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ABSTRACT

BACKGROUND AND PURPOSE: Coloboma of the eye, Heart defects, Atresia of the choanae, Retardation of growth and/or devel-
opment, Genital and/or urinary abnormalities, and Ear abnormalities and deafness (CHARGE) syndrome is a multisystem develop-
mental disorder associated with a number of well-described clinical and imaging findings, including cerebellar hypoplasia. We
observed cerebellar heterotopias on MR imaging in 2 patients with CHARGE, confirmed by postmortem examination. We sought to
determine the prevalence and define the characteristics of similar findings on MR imaging for a cohort of patients with CHARGE
syndrome.

MATERIALS AND METHODS: We performed a retrospective, observational, cross-sectional study to assess the prevalence and char-
acteristic features of cerebellar heterotopias in 35 patients with CHARGE syndrome with available brain MR imaging studies, as well
as to evaluate additional features of cerebellar dysgenesis.

RESULTS: Cerebellar heterotopias were identified in 27/35 (77%) patients with CHARGE, characteristic in both location and appear-
ance. Additional features of cerebellar dysgenesis were present in 31/34 evaluable patients (91%), including inferior vermian hypopla-
sia (90%), anteromedial rotation of the inferior tonsils (90%), and disorganized foliation of the cerebellar hemispheres (74%) or
superior vermis (16%).

CONCLUSIONS: Patients with CHARGE syndrome have a high prevalence of characteristic cerebellar heterotopias and disorganized
foliation and abnormal cerebellar morphology, thereby expanding the phenotype of cerebellar dysgenesis in this syndrome.

ABBREVIATION: CHARGE = Coloboma of the eye, Heart defects, Atresia of the choanae, Retardation of growth and/or development, Genital and/or uri-

nary abnormalities, and Ear abnormalities and deafness

C oloboma of the eye, Heart defects, Atresia of the choanae,
Retardation of growth and/or development, Genital and/or
urinary abnormalities, and Ear abnormalities and deafness
(CHARGE) syndrome (Online Mendelian Inheritance in Man,
214800) is a multisystem developmental disorder most com-
monly caused by heterozygous pathogenic variants in the chro-
modomain helicase DNA binding protein 7 (CHD7) gene
encoding chromodomain helicase DNA-binding protein 7.'
Cardinal features include colobomata, congenital heart disease,
choanal atresia, growth retardation and developmental delay,
genitourinary abnormalities, and characteristic ear anomalies or
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sensorineural hearing loss. Diagnostic criteria as initially pro-
posed by Blake et al* and modified by Amiel et al’ and Verloes*
include the combination of major and minor criteria based on
both clinical and radiologic analyses (Table).

More recently, several additional radiologic features charac-
teristic of CHARGE syndrome have been reported that may serve
to improve the performance of future iterations of diagnostic cri-
teria. Among these, posterior fossa anomalies, including cerebel-
lar hypoplasia®® and skull base malformations,”'* have recently
been reported, highlighting increasing recognition of CNS mani-
festations of the disease.

We noted unusual paired foci of signal abnormality on MR
imaging in the cerebellar hemispheres of children with CHARGE
syndrome, corresponding to neuronal heterotopias on histopa-
thologic analysis in 2 patients who underwent postmortem exam-
ination. Imaging-apparent cerebellar heterotopias have not been
previously reported in CHARGE syndrome. We subsequently
performed a retrospective investigation of the prevalence of cere-
bellar heterotopias on MR imaging in a larger cohort of children
with clinically and/or genetically confirmed CHARGE syndrome.
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Diagnostic criteria for CHARGE syndrome

Diagnostic Characteristics

Manifestations

Major criteria
Ocular coloboma
Choanal atresia or stenosis
Cranial nerve dysfunction or anomaly

Coloboma of the iris, retina, choroid, disc; microphthalmos
Unilateral or bilateral, bony or membranous, atresia or stenosis
I, Hyposmia or anosmia

VII, Facial palsy (unilateral or bilateral)
VIIl, Hypoplasia of auditory nerve
IX/X, Swallowing problems with aspiration

