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Abstract

Malformations of cortical development (MCDs) represent a heterogeneous spectrum
of disorders characterized by atypical development of the cerebral cortex. MCDs are
most often diagnosed on the basis of imaging, although subtle lesions, such as focal
cortical dysplasia, may only be revealed on neuropathology. Different subtypes have
been defined, including lissencephaly, heterotopia, cobblestone malformation, pol-
ymicrogyria, and dysgyria. Many MCDs are of genetic origin, although acquired fac-
tors, such as congenital cytomegalovirus infections and twinning sequence, can lead
to similar phenotypes. In this narrative review, we provide an overview of the diag-
nostic approach to MCDs, which is illustrated with clinical vignettes, on diagnostic
pitfalls such as somatic mosaicism and consanguinity, and recognizable phenotypes
on imaging, such as tubulinopathies, the lissencephaly spectrum, tuberous sclerosis
complex, and FLNA-related periventricular nodular heterotopia.
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Malformations of cortical development (MCDs) form a het-
erogeneous spectrum of disorders, which are characterized by
atypical development of the cerebral cortex. MCDs are an im-
portant cause of intellectual disability, developmental delay, cer-
ebral palsy (CP), and drug-resistant epilepsy.' In 2012, Barkovich
et al.” proposed a classification system based on the genetic ori-
gin and the earliest step at which the developmental process is
disturbed. Three main groups were identified, including mal-
formations secondary to atypical neuronal and glial prolifera-
tion or apoptosis, malformations secondary to atypical neuronal
migration, and malformations secondary to atypical postmigra-
tional development (Table 1). Further updates to this classifica-
tion are likely to emerge as information accumulates about the
clinical, embryological, genetic, and molecular biology aspects
of these disorders. Brain malformations can be focal or diffuse,
unilateral or bilateral; associated malformations of, for example,
the corpus callosum, basal ganglia, brainstem, or cerebellum are

variably present. Severino et al.” reported a detailed description
of the different neuroimaging features of MCD and made prac-
tical recommendations for both radiologists and neurologists.
The broad variety of brain malformations in MCD highlights
the need to use human phenotype ontology or human pheno-
type ontology terms. Human phenotype ontology terms for the
different MCD subtypes were defined by the Neuro-MIG con-
sortium and published by Oegema et al.* An overview is shown
in Table 1. Human phenotype ontology terms favour uniform
description in the literature and facilitate correspondence be-
tween different centres of expertise.

The causes of MCD are variable and include environmental
factors, such as congenital infections, external factors, such as
prenatal vascular events, and genetic causes.* By implementing
next-generation sequencing techniques, the genetic origins of
MCD have exponentially gained in importance. To date, more
than 200 genes have been linked to different types of MCD.”>™

Abbreviations: MCD, malformation of cortical development; mTOR, mammalian target of rapamycin; OFC, occipitofrontal circumference; PMG, polymicrogyria; PVNH,
periventricular nodular heterotopia; TORCH, toxoplasmosis, others (syphilis, hepatitis B), rubella, cytomegalovirus, herpes simplex; TSC, tuberous sclerosis complex; VOUS,

variant of unknown significance.
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Molecular and histological correlations have been
reasonably well reported for some phenotypes, such as
lissencephaly, cobblestone malformation, and some tubu-
linopathies.'”? Because focal cortical dysplasia represents
the MCD subtype most amenable to surgery, its histopatho-
logical classification is most advanced, including neuroim-
aging and genetic features, as illustrated by a report produced
by the ad hoc task force of the International League Against
Epilepsy Diagnostic Methods Commission.”> However, for
many MCDs and most MCD-associated genes, pathological
data are limited to non-existent.'*!?

PRACTICAL RECOMMENDATIONS
FOR THE WORK-UP OF PATIENTS
WITH (NEWLY DIAGNOSED) MCD

The most common presenting features of MCD are abnormal
head circumference, epilepsy, developmental delay, or motor
abnormalities of tone, movement, and posture.” This practi-
cal work-up for patients with (newly diagnosed) MCD is based
on the diagnostic MCD flow chart proposed by Oegema et al.*
and the Neuro-MIG consortium. This flow chart can be di-
vided into three major parts: (1) the initial work-up, including
clinical and imaging phenotyping; (2) ruling out non-genetic
causes; and (3) a stepwise approach to genetic testing (Figure 1).
Options in case of a negative work-up are discussed in the
‘What's next’ section of the flow chart. Points of attention and
potential challenges that may occur during the diagnostic pro-
cess are illustrated in this article using clinical vignettes.

