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Analysis and Classification of Cerebellar
Malformations

Sandeep Patel and A. James Barkovich

BACKGROUND AND PURPOSE: Because of improved visualization of posterior fossa struc-
tures with MR imaging, cerebellar malformations are recognized with increasing frequency. Herein
we attempt to describe and propose a rational classification of cerebellar malformations.

METHODS: MR images obtained in 70 patients with cerebellar malformations were retro-
spectively reviewed. The cerebellar malformations were initially divided into those with hyp-
oplasia and those with dysplasia. They were then divided into focal and diffuse malformations.
Finally, they were separated according to other features, such as brain stem involvement and
cerebral involvement.

RESULTS: All patients with diffuse cerebellar dysplasia (muscular dystrophy [n = 10],
cytomegalovirus [n = 6], lissencephaly [n = 3],) had abnormalities of the cerebrum. Patients
with focal cerebellar dysplasia of the Joubert (n = 12) and rhombencephalosynapsis (n = 8)
types had variable cerebral dysplasia. Patients with nonsyndromic focal cerebellar dysplasia
(isolated focal cerebellar cortical dysplasia [n = 2], cerebellar heterotopia with cerebellar
cortical dysplasia [n = 1], idiopathic diffuse cerebellar dysplasia [n = 1], Lhermitte-Duclos
syndrome [n = 1]) and those with cerebellar hypoplasia (isolated cerebellar hypoplasia [n =
6], pontocerebellar hypoplasia type 1 [n = 1]) had normal cerebra. Patients with features of
Dandy-Walker malformation (n = 19) had both hypoplasia and dysplasia of the cerebellum. No
notable difference was found between the cerebella of patients with large fourth ventricle cysts
(Dandy-Walker malformations) and those without large fourth ventricle cysts (isolated cere-
bellar hypoplasia). Therefore, the Dandy-Walker malformation seems to be heterogeneous.

CONCLUSION: Use of this classification system helps in the segregation and understanding
of the relationship among cerebellar malformations. Although it will undoubtedly require
revisions, this classification is a first step in combining imaging with molecular biology to

facilitate understanding of cerebellar development and maldevelopment.

Although many classifications have been presented
for cerebral hemispheric malformations, no classifica-
tion of cerebellar malformations has been widely ac-
cepted. Many individual conditions, such as Dandy-
Walker malformation, have been extensively addressed
in the radiologic literature; however, ongoing contro-
versy exists regarding the relationship of Dandy-Walker
malformation to other posterior fossa cystic malforma-
tions (1-4), and Dandy-Walker malformations may oc-
cur with other cerebellar malformations (5). Other mal-
formations of the cerebellum, such as the so-called
“molar tooth” type of midbrain-hindbrain malforma-
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tions (including Joubert syndrome [6, 7], Arima syn-
drome [8], and Senior-Loken syndrome [5, 9, 10]), and
rhombencephalosynapsis (11) are less well described,
and their relationship to other cerebellar malformations
is unclear. Other cerebellar hemispheric (12) and ver-
mian (13, 14) malformations are described but poorly
understood, with little reference in the literature other
than in occasional case reports. Thus, the prognosis of
patients with many cerebellar malformations is uncer-
tain. Finally, it is often difficult to be sure whether
abnormal cerebella identified in children with signs and
symptoms referable to the posterior fossa represent at-
rophy, hypoplasia, or malformation (15-18).

Much of the confusion surrounding cerebellar mal-
formations stems from a limited understanding of
cerebellar embryology, limited histologic studies of
these disorders, and lack of a practical classification
of cerebellar malformations. We herein report the
results of a retrospective analysis of 70 cases of cere-
bellar anomalies and review the literature with the
aim of producing an imaging-based classification.
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TABLE 1: Cerebellar Malformations

Disorder No. of Patients
Dandy-Walker continuum 19
Joubert syndrome 12
Congenital muscular dystrophies 10
Rhombencephalosynapsis 8
Congenital cytomegalovirus infection 6
Cerebellar hypoplasia 6
Lissencephaly and cerebellar dysplasia 3
Focal cerebellar cortical dysplasia 2
Idiopathic diffuse cerebellar dysplasia 1
Pontocerebellar hypoplasia type 1 1
Cerebellar heterotopia 1
Lhermitte-Duclos syndrome 1
Total 70

Methods

Patient Characterisitics

MR images obtained in 70 patients with a diagnosis of some
form of cerebellar malformation were retrospectively reviewed.
The images came from our clinical practice and from referrals
sent to our practice for consultation and spanned 15 years. The
clinical information available for the patients was extremely
variable, excellent in some but sketchy in others; because the
information was so inconsistent and because this classification
was based largely on morphology, clinical information was not
used as a basis for classification.

Seventy patients were studied. Nineteen patients had poste-
rior fossa CSF collections and associated vermian or holocere-
bellar hypoplasia (sometimes referred to as the Dandy-Walker
continuum) (4); 12, molar tooth malformations (sometimes re-
ferred to as Joubert malformation) (19); eight, rhombencepha-
losynapsis (11, 20); six, diffuse cerebral and cerebellar malfor-
mation secondary to congenital cytomegalovirus infection; six,
cerebellar hypoplasia; 10, congenital muscular dystrophy syn-
dromes (four with Fukuyama congenital muscular dystrophies,
two with Walker-Warburg syndrome, two with muscle-eye-
brain disease, two with merosin-deficient congenital muscular
dystrophy); three, lissencephaly and cerebellar dysplasia (one
with a known reelin mutation, the other two having no muta-
tion identified); two, focal cerebellar cortical dysplasia; one,
diffuse cerebellar dysplasia of unknown cause; one, pontocer-
ebellar hypoplasia; one, cerebellar heterotopia; and one, Lher-
mitte-Duclos (Table 1). The 39 male and 31 female patients
ranged in age from 2 days to 47 years (mean age, 3.1 years) at
the time they were studied. Patients with Chiari malformations
were not included in this review. Chiari malformations are
considered to be the result of a lack of expansion of the
embryonic fourth ventricle, with consequent hypoplasia of the
posterior fossa (21), or anomalies of the craniovertebral junc-
tion (22, 23), not malformations of the cerebellum itself. We
also did not include any patients with so-called “inverse cere-
bellum” (24) or “tectocerebellar dysraphia” (25), because we
agree with Chapman et al (26) that these are better considered
as subsets of occipital cephalocele, rather than as primary
cerebellar malformations. Finally, findings in patients with iso-
lated inferior vermian hypoplasia were not included in the
study, because this condition is not considered abnormal at our
institution, and therefore, was not a part of our collection of
cerebellar anomalies.

