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SUMMARY

The cerebellum has long been recognized for its role in motor co-ordination, but it is also
increasingly appreciated for its role in complex cognitive behavior. Historically, the cerebellum
has been overwhelmingly understudied compared to the neocortex in both humans and model
organisms. However, this tide is changing as advances in neuroimaging, neuropathology, and
neurogenetics have led to clinical classification and gene identification for numerous
developmental disorders that impact cerebellar structure and function associated with significant
overall neurodevelopmental dysfunction. Given the broad range in prognosis and associated
medical and neurodevelopmental concerns accompanying cerebellar malformations, a working
knowledge of these disorders and their causes is critical for obstetricians, perinatologists, and
neonatologists. Here we present an update on the genetic causes for cerebellar malformations that
can be recognized by neuroimaging and clinical characteristics during the prenatal and postnatal
periods.
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1. Introduction

Cerebellar malformations are now widely diagnosed during pregnancy and associated with
significant morbidity and mortality in the newborn period and throughout life. Given the
broad range in prognosis and associated medical concerns, a working knowledge of these
disorders and their causes is essential for obstetricians, perinatologists and neonatologists.
For clinicians, it is most relevant to organize cerebellar malformations by their clinical and
imaging features, which then directs additional diagnostic testing, medical monitoring for
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associated complications, and counseling about prognosis, treatment and recurrence risk.
Distinguishing genetic disorders from similar conditions caused by extrinsic factors, such as
infection, stroke, or prematurity, is particularly important to provide quality patient care.
Cerebellar malformations may be classified as predominantly involving the cerebellum or
involving both the cerebellum and brainstem. They may occur in isolation or as part of
broader syndromes involving multiple systems. Though the cerebellum has long been
recognized for its role in motor co-ordination, it also shapes the functions of other brain
regions, especially cognition and affect, by processing external sensory and internally
generated information to influence neocortical circuit refinement. Thus, not surprisingly,
most cerebellar malformations are associated with neurodevelopmental issues affecting
multiple domains: motor, communication, cognition, emational regulation, and executive
function. Human cerebellar development begins around the ninth gestational week and
continues beyond birth. This protracted developmental timeline makes the human
cerebellum particularly vulnerable to insult, especially during 24-40 weeks of gestation,
when considerable neurogenesis in the external granule cell layer results in a five-fold
increase in cerebellar size. Malformations that arise early in development typically affect
both cerebellum and brainstem, whereas, later in development, cerebellar malformations
have less effect on the pons. Here we present some of the most frequently occurring and best
understood human cerebellar malformations and their genetic causes.

2. Epidemiology of cerebellar malformations

There are few population-based prevalence data for cerebellar malformations, due to several
factors. Neuroimaging studies are required for diagnosis, but are variably performed
depending on the clinical circumstances and resources available. When neuroimaging
studies are performed, cerebellar malformations are often under-recognized. Within the few
population-based cohorts, patients diagnosed with cerebellar malformations have the most
severe clinical features [1]. Finally, cerebellar malformations are found in cohorts of
individuals with autism, but rarely listed as a diagnosis. Dandy—Walker malformation
(DWM) is frequently reported as the most prevalent cerebellar malformation, but estimated
prevalences vary considerably among available studies (1/3000 to 1/30,000) [2]. Thus, the
true prevalence for cerebellar malformations collectively, or for specific disorders, is mostly
unknown.

3. Clinical features of cerebellar malformations

The clinical classification of cerebellar disorders provides critical information for accurate
prognostic and recurrence risk counseling. The most useful diagnostic categories also guide
subsequent evaluation and medical management. Furthermore, a clinical diagnosis may
facilitate identification of the underlying genetic cause that can then be used for prenatal
diagnosis and carrier testing. Since clinical and neuroimaging features of specific cerebellar
malformations overlap considerably, correctly classifying the cerebellar malformation in any
particular patient requires a comprehensive approach that integrates pre- and postnatal
medical history, physical examination, neuroimaging, and laboratory testing.
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Prenatal ultrasound and magnetic resonance imaging (MRI) are now widely used to evaluate
the fetal brain, and many cerebellar malformations are recognizable before birth (Fig. 1);
however, the sensitivity and specificity of prenatal neuroimaging is not known. Prenatal
ultrasound can identify cerebellar hypoplasia, abnormal fluid collections in the posterior
fossa, or poor delineation of posterior fossa landmarks. Additional evaluation during
pregnancy can involve fetal MRI, genetic amniocentesis, cell-free fetal DNA testing, and
evaluation for in-utero infection. Despite thorough evaluation during pregnancy, a specific
etiology is often not identified until after birth. For patients who elect to terminate a
pregnancy, fetal autopsy after termination without a prolonged interval before delivery
provides the best diagnostic information and should be offered.