INITIAL WORK-UP
Personal and family history

A detailed personal history can provide precious clues to
diagnosis. Special attention needs to be paid to potential
infections, trauma, or medication use during pregnancy. A
detailed family history should be obtained, spanning three
generations where possible and with special attention to the
presence of epilepsy, CP, and intellectual disability.

With the exception of X-chromosome genes, such as ARX
and DCX, and genes encoding components of the GATORI1
complex, variants in MCD-associated genes seem to be fully
penetrant as carrier probands always show characteristic
structural changes in the brain. However, individuals with
these variants might be clinically asymptomatic or pres-
ent only minor features, such as learning difficulties, and
therefore never undergo brain magnetic resonance imaging
(MRI). In the case of inheritance of probably pathogenic
variants from apparently unaffected parents, parental brain
imaging is essential for accurate variant interpretation.‘l’16

Clinical vignette 1
It is important to keep an open mindset with respect to inher-
itance patterns, as illustrated by this clinical vignette."” The

What this paper adds

« The basic genetic work-up for malformations of
cortical development is best performed stepwise.

o When the clinical and genetic work-up in a pa-
tient remains negative, multiple options are avail-
able for further investigations.

o Neuroimaging cannot reliably distinguish genetic
from non-genetic causes.

o Tubulinopathies, lissencephalies, tuberous scle-
rosis complex, and FLNA-related periventricular
heterotopia are recognizable phenotypic entities
on magnetic resonance imaging.

proband, born to second-degree cousins, presented with focal
seizures at age 5months. She later developed bilateral pyramidal
signs and mild intellectual disability. Brain MRI showed a dys-
gyric cortex with areas of polymicrogyria (PMG), abnormally
shaped basal ganglia, thin corpus callosum, and mild atrophy
of the left pons (Figure 2a—c). Her younger sister presented with
delayed motor milestones at age 9months. She later developed
bilateral pyramidal signs, mild dystonic posturing of the right
hand with intermittent tremor, and limb ataxia with dysme-
tria. She drooled when performing complex motor tasks. She
had mild intellectual disability; both receptive and expressive
language development were severely delayed. MRI of the brain
showed a dysgyric cortex, grey matter heterotopia, optic nerve
hypoplasia, enlarged lateral ventricles with a hooked right fron-
tal horn, dysmorphic basal ganglia, thin corpus callosum, hypo-
plasia of the pons and dentate nuclei with broad fourth ventricle,
and vermian dysplasia (Figure 2d-f). Based on a family history
of consanguinity, an autosomal recessive inheritance pattern
was anticipated. However, the imaging features were highly sug-
gestive of tubulinopathy, which is usually caused by a de novo
heterozygous variant in one of the tubulin genes. A c.13A>C
(p.Ile5Leu) missense variant in TUBA1A was identified in both
siblings. The variant was present in 5.6% of total DNA in the pe-
ripheral blood of the clinically asymptomatic mother. Her brain
MRI showed a thin corpus callosum, hypoplasia of the superior
vermis, and a relatively thin medulla (Figure 2g-i). The variant
was absent from the peripheral blood in the father.

Learning points for personal and familial history include
the following: mildly affected parents are sometimes hard to
diagnose, especially when a language barrier is present; paren-
tal germline mosaicism might confuse inheritance patterns.

Physical examination

Deep phenotyping is crucial for the diagnostic work-up of
MCD. Points of attention include occipitofrontal circum-
ference (OFC) (microcephaly/macrocephaly), (subtle) dys-
morphic features, joint abnormalities, such as contractures
or scoliosis, and skin abnormalities, such as hypomelanotic
macules, fibrous cephalic plaques, or other pigmented lesions.

