy bodies (Collins et al., 2000;
Lemstra et al., 2000). Results of 14-3-3 protein test-
ing are often negative in variant CJD. Detection of
total tau protein in CSF might be more sensitive
than the assessment of 14-3-3 protein (Satoh et al,,
2007)

Genetic aspects

Gerstmann-Straussler-Scheinker disease is due to
mutations of the prion protein gene (PRNP) and
presents as an autosomal dominant disease. More than
30 mutations have been identified. The mutation in the
PRNP gene resulting in a Pro102Leu amino acid sub-
stitution is traditionally associated with Gerstmann-
Striussler-Scheinker syndrome. Fatal familial insom-
nia is due to a mutation at codon 178 of the PRNP
gene.

The advent of variant CJD has confirmed one
of the most powerful human genetic susceptibil-
ity factors, since all tested patients have an identi-
cal genotype at polymorphic codon 129 of PRNP
(Mead, 2006). Homozygosity confers genetic sus-
ceptibility to both sporadic and acquired forms of
CJD.

Neuropathology

Histology shows neuronal loss, spongiform changes
with numerous vacuoles, and diffuse astrogliosis. Cor-
tical involvement is detectable in most cases and is usu-
ally associated with spongiform changes in the basal
ganglia, thalamus, and cerebellar cortex. Cerebellar
involvement is present in most cases, although the
severity and distribution of the spongiform change are
variable. There is often an irregular loss of neurons in
the granular and Purkinje cell layer. About 10% of CJD

cases are characterized by PrP plaques, which are usu-
ally visible as rounded eosinophilic structures. These
are most frequently observed in the cerebellum.

Unicentric PrP plaques are prominent and
widespread in kuru (Hainfellner et al., 1997). Plaques
are prominent in the striatum, thalamus, and granular
layer of the cerebellar cortex. The occurrence of kuru-
type plaques is noticeable in iatrogenic CJD (Liberski
& Budka, 2004). The predominant pathologic changes
of fatal familial insomnia lie within the thalami.
There is little or no spongiosis and usually no PrPsc
deposition.

Differential diagnosis of spongiosis includes Pick
disease, Alzheimer disease, cortical ischemia, and viral
encephalitis. Metabolic encephalopathies and neu-
ronal storage disorders can mimic spongiosis in gray
matter.

Treatment

There is no cure for prion disorders.

The antimalarial drug quinacrine is known to pre-
vent the conversion of PrPc to PrPscin vitro. In a recent
trial, quinacrine at a dose of 300 mg/day did not sig-
nificantly affect the clinical course of sporadic CJD,
iatrogenic CJD, variant CJD, or inherited prion disease
(Collinge et al., 2009).
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Clinical features

Corticobasal ganglionic degeneration (CBD) is a spo-
radic neurodegenerative disorder usually appearing
after the age of 50 years. Most patients die within 10
years of onset. CBD is characterized by asymmetrical
parkinsonism, ideomotor apraxia, stimulus-sensitive
myoclonus, dystonia, cortical sensory loss (agraphes-
thesia, extinction, astereognosis), and the alien hand
syndrome, which is an inability to recognize one’s own
limb in absence of vision (Doody & Jankovic, 1992).
A substantial number of patients report complaints
related to a jerky, stiff, or clumsy upper limb (Rinne
etal., 1994). The arm is akinetic, rigid, and apraxic and
may be held in a suggestive fixed dystonic posture. Dif-
ficulties in walking are related to clumsiness and loss of
fine motor control of one leg due to apraxia or disequi-
librium. Symptoms progressively spread to four limbs.
Neuropsychiatric features include depression, apathy,
irritability, and agitation (Litvan et al., 1998). Minor
features are blepharospasm, choreoathetosis, cerebel-
lar ataxia, cognitive deficits, and supranuclear gaze
deficits. A genuine cerebellar syndrome may develop
in CBD, but ataxia is often masked by the extrapy-
ramidal deficits and the concomitant parietal ataxia.

Brain imaging

Brain MRI shows asymmetrical atrophy of the fron-
toparietal cortex and may demonstrate a cerebellar
atrophy, which tends to be symmetrical. Volumetric
studies reveal atrophy of the corpus callosum also
(Groschel et al., 2004).

Single-photon emission CT and positron emission
tomography studies show an asymmetrical involve-
ment of the cortical structures around the perirolandic
cortex and thalamus (Eidelberg et al., 1991).

Neurophysiology

Electroencephalographic recordings show a slowing,
which is often asymmetrical. Action myoclonus is

Corticobasal degeneration

not preceded by a cortical discharge, and the ampli-
tude of sensory evoked potentials is normal. The jerks
consist of hypersynchronous short-duration bursts of
electromyographic activity coincident in agonist and
antagonist muscles (Thompson et al., 1994). Reflex
myoclonus to stimulation of the median nerve at the
wrist has a latency of approximately 40 msec in the
hand, suggesting that myoclonus is mediated by direct
sensory input to motor cortical areas that activates cor-
ticospinal tract output. Magnetic, but not electrical,
brain stimulation elicits repetitive bursts of myoclonus
due to enhanced cortical excitability.

Upper limb tremor is rapid (5-8 Hz) and irregu-
lar, and combines jerky components and myoclonic-
like movements. In some patients, fast movements are
hypermetric, and the overshoot is enhanced by the
addition of mass.

Neuropathology

Neuropathological studies show an asymmetry of the
cortical atrophy at the level of frontoparietal areas. The
temporal and occipital cortices are usually spared. Ata
cellular level, neuronal loss, “ballooned” neurons, and
gliosis are commonly observed in the cortical and sub-
cortical areas. Degeneration of the substantia nigra is
classical. Variable degrees of cell loss occur in the tha-
lamic nuclei, red nuclei, dentate nuclei, and inferior
olivary complex. In some patients, a marked degen-
eration of the dentatorubrothalamic pathway is found
(Litvan et al., 1996). CBD is classified in tauopathies
with parkinsonism, a group of disorders sharing the
pathologic accumulation of hyperphosphorylated tau
protein fragments within the CNS (Ludolph et al,,
2009). Tau deposition is found in both gray and white
matter of the cortical regions and basal ganglia and to
a lesser extent in cerebellar white matter. Purkinje cell
somata show diffuse granular accumulation of cyto-
plasmic tau in about half of cases (Piao et al., 2002).
Neuropathological criteria have been proposed: the
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minimal pathologic features for CBD are cortical and
striatal tau-positive neuronal and glial lesions, espe-
cially astrocytic plaques and thread-like lesions in both
white matter and gray matter, along with neuronal loss
in focal cortical regions and in the substantia nigra
(Dickson et al., 2002).

Differential diagnosis

Signs of cortical involvement and lack of response
to anti-parkinsonian drugs are two important clues
to differentiate CBD from Parkinson disease, which
also presents as an asymmetrical disease. Progressive
supranuclear palsy is characterized by early falls, ver-
tical supranuclear ophthalmoplegia, and axial rigid-
ity. Clinical symptoms of frontotemporal dementia
included personality and behavioral changes. Demen-
tia with Lewy bodies manifests with parkinsonism,
fluctuating cognition, parasomnia, and hallucina-
tions. Other neurodegenerative disorders which can
mimic CBD with ataxia are multiple system atrophy,
Wilson disease, neuronal ceroid lipofuscinosis, and
Creutzfeldt-Jakob disease. Alien hand sign may occur
in multiple infarcts.

Treatment

Treatment of CBD is primarily supportive. Extra-
pyramidal deficits may respond to levodopa and
dopamine agonists. Myoclonus usually responds to
clonazepam. Dystonia in upper limbs is improved with
botulinum toxin injections. Physiotherapy, occupa-
tional therapy, and speech rehabilitation are recom-
mended. Assisting devices such as a rolling walker
reduce falls (Reich & Grill, 2009). Gastrostomy is often
required at an advanced stage.
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Six main causes of cerebellar lesions occur in cancer
patients: primary tumors, metastases, complications of
treatments, vascular lesions, infectious disorders, and
paraneoplastic phenomena (Table 13.1). Medulloblas-
tomas, astrocytomas, ependymomas, and brainstem
gliomas principally affect children. The most common
malignancies in adults are metastases, meningiomas,
and schwannomas (neurinomas). Both schwanno-
mas and meningiomas occur in type 1 (von Reck-
linghausen disease) - diagnosed usually in the first
decade - or in type 2 neurofibromatosis - diagnosed
usually between 18 and 40 years. In children, primary
tumors of the cerebellum are more common than in
adults, in whom metastases have a higher incidence.

Lesions exerting a mass effect generate a displace-
ment of posterior fossa structures with a risk of her-
niation, obstructive hydrocephalus, and signs of intra-
cranial hypertension (triad of headache, vomiting, and
papilledema and palsy of nerve VI). Headache tends
to be located in the occipital region and is enhanced
by coughing or Valsalva maneuver. Vomiting may be
abrupt. In children, enlarged head, tense fontanels,
and separation of cranial sutures point towards intra-
cranial hypertension. Upwards transtentorial her-
niation presents clinically with impaired upwards
gaze, impaired consciousness, and coma. Obstruc-
tive hydrocephalus is common. Tonsillar herniation
presents with neck stiffness, head tilt, ataxia, and nys-
tagmus. Breathing may become irregular, and patients
may exhibit apnea or impaired heart rhythm/blood
pressure regulation. An unsuitable lumbar puncture
may provoke tonsillar herniation.

Brain MRI represents the technique of choice for
diagnosis and follow-up, being superior to CT scan.
Brain magnetic resonance spectroscopy and positron
emission tomography (PET) provide additional useful
information. Fusion of CT (or MRI) and PET images
(*®F-fluorodeoxyglucose [FDG], methionine [MET])
is now performed on a routine basis in many centers.
As a general rule, lesions producing mass effect and

Tumors and paraneoplastic disorders

enhanced by gadolinium are suggestive of a tumor (see
also Chapter 11). The decision to make a cerebellar
biopsy is often made case-by-case. Stereotactic biop-
sies are usually suggested when the primary tumor is
undetermined (the advent of combination of whole-
body CT scan combined with PET might change this
attitude), when intra-tumoral bleeding is suspected, or
when antibiotics do not cure a mass initially suspected
to be an abscess.

Medulloblastomas

These primitive neuroectodermal tumors affect chil-
dren, with a peak incidence between 5 and 11 years.
They are usually located in the vermis, with a predom-
inance in the lower part. In adults, their origin is usu-
ally more lateral. Medulloblastomas may develop in
Gorlin syndrome or ataxia-telangiectasia. The tumor
has a propensity to invade the fourth ventricle and the
leptomeninges, or to generate spinal seedings. Patients
usually present with headache, signs of raised intra-
cranial pressure, and ataxia of posture/gait. MRI shows
a hypointense mass in T1-weighted sequences and a
heterogeneous tumor in T2-weighted images, around
the fourth ventricle (Figure 13.1). There is a marked
enhancement, usually heterogeneous, with gadolin-
ium. Neuropathology shows high cell density, hyper-
chromatic nuclei, and numerous mitosis. Treatment
consists of surgery, radiotherapy, and chemotherapy.
Total tumor resection is generally recommended (Tait
et al., 1990). Radiation therapy plays a critical role.
Standard doses for the posterior fossa are 5000 to
5500 cGy given in 30 fractions. Adjuvant chemother-
apy consists of an association of vincristine, lomustine
(CCNU), and cisplatin (Goldwein et al., 1993; Cohen
& Packer, 1996). Chemotherapy may be used to delay
radiation therapy in very young children (younger
than 3 years) to minimize the effects of irradiation
on cognitive functions or growth. Indeed, in very
young children, craniospinal irradiation has a greater
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Table 13.1 Cerebellar lesions in cancer

Intrinsic: Medulloblastomas
Astrocytomas

Extrinsic: Brainstem gliomas
Hemangioblastomas
Ependymomas
Meningiomas
Schwannomas (neurinomas)
Epidermoids and dermoid tumors
Primary lymphomas of the CNS
Lhermitte-Duclos disease

(gangliocytoma)

Primary tumors

Metastases
Following Chemotherapy: 5-Fluorouracil
treatment Cytosine arabinoside
Surgery
Radiation-induced
Phenytoin
Lithium salts
Superficial siderosis
Vascular Stroke
Infections Mainly abscesses

Paraneoplastic Anti-Yo, Anti-Hu, Anti-Ri, Anti-CV2, Anti-Tr,

Anti-Ma1, Anti-Zic4

Langerhans
histiocytosis

Adapted from: Hildebrand and Balériaux (2002). With permission.

detrimental effect (Clarke et al., 2007). Prognostic fac-
tors appear similar in children and in adults (Padovani
et al., 2007). Brainstem involvement, fourth ventricle
invasion, and radiation dose to the posterior fossa and
the spine are prognostic factors. The 10-year overall
survival rate is 50% to 55%. Medulloblastoma is asso-
ciated with a deregulation of the sonic hedgehog path-
way (see Chapter 1) (Wetmore, 2003; Ferretti et al.,
2008).

Cerebellar astrocytomas

The peak incidence of cerebellar astrocytomas is seen
in the first decade of life. This group of tumors includes
benign juvenile pilocytic astrocytoma (80% of cere-
bellar astrocytomas), grade II infiltrating fibrillary
astrocytoma, and grade IV glioblastoma. Juvenile pilo-
cytic astrocytoma arises mainly from cerebellar hemi-
spheres, and therefore patients initially may exhibit
unilateral signs. MRI shows a usually cystic lesion,
with a solid component markedly enhanced with con-
trast media (Figure 13.2). Juvenile pilocytic astrocy-
tomas are made of bipolar elongated cells, with pres-
ence of small vessels without endothelial proliferation
(microvascular proliferation). Intracellular inclusions

Figure 13.1 Medulloblastoma. Sagittal T1-weighted image
showing a hypointense mass in the fourth ventricle (A), enhancing
following contrast injection (B). With permission from: Hildebrand
and Balériaux, 2002.

known as Rosenthal fibers are suggestive. Mitoses are
rare. Total resection is recommended. However, infil-
trating grade II astrocytoma and grade IV glioblas-
toma render total resection difficult. Adjuvant radio-
therapy is commonly applied in high-grade tumors,
but the use of adjuvant chemotherapy is still question-
able, although it is used in many centers by analogy
with chemotherapy used in supratentorial glioblas-
tomas.

Brainstem gliomas

A majority of brainstem gliomas occur before the
age of 25 years. They can also develop with prefer-
ence in adults aged 35 to 50 years. The three main
localizations are the tectal region, the pons, and the
cervicomedullary junction. The pons is infiltrated in
two-thirds of brainstem gliomas. Cranial nerve palsies
are common. MRI shows a widening of the pons
(Figure 13.3). In T1-weighted images, the lesion is
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Figure 13.2 | eft cerebellar cystic grade Il astrocytoma. On T1-weighted sequence (A), the tumor appears as a partially cystic mass causing
tonsillar herniation. The solid component is moderately hypointense. The cyst appears uniformly hyperintense on T2 sequence (B).
Post-contrast T1-weighted image shows enhancement of the solid component, also observed in the cyst wall (C). With permission from:
Hildebrand and Balériaux, 2002.

Figure 13.3 MRI of brainstem glioma. (A) Sagittal T1-weighted image shows a widening of the pons and medulla by a slightly hypointense
tumor (arrow). (B) The tumor is moderately hyperintense on T2-weighted sequence, extending into the middle cerebellar peduncle (arrow).
With permission from: Hildebrand and Balériaux, 2002.
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Table 13.2 Lesions in von Hippel-Lindau disease

Hemangioblastoma (retina, cerebellum, spinal cord, brainstem)
Kidney tumors (cyst, carcinoma)

Pheochromocytoma

Pancreatic tumors (adenoma, cyst)

Epididymal cyst

Liver tumors

Cyst of the spleen

Cyst of the lung

Sympathetic paraganglioma

usually slightly hypointense. In T2-weighted images,
the glioma appears moderately hyperintense. Contrast
enhancement is mild. Combination and integration
of PET data (FDG, MET) with MRI could improve
target selection for stereotactic biopsies. The suboc-
cipital transcerebellar approach is associated with low
morbidity and has a high diagnostic yield (Roujeau
et al., 2007). Radiation therapy (up to 5500 cGy
in up to 200-cGy daily fractions) is the principal
treatment (Littman et al., 1980). Recurrent tumors
are treated with chemotherapy (etoposide [VP-16],
cisplatin, cyclophosphamide, vincristine, lomustine).
Efficacy of adjuvant chemotherapy is not proven. Mean
overall survival at 5 years for high-grade tumors ranges
from 15% (infants) to 36% (children) (Bertolone et al.,
2003).

Hemangioblastomas

Hemangioblastomas occur mainly in patients with the
dominantly transmitted von Hippel-Lindau disease
(gene on chromosome 3p). The incidence of this dis-
ease is 1 per 39 000, with a high penetrance. Patients
are usually diagnosed between the second and the
fifth decade. The mean age at presentation is 33 years.
Hemangioblastoma may occur in association with
multiple endocrine neoplasia in Von Hippel-Lindau
disease (Table 13.2). Indeed, these patients are at risk
to develop neoplasias in various organs (Richard et al.,
1998). Hemangioblastomas may also develop sporadi-
cally. Sporadic tumors are nearly always solitary. Neu-
rological symptoms and signs include headache, gait
ataxia, dysmetria, and symptoms of hydrocephalus.
Brain MRI shows a large cystic lesion with a small solid
nodule in the cerebellum (80% in hemispheres, 15% in
vermis, 5% in the floor of the fourth ventricle). Lesions
are usually posterior and medial. They are isointense
or hypointense on T1-weighted images (Figure 13.4).

On T2-weighted images, the nodule is hypointense
within a hyperintense cystic cavity. The nodule is
enhanced by contrast media, unlike the wall of the cyst.
Hemangioblastoma may be solely solid. Patients usu-
ally die from nervous system hemangioblastomas,
followed by kidney tumors. Polycythemia is found
in up to 30% of patients and is due to produc-
tion of erythropoietin-like substances by heman-
gioblastomas. Treatment is surgical removal of the
tumor. The midline suboccipital approach is often
used to resect the tumor (Jagannathan et al., 2008).
Hydrocephalus may require a ventriculoperitoneal
shunt. Most patients benefitimmediately from surgical
removal of the hemangioblastoma. Recurrence rates
vary from 20% to 33% (Conway et al., 2001). Radi-
ation therapy has been used as an adjunct to resec-
tion. Small hemangioblastomas not associated with
cysts might be candidates for radiosurgery, but its effi-
cacy remains to be determined. Genetic counseling is
recommended.

Ependymomas

Ependymomas occur usually within the first two
decades of life. Signs of raised intra-cranial pressure
are the common clinical presentation. The tumor is
commonly located in the floor of the fourth ventri-
cle, filling and molding this area. This is often very
suggestive on brain MRI (Figure 13.5). The main dif-
ferential diagnosis is medulloblastoma. Total resection
is recommended (Healey et al., 1991). Radiation ther-
apy (5000-5500 cGy in up to 200-cGy daily fractions)
is used in patients with partial resection. Because
craniospinal dissemination is possible, some authors
recommend prophylactic spinal irradiation. However,
this is a matter of debate. In order to delay irradiation,
chemotherapy (mainly platinum derivatives) can be
administered in very young children. Chemotherapy
can also be used for recurrence. The 5-year overall sur-
vival rate varies from 60% to 84% according to series
(Metellus et al., 2007; Shu et al., 2007). Favorable prog-
nosis is associated with age older than 3 years, absence
of spinal cord extension, complete resection, low his-
tological grade, and dose greater than 54 Gy (Metellus
et al., 2007; Shu et al., 2007). Histological grade is a
main prognostic factor in adults (Metellus et al., 2007).

Meningiomas

Meningiomas usually grow from the tentorium of the
cerebellum, the cerebellar convexity, or the ponto-
cerebellar angle. Patients exhibit various combinations
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Figure 13.4 Cerebellar hemangioblastoma. (A) Axial T1-weighted sequence shows a cystic lesion with a small isointense nodule (arrow).
(B) The nodule appears hypointense on T2-weighted images. (C) Post-contrast T1-weighted images show enhancement of the solid nodule.
There is no enhancement within the wall of the cyst. With permission from: Hildebrand and Balériaux, 2002.

Figure 13.5 Ependymoma of the fourth ventricle. MRI shows a molding of the ventricle by the tumor. (A) T1-weighted image shows a
lobulated mass which appears inhomogeneously hypointense (arrow). (B) Post-contrast T1-weighted image reveals a strong and
heterogeneous enhancement. With permission from: Hildebrand and Balériaux, 2002.
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Figure 13.6 Posterior fossa meningioma. (A) Axial T2-weighted image shows a slightly hyperintense mass. (B, C) Post-contrast T1-weighted
image reveals a homogeneous enhancement, with invasion of the transverse sinus (arrow). With permission from: Hildebrand and Balériaux,

2002.

of cerebellar deficits, cranial nerve palsy, and intra-
cranial hypertension. They are sometimes referred to
otolaryngologists due to predominant vertigo (Fujino
et al, 2007). In T1-weighted sequence, the lesion
is nearly isointense, whereas it is slightly hyper-
intense and homogeneous on T2-weighted images
(Figure 13.6). Contrast enhancement is intense. Inva-
sion of venous sinuses may occur. Total resec-
tion is recommended. Adjuvant radiation therapy is
used in cases of partial resection (Barbaro et al.,
1987). Hydroxyurea has been suggested for recur-
rent tumors (Schrell et al., 1997). Extensive menin-
giomas of the skull base should not be misinterpreted
as idiopathic hypertrophic pachymeningitis (IHPM)
(Rudnik et al., 2007). Indeed, IHPM affecting the
posterior fossa may manifest with headache, cranial
nerve palsies, and cerebellar ataxia. MRI shows thick-
ening of the cranial base pachymeninx compress-
ing the lower brainstem, with presence of contrast
enhancement. Dura mater biopsy shows inflamma-

tion with abundant lymphocytic infiltrations, with-
out neoplastic infiltration. IHPM responds to corti-
costeroids and/or azathioprine or other immunosup-
pressant drugs. Suboccipital decompression may be
required.

Schwannomas (neurinomas)

Most schwannomas are tumors growing from the
vestibular nerve. Patients present with symptoms
related to the invasion of the cerebellopontine angle,
affecting especially nerves V and VIII (acousticofa-
cial complex). With time, cerebellar signs develop.
Treatment consists of microsurgery or radiosurgery
for lesions less than 3 cm (Pollock et al., 1995).
Low-dose treatments using a marginal tumor dose
of about 12 Gy achieve tumor growth control in
91% to 96% of patients along with low trigeminal
and facial nerve dysfunction (Iwai et al., 2007).
Transient swelling may occur in up to 60% of cases
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Figure 13.7 Epidermoid tumor of the pontocerebellar angle cistern. (A) T2-weighted image shows a hyperintense lesion (arrow) which
mimics the aspect of cerebrospinal fluid. (B) The lesion is not enhanced by contrast administration (T1-weighted image). With permission
from: Hildebrand and Balériaux, 2002.

treated with gamma knife radiosurgery, and large
tumors are usually those associated with neurolog-
ical deterioration (Yu et al., 2000). Swelling usually
peaks about 6 months after radiosurgery, but it may
persist for up to 2 years and it may not respond
to steroids. Nevertheless, because radiosurgery is
less invasive than surgical resection and provides
good functional preservation along with long-term
tumor growth control, it is becoming the preferred
therapy for small to medium acoustic neuromas.
However, about 5% of patients require surgical resec-
tion after radiosurgery, in the presence of increased
intra-cranial pressure or cerebellar ataxia (Iwai
et al, 2007). These surgeries are complicated by
fibrosis and adhesions between the tumor and the
surrounding tissues (Lee et al., 2003). When surgery
is performed during the transient swelling period,
surgical results are poor in terms of cranial nerve
function preservation, especially facial nerve function
(Iwai et al., 2007). Subtotal removal/resection of the
tumor is more successful in preserving cranial nerve
dysfunction. In patients with tumor enlargement sev-
eral years after radiosurgery, the possibility of chronic
intratumoral bleeding due to delayed radiation injury
should be considered (Iwai et al., 2007). Close follow-
up in very old patients with slowly growing tumors
and mild deficits may be an alternative.

Epidermoid and dermoid tumors

The cerebellopontine angle is the principal site of pos-
terior fossa epidermoid tumors. The tumor is usually
discovered between the ages of 30 and 55 years, unlike

dermoid tumors, which are usually diagnosed in the
first 3 decades of life. Patients may develop symptoms
and signs related to the involvement of the acoustico-
facial complex or signs of intracranial hypertension or
may present with an acute aseptic meningitis due to
rupture of the cyst. Due to a signal behavior similar to
the CSF and the usual lack of contrast enhancement
(Figure 13.7), the tumor may be difficult to diagnose.

Primary lymphomas of the (NS

The majority of primary CNS lymphomas (PCNSL)
are non-Hodgkin lymphoma of the B type. They may
develop in immunocompetent patients (usually aged
between 50 and 70 years) or in immunocompro-
mised patients (mainly in the following cases: Wiskott-
Aldrich syndrome, transplantation, HIV infection,
myelopathy associated with human T-lymphotropic
virus type I infection, chemotherapy). These latter
patients are usually younger. Basal ganglia and the
regions around the lateral ventricles are the most com-
mon sites. About 20% of patients develop a tumor
starting in the posterior fossa (brainstem, cerebel-
lum). Involvement of the eyes occurs in up to 10%
of cases. On T1-weighted images, the lesions appear
hypointense or isointense. On T2-weighted images,
lesions are usually isointense or moderately hyper-
intense. Gadolinium enhancement is homogeneous.
Treatment includes chemotherapy (methotrexate) and
radiotherapy. Irradiation carries the risk of cogni-
tive deficits. Steroids exert a rapid cytolytic effect and
should be used very cautiously if the neuropathologi-
cal diagnosis has not been established yet.
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Figure 13.8 Lhermitte-Duclos disease. (A) T1-weighted image showing a heterogeneous mass displacing the fourth ventricle. (B) A
suggestive linear enhancement (dilated veins) is visible following contrast administration. (C) Tigroid pattern on coronal T2-weighted image.
With permission from: Hildebrand and Balériaux, 2002.

Lhermitte-Duclos disease

This disease may present as an expanding cerebellar
lesion, occasionally associated with Cowden disease
(multiple hamartoma-neoplasia syndrome). Some
authors still consider that Lhermitte-Duclos disease is
a malformation rather than a tumor (see Chapter 7).
The lesion has a peculiar aspect on brain MRI (Figure
13.8). Typical linear enhancement is observed after
contrast injection. T2-weighted images show a folial,
“tigroid” aspect. The disease is characterized by
high carbon-11 methionine uptake on PET imaging
(Van Calenbergh et al, 2006). Surgical removal is
recommended. However, recurrence is possible.

Cerebellar metastases

About 10% to 12% of brain metastases are located in
posterior fossa. Metastases in the cerebellum have a
poorer prognosis than those in the supratentorial com-
partment. The 1-year survival rate is around 30%. Pri-

mary tumors have the following sites: pelvis (prostate,
uterus, ovary), digestive tract, lungs, and skin (Pom-
pili et al., 2008). Patients exhibit various combinations
of headache (located chiefly in the occipital region),
nausea, vomiting, and ataxia of gait/limbs. With time,
signs of increased intra-cranial pressure predominate.
Metastases in the cerebellum may result in brainstem
compression, tonsillar or upwards herniation of the
cerebellar tissue. Gadolinium-enhanced MRI is more
sensitive than contrast-enhanced CT for detection of
metastases. In addition, MRI is superior in differen-
tiating between solitary and multiple lesions. Steroids
provide a rapid and effective attenuation of symptoms
within 48 hours. Dexamethasone is preferred due to
its low mineralocorticoid activity and high CNS pen-
etration (4 mg every 6 hours, preceded by a loading
dose if clinically required). Surgery is indicated when
there is a need to establish the diagnosis, especially
in patients who have no known primary lesion, or in
cases of obstructive hydrocephalus to relieve cerebral
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edema and neurological deficits. Techniques of whole
body PET, CT, or MRI allow an earlier detection of
occult cancer. Open microneurosurgery with resection
should be considered when the lesions appear remov-
able and there is an expected survival of 6 months
or more (Hildebrand & Balériaux, 2002). This sup-
poses that the primary cancer is under control. The
high postoperative complication rate is rather typical
for posterior cranial fossa metastatic disease, especially
because a small hematoma in the posterior fossa leads
to neurological deterioration that requires a reinter-
vention (Pompili et al., 2008). A large size (>3 cm) is
a risk factor. Radiation therapy (usually 30 Gy in 10
fractions) is recommended, both in patients undergo-
ing surgery and those in whom the metastases are not
removed. Lesions with a diameter less than 3 cm may
benefit from external stereotactic irradiation. Stereo-
tactic radiosurgery (gamma knife, linear accelerator)
is gaining attention in brain metastases. Indeed, small
metastases are good targets for stereotaxy. They are
often well defined with distinct margins on contrast
enhancement, and they have a displacing rather than
infiltrative effect, unlike gliomas. These characteris-
tics help to achieve highly conformal dose distribu-
tions, with minimal damage to surrounding tissues
(Wadasadawala et al., 2007). Chemotherapy may con-
trol brain seedings in chemosensitive tumors. It should
be kept in mind that death is due to systemic cancer
lesions in half of patients.