CHARGE syndrome ear

Outer ear: short, wide ear with little or no lobe, “snipped off” helix, prominent antihelix

that is often discontinuous with tragus, triangular concha, decreased cartilage; often pro-
truding and usually asymmetric

Middle ear: ossicular malformations

Cochlea: incomplete partition

Vestibular apparatus: absent or hypoplastic semicircular canals

Minor criteria
Genital hypoplasia

Males: micropenis, cryptorchidism

Females: hypoplastic labia

Developmental delay
Cardiovascular malformation
anomalies
Growth deficiency
Orofacial cleft
Tracheoesophageal fistula
Distinctive facial features
midface

Delayed milestones, hypotonia
Conotruncal defects (eg, tetralogy of Fallot), atrioventricular canal defects, aortic arch

Short stature, usually postnatal with or without growth hormone deficiency

Cleft lip and/or palate

Tracheoesophageal defects of all types

Square face with broad prominent forehead, prominent nasal bridge and columella, flat

We further sought to correlate the presence of heterotopias with
other findings of cerebellar dysgenesis.

MATERIALS AND METHODS

The study was performed with approval from Seattle Children’s
Hospital’s institutional review board. From an institutional data
base of 43 patients with a clinical and/or genetic diagnosis of
CHARGE syndrome, we identified 35 patients 0-18 years of age
who had at least 1 brain MR imaging available for analysis.
Details regarding the clinical and/or genetic basis for diagnosis
were extracted from the medical record by chart review (On-line
Table). Clinical diagnoses were subcategorized as “definite
CHARGE syndrome” or “probable/possible CHARGE syn-
drome” as outlined by Lalani et al.'?

Using a diagnostic PACS viewer, 2 board-certified pediatric
neuroradiologists, with 8 (J.N.W.) and 7 (E.P.) years’ experience,
independently reviewed the MR imaging studies and resolved
discrepancies by consensus. All available anatomic sequences
were evaluated for cerebellar white matter heterotopias, with
reviewers noting the presence, location, bilaterality, and signal
characteristics. We further evaluated this cohort for additional
signs of cerebellar dysgenesis. Based on a prior report of cerebel-
lar abnormalities™® and an initial preliminary review of our
patient cohort, specific features chosen for analysis included infe-
rior vermian hypoplasia, abnormal rotation of the inferior cere-
bellar hemispheres, and disorganized cerebellar foliation.

We correlated the presence of cerebellar heterotopias as well
as presence of any features of cerebellar dysgenesis with both a
definite-versus-probable/possible clinical diagnosis and a clinical-
versus-genetic diagnosis of CHARGE syndrome using the Fisher
exact test. We correlated the presence or absence of the heteroto-
pias with patient age, magnetic field strength, section thickness,

and examination quality using the Fisher exact test for categoric
variables and point-biserial correlation for continuous variables.

RESULTS

The cohort of 35 patients with an available MR imaging for anal-
ysis included 24 patients with definite CHARGE syndrome, 10
patients with probable/possible CHARGE syndrome, and 1
patient with a negative clinical assessment for CHARGE syn-
drome but a known pathogenic CHD? variant (the patient died at
8 months of age, limiting the sensitivity of the clinical criteria for
diagnosis). Twenty-two patients underwent genetic analysis for
CHD? variants. Of these, 17 had known or predicted pathogenic
variants, 4 were negative for them (2 were definite and 2 were
probable/possible CHARGE syndrome based on clinical criteria),
and 1 returned a variant of unknown significance (clinically cate-
gorized as probable/possible CHARGE syndrome). Among the
CHDY? gene variations, 4 were stop-gain mutations; 3, frameshift;
3, canonical splice-site; 2, interstitial deletions; 2, missense (1
known pathogenic and 1 of unknown significance); and 3 were
reported pathogenic in the medical records without specific
genetic results available for review.