85U8017 SUOLILIOD BA 181D 3(eal|dde ayy Aq peusenob ae ssppiie YO ‘8N JO s3I 10} ARIqiT8UIIUO AS]IAA UO (SUONIPUOD-PUR-SULIBYLIOD" AB [ 1M"ARe1q U1 UO//SANY) SUONIPUOD PUe SWB | 8L 88S *[202/£0/90] o AriqiT aulluo A8|IM ‘Usdiemiuy 18ISBAIUN AQ Z88ST UOWP/TTTT OT/I0p/W00 A8 | Afelq i jeuljuo//Sdny woly pepeojumod ‘0 ‘61/869T



DIAGNOSTIC WORK-UP IN MALFORMATIONS OF CORTICAL DEVELOPMENT

TABLE 1  Schematic overview of MCD with HPO terms adapted from Oegema et al.*
Timing during Subtype (phenotype
Pathogenic process fetal development on MRI) HPO ID Description
Abnormal neuronal 8-16 weeks of Microcephaly HP:0000252 A significant reduction in OFC by 22 SD (compared
and glial gestation with controls matched for age and sex)
proliferation or
apoptosis
Megalencephaly/ HP:0001355 A significant increase in OFC by >3 SD (compared
macrocephaly with controls matched for age and sex)
Abnormal neuronal 12-20 weeks of PVNH HP:0032388 Grey matter nodules along the ventricular walls
migration gestation
Lissencephaly HP:0001339 Includes agyria, pachygyria, and SBH
spectrum
Agyria, pachygyria HP:0031882, Abnormal gyration pattern with absent or broad
HP:0001302 gyriin combination with an abnormally thick
cortex
SBH HP:0032409 A band of grey matter separated from the cortex
and lateral ventricles according to zones of white
matter
Abnormal >24weeks of COB HP:0007260 Anirregular and ‘pebbled’ cerebral surface with
postmigrational gestation moderately thick cortex and jagged grey—
development white matter border with frequent vertical
(perpendicular to the cortex-white matter
border) striations
PMG HP:0002126 An excessive number of abnormally small cerebral
gyri with cortical overfolding, irregular
‘pebbled’ cortical surface and a ‘stippled’ grey-
white matter boundary
Schizencephaly HP:0010636 A full-thickness cerebral cleft lined with grey
matter, which extends from the ventricular
surface to the pial surface
Dysgyria HP:0032398 A cortex of variable thickness and a smooth grey—
white boundary but with an abnormal gyral
pattern characterized by irregularities of sulcal
depth or orientation. This term is only used
to characterize cortical malformations that
do not meet the classic features of any of the
aforementioned subtypes
FCD HP:0032046 Cortical dyslamination, with or without abnormal

cell types (dysmorphic neurons and balloon
cells). Other features can include gyral or sulcal
irregularities; increased cortical thickness;
blurring of the cortex-white matter junction;
and white matter abnormalities, such as
increased signal on T2-weighted images or a
radially oriented ‘transmantle sign’ of T2-
weighted hyperintensity extending from the
abnormal cortex to the lateral ventricle

Abbreviations: COB, cobblestone malformation; FCD, focal cortical dysplasia; HPO, human phenotype ontology; MCD, malformation of cortical development; MRI,
magnetic resonance imaging; OFC, occipitofrontal circumference; PMG, polymicrogyria; PVNH, periventricular nodular heterotopia; SBH, subcortical band heterotopia.

Measuring OFC is one of the most helpful aspects in the
work-up of MCD, especially in cases presenting with PMG,'®
as illustrated in the following clinical vignette.

Clinical vignette 2

A 14-year-old female presented for a second opinion con-
cerning drug-resistant seizures, starting with interruption
of activities with secondary tonic—clonic generalization.
Seizures started when aged 6 months. She had a moderate
developmental delay and prominent macrocephaly (weight

50th centile, height 50th centile, OFC>97th centile). MRI
showed bilateral perisylvian PMG and mildly dysplastic
basal ganglia (Figure 3). Genetic testing showed a 12% so-
matic mosaicism for a class 5 ¢.1117G > A (p.Gly373Arg) mis-
sense variant in PIK3R2. PIK3R2 is part of the mammalian
target of rapamycin (mTOR) pathway and variants in this
gene are associated with macrocephaly and MCD.