Complications of chemotherapy,

phenytoin, lithium salts
The reader is referred to Chapter 15.

Superficial siderosis

Superficial siderosis is a late complication character-
ized clinically by slowly progressive bilateral hearing
loss associated with a cerebellar syndrome, appear-
ing usually in the 5 to 25 years after surgery for
a primary cerebellar tumor (Anderson et al., 1999).
Other causes include brain trauma and vascular mal-
formations. Patients may also exhibit cognitive deficits
and pyramidal signs. The origin of bleeding requires
a detailed search, although it may remain undeter-
mined. Fluid-filled collections may be discovered in
patients with or without a history of injury or surgi-
cal procedure. Occult bleeding in the spinal cord may
also cause superficial siderosis; therefore, the work-
up should also include a detailed search of causes of

bleeding at this level. A dynamic CT myelography may
localize the defect, such as a transdural leak. The dis-
ease is characterized by deposits of hemosiderin on the
leptomeninges. Brain MRI is very suggestive, show-
ing a hypointense rim in T2-weighted images around
the cerebellum, brainstem, and cranial nerves (Bracchi
et al., 1993; Figure 13.9). A cerebellar cortical atrophy
may evolve. CSF analysis shows red blood cells and
xanthochromia. Iron-chelating drugs may be tried.
Response is limited, but some patients may present
with stabilization of symptoms. A favorable response
to steroids has been reported (Angstwurm et al., 2002;
Le Rhun et al., 2008).

Stroke

Incidence of stroke is higher in cancer patients. Hem-
orrhagic stroke may be related to intra-tumoral bleed-
ing (especially metastases from germ cell tumors,
melanomas, and lung cancer), a coagulation disor-
der (mainly in leukemia), and hypertension. Ischemic
stroke may be due to disseminated intravascular coag-
ulation and embolism from heart disease. Hematomas
exerting a mass effect require surgical removal when
possible (see also Chapter 8). Control of bleeding
related to metastases is favored by radiochemotherapy.
Infections and coagulation disorders require specific
treatments.

Infections

Opportunistic infections occur mainly in immuno-
compromised patients or in cases of neutropenia.
Patients with leukemia and lymphoma are at risk. The
following agents are encountered: Nocardia asteroides,
Aspergillus, Cryptococcus neoformans, and Toxoplasma
gondii. Infections due to Staphylococcus aureus or
epidermidis are found in patients with a previous
neurosurgical intervention or carrying a shunt. Treat-
ment of cerebellar abscess is discussed in Chapter 11.
Patients who do not respond to antibiotics and those
presenting with a mass effect require neurosurgical
intervention.

Paraneoplastic cerebellar

degeneration

About 50% of the patients who develop paraneo-
plastic cerebellar degeneration (PCD) have detectable
antibodies in serum and/or CSF acting on autoanti-
gens (Table 13.3). Some of these antibodies are
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Table 13.3 Antibodies found in paraneoplastic cerebellar syndrome

Antibody
Anti-Yo
Anti-Hu (ANNA-1)

Anti-CV2

Anti-Tr
Anti-Ri (ANNA-2)

Anti-MA1

Anti-Zic4®

Anti-mGIuR1

Other paraneoplastic syndromes

Sensory neuronopathy
Encephalomyelitis
Limbic encephalitis
Autonomic dysfunction

Limbic encephalitis
Encephalomyelitis
Polyneuropathy

Opsoclonus-myoclonus (++)
Encephalomyelitis

Brainstem dysfunction
Myoclonus

aPossible association with other onconeuronal antibodies (Hu, CV2, Ri).

Primary cancer
Gynecologic cancer (ovarian, breast)

Small-cell lung carcinoma (++)
Non-small-cell lung carcinoma
Neuroblastoma

Prostate carcinoma

Sarcoma

Small-cell lung carcinoma (++)
Uterine sarcoma

Malignant thymoma

Germ cell tumors of testis

Hodgkin disease

Breast carcinoma
Small-cell lung carcinoma

Parotid carcinoma
Breast carcinoma
Colon carcinoma

Small-cell lung carcinoma
Merkel cell tumor

Hodgkin disease

Figure 13.9 Superficial siderosis. Coronal
brain MRl images showing hypointense rim
around the cerebellum in T2-weighted
sequence (arrows in A, B). Widened cerebellar
sulci are visible (arrows in C, D). Note the
moderate atrophy of cerebral sulci.
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specific for a given cancer. The development of PCD
prior to the diagnosis of PCD is a common finding
(Hildebrand & Balériaux, 2002). The cerebellar syn-
drome often has a subacute course, evolving over a
period of several weeks, although some patients are
admitted for a pseudo-acute cerebellar ataxia mim-
icking cerebellitis or a systemic immune disease with
neurological complications (see Chapter 9 and Chap-
ter 11). Other possibilities to consider are the use
of toxic agents (such as 5-fluorouracil [5-FU]) or
alcohol abuse. Investigations are listed in Table 13.4.
CSF shows typically inflammatory changes, and oligo-
clonal bands may be found. FDG-PET scan and single-
photon emission CT may reveal cerebellar hyperme-
tabolism and increased regional perfusion at the acute
stage of the disease due to the inflammatory reaction
(Choi et al.,, 2006). Follow-up of brain imaging may
demonstrate cerebellar atrophy, despite a stability or
even a slight improvement of the neurological status
(Figures 13.10 and 13.11). Immunostaining (serum,
CSF) is an important step for the diagnosis of PCD.
False-positive high titers of antibodies are very rare.
The leading hypothesis regarding the pathogenesis
of PCD is an immune reaction triggered or mediated
by antibodies. Several immunomodulatory treatments
have been proposed (plasmapheresis, intravenous
immunoglobulins, immunoabsorption). Steroids are
used by some authors, but the scientific basis is often
unclear. A proportion of patients may improve clin-

Figure 13.10 A 66-year-old man with
paraneoplastic cerebellar degeneration.
Anti-Tr antibodies were found to be
associated with Hodgkin lymphoma. (A, B)
Sagittal T1-weighted images at 4 years of
interval show progressive atrophy of the
vermis with enlargement of the
pericerebellar spaces, despite a favorable
response of Hodgkin lymphoma to
treatment. The pons is spared. (C, D)
Coronal T2-weighted images show the
development of atrophy of the cerebellar
hemisphere, with enlargement of the
fourth ventricle.

Table 13.4 Recommended investigations in patients
presenting with paraneoplastic cerebellar degeneration

Thorough physical examination and clinical follow-up
Blood studies (including tumor markers)

Serum and CSF antibody testing

Whole-body PET, CT, or MRI

Mammography

Bronchoscopy

ically if the treatment is administered at an early
phase (Stark et al., 1995). Rapid treatment of the
primary cancer (tumor resection, radiation, and/or
chemotherapy, according to the cancer) might stop the
progression of PCD in some cases. Functional out-
come depends on the type of antibody and the pri-
mary cancer. Anti-Ri syndrome may recover sponta-
neously and might carry the best prognosis in PCD.
However, surviving patients may exhibit a severe resid-
ual pancerebellar syndrome, becoming wheelchair-
bound. Close follow-up for several years should be per-
formed in all patients developing a subacute cerebellar
syndrome with positive antibodies and in whom a pri-
mary tumor has not been found. The majority of these
patients will develop a detectable malignancy.

Langerhans histiocytosis

Langerhans histiocytosis (histiocytosis X) is a rare dis-
ease characterized by proliferation of Langerhans cells,
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usually affecting children and young adults. Definitive
diagnosis relies upon the demonstration of charac-
teristic Birbeck granules in cells and CDla antigen
on the cell surface. The clinical presentation is vari-
able. All organs can be affected. CNS complications,
classified as “tumor-like” or “neurodegenerative-like,”
occur in about 5% of cases (Donadieu et al., 2004).
Intra-cranial granulomatous infiltration generates
raised intra-cranial pressure and focal deficits. Dia-
betes insipidus is due to a direct hypothalamic or
pituitary invasion. Cerebellar ataxia associated with
brainstem deficits and cognitive decline is a known
complication. Cerebellar white matter lesions
are found on MRI, appearing as symmetrical
non-enhancing T2 hyperintense and variable T1
hypointense areas. An evocative butterfly aspect of
the dentate nuclei may be observed on coronal images
(Martin-Duverneuil et al., 2006). Cerebellar atrophy
has been reported. Its severity might be correlated to
the gravity of cerebellar symptoms. Acute ataxia in
children is an exceptional presentation (Polizzi et al.,
2002). Differential diagnosis includes in particular
leukodystrophies, mitochondrial encephalopathies,
and toxic lesions. A remote effect of the disease on

Figure 13.11 A 57-year-old man with
paraneoplastic cerebellar degeneration
(anti-CV2 antibodies associated with a
thymic carcinoma). (A, B) Sagittal
T1-weighted images at 4 years of interval
show progressive atrophy of the vermis
with enlargement of the cerebellar sulci.
Cerebellar peduncles are spared. (C, D)
Axial T2-weighted images show
progressive atrophy of the cerebellar
hemispheres.

cerebellar tissue (paraneoplastic presentation, see
previous section Paraneoplastic cerebellar degenera-
tion) has been advocated by some authors when the
cerebellar deficits are not associated with a direct
infiltration (Goldberg-Stern et al., 1995). Treatment
of Langerhans histiocytosis manifesting with cere-
bellar ataxia with a combination of intravenous
immunoglobulin (given monthly or twice monthly at
the dosage of 250-400 mg/kg/dose) and chemother-
apy (steroids £ vinblastine + 6-mercaptopurine +
methotrexate) has been associated with a stabilization
of neurological deficits during a 30-month follow-up
period (Imashuku et al., 2008). Further studies are
needed to confirm these observations.

Erdheim-Chester disease

Erdheim-Chester disease is a non-Langerhans form
of histiocytosis characterized by xanthomatous tis-
sue infiltration with foamy histiocytes. The disease
typically infiltrates the medullary portion of the
diaphysis and metaphysis of long bones, with a
characteristic radiological pattern dominated by bone
sclerosis. Intra-cranial manifestations are rare. The
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usual localizations are the retro-orbital space, causing
exophthalmos or diplopia, and the hypothalamic area,
explaining the neurogenic diabetes insipidus. Patients
may present with a progressive cerebellar syndrome
associated with pyramidal deficits (Pautas et al,
1998). Cerebral MRI shows bilateral increased signal
intensity in peridentatal regions on T2-weighted
sequences. In other cases, ataxia is associated with
histiocytic infiltration of the pons and middle cere-
bellar peduncles (Evidente et al., 1998). Lesions can
mimic demyelinating plaques in the periventricular
white matter (Bohlega et al., 1997). Bone radiography
shows suggestive lesions with patchy sclerosis and
osteolysis in the distal parts of the long bones. Skeletal
scintigraphy shows symmetrically increased uptake of
the tracer. A “hairy kidney” appearance on abdominal
CT scan is evocative. The other organs which can be
affected by the disorder are the lungs and heart. Treat-
ment with pulsed corticosteroids, cyclophosphamide,
or interferon-alpha is recommended (Haroche et al.,
2006). Bisphosphonates might be helpful. Some
authors suggest radiation therapy for bone involve-
ment (Matsui et al., 2007). However, prognosis is poor
in aggressive cases.
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The cerebellum and brainstem are often damaged
simultaneously following traumatic injuries, due to
their proximity and anatomical links. Penetrating
injuries or fractures usually cause liquorrhea in open
head injuries (Maschke et al., 2002). The vertebrobasi-
lar system may be involved, with dissection of the ves-
sels and secondary infarction (see also Chapter 8).
The primary trauma carries the risk of secondary com-
plications triggered by edema, increased intra-cranial
pressure, or infection (Keidel & Miller, 1996), con-
tributing to morbidity and mortality. Trauma of the
posterior fossa is indeed a potential cause of death,
especially in children, young adults, and the elderly.
Car and motorcycle accidents, falls, ethanol consump-
tion, and abuse in children are the most common
causes.

Clinical presentation

When consciousness is impaired (up to coma on
admission), cerebellar deficits cannot be assessed, so
that the cerebellar syndrome is overlooked. Patients
awake or with mild impairment of consciousness
complain of mild to severe headache and vertigo.
Nausea and vomiting should immediately raise the
possibility of increased intra-cranial pressure. Cerebel-
lar deficits associated with acute injuries of the cere-
bellum have been extensively described by Holmes,
extending from mild unilateral deficits to a pancere-
bellar syndrome (Holmes, 1917). Partial or full Wal-
lenberg syndrome in patients with a history of
cervical trauma suggests a vessel dissection (see
below). Cerebellar mutism has been described in chil-
dren with cerebellar trauma (Bramanti et al., 1994).

Types of trauma

Categories of lesions are given in Table 14.1.
Concussion is associated with transient dysfunc-

tion of neural function. Patients may exhibit impaired

consciousness. Amnesia of the trauma is common.

Trauma of the posterior fossa

Some such patients are at risk for developing a
post-traumatic concussion disorder characterized by
headache, anxiety, disequilibrium, and fatigue, even
following a “minor” head injury (Levin et al., 1987).
Contusion of the posterior fossa, occurring in most
cases after a severe injury, is due to the peak forces
evolving at the site of the impact (“coup”) or may
result from a “contrecoup” phenomenon (Figure 14.1).
Microhemorrhages around small vessels generate local
hematoma, with dimensions varying according to the
intensity and location of the trauma. Microbleedings
occasionally merge in a larger hematoma several hours
after the impact (Gudeman et al., 1979).

Contusion is often associated with diffuse axonal
injury resulting from shearing forces (Adams et al,
1982). The following brain areas are the usual
sites: mesencephalon, diencephalon, corpus callosum,
periventricular zones, and gray matter-white matter
junctions. Repeated head injuries (e.g. as in boxing)
generate a traumatic encephalopathy made of frontal
signs, memory deficits, parkinsonian signs, and cere-
bellar deficits, including dysarthria, kinetic tremor,
and imbalance.

Uncal and tonsillar herniation are life-threatening
complications. When penetrating brainstem vessels
are elongated, a secondary brainstem hemorrhage
occurs by a mechanism of ischemia-reperfusion (also
called “Duret hemorrhage”) (Figure 14.2).

Subarachnoid hemorrhage is classical in severe
trauma. One of the complications is vasospasm gen-
erating ischemic insults.

Table 14.1 Types of posterior fossa trauma

Intra-axial lesions Extra-axial lesions

Concussion Epidural hematoma

Contusion Subdural hematoma

Diffuse axonal injury Subarachnoid hemorrhage

Secondary lesions (herniation, Traumatic vascular lesion

ischemia, bleeding)
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Figure 14.1 Cerebellar contusion of the cerebellum. (A) A hyperdense hematoma is visible on the right cerebellar hemisphere, with a
concomitant frontobasal hematoma (contrecoup contusion). (B) Bone window showing an occipital fracture with overlying soft tissue
swelling. With permission from: Maschke et al., 2002.

Subdural hematoma of the posterior fossa with
collection of blood between the arachnoid and the
meningeal layer of the dura is relatively rare in trau-
maticlesions of the brain. Brain MRI is very suggestive,
showing a “hematocrit effect” in T1-weighted images
(Figure 14.3).

Epidural hematoma - due to bleeding of meningeal
vessels, diploic veins, or sinuses — appears more fre-
quently in children than in adults. A majority of
patients have a skull fracture. A lucid interval between
the trauma and the clinical deficits usually lasts a
few hours and happens in up to half of patients. The
hematoma appears biconvex (Figure 14.4).

Dissection of the vessel wall is another potential
complication of head trauma. This latter is some-
times minor in intensity and may even be overlooked.
Occlusion of the lumen of the vessel, arterioarterial
embolism, may result, with possible cerebellar stroke
(Figure 14.5). Sudden cervico-occipital pain combined

with brainstem deficits or lateral medullary syndrome
is suggestive of a dissection of the vertebral artery.
Exceptionally, traumatic aneurysm of cerebellar arter-
ies develops. Traumatic dissection of the vertebral
arteries has a higher incidence than dissection of
carotid arteries (Reid & Weigelt, 1988).

Investigations

The evaluation of posterior fossa trauma is given in
Table 14.2. Imaging plays a key role. CT scan is a
sensitive technique which has the capacity to confirm
hemorrhage or mass effect. Nevertheless, MRI is supe-
rior for detecting small lesions in the posterior fossa.
Results of neuroimaging investigations are summa-
rized in Table 14.3. Single-photon emission CT and
positron emission tomography studies may detect sub-
tle abnormalities in various regions of the brain and
may show a crossed cerebellar diaschisis, characterized
by a decreased perfusion or metabolism in a cerebellar
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Table 14.2 Evaluation of posterior fossa trauma
Detailed repeated physical/neurological examination
Glasgow Coma Scale

Ultrasonography of neck vessels (Doppler)

Brain imaging: CT, MRI, MRA, single-photon emission CT,
positron emission tomography

Conventional angiography (in case of suspicion of a dissection
not detected by Doppler/MR)

Figure 14.2 Duret hemorrhage. Brain CT scan in a patient with
delayed hemorrhage in the pons (open triangle) following head
injury with brain swelling and subarachnoid hemorrhage. With
permission from: Maschke et al., 2002.

hemisphere contralaterally to a cerebral hemispheric
trauma (Alavi et al.,, 1997). A hypermetabolic cere-
bellar vermis is a common finding (Lupi et al., 2007;
Figure 14.6).

Management

The first line in the management of posterior fossa
trauma aims to control vital functions and to treat

increased intra-cranial pressure (see Table 14.4)
(Miller, 1997). Steroids are not recommended (Miller,
1997). Patients should be transferred to a rehabil-
itation unit after the acute phase. Intense physical
therapy with a focus on postural training and speech
rehabilitation might improve functional capacities.

Late complications

Patients may develop late complications. Delayed onset
cerebellar syndrome refers to the appearance of cerebel-
lar deficits between 3 weeks and 2 years after trauma
(Louis et al.,, 1996). The syndrome may take a pro-
gressive course, with a worsening over a few months.
The pathogenesis might be a hypersensitivity of post-
synaptic sites within the cerebellar outflow tracts (see
Chapter 1). A proportion of patients exhibit a so-called
“delayed-onset intention tremor.” In others, tremor
is present at rest, during postural tasks, and during
movement (midbrain tremor). Children with a history
of moderate to severe traumatic brain injury (Glas-
gow Coma Scale raging from 3 to 11) due to a vehicle,
bicycle, or pedestrian—vehicle crash develop cerebellar
atrophy of the white matter as demonstrated by quanti-
tative MRI performed at a mean post-injury interval of
3.142.4 years (Spanos et al., 2007). Loss of cerebellar
gray matter has been documented (Gale et al., 2005).
Autopsy studies confirm a loss of Purkinje neurons
and activation of microglia (Matschke et al., 2007).
Inflammation, axonal lesions, and excitotoxic mecha-
nisms might contribute to delayed neuronal loss. Deep
brain stimulation of the Vim nucleus can improve
post-traumatic cerebellar tremor in adults. However,
kinetic tremor is more difficult to treat than rest or pos-
tural tremor, and proximal tremor tends to be refrac-
tory, although there are exceptions (Deuschl & Bain,
2002).

Olivary hypertrophy may be associated with palatal
myoclonus (see also Chapter 3), as a consequence
of a lesion of the Guillain-Mollaret triangle. Other
involuntary movements may be associated, such as
myoclonias of the neck or the shoulder. Cerebellar
symptoms are contralateral to the site of hypertrophy
when this latter develops unilaterally. Olivary hyper-
trophy develops several months to several years after
the trauma. Brain MRI shows abnormal signals in the
inferior olive (Birbamer et al., 1994). Figure 14.7 illus-
trates an example. Lesions need to be distinguished
from vascular, infectious, inflammatory, or neoplastic
causes.
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Table 14.3 Results of imaging studies in posterior fossa trauma
Lesion CT scan

Cerebellar contusion ll-defined hypodense area (edema)
Punctuate hyperdense areas (bleeding)
Note: possible bone fracture and often swelling of soft
tissues

Cerebellar hematoma  Hyperdense area, possible mass effect with
hydrocephalus
Possible ring enhancement surrounding the hematoma

Subarachnoid Hyperdense fluid in the cisterns, in the sulci, around the
hemorrhage falx of cerebellum, in ventricles
Diffuse axonal injury Diffuse hypodensity (swelling)

Possible mass effect

Epidural hematoma Hyperdense lesion, with a biconvex shape
Mass effect is common

Subdural hematoma Hyperdense lesion, with a concavo/convex shape
Often unilateral in adults and bilateral in children

Dissection of vessels Hypodense area (infarction)

?May be demonstrated by MRA.

MRI

T1-weighted images: from hypointense (early
stage) to hyperintense area (later stage)
T2-weighted images: hyperintense area (edema)

Multiple areas of increased signal intensity on
T2-weighted images

T1-weighted images: isointense mass
T2-weighted images: hypointense mass

T1-weighted images: hypo/isointense on the top
and hyperintense on the bottom
("hematocrit-like effect”)

T2-weighted images: hyperintense/isointense on
the top and hypointense on the bottom

Intramural hematoma, vessel occlusion,
pseudoaneurysm?
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Figure 14.3 Bilateral subdural hematoma of the posterior fossa. (A) T1-weighted axial MRI shows fluid levels (“hematocrit effect”) due to
sedimentation of erythrocytes (arrows). Asterisks corresponds to serum. (B) T2-weighted image showing a dark aspect of the hematoma

(arrows). With permission from: Maschke et al., 2002.
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Figure 14.4 Epidural hematoma of the posterior fossa. (A) (bone window) Triangles indicate a fracture of the right temporal bone extending 153
to the sulcus of the sigmoid sinus. (B, C) Biconvex hematoma extending above the tentorium cerebella. With permission from: Maschke et al,, L
2002.
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Figure 14.5 Dissection of the vertebral artery. (A) Infarction in the territory of the PICA (arrows) on axial MRI. (B) Angiography shows an
arterial occlusion of the vertebral artery (arrow). From: Maschke et al., 2002. With permission.

154 Figure 14.6 (A) Relative hypermetabolism of the cerebellar vermis and pons in a patient with post-anoxic coma. (B) Control case. From: Lupi
etal,, 2007. With permission. (See color section.)
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Table 14.4. Management of posterior fossa trauma

Acute phase
Cautious mobilization of patients
Monitoring and management of vital functions (stabilization
of vital parameters)
Immediate brain imaging (CT or MRI)
Monitoring of intra-cranial pressure in severe head injury
Increased intra-cranial pressure

Hyperventilation
Administration of osmotic agents (mannitol), diuretics,
barbiturates
Drainage in case of obstructive hydrocephalus
Surgical decompression in case of severe edema

Management of space-occupying lesions
Surgical evacuation of hematoma (epidural, subdural)
Dissection
Anticoagulation (intravenous heparin, followed by
warfarin)

Chronic phase
Management of tremor (drugs, Vim stimulation, Botulinum
toxin)
Rehabilitation
Speech rehabilitation
Physical therapy
Assistive devices

Crossed atrophy of the cerebellum develops several
months or years after a traumatic cerebral lesion, either
by anterograde degeneration of the corticopontocere-
bellar tract or by retrograde trans-synaptic degen-
eration of the cerebello-rubrothalamic tract (Tien &
Ashdown, 1992). Superficial siderosis in discussed in
Chapter 13.

Mood disorders and mneuropsychological deficits
developing several months to a year after trauma of
the posterior fossa may occur. There is an associa-
tion between cerebellar lesions and deficits in visual
recognition memory, dyscalculia, and IQ in chil-
dren after severe traumatic brain injury (Braga et al.,
2007).
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Cerebellar toxicity of alcohol

Epidemiological studies have estimated the prevalence
of alcohol dependence at about 0.5% to 3% of the pop-
ulation in Europe and in the United States. Chronic
ingestion of ethanol can impair both the peripheral
nervous system and the CNS. The cerebellum is proba-
bly one of the most vulnerable targets to ethanol inges-
tion in the CNS.

Clinical findings

Cerebellar signs are observed following both acute
and chronic ingestion (Gilman et al., 1981). The chief
symptom in patients presenting with a cerebellar dys-
function related to alcohol ingestion is difficulty in
standing and walking. Most patients report a loss of
coordination in lower limbs (Gilman et al., 1990).
A suggestive postural lower limb tremor may be
observed. Neurological signs observed in adult alco-
holic patients are listed in Table 15.1.

Acute intoxication is characterized clinically by
slurred speech, gaze-evoked nystagmus, impaired
Romberg test, and broad-based ataxic gait. The cere-
bellar signs tend to become chronic features with
chronic alcohol abuse (Gilman et al., 1981). Gait may
worsen progressively or may rapidly turn to severe
irreversible deficits in cases of malnutrition. Unpre-
dictable exacerbations are uncommon. Typically, legs
appear stiff during gait, contrasting with an absence of
stiffness in the lying position (Victor et al., 1959).

Patients exhibiting Wernicke encephalopathy
present with a combination of mental confusion, ocu-
lomotor deficits, and ataxic gait (Zubaran et al., 1997).
Typically, a nystagmus is associated with a paralysis
of the external rectus muscles causing diplopia. Onset
is usual abrupt. Cerebellar ataxia associated with
memory deficits and confabulation suggest Korsakoff
syndrome. The terminology of Wernicke-Korsakoft is
often used. Table 15.2 lists the conditions associated
with Wernicke-Korsakoff syndrome.

Patients with chronic alcoholism are at risk
for pontine and extra-pontine myelinolysis. Extra-
pontine lesions are generally found in the cerebellum,
midbrain, thalamus, basal ganglia, and periventricular
white matter (Gocht & Colmant, 1987). Myelinolysis
can extend in particular to middle cerebellar pedun-
cles (cerebellar peduncular myelinolysis, also reported
in patients undergoing hemodialysis for renal failure
[Kim et al.,, 2007]). Hyponatremia, a well-known key
factor in the pathogenesis of myelinolysis, is often
found (Garzon et al., 2002).

Cerebellar atrophy

Between 27% and 42% of patients presenting with
alcoholism have a cerebellar degeneration (Worner,
1993). Although about 25% of these patients have
severe liver disease, more than one-fifth of patients
with hepatic cirrhosis have no cerebellar signs. It is
considered that a daily consumption of 150 g of alcohol
during 10 years is associated with significant cerebel-
lar atrophy as demonstrated by brain CT in one-third
of patients (Haubek & Lee, 1979).

Concomitant widening of the cerebral sulci is
common. A non-enhancing hypodense area around
the aqueduct during the acute phase of Wernicke
encephalopathy is found in 10% to 20% of cases, often
in association with superior vermian atrophy (Gallucci
et al., 1990). The discovery of severe cerebellar atro-
phy on brain CT/MRI in young alcoholic patients in
whom neurological examination either is normal or
shows only subtle deficits is not rare. Most of them will
develop cerebellar deficits several months later. MRI
may show various combinations of cerebellar atrophy
predominating in the anterior lobe, widening of cere-
bral sulci, dilatation of ventricles and aqueduct, sym-
metrical lesions in the periventricular areas and dorsal
thalamus, atrophy of mamillary bodies, or enhance-
ment with gadolinium injection. Figure 15.1 illustrates
an example of cerebral cortical and cerebellar atrophy.
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Table 15.1 Neurological features in alcoholic patients

Cerebellar signs
Gaze-evoked nystagmus, ocular dysmetria
Slurred speech
Kinetic tremor
3-Hz postural leg tremor
Ataxic gait
Titubation
Hypotonia
Decreased tendon reflexes
Amyotrophy
Wernicke encephalopathy
Korsakoff psychosis, dementia
Alcohol withdrawal syndrome
Asterixis
Myoclonus
Seizures

Extensor plantar reflexes

Table 15.2 Conditions associated with Wernicke-Korsakoff
syndrome

Alcoholism

Hyperemesis gravidarum
Dialysis

Gastroplasty, intestinal surgery

Prolonged parenteral nutrition without vitamin
supplementation

Psychogenic food refusal, beriberi
Patients in critical care units
Therapy-induced: AIDS, chemotherapy, immunosuppressants

Thyrotoxicosis

Pre-natal exposure (fetal alcohol syndrome) may be
associated with atrophy of the anterior region of the
vermis (lobules I to V), sparing lobulesVI to X (Sowell
etal., 1996).

Posture and gait studies

Posture and gait analysis may demonstrate an anterior-
posterior tremor with a suggestive 3-Hz frequency
(Figure 15.2).

Blood studies

There is no correlation between the development of
cerebellar signs and laboratory findings. Blood stud-

ies often show moderate to marked macrocytic ane-
mia, platelet reduction, impaired liver function tests,
sideropenia, and reduced levels of blood transketolase.