We identified cerebellar white matter heterotopias in 27/35
(77%) patients with CHARGE, with histopathologic correlation
in 2 patients on postmortem examination. Histologic analysis in
both cases demonstrated neuronal heterotopias, corresponding
on gross pathologic sections to the foci of abnormality on MR
imaging (Fig 1). The cell rests comprised loose clusters of mor-
phologically normal granular cell neurons admixed with large
Purkinje cells in a background of mixed glial cells (Fig 2).

The heterotopias were relatively stereotyped in their MR
imaging appearance and location, occurring symmetrically in the
immediate subcortical white matter of the bilateral inferior
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cerebellar hemispheres, distinct from the inferior dentate nuclei
(Fig 3). They typically comprised a single ellipsoid cellular con-
glomeration per hemisphere, though occasionally =2 clustered
heterotopias were noted on a given side (Fig 4B, -D). Signal in-
tensity was similar or identical to that of adjacent gray matter
structures, standing out as hyperintense on T1 and hypoin-
tense on T2 relative to surrounding unmyelinated white mat-
ter, and hypointense on T1 and hyperintense on T2 relative to
myelinated white matter (Fig 4). Heterotopias were isointense
to the cortex on diffusion-weighted imaging when visible,
though conspicuity was limited due to low spatial resolution
and axial imaging plane.

Additional findings of cerebellar dysgenesis were identified in
a total of 31/34 (91%) patients in our series, with 28/31 (90%)
demonstrating multiple features. One patient who was status post
medulloblastoma resection was excluded from analysis for fea-
tures of dysgenesis. Among patients with dysgenesis, the most
common findings were abnormal anteromedial rotation of the
cerebellar tonsils (28/31, 90%), frequently but not invariably asso-
ciated with inferior vermian hypoplasia (28/31, 90%) (Figs 5 and

6). Fewer patients demonstrated disorganized foliation of the cer-
ebellar hemispheres (23/31, 74%) or superior vermis (5/31, 16%)
(Fig 7). A single patient (1/35, 3%) had a Chiari I malformation.
Most (25/26, 96%) patients with identifiable heterotopias had =1
additional finding of cerebellar dysgenesis.

FIG 1. Radiologic-pathologic correlation in patient 7. Cropped coronal T2-weighted MR image
of the right cerebellar hemisphere (A) obtained at 5days of age shows the subcortical hetero-
topia (black arrow). Corresponding gross pathologic specimen (B) demonstrates the lesion as a
white nodule (black arrow). Whole-mount hematoxylin-eosin—stained microscopic pathologic
specimen (C) demonstrates the corresponding neuronal heterotopia (black arrow) (original mag-

nification x1).

The presence of heterotopias did not correlate with definite-
versus-probable/possible clinical categorization (19/24 [79%] vs
6/10 [60%]; P=.40), or clinical-versus-genetic diagnosis (11/17
[65%] vs 15/18 [83%]; P=.80) of CHARGE syndrome. The pres-
ence of cerebellar dysgenesis correlated with definite-versus-
probable/possible clinical categorization (23/23 [100%] vs 7/10
[70%]; P=.02), but the correlation did not hold after correction
for multiple comparisons. There was no correlation between cer-
ebellar dysgenesis and a clinical-versus-genetic diagnosis (15/17
[88%] vs 16/17 [94%]; P=1.00) of CHARGE syndrome. Neither
the presence of heterotopias nor the presence of cerebellar dysgen-
esis was more generally correlated with MR imaging field strength
(P =.62 for heterotopias, P=1.00 for dysgenesis), MR imaging sec-
tion thickness (r = —0.29/P=.11 for heterotopias; r = —0.34/
P=.06 for dysgenesis), or age at the time of MR imaging (r =
—0.02/P =920 for heterotopias; r = 0.06/P =75 for dysgenesis).

DISCUSSION

Microscopic cerebellar heterotopias are relatively common in
children on histologic evaluation and are well-described in the
pathology literature. Rorke et al'* described 4 histologic subtypes
of microscopic heterotopias identified in the cerebella of infants,
most (147/200, 74%) of which were found in children without
associated somatic or neural malformations. The only reported
consistent syndromic association was with Trisomy 13.