The postnatal clinical presentation of patients with cerebellar malformations is typically
non-specific; features include hypotonia, motor delay, nystagmus, and decreased visual
attention. Severely affected patients can present with apnea, feeding difficulties, aspiration,
spasticity, lack of developmental progress, and seizures. Signs of cranial nerve dysfunction,
including abnormal eye movements, ptosis, facial palsy, hearing impairment, and facial/
corneal anesthesia, may be observed. Ophthalmologic evaluation may reveal chorioretinal
coloboma or retinal dystrophy in patients with Joubert syndrome (JS), various structural eye
abnormalities in patients with cobblestone malformations, or other eye movement
abnormalities. Mildly affected patients may have relatively isolated cranial nerve
dysfunction, as in Duane retraction syndrome and horizontal gaze palsy with progressive
scoliosis. Cognitive impairment is frequent, but not universal, among patients with cerebellar
malformations, and autistic features are also observed. Not surprisingly, cerebellar
malformations are associated with a wide range of neurodevelopmental outcomes.

Recognizing the clinical features associated with cerebellar dysfunction can aid in
identifying patients with cerebellar malformations and trigger the need for neuroimaging;
recognizing the idiosyncratic features associated with specific diagnoses may help to
differentiate specific cerebellar disorders (Tables 1 and 2 and sections below). Extreme
prematurity or intrauterine infection may indicate a non-genetic etiology; however, these are
usually diagnoses of exclusion. Laboratory testing can also differentiate patients. For
example, creatine kinase is elevated in patients with cobblestone malformations, protein
glycosylation profiles are abnormal in congenital disorders of glycosylation (CDGS), and
hyperglycemia with markedly decreased or absent insulin is seen in patients with PTF1A-
related cerebellar and pancreatic agenesis.

4. Specific malformations with known genetic causes

4.1. Predominantly cerebellar malformations

A malformed cerebellum may be abnormally small, dysplastic, or unusually large. The
vermis and both hemispheres may be equally or disproportionately affected. Primary
malformations of the pons, midbrain, and supratentorial structures are also seen in a
substantial subset of patients. The wide range in morphological presentations results from
the diversity of causes, including chromosomal abnormalities, specific genetic syndromes,
and extrinsic factors.
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4.1.1. Dandy—Walker malformation—Dandy-Walker malformation (MIM 220200) is a
heterogeneous disorder defined by a hypoplastic, upwardly rotated vermis, an enlarged
fourth ventricle, and an enlarged posterior fossa with an elevated confluence of sinuses (Fig.
2B). Typically, the cerebellar hemispheres are less affected than the vermis, and the
brainstem is normal to moderately hypoplastic. DWM can occur with additional brain
abnormalities including agenesis of the corpus callosum (ACC) and hydrocephalus, but
more often it occurs as an isolated brain-imaging finding. The clinical features and
developmental outcomes vary widely. Patients may exhibit symptoms ranging from
intellectual disability to autism or they may be completely unaware of any deficits until
diagnosed as adults for unrelated reasons [3]. The recurrence risk in isolated DWM is low at
an estimated 1-5% [4], suggesting de-novo, somatic mosaic, or complex genetic causes.

Few genes have been implicated in rare cases of DWM, including genomic imbalances that
are part of a congenital syndrome and rare single gene disorders [5-8]. FOXCI-related
DWAM is associated with multiple congenital anomalies, especially eye malformations
consistent with Axenfeld—Rieger syndrome [6]. Congenital anomalies associated with
FOXCl1-related DWM in severely affected patients overlap with Ritscher-Schinzel, or 3C
(cranio-cerebello-cardiac) syndrome. Recently, mutations in CCDC22 were found in X-
linked cases of 3C syndrome, suggesting that CCDC22 mutations may be a new cause of
DWM [8]. Though these patients were noted to have DWM, limited neuroimaging data were
reported to substantiate this diagnosis [8]. Z/C1/4-related DWM is also associated with
multiple congenital anomalies, including dysmorphic facial features and abnormal
development of the eyelids. Recently, exome sequencing identified autosomal dominant
mutations in LAMCI1 and N/D1 as the cause of DWM with encephalocele in two families
[7]. Despite these genetic advances, the genetic cause remains unknown in the majority of
DWM patients.

Case reports and small case-series also suggest that extrinsic factors may contribute to
DWM. For example, serial fetal prenatal neuroimaging identified evidence of prenatal
hemorrhage above the cerebellum in a patient postnatally diagnosed with DWM [9]. Two
comprehensive population-based studies suggest that clomiphene citrate exposure and
twinning may be additional non-genetic risk factors for DWM. Additional rigorous studies
are needed to assess prenatal risk factors for DWM.