Definition of Terms
The cerebellar malformations were initially divided into
those with hypoplasia and those with dysplasia. Hypoplasia was
diagnosed according to the concepts of cerebellar atrophy and
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hypoplasia, as defined by Barkovich (27). We use the term
cerebellar atrophy if the cerebellum was small with shrunken
folia and large cerebellar fissures or if it had been shown to
undergo progressive volume loss; because atrophy is consid-
ered the result of progressive metabolic injury and this study
deals with anomalies, patients with cerebellar atrophy were
excluded from this study. The term cerebellar hypoplasia is
used for patients with a small cerebellum that had fissures of
normal size compared with the folia. For the purposes of this
study, hypoplasia is considered a disorder of cerebellar forma-
tion and patients with the diagnosis of hypoplasia are included.
A structure was considered dysplastic if disorganized develop-
ment, such as abnormal folial pattern or presence of hetero-
topic nodules of gray matter, was evident. We did not use the
concept of hypogenesis of the vermis (formation of superior
vermis but not inferior vermis) (27), because we have been
shown that it is impossible to differentiate a vermis in which
inferior lobules are missing (hypogenetic) from those in which
some of the middle lobules are missing (dysplastic). Next, the
malformations were divided into those that were generalized
(those that involved both cerebellar hemispheres and the ver-
mis) and those that were focal (localized to either a single
hemisphere or the vermis).

Imaging Techniques and Analysis

MR imaging examinations were performed using many
different images at multiple institutions during a 15-year
period. All included sagittal T1-weighted and axial T1- or
T2-weighted images. Coronal images were obtained for 49 of
the 70 patients. The thickness of the imaging sections ranged
from 3 mm to 8§ mm.

Morphologic features based on MR imaging findings were
recorded for each case. Both authors reviewed all cases and
independently recorded the extent of cerebellar hemispheric
and vermian development; folial pattern of the hemispheres and
vermis (ie, normal vs abnormal), characteristics (ie, dysplastic,
hypoplastic, or absent) of the hemispheres and vermis, relative
size of the fissures and folia, presence of a posterior fossa CSF
collection, size of the posterior fossa (which was assessed subjec-
tively), and other evidence of mass effect, such as elevation of the
torcula and bony remodeling and brain stem development.

Assignment of Anomalies

Both authors reviewed all the cases independently and clas-
sified them on the basis of specific criteria in the preceding
paragraphs, which were derived from the literature and agreed
upon beforehand. If disagreement existed, the cases were re-
viewed together and discussed, and a consensus was reached
regarding classification. The patients were initially classified
into conventional categories (eg, Dandy-Walker continuum,
molar tooth malformation), whenever possible. These catego-
ries were then assigned to the classification system shown in
Table 2. Those anomalies that did not fit any classic category
were assigned to the category in Table 2 that best matched the
morphology of the cerebellum, as defined in the preceding
paragraph. Those cases that did not clearly fit into a category
and those that might fit into more than one category were
discussed by the authors in an attempt to make a logical
assignment and were then assigned to the agreed upon cate-
gory. Those discussions are elaborated in subsequent sections.

Results

Cerebellar Hypoplasia

Dandy-Walker Continuum

Nineteen patients had vermian hypoplasia, ranging from
mild to severe, associated with a retrocerebellar CSF collection
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TABLE 2: Classification Scheme for Cerebellar Malformations

I. Cerebellar hypoplasia
A. Focal hypoplasia
1. Isolated vermis
2. One hemisphere hypoplasia
B. Generalized hypoplasia
1. With enlarged fourth ventricle (“cyst,”), Dandy-Walker
continuum
2. Normal fourth ventricle (no “cyst”)
a. With normal pons
b. With small pons
i. Normal foliation
a) Pontocerebellar hypoplasias of Barth, types I and II
b) Cerebellar hypoplasias, not otherwise specified

II. Cerebellar dysplasia
A. Focal dysplasia
1. Isolated vermian dysplasia
a. Molar tooth malformations (associated with brain stem
dysplasia)
b. Rhombencephalosynapsis
2. Isolated hemispheric dysplasia
a. Focal cerebellar cortical dysplasias/heterotopia
b. Lhermitte-Duclos-Cowden syndrome
B. Generalized dysplasia
1. Congenital muscular dystrophies
2. Cytomegalovirus
3. Lissencephaly with RELN mutation
4. Lissencephaly with agenesis of corpus callosum and cerebellar
dysplasia
5. Associated with diffuse cerebral polymicrogyria
6. Diffusely abnormal foliation

that appeared continuous with the fourth ventricle. These pa-
tients fit the definition of the Dandy-Walker continuum, as
defined by Barkovich et al (4) and subsequently modified (2, 3).
Of the 19 patients, 10 had associated moderate to severe
cerebellar hemispheric hypoplasia. Eleven patients displayed
clear evidence of an enlarged posterior fossa with elevation of
the torcula and thus fit the criteria of the classic Dandy-Walker
malformation. Of these, nine had severe vermian and hemi-
spheric hypoplasia, whereas the other two had moderate ver-
mian hypoplasia with mild hemispheric hypoplasia. Eight pa-
tients had large posterior fossa CSF collections without definite
elevation of the torcula. Of these, three had severe vermian
hypoplasia (including one with hemispheric hypoplasia), one
had moderate vermian hypoplasia with normal cerebellar
hemispheres, and one had what appeared to be vermian dys-
plasia (Fig 1).

Analysis of the cerebellum revealed that 16 patients had
either isolated vermian hypoplasia or vermian hypoplasia in
association with hypoplasia of the cerebellar hemispheres,
whereas three had what appeared to be cerebellar dysplasia
(the folial pattern was abnormal), involving both vermis and
hemispheres (Figs 1 and 2). Of interest, the cerebral hemi-
spheres were abnormal in two of these, with diminished volume
of white matter and abnormal cerebral cortical gyral pattern
(Fig 1). One case with vermian dysplasia had a small, bifid pons
(Fig 1). When the hemispheres were hypoplastic or dysplastic,
they were sometimes asymmetric but always bilaterally in-
volved. Mass effect from the CSF collection was present in the
patient with dysplasia, those with isolated vermian hypoplasia,
and those with hemispheric involvement. Those cases without
evidence of mass effect showed considerable morphologic
overlap with cases of isolated cerebellar hypoplasia, whether
focal or generalized.