Neuropathology

Microscopic changes in the mamillary bodies are the
most common findings in autopsied cases (Harper,
1983). Other common sites of damage are the
diencephalon/mesencephalon, temporal lobes, frontal
lobes, and cerebellum (Fadda & Rossetti, 1998).
Autopsies have demonstrated widening of sulci in the
cerebellar anterior lobe, with cellular loss in all lay-
ers. Purkinje cells are particularly vulnerable. Punc-
tate hemorrhages affecting the gray matter around the
third and fourth ventricles are observed in patients
with a history of Wernicke encephalopathy. Patchy
losses of myelin and diffuse degeneration of neurons
occur in association with hepatic disease.

Pathogenesis

Ethanol interferes with neurotransmission and brain
metabolism. Glutamatergic pathways, GABAergic
pathways, serotoninergic and noradrenergic systems,
as well as regulation of nitric oxide production, are
affected (Fadda & Rossetti, 1998; Manto et al., 2005).
Chronic alcoholism damages neurons containing
GABA-A/benzodiazepine receptors in the superior
cerebellar vermis in patients showing clinical deficits
of alcoholic cerebellar degeneration (Gilman et al.,
1996). Ethanol impairs cerebellar glucose metabolic
rates. Hypometabolism in the superior cerebellar
vermis is associated with decreased cellular and
synaptic activity because of neuronal loss (Gilman
etal., 1990).

Nutritional deficiencies contribute to cerebellar
degeneration. Thiamine deficit is probably a deter-
minant factor. Indeed, thiamine-deficient membranes
are particularly susceptible to osmotic stress. A per-
sonal vulnerability to ethanol is known. Personal
neurological sensitivity could be related to differ-
ences in thiamine enzyme systems (Greenwood et al.,
1984). Advanced liver disease contributes likely to the
neuronal degeneration in the cerebellum, probably
because of impaired thiamine metabolism and imbal-
ance in amino acid metabolism (Zubaran et al., 1997).

Experimental studies have revealed ethanol-
induced morphometric changes in granule cells and
Purkinje neurons (Pentney, 2002). Granule cells dis-
play changes in microtubular density in axons. Ethanol
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Figure 15.1 Cerebral atrophy in a patient
with a history of chronic alcohol abuse. (A, B)
Axial T2-weighted images show widening of
cerebellar sulci of the anterior lobe. (C, D)
Coronal images show atrophy of the
cerebellar cortex in different lobules, as well as
cerebral cortical atrophy (arrows). (See color
section.)

interferes with N-methyl-D-aspartic acid (NMDA)
receptors of granule cells, inhibiting the expression
of brain-derived neurotrophic factor (Bhave et al,
1999). Ethanol inhibits also insulin-like growth factor
1 signaling and impairs adenosine neurotransmission
in granule cells, which are equipped with numerous
adenosine Al receptors. Damage in Purkinje cells
results in loss of branches in the dendritic trees and
finally in cell death. Increased volume in smooth
endoplasmic reticulum is commonly observed

Treatment

Thiamine should be administered without delay to
patients presenting a Wernicke-Korsakoff encepha-

lopathy, preferentially by the intravenous route
(starting with 50-100 mg, followed by oral sup-

plementation). Electrolyte disorders should be
corrected. Balanced diet is recommended. Clonidine/
fluvoxamine and benzodiazepines have shown bene-
fits. Disulfiram, acamprosate, and naltrexone can be
considered. A clinical-psychological follow-up is
mandatory.

Prognosis

Ataxia of stance and gait may improve with abstinence
(Diener et al., 1984). Patients who continue to drink
exhibit a worsening of gait ataxia, which can lead to
total inability to walk alone. The recovery of ataxia is
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Figure 15.2 A 3-Hz body sway in chronic alcoholic cerebellar degeneration. (A) Representation of the center of pressure during a Romberg
test using a pressure platform. (B) Displacements of the center of pressure in orthogonal axis X-Y. (C) Superimposition of power spectral
density curves in the anterior-posterior axis. A 3-Hz tremor is found (arrow). (D) Time-frequency representation of the oscillations. (See color

section.)

often incomplete in patients with Wernicke-Korsakoff
syndrome, even with abstinence and thiamine replace-
ment. About two-thirds of the patients exhibit an irre-
versible nystagmus with gait ataxia.

Drugs

Anticonvulsants

Phenytoin

Patients treated with phenytoin may develop ataxic
signs either during a chronic treatment or following an

acute intoxication. Severity of cerebellar signs ranges
from subtle, such as an association of nystagmus and

mild ataxic gait, to severe (Selhorst et al., 1972). Cere-
bellar signs may develop several years after initiation
of a chronic treatment. Dose-related nystagmus is
very common for serum concentrations greater than
20 pg/mL. Patients may recover completely from
cerebellar deficits, but irreversible lesions may evolve.
Usually, patients who develop irreversible cerebellar
deficits have been exposed to higher doses during a
longer period of time. Rarely, patients present a slight
cognitive deficit or a peripheral neuropathy. Some
patients may be susceptible to phenytoin toxicity, for
instance, in cases of a silent cerebellar disease or in
myoclonic epilepsy. This rule is valid for many cerebel-
lotoxic agents. Intra-uterine exposure to phenytoin has
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been associated with pontocerebellar hypoplasia
(Squier et al., 1990).

Patients taking drugs increasing the half-life
of phenytoin, such as ticlopidine (acting upon
cytochrome P450), require a monitoring of blood
levels of phenytoin, especially when ticlopidine is
initiated or when the doses are increased.

Brain CT and brain MRI show cerebellar atrophy
at various degrees in patients developing irreversible
cerebellar signs following a chronic treatment. Cere-
bellar atrophy has also been described following a sui-
cidal attempt or an acute overdose (Masur et al., 1989;
Kuruvilla & Bharucha, 1997). In some cases, cerebellar
atrophy is discovered in absence of cerebellar deficits.
The correlation between cerebellar atrophy and the
duration of epilepsy remains a matter of debate. Neu-
ropathological studies show diffuse loss of Purkinje
cells and a decreased number of granule cells and
Bergmann gliosis, with a relative sparing of basket cell
axons (Chatak et al., 1976; Gilman et al., 1981).

Patients presenting with acute intoxication should
be monitored in an intensive care unit. Patients at risk
for developing cerebellar deficits should not receive
phenytoin (Eldridge et al., 1983).

Carbamazepine

Carbamazepine induces dose-dependent ataxic effects.
Typically, patients complain of dizziness and exhibit a
gaze-evoked nystagmus, action tremor, and ataxia of
stance/gait (Masland, 1982). Impaired conscious state
may mask the cerebellar deficits. Half of the patients
with overdose develop cerebellar signs (Bridge et al.,
1994). These signs may be related to involvement of
afferent or efferent fibers to the cerebellum. Elderly
patients appear more susceptible to carbamazepine
than young patients (Specht et al., 1997), and patients
presenting with a pre-existing cerebellar atrophy, even
moderate, are at risk for developing cerebellar signs
at lower serum levels. Structural lesions need to be
looked for when cerebellar signs appear during treat-
ment with carbamazepine (Hori et al., 1987).
Carbamazepine is used not only to treat focal
epilepsy, but also for pain management and to
treat manic-depressive disorders. In this latter case,
the association of lithium salts and carbamazepine
requires close clinical follow-up and biological mon-
itoring (Rittmansberger & Lebhuler, 1992). Patients
may develop a toxic syndrome made of confu-
sion, drowsiness, nystagmus, dysarthria, hyperreflexia,
coarse tremor, and ataxia of limbs and trunk. The sole

addition of carbamazepine to a chronic treatment with
lithium salts may trigger cerebellar signs, even when
blood levels of both drugs are within the therapeu-
tic range. Other drugs interacting with carbamazepine
are sodium valproate, erythromycin/clarithromycin,
verapamil, and viloxazine (Rothner et al., 1987; Zitelli
etal., 1987).

Patients presenting with intoxication to carba-
mazepine should be monitored preferentially in an
intensive care unit, due to the possibility of drowsi-
ness or coma. Electrolyte imbalance should be cor-
rected. Activated charcoal is still used in many cen-
ters. It should be kept in mind that total levels may
be “therapeutic,” whereas free levels are increased
(Rothner et al., 1987).

Other anticonvulsants

Phenobarbital may induce transient ataxic signs. The
most common deficits are gaze-evoked nystagmus,
kinetic tremor, and ataxia of stance and gait. Most
patients exhibit drowsiness. It is estimated that about
5% of epileptic patients treated with barbiturates show
cerebellar deficits. Nevertheless, evidence of cellular
toxicity and neuronal loss in adults is lacking. Experi-
mental studies underline the vulnerability of the cere-
bellum during growth, but clinical implications are
unclear.

Vigabatrin is an inhibitor of GABA transaminase
that can induce mild ataxic posture in about 5% to 10%
of adults with poorly controlled epilepsy. Gait ataxia is
dose-related.

Gabapentin enhances GABAergic inhibition.
About 7.7% of epileptic patients receiving gabapentin
in add-on therapy exhibit ataxia (Baulac et al., 1998).
The ataxia is reversible following discontinuation of
the drug. Despite this side effect, gabapentin can also
be used in patients exhibiting an isolated cerebellar
atrophy. This is a paradox. We have seen several
patients improving with administration of gabapentin
at high doses. The initiation of the treatment may
exacerbate ataxia temporarily, but this initial period is
followed by an improvement of gait.

Lamotrigine added to chronic treatment with car-
bamazepine may induce ataxic signs, as a result of
a pharmacodynamic interaction. Nevertheless, a gen-
uine cerebellar toxicity is unlikely.

A case of cerebellar cognitive-affective syndrome
induced by topiramate has been reported (Baillieux
et al., 2008; see also Chapter 3). The patient exhibited
impaired visuospatial memory, concentration deficits,
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executive dysfunctions, marked mood swings, and
several disinhibited symptoms. After a gradual dis-
continuation of the drug, a complete remission of the
cognitive and affective symptoms was observed within
6 weeks.

Antineoplastics

5-Fluorouracil

High doses of 5-fluorouracil (5-FU) may cause a dis-
abling pancerebellar syndrome (Moertel et al., 1964).
Cerebellar signs may be isolated or combined with
signs of encephalopathy, raising the possibility of a
Wernicke-Korsakoft syndrome. Capecitabine is an oral
prodrug of 5-FU which can cause cerebellar ataxia.

Cytosine arabinoside

Doses greater than 3 g/m?* may induce cerebellar syn-
drome. Signs of intoxication usually develop with
cumulative doses greater than 24g. Manifestations
range from an isolated nystagmus to irreversible cere-
bellar deficits (Herzig et al., 1987). Patients initially
develop somnolence and encephalopathy in most
cases. An associated neuronopathy is common. Age is
a predisposing factor.

Methotrexate

Cerebellar structures are vulnerable to methotrexate,
especially when the drug is delivered by the intrathecal
route (Wizniter et al., 1987; Lesnik et al., 1998).

Cisplatin, oxaliplatin, paclitaxel

These drugs may generate a polyneuropathy with pre-
dominant sensory ataxia. Oxaliplatin may induce cold-
induced sensory symptoms (dysesthesia, paresthesia)
early after drug infusion or a peripheral neuropa-
thy with sensory ataxia — which can mimic cerebellar
ataxia — during prolonged treatment (Gamelin et al.,
2002).

Other drugs

Lithium salts

Lithium salts are used mainly for acute mania and
prophylaxis of recurrent bipolar and unipolar affec-
tive disorders. Similarly to phenytoin, toxicity may
occur either during maintenance therapy or follow-
ing acute intoxication. The most common side effect of
chronic treatment is an enhanced physiological tremor
affecting mainly the hands. Lithium salts may cause

hypothyroidism, a possible source of decompensation
of ataxia (see also section Amiodarone). Acute intoxi-
cation may affect the cardiovascular, renal, and/or ner-
vous system (Simard et al., 1989). The spectrum of
neurological deficits is broad: coma, seizures, coarse
tremor, hypokinesia, rigidity, and hyperreflexia. High
fever is common during intoxication. Therefore, a neu-
roleptic malignant syndrome is often suspected, since
neuroleptics and lithium salts are often administered
in combination. Although neurological signs are usu-
ally reversible after acute intoxication, patients may
exhibit a severe cerebellar syndrome in which scanning
speech, tremor, and ataxic gait predominate (Manto
et al, 1996). Intensive care monitoring is recom-
mended to prevent irreversible sequelae, including a
disabling cerebellar syndrome associated with marked
cerebellar atrophy. Hemodialysis is the treatment of
choice in the acute phase, rapidly decreasing serum
levels. However, signs of intoxication may persist after
normalization of blood levels due to intra-cellular
accumulation of lithium.

Amiodarone

Amiodarone is a commonly used anti-arrhythmic
medication, with a thyroxin-like structure. Amio-
darone has an exceptionally long half-life of elimina-
tion. Daily doses of 400 mg/day bring about 8 mg
of iodine/day, which is 100 times the normal daily
intake. The main neurological side effects are pos-
tural tremor, peripheral neuropathy, and cerebellar
deficits. Risk factors are advanced age, renal failure,
diabetes mellitus, and alcoholism (Arnaud et al., 1992).
About 5% to 7% of patients develop cerebellar toxicity
(Garretto et al., 1994). Extra-cerebellar signs may
occur also, including encephalopathy, rest tremor,
dyskinesia, myoclonus, and proximal myopathy. Cere-
bellar ataxia may disappear very slowly following drug
discontinuation or may persist several years, due to the
very long half-life of elimination of the drug. Patients
should be screened for a thyroid dysfunction, which
is a common side effect of amiodarone and which can
decompensate cerebellar signs.

Procainamide

High-dose procainamide used in cardiac arrhyth-
mia may cause acute cerebellar ataxia resolving after
discontinuation of the drug (Schwartz et al., 1984).
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Cyclosporin and other calcineurin inhibitors

Calcineurin inhibitors are used in organ transplanta-
tion and in immunological diseases. The most com-
mon neurological side effect of cyclosporin is a fine
tremor. Other neurological signs may develop: behav-
ioral disorders, aphasia or mutism, seizures, cere-
bellar ataxia, vestibular deficits, motor spinal cord
syndrome, and paresthesia (Palmer & Toto, 1991).
Cerebellar toxicity of cyclosporin is probably not
related to the plasma levels of the drug. Silent cerebel-
lar lesions, such as a silent infarction, may be unrav-
eled by the medication. Cerebellar deficits may appear
several months following the initiation of treatment.
Hypomagnesemia may trigger subacute episodes of
ataxia (Thompson et al., 1984). A leukoencephalopa-
thy may occur following transplantation (Belli et al.,
1993). The so-called “reversible posterior leukoen-
cephalopathy syndrome” is characterized by exten-
sive white matter lesions predominating in the poste-
rior regions of cerebral hemispheres. Orthotopic liver
transplants might be particularly at risk for severe
presentations (Bechstein, 2000). Patients previously
exposed to cytotoxic agents (such as cisplatin) might
be more susceptible (Rangi et al., 2005). The main dif-
ferential diagnosis is progressive multifocal leukoen-
cephalopathy (see Chapter 11). Cerebellar lesions may
be reminiscent of watershed zones (Bartynski et al.,
1997). Acute cerebellar edema occurs exceptionally
and requires brainstem decompression (Nussbaum
et al.,, 1995). Tacrolimus-induced mutism has been
reported following liver transplant (Sokol et al., 2003).
Although clinical deficits may be potentially reversible
after drug withdrawal, cerebellar atrophy may develop
over time after cessation of tacrolimus (Kaleyias
et al, 2006). Differential diagnosis of cerebellar
deficits in cases of renal failure includes stroke and
action myoclonus-renal failure syndrome when there
is a history of familial disease (Badhwar et al., 2004).

Metronidazole

Metronidazole exerts a peculiar toxicity on cerebel-
lar nuclei. MRI shows edema with increased diffusion
coefficients (Heaney et al., 2003). Patients may recover
clinically and radiologically. This toxicity might be a
property of other azole agents also.

Brimonidine tartrate

This selective alpha-2 adrenergic agonist agent is used
as eye drops for the treatment of ocular hypertension

(Lai Becker et al., 2009). Ingestion is the most com-
mon route of exposure for children. In addition, they
may inadvertently receive a higher than intended dose.
Ataxia occurs in about 4% to 5% of patients. Chil-
dren younger than 5 years of age should be medically
evaluated and monitored.

Drug abuse

Cocaine

Intoxication signs include seizures and impaired con-
scious state ranging from mild drowsiness to severe
lethargy, delirium, and cerebellar ataxia. Patients may
present with a clinical picture suggesting a neuroleptic
malignant syndrome (Daras et al., 1995). Patients are
at risk to develop mild or severe cerebellar infarctions
(Aggarwal & Byrne, 1991). Other toxic agents may be
added to crack cocaine and participate in neurological
deficits (Katz et al., 1993). Neonates exposed to cocaine
during pregnancy have been found to present with
brain lesions unsuspected clinically (Dixon & Bejar,
1989).

Heroin

Heroin ingestion may induce a toxic spongiform
leukoencephalopathy (Weber et al., 1998). Cerebellar
signs usually start several days after the last consump-
tion. Lesions are hypodense on brain CT and hyper-
intense on brain MRI (T2-weighted sequence) and
are typically symmetrical, predominating in the white
matter. Intoxication may be fatal (Ryan et al., 2005).

Methadone

Ingestion of methadone may cause a diffuse symmet-
rical swelling and edema of the cerebellum, result-
ing in compression of the fourth ventricle and hydro-
cephalus (Mills et al., 2008). Watershed injuries may be
observed on brain MRL

Phencydidine

Phencyclidine is a non-competitive NMDA recep-
tor antagonist with a property of neurostimulation
(Deutsch et al., 1998). Complications include disor-
ders of behavior, hallucinations, lethargy, catatonia,
seizures, constricted pupils, athetosis, and dystonia.
Children are at risk of presenting cerebellar signs,
mainly ataxia of stance/gait and nystagmus (Schwartz
& Einhorn, 1986). Intensive care therapy may be
required, especially in patients with increased blood
pressure, fever, and bronchospasm. The possibility of
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urinary retention or rhabdomyolysis should be kept in
mind.

Herbs

Ceremonial herbs used for social events may induce
cerebellar ataxia. Kava, used mainly in South Pacific,
is an extract from a plant causing postural ataxia and
limb tremor, probably via a disruption of GABAergic
pathways (Singh & Singh, 2002).

Environmental causes
of cerebellar ataxia

Heavy metals

Mercury

Humans are still exposed to methylmercury and mer-
cury vapor, especially in the Amazon area, where
gold mining remains an industrial activity (Clark-
son, 1997; Lodenius & Malm, 1998). The intoxica-
tion in Minamata Bay resulted in an epidemic due
to seafood contamination. Patients exhibit an associa-
tion of constricted visual fields, sensory deficits in the
extremities due to peripheral neuropathy, and cerebel-
lar deficits (Ninomiya et al., 1995; Korogi et al., 1998).
The inferior and middle parts of the vermis and cere-
bellar hemispheres are particularly susceptible (Korogi
et al., 1994). Chelators (BAL [dimercaprol, or British
anti-Lewisite] and/or penicillamine) are used to treat
mercury poisoning.

Lead

The main causes of lead intoxication are ingestion
of paints, sniffing of leaded gasoline, flour contami-
nation, exposure to lead stearate, and contamination
from automobile batteries. Toxicity seems greater in
children (Finkelstein et al., 1998). Abdominal pain
is common. Blood studies show various degrees of
anemia. Lead is neurotoxic for the central (espe-
cially frontal cortex, hippocampus, and cerebellum)
and the peripheral nervous system (peripheral motor
neuropathy). Cerebellar ataxia may be prominent in
adults (Mani et al., 1998). Cerebellar intoxication may
present as a pseudo-tumor with obstructive hydro-
cephalus due to edema (Pappas et al., 1986; John-
son et al.,, 1993). Cerebral calcifications and hyper-
intense lesions on brain MRI are commonly found.
Blood studies are mandatory when an intoxication is

suspected (Manto et al., 2002). Chelation therapy is
required when intoxication is confirmed.

Toluene/benzene derivatives

Solvents can cause peripheral and CNS disturbances.
Toluene exposure (glue-sniffing, occupational expo-
sure) causes an acute encephalopathy in children char-
acterized by coma, seizures, cerebellar ataxia, and
behavior abnormalities (King, 1982). Adults present
with headache, hyperactivity, memory deficits, insom-
nia, and cerebellar deficits (Saito & Wada, 1993). Cere-
bellar deficits may be irreversible. Brain MRI shows a
cerebellar atrophy after a chronic exposure of several
years, in addition to cerebral atrophy. Hyperintense
lesions in T2-weighted or Flair sequence are common.

Cerebellar ataxia and decreased visual acuity are
complications of chronic thinner intoxication (Uchino
etal., 2002).

Paradichlorobenzene (PDB) is a household
deodorant found in room deodorizers and toilet bowl
fresheners. Addiction to PDB has been associated with
gait ataxia, tremor, dysarthria, limb weakness, and
bradyphrenia, in various combinations (Cheong et al.,
2006). Withdrawal can trigger neurological symptoms.

Hyperthermia

Episodes of hyperthermia (usually above 40.5 °C) can
induce cerebellar syndrome, either transient or perma-
nent. Heat stroke and neuroleptic malignant syndrome
are the most common causes worldwide.
Neurological examination shows deficits ranging
from an isolated cerebellar dysarthria or an isolated
gait ataxia to a pancerebellar syndrome (Manto &
Topka, 1996). Symptoms may resolve within 3 to
10 days. Cerebellar deficits may also be part of a dif-
fuse encephalopathy presenting clinically with seizures
and confusion (Lawden et al., 1994; Bazille et al,,
2005). Follow-up studies with brain CT or MRI have
demonstrated that cerebellar atrophy may appear in
the months following the episode of hyperpyrexia
(Mohapatro et al., 1990). Cerebellar atrophy may con-
trast with a satisfactory clinical improvement.
Purkinje cells are particularly vulnerable to
heat-induced injury. Neuropathological studies
have revealed a severe diffuse loss of Purkinje cells
associated with heat shock protein 70 expression by
Bergmann glia (Bazille et al,, 2005). Degeneration
of Purkinje cell axons results in myelin pallor of the
white matter of the folia and of the hilum of the
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dentate nuclei. DNA internucleosomal breakages are
identified by in situ end labeling in the dentate nuclei
and centromedian nuclei of the thalamus and are
associated with degeneration of the cerebellar efferent
pathways (superior cerebellar peduncles, decussation
of the superior cerebellar peduncles and dentatothala-
mic tract). Ammon horn and other areas susceptible
to hypoxia are uninjured (Bazille et al., 2005).

High fever may become an emergency. Cooling of
the body and monitoring of vital functions are rec-
ommended. Prevention of heat stroke should not be
underestimated in populations at risk, especially the
elderly. Preventive factors include the following: lim-
iting sun exposure, regular use of sunscreens, fluid
and ion replacement, and acclimatization (Yaqub & Al
Deeb, 1998).

Carbon monoxide

Carbon monoxide is a gas responsible for hypoxia
leading to cardiopulmonary arrest in cases of severe
intoxication. This gas is characterized by a high affinity
for hemoglobin oxygen-binding sites. Carbon monox-
ide still accounts for a large number of deaths and
notable morbidity. About 2% to 26% of patients die
from acute intoxication (Pahwa, 1997). Symptoms may
be initially overlooked, occasionally restricted to a
mild headache.

Carbon monoxide induces immediate or delayed
neurological alterations, including memory loss, cog-
nitive impairment, neuropsychiatric manifestations,
deficits linked to basal ganglia, or cerebellar dysfunc-
tion (Savoldi et al., 1973; Kulakowska et al., 2000). A
free interval of several weeks between the intoxication
and the presentation of neurological deficits is not rare.

Imaging studies show lesions, especially in basal
ganglia (globus pallidus), thalamus, and white mat-
ter. These lesions correspond to areas of severe edema
(Prockop & Naidu, 1999; O’Donnell et al., 2000). MRI
may disclose extensive cerebellar white matter lesions
or cerebellar atrophy (Mascalchi et al., 1996). Single-
photon emission CT studies may show a reduction of
cerebellar blood flow. Necropsy, histological examina-
tion, and DNA ladder assay argue for the presence of
apoptosis as well as necrosis in human cases of carbon
monoxide intoxication.

Experimental studies have shown that carbon
monoxide induces impairment of the differentiation
of cerebellar GABA-synthesizing neurons (Benagiano
et al, 2005). Chronic exposure induces a delayed

impairment of soluble guanylate cyclase activation by
nitric oxide (Hernandez-Viadel et al., 2004). The sup-
pression of cerebellar long-term depression (see Chap-
ter 2) may be due to this effect (Shibuki et al., 2001).

Patients suffering from carbon monoxide intoxica-
tion should be transferred immediately to hyperbaric
units.

(yanide

Cyanide intoxication results from accidental acute
exposure, suicide attempt (ingestion), or asphyxiation
due to hydrocyanic fumes (Pahwa, 1997). Patients
complain of headache and often exhibit coma and
seizures. The mortality rate is high. Survivors may
develop irreversible neurological sequelae, mainly
parkinsonian signs, postural tremor, dystonia, and
dementia (Carella et al,, 1988). A combination of
extrapyramidal and cerebellar signs has been observed
(Rosenow et al., 1995). Cerebellar hemorrhage and
cerebellar atrophy have been reported. Cyanide inter-
feres with oxidative enzymes, GABAergic metabolism,
and cyclic guanosine monophosphate homeostasis.
Treatment includes rest, oxygen delivery, amyl nitrite,
sodium thiosulfate, and hydroxocobalamin (Beasley &
Glass, 1998).

Chemical weapons

Prominent brainstem-cerebellar symptoms have been
reported in Japan in patients exposed to diphenyl-
arsinic acid poisoning, derived from agents developed
for use as chemical weapons (Ishii et al., 2004).

Insecticides/herbicides

Table 15.3 lists the conditions associated with intoxica-
tion to insecticides or herbicides. The cerebellum may
be a privileged target of exposure.

Polychlorinated biphenyls

Polychlorinated biphenyls (PCBs) are a family of syn-
thetic hydrocarbon compounds which have been used
for a large range of industrial purposes. Although
banned in the 1970s, they continue to be ubiqui-
tous in landfills, sediments, and wildlife (Jacobson &
Jacobson, 2002). They are found in significant quan-
tities in the food chain. PCBs cross the placenta and
are transferred to neonates via breast milk (Nguon
et al, 2005). Consumption of PCB-contaminated
salmon has been associated with cognitive deficits
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Table 15.3 Cerebellotoxic insecticides and herbicides

Substance Exposure

Chlordecone Workers exposed to

insecticides

Phosphine Toxic fumigant

Clinical symptoms

Pleural pain
Arthralgias

Tremor

Gait instability
Opsoclonus
Pseudotumor cerebri
Peripheral neuropathy

Headache

Nausea and vomiting
Cough

Paresthesias

Diplopia

Pathological studies

Kinetic tremor
Gait difficulties

Carbon disulfide Production of cellophane

Industries of solvents
Production of tetrachloride
Pesticides

in children (Jacobson & Jacobson, 1996; Jacobson
& Jacobson, 2002). Experimental studies demon-
strate that perinatal PCB exposure is associated with
impaired cerebellar development and abnormal motor
behavior (Nguon et al., 2005). Cerebellar expression of
glial fibrillary acid protein, which is involved in gran-
ule cell migration, is increased, whereas the expression
of neural cell adhesion molecule L1, which is impli-
cated in neuronal interactions, is decreased.

Eucalytpus oil

Widespread topical application of eucalyptus oil has
been associated with slurred speech, ataxia, and mus-
cle weakness progressing to unconsciousness in a child
(Darben et al., 1998). The syndrome is reversible.

Saxitoxin (shellfish poisoning)

Saxitoxin is a potent neurotoxin contaminating
a mollusk (Mytilus). It binds to voltage-sensitive
sodium channels, found at high densities in the
cerebellar cortex. Patients present with gastrointesti-
nal and neurological signs. Cerebellar deficits may
be predominant, hence the terminology of ataxic
shellfish poisoning (Rhodes et al., 1975). Patients
often complain of paresthesias.

Consumption of edible morels

Morchella esculenta and Morchella conica, two edible
morels, can cause a self-limited cerebellar syndrome

Encephalopathy
Movement disorders
Peripheral neuropathy ganglia

Diffuse neuronal degeneration in
cerebral cortex and basal

Loss of Purkinje cells

characterized by dizziness, ataxic gait, and visual
disturbances. Ataxia starts after a latency of 6 to
12 hours, lasts up to 1 day, and vanishes without seque-
lae (Pfab et al., 2008). The mechanism of toxicity is
unknown.