Other genes that are part of the mTOR pathway include
DEPDCS5, which together with NPRL2 and NPRL3 forms
the GATORI complex, and PIK3CA, PTEN, TSCI, and
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> START MCD WORK-UP CLINICAL WORK-UP OPTIONAL TESTS ON INDICATION
WHEN TO THINK OF MCD? « Patient histo i inati
7 + Ophthalmological examination
" . When: * Family history & Mildly affected parents « Hearing assessment
Unexplained seizures " Hee P = 8
* MCD on imaging * Thorough clinical examination including: « Metaboli :
Developmental delay etabolic screening
* Microcephaly v OFC measurement . Lab CK's
Vv Neurological examination A PNS + Electromyography
v Dysmorphology + (Muscle biopsy)
V' Skin inspection
EXCLUDE NON-GENETIC CAUSES l
Especially in mi phaly and/or polymicrogyria & Pseudo-TORCH syndromes
¢ Rule out congenital CMV infection
*  Consider testing for other TORCH syndromes (including Zika)
GENETIC TESTING
. - MCD gene panel e
Start with Micro-
arewl Tl => (preferably exome-based) => geenieonelinito)
(Indels)
A Mosaicism
‘ Work-up remains negative
WHAT’S NEXT?
VOUS in MCD-associated gene No variant or variant in GOUS
*  Segregation studies « Clinical re-evaluation * Second MRI scan if first scan
«  Functional validation * Expert imaging review was performed at < 2,5 years of
«  Search for similar patients * Karyotype age
(e.g. Gene Matcher) * Homozygosity mapping (consanguinity) * CK, EMG and/or muscle biopsy
+ Targeted deep sequencing (if not performed earlier)
* Molecular testing in alternative tissue * Enrol in research studies
* Metabolic testing (if not performed earlier)  + Re-evaluation after 2 years
FIGURE 1 Diagnostic flow chart for malformations of cortical development (MCDs), adapted from Oegema et al.* This flow chart can be used as

a step-by-step guide and checklist for the diagnostic work-up in individuals with MCD. When the underlying mechanism of MCD remains unknown,
possible further steps are listed in the ‘What's next’ section of the article. Abbreviations: CMV, cytomegalovirus; MRI, magnetic resonance imaging;
OFC, occipitofrontal circumference; PNS, peripheral nervous system, TORCH, toxoplasmosis, others (syphilis, hepatitis B), rubella, cytomegalovirus,

herpes simplex.

TSC2. Loss-of-function variants in these genes result in a
wide range of disorders collectively defined as mTORopa-
thies.'”?® mTORopathies are often associated with signifi-
cant macrocephaly (ranging from +2.5 SD to +8 SD), global
developmental delay, and autism together with other clinical
features depending on the causative gene. Skin lesions can be
subtle but highly informative, as demonstrated in vignette 3.

Clinical vignette 3

A male infant presented with clonic movements of the left
arm and foot, increasing in frequency on day 3 of life and
highly resistant to a wide range of antiseizure medications.
Clinical and neurological examination showed axial hypo-
tonia, OFC +2 SD, and a pigmented linear skin lesion on
the right side of the forehead. The electroencephalogram
(EEG) showed a burst suppression pattern. Brain MRI
showed right-sided hemimegalencephaly with PMG and
heterotopic grey matter alongside the right lateral ventricu-
lar wall (Figure 4). Seizures were eventually controlled with
epilepsy surgery (hemispherotomy) at age 22 months. He
consequently developed a left hemiparesis and had severe
developmental delay. Genetic testing paying special atten-
tion to the mTOR pathway was negative. Replication of
genetic testing on skin fibroblasts obtained from the hy-
perpigmented lesion on the forehead revealed a pathogenic
variant in PIK3CA in 30% of the cells (somatic mosaicism).
Pathogenic variants in PIK3CA are responsible for a range
of overgrowth syndromes with recognizable malforma-
tions and dysmorphisms,” but can be hard to diagnose in

the mosaic state. This case illustrates that genetic testing
performed in skin fibroblasts can be valuable to identify
the causative variant, compared to testing of peripheral
blood.”!

Learning points for the physical examination include the
following: at clinical examination, attention should be paid
to the OFC, height, and weight (failure to thrive), and (sub-
tle) dysmorphisms; a skin examination should be performed
routinely; joint abnormalities should be checked; in the mo-
saic state, genetic blood tests can remain negative; if possible,
affected tissues (skin biopsy or other) should be sampled and
genetic testing should be performed again.

Neurological examination

Central neurological manifestations of MCD are variable
and can range from mild to severe intellectual disability and
developmental delay over CP and drug-resistant epilepsy. It
is estimated that 40% to 50% of drug-resistant epilepsies are
caused by MCDs.!