Associated supratentorial anomalies included agenesis of
the corpus callosum in three patients, hypogenesis of the cor-
pus callosum in three patients, hydrocephalus in eight patients,
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and a single subependymal heterotopion in the left frontal lobe
of one patient. Of interest, the patients with callosal anomalies
all had classic Dandy-Walker malformations with severe pos-
terior fossa enlargement; thus, six of 11 patients with classic
Dandy-Walker malformations had callosal anomalies. In con-
trast, none of the eight patients with lesser degrees of posterior
fossa enlargement had callosal anomalies.

Cerebellar Hypoplasia

Six patients had cerebellar hypoplasia. Of these, three had
generalized hypoplasia of the cerebellar hemispheres and ver-
mis, which was moderate in two patients and severe in one (Fig
3). The cerebral hemispheres were normal in these patients,
but all had small brain stems, particularly the pons and me-
dulla. All were adults who were referred for imaging for recent
onset of neurologic problems (mild ataxia in two, change in
character of headaches in one). These patients had no associ-
ated enlargement of the posterior fossa and no associated cyst.
Again, no specific morphologic features distinguished this
group from those cases of Dandy-Walker spectrum that did not
have enlargement of the posterior fossa.

We observed isolated unilateral hypoplasia of the cerebel-
lum in two children (ages 1 and 5 years) and in one adult. The
two children underwent imaging for developmental delay,
whereas the adult was studied for persistent headaches. At
examination, all patients exhibited mild ataxia but were other-
wise neurologically normal. All had the appearance of a small
hemisphere unilaterally despite normal-appearing vermis,
brain stem, and contralateral hemisphere (Fig 4). In one pa-
tient, the contralateral hemisphere appeared slightly rotated.
The cerebral hemispheres were normal in these patients.

The patient with a clinical and radiologic diagnosis of pon-
tocerebellar hypoplasia, type 1, revealed moderate hypoplasia
of the cerebellar hemispheres, vermis, pons, and medulla. This
condition was classified under generalized hypoplasia, because
the small cerebellum had a normal folial pattern.

Cerebellar Dysplasia

Diffuse Dysplasias

Lissencephaly with Cerebellar Dysplasia.—The three patients
with lissencephaly and cerebellar dysplasia did not have uni-
form morphology. The patient with reelin mutation had an
unusual, smooth-appearing cerebellum. In addition to the
small size of both the vermis and the hemispheres, no lobula-
tion was observed; no folia and no fissures were present. Signal
intensity of the cerebellum was normal. The other two patients
had tiny cerebellar hemispheres and no visible vermis (Fig 5).
Minimal foliation was observed; therefore, the malformations
were classified as dysplasia. The brain stem (particularly the pons)
was markedly small in all three patients. All three had nearly
complete agyria in the cerebral hemispheres. The patient with the
reelin mutation had hypogenesis of the corpus callosum, whereas
the other two had complete callosal agenesis.

Congenital Muscular Dystrophy.—All four patients with
Fukuyama congenital muscular dystrophy and one with muscle-
eye-brain disease had cortical or subcortical cysts of the cere-
bellum, as have been described in the literature (28). Multiple
small cortical folia, known in the literature as cerebellar
polymicrogyria (28, 29) or cerebellar cortical dysplasia (30),
were most pronounced through the superior cerebellum (Fig
6). In contrast, the cerebellum in both cases of Walker-War-
burg syndrome and the other case of muscle-eye-brain disease
appeared small and severely dysplastic (Fig 7). The patients
with Walker-Warburg syndrome and with muscle-eye-brain dis-
ease were noted to have pontine hypoplasia with a midline
longitudinal pontine cleft (Fig 7A). No vermis was identified in
one of the patients with Walker-Warburg syndrome; however,
the posterior fossa was not enlarged.
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Fic 2. Dandy-Walker malformation with cerebellar dysplasia in a 6-day-

old neonate.

A, Sagittal spin-echo (550/16) image shows large posterior fossa CSF

collection and dysplastic appearing cerebellar vermis.

B, Axial spin-echo (3000/120) image shows abnormal folial pattern of

cerebellar hemispheres.

Both patients with merosin-deficient muscular dystrophy
displayed delayed myelination diffusely within the deep cere-
bral and cerebellar white matter, with mild inferior vermian
hypogenesis but normal-appearing cortex in the cerebellar
hemispheres. The patients with Fukuyama congenital muscular
dystrophy and Walker-Warburg syndrome were noted to have
cobblestone cortex, in some cases associated with polymicro-
gyria in the cerebral hemispheres (31, 32), whereas those with
merosin-deficient congenital muscular dystrophy had diffuse
supratentorial hypomyelination (33, 34).

Congenital Cytomegalovirus Infection.—The appearance of
the cerebellar hemispheres in congenital cytomegalovirus in-
fection varied directly with the appearance of the cerebral
hemispheres. In the three patients with complete lissencephaly
and thin cerebral cortex, the cerebella were small and
shrunken, with thin cortex and shallow sulci. The hemispheres
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Fic 1. Dandy-Walker malformation with
cerebellar dysplasia in a 4-month-old in-
fant.

A, Coronal fast spin-echo (3000/102
[TR/TE]) image shows that the vermis is
hypoplastic and the posterior fossa large,
with the cerebellar hemispheres widely sep-
arated. The cerebellar hemispheres have an
abnormal folial pattern, compatible with
dysplasia. The cerebral hemispheres are
abnormal with marked thinned white mat-
ter, enlarged ventricles, and shallow sulci.