Animal-related cerebellar toxicity

Scorpions

Victims of scorpion envenomation exhibit local and
systemic symptoms. Local manifestations include
paresthesia, pain, and edema (Pardal et al., 2003). Neu-
rological deficits may be prominent. A majority of
patients present with the classical symptom of “elec-
tric shock,” affecting nearly 90% of victims (Pardal
et al., 2003). Myoclonus and cerebellar ataxia are the
main deficits in some series. Ataxia may predomi-
nantly involve the upper limbs, with a typical dysme-
tria. Complications following scorpion sting can be
serious and even fatal (Gadwalkar et al., 2006). In par-
ticular, cerebellar stroke is a potential complication
which should be recognized immediately. Cerebellar
infarctions may be bilateral and extensive (Gadwalkar
et al., 2006). Stroke results from various mechanisms
such as acute hypertension, myocarditis, dissemi-
nated intravascular coagulation, and toxin-induced
vasculitis. Management consists of supportive care and
anti-venom serum administration.
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Description and clinical features

Autism is a neurodevelopmental disorder with an esti-
mated prevalence of 1 in 1000. Studies of these last
two decades show that autism is not a disease, but a
syndrome with a strong genetic component (Polleux
& Lauder, 2004). Autism is characterized by abnor-
malities in social interaction, impairments in ver-
bal and non-verbal communication, and a restricted
repertoire of interests and activities. It includes a
large spectrum of disorders encompassing individ-
uals at all levels of intelligence and language abil-
ity (Hill & Frith, 2003). Asperger syndrome refers
to individuals with the typical social and commu-
nication impairments of autism, but who have flu-
ent language and good academic abilities (Frith,
2004). Autism spectrum disorders also include Rett
syndrome and childhood disintegrative disorder. Rett
syndrome occurs almost exclusively in females. Symp-
toms start between 6 and 18 months of age, com-
prising impaired language, seizures, grinding of teeth,
loss of purposeful hand skills, and gait disturbances
(Rett, 1986).

Most autistic individuals exhibit motor control
deficits: disturbances of gait and balance, impaired
motor preparation, and defects in manual dexterity
(Ghaziuddin et al., 1994; Miyahara et al., 1997; Gowen
& Miall, 2005). Impairment in motor tasks is more
pronounced during tasks where accuracy depends
upon incoming sensory signals, such as in point-
ing and balancing (Gowen & Miall, 2005). Asperger
subjects are slower than matched controls during
rapid tasks. They have difficulties to correct end point
errors.

Brain imaging

Hypoplasia and hyperplasia of the cerebellar hemi-
spheres and vermis have been identified with MRI
(Murakami et al., 1989). Children with autism spec-

. Autism spectrum disorders and ataxia

trum disorders have reduced total vermis volumes as
compared with control children after controlling for
age, sex, and overall cerebral volume or cerebellum
volume (Webb et al., 2009). In particular, the vermis
lobe VI to VII area is reduced.

Using diffusion tensor magnetic resonance trac-
tography, it has been shown that individuals with
Asperger syndrome have significantly lower fractional
anisotropy in the short intracerebellar fibers and right
superior cerebellar peduncle as compared with con-
trols, in absence of difference in the input tracts
(Catani et al., 2008). The severity of social impair-
ment is negatively correlated with diffusion anisotropy
in the fibers of the left superior cerebellar pedun-
cle. These findings indicate a possible vulnerability
of specific cerebellar neural pathways in Asperger
syndrome.

Hydrogen-1 magnetic resonance spectroscopy
reveals significantly lower N-acetyl-aspartate/creatine
ratios bilaterally in the hippocampus-amygdala but
not in the cerebellum of autism spectrum disorders
(Gabis et al., 2008).

Neurophysiology

Electroencephalogram (EEG) monitoring often
reveals abnormal patterns of activity. EEG can show a
high amplitude spike and wave pattern. Epileptiform
discharges are found in up to 60% of cases.

Neuropathology

Post-mortem studies have demonstrated hyperplasia
or hypoplasia of the cerebellum, with various degrees
of Purkinje cell loss in the vermis and cerebellar
hemispheres (Courchesne, 1997; Kemper & Bauman,
1998). Density of basket cells and stellate cells seems
preserved, suggesting a late developmental loss of
Purkinje cells (Whitney et al., 2009).
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Geneticstudies

Autism spectrum disorders are genetically heteroge-
neous. Several candidate genes have been reproducibly
shown to display specific mutations segregating with
autism because of the complex polygenic nature of this
syndrome (Polleux & Lauder, 2004). These genes con-
trol the early patterning and/or the late synaptic matu-
ration of specific neuronal subpopulations controlling
the balance between excitation and inhibition in the
developing cortex and cerebellum.

Rett syndrome is associated with mutations of
the gene coding for methyl-CpG binding protein
2 (MECP2; Xq28). This gene encodes a transcrip-
tional repressor modulating the expression of active
genes.

Pathogenesis of autism: role of
the cerebellum?

Since poor motor skills, hypotonia, and autistic fea-
tures are relatively common in cerebellar hypopla-
sia (Wassmer et al., 2003), it has been speculated
that the cerebellum could contribute to socioemo-
tional manifestations of autism (Singer-Harris et al.,
1999).

Phenotypic overlap with
other disorders

From the phenotypic point of view, autism can overlap
with Angelman syndrome, a neurogenetic disorder
characterized by severe mental retardation, ataxia,
seizures (mainly atypical absences and myoclonic
seizures) and EEG abnormalities, and bouts of
inappropriate laughter (Peters et al., 2004; Lalande
& Calciano, 2007). In infancy, non-specific clinical
features pose diagnostic challenges to the neurologist
(Williams, 2005). These include a combination of
microcephaly, seizure disorder, global developmental
delay, or an ataxic/hypotonic cerebral palsy-like
picture. In later childhood, absent speech, excessively
happy behavior, ataxia, and jerky movements are
more suggestive of the disorder. Brain MRI shows
nonspecific or normal findings. Occasionally the
EEG pattern alone is very helpful to recognize this
disorder. The genetic causes are maternal deletion
of chromosome 15q11-ql3, paternal chromosome

15 uniparental disomy, ubiquitin protein ligase
(UBE3A) mutation, and an abnormality of the
imprinting process.
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Progressive myoclonic epilepsies (PMEs) are disor-
ders characterized by myoclonic seizures, tonic-clonic
seizures, and progressive neurological deterioration,
including in particular cerebellar signs and demen-
tia (Shahwan et al, 2005). PMEs are considered
to be the most severe form of the large group of
myoclonic epilepsies, a collection of syndromes in
which myoclonic seizures are a prominent feature
(Leppik, 2003). Diagnosis of PME on pure clinical
grounds can be intricate, but advances in genetics are
rendering the diagnosis more and more precise.

The age of onset, the presenting symptoms, and
the relative predominance of seizures or myoclonus
over cerebellar ataxia or cognitive deficits vary sub-
stantially from one PME to another (Shahwan et al.,
2005). The most common causes of PME are listed
in Table 17.1. Myoclonic epilepsy with ragged-red
fibers (MERRF) is also discussed in Chapter 21.
Dentatorubral-pallidoluysian atrophy is reviewed in
Chapter 23. Clues for the differential diagnosis are
given in Table 17.2.

Unverricht-Lundborg disease is an autosomal
recessive disorder. It is the most common PME. Its
prevalence is about 1 per 20000 births in Finland
(Norio & Koskiniemi, 1979). Other clusters occur
in southern Europe and North Africa. Sporadic
cases are encountered worldwide. Symptoms start
insidiously between 6 and 16 years. At least 50% of
patients exhibit stimulus-sensitive myoclonic jerks
(Lehesjoki, 2002). In many cases, the presentation is
a generalized tonic-clonic seizure. Absence seizures
may occur also. Action myoclonus may be global or
segmental. Patients develop cerebellar ataxia later
in the course of the disease. Kinetic tremor may
become disabling. The disease is not associated with
a progressive cognitive deficit. The electroencephalo-
gram (EEG) may be normal initially, showing later
in the course of the disease abnormalities similar to
those observed in idiopathic generalized epilepsies.
Subsequently, the recording will show a diffuse slow

Progressive myoclonic epilepsies

background activity and generalized spike and wave,
or polyspike and wave paroxysms with a suggestive
photosensitivity (Berkovic et al., 1991). MRI results
range from normal to patterns of atrophy involv-
ing the pons, medulla, cerebellar hemispheres, and
cerebral cortex (Mascalchi et al, 2002). Molecular
genetics is shown in Table 17.3. The disease is linked
to chromosome 21q22.3. The gene encodes a cysteine
protease inhibitor (Pennachio et al., 1996). The main
mutation is an unstable expansion of a dodecamer
repeat in the 5 untranslated promoter region. It is
thought that apoptosis and neurodegeneration will
result from the loss of inhibition of cysteine proteases.

Thanks to progress in the management of seizures,
prognosis has improved substantially. The disorder has
alimited progression. Patients are handicapped mostly
by myoclonus. The following drugs are used for seizure
and myoclonus control: valproic acid, clonazepam as
add-on therapy, piracetam at high doses, levetirac-
etam, and zonisamide (Iivainen & Himberg, 1982;
Remy & Genton, 1991; Magaudda et al., 2004). Pheny-
toin is contraindicated since it may worsen myoclonus
and exacerbate or even trigger cerebellar signs.

Lafora disease presents with epilepsy, myoclonus,
and dementia. Intracellular inclusion bodies (peri-
odic acid-Schiff positive), called Lafora bodies, are
observed in the neurons, skeletal muscles, heart, liver,
and sweat-gland duct cells (Busard et al., 1986). Physi-
cal and mental development is usually normal until the
age of 11 to 16 years, when seizures start. Myoclonic
jerks, occipital seizures, absences, and complex par-
tial seizures may occur. Cognitive deficit may be sub-
tle at the beginning, and patients may be first diag-
nosed with juvenile myoclonic epilepsy. Dysarthria,
gait, and limb ataxia appear usually early in the course
of the disease. After a few years, continuous myoclonus
develops (Minassian, 2002). Death within 10 to
12 years after onset of symptoms is common.

At the beginning of symptoms, the EEG is
characterized by multiple spike-and-wave discharges.
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Table 17.1 Main causes of progressive myoclonic epilepsies
(PME)

Unverricht-Lundborg disease (PME type 1)

Lafora disease

Myoclonic epilepsy with ragged-red fibers (MEERF)
Neuronal ceroid lipofuscinosis (NCL)

Sialidoses

Dentatorubral pallidoluysian atrophy (DRPLA)

Photosensitivity is usual. Photic stimulation induces
epileptiform discharges in some cases (Kobayashi et
al,, 1990). The background is initially relatively well
organized and will worsen with time in all cases.
The spike-and-wave pattern usually shifts in frequency
from about 3 Hz to frequencies up to 12 Hz as the
disease progresses (Yen et al., 1991). Somatosensory
evoked potentials frequently show giant responses.

Skin biopsy should be performed when the diag-
nosis is suspected. Genetic study is also very informa-
tive. The majority of patients carry a mutation in the
EPM2A gene on chromosome 6q24 (Minassian et al.,
1998). The gene encodes a tyrosine phosphatase called
laforin involved in translational regulation and causing
polyglucosan deposits (Ganesh et al., 2000). Another
locus (NHLRC1) has been mapped to chromosome
6p22 (Chan et al., 2003). This region codes for proteins
involved in axonal and dendritic transport.

An effective treatment for Lafora disease is lacking.
It is hoped that gene therapy or stem-cell based

treatments might replace the defective protein in the
next years.

Mpyoclonic epilepsy with ragged-red fibers (MERRF;
also called Fukuhara disease) is either sporadic or
familial. MERRF is typically maternally inherited
(Rosing et al., 1985). There is an intrafamilial vari-
ability in terms of age of onset and severity of
deficits (Chinnery et al., 1997). Clinically, the syn-
drome includes myoclonus, generalized seizure, and
ataxia. The presentation includes various combina-
tions of myopathy, peripheral neuropathy, behavioral
and cognitive deficits (both usually mild or moder-
ate), hearing loss, short stature, and optic atrophy.
Patients may also exhibit a cardiomyopathy, oculomo-
tor deficits with pigmentary retinopathy, lipomas, and
diabetes mellitus.

The EEG reveals an abnormal background activ-
ity which progresses slowly as the disease evolves.
Generalized spike-and-wave discharges at 3 to 5 Hz
are common. Focal epileptiform discharges may occur
(So et al., 1989).

Ragged red fibers are found in the muscles in
the large majority of patients. Decreased activities of
respiratory-chain enzymes in muscle extracts are com-
mon. Pathological findings include degeneration of the
dentate nuclei, globus pallidus, and red nuclei, sub-
stantia nigra, inferior olivary nuclei, and cerebellar
cortex. The posterior columns, spinocerebellar tracts,
and Clarke columns are degenerating in the spinal
cord (Fukuhara, 2008). Brain imaging may demon-
strate cerebral atrophy, calcium deposits in basal

Table 17.2 Clues for the differential diagnosis of progressive myoclonic epilepsies

Unverricht-
Lundborg Lafora
disease disease MERRF

Clinical features Severe myoclonus  Partial seizures

Severe myoclonus

NCL Sialidosis

Fundal changes Severe myoclonus

Dementia Deafness Dementia Fundal changes
Lipomas Neuropathy
Optic atrophy Dysmorphism
Myopathy
Neuropathy

Neurophysiology

Laboratory findings

Elevated lactate levels

Activation of Vertex spikes

epileptiform Activation of
discharges during epileptiform
non-REM sleep discharges during

Photosensitivity to
single flashes

non-REM sleep

Lymphocyte vacuolation ~ Lymphocyte vacuolation

in blood and CSF

Abbreviations: CSF: cerebrospinal fluid; MERRF: myoclonic epilepsy with ragged-red fibers; NCL: neuronal ceroid lipofuscinosis.
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Table 17.3 Genetics of progressive myoclonic epilepsies

Disorder Inheritance
Unverricht-Lundborg disease AR
Lafora disease AR

Myoclonic epilepsy with ragged red fibers (MEERF) Maternal

Neuronal ceroid lipofuscinosis (NCL) AR
Late infantile AR
Finnish-variant late infantile AR
Juvenile AR/AD
Kufs disease (adult)

Sialidoses
Typell AR
Type ll AR

Dentatorubral pallidoluysian atrophy (DRPLA) AD

Abbreviations: AD: autosomal dominant; AR: autosomal recessive.

Gene (locus) Protein
CSTB (Ch21g22.3) Cystatin B
EPM2A (Ch6qg24) Laforin
NHLRC1 (Ch6p22)

MTTK tRNALys
TPP1 (Ch11p15) Tripeptidyl peptidase
CLNS5 (Ch13921-q32) 1

CLN3 (Chép)

NEU1 (Chép21.3) Sialidase 1
NEUT (Ch20) Sialidase 1
Ch12p13.31 Atrophin 1

ganglia, and signal changes in the white matter on
brain MRI (DiMauro et al., 2002). A genetic mutation
has been found in the majority of patients (point muta-
tion A— G of nt 8344 in mitochondrial DNA), but not
in all.

A specific therapy is missing. However, many
patients receive an empiric treatment combining or
not coenzyme Q10, L-carnitine, or various vitamins
with antioxidant properties (see also Chapter 21).
Valproic acid may impair carnitine uptake and should
therefore be avoided if possible.

Neuronal ceroid lipofuscinosis (NCLs) consists of
diseases characterized by lysosomal accumulation of
abnormal amounts of lipopigment. With the exception
of the adult form, NCLs have an autosomal recessive
inheritance.

The late infantile form starts between 2 and 4 years.
The first manifestation is usually a seizure (myoclonic,
tonic-clonic, atonic, or atypical absence). Ataxia starts
several months later. Macular degeneration and visual
failure, dementia, and spasticity develop thereafter.
Death occurs within 5 years. EEG reveals a disorga-
nized activity, with slowing of the background and
generalized epileptiform discharges. Posterior spikes
may occur following photic stimulation, and flash
stimuli may generate giant visual evoked potentials.
Diagnosis can be confirmed by detecting a decreased
enzymatic activity of TPP1, a tripeptidyl peptidase,
either in fibroblasts or in leukocytes (Gardiner, 2002).
A variant has been described in Finland. Symptoms
start at about 5 years, and the progression is slower.
Ataxia appears usually around 7 to 10 years. The

late infantile variant (“early juvenile”) usually starts
at the age of 5 to 7 years and leads to death within
two decades. The juvenile form (Batten disease) is
typically characterized by a visual fajlure starting at
age 4 to 11 years. Blindness is very common at the
age of 20 years. Patients exhibit cognitive deficits, as
well as pyramidal deficits. Seizures are not promi-
nent. Myoclonus is usually subtle. Behavioral symp-
toms are frequent. In particular, patients may develop
a psychotic-like behavior. Fundus examination shows
optic atrophy and macular degeneration. The adult
form of NCL (Kufs disease) starts usually in the
third decade, although onset in adolescence has been
reported. First symptoms are dementia, ataxia, and
extra-pyramidal deficits. Visual failure is absent. The
disease is genetically heterogeneous (Boehme et al.,
1971).

Brain MRI may show atrophy, including the
cerebellar structures. White matter hyperintensities in
T2-weighted sequences and thinning of the cerebral
cortex are not uncommon. A biopsy showing intra-
cellular inclusions (curvilinear or fingerprint-like) by
electron microscopy provides the diagnosis. Inclusions
are found in eccrine secretory cells, conjunctiva, and
muscles or can be detected in rectal mucosa (Rapola
etal., 1984).

Although antioxidants and amino acids such as
methionine are administered in NCLs, the demonstra-
tion of a benefit is lacking.

Sialidosis type I (cherry spot myoclonus syndrome)
is due to a deficiency in neuraminidase. The disease has
a slow progression. Patients do not exhibit cognitive
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Table 17.4 Rare causes of progressive myoclonic epilepsies
Action myoclonus renal failure syndrome

Juvenile form of Huntington disease

Gaucher disease (see Chapter 20)

Neuroaxonal dystrophy

Familial encephalopathy with neuroserpin inclusion bodies
GM2 gangliosidosis (see Chapter 20)

Hallevorden-Spatz disease

Table 17.5 Drugs commonly used in progressive myoclonic
epilepsies

Valproic acid (caution is required in myoclonic epilepsy with
ragged-red fibers)

Benzodiazepines
Phenobarbital
Piracetam
Levetiracetam

Zonisamide

deficits. Dysmorphism, gradual visual failure, tonic-
clonic seizures, ataxia, and a cherry-red spot in the
fundus are suggestive (Rapin et al., 1978). The clinical
symptoms may be dominated by cerebellar syndrome
(Palmeri et al., 2000). Sialidosis type II is a galactosiali-
dosis starting usually between the neonatal period and
the second decade. The syndrome includes learning
deficits, myoclonus, corneal clouding, dysmorphism,
skeletal dysplasia, and liver enlargement. Brain MRI
demonstrates atrophy (cerebral cortex, pons, cerebel-
lum) after a few years. Diagnosis is confirmed by the
detection of high concentrations of sialyl oligosac-
charides in urine. Lysosomal enzyme deficiency is
found in leukocytes or cultured fibroblasts (Lowden &
O’Brien, 1979; see also Chapter 20). Gene therapy and
enzyme replacement are considered as possible thera-
pies in the future.

Rare causes of PME are listed in Table 17.4. A syn-
drome affecting children presenting with generalized
tonic-clonic epilepsy, ataxia, and mental retardation in
absence of myoclonus recently has been described in a
large consanguineous family (Gribaa et al., 2007). The
gene is localized at 16q21-q23.

Familial adult myoclonic epilepsy (FAME) has
an autosomal dominant inheritance. FAME has been
linked to chromosome 8q24 in Japanese families
(FAMEI1) and 2pll.1-q12.2 in European families

(FAME2) (Plaster et al., 1999; Striano et al., 2004).
FAME is characterized by myoclonus, rare seizures
with mild progression, and tremor. A third form
(FAME3) has a more severe presentation, with clini-
cal and radiological evidence of cerebellar impairment
(Carr et al., 2007).

The management of seizures and myoclonus is
essential in PME. Unfortunately, both seizures and
myoclonus tend to become resistant with time.
Table 17.5 summarizes the drugs commonly used.
Drugs that may exacerbate myoclonus are phenytoin,
carbamazepine, gabapentin, vigabatrin, and tiagabine.
Lamotrigine must be used with caution (Das et al,,
2003). The role of vagus nerve stimulation remains to
be established.
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Multiple system atrophy (MSA) encompasses olivo-
pontocerebellar atrophy, striatonigral degeneration,
and Shy-Drager syndrome (Graham & Oppenheimer,
1969) (see Figure 18.1). MSA is sporadic in the vast
majority of cases, although familial occurrence has
been reported (Hara et al, 2007). MSA could be
defined as a degenerative disease of the nervous system
causing combinations of extra-pyramidal, pyramidal,
cerebellar, and autonomic features (Berciano, 2002).

Epidemiology

Based on epidemiological studies, the prevalence rate
of MSA is estimated to about 3 per 100000 popula-
tion, with a range from 0.6 in the United States to 8.4
in Japan, where the prevalence might be higher than in
other countries (Harada et al., 1989; Bower et al., 1997;
Schrag et al,, 1999). In addition, the clinical presenta-
tion is dominated by the MSA-C type (see below) in
Japan. A yearly incidence of 3 new cases per 100 000
has been estimated in a population aged 50 to 99 years
(Bower et al., 1997). The disease is more common in
men than women, with male-to-female ratios ranging
from 1.1:1 to 1.5:1 (Wenning et al., 1994). Mean age
of onset is 52.249.0 years, with a range from 31 to
78 years.

Diagnostic criteria

Diagnosis is based upon the consensus criteria issued
in 1999, which take into account four groups of
symptoms: symptoms of autonomic and urinary
dysfunction, parkinsonism, symptoms of cerebellar
dysfunction, and corticospinal tract features (Gilman
et al., 1999). Patients can be classified as having pos-
sible MSA, probable MSA, or definite MSA. Auto-
nomic dysfunction is a major feature of MSA. MSA-P
refers to patients in whom parkinsonian features pre-
dominate. MSA-C indicates that cerebellar signs dom-
inate. Nevertheless, clinical features of MSA appear
heterogeneous, and some patients initially classified

Multiple system atrophy

as MSA-C may fall in the basket of MSA-P during
follow-up.

Diagnosis may be difficult at onset of the disease.
Some patients are initially classified as having cere-
bellar cortical atrophy or Parkinson disease. The most
common complaint is gait difficulties. Autonomic
symptoms are reported in about 20% to 25% at an ini-
tial stage (Table 18.1), but signs of dysautonomia will
be found in all patients during the follow-up (Watan-
abe et al., 2002). Bradykinesia and rigidity are rela-
tively common. Levodopa-induced dyskinesias have
been reported in up to 53% of cases, having an orofa-
cial predominance (Hughes et al., 1992). Parkinsonism
is clear in up to 80% of the patients, whereas cerebel-
lar signs are clearly noted in 47% of cases. Pyramidal
signs are reported in 6 in 10 patients. Cognitive dete-
rioration is not rare, but marked dementia is consid-
ered to be a red flag (Table 18.2). Frontal lobe-like
symptoms and dysexecutive syndrome are detected
by neuropsychological evaluation (Robbins et al.,
1992; Pillon et al., 1995). Supranuclear ophthalmo-
paresis primarily involves vertical gaze in progres-
sive supranuclear palsy, whereas the horizontal gaze
can be affected in MSA. Other manifestations include
myoclonus, sleep disturbances, acroerythrocyanosis,
and dystonia. Severity of clinical deficits can be esti-
mated using the Unified Multiple System Atrophy
Rating Scale (UMSARS) specifically designed for MSA
(see Chapter 4). MSA-P patients usually have a more
rapid functional deterioration than MSA-C patients,
but survival is similar in both groups.

Neuroimaging

Brain imaging provides useful information to reach
diagnosis, although diagnostic criteria do not include
imaging results. Atrophy of the cerebellum and brain-
stem is observed in most patients (Figure 18.2).
MRI can also reveal a hyperintense rim (T2-weighted
sequence) at the outer margin of the putamen, and

179



180

Chapter 18 — Multiple system atrophy

Table 18.1 Autonomic symptoms commonly reported in
multiple system atrophy

Urinary urgency

Incontinence

Retention

Postural hypotension (light-headedness, syncope)
Impotence

Constipation

Dyshidrosis

Table 18.2 Signs not suggestive of multiple system atrophy
Marked dementia

Classical “pill rolling” tremor

Good and long-standing levodopa response

Gaze palsy

Slowing of saccades

Cerebellar ataxia (OPCA)

MSA-C

Autonomic failure
(Shy-Drager syndrome)

Parkinsonism

(striatonigral degeneration) MSA-P

Figure 18.1 Multiple system atrophy (MSA) was originally
described as olivopontocerebellar atrophy (OPCA), striatonigral
degeneration, and Shy-Drager syndrome. These disorders have a
noticeable overlap. MSA-C: MSA with predominance of cerebellar
signs; MSA-P: MSA with predominant parkinsonian manifestations.

a “cross” sign in the pons. Positron emission tomog-
raphy studies (*F-fluorodeoxyglucose) show glucose
hypometabolism in the cerebellum, brainstem, stria-
tum, frontal, and motor areas in MSA (Gilman, 2005).
Brain acetylcholinesterase activities are significantly
decreased in the thalamus and the posterior lobe of
the cerebellar cortex in MSA-C (Hirano et al., 2008).
Magnetic resonance spectroscopy shows reductions in
N-acetyl-aspartate/creatine ratios, reflecting neuronal
loss.

Assessment of autonomic
nervous system

Urodynamic studies show that 48% of patients have
detrusor hyperreflexia and 29% have detrusor ato-

nia (Beck et al., 1994). Denervation of the external
sphincter of the urethra results from degeneration of
somatic Onuf nucleus and can be assessed by sphinc-
ter electromyography (Mannen et al., 1982). Although
postural hypotension (drop by 20 mm Hg systolic
or 10 mm Hg diastolic) can be assessed at bedside,
the use of a tilt table is recommended. Iodine-123
meta-iodobenzylguanidine (MIBG; an analogue of
noradrenaline which evaluates postganglionic cardiac
sympathetic neurons) cardiac scintigraphy is effec-
tive in distinguishing MSA from Parkinson disease
(Druschky et al., 2000). This is based on the predom-
inating postganglionic involvement of the autonomic
nervous system in Parkinson disease, whereas the pre-
ganglionic structures are mainly affected in MSA. As a
result, MIBG uptake is lower in patients with Parkin-
son disease as compared with MSA patients. There is
no correlation between the involvement of the auto-
nomic nervous system and the subclinical periph-
eral neuropathy which can be detected occasionally
(Golbe, 1998).

Differential diagnosis

Differential diagnosis of MSA includes in particu-
lar sporadic cerebellar cortical atrophy, spinocerebel-
lar ataxias presenting as pseudo-sporadic cerebellar
atrophy, fragile X-associated tremor/ataxia syndrome,
Parkinson disease with autonomic failure, Lewy body
dementia with autonomic failure, and progressive
supranuclear palsy. Other forms of sporadic ataxias
need to be considered when neurological examination
shows mainly cerebellar deficits, such as paraneoplas-
tic cerebellar degeneration, ataxia with anti-glutamic
acid decarboxylase antibodies, and gluten-sensitive
enteropathy. Measurement of the midbrain area deter-
mined on brain MRI could differentiate MSA from
progressive supranuclear palsy (Oba et al., 2005).
Myocardial scintigraphy with MIBG shows an uptake
significantly lower not only in Parkinson disease but
also in Lewy body disease, as compared with MSA
(Orimoetal.,2001). Another procedure which appears
useful to distinguish Parkinson disease from MSA
is the study of the growth hormone (GH) response
to arginine (Pellecchia et al.,, 2006). A reduced GH
response to arginine predicts MSA-P with an accuracy
0f 95%. Decreased response is due to an impairment of
cholinergic central systems modulating GH release in
MSA. Pure autonomy failure should be distinguished
from MSA.
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Figure 18.2 (A-H) T1-weighted axial brain MRI showing brainstem and cerebellar atrophy in a patient with the cerebellar form of MSA
(MSA-Q). (A, B) The mesencephalon (white arrows) is slightly atrophic. (C) Superior cerebellar peduncle (arrowhead). (D) Fourth ventricle
(white arrow) is enlarged. Cerebellar sulci are widened and the pons is atrophic. (E) The middle cerebellar peduncles are shrunken (white
arrows). (F-H) Atrophy of the medulla and the cerebellum. (I-L) Coronal T2-weighted images showing enlarged cerebral sulci (black arrows)
and widened cerebellar sulci (white arrows in |I-J). (K) Enlarged pericerebellar spaces (white arrow).

Neuropathology

Neuropathological studies show neuronal loss and  lowing structures: substantia nigra, putamen, caudate,
glial or neuronal cytoplasmic inclusions, considered  globus pallidus, inferior olivary nuclei, pons, cerebel-
to be a pathological hallmark, in various locations of ~ lar cortex, dentate nuclei, intermediolateral columns, | 1g1

the CNS. The more severe lesions are found in the fol-  anterior horns, and pyramidal tracts (Wenning et al.,
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Table 18.3 Symptomatic treatment in multiple system

atrophy

Extra-pyramidal signs Carbidopa/levodopa
Dopamine agonists
Amantadine

Autonomic failure Management of orthostatic
hypotension

Management of urinary
disturbances

Constipation: dietary fiber, liquid
ingestion, laxatives

Respiratory difficulties Clonazepam

Modified diet
Percutaneous gastrostomy

Dysphagia

Decreased motility and
speech deficits

Psychosocial support,
occupational therapy, speech
therapy

Adapted from: Berciano, 2002.