4.1.2. Cerebellar hypoplasia—Cerebellar hypoplasia (CH) refers to an
underdevelopment of the cerebellum. This category of cerebellar malformation is distinct
from DWM in that it does not involve a concurrent enlargement of the posterior fossa, and
almost all individuals exhibit cognitive and motor impairments. CH is a feature of many
different disorders and it is often a non-specific feature associated with genomic imbalances.
CH is frequently associated with additional brain abnormalities, including lissencephaly,
cortical dysplasia, microcephaly and heterotopia, pointing to specific genetic causes.

The lissencephaly spectrum of brain malformations is caused by defects in either the reelin
pathway or microtubule formation and function. Patients with autosomal recessive mutations
in RELN have pachygyria and an extremely hypoplastic cerebellum with very little foliation
and disproportionate effects on the vermis (Fig. 2C) [10]. Additional clinical features
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include profound developmental disability, microcephaly, sloping forehead, seizures, and
congenital lymphedema. In contrast, patients with autosomal recessive mutations in
VILDLR, areelin receptor, exhibit mild pachygyria and a mildly small cerebellum that
retains some foliation [11]. Reelin is transiently expressed by neurons within superficial
layers in both the cerebral cortex and cerebellum and regulates radial neuronal migration.

Mutations in the alpha- and beta-tubulins are a major cause of brain malformations,
especially lissencephaly, pachygyria, and polymicrogyria, collectively referred to as
tubulinopathies. Mutations in TUBA1A, TUBAS, TUBBZA, TUBBZ2B, TUBB3, TUBB4A,
and 7UBB are associated with a range of clinical features from isolated congenital fibrosis
of the extraocular muscles to severe intellectual disability, quadriplegic cerebral palsy,
seizures, cranial neuropathies and hydrocephalus [12,13]. Neuroimaging features include
cortical dysgenesis (lissencephaly or polymicrogyria), malformation of cranial nerves, and
basal ganglia dysplasia, often with cerebellar and pontine hypoplasia, and defects in the
corpus callosum, anterior commissure and internal capsule (Fig. 2D). Dysmorphic features
are infrequently reported, and, surprisingly, other organ systems are not affected. Most
occurrences are sporadic and due to de-novo mutations, but rare recurrences have been
reported due to germline mosaicism and autosomal recessive inheritance [14].

Additional genes and extrinsic exposures have been associated with CH. Mutations in CHD7
account for the majority of patients with CHARGE syndrome (MIM-214800), characterized
by Coloboma, Heart defects, choanal Atresia, Retardation of growth and development,
Genital and Ear abnormalities [15]. Neuroimaging reveals that more than a third of these
patients have a slightly rotated, mildly to moderately hypoplastic cerebellar vermis, a mildly
enlarged posterior fossa, and abnormal cerebellar hemisphere foliation [16]. CHD7 loss-of-
function disrupts critical gene expression in the isthmus organizer, a transient embryonic
structure that directs early cerebellar development [16]. Mutations in OPHNI are associated
with CH, ventriculomegaly, intellectual disability, seizures and mildly dysmorphic facial
features that are characteristic in males and occasionally in females [17]. Retinoic acid
exposure during early pregnancy has been associated with severe cerebellar vermis
hypoplasia with variable effects on the hemispheres. Additional clinical features include
microtia, micrognathia, cleft palate, conotruncal heart defects, thymic defects, and retinal
abnormalities [18].

4.1.3. Cerebellar hyperplasia—Cerebellar hyperplasia, or macrocerebellum, is a rare
neuroimaging finding that occurs in isolation, or is coincident with a variety of
neurodevelopmental disorders, including genomic imbalances and specific overgrowth
syndromes, including megalencephaly—capillary malformation (MCAP) and
megalencephaly—polydactyly—polymicrogyria—hydrocephalus (MPPH) (reviewed by Poretti
et al. [19]). Recently, significant progress has been made in understanding the
pathophysiology that leads to brain overgrowth in MCAP/MPPH. Clinical features of
MCAP/MPPH include seizures, capillary malformations, macrocephaly, and polydactyly,
and diagnosis is often based on cerebral cortical overgrowth and polymicrogyria [20,21].
Though cerebellar size is normal at birth, patients often develop a macrocerebellum with
normal posterior fossa size. This may progress into cerebellar ectopia/Chiari | malformation,
causing clinically associated symptoms (posterior headache, dysphagia, stridor) and
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hydrocephalus. It is unknown whether the cerebellar overgrowth is a feature of generalized
brain overgrowth, or whether there are distinct mechanisms that specifically influence
cerebellar overgrowth. Most MCAP and MPPH patients have activating de-novo mutations
in PIK3R2and PIK3CA, respectively, that result in increased cell growth [20,21]. Mutations
affecting the PI3BK-AKT-mTOR pathway are found in a variety of cancers, opening the
possibility of using drugs in development for cancer treatment to reduce brain overgrowth
and neurological issues in patients with MCAP/MPPH.