B, Axial fast spin-echo (3500/112) im-
age shows, in addition to the large poste-
rior fossa fluid collection and dysplastic
cerebellar hemispheres, an abnormality of
the pons, which is small and has a ventral
cleft.

were extremely small, and the vermis was not seen at all;
instead, a thin rim of tissue connected the dysplastic hemi-
spheres (Fig 8). Cerebellar cortical calcification was present in
one patient. The brain stems were small in approximate pro-
portion to the respective cerebra and cerebella. In the three
patients with diffuse polymicrogyria, the cerebella were nearly
normal in size, with much milder dysplasia of the folial pattern.
(For completeness, although not part of this study, those pa-
tients with only white matter injury had normal-appearing cere-
bella. Also for completeness, no unexpected cerebral anoma-
lies were identified.)

Cerebellar Heterotopia.—One patient had gray matter hete-
rotopia bilaterally in the corpus medullare of the cerebellum,
associated with abnormal cortical foliation throughout both
cerebellar hemispheres (Fig 9). In addition, the patient had
fused colliculi and supratentorial anomalies, with reduced
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Fic 3. Cerebellar hypoplasia in a 33-year-old man. Sagittal
spin-echo (500/11) image shows a profoundly small cerebellum
in a fluid-filled, but normal-sized, posterior fossa. The pons and
medulla are abnormally small.

Fic 4. Unilateral cerebellar hypoplasia in 29-year-old woman.
Axial spin-echo (2500/30) image shows a small right cerebellar
hemisphere. The left hemisphere and vermis appear normal.

white matter volume in the right cerebral hemisphere and left
occipital subcortical heterotopia and overlying polymicrogyria.
The corpus callosum was normal.

Diffuse Dysplasia of the Cerebellar Cortex.—In one case, the
entire cerebellum was dysmorphic, with bizarre, thick folia that
were oriented vertically instead of the normal horizontal ori-
entation (12). The brain stem was grossly normal. The supra-
tentorial structures showed normal cortex and midline struc-
tures. Some subjective reduction in the volume of cerebral
white matter was noted, along with some CSF-intensity cysts in
the peritrigonal white matter.

Focal Dysplasias

Rhombencephalosynapsis.—By definition, all patients with
rhombencephalosynapsis had absence of the cerebellar vermis
with midline fusion of the two cerebellar hemispheres (Fig 10)
(11, 20). The dentate nuclei appeared fused in six and apposed,
or perhaps partially fused, in the remaining two. The superior
cerebellar peduncles were small, possibly hypoplastic. The de-
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gree of fusion between the superior and middle peduncles was
difficult to assess in the absence of a high-resolution volumetric
sequence. The superior colliculi were fused in two patients. In
seven patients, overall cerebellar volume was normal or slightly
reduced, and in the remaining patient, moderate cerebellar
hypoplasia was present. The cerebral hemispheres showed sub-
jectively reduced white matter volume in six patients, ventric-
ular enlargement in five, and absence of the septum pellucidum
in five. One patient had an infolding of dysplastic cerebral
cortex, most likely polymicrogyria. The volume of the brain
stem was also subjectively reduced in five patients; it could not
be determined whether this reduction was the result of cere-
bellar anomalies, associated cerebral anomalies, or both.

Molar Tooth Malformations.—Of the 12 patients with molar
tooth malformations, good medical histories were available for
only three; therefore, further classification according to the
classification of Satran et al (5) was not possible. Nine of the
patients had severe vermian hypoplasia. The rudimentary ver-
mis was invariably dysplastic, with a midline cleft superiorly
(Fig 11). In three patients, complete vermian agenesis ap-
peared to be present. On axial images, the fourth ventricle had
the typical “bat wing” or triangular configuration and commu-
nicated with the cisterna magna in each case. The flocculus
appeared prominent in six cases. The cerebellar hemispheres
appeared somewhat large, and the folial pattern seemed more
vertical than normal. Whether this was the effect of the ver-
mian anomaly on hemispheric orientation or whether the hemi-
spheres were primarily dysplastic was uncertain.

Several abnormalities were present at midbrain level. All
patients had a deep interpeduncular fossa, thin isthmic region
(pontomesencephalic junction) (Fig 11A and B), and thickened
superior cerebellar peduncles that were perpendicular to the
pons. These changes produced the so-called molar tooth ap-
pearance on axial view images (19) (Fig 11B). Variations in
volume and shape at the cervicomedullary region were noted in
eight patients. A reduction in pontine volume existed in two
cases. The cerebral hemispheres appeared normal other than
prominence of CSF spaces in three patients.

Lhermitte-Duclos-Cowden Gangliocytoma.—The images ob-
tained in one patient showed the classic finding of a sharply
defined, nonenhancing focal cerebellar mass in the left cere-
bellar hemisphere that showed prolonged T1 and T2 relaxation
times, along with curvilinear stripes that were isointense to the
cerebellar cortex. The mass resulted in moderate mass effect
on the brain stem. Surgical exploration revealed thickened folia
without obvious mass. Histologic examination of a biopsy spec-
imen showed an outer layer of radial and superficial parallel
myelinated fibers with an inner layer of dysplastic appearing
neurons. Considering that the patient had hamartomata of the
face and multiple other organs, and thus, had the diagnosis of
Cowden syndrome, a confident diagnosis of dysplastic ganglio-
cytoma of the cerebellum was made. The cerebral hemispheres
were otherwise normal.

Other Focal Dysplasias.—One case of unilateral focal cere-
bellar hemispheric dysplasia was noted as an incidental finding
in a 12-year-old boy who had mild head trauma. Another case
of focal dysplasia involving a hemisphere and the vermis was
observed in a 10-month-old male patient presenting with de-
layed motor development. In both of these patients, the lesions
appeared as focal areas of disorganized architecture, one lim-
ited to the medial hemisphere (Fig 12) and the other involving
the medial hemisphere and the adjacent vermis. The folial
pattern of the affected regions was abnormal. The region of
dysplasia had similar cortical signal intensity to the remainder
of the cerebellar cortex, but the signal intensity of the dysplastic
white matter was slightly altered (iso- or mildly hyperintense to
adjacent normal cerebellar cortex and hyperintense to the re-
maining cerebellar white matter on T2-weighted images). The
volume of the cerebellum was focally mildly reduced in the
region of the dysplasia. The cerebral hemispheres were normal.



AJNR: 23, August 2002

CEREBELLAR MALFORMATIONS 1079

Fic 5. Lissencephaly and cerebellar hypoplasia in a 4-day-old neonate.
A, Sagittal spin-echo (550/11) image shows complete cerebral lissen-
cephaly and a very small cerebellum. The brain stem is abnormally thin.