1997). Glial cytoplasmic inclusions are characterized
by a marked alpha-synuclein immunoreactivity (Gai
et al.,, 1998).

There is a correlation between nigrostriatal cell loss
and disease severity at the time of death. Similarly,
ataxia correlates with the degree of olivopontocerebel-
lar lesions.

Treatment

Treatment is symptomatic (Table 18.3). Although lev-
odopa (dose up to 1000 mg/day if tolerated) may
improve patients exhibiting extra-pyramidal deficits
at an early stage of the disease (up to 30% of MSA
patients respond initially), most patients will become
poor responders (Wenning et al., 1994). In a num-
ber of cases, the beneficial effect becomes evident
when apparently unresponsive patients deteriorate
after levodopa withdrawal (Hughes et al., 1992). Dete-
rioration may become apparent after a delay of 3
to 6 days. Usually, dopamine agonists do not pro-
vide additional benefits. Some patients show improve-
ments with amantadine (up to 400 mg/day). Ortho-
static hypotension can be treated with elastic support
stockings, head-up tilt of the bed at night, increased
salt intake, fludrocortisone to expand extravascular
body fluid volume (0.1-0.4 mg/day), and midodrine
to cause vasoconstriction (7.5-30 mg/day). Oral L-
threo-3,4-dihydroxyphenylserine (L-DOPS) also may
be used (100-600 mg/day). L-DOPS is converted in
norepinephrine outside the brain. Caffeine, octreotide,

and desmopressin may also provide some benefits.
Some authors recommend the use of indomethacin
(50-150 mg/day) to inhibit prostaglandin synthesis
(resulting in vasodilatation). Drugs causing ortho-
static hypotension should be avoided when possible (in
particular antihypertensive agents and vasodilators).
Desmopressin may provide benefits for nocturnal
polyuria. Oxybutynin (5-10 mg/day) or propanthe-
line (15-30 mg/day) is used for detrusor hyperreflexia.
Clean intermittent self-catheterization of the blad-
der is recommended for large post-void residuals. If
self-catheterization becomes difficult, a suprapubical
catheter should be considered. Constipation should
be treated with laxatives or clysters. Erectile dysfunc-
tion may benefit from sildenafil or penis implant.
Sleep disturbances may respond to clonazepam (0.5-
1 mg at bedtime). Continuous positive airway pres-
sure therapy has been proposed for sleep apnea. Phys-
ical, occupational, and speech therapies may help the
patient to remain independent for a longer period of
time.

The course of the disease is characterized by wors-
ening of symptoms. Progression tends to be faster
as compared with hereditary ataxias (Klockgether
et al., 1990). Patients become wheelchair-bound after
a period of about 5 years (median; Watanabe et al.,
2002). Death usually occurs after a median interval of
9 to 10 years. Frequent falling and dysphagia leading to
aspiration pneumonia are frequent. Sudden death due
to apnea and vocal fold palsy is common in MSA (Saito
etal., 1994).
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Essential tremor

Epidemiology

Essential tremor (ET) is the most common movement
disorder in the elderly. Although the disorder usu-
ally starts after the age of 50 years in most cases, it
may occur at any age. Many patients may never seek
medical attention. The estimated annual incidence of
essential tremor is 616 per 100000 among individu-
als aged 65 years and older (Benito-Leon et al., 2005).
Prevalence is higher in white than in African Amer-
ican populations and reaches 20% among the oldest
old (age > 95 years) (Louis et al., 2009). Relatives of
patients with ET are five times more likely to develop
the disease than are members of the general popu-
lation (Louis et al., 2001). Patients with ET have an
increased risk to develop incident Parkinson disease
(Benito-Leon et al., 2009).

Clinical features

Essential tremor is now considered a progressive and
clinically heterogeneous disorder with sporadic and
familial forms, and motor and non-motor manifesta-
tions (Thanvi et al., 2006). In many cases, ET is famil-
ial. Dominantly inherited ET was first recognized by
Dana in 1887 (Dana, 1887). One pattern of presenta-
tion is a dominant mode of inheritance with an incom-
plete penetrance by the age of 65 years. Age of onset is
usually earlier in familial forms than in sporadic cases.

Postural/action tremor of the arms is a major fea-
ture, but the head, legs, trunk, voice, jaw, and facial
muscles may also be involved. Typically, a more or
less symmetrical tremor affects the extremities and
progresses medially. Bilateral action arm tremor is a
key diagnostic feature. Up to 70% of patients report
a benefit with alcohol intake (Jankovic, 2000). Table
19.1 shows the clinical diagnostic criteria (Deuschl et
al., 1998).

The Fahn-Tolosa-Marin clinical tremor rating scale
is widely used to characterize the severity of ET (Fahn
et al.,, 1987).

Neurophysiological studies

In ET, the frequency of upper limb tremor is 4 to 12 Hz.
A majority of patients exhibit a tremor with a main
frequency between 5 and 9 Hz (Figure 19.1). A kinetic
tremor is often found in association with the postu-
ral oscillations (Brennan et al., 2002). The amplitude of
the kinetic component is usually more severe. Tremor
frequency decreases with time, whereas tremor ampli-
tude tends to increase. The average annual decrease of
the tremor frequency is 0.12 Hz/year (Hellwig et al.,
2009).

The olivo-cerebello-thalamo-cortical pathway has
been implicated in the genesis of ET. The olivocere-
bellar pathway is considered as the central oscillator
driving the peripheral tremor. Thalamic nuclei might
play a critical role since they behave as oscillators
or even as resonators. Coherence analysis of electro-
myography signals indicates that tremor in each arm
is related to independent central oscillators which may
dynamically synchronize by interhemispheric cou-
pling (Hellwig et al., 2003).

Blink reflex conditioning studies show a signi-
ficantly abnormal motor learning in subjects with
advanced ET (Farkas et al., 2006).

Neuroimaging studies

Recent automated volumetric methods confirm a
reduction of cerebellar volume in patients with ET
with respect to healthy controls after controlling for
intra-cranial volume (Cerasa et al., 2009).

Proton magnetic resonance spectroscopy (MRS)
studies show decreased N-acetyl-aspartate/creatine
(NAA/Cr) ratios in the cerebellum of individuals with
ET, suggesting a neuronal dysfunction (Louis et al.,
2007).

A significant glucose hypermetabolism of the
medulla and thalami has been found using positron
emission tomography with '®F-fluorodeoxyglucose
(Hallett & Dubinsky, 1993).
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Table 19.1 Diagnostic criteria of essential tremor (ET)

Definite ET
Inclusion criteria
Visible and persistent bilateral postural tremor with or
without kinetic tremor, involving hands and forearms
Duration > 5 years

Exclusion criteria
Other abnormal neurological signs (Except Froment sign)
Presence of known causes of increased physiological

tremor

Concurrent or recent exposure to tremorogenic drugs
Drug-withdrawal state
Trauma within 3 months before onset of tremor
Historical or clinical evidence of psychogenic origin
Sudden onset or stepwise deterioration

Probable ET
Tremor may be confined to one body part other than the
hands
Duration > 3 years

Possible ET
Presence of other neurological disorders (parkinsonism)
Presence of other isolated tremors (task-specific tremors)

Genetic studies

Essential tremor is genetically heterogeneous. Hered-
itary essential tremor-1 (ETM1) is associated with a
polymorphism in the DRD3 gene on chromosome
3q13 (Gulcher et al., 1997). Other mapped loci include
ETM2 on chromosome 2p25-p22 and ETM3 on chro-
mosome 6p23. Pairwise concordance in monozygotic
twins is approximately two times that in dizygotic
twins, indicating that environmental factors may play
an important role (Tanner et al., 2001).

Environmental factors

Several studies suggest that ET is triggered by envi-
ronmental factors (Jiménez-Jiménez et al., 2007). High
concentrations of beta-carboline alkaloids (BCAs;
tremor-producing chemicals that are naturally present
in the food chain) have been found in blood (Louis
et al,, 2002). Harmaline, a BCA, induces a temporary
tremor in rodents which is reminiscent of ET.
Harmaline enhances the electrical coupling in the
inferior olives and also exerts dysregulation of glu-
tamatergic pathways in cerebellar nuclei (Manto &
Laute, 2008). Proton MRS studies in humans show
a correlation between blood concentrations of BCAs
and the NAA/Cr ratio in the cerebellar cortex (Louis
etal., 2007).

Table 19.2 Drugs under investigation for the treatment of
essential tremor

Zonisamide (100-200 mg/day)

Sodium oxybate (gamma-hydroxybutyrate; 1.5 g twice daily)
T2000 (DMMDPB; 600-1000 mg/day)

1-Octanol (1 mg/kg)

Lacosamide (50-400 mg/day)

Neuropathology

Neuropathological changes are observed in the cere-
bellum in about 75% of patients. These changes include
a decreased number of Purkinje neurons, Purkinje cell
heterotopias, dendrite swellings, torpedoes (Purkinje
cell axonal swellings), degeneration of dentate neu-
rons, and presence of Lewy bodies in the brainstem
(Axelrad et al., 2008).

Treatment

Currently, there is still no medication developed and
specifically approved for essential tremor. Most of
the drugs used are approved for epilepsy. Pharmaco-
logical treatments currently available are effective in
only approximately 50% of patients with ET (Lyons
& Pahwa, 2008). The most commonly used medica-
tions are propranolol (40-160 mg/day) and primidone
(250-750 mg/day), administered either as monother-
apy or in combination. In case of insufficient reduc-
tion of tremor, other beta-adrenoceptor antagonists,
such as metoprolol or atenolol, and other antiepilep-
tic drugs, such as topiramate (50-200 mg/day) or
gabapentin (600-1800 mg/day), are often tried. Beta-
blockers should be used very cautiously in elderly
individuals with asthma or heart disorders (conduc-
tion block). Pregabalin (50-600 mg/day) has shown
some efficacy (Zesiewicz et al., 2007). Confirmation in
large trials is required. Benzodiazepines can be effec-
tive in some patients, especially alprazolam and clon-
azepam (4 mg/day). Several drugs are under investiga-
tion (Table 19.2).

Botulinum toxin injections in the forearm muscles
may provide some benefit, but carry the risk of mus-
cle weakness. Swallowing difficulties and breathiness
are complications of neck injections for head/voice
tremor.

Deep brain stimulation (DBS) of the thalamic
nuclei (Vim) has beneficial effects in ET. It is now
an established therapy for medically intractable ET
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Figure 19.1 (A) Right upper limb
postural tremor in a patient presenting
with essential tremor. The patient is asked
to maintain the upper limb outstretched
in a horizontal position at the height of
the shoulder. Fast Fourier Transform (FFT)
shows a peak frequency of 5.5 Hz.
Accelerometer fixed on the extremity of
the index. Sampling rate: 512 Hz.

(B) Tremor of the index during a
finger-to-finger test. The patient is asked
to maintain left/right index finger near
the chest, at the height of the shoulder.
FFT analysis shows a peak frequency of 5
Hz on the left side and 3.9 Hz on the right
side.
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(see also Chapter 9). The benefit of stimulation of the
subthalamic area might be related to a modulation
of cerebellothalamic projections (Herzog et al,
2007). Risks of DBS procedures are intracranial
hemorrhage (especially in patients with hyper-
tension), seizures, and infections (Coley et al,

Frequency (Hz) 20

2009). Behavioral changes are usually transient.
Although DBS has several advantages over thala-
motomy, namely, the reversibility and the fact that
bilateral procedures are feasible, irreversible lesion
therapy is still used in some centers with good
results.
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Gamma-knife radiosurgery is a viable alter-
native in patients ineligible for DBS (Kondziolka
et al.,, 2008). About 70% of patients show improve-
ment in both action tremor and writing. However,
patients may develop a delayed neurological deficit
(hemiparesis, dysphagia, or a complex movement
disorder).

Biomechanical loading has emerged as a poten-
tial tremor suppression alternative. Applying damping
loads attenuates tremor in upper limbs. A wearable
orthosis based on this principle has been proposed
(Rocon et al., 2007). Although individuals with ET
may show a dramatic reduction of tremor, the cur-
rent wearable solutions require major improvements
in terms of weight, aesthetics, and cosmetic aspects to
be used in daily life.

Electroencephalogram-based brain-computer
interfaces aiming to detect and attenuate tremor are
under investigation.

Patients may benefit from a computer mouse that
filters the shaking components of movements during
daily use of computers.
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Autosomal recessive cerebellar ataxias (ARCAs) are a
heterogeneous group of neurological disorders involv-
ing both the central and peripheral nervous systems
and, in some cases, other systems as well (Palau &
Espinds, 2006). The onset is usually before the age of
20 years. The presence of multiple affected siblings in
a single generation or consanguinity in parents sup-
ports the possibility of an autosomal recessive mode of
inheritance. ARCAs are characterized in most cases by
degeneration or abnormal development of the cerebel-
lum and spinal cord. Due to autosomal recessive inher-
itance, previous familial history of affected individuals
is unlikely.

Based on clinicogenetic criteria, five main types
of ARCAs can be distinguished (Table 20.1): congeni-
tal ataxias (developmental disorder), ataxias associated
with metabolic disorders, ataxias with a DNA repair
defect, degenerative ataxias, and ataxia associated with
other features.

The most commonly encountered ARCAs are as
follows:

* Friedreich ataxia (the most common in Caucasian
population)

* Ataxia-telangiectasia

*  Wilson disease

* Lysosomal storage disorders

* Early-onset cerebellar ataxia with retained tendon
reflexes

* Ataxia with vitamin E deficiency (AVED)

* Abetalipoproteinemia

e Ataxia with oculomotor apraxia (AOA1)

* Ataxia with oculomotor apraxia (AOA2)

* Ataxia associated with coenzyme Q10 deficiency

* Autosomal recessive spastic ataxia of
Charlevoix-Saguenay (ARSACS)

Clinical diagnosis is confirmed by ancillary tests
such as neuroimaging (MRI, scanning), electrophys-
iological studies, and mutation analysis when the
causative gene has been identified. Correct clinical and

Autosomal recessive cerebellar ataxias

genetic diagnosis is important for appropriate genetic
counseling and prognosis and, in some instances,
pharmacological treatment, especially for coenzyme
Q10 deficiency and abetalipoproteinemia.

Friedreich ataxia

Clinical description

Friedreich ataxia (FRDA) affects patients from Europe,
North Africa, and the Middle East. The disorder is
rare among sub-Saharan Africans and does not exist
in the Far East. The prevalence varies between 2 and
4.5 per 100 000. Some clusters of families have been
reported in Québec and Cyprus, due to a founder effect
(Barbeau, 1978; Dean et al., 1988).

The first symptoms usually start between 8 and
19 years (Friedreich, 1863a, 1863b, 1863c; Geoffroy
et al., 1976; Campanella et al., 1980). However, they
may start earlier or even later in the adult life, in the so-
called late-onset Friedreich ataxia (LOFA; first symp-
toms occurring after the age of 25) or very late-onset
Friedreich ataxia (VLOFA; symptoms starting after the
age of 40 years) (Klockgether et al., 1993). The disease
progression of LOFA and VLOFA is slower. The occur-
rence of skeletal deformities such as scoliosis is also
lower. Variability of age onset may be observed within
the same family, probably due to the characteristics of
the mutation.

Diagnostic criteria have been proposed (Table
20.2).

Ataxia is typically progressive and mixed, com-
bining cerebellar and sensory features. Truncal ataxia
may be the first symptom, followed by limb dysmetria
and kinetic tremor. Patients exhibit growing difficul-
ties with walking and standing. Dysarthria is charac-
terized by a slow and jerky speech with sudden utter-
ances (Gentil, 1990; Cisneros & Braun, 1995). Most
patients will exhibit various degrees of muscular weak-
ness. Muscle tone is usually unaffected. When patients
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Table 20.1 Autosomal recessive cerebellar ataxias

Congenital ataxias
Joubert syndrome
Cayman ataxia

Metabolic disorder
Ataxia with isolated vitamin E deficiency (AVED)
Refsum disease
Cerebrotendinous xanthomatosis
Abetalipoproteinemia
Metachromatic leukodystrophy
Niemann-Pick type C
GM1 gangliosidosis
GM2 gangliosidosis
Chorea-acanthocytosis
Wilson disease
Aceruloplasminemia

Ataxias associated with a DNA repair defect
Ataxia telangiectasia
Ataxia with oculomotor apraxia 1 (AOAT1)
Ataxia with oculomotor apraxia 2 (AOA2)
Ataxia-telangiectasia-like disorder
Spinocerebellar ataxia with axonal neuropathy (SCANT)

Degenerative ataxias
Friedreich ataxia
Coenzyme Q10 deficiency with cerebellar ataxia
Charlevoix-Saguenay spastic ataxia
Early-onset cerebellar ataxia with retained tendon reflexes
Mitochondrial recessive ataxic syndrome
Marinesco-Sjégren syndrome

Others

Table 20.2 Diagnostic criteria of Friedreich ataxia
according to Harding (1981)

Onset before the age of 25
Progressive and unremitting ataxia
Hyporeflexia/areflexia in lower limbs
Babinski sign

Axonal sensory neuropathy demonstrated by
neurophysiological studies

Dysarthria

become wheelchair-bound, a disuse atrophy devel-
ops. The sense of position and vibration are impaired
early in the course of the disease due to peripheral
nerve involvement. Although a majority of patients
have an absence of tendon reflexes, some of them have
increased tendon reflexes and may exhibit some degree
of spasticity. This occurs in the so-called Friedreich
ataxia with retained reflexes (FARR) presentation. A
phenotype characterized by spastic paraparesis with-
out obvious ataxia has been reported (Castelnovo
et al., 2000). Oculomotor disturbances are common,
with square wave jerks and fixation instability (Spieker
et al, 1995). Nevertheless, a nystagmus is rarely

encountered. About one-third of patients exhibit optic
atrophy (Livingstone etal., 1981). Patients may present
with some degree of visual impairment. Sensorineu-
ral hearing loss occurs in one in five patients (EIll
et al., 1984; Cassandro et al., 1986). Chorea has been
reported in a few patients (Hanna et al., 1998).

Patients also exhibit extra-neurological features.
Heart disease affects nearly all patients, although some
patients remain asymptomatic. Cardiomyopathy may
directly impact prognosis (Boyer et al., 1962; Maione
et al., 1997). The most common symptoms are short-
ness of breath and palpitations. Electrocardiogram
(ECG) often shows inverted T waves and signs of
ventricular hypertrophy. Conduction disturbances,
ectopic beats, and atrial fibrillation are less common
(Alboliras et al., 1986). This latter is often considered
to be a negative prognostic indicator. Decreased heart
rate variability would be due to impaired parasympa-
thetic activity (Pousset et al., 1996). Echocardiogra-
phy shows a concentric hypertrophy of the ventricles
or a symmetrical septal hypertrophy, with diastolic
function abnormalities (Morvan et al., 1992). A transi-
tion from the hypertrophic to the hypokinetic-dilated
cardiomyopathy may occur. Muscular subaortic steno-
sis has been described in a few cases (Elias, 1972).
Another common complication is diabetes mellitus,
which occurs in 10% to 12% of patients. A car-
bohydrate intolerance occurs in about one-fifth of
the patients. Patients may develop insulin depen-
dence. Obviously, diabetes may complicate the neu-
rological picture. Other signs are kyphoscoliosis, pes
cavus, equinovarus, and hammer toe. These orthope-
dic deficits may contribute to gait difficulties. Cold
and cyanotic legs/feet are not uncommon in advanced
cases.

Neurophysiological investigations

Reduced amplitudes or absence of sensory nerve
action potentials (SNAPs) is very common, espe-
cially in the lower limbs (McLeod, 1971; Ackroyd
et al,, 1984). By contrast, sensorimotor nerve con-
duction velocities are either normal or only slightly
reduced. Somatosensory evoked potentials are charac-
terized by a dispersion with delayed responses. Cen-
tral motor conduction times assessed by transcranial
magnetic stimulation are increased, in parallel with
disease duration (Santoro et al., 1999). Visual evoked
potentials are often reduced in amplitude (Rabiah
etal., 1997).
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Figure 20.1 MRI of the spinal cord (cervical segments) in a patient
presenting with Friedreich ataxia (T2-weighted image). Shrinkage of
the spinal cord is visible. From: Manto and Jissendi, 2009. With
permission.

Neuroimaging

MRI of the spinal cord demonstrates signal abnormal-
ities in the posterior and lateral columns, with thin-
ning of the spinal cord (Wessel et al., 1989; Riva &
Bradac, 1995) (Figure 20.1). The brainstem and cere-
bellum are less affected, but have a smaller size as com-
pared with those of control subjects (Junck et al., 1994).
A mild cerebellar atrophy, especially of the vermis,
may develop in advanced cases (Giroud et al., 1994).
Voxel-based morphometry (VBM) shows a symmet-
rical volume loss in the dorsal medulla, inferomedial
portions of the cerebellar hemispheres, rostral vermis,
and dentate region (Della Nave et al., 2008). The atro-
phy of the cerebellum and medulla is correlated with
the severity of the clinical deficit and disease duration.
VBM analysis also confirms white matter atrophy in
the posterior cingulate gyrus, paracentral lobule, and
middle frontal gyrus (Franga et al., 2009). Hydrogen-1
magnetic resonance spectroscopy (MRS) suggests that
neuronal dysfunction is more diffuse than clinically
expected (Franga et al., 2009).

Single-photon emission CT (SPECT) shows a
reduction of blood flow in the cerebellum (Giroud
et al., 1994). Glucose metabolism evaluated by posi-

tron emission tomography (PET) is initially increased
and decreases with time as the disease progresses and
patients lose their ability to walk (Junck et al., 1994).

Molecular genetics

One form of Friedreich ataxia (FRDA1) is caused by a
mutation in the gene encoding frataxin (FXN), which
has been mapped to chromosome 9q (Campuzano
et al., 1996). FRDA patients inherit a GAA expan-
sion in the first intron of the FXN gene from both
parents in 98% of cases. A small number of patients
have an expanded allele and a second mutated allele
with a point mutation leading to a premature stop
codon (2%) (Bidichandani et al., 1997). Another locus
for the disorder has been mapped to chromosome 9p
(FRDA2) (Kostrzewa et al., 1997).

Normal individuals have 5 to 30 GAA repeat
expansions. Patients have from 61 to 1700 GAA triplets
(Al-Mahdawi et al., 2006). Patients show a marked
reduction in the FXN mRNA amount, suggesting that
the expansion is related to the FXN silencing. Long
uninterrupted GAA tracts adopt triple helical struc-
tures, inhibiting transcription. The frataxin gene is
involved in the regulation of mitochondrial iron con-
tent.

The relationship between trinucleotide (GAA)
repeat length and clinical features in FRDA is an
important aspect for evaluating and understanding
FRDA phenotype severity. With GAA repeats greater
than 500, the phenotype is more severe, with early-
onset ataxia and increased incidences of diabetes, car-
diomyopathy, and scoliosis (Filla et al., 1996).

Biochemical aspects

Several biochemical deficits are observed at the level of
the mitochondria. In particular, reduction in the activ-
ity of the aconitase and the enzymes in the complexes I
to III of the respiratory chain is found. These enzymes
contain iron-sulfur groups. There is a consensus that
frataxin is a ferrous iron chaperone, maintaining iron
biologically unavailable to reactive oxygen species. The
frataxin-iron link is probably a key aspect of the dis-
ease (Babcock et al., 1997).

Neuropathology

The neuropathology differs in patients with homozy-
gous GAA trinucleotide expansions and in those with
compound heterozygotes.
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The dorsal columns are invariably reduced in size,
with reduced transverse and anteroposterior diame-
ters. The dorsal columns often show a clear thinning,
and the dorsal root ganglia a reduction in size. The
dorsal spinocerebellar tract is often more affected than
the ventral spinocerebellar tract. The nucleus dorsalis
of Clarke is characterized by neuronal loss. The dor-
sal root ganglia show a paucity of nerve cells and an
unusual abundance of the nodules of Nageotte. The
fiber depletion of dorsal roots contrasts with the spar-
ing of the anterior roots. Loss of large myelinated fibers
is often obvious in peripheral sensory nerves, such as
the sural nerve.

The cerebellar cortex is usually normal, although
the dendritic arborization of Purkinje neurons may be
abnormal. The dentate nuclei are commonly involved.
The size of the nucleus is decreased due to a neuronal
loss. Stainings for iron argue in favor of a decrease of
iron accumulation in the dentate nuclei, unlike what is
observed in MRI images (Waldvogel et al., 1999). The
superior cerebellar peduncles may be thinned.

Pathology of the heart

Cardiomyopathy is characterized by a thickened ven-
tricular wall and increased endomysial connective

Figure 20.2 Gross pathology of a
Friedreich (FRDA) heart and light
microscopy of iron-reactive granules in
sarcoplasm and endomysium. (A) Gross
specimen. Left and right ventricular walls
are greatly thickened. The myocardium is
discolored, lacking the normal dark and
homogeneous appearance of normal heart.
(B-E) Iron histochemistry. The stain shows
finely granular reaction products that lie
parallel to the long axis of cardiomyocytes
(arrow in B). A cluster of much larger
iron-positive granules lies adjacent to or
within a necrotic muscle fiber (arrow in C).
(D, B) Iron histochemistry of an endocardial
biopsy of an FRDA patient at the age of 9
years (D) and a section of the autopsy
specimens at the age of 26 years (E). Both
sections display iron-positive granules in
cardiac muscle fibers, and the frequency of
iron-reactive fibers among all
cardiomyocytes is similar. Sections
illustrated in B-E are counterstained with
Brazilin. Markers: A, 1 cm; B, C, 100 mm; D, E,
50 mm. From: Michael et al., 2006. With
permission. (See color section.)

tissue, resulting in a wider space between cardiac
fibers. The cellular nuclei are often enlarged, with
inclusion bodies. Iron staining reveals fibers with gran-
ular reaction products near the nuclei (Figure 20.2).

Differential diagnosis of disorders associated

with cerebral iron accumulation

FRDA should be distinguished first from other reces-
sive ataxias. The following disorders are also associated
with iron accumulation: pantothenate kinase-
associated neurodegeneration (Hallervorden-Spatz
disease, characterized by progressive extra-pyramidal
dysfunction and dementia) due to mutation in the
PANK2 gene (gene locus 20p13-p12.3), neurofer-
ritinopathy (dominantly inherited, FTL gene: locus
19q13.3-q13.4; see Chapter 23), aceruloplasminemia
(gene locus 3q23-q24; see section Aceruloplasmine-
mia), and autosomal recessive Karak syndrome, char-
acterized by early-onset cerebellar ataxia, dystonia,
spasticity, and intellectual decline (Morita et al., 1995;
Mubaidin et al., 2003; Maciel et al., 2005; Hartig et
al., 2006). In the majority of cases, these different
subtypes of neurodegeneration associated with brain
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iron accumulation can be distinguished with T2 and
T2 fast-spin echo brain MRI (McNeill et al., 2008).

Prognosis

Over a few years, patients become wheelchair-bound
in most cases, with a global worsening of neu-
rological and extra-neurological deficits. Advent of
new therapies (see next section) might change the
prognosis.

Treatment

Therapeutic trials aim to counter the effects of FXN
deficiency or to increase its expression (Tsou et al,,
2009).

It is widely accepted that therapy should start as
early as possible. Sensory deficits are established very
early and might be difficult to counteract, but in the-
ory early treatment might stop cerebellar and motor
impairment. Symptomatic therapies are used for spe-
cific symptoms such as spasticity (baclofen).

The possible role of iron in the pathogenesis of the
disease suggests that chelation therapy could provide
benefits. Although desferrioxamine can reduce iron
in the extracellular fluid and in the cytosol, the drug
is not effective for removing iron directly from mito-
chondria. Moreover, there is no iron overload glob-
ally in the body. Deferiprone, an atypical iron chela-
tor, might decrease build-up of toxic iron in the mito-
chondria. Attention should be paid to not fully deplete
mitochondrial iron stores in order to avoid undesirable
consequences (Goncalves et al., 2008).

Beta-blockers at high doses could provide benefits
in patients with heart disease. Antioxidants are a sec-
ond line of therapy. Coenzyme Q10 derivatives such
as idebenone (up to 60 mg/kg per day) are still being
evaluated. Although the neurological benefit is still a
matter of debate (in particular for low doses in the
range of 5 mg/kg per day), idebenone seems effective
in reducing cardiomyopathy at an early stage of the dis-
ease (Schulz et al., 2009). Idebenone acts as both an
antioxidant and an electron carrier, promoting adeno-
sine triphosphate (ATP) synthesis in the mitochon-
dria.

Other drugs are under investigation. Recent exper-
imental data suggest that peroxisome proliferator-
activated receptor-y agonists and modulation of
the transcriptional regulator PGCla (a regulator of
mitochondrial biogenesis) might be viable alterna-
tives (Marmolino et al., 2009). Human recombinant

erythropoietin increases levels of FXN protein in vitro
and could exert neuroprotective effects. Human tri-
als have started. Attempts to revert silent heterochro-
matin to active chromatin using histone deacetylase
inhibitors are being carried out. Safety issues deserve
special attention.