4.1.4. Cerebellar dysplasia—Any part of the cerebellum can be dysplastic, from small
focal regions within one hemisphere to abnormal foliation throughout the cerebellum [22].
Hypoplastic cerebella are frequently also dysmorphic, as observed in tubulinopathies and
cobblestone malformations. Chudley—McCullough syndrome (CMS; MIM 604213) is an
autosomal recessive disorder in which patients have striking disorganization of the inferior
cerebellar hemisphere folia and additional brain abnormalities, including frontal
polymicrogyria with subcortical heterotopia, corpus callosum hypogenesis, and arachnoid
cysts. Clinical presentation includes severe neonatal sensorineural hearing loss and
hydrocephalus that may require shunting in some patients. Surprisingly, these patients
typically are not dysmorphic, lack additional congenital anomalies, and have relatively mild
developmental problems [23]. CMS is caused by biallelic truncating mutations in GPSMZ2
that encodes a GTPase regulator required for correct orientation of stem cell divisions in
multiple tissues [24]. The cerebellar dysplasia present in CMS is likely due to abnormal cell
division, but the precise mechanism remains unknown. Poretti—Boltshauser syndrome (PBS;
MIM 150320) is characterized by cerebellar dysplasia, cysts, and vermis hypoplasia (Fig.
2E) with and without retinal dystrophy and is caused by mutations in LAMAI [25,26]. The
superior cerebellar peduncles are long in some patients, though their appearance differs from
the classic molar-tooth appearance that defines JS. The clinical features of PBS include
motor and speech delay with variable cognitive impact [25,26]. Finally, cerebellar dysplasia
with cysts is a prominent feature in cobblestone malformations and GPR56-related brain
malformations (described below).

4.2. Cerebellar and brainstem malformations

4.2.1. Pontocerebellar hypoplasia—Pontocerebellar hypoplasia (PCH) occurs in
several disorders that are distinguishable by neuroimaging findings and associated clinical
features (Fig. 2F). Historically, PCH has been divided into 10 numbered types. However,
genetic and phenotypic overlap is the rule rather than the exception in PCH, so diagnostic
terms that include the genetic cause and the clinical/neuroimaging features are more
informative, e.g. “ 7SEN54-related PCH.” PCH type 1 (MIM 607596 and 614678),
associated with mutations in EXOSC3[27] and VRKI [28], is characterized by moderate
PCH on neuroimaging in combination with spinal muscular atrophy, resulting in substantial
global weakness and decreased or absent reflexes. PCH types 2 (MIM 277470, 612389, and
612390), 4 (MIM 225753) and 5 (MIM 610204) have more severe hypoplasia and are
caused predominantly by mutations in genes that encode tRNA splicing endonucleases
(7SEN54, TSEN34and TSENZ) [12]. Patients with PCH type 2 represent the less severe
end of the spectrum with early hyperreflexia, developmental delay, and feeding problems,
eventually developing spasticity and involuntary movements in childhood, whereas patients
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with PCH type 4 represent the severe end of the spectrum characterized by polyhydramnios,
severe hyperreflexia, contractures, and early death due to central respiratory failure.
Microcephaly is present at birth in patients with PCH4, whereas microcephaly develops over
time in PCH2. Seizures are frequent in both groups. A typical feature of 7SEA-related PCH
is more severe involvement of the cerebellar hemispheres versus the vermis (Fig. 2D) [29].
PCH type 6 (MIM 611523) is associated with elevated CSF lactate and caused by mutations
in RARS2[30].

PCH types 3 (MIM 608027), 9 (MIM 615809), and 10 (MIM 615803) are distinguishable
from other PCH types because they show evidence of progressive atrophy in addition to the
characteristic neuroimaging features of PCH. PCH type 3 is associated with optic atrophy
and caused by mutations in PCLO, but has only been described in one family [31]. PCH type
9 is characterized by severely delayed psychomotor development, progressive microcephaly,
spasticity and seizures and caused by mutations in AMPD2[32]. PCH type 10 is
characterized by slow, progressive, neurodegenerative features or static encephalopathy by
six months of age and is caused by mutations in CLP1[33,34]. Neuroimaging for these
patients revealed mild atrophy of the cerebellum, pons, and corpus callosum and progressive
microcephaly. Additional clinical features include spasticity, seizures and delayed
myelination with occasional dysmorphic features and axonal sensorimotor neuropathy.

Mutations in BRFI (MIM 616202) were recently identified among patients diagnosed with a
cerebellar—facial-dental syndrome and neuroimaging anomalies that resemble TSEN-related
PCH [35]. Reported neuroimaging findings include a thin corpus callosum, a flat brainstem,
and cerebellar vermis hypoplasia. Clinical features include intellectual disability, short
stature, and prenatal microcephaly. BRF1 is a subunit of the RNA polymerase 11
transcription initiation factor that synthesizes tRNA, providing a molecular link to TSEN-
related PCH.