The colliculi are fused.

B, Axial spin-echo (550/16) image shows the very small cerebellar hemi-
spheres and the small pons with a central cleft, presumably due to ab-

sence of the crossing ventral pontine axons.

Discussion

Cerebellar Embryology

As with all malformations, understanding of cerebel-
lar malformations is greatly aided by an understanding
of cerebellar development (Fig 13). In addition, classi-
fication is often facilitated by an understanding of em-
bryology. Moreover, if genetics, embryology, and anat-
omy are all well understood, anatomic classification of
malformations may eventually aid in determining mo-
lecular genetics.

Early specification of cerebellar territory depends
on the temporal and spatial expression of homeotic
genes. A potent embryonic organizer within the neu-

Fic 6. Cerebellar dysplasia in a 10-
month-old patient with congential muscu-
lar dystrophy.

A, Axial spin-echo (3000/120) image
shows abnormal folial pattern and small
cysts in the cerebellar hemispheres.

B, Coronal gradient-echo (35/7) (theta
of 45 degrees) image shows that the cysts
are primarily in the superior aspects of the
cerebellar hemispheres. Note the cobble-
stone cortex of the cerebrum.

roepithelium controls the early patterning of the pro-
spective midbrain and anterior hindbrain. This is lo-
calized to a region of the isthmic constriction at the
midbrain-hindbrain boundary and has been termed
the m/h or isthmic organizer (35-37). Ongoing re-
search about the genes and signaling molecules asso-
ciated with the isthmic organizer exists. For instance,
murine genes such as Enl and En2 seem to play a role
in specifying cerebellar domain in the embryo (38).
Targeted knockouts of these genes in mice produce
cerebellar and collicular abnormalities (39-42). It is
also clear that certain molecules that serve as cues for
axon guidance in the developing brain, such as the
netrins and their receptors (43) and the Wnt family of



1080 PATEL

Fic 7. Diffuse cerebellar dysplasia in a
neonate with Walker-Warburg syndrome.

A, Axial spin-echo (3000/120) image
shows small cerebellar hemispheres with
dysplastic folial pattern.

B, Coronal spin-echo (600/16) image
shows marked ventriculomegaly and cob-
blestone cortex.

S |

Fic 8. Cerebellar dysplasia in a neonate with congenital cyto-
megalovirus infection. Coronal spin-echo (600/16) image shows
markedly small cerebellar hemispheres with almost no foliation.
The hyperintensity of the right hemisphere was the result of
calcification. Note the lissencephaly of the cerebrum with large
calcifications.

signaling molecules (44), play a role in cerebellar
development by restricting the migration of cerebellar
granule cells (45-47).

After the appearance of the pontine flexure at
approximately the 5th gestational week, the fourth
ventricle has a thin roof and laterally positioned dor-
sal (alar) plates (48, 49). During the 5th gestational
week, cellular proliferation within the alar plates and
formation of the pontine flexure form the rhombic
lips. The neuroepithelial zones, in the roof of the
fourth ventricle and the rhombic lips, are the loca-
tions of the germinal matrices where the cells of the
cerebellum and many brain stem nuclei will form (45,
50). Between 9 and 13 postconceptional weeks, the
Purkinje cells of the cerebellar cortex and the neurons
of the deep cerebellar nuclei migrate radially outward
from this germinal matrix. The identity and migration
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of the Purkinje cells depends on the expression of
multiple genes, including Wnt3 (51). In contrast, the
neurons of the granular layer of the cerebellar cortex
migrate tangentially from the germinal zone of the
rhombic lips, over the cerebellar surface, to form a
transient external granular layer, which acts as a sec-
ondary germinal matrix (50, 52, 53). The external
granular layer forms between the 10th and 11th post-
conceptional weeks and persists until approximately
15 postnatal months. The cells in the external granular
layer proliferate, and the granule cell neuroblasts begin
to migrate inward between clusters of homophilic Pur-
kinje cells, with the presumed aid of radial glial (Berg-
man) fibers, forming the internal granular layer (48, 54,
55). Also formed at that time are the stellate and basket
cells of the cerebellar cortex (45, 48, 49, 56, 57). Granule
cell viability and migration are supported by several
genes, the most important being Pax6, Zicl, and Mathl,
whereas the Bergman glia are preserved by the expres-
sion of Pax3 (58, 59).

Although multiple connections exist among cere-
bellar neurons, only two major afferent projections to
the cerebellar cortex exist. Mossy fibers from the basis
pontis and the spinal cord make contact and synapse
with granule cells, whereas climbing fibers from the
contralateral inferior olives make contact with Pur-
kinje cell dendrites (45, 57, 60). In addition, axons
from locus coeruleus, raphe nuclei, and substantia
nigra synapse with Purkinje cells. The only efferent
fibers from the cerebellar cortex are from the Pur-
kinje cells, which connect with many brain stem nu-
clei, in addition to the cerebellar nuclei (61).

Classification Rationale

What is the importance of a classification of cere-
bellar anomalies? Some might (and indeed will) ar-
gue that a classification scheme does not necessarily
aid diagnosis or prognostication. We disagree. For
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Fic 10. Rhombencephalosynapsis in a 6-year-old boy.

A, Sagittal spin-echo (550/15) image shows abnormal cerebellar vermis.

B, Axial spin-echo (2500/80) image shows continuity of the cerebral
hemispheres across the midline without a midline cerebellar vermis. The
cerebral hemispheres are abnormal, with reduced white matter and inward
folding of the cortex as a result of ventriculoperitoneal shunting.

example, a classification such as the one proposed
herein helps the clinician or imager who discovers a
malformation for which he or she has no name. After
determining (by defined criteria) whether the malfor-
mation represents hypoplasia or dysplasia and
whether it is focal or generalized, it can be put into
the proper category with similar malformations. By
finding the outcome of similar malformations, the
physician will have a better idea of the prognosis of
the malformation that is being evaluated. More im-
portantly, by grouping similar malformations accord-
ing to a classification system, large numbers of iden-
tical malformations can be identified, allowing
identification of mutations that cause malformations.
This aids in genetic counseling, and by identifying the
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Fic 9. Cerebellar cortical dysplasia with
subcortical heterotopia in a 3-month-old
patient.