Ataxia-telangiectasia

Clinical description

Ataxia-telangiectasia (AT; Louis-Bar syndrome) is
the more common autosomal recessive ataxia after
Friedreich ataxia, with an estimated prevalence of 1 to
2.5 per 100 000 (Swift et al., 1986). AT is the most com-
mon recessive ataxia in children under 5 years of age.
The disorder is seen among all races and is most promi-
nent among ethnic groups with a high frequency of
consanguinity. The disease commonly begins at the age
of 2 to 4 years. AT is characterized by progressive cere-
bellar ataxia, oculomotor apraxia, and choreoatheto-
sis/dystonia (Louis-Bar., 1941). Patients present with
very suggestive oculocutaneous telangiectasia, appear-
ing between the ages of 2 and 9 years. Oculomotor
signs are present in almost all cases. Truncal ataxia
precedes appendicular ataxia. A majority of patients
show facial hypotonia and drooling. Tendon reflexes
become diminished or absent by age 8. Mental retar-
dation is absent, although some older patients have
a loss of short-term memory. Posterior column sen-
sory loss and Babinski sign reflect the diffuse spinal
long tract demyelination in patients surviving beyond
the second decade. Patients are at risk for recurrent
sinopulmonary infections due to variable immuno-
deficiencies. Moreover, they have a high risk of malig-
nancy, especially leukemia and lymphoma, but also
solid tumors of other tissues. Other features of the dis-
ease include mild diabetes mellitus, premature graying
of the hair, and delayed physical and sexual develop-
ment.

Neurophysiological investigations

Decreased sensorimotor conduction velocities and
amplitudes of responses are related to peripheral nerve
degeneration.

Neuroimaging
MRI shows cerebellar atrophy. Atrophy can be
restricted to the vermis, with an enlarged fourth
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ventricle and enlarged infracerebellar subarachnoid
spaces (Sardanelli et al., 1995). Proton spectroscopy
analysis of the cerebellum in adults shows signifi-
cantly lower N-acetyl-aspartate (NAA)/choline (Cho)
and higher Cho/creatine (Cr) ratios, but a normal
NAA/Cr ratio (Wallis et al., 2007). These findings
suggest increased Cho signal intensity in the cere-
bellum of AT patients. Conventional techniques with
irradiation should be avoided.

Molecular genetics

The AT gene has been localized to 11q22-q23
(Gatti et al., 1988). Mutation analysis of the ataxia-
telangiectasia mutated (ATM) gene has confirmed
the genetic homogeneity of AT. The gene product
defective in this syndrome normally recognizes DNA
damage. More than 200 distinct mutations have been
reported associated with AT. Mutations are usually
truncating or splicing mutations. Approximately 10%
are missense mutations (Chun & Gatti, 2004). Muta-
tion analysis is useful not only to confirm the clinical
diagnosis, but also for carrier detection, genetic coun-
seling, and pre-natal diagnosis. Cytogenetic study
shows a 7:14 translocation (t [7;14] [q11;932]) in 5%
to 15% of affected individuals.

Blood investigations

Levels of serum alpha-fetoprotein are elevated above
10 ng/mL in more than 90% of patients. Other liver
enzymes may be raised. Serum immunoglobulin (Ig)
G2 or IgA levels are diminished or absent in 80% and
60% of patients, respectively (Gatti et al., 1991). Levels
of IgE/IgM levels may be reduced. Elevated IgM lev-
els may also be found (Noordzij et al., 2009). Some
patients develop a high blood viscosity syndrome.
Lymphopenia is commonly encountered.

Sensitivity to ionizing radiation

AT cells are abnormally sensitive to ionizing radiation
and abnormally resistant to inhibition of DNA synthe-
sis by ionizing radiation. In vitro radiosensitivity is the
basis of the colony survival assay performed on trans-
formed lymphocytes (Huo et al., 1994).

Neuropathology

Neuropathologic studies show cerebellar atrophy, pre-
dominating in the cerebellar vermis. Purkinje cells are
decreased in number, and their arborization is poor.

Thinning of the granular cell layer and minor changes
in the dentate nuclei and inferior olivary complex are
observed. Gliosis in basal ganglia is found in the old-
est cases, with neurofibrillary tangles and lipofuscin
granules possibly due to accelerated aging of the brain.
Muscle biopsy shows a denervation pattern.

Differential diagnosis

Diagnosis of AT may be difficult before the appear-

ance of telangiectases. AT must be distinguished from

the following autosomal recessive cerebellar ataxias

(ARCAs):

e Triedreich ataxia (see section Friedreich ataxia)

* Joubert syndrome (see Chapter 7)

e X-linked Pelizaeus-Merzbacher disease: this
disorder is characterized by progressive
psychomotor delay, spastic quadriplegia, and
cerebellar ataxia. Brain MRI shows a severe
leukoencephalopathy. The disorder is caused by
mutations of the proteolipid protein 1 (PLP1)
gene (chromosomal locus Xq22) encoding a
structural component of myelin.

* Mrell deficiency (AT-like disease): these patients
have a milder phenotype (Stewart et al., 1999).

* The oculomotor apraxias 1 (AOA1, aprataxin
deficiency) and 2 (AOA2, senataxin deficiency)
(see section Ataxia with oculomotor apraxia
[AOA1])

* The Nijmegen breakage syndrome (NBS;
ataxia-telangiectasia variant v1-AT-v1): this
disorder is due to mutations in the NBS1 gene,
coding for nibrin. Patients present with
microcephaly, bird-like facies, and mental
retardation, without ataxia, apraxia, or
telangiectasia. Serum levels of alpha-fetoprotein
are normal, but immune deficits are found
(lymphopenia, immunoglobulin deficiencies). The
Berlin breakage syndrome (AT variant-2) is
phenotypically indistinguishable from the
Nijmegen breakage syndrome.

* Spinocerebellar ataxia with axonal neuropathy
(SCAN): This disorder is discussed in section
Spinocerebellar ataxia with axonal neuropathy.

e Cockayne syndrome: This disorder is a
childhood-onset recessive disease characterized
by sensorial loss with blindness (associated with
cataracts and pigmentary retinopathy) and
deafness. Patients present with microcephaly,
cerebellar ataxia, pyramidal and extra-pyramidal
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deficits, and seizures with possible status
epilepticus. Facies is wizened, similar to progeria.
Skin photosensitivity, systemic hypertension, and
renal and hepatic dysfunction are found. The
clinical variability is wide (Pasquier et al., 2006)
The diagnosis should be suspected in cases of
cerebellar ataxia occurring in a context of growth
retardation, microcephaly, and blindness. Death
in the second or third decade is common.
Exceptionally, patients live until their forties in a
cachectic state (Inoue et al., 1997). Cultured skin
fibroblasts show abnormal ultraviolet (UV)
sensitivity. Calcification of basal ganglia is
detected by brain CT scanning, and white matter
changes are observed on MRI. Mutations are
found in the excision-repair cross-complementing
group 8 gene (ERCCS8) in type I or the
excision-repair cross-complementing group 6
gene (ERCC6) in type II. Neuropathology shows a
decreased brain weight and demonstrates white
matter atrophy, tigroid leukodystrophy with string
vessels, oligodendrocyte proliferation, bizarre
reactive astrocytes, multifocal dystrophic
calcification in the basal ganglia, advanced
atherosclerosis, mixed demyelinating and axonal
neuropathy, neurogenic muscular atrophy, and
degeneration of the organ of Corti and the eyes
(Lindenbaum et al., 2001; Rapin et al.,

2006).

* Xeroderma pigmentosum (XP) is a genetically
heterogenous autosomal recessive disorder.
Prevalence is estimated at between 1 per 100 000
and 1 per 250 000. There are seven types,
designated A through G (or I-VII). An eighth
type of XP is called the “variant” type. XP shares
similarities with Cockayne syndrome. Patients
exhibit microcephaly, sensorineural deafness,
cerebellar ataxia, chorea, axonal polyneuropathy
in a context of cutaneous photosensitivity, and
multiple cancers. Laboratory investigations show
defective DNA repair after UV exposure.
However, intra-cranial calcifications are absent.
Treatment includes avoiding harmful exposure to
UV radiation and management of tumors.
Prognosis is poor.

Prognosis

Most patients need a wheelchair around the age of 12.
Patients survive to more than 20 years of age.

Treatment

Patients should avoid excess sun exposure. Regular
physical examinations and routine blood studies are
recommended. Drooling may respond to anticholin-
ergic agents.

Rapid treatment of infections and hygiene sug-
gestions are important. Pulmonary rehabilitation is
recommended for respiratory infections. Gamma-
globulin injections every month are proposed to
reduce recurrence of infections in susceptible indi-
viduals. Immunizations should preferentially be with
killed vaccines.

Administration of oral betamethasone (0.1 mg/kg
per day for 10 days) has been associated with improve-
ment of neurological performance (Broccoletti et al.,
2008). The clinical improvement is inversely corre-
lated with the level of cerebellar atrophy. However, this
improvement does not seem to persist after discontin-
uation of the drug.

Treatment of malignancies with conventional
dosages of radiation can be fatal to AT patients.
Protocols for chemotherapy should be adapted appro-
priately to reduce the risk of a second malignancy.

The case of a boy with AT treated with intracere-
bellar and intrathecal injection of human fetal neural
stem cells has been reported (Amariglio et al., 2009).
Four years after the first treatment, he was diagnosed
with a multifocal brain tumor. This is the first report
of a human brain tumor complicating neural stem cell
therapy in AT.

Ataxia and isolated vitamin E
deficiency

Clinical description

Ataxia and isolated vitamin E deficiency (AVED) is
particularly frequent in countries from the Mediter-
ranean basin, and most cases come from North
African populations. AVED is characterized by a pro-
gressive sensory and cerebellar ataxia, usually begin-
ning before the age of 18 years (Harding et al,
1985). Loss of vibration and joint position sense are
usual. Dysdiadochokinesia, positive Romberg sign,
tendon areflexia, and positive Babinski sign are com-
monly found. Most patients present with various lev-
els of head titubation and decreased visual acuity.
Patients may exhibit dystonia. Psychotic episodes and
intellectual decline are relatively rare. Symptoms and
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disease severity can vary among siblings (Shorer et al.,
1996).

The phenotype of AVED mimics the phenotype
of Friedreich ataxia. However, cardiomyopathy and
glucose intolerance are much less frequent than in
Friedreich ataxia.

Blood studies

Diagnosis is based on the finding of low serum vita-
min E values (<2.5 mg/L) in absence of gastroin-
testinal disease (such as cholestatic liver disease, cys-
tic fibrosis, Crohn disease, and short bowel syn-
drome). Because of possible oxidation of a-tocopherol
by air, precautions must be taken following collec-
tion of blood. Unlike in abetalipoproteinemia (see sec-
tion Abetalipoproteinemia), lipidogram is normal in
AVED, and acanthocytes are absent.

Neuroimaging

Cerebellar atrophy is reported in approximately half
of patients (Mariotti et al., 2004). In some patients,
small T2-weighted high-intensity lesions are found in
the periventricular region and the deep white matter
(Amiel et al., 1995, Usuki & Maruyama, 2000).

Neurophysiology

Electrophysiological studies show axonal sensory neu-
ropathy and normal motor nerve conduction veloci-
ties (Zouari et al., 1998, Schuelke et al., 1999, Gabsi
et al, 2001). Somatosensory evoked potentials may
show increased central conduction times (increased
conduction time between the N13 wave and the N20
wave). The P40 wave may be totally absent. Elec-
troretinogram is often abnormal.

Neuropathology

Neuropathological studies show spinal sensory
demyelination with neuronal atrophy and axonal
spheroids, dying back-type degeneration of the poste-
rior columns, and neuronal lipofuscin accumulation
in the cerebral cortex, thalamus, and spinal horns
(Larnaout et al., 1997, Yokota et al., 2000). There is
a mild cellular loss of Purkinje neurons. Retina is
atrophic.

Genetic and molecular aspects

Most individuals are homozygous or compound het-
erozygous for one of the mutations of the TTPA
gene encoding the a-tocopherol transfer protein. The
744delA frameshift mutation is the most common in
individuals of Mediterranean or North African descent
and is distributed as a result of a founder effect. The
303T>G mutation (mainly described in Japanese sub-
jects) is characterized by a late-onset disease (age
>30 years) and a mild course. These patients have
an increased risk for pigmentary retinopathy. AVED
shows nearly complete penetrance in individuals who
are homozygous or compound heterozygous for a
TTPA mutation.

The TTPA gene encodes a 278-amino acid protein
which is mainly expressed in liver cells (Sato et al,,
1993), but also in the cerebellum (Copp et al., 1999)
and in the placenta (Muller-Schmehl et al., 2004). Liver
ATTP incorporates the a-tocopherol from the chy-
lomicrons into very low density lipoproteins (VLDLs),
which are then secreted into the circulation (Traber
et al., 1990). In the absence of ATTP, a-tocopherol is
lost in the urine.

Treatment

The treatment for AVED is lifelong high-dose oral vita-
min E supplementation. Doses of vitamin E range from
800 to 1500 mg/day (or 40 mg/kg body weight in chil-
dren) (Burck et al., 1981; Harding et al., 1985; Amiel
et al,, 1995). Ataxia decreases if the treatment is
initiated early. Although disease progression can be
stopped in older patients, the deficits in propriocep-
tion and gait ataxia remain (Gabsi et al., 2001, Mar-
iotti et al., 2004). Plasma vitamin E levels should be
monitored every 6 months, in particular in children.
The plasma level of vitamin E should be maintained
in the high normal range. Patients should avoid smok-
ing because of the reduction of total radical-trapping
antioxidant parameters of plasma (Sharpe et al., 1996).

Abetalipoproteinemia

Clinical description

Abetalipoproteinemia (ABL; Bassen-Kornzweig dis-
ease) is a rare metabolic disorder with a frequency
<1 in 100000. The association of peripheral blood
acanthocytosis with retinitis pigmentosa and ataxia
was first reported by Bassen and Kornzweig in 1950
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(Bassen & Kornzweig, 1950). Homozygous dysfunc-
tional mutations in apolipoprotein B cause a clinically
similar disorder called homozygous hypobetalipopro-
teinemia.

The signs and symptoms of abetalipoproteinemia
may appear in the first few months of life, but many
ABL patients present in the second to fourth decades.
Features include retinitis pigmentosa (most patients
have loss of night vision early in the course of disease),
progressive ataxia, demyelinating neuropathy, dysto-
nia, extra-pyramidal signs, and spastic paraparesis sec-
ondary to defective intestinal absorption of lipids.
Funduscopic examination reveals an atypical pigmen-
tation of the retina characterized by small, irregu-
larly distributed white spots. Patients present with
steatorrhea and may have a previous history of diar-
rhea resolving upon fat restriction. Cirrhosis has been
reported in a few cases, and one patient required trans-
plantation for hepatic cirrhosis.

A possible association with certain cancers such
as ileal adenocarcinoma and metastatic spinal cord
glioblastoma has been reported (Al-Shali et al., 2003;
Newman et al., 1984).

Blood studies

Serum cholesterol concentration is very low, and
serum (-lipoproteins are absent. Low-density lipopro-
teins (LDLs) and VLDLs cannot be synthesized.
Patients exhibit deficiencies of fat-soluble vitamins,
including vitamin E (see section Ataxia and isolated
vitamin E deficiency). Acanthocytosis is found on
peripheral blood smear. Acanthocytes cause very low
erythrocyte sedimentation rates. Anemia is due to
deficiencies in iron, folate, and other nutrients sec-
ondary to fat malabsorption. Hemolysis may also
contribute to anemia. Elevated prothrombin time
and international normalized ratio due to vitamin K
deficiency have been noted in several cases. Vitamin
K deficiency may be associated with gastrointestinal
bleeding in childhood. Hepatic manifestations include
elevated serum transaminases with hepatomegaly due
to hepatic steatosis (Collins et al., 1989).

Genetic and molecular aspects

Abetalipoproteinemia is caused by mutations in the
gene MTP (chromosome 4q22-24), which encodes
microsomal triglyceride transfer protein (Shoulders
et al., 1993). The protein forms a heterodimer with
the ubiquitous endoplasmic reticulum enzyme protein

disulfide isomerase (Narcisi et al.,, 1995). MTP acts
as a chaperone which facilitates the transfer of lipids
onto apolipoprotein B (Zamel et al., 2008). Hypo-
betalipoproteinemia is caused by mutations in the gene
APOB, which encodes the protein apolipoprotein B.

Treatment

Patients are treated with high oral doses of fat soluble
vitamins, including vitamin E. Treatment has a favor-
able impact on the course of the neuropathy (Zamel
et al., 2008). A 12-year follow-up indicates that high-
dose oral vitamin E (100 IU/kg) slows retinal degen-
eration (Runge et al, 1986). High doses of vitamin
A (100-400 IU/kg per day) are required. The risk of
papilledema should be kept in mind (Bishara et al.,
1982). Vitamin D replacement (1000 mg daily) should
be considered in all patients. Replacement of vitamin
Kis necessary (5 mg/day). Other supplementary nutri-
ents like iron and folic acid can also be considered. A
low-fat diet improves steatorrhea associated with fat
malabsorption and allows absorption of other nutri-
ents essential for growth and development (Zamel
et al., 2008).

Autosomal recessive spastic ataxia
of Charlevoix-Saguenay

Geographical distribution

Autosomal recessive spastic ataxia of Charlevoix-
Saguenay (ARSACS) was first described among inhab-
itants of the Charlevoix-Saguenay region in north-
eastern Quebec, Canada (Bouchard et al., 1978). This
disease has a high prevalence in two small regions of
Quebec. The gene carrier prevalence is estimated to be
1 in 22 due to a relatively small founder population
(De Braekeleer et al., 1993). Several families with SACS
mutations have been reported in Italy, Spain, Tunisia,
Turkey, and Japan. Thus ARSACS now “goes global”
(Gomez, 2004; Takiyama, 2007).

Clinical description

Age of onset ranges from 1 to 14 years. ARSACS
is characterized by early-onset spastic ataxia, axonal
and demyelinating neuropathy, and hypermyelina-
tion of retinal nerve fibers. Pes cavus is common.
Gait unsteadiness is the first symptom in most cases.
A minority of patients develop seizures. Intelligence
is usually normal. Non-Quebec patients show some
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atypical features in comparison with Quebec patients.
For instance, patients may lack spasticity in the lower
limbs (Shimazaki et al., 2005). Intellectual impairment
is sometimes found in non-Quebec patients. Although
increased visibility of myelinated retinal nerve fibers
is a hallmark of ARSACS in Quebec patients, there is
a substantial number of non-Quebec patients with-
out this characteristic sign. When retinal hypermyeli-
nation is absent, ARSACS is a differential diag-
nosis of early-onset cerebellar ataxia with retained
tendon reflexes (EOCARR), Friedreich ataxia with
retained reflexes (FARR, see section Friedreich ataxia),
ataxia with oculomotor apraxia (AOAl and AOA2,
see section Ataxia with oculomotor apraxia [AOA1]),
and several forms of hereditary spastic paraplegia.
The disease has a progressive course. The mean age
for patients becoming wheelchair-bound varies at
between 30 and 41 years (Bouchard, 1991).

Neuroimaging
Brain MRI shows a cerebellar atrophy, especially in the
upper vermis, sparing the brainstem. A mega-cisterna
magna and a thin spinal cord in the cervical segment
may be found in some cases. White matter appears
normal.

SPECT of the brain shows a decreased blood flow
in the upper cerebellar vermis (Shimazaki et al., 2007).

Neurophysiology

Peripheral nerve conduction studies show an axonal
neuropathy with absent sensory action potentials and
decreased motor conduction velocities (Peyronnard
etal., 1979).

Neuropathology

The pathological features include atrophy of the upper
cerebellar vermis, loss of Purkinje cells, and neuronal
lipid accumulation (Bouchard et al., 2000). The den-
tate nuclei and inferior olives are spared. In sections
of the medulla oblongata, the pyramids are slightly
reduced in size. There is a severe bilateral symmetri-
cal loss of myelin staining centered on the lateral cor-
ticospinal tracts at the spinal cord level. Sural nerve
biopsy confirms severe axonal degeneration with loss
of large myelinated fibers.

Genetic and molecular aspects

The gene, called SACS, maps to 13q12.12 (Engert
et al,, 2000). At least 28 mutations of the SACS gene

have been found in Quebec and non-Quebec patients,
consisting of 8 missense, 5 nonsense, and 15 frameshift
(11 deletion and 4 insertion) ones (Takiyama, 2007).
Most of the SACS mutations are homozygous.

The final full-length version of human sacsin con-
tains 4579 amino acids. Sacsin is expressed in a vari-
ety of tissues, including the brain (Engert et al., 2000).
Sacsin might function in chaperone-mediated protein
folding.

Differential diagnosis

Table 20.3 lists the main disorders presenting as reces-
sive spastic ataxia syndromes. Friedreich ataxia and
Marinesco-Sjogren syndrome are discussed elsewhere
in this chapter.

Treatment

Patients exhibiting spasticity may benefit from stretch-
ing exercises and administration of baclofen (orally
or by the intrathecal route). Orthesis may be use-
ful. Arthrodesis may be considered in selected cases
(Bouchard & Langlois, 1999). The most effective sur-
gical procedures are triple arthrodesis with percuta-
neous lengthening of the Achilles tendon and adduc-
tor and psoas tenotomies combined with neurectomy
of the obturator nerve. Urinary urgencies are man-
aged with anticholinergic drugs. Seizures are con-
trolled with conventional anti-epileptic agents.

Ataxia with oculomotor apraxia (AOA1)

Geographical distribution

Patients with ataxia with oculomotor apraxia (AOA1)
have been identified worldwide. The estimated preva-
lence of AOA1 in Portugal is 55 per 1000 000, repre-
senting the second most frequent recessive ataxia after
Friedreich ataxia (Barbot et al., 2001). In Japan, AOA1,
which represents the most frequent cause of auto-
somal recessive ataxia (Hirano et al., 2004), is often
called early-onset ataxia with oculomotor apraxia and
hypoalbuminemia.

Clinical description

Symptoms appear between 2 and 16 years of age
(mean around 7 years). Onset at ages 28 and 29 years
has been reported (Criscuolo et al., 2004). Patients
exhibit a slowly progressive gait imbalance followed
by dysarthria and upper-limb dysmetria with mild



Table 20.3 Recessive spastic ataxia syndromes

Disorder

Karak syndrome
(phospholipase A2)
(Mubaidin et al., 2003)

Krabbe disease
(Galactosylceramide
lipoidosis; deficiency in
beta-galactocerebrosidase)

Pelizaeus Merzbacher-like
(PMLD; HLD2)

Leukoencephalopathy with
vanishing white matter

Portneuf spastic ataxia with
leukoencephalopathy
(ARSAL; SPAX3) (Thiffault
et al., 2006)

SAX2

SPG7?

SPG30

Hypomyelination and
congenital cataract
(Biancheri et al., 2007)

Megalencephalic
leukoencephalopathy with
subcortical cysts (Van der
Knapp disease)

Clinical features

Early onset
Cerebellar ataxia
Intellectual decline
Dystonia

Spasticity

Early infantile or late onset
Mental retardation

Irritability with excessive crying
Optic atrophy

Spasticity

Hypertonia

Seizures

Ataxia

Polyneuropathy

Impaired motor development
Ataxia

Choreoathetosis

Spasticity

Seizures

Peripheral nerve neuropathy

Onset variable

Chronic progressive or episodic
Ataxia

Spasticity

Optic atrophy

Epilepsy

Mental dysfunction

Onset: birth to 60 years
Ataxia

Spasticity
Hyperreflexia

Urinary urgency
Scoliosis

Dystonia

Cognitive impairment
Optic atrophy
Cataract

Hearing impairment

Childhood onset

Ataxia

Spasticity

Extensor plantar reflexes
Fasciculations

Variable clinical presentation
Optic atrophy

Onset: 12 to 21 years
Spastic paraparesis
Peripheral

neuropathy
Ataxia

Congenital cataract

Developmental delay

Spasticity

Ataxia

Peripheral
neuropathy

Infantile onset
Megalencephaly
Ataxia

Seizures

Mild pyramidal signs
Mental decline

Brain imaging

“Eye-of-tiger” sign
Cerebellar atrophy

Corticospinal tract and periventricular
demyelination

Leukodystrophy (hypomyelination)

Cerebral hemispheric
leukoencephalopathy

Areas of abnormal white matter (high
T2-weighted signal intensity
like CSF)

Cerebellar atrophy
Cortical atrophy
Leukoencephalopathy

Normal brain MRI

Cortical and cerebellar atrophy

Cerebellar atrophy

Supratentorial hypomyelination
Cerebellar white matter
hypomyelination

Extensive white matter signal changes
involving the corpus callosum and
frontal/temporal subcortical cysts

Cerebellar hemispheres mildly
involved

Gene locus

22q13.1

14g24.3-g32.1

1941-042

1p34.1; 2p23.3;
327; 12, 14q24

2033-34

17p13

16024.3

20373

7p213-p15.3

22qtel

9The gene encodes paraplegin, a mitochondrial protein (adenosine triphosphate-dependent m-AAA protease) involved in ribosome

assembly.
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kinetic tremor. Oculomotor apraxia is present in 80%
of individuals and is usually reported after the onset
of ataxia. Patients have difficulties for ocular fixa-
tion and typically show difficulties in moving the eyes
towards a fixed target. When the examiner blocks the
head, movement of the eyes is often impossible. Slow
eye movements occur on lateral and vertical gaze (in
adults, this should not be confused with spinocerebel-
lar ataxia type 2 [SCA2], see Chapter 23), and apraxia
is followed by progressive external ophthalmoplegia.
Oculocephalic reflexes are spared at the beginning.
Tendon areflexia is common, as a result of periph-
eral nerve involvement. Vibration sense is usually pre-
served during the first years of the disease. Pes cavus
is observed in 30% of cases, and therefore, AOA1 with
peripheral neuropathy and pes cavus should be distin-
guished from Charcot-Marie-Tooth syndrome. Nearly
half of patients will exhibit chorea or dystonia during
the course of the disease. Different degrees of cognitive
impairment have been reported (Tachi et al., 2000).
Loss of independent walking occurs about a decade
after onset of symptoms. Survival is long (Barbot et al.,
2001).

Neuroimaging

Cerebellar atrophy is observed in all patients. A small
percentage of patients present with concomitant brain-
stem atrophy.

Neurophysiology

Signs of axonal neuropathy are found in all patients,
although needle electromyography studies and nerve
conduction velocities may be normal at the very begin-
ning.

Blood studies

Serum concentration of albumin is decreased below
3.8 g/L in about 80% of patients with disease duration
of more than 10 years, and levels of cholesterol in blood
are increased (>5.6 mmol) in about 70% of cases after
several years of evolution.

Neuropathology

Axonal neuropathy is confirmed by sural nerve biopsy.
A mild loss of large myelinated axons is found.

Genetic and molecular aspects

AOAL is caused by a mutation in the APTX gene,
located on chromosome 9p13.3. Sixteen different
mutations have been identified so far. APTX encodes
a ubiquitously expressed protein, called aprataxin.
AOA1 is a novel type of DNA damage response-
defective disease in which aprataxin may be associated
with both the DNA single-strand and double-strand
break repair machinery (Clements et al., 2004).

Management

Physical therapy is recommended. A wheelchair is
usually necessary by the age of 15 to 20 years. A
high-protein diet restores serum albumin concentra-
tion and prevents edema due to hypoalbuminemia. A
low-cholesterol diet is also recommended.

Ataxia with oculomotor apraxia
type 2 (AOA2)

Clinical description

Ataxia with oculomotor apraxia type 2 (AOAZ2;
also called non-Friedreich spinocerebellar ataxia type
1 [SCARI1]) represents approximately 8% of non-
Friedreich ARCAs (Le Ber et al., 2004). Onset is
between 11 and 22 years in the majority of cases
(extremes of 3-30 years). In addition to cerebellar
ataxia and oculomotor apraxia (occurring in about
45% of cases and which may be accompanied by stra-
bismus), patients exhibit choreoathetosis and dysto-
nia. A clinical picture of writer’s cramp may be present
initially. Tendon areflexia is common. Mild cognitive
impairment is present in some individuals. Deep sen-
sory loss, extensor plantar reflexes, and sphincter dis-
turbances are observed in some patients. Mean disease
duration until wheelchair is about 15 to 20 years (Tazir
et al., 2009).

Neuroimaging

Patients present with cerebellar atrophy on brain MRI
(Duquette et al., 2005). Atrophy is more severe in the
oldest patients.

Neurophysiology

Nerve conduction velocities show an absence of sen-
sory potentials.
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Blood studies

Values of gamma-globulins (IgG, IgA), alpha-
fetoprotein, cholesterol, and creatine kinase (CK)
are increased (Le Ber et al., 2004). However, serum
alpha-fetoprotein concentrations are lower than that
usually observed in ataxia-telangiectasia (Le Ber et al.,
2004).