PCH type 8 (MIM 614961) is characterized by severe PCH with proportionate involvement
of cerebellar vermis and hemispheres and relative preservation of cerebellar folia and caused
by recessive loss-of-function mutations in CHMP1A [36]. Patients have moderate to severe
developmental delay, acquired microcephaly, increased extremity tone and contractures.
CHMP1A appears to facilitate the repression of COKNZA expression by the transcriptional
repressor BMI1, resulting in decreased proliferation and stem cell renewal. PCH type 7
(MIM 614969) is the only PCH type for which the genetic cause is not yet known.

Mutations in CASK on the X chromosome are associated with PCH. CASK loss-of-function
mutations are associated with prenatal or postnatal microcephaly, PCH (Fig. 2H), and severe
intellectual disability in females; a more severe presentation occurs in affected males [37]. In
contrast, hypomorphic or mosaic mutations in CASK cause a milder phenotype associated
with variable intellectual disability with or without nystagmus [38].

Patients with PTF1A-related cerebellar hypoplasia present with neonatal diabetes due to
pancreatic agenesis (Fig. 2G) [39]. Published neuroimaging revealed a severely hypoplastic
pons, and asymmetric to complete absence of the cerebellum [39]. In mice, loss of Pifla
causes cell fate misspecification in the cerebellar ventricular zone, which causes some
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neuroprogenitors to migrate into the brainstem and others to die, resulting in cerebellar
agenesis later in development. Asymmetric or complete cerebellar agenesis (Fig. 21) is also
seen in patients with WNTI-related osteogenesis imperfecta [40]. Among patients with
WNTI mutations and severe intellectual and motor deficits, neuroimaging revealed
prominent brainstem and cerebellar hypoplasia that ranged from mild hypoplasia to
complete cerebellar agenesis, often with left-right asymmetry. This striking asymmetry is
most often reported as an isolated anomaly, presumably due to prenatal hemorrhage within
the posterior fossa or as part of PHACE syndrome (see below).

Pons and cerebellar hypoplasia with progressive volume loss is characteristic of CDGS
(MIM 212065, Fig. 2J). Patients present with hypotonia and developmental delay, but can
also display a striking variety of other features including abnormal fat distribution,
coagulopathy, retinal degeneration, peripheral neuropathy, stroke-like episodes, and seizures.
The range of developmental outcomes is broad. CDG Typela is autosomal recessive, is
caused by biallelic mutations in PMM_Z, and is required for N-glycosylation of proteins [41].
The identity and role of N-glycosylated proteins during hindbrain development remain under
investigation.

Many causes of PCH remain undefined, although atypical presentations of disorders such as
VLDL R-related disequilibrium syndrome or pre- and postnatal insults — often due to
complications of extreme prematurity — may explain additional subsets of patients [42].

4.2.2. Joubert syndrome/molar tooth malformation—Joubert syndrome is defined
by a characteristic brain malformation including: cerebellar vermis hypoplasia or dysplasia;
long, thick, elevated superior cerebellar peduncles; a thin midbrain-hindbrain junction; and a
deep interpeduncular fossa producing the “molar tooth sign” on axial MRI (Fig. 2K).
Patients present with neonatal hypotonia, abnormal eye movements, and alternating apnea
and tachypnea. Polydactyly is present in a few patients, and subsets of patients develop
retinal dystrophy, nephronophthisis, and liver fibrosis. Additional brain malformations may
be present, including polymicrogyria, brainstem and cortical heterotopia, agenesis of the
corpus callosum, and/or cephalocele [43]. Diffusion tensor imaging can further show
laterally displaced and dysmorphic deep cerebellar nuclei, hypoplastic medial lemnisci, and
absent transverse fibers in the central vermis and deficient superior cerebellar peduncle
decussation. JS is thought to be a frrequent cause of congenital ataxia, with a prevalence of
~1/80,000 in Northern Europeans [44]. The >30 genes implicated in JS encode proteins that
function in and around the primary cilium, the cellular antenna that mediates a variety of
signaling processes. JS is one of a new class of disorders called ciliopathies, named for their
overlapping clinical features and shared pathophysiology involving cilium dysfunction
[45,46]. Brain malformations seen in JS may result from defects in midline fusion of the
developing vermis [47], defects in sonic hedgehog-mediated neural tube patterning and
cerebellar granule cell proliferation, and abnormal cilium-dependent neuronal migration and
axon guidance. Diagnosing JS is important because it is recessive and carries a 25%
recurrence risk. Additionally, patients are at risk for progressive retinal, kidney and liver
disease, which requires surveillance and treatment to prevent additional complications.
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4.2.3. Cobblestone malformations—Cobblestone malformations comprise a broad
spectrum of clinically and genetically overlapping disorders resulting from defects in the
pial limiting membrane and the attachment of radial glial fibers thereto [48]. The Walker—
Warburg phenotype represents the severe end of the spectrum with profoundly small and
dysmorphic cerebellar hemispheres, often with cysts, absent vermis and very small
brainstem, and other major brain malformations: cobblestone cerebral cortex, abnormal
white matter, anomalous corpus callosum, enlarged dysplastic tectum, and hypoplastic/
dysplastic brainstem (Fig. 21). The cerebellar cortical and subcortical cysts represent small
areas of pia/subarachnoid space herniating inward through gaps in the pial limiting
membrane. Patients frequently have hydrocephalus, various eye abnormalities, seizures,
hypotonia, and/or muscular dystrophy (creatine kinase levels 2-fold to 15-fold normal). The
muscle—eye—brain phenotype represents more moderately affected patients with milder
cerebellar and brainstem hypoplasia (Fig. 2L), and Fukuyama muscular dystrophy represents
the mild end of the spectrum that still includes brain malformation. Recessive mutations in
multiple genes (POMT1 MIM 607423, POMTZ2 MIM 607439, POMGNTI MIM 606822,
FKTN MIM 607440, FKRPMIM 606596, LARGE MIM 603590, /SPD MIM 614631, and
GTDC2MIM 614830) may cause overlapping phenotypes across the entire spectrum of
disease. Autosomal recessive mutations in GPR56 (MIM 606854) are distinguishable from
other cobblestone malformations due to the presence of bilateral frontoparietal
polymicrogyria [49]. A substantial proportion of patients with cobblestone malformations
remains unexplained.