A, Axial spin-echo (3000/120) image
shows abnormal cerebellar cortical folial
pattern and the presence of nodules of
gray matter intensity (arrows) in the cere-
bellar white matter.

B, Coronal spin-echo (600/16) image
shows that the nodule in the cerebellar
white matter (arrows) remains isointense
to gray matter on this T1-weighted image.
The abnormal cerebellar folial pattern is
again seen. In addition, the abnormality of
the left cerebral hemisphere, which ap-
pears to represent polymicrogyria, is seen
on this image.

gene protein, in understanding how the brain is
formed and which processes result in malformation.

The classifications that have been proposed for
brain malformations largely ignore the status of the
cerebellum, probably because cerebral anomalies are
generally considered to be more important in deter-
mining cognitive and neurologic outcomes. However,
this lack of attention to the cerebellum has resulted in
a notable lag in our understanding of cerebellar
anomalies as compared with our understanding of
cerebral anomalies. Moreover, it is becoming increas-
ingly clear that the cerebellum is important in cogni-
tion and motor function (62-66). Perhaps the ideal
approach would be a classification system in which
both supra- and infratentorial malformations are
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Fic 11. Molar tooth malformation in a 16-month-old patient with Joubert syndrome.
A, Sagittal spin-echo (550/11) image shows a small, dysplastic cerebellar vermis. The folial pattern is abnormal. Note the narrow

isthmus (junction of the mesencephalon and pons) (arrow).

B, Axial spin-echo (550/15) image shows the very small vermis (small arrow), the broad, horizontal superior cerebellar peduncles, and

the narrow isthmus (large arrow).

C, Coronal spin-echo (600/11) image shows a midline cleft separating the two dysplastic areas of vermis (arrows).

Fic 12. Focal cerebellar dysplasia in a 20-month-old female
patient. Coronal view fast spin-echo (3500/112) image shows a
focal region of abnormal foliation (arrows) in the inferomedial
portion of the left cerebellar hemisphere.

listed. All the patients with diffuse cerebellar dyspla-
sia studied herein had anomalies of the cerebrum.
However, in most of our patients with localized dys-
plasia or with hypoplasia/hypogenesis, the malforma-
tion was isolated to the posterior fossa, without asso-
ciated supratentorial findings. Although our patients

included three with lissencephaly and associated cere-
bellar hypoplasia, most cases of lissencephaly have
normal cerebella (67). This relative paucity of com-
bined cerebral-cerebellar malformations suggests that
a meaningful classification combining infratentorial
and supratentorial malformations does not seem
practical at this stage. In the future, a molecular
biologic classification, as suggested by Sarnat (68),
based on the role(s) of the mutated gene(s) in the
processes of brain development, may be the most
practical way to classify brain anomalies, both cere-
bral and cerebellar. However, our knowledge of the
genetic basis of malformations is still in an embryonic
stage at present. Considering the current state of
knowledge of these disorders, it seems most practical,
at this time, to use a morphology-based classification.
Separation of disorders by morphology has been used
in the classification of cerebral disorders as well (69),
and classification in this manner allows segregation of
patients (particularly relatives) with like malforma-
tions, a process that can eventually lead to the iden-
tification of the causative mutations (70-72). It is
hoped that the use of this classification system will
allow similar progress to be made in understanding
the genetic and molecular biologic basis of cerebellar
development and maldevelopment.

Several methods could have been used as a basis
for classification of cerebellar malformations. It
seemed reasonable that the initial division separated
dysplasia from hypoplasia, as the processes that result
in these abnormalities are fundamentally different.
We adopted the scheme proposed by Barkovich (27)
to classify incompletely formed or small but otherwise
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Ext Granuiar layer

Fic 13. Drawings illustrate normal cerebellar development.
During the 5th gestational week, cellular proliferation within the
alar plates in conjunction with formation of the pontine flexure
forms the rhombic lips. The neuroepithelial zones, in the roof of
the fourth ventricle and the rhombic lips, are the locations of the
germinal matrices where the cells of the cerebellum and many
brain stem nuclei will form. Between 9 and 13 postconceptional
weeks, the Purkinje cells of the cerebellar cortex and the neu-
rons of the deep cerebellar nuclei migrate radially outward from
this germinal matrix. In contrast, the neurons of the granular
layer of the cerebellar cortex migrate tangentially from the ger-
minal zone of the rhombic lips, over the cerebellar surface to
form a transient external (Ext.) granular layer, which acts as a
secondary germinal matrix. The external granular layer forms
between the 10th and 11th postconceptional weeks and persists
until approximately 15 months postnatal. The cells in the external
granular layer proliferate, and the granule cell neuroblasts begin
to migrate inward between clusters of homophilic Purkinje cells
with the presumed aid of radial glial (Bergman) fibers, forming
the internal (Int.) granular layer (reprinted with permission from
Lippincott Williams & Wilkins [27]).

normal-appearing cerebella as hypoplastic and cere-
bella with dysplastic folia and fissures as dysplastic.
Hypoplastic cerebella can be considered to result
from reduction or premature cessation of cell produc-
tion or cell migration or of excessive apoptosis in the
developing cerebellum. The reduction of cell produc-
tion need not be generalized; it has been shown that
depletion of Purkinje cells will cause a concomitant
reduction in the granule cell population (73, 74). In
contrast, dysplastic cerebella are considered to be the
result of abnormal cell migration and cortical organi-
zation, with resultant distortions of folia and fissures.
After the more fundamental differentiation of incom-
plete formation (hypoplasia) from abnormal forma-
tion (dysplasia), we incorporated topologic consider-
ations to separate focal from generalized (diffuse)
involvement. This separation was based on the as-
sumption that focal processes are more likely to result
from localized injury, whereas generalized involve-
ment is more likely to result from genetic or meta-
bolic causes. Another possibility was to separate me-
dian from lateral involvement, as suggested by
Macchi and Bentivoglio (75); however, focal versus
generalized classification was more practical. For ex-
ample, some of the focal dysplasias in our study
seemed to involve the medial hemisphere as well as
the vermis; it was not clear whether this (clearly focal)
condition should be classified as median or lateral.

CEREBELLAR MALFORMATIONS 1083

Thus, focal versus diffuse classification seemed to be
a better solution. In addition, our separation of focal
from generalized dysplasia led to the interesting ob-
servation that all patients with generalized cerebellar
dysplasia had associated cerebral dysplasia, whereas
patients with hypoplasia and focal dysplasia generally
had normal cerebra.