Neuropathology

Biopsy of sural nerve confirms the axonal neuropathy.

Genetic and molecular aspects

The causative gene has been mapped to chromosome
9q34. The gene encodes senataxin (SETX), a protein
that contains a classic seven-motif domain found in
the superfamily of helicases (Moreira et al., 2004). Sen-
ataxin is involved in DNA repair and also may be
a nuclear RNA helicase with a role in the splicing
machinery. Mutations in the SETX gene have also been
identified in the autosomal dominant juvenile form of
amyotrophic lateral sclerosis (Chen et al., 2004).

Management

Treatment remains supportive. A low-cholesterol diet
is advised.

Cerebellar ataxia associated with

coenzyme Q10 deficiency

Deficiency of coenzyme Q10 (CoQ10) in muscle has
been associated with a spectrum of diseases, including
infantile-onset multisystemic diseases, encephalomy-
opathies with recurrent myobinuria, cerebellar ataxia,
and pure myopathy (Quinzii et al., 2007). CoQ10 defi-
ciency predominantly affects children.

Phenotypes

Five phenotypes are associated with CoQ10 deficien-
cies:

* An ataxic form. This is the most common
phenotype related to coenzyme Q (CoQ)
deficiency and will be detailed in this chapter.

* A severe infantile syndrome presenting with
nystagmus, myopia, retinitis pigmentosa, optic
nerve atrophy, bilateral sensorineural deafness,
progressive ataxia, dystonia, and nephritic
syndrome causing renal failure (Rotig et al., 2000).

A neonatal form has also been described
(Rahman et al., 2001).

* Leigh syndrome, a severe necrotizing
encephalopathy (Leshinsky-Silver et al., 2003;
Van Maldergem et al., 2002) (see also Chapter 21).

* A syndrome characterized by recurrent
myoglobinuria, brain involvement, ragged-red
fibers, and lipid storage associated with CoQ
deficiency in muscle.

* A pure myopathic form (Horvath et al., 2006).

The ataxic form

Patients exhibit a cerebellar syndrome as the main
deficit. Symptoms may start in infancy or in adult-
hood. Other features include seizures, developmen-
tal delay, mental retardation, pyramidal signs, and
absence of tendon reflexes. A late-onset ataxia asso-
ciated with hypergonadotrophic hypogonadism has
been reported (Gironi et al., 2004).

Coenzyme Q10: biochemical aspects

CoQ10 is composed of a benzoquinone ring, synthe-
sized from tyrosine, and a polyprenyl side chain, gen-
erated from acetyl-coenzyme A (Montero et al., 2007;
Figure 20.3). The biosynthesis of CoQ is complex. Sev-
eral enzymes are implicated. The polyprenyl side chain
is composed of several isoprenoid units which are
species-specific. Human CoQ contains 10 units.

CoQI10 is a key electron carrier in the mitochon-
drial respiratory chain (Montero et al., 2007). CoQ10
transfers electrons from complexes I and II to com-
plex III (Crane et al., 1957) and contributes to the syn-
thesis of ATP (Figure 20.4). Moreover, CoQ10 plays
an antioxidant function in the membranes of the cell
(Santos-Ocana et al., 1998) by preventing the progres-
sion of lipid peroxidation and by recycling vitamin E
or ascorbate (Kagan et al., 1998; Villalba et al., 1995).
Redox functions of CoQ10 are related to its ability
to exchange two electrons in a redox cycle between
the oxidized form (ubiquinone) and the reduced form
(ubiquinol) (Kagan et al., 1998).

The hallmark of CoQ deficiency syndrome is a
decreased CoQ concentration in muscle and/or fibro-
blasts. Other markers of mitochondrial dysfunction
such as concentrations of lactate and pyruvate are nor-
mal (Gironi et al., 2004; Artuch et al., 2006). In some
studies, biochemical investigations in cultured skin
fibroblasts have found a defect in the transprenylation
pathway or in the metabolic steps after condensation of
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) Figure 20.3 Synthesis of coenzyme Q10.
Acetyl-CoA Coenzyme Q10 is composed of a
benzoquinone ring deriving from tyrosine
l and from a poly prenyl side chain
synthesized from acetyl-CoA via the
mevalonic acid pathway. (1) Site of action
3-OH-3methy|g|uraryl-COA of the HMG-CoA reductase; (2) the deficit
(HMGCoA) in mevalonate kinase causes mevalonic
aciduria and decreased levels of
1 cholesterol, dolichol, and coenzyme
Q10; (3) deficit in
parahydroxybenzoate-polyprenyl
Mevalonic acid transferase (CoQ2) causes a deficiency in
coenzyme Q10.
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Figure 20.4 |llustration of the mitochondrial respiratory chain. Electrons are transferred from complex | (C. 1) and Il (C. II) to the oxidized form
of coenzyme Q10 (CoQ). CoQ is reduced to CoQHj, which transfers the electrons to Complex Il (C. Ill). Other abbreviations: C. IV: complex IV; C.

V: complex V; Cyt. C: cytochrome C. (See color section.)
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4-hydroxybenzoate and the prenyl side chain of CoQ
(Artuch et al., 2006). Oxidative phosphorylation dys-
function occurs in CoQ deficiency syndromes.

Genetic aspects

Mutations in genes required for the CoQ10 biosyn-
thetic pathway have been identified only in patients
with infantile-onset multisystemic diseases or isolated
nephropathy (Lagier-Tourenne et al., 2008). Mutations
in ADCK3 gene (chromosome 1q41) have recently
been identified in patients with childhood-onset cere-
bellar ataxia and in a large consanguineous family
(Lagier-Tourenne etal., 2008). The ADCK3 gene codes
for a mitochondrial protein. Some patients have a low
endogenous pool of CoQ10 in their fibroblasts or lym-
phoblasts and show impaired ubiquinone synthesis,
indicating that ADCK3 is likely involved in CoQ10
biosynthesis.

Mutations in the aprataxin gene (APTX gene,
see section Ataxia with oculomotor apraxia [AOA1])
have been associated with CoQ deficiency. Patients
homozygous for the W279X mutation have lower
values of muscle CoQ10 levels (Le Ber et al.,
2007).

Treatment with CoQ10

Early diagnosis and treatment of the deficiency are
very important in order to prevent progression of the
disease (Montero et al,, 2007). There is no general
agreement on the dose which should be given. A clear
improvement with low doses (100 mg/day) has been
reported. Other authors suggest daily doses up to 3000
mg/day (Artuch et al., 2005), with a progressive reduc-
tion according to plasma CoQ monitoring and clin-
ical evolution (Montero et al., 2007). Familial cases
(Artuch et al., 2006) may show a very good response of
ataxia, with improvement of dysarthria, tremor, ataxia,
and nystagmus. Decreases in the International Coop-
erative Ataxia Rating Scale (ICARS) scores have been
reported. However, other patients with ataxia do not
show such amelioration after CoQ therapy (Hirano
et al., 2006).

Marinesco-Sjogren syndrome

Clinical symptoms

Symptoms of Marinesco-Sjogren syndrome (MSS)
start in infancy (Van Raamsdonk, 2006). Manifesta-

tions of MSS are cerebellar ataxia, congenital cataracts,
retarded somatic and mental development, muscle
weakness, hypotonia, and tendon areflexia. Some
patients present with episodes of rhabdomyolysis
with sustained or episodic increase of serum creatine
kinase activity. Hypergonadotropic hypogonadism is
not rare. Patients survive to old age, with varying
disabilities.

Neuroimaging
Brain MRI shows a cerebellar atrophy involving in par-
ticular the vermis.

Neurophysiology

Nerve conduction studies show a demyelinating
peripheral neuropathy.

Neuropathology

Muscle biopsies show myopathic changes with
rimmed vacuoles.

Brain studies show cerebellar cortical atrophy with
vacuolated or binuclear Purkinje cells.

Genetic aspects

A locus for classical MSS has recently been assigned to
chromosome 5q31. Mutations have been identified in
the SIL1 gene, which encodes a factor involved in pro-
tein folding (Lagier-Tourenne et al., 2003; Anttonen
etal., 2005; Senderek et al., 2005). SIL1 is ubiquitously
expressed.

Treatment

Cataracts often require surgical removal to main-
tain vision. Hypogonadism is treated with hormonal
replacement therapy.

Cerebrotendinous xanthomatosis

Epidemiology

The prevalence of cerebrotendinous xanthomatosis
(CTX) has been estimated at approximately 1 per
50000 among Caucasians (Lorincz et al., 2005). The
disease occurs worldwide.

Clinical symptoms

CTX is characterized by infantile-onset diarrhea, cata-
ract, tendon xanthomas, and adult-onset progressive
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Figure 20.5 Cerebrotendinous xanthomatosis. T1-weighted image (A) shows low-intensity lesions in the cerebellar hemispheres. Lesions
appear hyperintense on T2-weighted images (B). With permission from: De Michele and Filla, 2002.

neurological deficits. Patients exhibit combinations of
dementia, psychiatric disturbances, pyramidal deficits,
extra-pyramidal deficits (dystonia), cerebellar signs,
seizures, and peripheral neuropathy. Neuropsychi-
atric symptoms such as behavioral changes, hallucina-
tions, agitation, depression, and suicide attempts may
be prominent. Intra-familial variability is noticeable
(Verrips et al., 2000). Rarely, patients exhibit a spinal
presentation with a predominant spastic paraparesis.

Xanthomas usually appear in the second or third
decade. They are observed on the Achilles tendon, the
extensor tendons of the elbow and hand, and the patel-
lar tendon. Xanthomas have also been reported in the
lungs and bones.

Premature atherosclerosis and coronary artery
disease have been described (Valdivielso et al,,
2004).

Neuroimaging

MRI shows bilateral hyperintensity of the dentate
nuclei areas and cerebral/cerebellar white matter (De
Michele & Filla, 2002; Figure 20.5). A diffuse brain
atrophy may be observed.

MRS reveals decreased NAA levels and increased
values for lactate, suggesting widespread brain mito-
chondrial dysfunction (De Stefano et al., 2001).

Neurophysiology

Nerve conduction velocities are decreased. Abnormal-
ities in somatosensory, motor, brainstem, and visual
evoked potentials are often found (Mondelli et al.,
1992).

Neuropathology

Granulomatous and xanthomatous lesions are obser-
ved in the cerebellum and basal ganglia. Various
degrees of demyelination and gliosis are observed in
the spinal cord. Nerve biopsy reveals primary axonal
degeneration, signs of demyelination, and remyelina-
tion.

Biochemical studies

CTX is caused by deficiency of the mitochondrial
enzyme sterol 27-hydroxylase. Cholestanol concen-
trations are raised in blood (normal range 330430
pg/dL). Plasma cholesterol concentration is normal
or decreased. Levels of chenodeoxycholic acid are
decreased due to impaired primary bile acid syn-
thesis. Increased concentrations of cholestanol and
apolipoprotein B are found in the cerebrospinal fluid
(CSF). Concentrations of bile alcohols in urine are
raised.
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Enzyme assay

The activity of sterol 27-hydroxylase is decreased in
fibroblasts, leukocytes, and liver.

Genetic aspects

CYP27A1 is the only gene known to be associated with
CTX.

Treatment

Inhibitors of HMG-CoA reductase alone or in com-
bination with chenodeoxycholic acid (750 mg/day in
adults) are effective in decreasing cholestanol concen-
tration and improving clinical signs as well as neuro-
physiological deficits. They may cause muscle cramps.

Symptomatic treatment is recommended for
epilepsy, spasticity, and parkinsonism. Parkinsonism
is usually poorly responsive to levodopa. Interestingly,
patients may respond to an antihistamine drug,
diphenylpyraline hydrochloride (Ohno et al., 2001).

Cataract extraction is often required in at least one
eye by the age of 50 years.

Autosomal recessive cerebellar
ataxia type 1

Clinical symptoms

Autosomal recessive cerebellar ataxia type 1 (ARCA-1)
is a cerebellar ataxia with middle-age onset (mean 31.6
years; range 17-46 years) (Dupré et al., 2007). The dis-
ease has been reported in a cluster of French-Canadian
families originating from the same region of Quebec.

Progression is slow, with moderate disability.
Patients exhibit a significant dysarthria and mild
oculomotor abnormalities and may also show brisk
reflexes in the lower limbs.

Neuroimaging
Brain MRI shows diffuse cerebellar atrophy.

Neurophysiology

Nerve conduction velocities are normal.

Genetic aspects

Several mutations in synaptic nuclear envelope pro-
tein-1 (SYNEL), which participates in vesicular traf-
ficking, have been identified. Despite the genotypic

heterogeneity, the phenotype is relatively homoge-
neous. SYNE] is the first gene responsible for a reces-
sively inherited pure cerebellar ataxia (Gros-Louis
etal., 2007).

Refsum disease (phytanic acid oxidase
deficiency; heredopathia atactica
polyneuritiformis)

Clinical description

The age of onset for Refsum disease varies from early
childhood to 50 years of age. Most patients have sug-
gestive symptoms before the age of 20 years. The
main clinical features are retinitis pigmentosa, chronic
polyneuropathy, and cerebellar ataxia. Most cases have
anosmia, sensorineural deafness, cardiac arrhythmias,
renal failure, and bony and skin abnormalities. Some
individuals have shortened bones in their fingers or
toes, or a visibly shortened fourth toe. The infan-
tile Refsum disease manifests clinically with severe
sensorineural deafness, atypical retinitis pigmentosa,
mental and growth retardation, facial dysmorphism,
peripheral neuropathy, cerebellar ataxia, high con-
centrations of protein in the CSE and hepatomegaly
(Dubois et al, 1991). Some cases presenting with
atypical acute demyelinating polyneuropathy mimick-
ing the familial Guillain-Barré syndrome have been
reported (Verny et al., 2006).

Blood studies

Blood studies show increased levels of phytanic acid
(normal values <6 pg/mL), a branched-chain fatty
acid produced from phytol.

Genetic and molecular aspects

The PHYH (or PAHX) gene located on chromo-
some 10pter-p11.2 is responsible for the disorder
in the majority of cases (Mihalik et al.,, 1997). The
PHYH gene encodes for the phytanoyl-CoA hydrox-
ylase (PhyH), catalyzing the first step in the alpha oxi-
dation of phytanic acid. Degradation of phytanic acid
normally takes place inside the peroxisome. A sec-
ond locus involved in Refsum disease is the PEX7
gene (chromosome 6q21-q22.2) (Van den Brink et al.,
2003). To date, only a few Refsum patients have been
reported with mutations in this gene (Horn et al,
2007). Mutations in the PEX7 gene have been found
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to be causative for other disorders, such as rhizomelic
chondrodysplasia punctata (Braverman et al., 1997).
PEX genes encode for peroxisomal assembly proteins
called peroxins, which are required for the import of
matrix proteins into peroxisomes.

Neuroimaging

Abnormal signals are observed in cerebral white mat-
ter using brain MRI. The infantile form is character-
ized by symmetrical signal changes involving the cor-
ticospinal tracts, cerebellar dentate nuclei, and corpus
callosum (Cakirer & Savas, 2005).

Differential diagnosis

Other peroxisome biogenesis disorders associated
with high levels of phytanic acid are Zellweger syn-
drome, neonatal adrenoleukodystrophy, infantile Ref-
sum disease (a variant occurring in young children),
and rhizomelic chondrodysplasia punctata (Palau &
Espinds, 2006).

Neuropathology

Autopsy findings include mild diffuse reduction of
axons and myelin within the corpus callosum, periven-
tricular white matter, optic nerves, and corticospinal
tracts. Lipid-laden macrophages are observed in the
cerebral white matter. Severe hypoplasia of the cere-
bellar granule layer and ectopic Purkinje cells in the
molecular layer are found (Torvik et al., 1988).

Treatment

Treatment of Refsum disease is based on dietary
restriction of phytanic acid (contained in dairy prod-
ucts, beef and lamb, and fatty fish). Plasmaphere-
sis may be helpful. With treatment, muscle weak-
ness, numbness, and skin abnormalities generally
improve. However, visual deficits, hearing problems,
and loss of the sense of smell may persist. Cochlear
implantation may be associated with good audiolog-
ical outcomes (Raine et al., 2008). Orthotopic liver
transplantation improves biochemical parameters in
infantile Refsum disease type (Van Maldergem et al.,
2005).

Infantile-onset spinocerebellar ataxia

Clinical description

Infantile-onset spinocerebellar ataxia (IOSCA) has
been described in Finland. The disorder is charac-
terized by a very early onset ataxia (between 1 and
2 vyears), athetosis, and tendon hyporeflexia. Oph-
thalmoplegia, hearing loss, and sensory neuropathy
appear later in the disease course. Refractory sta-
tus epilepticus, migraine-like headaches, and severe
psychiatric symptoms are also suggestive (Lonnqvist
etal., 2009). Female hypogonadism is a late manifesta-
tion. Some individuals show reduced mental capacity.
Patients are usually wheelchair-bound by their teenage
years. Some cases present with a severe early-onset
encephalopathy and signs of liver involvement, a phe-
notype reminiscent of Alpers syndrome, an autosomal
recessive hepatocerebral syndrome of early onset asso-
ciated with mitochondrial DNA (mtDNA) depletion,
and mutations in polymerase gamma gene (Hakonen
et al., 2007; see also Chapter 21).

Neuroimaging

Brain MRI shows cerebellar atrophy extending to the
brainstem and spinal cord. Stroke-like lesions may be
observed, varying from small cortical to large hemi-
spheric edematous lesions (Lonnqvist et al., 2009).

Neurophysiology

There is abnormal background activity in the elec-
troencephalogram with advancing age (Koskinen et
al., 1994). Epilepsia partialis continua may lead to life-
threatening generalized epileptic statuses (Lonnqvist
et al., 2009). Nerve conduction velocities show a sen-
sory neuropathy.

Neuropathology

The most severe atrophic changes are observed in the
spinal cord (Lonnqvist et al, 1998). The brainstem
and cerebellum are also atrophic. Cerebellar pedun-
cles, the inferior olives, the accessory cuneate nuclei,
and the dentate nuclei appear small and present glio-
sis. The cerebellar cortex shows patchy atrophy. The
ventral pontine nuclei and transverse fibers are slightly
involved. Tegmental nuclei and tracts, especially sen-
sory structures, are more severely affected. Sural nerve
biopsy shows a progressive loss of myelinated fibers in
the sural nerves. Overall, there are analogies with the
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neuropathological findings of Friedreich ataxia (see
section Friedreich ataxia). Brain atrophy with focal
laminar cortical necrosis and hippocampal damage are
found.

Genetic and molecular aspects

IOSCA is caused by mutations in the C10orf2 gene
(chromosome 10q22.3-q24.1) encoding Twinkle, a
mitochondrial DNA-specific helicase, and a rarer
splicing variant Twinky (Nikali et al., 2005). Mutations
in this gene have also been reported in individuals with
autosomal dominant progressive external ophthalmo-
plegia (Spelbrink et al., 2001).

Early-onset cerebellar ataxia with
retained tendon reflexes

Epidemiology

Early-onset cerebellar ataxia with retained tendon
reflexes (EOCARR; Harding ataxia) was originally
described by Harding (Harding, 1981). EOCARR is
among the most common autosomal recessive ataxias
(after Friedreich ataxia and AT). The prevalence is esti-
mated at 1 per 100 000 population. The consanguinity
rate is between 15% and 40% according to the studies.
About half of the patients present as sporadic cases and
halfhave an affected sibling (De Michele & Filla, 2002).

Clinical description

EOCARR is characterized by ataxia starting in the first
or second decade of life (peaks at 1-4 years, 9-12 years,
and 17-20 years) with preservation of tendon reflexes
(De Castro et al., 1999). Gait difficulties are usually the
first manifestation. Gait is either ataxic or ataxospas-
tic. Most patients exhibit a gaze-evoked nystagmus, a
saccadic pursuit, and dysmetric saccades. A small per-
centage of patients complain of dysphagia. Knee jerks
may be brisk. Ankle jerks vary from brisk to absent.
Plantar reflexes are flexor in two-thirds of cases. About
60% of patients have diminished vibration sense in
the lower limbs. Associated symptoms, such as muscle
wasting, foot deformity, scoliosis, and electrocardio-
graphic abnormalities, are encountered less frequently
in EOCARR than in Friedreich ataxia (Klockgether
et al., 1991). Echocardiographic signs of hypertrophic
cardiomyopathy are absent. Diabetes is not encoun-
tered. Patients may present with various degrees of
cognitive impairment and visuospatial deficits. Indi-

viduals with EOCARR have a better prognosis than
those suffering from Friedreich ataxia. The survival
rate is 77% after 20 years from onset (Chio et al., 1993).
Prognosis is worse for males.

Neuroimaging

Brain MRI shows cerebellar atrophy, often predom-
inating in the vermis. One-third of patients have
concomitant brainstem atrophy. SPECT (technetium-
99 hexamethylpropyleneamine oxime) shows cere-
bellar hypoperfusion in two-thirds of cases. A cere-
bral cortical hypometabolism may also be detected
with positron emission tomography (PET). This tech-
nique shows reduced cerebellar benzodiazepine recep-
tor binding (Mielke et al., 1998). By comparison with
age-matched control subjects, EOCARR is character-
ized by a global metabolic decline and predominant
hypometabolism in the cerebellum and thalamus.

Neurophysiology

Peripheral neuropathy is detected in half of patients
(Santoro etal., 1992). The electrophysiological findings
point to axonal degeneration in the peripheral nerves,
predominating in the sensory nerves. Somatosensory
evoked potentials evoked from tibial nerves are abnor-
mal in 80% of cases. Brainstem auditory evoked poten-
tials show abnormalities in about 75% of cases (San-
toro et al., 1992).

Neuropathology

The cerebellum is grossly atrophic. There is a loss
of Purkinje neurons and granule cells. The dentate
nuclei are also atrophic. The nuclei of the pons are
thinned. The inferior olivary complex appears smaller.
The spinal cord is spared. Sural nerve biopsies show a
loss of large myelinated fibers.

Genetic and molecular aspects

A locus on chromosome 13q11-12 has been identi-
fied in a Tunisian family, in a position where ARSACS
has also been mapped (see section Autosomal reces-
sive spastic ataxia of Charlevoix-Saguenay). EOCARR
might represent a group of genetically heterogeneous
disorders with similar phenotypic manifestations.
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Spinocerebellar ataxia with axonal
neuropathy

Spinocerebellar ataxia with axonal neuropathy
(SCAN1) is characterized by recessive ataxia with
peripheral sensorimotor axonal neuropathy, distal
muscular atrophy, and pes cavus with steppage during
gait. The phenotype can mimic Charcot-Marie-Tooth
disease. Patients have often a history of seizures. Brain
MRI shows mild brain atrophy. Blood studies show
mild hypercholesterolemia and moderate hypoalbu-
minemia. Genetic studies in a large Saudi Arabian
family mapped the disease to chromosome 14q31
(Takashima et al., 2002). The mutation affects the gene
encoding topoisomerase I (TDP1), an enzyme essen-
tial for preventing the formation of double-strand
breaks.

Cerebellar ataxia and hypogonadism

Clinical description

Cerebellar ataxia and hypogonadism are mainly
encountered in Boucher-Neuhduser syndrome (BNS)
and Holmes ataxia (this terminology has also been
applied for dominant ataxias characterized by a
cerebello-olivary degeneration, on the basis of the neu-
ropathological similarities) (De Michele et al., 1993;
Rump et al,, 1997).

BNS is characterized by the triad of spinocere-
bellar ataxia, chorioretinal dystrophy, and hypogo-
nadotropic hypogonadism. Puberty may be delayed.
Primary amenorrhea, poor development of sexual
organs, and sparse growth of secondary sexual hair
suggest a diagnosis of hypogonadism. Patients present
with a retinal pigment epithelium atrophy and degen-
eration in both fundi. Ophthalmological manifesta-
tions may be variable.

In Holmes ataxia, patients exhibit nystagmus,
dysarthria, and brisk tendon reflexes and may also
show mental deficiency and urinary incontinence.
Skeletal deformities may be present.

Ophthalmologic investigations

In BNS, both fluorescein and indocyanine green
angiography show choriocapillaris atrophy. Elec-
troretinographic studies reveal absent or abnormal
photopic or scotopic responses.

Blood studies

Luteinizing hormone and follicle-stimulating hor-
mones are deficient. The absence of a response
to luteinizing hormone-releasing hormone injections
strongly suggests a disturbed pituitary function. Evi-
dence of additional involvement of the hypothalamus
may be present.

Neuroimaging

Brain MRI shows a cerebellar atrophy in BNS and
Holmes ataxia. In some instances, involvement of
either gray or white cerebral matter is found.

Neurophysiology

Axonal neuropathy is found in some patients with
Holmes ataxia.

Neuropathology

Post-mortem studies in Holmes ataxia show atrophy
of the cerebellum and inferior olives. Muscle biopsy
may reveal a deficiency in cytochrome c oxidase (De
Michele et al., 1993).

Genetic and molecular aspects

A mitochondrial respiratory chain complex I defi-
ciency and a 5.5-kb mtDNA single deletion in skeletal
muscle have been reported (Barrientos et al., 1997).

Differential diagnosis

IOSCA (see section Infantile-onset spinocerebellar
ataxia) and Oliver-McFarlane syndrome should be dis-
tinguished from Holmes ataxia and BNS (see Table
20.4). Congenital disorders of glycosylation are reces-
sive metabolic disorders described in Chapter 7.

The occurrence of retinal degeneration, hypogo-
nadism, and cerebellar ataxia has been described in
several syndromes with overlapping features, such as
Laurence-Moon syndrome, Bardet-Biedl syndrome,
Alstréom syndrome, and Usher syndrome. These syn-
dromes are complicated by additional features like
deafness, mental retardation, polydactyly, spastic para-
plegia, various dysmorphic features, and glucose intol-
erance. Ataxia may have a prominent bilateral vestibu-
lar component, as in Usher syndrome (Moller et al.,
1989). This syndrome is genetically heterogeneous.
Type I patients are profoundly deaf, whereas type II
patients are “hard of hearing.” Type III patients have
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Table 20.4 Differential diagnosis of Boucher-Neuhauser syndrome (BNS)

Oliver-McFarlane

Features BNS Holmes ataxia IOSCA syndrome
Cerebellar ataxia +* 4 +* Rare
Chorioretinal degeneration + Rare - +
Hypogonadotrophic hypogonadism + + - +
Hypergonadotrophic hypogonadism - + + -
Alopecia - - - +
Trichomegaly - - - +
Mental retardation = + = +
Pre-natal onset growth retardation - - - +

Modified from: Rump et al. (1997).

progressive hearing loss and usually normal vestibu-
lar responses. Type IC (Acadian variety) is caused by
mutation in harmonin (11p15.1), and type ID and type
IF are caused by a mutation in the cadherin-23 and
protocadherin-15 genes, respectively. Both genes map
to 10q21-q22. Type IG is caused by mutation in the
SANS gene (17q24-q25). Type IE maps to 21q21, and
type IH maps to 15q22-q23. Type IIA is caused by a
mutation in the usherin gene on chromosome 1q41.

Treatment

Treatment includes hormone replacement therapy.
Fertility can be restored by hormone substitution.
Female patients with BNS may give birth to children.

Cerebellar ataxia and deafness

Several autosomal recessive ataxias are associated with
deafness:

* Richards-Rundle syndrome: also called
ataxia-deafness-retardation syndrome with
ketoaciduria (Richards & Rundle, 1959). Patients
may also present with underdevelopment of
secondary sex characteristics due to
hypogonadism (see also section Cerebellar ataxia
and hypogonadism). Cochleovestibular
investigation shows more or less severe forms of
bulbopontine cochleovestibular dysfunction.

* Lichtenstein-Knorr syndrome: patients present
with combinations of ataxia, hearing loss, and
peripheral neuropathy in absence of mental
retardation and cataract.

* Berman syndrome: characterized by mental
retardation, progressive ataxia, sensorineural

deafness, and signs of peripheral neuropathy.
Growth deficit may be present.

¢ Koletzko syndrome: this syndrome resembles
Berman syndrome. There is no growth deficiency
(Koletzko et al., 1987).

¢ Jeune-Tommasi disease: the disorder is
characterized by the triad of ataxia, deafness, and
mental retardation (Jeune et al., 1963).
Concomitant heart deficits may be present.

* Flynn and Aird syndrome: the absence of mental
retardation and the presence of cataract allow the
differential diagnosis with Berman syndrome.
Transmission is autosomal dominant.

Cerebellar ataxia and ocular features

The main disorders with autosomal recessive inheri-
tance and combining cerebellar ataxia with ocular fea-
tures are listed in Table 20.5.