5. Specific malformations with unknown genetic cause

5.1. Rhombencephalosynapsis

Rhombencephalosynapsis (RES) is a unique cerebellar malformation in which the vermis is
deficient or absent and the hemispheres are fused across the midline (Fig. 3A,B). A range of
severity is observed, from a small cerebellum with absent vermis and fused deep cerebellar
nuclei, to milder forms with partially deficient vermis and cerebellar ectopia (inferior and
superior) due to disproportionate size between cerebellum and posterior fossa. RES is often
associated with aqueductal stenosis, midline fusion of the colliculi, absent septum
pellucidum, and dysplastic corpus callosum. The severity of RES detected on neuroimaging
correlates with clinical and developmental outcome [50].

Patients with RES often display a characteristic figure-of-eight headshaking behavior,
hyperkinesis, and impulsivity. Three recognizable categories have been proposed: (i)
Gbémez-Lbpez—Hernandez syndrome (MIM 601853) combining RES with scalp alopecia
and trigeminal anesthesia; (ii) RES plus features of VACTERL association (Vertebral
defects, Anal atresia, Cardiac defects, Tracheo-Esophageal fistula, Renal defects and Limb
defects); and (iii) RES with atypical holoprosencephaly, most severely affecting the occipital
lobes [50]. Patients have motor delays and a broad range of cognitive function, from
profound developmental disability to normal intelligence. Although presumed to be genetic,
only one possible recurrence has been reported. Without genetic causes and no animal
models to recapitulate RES, the underlying mechanism remains unknown.
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5.2. Pontine tegmental cap dysplasia

Pontine tegmental cap dysplasia (PTCD) (MIM 614688) is characterized by cerebellar
hypoplasia and absence of the ventral pontine prominence, with a dorsal pons ectopic “cap”
of transverse axon pathways (Fig. 3C). Additional neuroimaging findings include
hypoplastic or absent inferior cerebellar peduncles, and hypoplastic middle cerebellar
peduncles. Patients display multiple cranial nerve deficits including hearing loss, trigeminal
anesthesia, facial paralysis, and swallow dysfunction [51]. Some patients also have
congenital heart, kidney, vertebral and rib defects. Severely affected patients have a more
“beak-like” prominence on the dorsal pons, sometimes with a kinked brainstem. Some
patients die early in life, presumably due to apnea, respiratory insufficiency, or aspiration.
Neurodevelopmental outcome does not overlap with the typical population, but some
patients are ambulatory and can communicate with words, signs, and keyboarding. PTCD is
presumed to be genetic. However, no recurrences or genetic causes have been identified.

5.3. PHACE syndrome

PHACE syndrome (Posterior fossa malformations, Hemangioma, Arterial anomalies,
Cardiac defects and Eye anomalies) (MIM 606519) is a widespread vascular neurocutaneous
disorder. Abnormalities involving many organ systems require multi-disciplinary
management. Typically, patients present in the neonatal period with an increasingly apparent
segmental head and/or neck hemangioma, and specific criteria have been developed to
establish the diagnosis [52]. Neuroimaging has revealed a range of brain malformations in
patients with PHACE syndrome, most frequently, unilateral cerebellar hypoplasia (Fig. 3D)
on the side of the hemangioma. Other neuroimaging abnormalities include DWM and
cerebellar dysplasia [52]. Management includes imaging of the cerebral vasculature to
determine the risk for stroke, and propranolol may be used to treat the hemangiomas.
PHACE appears to be associated with increased risk of abnormal neurodevelopmental
outcome, particularly when neuroimaging abnormalities are present, though limited outcome
data have been reported [53]. Nonetheless, many patients do not have severe developmental
problems. No familial recurrences of PHACE syndrome have been reported, suggesting de-
novo, somatic mosaic, or complex genetic causes.