Peripheral neurological examination can be a challenge,
especially in individuals with severe CP, intellectual disabil-
ity, or autism. Subtle signs of peripheral nervous system in-
volvement can be overlooked or overshadowed by the global
clinical presentation. It is important, however, to actively
search for signs of neuropathy or myopathy because they
can orient the selection of additional non-genetic tests (elec-
tromyography, creatine kinase levels) at an early stage in the
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FIGURE 2 Clinical vignette 1: Magnetic resonance imaging (MRI) findings in familial TUBAIA. (a—c) Brain MRI of sibling 1 at 2 years 6 months

of age. (a) Axial plane showing tubulin-related dysgyria with bilateral areas of polymicrogyria and large lateral ventricles with a hooked aspect of the
frontal horns because of abnormally shaped basal ganglia related to dysgenesis of the anterior limb of the internal capsule. (b) Coronal plane showing

the abnormal basal ganglia and the dysgyric cortex. (c) Sagittal plane illustrating the thin and dysplastic corpus callosum with dysmorphic aspect of the
splenium and mild hypoplasia of the pons. (d-f) MRI of sibling 2 at age 2 years with the axial plane (d) showing bilateral frontal subcortical heterotopic
grey matter, enlarged lateral ventricles, and dysmorphic basal ganglia with dysgenesis of the anterior arm of the internal capsule most pronounced on the
right. (e) Coronal plane showing the dysgyric cortex. (f) Sagittal plane showing a thin corpus callosum with dysplastic splenium, hypoplasia of the pons
and dentate nuclei, and dysplastic cerebellar vermis. (g-i) MRI of the mother showing a thin corpus callosum (g), hypoplasia of the superior vermis (h),

and a relatively thin medulla (i).

diagnostic process, help delineate a particular clinical syn-
drome, or assist with variant interpretation, as reviewed by
Rijckmans et al.”

Besides neurological features, non-specific or more sub-
tle clinical symptoms, such as ophthalmological, cardiac,
or gastrointestinal abnormalities may be present in associ-
ation with different types of MCD. An ophthalmological or

hearing assessment (or both) is useful when there are doubts
about visual and hearing capacities.

Clinical vignette 4

A first child (11 months old) of consanguineous parents
presented at the paediatric neurology department with
profound microcephaly, hypotonia, severe developmental
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FIGURE 3 Clinical vignette 2: Magnetic resonance imaging (MRI) findings in PIK3R2 (mosaic mutation). Brain MRI at 14 years of age. (a) Axial
plane showing bilateral perisylvian polymicrogyria and mildly dysplastic basal ganglia with prominent caudate nucleus (asterisks) compared to the
putamen. (b) Axial plane showing bilateral perisylvian polymicrogyria and a persistent cavum septum pellucidum (triangle). (c) Sagittal view showing

normal corpus callosum, brainstem, and cerebellum.

FIGURE 4 Clinical vignette 3: Magnetic resonance imaging (MRI) findings in PIK3CA (mosaic mutation). Brain MRI at 2 weeks of age. Axial (a)
and coronal plane (b) showing right-sided hemimegalencephaly. (c) Coronal planes after hemispherotomy at age 22 months.

delay, facial hypertrichosis, cryptorchidism, and rocker-
bottom feet. The eye examination showed microphthalmia,
microcornea, and bilateral white cataract. MRI showed
frontal predominant PMG (Figure 5). The combination
of eye abnormalities, genital anomalies, developmental
delay, and frontal PMG suggested a clinical diagnosis of
Warburg Micro syndrome. This was confirmed by the
identification of a homozygous c.52A>C (p.Thrl8Pro)
variant in RAB3GAP1.2 Eye abnormalities are present in
the neonatal period and provide a helpful clue to pinpoint
the diagnosis.

Clinical vignette 5

A 14-year-old male was referred to our clinic for a ge-
netic work-up. He had a moderate phenotype with bilat-
eral sensorineural deafness, mild intellectual disability,
and motor delay but with a complex brain malformation
characterized by extensive frontal subcortical heteroto-
pia and midline PMG, ventriculomegaly, partial agenesis

of the corpus callosum, cerebellar dysplasia, and arach-
noid cysts, as illustrated by Blauen et al.”* The combina-
tion of sensorineural deafness and extensive brain lesions
contrasting with the relatively mild disability pointed to
Chudley-McCullough syndrome, which was confirmed
by the identification of a homozygous c.742del variant in
GPSM?2. In addition to the sensorineural deafness, which
provided an important clue to the diagnosis, this case also
illustrates that the extent of the brain malformation does
not always correlate well with the severity of the clinical
phenotype and that the underlying aetiology most prob-
ably has a more important role in determining the clinical
outcome.