Wolfram syndrome is characterized by diabetes
insipidus, juvenile diabetes mellitus, optic atrophy,
and deafness (hence the acronym of DIDMOAD
syndrome). Neurological deficits include ataxia,
myoclonus, mental retardation, and peripheral neu-
ropathy. Deficits appear in childhood. Reduced visual
acuity is associated with bilateral optic atrophy and
constriction of the peripheral visual field. Urinary
tract disorders are common. Mutations in the WFS1
gene located in the 4p16.1 region have been identified
(Inoue et al., 1998; Cano et al., 2007). WES1 encodes
wolframin, a polytopic membrane protein of the
endoplasmic reticulum. Brain MRI shows atrophy of
the cerebellum (Mathis et al., 2007). The brainstem
may also appear atrophic.
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Table 20.5 Disorders combining cerebellar ataxia and ocular
features

Optic atrophy
Wolfram syndrome
Behr syndrome
Arts syndrome (X-linked)
Neuronal ceroid lipofuscinosis (see Chapter 17)

Retinitis pigmentosa
Neuropathy, ataxia, and retinitis pigmentosa
Kearns-Sayre syndrome
Refsum disease
Abetalipoproteinemia
Ataxia and vitamin E deficiency
Deficiency in coenzyme Q10
Posterior column ataxia with retinitis pigmentosa

Cataract
Progressive external ophthalmoplegia
Cerebrotendinous xanthomatosis
Marinesco-Sjégren syndrome
Lichtenstein-Knorr syndrome
Flynn and Aird syndrome
Dysequilibrium syndrome (very low density lipoprotein
receptor—-associated cerebellar hypoplasia)
Aniridia
Gillespie syndrome

Other disorders are associated with combinations
of cerebellar ataxia and optic atrophy, such as Behr
syndrome, which manifests in early childhood and is
characterized by various degrees of pyramidal deficits
like spasticity and mental retardation (Behr, 1909).
Gait often appears spastic ataxic. Tendon reflexes
are decreased in some patients. Brain MRI shows
moderate to marked cerebellar atrophy (Pizzatto &
Pascual-Castroviejo, 2001). Nerve biopsy shows signs
of axonal degeneration, and muscle biopsy reveals
multiple inclusions composed of spiral cylindrical
structures (Thomas et al., 1984). Spasticity and mus-
cle contractures of the hip adductors, hamstrings,
and soleus may be treated with surgery or injec-
tions of botulinum toxin (Copeliovitch et al., 2001).
Type III 3-methylglutaconic aciduria presents with
a very similar clinical phenotype. Urinary levels of
3-methyglutaconic acid are increased. The disorder is
most common in patients of Iraqi Jewish origin. Behr
syndrome should be distinguished from the reces-
sively inherited biotinidase deficiency (multiple car-
boxylase deficiency), a defect in the recycling of the
vitamin biotin. Children present with seizures, optic
atrophy, hearing loss, acute intermittent ataxia, skin
rash, alopecia, infections, and lactic acidosis. Atyp-
ical neurological findings are myoclonic jerks, neu-
ropathy, and spastic paraparesis. Urinary excretion of

3-hydroxyisovaleric acid and 3-hydroxypropionic acid
is elevated. The disorder is associated with muta-
tions at the BTD gene (chromosome 3q25). Patients
respond both clinically and biochemically to biotin
(10-20 mg/day) (de Parscau et al., 1989; Griinewald
etal., 2004).

Arts syndrome is an X-linked disorder character-
ized by mental retardation, hypotonia, ataxia, delayed
motor development, hearing impairment, and optic
atrophy (Arts et al., 1993; de Brouwer et al., 2007).
Later, the clinical picture is dominated by a flaccid
tetraplegia and areflexia. These patients are suscepti-
ble to infections. The candidate gene phosphoribosyl
pyrophosphate synthetase 1 (PRPS1) maps to Xq22.1-
q24 (de Brouwer et al., 2007). The loss-of-function
mutations of PRPS1 induce impaired purine biosyn-
thesis. Hypoxanthine is not detected in urine, and uric
acid levels are decreased in serum. Treatment with
S-adenosylmethionine has been suggested to replenish
low levels of purines (de Brouwer et al., 2007).

Posterior column ataxia and retinitis pigmentosa
(PCARP) has been reported in an inbred family of
Dutch-German ancestry belonging to a sectarian pop-
ulation that has been genetically semi-isolated from
mainstream society for several centuries (Higgins
et al.,, 1999). Another family has also been reported
in Spain. Patients exhibit visual deficits (especially a
concentric contraction of the visual fields), proprio-
ceptive loss with sensory ataxia, and tendon areflexia.
Individuals become blind by the third decade and
develop achalasia and scoliosis. MRI showed hyper-
intense signals in the spinal cord. The locus (AXPC1)
has been assigned to chromosome 1q31-q32 (Higgins
et al., 2000). PCARP is distinct from Biemond ataxia
(posterior column ataxia), which is characterized by
a sensory ataxia due to degeneration in the poste-
rior columns, starting from the first to third decade
(Biemond, 1951; Singh et al., 1973). There is a pro-
gressive loss of vibration and postural sensibility and
ataxia. Patients develop tendon areflexia, but pain and
temperature sensations are preserved. Plantar reflexes
are flexor. Individuals present with scoliosis. Degener-
ation of Purkinje neurons and dorsal root sensory gan-
glion neurons has been reported (Nachmanoff et al.,
1997).

Gillespie syndrome is characterized by aniridia,
cerebellar ataxia, and mental retardation. The typi-
cal presentation is based on fixed dilated pupils in
a hypotonic child. Cognitive and behavioral assess-
ments reveal a pattern of abnormalities that closely
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resembles the cerebellar cognitive and affective syn-
drome (Marién et al., 2008). MRI shows global cere-
bral atrophy or a pattern of cerebellar atrophy sugges-
tive of cerebellar hypoplasia. Abnormal signals in the
white matter may be observed. Muscle biopsies and
nerve conduction velocities are normal. A mutation of
the PAX6 gene has been reported (Ticho et al., 2006;
Graziano et al., 2007).

Dysequilibrium syndrome

The dysequilibrium syndrome (DES) is caused by a
mutation in the VLDLR gene (chromosome 9p24)
encoding the very low density lipoprotein receptor.
Many patients who were initially reported came from
one region of Sweden, with parental consanguinity.
Several cases have been reported in the Dariusleut
Hutterites and more recently in Turkey (Schurig et al.,
1981). The social characteristics of the Hutterite pop-
ulation have resulted in virtual genetic isolation. DES
is a form of congenital cerebral palsy characterized
by mental retardation, impaired equilibrium, retarded
motor development, muscular hypotonia, and tendon
hyperreflexia (Hagberg et al., 1972; Sanner, 1973; Boy-
cottetal., 2005). Some individuals prefer quadrupedal
walking. Additional features include strabismus and
pes planus in the majority of patients, seizures in 40%
of patients, and short stature in 15% of patients (Boy-
cott et al., 2005). Brain imaging shows cerebellar atro-
phy or hypoplasia, with absence of inferior portions
of the cerebellum and vermis, a small pons, and a
simplified cortical sulcation pattern (Boycott et al.,
2009). The very low density lipoprotein receptor is part
of the reelin signaling pathway, which guides neuro-
blast migration in the cerebral cortex and cerebellum
(Tissir & Goffinet, 2003; see also Chapter 1). A sec-
ond disorder involving the reelin signaling pathway
is the congenital syndrome of autosomal recessive
lissencephaly (lissencephaly is a brain malformation
characterized by absence of gyral formation, causing
a smooth brain surface) with cerebellar hypoplasia
due to a mutation in the RELN gene (Hong et al,
2000; see also Chapter 7). Brain MRI shows moder-
ate to marked lissencephaly and profound cerebellar
hypoplasia. In addition to cerebellar ataxia, patients
have severe epilepsy and mental retardation. This dis-
order is distinct from the autosomal recessive syn-
drome of familial lissencephaly, cleft palate, diffuse
agyria, and severe cerebellar hypoplasia (Kerner et al.,
1999).

(ayman ataxia

Clinical description

Autosomal recessive Cayman cerebellar ataxia has
been reported in Grand Cayman Island (Johnson
et al, 1978). Patients exhibit a congenital syn-
drome characterized by psychomotor retardation and
non-progressive cerebellar dysfunction. Neurologi-
cal examination shows nystagmus, dysarthria, kinetic
tremor, and ataxic gait. Hypotonia is present from
early childhood.

Neuroimaging

Imaging studies show cerebellar hypoplasia.

Genetic and molecular aspects

The gene ATCAY (chromosome 19p13.3) encodes a
neuron-restricted protein called caytaxin (BNIP-H),
which contains a CRAL-TRIO motif common to pro-
teins that bind small lipophilic molecules (Bomar
etal.,, 2003). Mutations interfere with normal splicing.
Cayataxin binds to glutaminase, a neurotransmitter-
producing enzyme, affecting its activity and intracel-
lular localization (Buschdorf et al., 2008).

Wilson disease

Epidemiology

The worldwide prevalence of Wilson disease is esti-
mated to be about 30 per 1 million. There is a higher
prevalence in Sardinia. The heterozygote carrier fre-
quency is 1 in 90 to 100.

Clinical description

Patients exhibit various combinations of neurologi-
cal and extra-neurological deficits (Table 20.6). They
show extra-pyramidal signs (which can mimic Parkin-
son disease), ataxia, and cognitive or neuropsychi-
atric deficits. Tremor is observed in about half of
patients. Seizure is a late manifestation. Wilson disease
rarely presents with polyneuropathy (Jung etal., 2005).
Patients may complain of intermittent paresthesia and
exhibit weakness in both hands and feet, but sensory
examination is usually normal. The Kayser-Fleischer
ring (a deep copper-colored ring at the periphery of
the cornea, with color ranging from greenish gold to
brown) is observed in up to 90% of individuals and is
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Table 20.6 Clinical signs in Wilson disease

Parkinsonism
Tremor
Dystonia
Chorea
Ataxia

Neuropsychiatric features
Emotional lability
Disinhibition
Self-injury

Extra-neurological
Kayser-Fleischer ring
Arthropathy
Evidence of liver disease

almost invariably present in patients with neurological
manifestations.

Patients with Wilson disease usually present with
liver disease during the first two decades of life. Liver
involvement can take the aspect of a chronic active
hepatitis or a cirrhosis. Patients may develop fulmi-
nant hepatic failure, with age at diagnosis ranging
from 11 to 54 years (Gow et al., 2000). Hypercalciuria
and nephrocalcinosis are not uncommon (Wiebers
et al., 1979). The risk of nephrolithiasis is increased.
A Fanconi-like syndrome can evolve. Some individu-
als present with chondrocalcinosis and osteoarthritis
due to copper accumulation. Hemolytic anemia is not
rare.

Slit-lamp examination

Neuroophthalmologic slit-lamp assessment is highly
recommended. A false-positive test may be found in
chronic liver disorders.

Neuroimaging

Brain MRI shows atrophy of the cerebrum in 70% of
cases, brainstem in 66% of cases, and cerebellum in
52% of cases (Sinha et al., 2006). Signal abnormalities
are noted in the putamen, caudate, thalami, midbrain,
pons, cerebral white matter, cortex, medulla, and cere-
bellum. A characteristic T2-weighted globus pallidal
hypointensity is found in one-third of cases. The “face
of the giant panda” sign is detected in about 10% of
cases. Pronounced lesions in the dentate nuclei have
been reported (Matsuura et al., 1998). MRI changes
correlate with disease severity scores.

Neurophysiology

Auditory evoked potentials are disturbed in 70% of
cases and somatosensory evoked potentials in 46%.
Nerve conduction studies and sural nerve biopsy are
consistent with a mixed demyelinating and axonal
neuropathy (Jung et al., 2005).

Blood studies

Low ceruloplasmin levels are found in blood. A false-
negative test may occur in patients with marked he-
patic inflammation. Levels of total copper are
decreased. Hemolytic anemia (Coombs-negative)
occurs in 10% to 15% of cases.

Urinary studies

Classically, patients have high urinary copper (24-hour
urinary copper >100 ug/day), but urinary excretion
is normal in some patients. In presymptomatic cases,
urinary copper excretion may be normal, but increases
after -penicillamine challenge.

Liver biopsy

Liver biopsy shows increased amounts of copper depo-
sition (>250 g/g dry weight; normal <50 pg/g dry
weight). Lesions suggestive of a chronic liver disorder
may be observed. There is evidence of severe mito-

chondrial dysfunction in the livers of patients with
Wilson disease (Gu et al., 2000).

Genetic and molecular aspects

Wilson disease is due to mutations in the adenosine
triphosphatase ATP7B gene (chromosome 13q14.3-
q21.1; Bull et al.,, 1993). The most common mutation
in patients from Europe is H1069Q. Mutation M645R
is common in Spain, and R778L is common in eastern
Asia (Ferenci, 2006). Given the difficulties in searching
for mutations in a gene spanning more than 80 kb of
genomic DNA, haplotyping is important as a guide to
mutation detection.

Once a diagnosis of Wilson disease is made in a
patient, an evaluation of the family is important. The
likelihood of finding a homozygote among siblings is
25% and among children is 0.5%.

Pathogenesis

The major defect is decreased liver excretion of copper.
The estimated total body copper content is lower than
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100 mg, with an average daily intake of 1 to 2 mg. (See
also next section.)

Treatment

Wilson disease is effectively treated with b-
penicillamine (1-2 g/day), trientine (triethylene-
tetramine dihydrochloride 15-20 mg/kg daily), or
zinc acetate/sulfate (50-150 mg/day) (Brewer et al.,
1987). Zinc induces hepatic metallothionein, which
sequesters copper in a non-toxic pool. Some authors
consider that penicillamine should not be used
as the initial therapy (Brewer, 1999). Ammonium
tetrathiomolybdate is an alternative (Brewer et al.,
2006). Prophylactic treatment of asymptomatic
patients with zinc results in decreased levels of urinary
copper.

Fulminant Wilson disease is treated with ortho-
topic liver transplant (Sokol et al., 1985). Improve-
ment in neurological function over a period of 3 or
4 months can be marked (Polson et al., 1987). Post-
operative central pontine and extrapontine myelinol-
ysis is a potential complication (Guarino et al., 1995).

Aceruloplasminemia

Epidemiology

Aceruloplasminemia is observed worldwide. The pre-
valence has been estimated to be approximately 1 per
2000000 in non-consanguineous marriages in Japan
(Miyajima et al., 1999).

Clinical description

Symptoms usually appear between 30 and 50 years of
age. The age at diagnosis ranges from 16 to 71 years.
Complete ceruloplasmin deficiency presents with pro-
gressive confusion, dementia, extra-pyramidal deficits
(blepharospasm, torticollis, chorea, cogwheel rigid-
ity), and ataxia (Logan et al., 1994; Morita et al., 1992;
Miyajima et al., 2003). Retinal degeneration is found in
about 70% of cases. Funduscopy shows yellowish opac-
ities and atrophy of the retinal pigmented epithelium.
Patients often develop diabetes. Heterozygotes of ceru-
loplasmin gene mutations have hypoceruloplasmine-
mia and may exhibit a mild ataxia (Miyajima et al.,
2001)

Neuroimaging

The dentate nucleus, thalamus, putamen, caudate
nucleus, and liver of patients show low signal intensi-

ties on T2-weighted MRI. In heterozygous cases, brain
MRI can show an isolated cerebellar atrophy with-
out hypointense signals in basal ganglia. PET studies
can reveal a hypometabolism in the basal ganglia and
thalamus. The hypometabolism extends to the cerebral
and cerebellar cortices after several years.

Blood studies

Patients have absent or decreased levels of serum ceru-
loplasmin (see also preceding section), low serum iron,
and increased serum ferritin concentrations. Micro-
cytic anemia is common.

Liver biopsy

Liver biopsy confirms the presence of an excess of iron.

Neuropathology

Post-mortem study demonstrates excessive iron depo-
sition in the brain, liver, and pancreas (Morita
etal., 1992; Morita et al., 1995). Autopsy reveals severe
destruction of the basal ganglia and dentate nucleus,
with iron deposition in neuronal and glial cells. Many
astrocytes are enlarged with abundant cytoplasm.

Genetic and molecular aspects

The locus is located at 3q23-q24. Intrafamilial pheno-
typic variations may occur (Fasano et al., 2008). The
majority of mutations in the ceruloplasmin gene are
truncated mutations leading to the formation of a pre-
mature stop codon. Due to the high number of muta-
tions, genetic testing is not a first-line procedure.

Pathogenesis

Ceruloplasmin is mainly synthesized in hepatocytes
and is also expressed in the CNS (Kono & Miya-
jima, 2006). In the brain, most of the ceruloplasmin is
located on the surface of astrocytes. Under normal cir-
cumstances, circulating ceruloplasmin does not cross
the blood-brain barrier. Ceruloplasmin functions in
iron transport and storage. Ceruloplasmin catalyzes
the oxidation of ferrous iron to ferric iron or the per-
oxidation of Fe(II) transferrin to form Fe(III) trans-
ferrin (Logan et al., 1994). Aceruloplasminemia can
be considered as an autosomal recessive disorder of
iron metabolism (see also section Friedreich ataxia).
Iron accumulation generates oxidative stress and lipid
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peroxidation. Deposits are typically observed in the
pancreas, liver, and cerebral tissue.

Treatment

Favorable results have been reported with desferriox-
amine (Miyajima et al, 1997). Some authors have
observed a benefit on gait ataxia of the combination
of fresh-frozen plasma (450 mL/week for 6 weeks) and
desferrioxamine (recommended dose 500 mg intra-
venously twice a week). Beneficial treatment of oral
zinc sulfate for heterozygous mutation of the cerulo-
plasmin gene has been reported (Kuhn et al., 2007).

Lysosomal storage diseases

Lysosomal storage diseases can be classified as follows:

* Lipid storage disorders, including
sphingolipidoses

*  Mucopolysaccharidoses

*  Mucolipidoses

* Glycoprotein storage disorders

Table 20.7 lists the main lysosomal disorders asso-
ciated with cerebellar ataxia. Most patients are clini-
cally normal at birth but develop symptoms early in
childhood (Meikle et al., 2006). Taken together, inborn
errors of lysosomal metabolism occur in approxi-
mately 1 per 5000 live births.

Gangliosidoses

GM1 gangliosidosis is due to a deficiency of the beta-
galactosidase enzyme. Three clinical forms of the dis-
ease are recognized: infantile onset, juvenile onset,
and adult onset. The disease is lethal in the infan-
tile and juvenile forms. The infantile form is char-
acterized by psychomotor deterioration beginning
within 6 months of birth, hepatosplenomegaly, facial
dysmorphism, macular cherry-red spots, and skele-
tal dysplasia. The juvenile form is characterized by
mental deterioration and progressive spastic, cerebel-
lar, and extrapyramidal signs, without facial dysmor-
phisms and organomegaly. The adult/chronic form
starts between 3 and 30 years and is characterized by
skeletal involvement and localized CNS involvement.
Patients exhibit dystonia and gait or speech distur-
bances. More than 100 mutations distributed along
the beta-galactosidase gene (GLB1;3p21.33) have been
reported (Brunetti-Pierri & Scaglia, 2008).

Table 20.7 Lysosomal disorders associated with cerebellar
ataxias

Gangliosidoses
GM1 gangliosidosis
GM2 gangliosidosis (Tay-Sachs disease, Sandhoff disease)

Sulfatidosis
Multiple sulfatase deficiency
Metachromatic leukodystrophy

Glucocerebroside lipoidosis
Gaucher disease

Globotriaosylceramide lipidosis
Fabry disease (see Chapter 8)

Galactosylceramide lipoidosis
Krabbe disease

Sphingomyelinosis
Niemann-Pick disease type C

Glycoproteinosis
Alpha-mannosidosis
Fucosidosis

Mucolipidosis

Type | sialidosis (see Chapter 17)

Infantile sialic acid storage disease

Salla disease

Cerebellar ataxia with elevated cerebrospinal free sialic acid
Cystinosis

Neuronal ceroid lipofuscinosis (see Chapter 17)

GM2 gangliosidosis type I (Tay-Sachs disease) is
caused by mutation in the alpha subunit of the hex-
osaminidase A gene (HEXA; chromosome 15q23-24)
and is 100 times more common in infants of Ashke-
nazi Jewish ancestry than in non-Jewish infants. Clas-
sically, the disease is characterized by the onset in
infancy. Symptoms are developmental delay, demen-
tia, startle, and blindness. Death occurs in the sec-
ond or third year of life. A central cherry-red spot
is a typical funduscopic finding. The thalamus and
basal ganglia are principally involved on brain MRIL
Late-onset Tay-Sachs disease is characterized by cere-
bellar dysfunction, tendon areflexia, proximal neu-
rogenic muscle weakness, fasciculations, and psychi-
atric/behavioral deficits, including psychosis, mania,
or depression. The late-onset form can present as a
Friedreich ataxia phenotype or as an amyotrophic lat-
eral sclerosis, or can mimic a Charcot-Marie-Tooth
disease (Johnson, 1981; Willner et al., 1981). Cerebral
cortical and cerebellar atrophy is marked on brain MRI
(Hund et al., 1997). Neurophysiological studies show
a predominantly axonal polyneuropathy affecting dis-
tal nerve segments in the lower and upper extremities
(Shapiro et al., 2008).
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GM2 gangliosidosis type II (Sandhoff disease) is
often clinically indistinguishable from Tay-Sachs dis-
ease. In the classical infantile presentation, progressive
psychomotor retardation is common, associated with
a rapidly progressive spastic tetraparesis and seizures
after a few months. Death occurs within the first years.
The most common deficits of the juvenile presenta-
tion include cerebellar ataxia and speech abnormali-
ties (Hendriksz et al., 2004). The cherry-red spot may
be absent. Some patients develop early and severe sen-
sory loss in addition to chronic motor neuron disease
and cerebellar ataxia (Schnorf et al., 1995). Periph-
eral neuropathy may be predominantly sensory in the
adult-onset form. Brain MRI shows signal changes in
the periventricular white matter, pyramidal tract, basal
ganglia, and cerebellar hemispheres. Cerebellar atro-
phy may be observed in the adult form. Accumula-
tion of hexosamine-containing oligosaccharides may
be detected by brain MRS (Wilken et al., 2008). The
disease results from mutation in the beta subunit of
the hexosaminidase A and B enzymes (chromosome
5q13).

Sulfatidoses

Multiple sulfatase deficiency is associated with defi-
ciency of several sulfatases (Soong et al., 1988). The
disorder affects at least seven members of the sulfatase
family, a group of lysosomal enzymes specifically
involved in the degradation of sulfated glycosamino-
glycans, sulfolipids, or other sulfated molecules
(Dierks et al., 2009). The phenotype combines fea-
tures of mucopolysaccharidoses, metachromatic
leukodystrophy (MLD), and X-linked ichthyosis.
The clinical course ranges from severe neonatal to
mild juvenile cases. Patients exhibit combinations
of short stature, microcephaly, facial dysmorphism,
limited joint mobility, retinal degeneration, and ataxia.
The disorder is caused by mutations in the SUMF1
gene encoding the formylglycine-generating enzyme
(FGE), which post-translationally activates sulfatases
by generating formylglycine in their catalytic sites
(Schlotawa et al., 2008; see also Chapter 23).

MLD is reported to occur in 1 per 40 000 to 1 per
160000 individuals worldwide. MLD is due to a defi-
ciency of the arylsulfatase A, which initiates the degra-
dation of sulfatides. Accumulation occurs mainly in
the nervous system, kidneys, and gallbladder. The dis-
order is classically divided into late infantile (onset
<4 years), early juvenile (age 4-6 years), late juve-

nile (age 6-16 years), and adult forms (age >16 years).
Juvenile and adult-onset MLD show a marked pheno-
typic heterogeneity. The arylsulfatase A gene (ARSA)
is located at chromosome 22q13.31. The most com-
mon mutations are P426L and 1179S. P426L homozy-
gotes typically present with gait difficulties due to
spastic paraparesis and cerebellar ataxia (Rauschka
et al., 2006). Inappropriate behavior and social dys-
function are observed in compound heterozygotes for
1179S. Patients may be misdiagnosed as schizophrenic.
Demyelination in the nervous system is detected by
brain MRI and neurophysiological studies showing a
demyelinating polyneuropathy. This latter may pre-
cede the advent of brain MRI abnormalities (Haber-
landtetal., 2009). Cerebrospinal fluid protein levels are
often increased.

Gaucher disease

Gaucher disease (GD) is the most common lysoso-
mal storage disorder, with an incidence around 1 per
40000 to 1 per 60000 inhabitants. GD is a common
genetic disease in the Jewish population. The multi-
system involvement is due to deficient activity of beta-
glucocerebrosidase (Grabowski, 2008). The disorder
is classically divided phenotypically into three main
subtypes: non-neuronopathic type I, acute neurono-
pathic type II, and subacute neuronopathic type IIL
Type I is the most common form and lacks pri-
mary CNS involvement. It usually presents in child-
hood with hepatosplenomegaly, pancytopenia, and
manifestations of bone marrow infiltration. Patients
may develop severe orthopedic complications, includ-
ing vertebral compression, necrosis of the femoral
head, and pathologic fractures of long bones. Types II
and III are associated with neurologic manifestations.
The adult-onset form manifests with an akinetic-rigid
syndrome poorly responsive to levodopa, supranu-
clear gaze palsy, myoclonus, seizure, cerebellar ataxia,
and cognitive and psychotic disturbances. The intra-
cellular accumulation of glucosylceramide affects pri-
marily cells of mononuclear phagocyte origin, the so-
called “Gaucher cells” identified in most tissues. GD is
caused by a mutation in the glucocerebrosidase gene
(GBA; chromosome 1q21). An atypical form is caused
by a mutation in the gene encoding saposin C, an enzy-
matic activator.

Niemann-Pick disease type C

Niemann-Pick disease type C (NPC) has an estimated
incidence in European countries of 1 per 120000 to
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1 per 150000 live births (Vanier & Millat, 2003). The
average age of diagnosis is 10 years, but the disor-
der can affect older patients up to the fifth decade
(Sévin et al., 2007). NPC is characterized by accumu-
lation of unesterified cholesterol and glycolipids. Clin-
ically, patients present with neonatal jaundice, hep-
atosplenomegaly, pulmonary symptoms, vertical gaze
palsy, cerebellar ataxia, dystonia, dysphagia, seizures,
deafness, cataplexy, and neuropsychiatric symptoms
usually consistent with psychosis, in a context of pro-
gressive neurodegeneration (Garver etal., 2007). Cere-
bellar ataxia affecting both the trunk and the limbs is
the most common neurological manifestation in the
adult form. An axonal sensorimotor polyneuropathy
may be associated (Uc et al., 2000). Cognitive deficits
range from a mild dysexecutive syndrome to severe
dementia with mutism requiring institutionalization.
NPC may be particularly challenging in terms of diag-
nosis when the disorder presents as a pure psychiatric
disorder, as a frontal dementia, as a cerebellar syn-
drome, or as a dystonic phenotype (Sévin et al., 2007).
Some patients are misdiagnosed with Gaucher disease
(Uc et al., 2000). Brain MRI shows cortical atrophy
predominating in the frontal lobes with variable atro-
phy of the corpus callosum and subcortical atrophy
and may disclose a cerebellar atrophy extending to
the brainstem. Functional imaging studies reveal more
diffuse abnormalities. White matter high-intensity sig-
nals are common. About 95% of patients have muta-
tions in the NPC1 gene (18q11) encoding a membrane
glycoprotein. The remaining patients have mutations
in the NPC2 gene (14q24.3) encoding a lysosomal pro-
tein binding cholesterol with high affinity. The two
proteins function in tandem or in sequence to facilitate
the intracellular transport of lipids from the lysosome
to other cellular sites (Sleat et al., 2004).

Alpha-mannosidosis

The prevalence of alpha-mannosidosis is about 1 per
500 000. The disorder is characterized by immune
deficits leading to recurrent infections, facioskeletal
abnormalities (large head with prominent forehead,
rounded eyebrows, macroglossia, prognathism, dysos-
tosis multiplex, scoliosis, deformation of the ster-
num, genu valgus), sensorineural hearing loss, and
mental retardation caused by deficiency in alpha-
mannosidase (Malm & Nilssen, 2008). Three clinical
types have been suggested:

* Type 1: mild form with very slow progression and
affecting patients older than 10 years.

* Type 2 (the most common): moderate form with
skeletal abnormalities and development of ataxia
at age 20 to 30 years. Ataxia is slowly progressive.

* Type 3: severe form leading to early death due to
primary CNS involvement or myopathy.

Brain MRI shows brachycephaly, thick calvaria, verti-
calization of the chiasmatic sulcus, low pneumatiza-
tion of the sphenoid body, partial empty sella turcica,
cerebellar atrophy, and white matter signal changes
related to demyelination and associated gliosis (Diete-
mann et al., 1990). Mutations involve the MAN2B1
gene (chromosome 19p13.2-p13.11). More than 40
mutations have been identified, and there is no appar-
ent correlation between the genotype and the pheno-
type (Berg et al., 1999).

Fucosidosis

Fucosidosis, a glycoproteinosis, is due to decreased
amounts of alpha-L-fucosidase, causing progressive
neurological deterioration that includes mental
deficits and clumsiness, cardiomegaly, and dysostosis
multiplex. Clusters occur in southern Italy, in the
Mexican-Indian population of the western United
States, and in Cuba. Type 1 presents early in i