5.4. Oculocerebrocutaneous syndrome

Oculocerebrocutaneous syndrome (OCCS) (MIM 164180), or Dellman syndrome, is a rare
multiple congenital malformation syndrome characterized by eye, brain, and skin anomalies.
Clinical features include orbital cysts and anophthalmia or microphthalmia, focal aplastic or
hypolpastic skin defects, skin appendages, and brain malformations. Neuroimaging findings
include frontal predominant polymicrogyria and periventricular nodular heterotopia,
enlarged lateral ventricles or hydrocephalus, agenesis of the corpus callosum, and a
characteristic mid-hindbrain malformation [54]. The mid-hindbrain malformation includes
an enlarged and dysplastic tectum, cerebellar vermis agenesis, small cerebellar hemispheres,
and a large posterior fossa cyst (Fig. 3E). Whereas the eye and skin findings overlap with
several other cutaneous syndromes, the pattern of brain malformations is unique. Similar to
the other sporadic disorders in this section, OCCS is presumed to be due to de-novo, somatic
mosaic, or complex genetic causes.
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6. Approach to genetic diagnosis

Accurate diagnosis of patients with cerebellar malformations requires a holistic, team
approach. As with all patient evaluations, careful review of history and physical
examinations are the first step to generate a differential diagnosis. A high quality brain MRI
is essential for diagnosis, which can often be accomplished without sedation in neonates. For
straightforward findings, local review of the neuroimaging may be sufficient; however,
review by experts is often revealing for difficult-to-diagnose patients. Based on thorough
review of the history, examination and neuroimaging by the primary medical team and
subspecialist consultants, additional laboratory, genetic and ancillary testing may be
indicated to support or exclude specific diagnoses, and to evaluate for associated
complications. A detailed review of medical literature, online resources such as
GeneReviews, OMIM, and proprietary databases may be helpful.

7. Conclusions

Modern genetic and genomic techniques have revolutionized the diagnosis of cerebellar
malformation disorders. Previously, few specific causes were known and genetic testing was
not highly informative. Now, the genetic cause can be identified in many patients with
distinct cerebellar malformations. Powerful techniques can detect a broad spectrum of
variants, from single nucleotide changes to large genomic imbalances. We are now
transitioning from targeted single-gene or panel testing to sequencing the majority of coding
DNA (the exome) or even the whole genome. Whole genome sequencing can potentially
detect most single nucleotide changes and genomic imbalances, resulting in a high yield
using a single test. To maximize the utility of this type of testing, progress must be made in
our understanding of normal human genetic variation and in our ability to identify DNA
variants associated with disease. Extensive functional analysis of sequence changes is
further required to understand their biological impact, as well as empiric phenotyping work
to correlate genetic variation with clinical features.

Specific genetic diagnosis in a fetus or neonate with a cerebellar malformation is improving
care for patients and their families, by providing: (i) diagnostic, carrier and prenatal testing;
(i) more accurate prognostic and recurrence risk information; (iii) avoidance of additional,
unnecessary diagnostic testing; (iv) early diagnosis of associated complications through
medical monitoring; (v) reduction in stress caused by diagnostic uncertainty; and (vi) relief
of parental guilt and anxiety for causing their child’s disability. Defining molecular
pathways underlying normal and abnormal human cerebellar development is critical toward
developing specific therapies. It is uncertain whether early developmental brain anomalies
can be corrected, but many gene products required for brain development are later required
for continuing brain function, so interventions targeting the affected pathways may be
possible. For example, loss-of-function JS genes disrupt protein localization to the primary
cilium where several neurotransmitter receptors are normally present, likely contributing to
the intellectual disability, behavior problems, and mental health issues experienced by these
patients. In the future, pharmacological treatments may be able to address ongoing brain
dysfunction caused by ciliary receptor mislocalization.
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Beyond direct benefits to patients with cerebellar malformations, understanding these
disorders may inform other areas of human health and disease. Developing treatments for
neurological dysfunction caused by trauma, infection, and neurodegenerative conditions
depends on a solid understanding of human cerebellar development and function. Similarly,
successful treatment of oculomotor, vestibular, and respiratory control dysfunction will
benefit from basic knowledge about how these neurological systems develop in humans. In
addition to functions typically assigned to the cerebellum, mounting evidence indicates that
the cerebellum plays a role in autism, mental health, and cognitive disorders. Though recent
progress in understanding normal and abnormal human cerebellar development has been
remarkable, further advances in neuroimaging, genetics, and animal modeling foretell
continued progress in the future.
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Practice points

. Distinguishing different cerebellar malformation conditions is
important for prognostic and recurrence risk counseling, medical
monitoring for complications, and treatment decisions.