In addition to the creation of a classification sys-
tem, our analysis of cerebellar malformations added
information concerning a number of cerebellar mal-
formations. The Dandy-Walker malformation, for ex-
ample, remains poorly understood, despite being ex-
tensively addressed in the literature. The disorder
seems to be the result of a genetic predisposition,
because the recurrence rate for siblings is 6% (76),
and many associated malformations, such as agenesis
of the corpus callosum, are known to be genetic. It
remains to be determined which genes are mutated in
this malformation and whether these genes are in-
volved in the development of the cerebellum, the
fourth ventricle, or both. The normal development of
the fourth ventricle seems to be related to posterior
fossa cyst formation. Bonnevie and Brodal (77) have
shown that on the 11th fetal day in the normal mouse,
the roof of the fourth ventricle is divided by a ridge of
developing choroid plexus into anterior and posterior
membranous areas. The theories proposed for the
variable degree of enlargement of the fourth ventricle
(and posterior fossa) focus on the severity of insult to
the developing membranous area or to the extent of
delay of opening of the foramen of Magendie (78,
79). Others have argued that because the anterior
membranous area normally disappears before the
fourth ventricular foramina open, maldevelopment of
the cerebellar vermis is the most plausible explana-
tion (80, 81). Other possibilities include persistence of
Blake’s pouch, an extension of the fourth ventricle
into the retrocerebellar subarachnoid space, which
interferes with apposition of the cerebellar hemi-
spheres inferiorly, and consequently, formation of the
inferior vermis (2) and a combination of vermian and
fourth ventricle developmental disorders (4).

Whether maldevelopment of the membranous
area, vermis, or other as yet unknown region(s) is
primarily responsible, a continuum of structural out-
comes seems to exist. This continuum creates prob-
lems in attempting to classify individual cases. For
example, when is the posterior fossa big enough to
qualify for classification within the Dandy-Walker
malformation continuum instead of vermian hypopla-
sia? In addition to the problems created by the com-
bination of varying degrees of vermian hypoplasia and
fourth ventricular enlargement, several well-docu-
mented cases of molar tooth malformations have
characteristics of Dandy-Walker malformations (5);
how are these best classified? Is the Dandy-Walker
malformation merely the result of hydrocephalus su-
perimposed on any degree of vermian hypoplasia or
dysgenesis? If so, it may be a mixture of many differ-
ent cerebellar malformations, the details of which
have been blurred by the association with the fourth
ventricular cyst. This mixture may explain why some
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Dandy-Walker malformations have only mild inferior
vermian hypoplasia and others have diffuse cerebellar
hypoplasia or cerebellar dysplasia; why some have
pontine anomalies and others have normal appear-
ances of their pons; and why some have multiple
supratentorial anomalies and others have normal ce-
rebra. The heterogeneity may explain why this mal-
formation remains so difficult to define and classitfy
80 years after its description (82).

Pontocerebellar hypoplasia is a form of generalized
cerebellar hypoplasia in the presence of a small vol-
ume pons and a characteristic clinical presentation.
Barth et al (83, 84) divided this condition into two
groups: type I with associated spinal anterior horn
degeneration and type II with progressive microceph-
aly and extrapyramidal manifestations such as chorea
and dystonia. The difficulty with using this nomencla-
ture is that many diffuse cerebellar anomalies have
associated pontine hypoplasia; we found small pons
associated with both cerebellar hypoplasia and cere-
bellar dysplasia, and we found small pons in cerebel-
lar malformations associated with diffuse cerebral
anomalies and those associated with normal cerebra.
This association is present possibly because the rhom-
bic lips, the germinal zone from which newly gener-
ated cells migrate to the transient external granular
layer of the cerebellar cortex, also serves as the ger-
minal zone for the neurons that form the ventral
pontine nuclei (44). Moreover, the external granular
layer also functions as a germinal zone and produces
(in addition to more cerebellar granule cells) cells
that will populate the rostral hindbrain, including the
locus coeruleus and pontine reticular formation (50).
Thus, the association of pontine and cerebellar hyp-
oplasia is common. As a result, although we agree
that types I and II pontocerebellar hypoplasia, as
recently defined (83, 84) are probably distinct entities,
the names are confusing and unfortunate. We would
recommend renaming these disorders more descrip-
tively on the basis of the clinicoradiologic syndrome.

Dysplasia can be defined as deranged tissue devel-
opment (85). Although we could not verify that all the
patients we classified as having dysplastic cerebella
had histologic abnormalities, all had abnormal folial
patterns, ranging from absence of fissures to large
folia with shallow fissures to foliation in abnormal
directions. The two patients with lissencephaly and
callosal agenesis both had very small cerebella that
were difficult to evaluate (Fig 5). We classified them
as dysplastic, because the fissures were shallow, and
because many of the same processes and molecules
that guide cerebral cortical development are at work
in cerebellar development, as well (45). Thus, dyspla-
sia seemed more likely than hypoplasia. This entity,
lissencephaly with callosal agenesis and cerebellar
dysplasia, appears to be still another form of classical
lissencephaly, to be added to those associated with
LISI (86), DCX (71, 87), and RELN (88) mutations;
none of the latter are typically associated with either
callosal agenesis or very small cerebella.

The congenital muscular dystrophies are well
known to cause generalized dysplasia of the cerebel-
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lum (28, 29). It is interesting to note the cortical and
retinal abnormalities in the congenital muscular dys-
trophies are thought to be related to over-migration
of neurons through a defective glial limiting mem-
brane (29, 32, 89). Furthermore, fukutin, the gene
that is mutated in Fukuyama congenital dystrophy, is
expressed in the Cajal-Retzius cells, components of
the molecular layer (layer 1 of the cortex) that are
theorized to have a role in establishing the glial lim-
iting membrane (90, 91). Thus, it is reasonable to
suspect that the over-migration and dysplasia of the
Purkinje and granule cells in the subpial region of the
cerebellar cortex in the congenital muscular dystro-
phy results from a defective glial limiting membrane
of the cerebellum. Mechanisms of dysplasia in our
other cases of diffuse dysplasia, those with congenital
cytomegalovirus infection and those with unknown
diagnoses, are unclear. In cytomegalovirus, the cause
may be destructive. Of interest, patients with Walker-
Warburg syndrome have been described as having
Dandy-Walker malformation (92). One of our pa-
tients had absence of the cerebellar vermis, in addi-
tion to severe dysplasia of the cerebellum, but no
enlargement of the posterior fossa was seen. This
again brings up the question of whether the Dandy-
Walker malformation continuum concept is useful or
whether it succeeds more in obfuscating the details
underlying the cerebellar malformations.