Legendre et al" reported on the neu-
ropathology of 40 aborted fetuses with
an antenatal diagnosis of CHARGE
syndrome and found “massive Purkinje
cell heterotopias” in a minority (8/40,
20%). Lin et al'® also reported a patient
with CHARGE syndrome who had a
“neuronal heterotopia” on pathologic
examination. Neither publication pro-
vided specific histopathologic details.
Identification of macroscopic cerebel-
lar heterotopias on routine clinical
MR imaging has only rarely been
reported'’™" and never previously in
CHARGE syndrome, to our knowledge.

Histologic analysis in 2 of our
patients who underwent postmortem

FIG 2. Photomicrographs demonstrate the histopathology of the heterotopia in patient 7. A, A cluster of disorganized neurons (black arrows)
is juxtaposed to an adjacent normal-layered foliar cortex (bracketed by black arrowheads) (hematoxylin-eosin stain, original magnification x4).
B, Heterotopia comprises a dominant population of morphologically normal granular cell neurons in a background of mixed glial cells (hematox-
ylin-eosin stain, original magnification x20). C, Purkinje cells (darkly staining cells) are scattered within the granular cell neurons as well as within
the adjacent cortex (HuC stain, original magnification x4). D, Nerve fibers (darkly staining material) surround and traverse the cluster of hetero-
topic neurons (calretinin stain, original magnification x4).
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examination confirmed the presence of large neuronal heteroto-
pias, corresponding to the foci of abnormality on MR imaging.
The cell rests comprised loose, disorganized clusters of morpho-
logically normal granular cell neurons admixed with normal
Purkinje cells in a background of mixed glial cells and neuronal
processes. Histologically, these cell rests correspond to the “heter-
otaxia” subtype described by Rorke et al'* according to the earlier
classification of Brun.”’

This study demonstrates that macroscopic cerebellar heter-
otopias are a frequent neuroimaging finding in CHARGE syn-
drome, present in at least 77% of patients in our series. They
were most commonly and easily identified on the T2 sequence
in the coronal plane, less commonly on the coronal T1 sequen-
ces. Of the 9 patients in whom the finding was not identified,
substantial motion artifacts were present on one of the scans, 3
others lacked any sequences obtained in the coronal plane, and
severe cerebellar architectural distortion related to Chiari I
malformation was present on an additional scan, suggesting
that the prevalence of 77% may be an underestimation.
Indeed, one of the patients characterized on initial review as
being negative for heterotopias with a motion-degraded exam-
ination had a subsequent follow-up examination that well-

demonstrated bilateral heterotopias.

FIG 3. Coronal (A) and axial (B) T2-weighted images from patient 7
demonstrate bilateral cerebellar heterotopias (white arrows, A and B)
with characteristic ellipsoid morphology and subcortical location in
the bilateral inferior cerebellar hemispheres.

These cerebellar heterotopias are stereotyped in their MR
imaging appearance and location. As expected, signal intensity
relative to surrounding white matter evolved with progressive
cerebellar myelination. Furthermore, they were consistently
noted symmetrically within the immediate subcortical white mat-
ter of the bilateral inferior cerebellar hemispheres. Thus, they
may prove useful as one of the more objective imaging findings
of cerebellar dysgenesis in CHARGE syndrome.

Identification of these heterotopias was not associated with
age at scanning, magnet strength, or scan parameters. These find-
ings suggest that lack of awareness of this easily overlooked imag-
ing finding is the primary driver behind lack of identification. In
1 case, however, heterotopias that were clearly identifiable on an
MR imaging obtained at 3days of age were substantially
decreased in conspicuity on repeat imaging at 3 months of age,
suggesting that transitional myelination in the deep cerebellar
white matter that peaks at 3-4 postnatal months may limit detec-
tion in some cases.