Learning points for the neurological examination include
the following: the disease course and long-term clinical
outcome are often difficult to predict at an early stage, and
medical management is rarely evidence-based; the severity
of the clinical phenotype is impacted more by the underlying
cause than by the extent of the abnormal cortex; when the
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FIGURE 5 Clinical vignette 4: Magnetic resonance imaging (MRI) findings in Warburg Micro syndrome (RAB3GAP). (a,b) Brain MRI at age
2weeks. Axial plane with bilateral frontally predominant polymicrogyria. (c,d) MRI of the same patient at 4 years of age. (c) Sagittal view showing
hypoplastic corpus callosum. (d) Axial plane showing bilateral frontally predominant polymicrogyria.

clinical examination is suggestive, additional tests should
be performed or specialized advice sought at an early stage
in the diagnostic trajectory; signs of peripheral neurological
symptoms should be actively sought because they might be
overshadowed by the global presentation, especially in se-
verely affected individuals.

Imaging

MRI is the preferred imaging modality in individuals with
developmental delay, microcephaly, or epilepsy. Subtle
anomalies, such as localized PMG, focal cortical dyspla-
sia, and band heterotopia are sometimes difficult to dis-
tinguish. Diffusor tensor imaging and functional MRI
can further characterize white matter organization and
its perturbation in the case of MCD.** The combination
of expert evaluation of MRI scans followed by targeted
analysis of the most plausible causative variants can in-
crease the diagnostic yield considerably.* Some MRI find-
ings are pathognomonic for specific genetic causes and

can be recognized by every neurologist. Examples include
tubulinopathies, lissencephaly, and subcortical band het-
erotopia caused by pathogenic variants in PAFAHI1BI and
DCX, periventricular nodular heterotopia (PVNH) caused
by pathogenic variants in FLNA, and tuberous sclerosis
complex (TSC) caused by pathogenic variants in TSCI or
TSC2. Knowledge of these recognizable phenotypes facili-
tates the genetic work-up.

Tubulinopathies (Figure 6) are characterized by an
abnormal cortex that can range from dysgyria to classi-
cal lissencephaly. Dysgyria refers to a cortex of variable
thickness and a smooth grey-white boundary but with an
abnormal gyral pattern characterized by irregularities in
sulcal depth or orientation.”>*® Basal ganglia are often ab-
normal and have a bulbous caudate nucleus and a thala-
mus with diffuse, branched, or absent anterior limb of the
internal capsule. Consequently, the lateral ventricles have
an abnormal rounding of the frontal horns.” The corpus
callosum in tubulinopathies can range from complete
agenesis to completely normal. Cerebellar and brainstem
hypoplasia are also a common finding in tubulinopathies.
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FIGURE 6 Magnetic resonance imaging (MRI) of tubulinopathy. Brain MRI at 3 years of age in an individual with a pathogenic TUBB2B variant. (a)
Axial plane showing a dysgyric cortex most prominent in the right frontal region, and dysmorphic basal ganglia with hooked aspect of the frontal horns
of the lateral ventricles. (b) Coronal plane showing dysgenesis of the anterior limb of the internal capsule (asterisk). (c) Sagittal plane showing a thin and

dysplastic corpus callosum, and hypoplasia of the pons and cerebellar vermis.

FIGURE 7 Magnetic resonance imaging (MRI) of lissencephaly (PAFAHIBI). Brain MRI at 7 months of age in an individual with a pathogenic
PAFAHIBI variant. Axial (a) and sagittal (b) planes showing complete agyria with enlarged sylvian fissure (‘figure of eight’ configuration), intact corpus

callosum, and mild brainstem hypoplasia.

In rare cases, imaging abnormalities can be limited to cer-
ebellar vermis dysplasia and mild dysgyria (Figure 2g—i).*
Genes associated with tubulinopathies include TUBAIA,
TUBB, TUBB2A, TUBB2B, TUBB3, and TUBGI; each has
subtle differences in phenotype.?” Pathogenic variants in
TUBAIA give rise to dysplasia of the basal ganglia and
dysgyria, but a notable exception are the p.Arg402Cys
and p.Arg402His variants, which result in (microceph-
aly) lissencephaly (approximately 40% of cases involving
the TUBAIA gene).”*® TUBB3 variants can show distinct
symptoms, such as congenital fibrosis of the extraocular
muscles, facial weakness, facial dysmorphism, and progres-
sive peripheral neuropathy.”® Pathogenic TUBGI variants
result in 2 of 3 cases of pachygyria.’ Differential diagnosis
of tubulin phenotypes involve variants in genes encoding
for molecular motors, such as kinesins (KIF2A, KIF5C, and
KIFI1A) and the heavy chain of dynein (DYNCIH]I), which
can mimic tubulinopathies.”