. Diagnosis requires a multidisciplinary team approach including
perinatologists, neonatologists, neurologists, and geneticists.

. Cerebellar malformations are often caused by de-novo dominant

. Cerebellar malformation conditions have overlapping neurocimaging
and clinical phenotypes.

mutations as well as autosomal recessive and X-linked mechanisms.
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Research directions
Bench research:
- identify the genetic causes of “unsolved” disorders;

- dissect underlying mechanisms of genetic and non-
genetic malformations;

- develop mechanism-specific treatments.
Clinical research:
- identify environmental causes of “unsolved” disorders;

- delineate the phenotypic spectrum (i.e. natural history)
associated with specific genetic causes;

- test gene-specific treatments of the future.
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Fig. 1.
Fetal neuroimaging of cerebellar malformations. (A, B) Axial and sagittal views of a 22-

week gestation fetus with confirmed VLDLR-related cerebellar hypoplasia. Note that
cerebellar hypoplasia more severely affects the vermis; there are no primary fissure and
other vermis landmarks on the sagittal view. (C, D) Axial and sagittal views of a 25-week
gestation fetus with 7SEN54-related pontocerebellarhyplasia. Note marked hypoplasia of
the vermis, hemispheres and pons. (E, F) Axial and sagittal views of a 20-week gestation
fetus with Joubert syndrome. Note the more severely affected vermis with dysplastic
brainstem. (G-I) Axial and sagittal views of a 20-week gestation fetus with POMGNT I-
related muscle—-eye—brain disease demonstrating cerebellar hypoplasia of vermis and
hemispheres, “kinked brainstem” and severe, asymmetric lateral ventriculomegaly. (J-L)
Axial and sagittal views of a 20-week gestation fetus with rhombencephalosynapsis
demonstrating small cerebellum without an obvious vermis and severe ventriculomegaly
with partially absent septum (diagnosis was confirmed by autopsy).
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Fig. 2.
Sagittal views of cerebellar malformations with known genetic causes. (A) Unaffected

individual for comparison. (B) Dandy—Walker malformation (unknown cause) with
hypoplastic, rotated vermis and marked enlargement of 4th ventricle and posterior fossa. (C)
Cerebellar hypoplasia in a patient with biallelic FELN mutations, demonstrating hypoplastic
brainstem and characteristic absent folia of the vermis; note the normal tectum. (D)
Tubulinopathy (7UBA1A mutation) with brainstem hypoplasia, vermis hypoplasia,
lissencephaly and microcephaly; note the large, dysplastic tectum. (E) Mild cerebellar
vermis hypoplasia, abnormal 4th ventricle shape, and small cysts (arrows) in a patient with
biallelic LAMAI mutations. (F) Pontocerebellarhyplasia (PCH) (homozygous 7SEN54
mutation) with hypoplastic brainstem and vermis (which is less affected than hemispheres);
note the normal tectum. (G) PCH in a patient with congenital diabetes; note the extremely
small vermis and flat pons with preserved tectum. (H) CASK-related PCH; note that the
pons is not severely affected in this patient. (I) Cerebellar agenesis, with severe pontine and
midbrain hypoplasia in a severely affected patient with biallelic WATI mutations. (J)
Congenital disorder of glycosylation Type 1a due to biallelic PMMZ2 mutations. (K) 7TCTNZ-
related Joubert syndrome with vermis hypoplasia (obscured by hemispheres in this image),
horizontal superior cerebellar peduncles, large dysplastic tectum and heterotopia at the
dorsal cervicomedullary junction (arrowhead). (L) Muscle—eye—brain disease due to
POMGNTI mutations; note the markedly hypoplastic and dysplastic brainstem, cerebellar
cysts, abnormal tectum, and hydrocephalus. Adapted with permission from Doherty et al.
[12], except for panel (I) which is from Aldinger et al. [40].
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Fig. 3.

Cgrebellar malformations without known genetic causes. (A, B) Axial and sagittal views of
rhombencephalosynapsis with absent vermis, fusion of the hemispheres, and lack of vermis
morphology on sagittal view. (C) Sagittal view of pontine tegmental cap dysplasia with
dorsal “cap”, absence of the ventral pons and mild vermis hypoplasia. (D) Coronal view of
unilateral cerebellar hypoplasia in PHACE syndrome (Posterior fossa malformations,
Hemangioma, Arterial anomalies, Cardiac defects and Eye anomalies). (E) Sagittal view of
massively enlarged tectum and vermis hypoplasia with preserved pons in
oculocerebrocutaneous syndrome. (B, C) Adapted with permission from Doherty et al. [12].
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