Cerebellar heterotopias in our series largely occurred in the
context of more widespread findings of cerebellar dysgenesis.
Recent reports have described inferior vermian hypoplasia and
generally disordered foliation in patients with CHARGE syn-
drome.>® Our study both reinforces and expands this assertion.
A greater proportion of patients in our series had cerebellar
abnormalities than previously reported by Yu et al® al or Sohn et
al® (91% vs 55% vs 29%, respectively). Furthermore, we report a
wider diversity of imaging findings of cerebellar maldevelopment.
Although vermian hypoplasia was a common finding, we also
noted relatively characteristic abnormalities in cerebellar fissura-
tion and foliation, most notable in the inferior cerebellar hemi-
spheres. These included anteromedial rotation of the inferior
cerebellar tonsils, which was commonly but not invariably found
in association with inferior vermian hypoplasia and therefore
treated as a primary morphologic abnormality, as well as a dif-
fusely disorganized foliar pattern. These findings extend and
refine the phenotype of cerebellar dysgenesis seen in patients
with CHARGE syndrome.

On the basis of mouse models, Yu et al® suggested that
homeotic transformation of the dorsal first rhombomere
related to altered Fgf8 gene expression might be responsible
for the cerebellar findings of CHARGE syndrome. The high

FIG 4. Coronal T2-weighted images from patient 15 at 3 days (A) and again at 3 years (B) of age demonstrate the expected evolution of the signal
intensity of the heterotopias—hypointense relative to surrounding unmyelinated white matter (white arrows, A), becoming hyperintense rela-
tive to surrounding myelinated white matter (white arrows, B). Coronal Tl-weighted images from patient 7 at 3 days of age (C) and patient 17 at
13 months of age (D) demonstrate similar isointensity of the heterotopias (white arrows, C and D) to gray matter.
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FIG 5. Axial T2-weighted images from patient 22 (A), patient 33 (B), patient 13 (C), and patient T (D) demonstrate anteromedial rotation of the in-
ferior cerebellar tonsils. Axial T2-weighted image from a 10-month-old control patient is included for comparison (E).

FIG 6. Sagittal Tl-weighted images in patient 25 (A), patient 19 (B), patient 16 (C), and patient 12 (D) demonstrate a spectrum of inferior vermian
hypoplasia. Axial T2-weighted image from a 10-month-old control patient is included for comparison (E).

prevalence of heterotopias in patients with CHARGE syn-
drome suggests that secondary or unrelated derangements in
gene products related to cerebellar cellular migration may
also be relevant. The foliation abnormalities we report are
consistent with type 2 abnormalities in the classification of
cerebellar malformations by Demaerel,”’ which he suggested
implicated a broader defect in cellular migration and
organization.

2158 Wright Dec 2019 www.ajnr.org

The close association of cerebellar heterotopias and aberrant
foliation is predicted by the classification system of cerebellar
malformations proposed by Barkovich et al.'® It is known that
cerebellar neuronal migration and proliferation act as a trigger

for normal foliation and fissuration.?>**

Mice with pathogenic
mutations in genes encoding cellular guidance proteins may
demonstrate a phenotype that includes a deficient vermis, cere-

bellar heterotopias, and dysplastic foliation.**** It is likely that



FIG 7. Coronal and axial T2-weighted images from patient 11 (A and B), patient 30 (C and D), and patient 22 (E and F) demonstrate a diffusely dis-
organized pattern of cerebellar foliation of the bilateral cerebellar hemispheres. Coronal (G) and axial (H) T2-weighted images from a 10-month-
old control patient are included for comparison.

varied patterns of expression in multiple genes secondary to the
underlying CHD7 mutation, including those contributory to cer-
ebellar cellular migration, are responsible for the cerebellar dys-
genesis in CHARGE syndrome.

CONCLUSIONS

We present the novel imaging finding of characteristic cerebel-
lar neuronal heterotopias in patients with CHARGE syn-
drome, commonly associated with disordered foliation and
abnormal inferior cerebellar morphology, thereby expanding
the phenotype of cerebellar dysgenesis in this syndrome. The
heterotopias are symmetrically located in the subcortical white
matter of the bilateral inferior cerebellar hemispheres and
were common in our cohort. Recognition of these findings
should prompt consideration of CHARGE syndrome in the
undiagnosed patient, and they can serve as supportive neuroi-
maging markers for the condition in patients for whom the di-
agnosis is being considered.
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