The lissencephaly spectrum includes classical lissen-
cephaly, pachygyria, and subcortical band heterotopia.
Lissencephaly is hallmarked by a thickened cortex with
reduced or absent formation of cerebral convolutions.
PAFAHIBI (LISI) and DCX were discovered in the 1990s
and were revealed as the two most common causes of lissen-
cephaly. To date, more than 20 genes are associated with the
lissencephaly spectrum.® Pathogenic variants in PAFAHIBI
are associated with diffuse and posterior predominant forms
of classical lissencephaly (Figure 7), while pathogenic vari-
ants in DCX result in anterior predominant lissencephaly in
males and lead to subcortical band heterotopia in females
(Figure 8).” Important differential diagnoses for the lissen-
cephaly phenotype are variants in TUBAIA and TUBGI,
although these are often associated with other features sug-
gestive of a tubulinopathy.®

In PVNH, neurons fail to migrate from the ventricular
zone to the developing cortex and accumulate as nodules
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FIGURE 8 Magnetic resonance imaging (MRI) of lissencephaly (DCX). Brain MRI at 14 years of age in an individual with a pathogenic DCX
variant. Subcortical band heterotopia in the axial (a) (asterisks), coronal (b) (asterisks), and sagittal (c) planes. (c) Anterior to posterior gradient.

FIGURE 9 Magnetic resonance imaging (MRI) of periventricular nodular heterotopia (PVNH) (FLNA). Brain MRI at 10years of age in an
individual with a pathogenic FLNA variant. (a) Axial plane showing bilateral extended PVNH (arrows). (b) Sagittal plane showing mega cisterna magna

(asterisk).

along the surface of the lateral ventricles.”! Heterozygous
pathogenic loss-of-function variants in FLNA are the most
common cause of anterior predominant bilateral PVNH,
especially when associated with mega cisterna magna and
a hypoplastic or absent corpus callosum (Figure 9).**
Variants in FLNA are frequently associated with extracere-
bral findings, including cardiac valve disease, thoracic aortic
aneurysm, patent ductus arteriosus, joint hyperextensibility,
chronic constipation, chronic obstructive lung disease, or
coagulopathy.*”

TSC is a genetic disorder that causes tumours to form in
many different organs, primarily in the brain (Figure 10),
eyes, heart, kidney, skin, and lungs. Clinical expression
is age-dependent and highly variable. Aspects of TSC that
most strongly impact quality of life are generally associated
with the brain, including cortical tubers, which contribute
to the development of epilepsy, subependymal giant cell as-
trocytoma, and TSC-associated neuropsychiatric disorders.
TSC results from a pathogenic variant in TSCI or TSC2

that can be inherited or de novo. TSC should be managed
in multidisciplinary fashion. According to the International
TSC Consensus Guidelines, special attention is required
for epilepsy management (antiseizure medication, epilepsy
surgery) and for surveillance of subependymal giant cell as-
trocytoma on brain MRI, renal cysts and angiomyolipomas
on abdominal MRI, cardiac rhabdomyomas on echocardi-
ography, lymphangioleiomyomatosis, and TSC-associated
neuropsychiatric disorders.”*

The aspect of the cortical malformation may change as
myelination progresses, as illustrated in Figure 5. If imag-
ing is performed before age 2years and work-up remains
negative, it might be helpful to repeat MRI after age 2years
6 months, when most of the myelination is completed.*

Because MCDs are a frequent cause of drug-resistant focal
epilepsy, the option of epilepsy surgery should be explored,
especially for focal cortical dysplasia, hemimegalencephaly,
and TSC-related epilepsy, and to a lesser extent for selected
cases of PMG or heterotopia. Depending on the lesion, the

85U8017 SUOLILIOD BA 181D 3(eal|dde ayy Aq peusenob ae ssppiie YO ‘8N JO s3I 10} ARIqiT8UIIUO AS]IAA UO (SUONIPUOD-PUR-SULIBYLIOD" AB [ 1M"ARe1q U1 UO//SANY) SUONIPUOD PUe SWB | 8L 88S *[202/£0/90] o AriqiT aulluo A8|IM ‘Usdiemiuy 18ISBAIUN AQ Z88ST UOWP/TTTT OT/I0p/W00 A8 | Afelq i jeuljuo//Sdny woly pepeojumod ‘0 ‘61/869T



RIJCKMANSET AL.