Those malformations classified as focal dysplasia
were a diverse group, including rhombencephalosyn-
apsis, the molar tooth malformations, and a number
of unclassifiable cases with localized distortions of the
cerebellar folial pattern. Distinctive morphologic fea-
tures of rhombencephalosynapsis include lack of de-
velopment of the normal midline structures, primarily
in the posterior fossa (midline mesencephalic struc-
tures in addition to the cerebellar vermis), with re-
sultant fusion of the cerebellar hemispheres and col-
liculi and apposition or fusion of the dentate nuclei.
Supratentorial anomalies tend to dominate the clini-
cal picture (11, 93, 94). The embryogenesis of this
disorder is uncertain. During normal development,
the cerebellar hemispheres appear initially to be sep-
arate. The apposition of the cerebellar hemispheres
in the dorsal midline is thought to result in fusion,
with local induction of the cells that form the vermis
(95). The mechanisms by which the vermian cells
differentiate are not known. Recent work strongly
suggests that other disorders characterized by ab-
sence of midline structures, such as holoprosen-
cephaly, result from a failure of induction of the
structures that normally compose the midline rather
than fusion of structures that are induced to form in
the paramedian brain (96, 97). In view of the absence
of the septum pellucidum and the absence of midline
structures in the posterior fossa, the possibility exists
that rhombencephalosynapsis is caused by malexpres-
sion of gene expression in early patterning centers of
the brain. Along these lines, it is interesting to note
that the FGFS8 gene is active both in the rostrodorsal
cerebral midline (in the region of the septum) and in
the isthmic organizer (where the cerebellar anlage is
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induced) (98). Whatever the cause, rhombencephalo-
synapsis is a developmental disorder of the midline,
with relative preservation of lateral structures and is
best classified as a focal dysplasia.

The molar tooth malformations are named for the
characteristic appearance of the midbrain on axial
images of affected patients (19, 99). Patients with this
mesencephalic anomaly have a distinctive hindbrain
malformation that was first described by Joubert et al
in 1969 (6). For a long time, all malformations with
this appearance were called Joubert syndrome. Re-
cently, it has become apparent that the clinical man-
ifestations of the patients with this posterior fossa
malformation are variable (5). Some patients have
renal anomalies (juvenile nephronophthisis or multi-
cystic dysplastic kidney), some have ocular anomalies
(retinal dysplasias and colobomata), some have he-
patic fibrosis and cysts; these malformations have
previously been given names such as Arima syndrome,
COACH syndrome, and Senior-Loken syndrome (5).
Most of these patients have a well-defined clinical
syndrome associated with the hindbrain malforma-
tion, characterized by episodic hyperpnea, abnormal
eye movements, ataxia, and mental retardation (7,
100). A few authors (6, 101-103) have provided neu-
ropathalogic accounts of this malformation. Of con-
siderable interest is the finding of a lack of decussa-
tion of the superior cerebellar peduncles, central
pontine tracts, and corticospinal tracts. This finding
raises the possibility of the lack of decussation of
these pathways being the primary anomaly and the
associated dysplasia of the vermis, cerebellar nuclei,
and brain stem nuclei being secondary. Whatever the
cause, the vermis is clearly dysplastic (based on both
pathologic and imaging criteria), and the dysplasia
appears to be medial, and therefore, focal.

Finally, our series shows that cortical dysplasia and
subcortical heterotopia can be identified in the cere-
bellum, as they can in the cerebrum. Imaging findings
of these anomalies have not been previously de-
scribed in the radiology literature to our knowledge,
although they have been recognized and described in
the pathology literature (30, 67). The pathologists
found, as we did, that diffuse cerebellar dysplasias
commonly accompany extensive cerebral lesions, such
as congenital muscular dystrophies or diffuse cerebral
polymicrogyria, but may be found as incidental le-
sions in otherwise normal brains (30). The pathology
literature also provides some detail regarding the
focal dysplastic lesions, although more information is
available regarding dysplastic lesions that are associ-
ated with cerebral anomalies (such as rhombencepha-
losynapsis and the molar tooth malformation) than
regarding isolated focal dysplasias. We do not have
the histologic details of the cases of isolated focal
cerebellar cortical dysplasias, but we observed focal
disorganization of the cerebellar cortex and reduced
volume of underlying white matter, findings similar to
those observed in focal cortical dysplasia of the cere-
bral cortex (27, 104). The mechanism by which the
dysplasia develops is not certain; possibilities include
genetically or environmentally disturbed migration of
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the Purkinje or granule cells and or improper signal-
ing of the cellular or interstitital signals that guide
developing cells and axons (45). Similarly, it is not
certain whether the subcortical heterotopias are the
result of under-migration of Purkinje cells, over-mi-
gration of granule cells, or impairment of pro-
grammed cell death. Of note, cerebellar cortical dys-
plasia with subcortical cerebellar heterotopia has
been discovered in mice with mutations of the
Unc5h3 gene, which codes for a receptor for netrin 1,
an important guidance molecule during brain devel-
opment (46, 47). It seems likely that focal cerebellar
dysplasias are more common than is generally recog-
nized. Moreover, in view of the growing body of
evidence suggesting that the cerebellum has a role in
motor learning and cognition (62, 63, 65, 105) these
malformations might, with a higher index of suspi-
cion, be recognized more commonly on imaging stud-
ies of children with developmental disabilities.

Conclusion

A retrospective review of 70 MR imaging studies
obtained in patients with cerebellar anomalies sug-
gests that these malformations can be organized ac-
cording to a rational scheme. In this article, we pro-
pose such a scheme. Although the classification will
undoubtedly need revision as our experience and un-
derstanding increases, this and subsequent schemes
may help to classify similar malformations, and ulti-
mately, to aid in the identification of the genetic and
molecular biologic processes underlying cerebellar
formation and malformation.
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