FIGURE 10 Magnetic resonance imaging (MRI) of tuberous sclerosis complex. Brain MRI at 15years of age in a female with a mosaic contiguous
gene deletion of TSC2 and PKDI. (a) Axial plane with cortical tuber (square). (b) Axial plane with subependymal nodules (asterisks). (c) Axial plane with

subependymal giant cell astrocytoma (arrow).

presurgical work-up can benefit from magnetoencephalog-
raphy, fluorodeoxyglucose-positron emission tomography,
single-photon emission computed tomography, electrocorti-
cography, or invasive EEG monitoring.

Learning points for imaging include the following: in a
child with developmental delay, microcephaly, or epilepsy
MRI is the first-tier brain imaging modality; subtle anom-
alies can be missed at the MRI review. When doubtful, an
expert should be consulted; the diagnostic yield of targeted
testing is determined to a large extent by the availability of a
multidisciplinary evaluation with input from an expert neu-
roradiologist; some MCD imaging patterns are easily recog-
nizable and may provide anchor points for genetic testing;
the extent of the MCD on imaging does not always correlate
directly with the severity of the clinical phenotype; imaging
findings (generalized vs focal, bilateral vs unilateral mal-
formations) cannot reliably distinguish genetic from non-
genetic causes; the imaging aspects of MCD might change
with age, especially between birth and 2years 6 months of
age. When the work-up remains negative, one might con-
sider repeating the MRI after age 2 years 6 months.

EXCLUDING NON-GENETIC CAUSES
OF MCD

Congenital viral infections interfere with several develop-
mental processes, for example, myelination, migration, or
cortical organization. Findings on neuroimaging are varia-
ble and depend on gestational age at the time of the initial in-
fection and the selective affinity of the infectious agents for
different brain structures. Cytomegalovirus, but also other
members of the toxoplasmosis, others (syphilis, hepatitis B),
rubella, cytomegalovirus, herpes simplex (TORCH) family,
are important causes of MCD.

Cytomegalovirus is the most frequent TORCH infection,
affecting 0.4% to 1% of all pregnancies, of which 10% are
symptomatic at birth.’>* Common clinical features include
jaundice, petechiae, poor feeding, hepatosplenomegaly, sen-
sorineural hearing loss, and brain abnormalities on MRI.
Microcephaly or calcifications (or both) are present in up to
70% of symptomatic cases. Cortical malformations depend
on the timing of the infection; the earlier the infection, the
more severe the phenotype.’®” Additional neuroimaging
findings in congenital cytomegalovirus infection include
ventriculomegaly, abnormal white matter signal intensity,
which is located in the temporal lobes and represents delayed
or deficient myelination, cysts in the anterior portion of the
temporal lobes, and cerebellar hypoplasia®® (Figure 11). The
most important risk factor for seroconversion during preg-
nancy is contact with young children, especially those at-
tending day care.’®?

TORCH infections are also spread by animals and in-
sects, such as toxoplasmosis by feline feces and Zika virus by
mosquitoes, the latter reflected by the dramatic epidemic in
South America in 2015 to 2016.*>*° More than 3500 children
were born with profound microcephaly after congenital Zika
virus infection. Guerrero et al.*' recently published a sys-
tematic review on teratogenesis, congenital anomalies, and
child mortality after congenital Zika virus infection. The
most severe brain malformations are related to infections
during the first trimester of gestation, including profound
microcephaly, hydrocephalus, almost complete agyria, holo-
prosencephaly, and multiple calcifications in the cortex and
subcortical white matter.*?

In general, to exclude TORCH syndromes, MRI is more
sensitive compared to ultrasonography.®®

MCD in combination with white matter anomalies and
calcifications are highly evocative of TORCH, although
sometimes things are not what they seem to be.
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FIGURE 11 Magnetic resonance imaging (MRI) in an infant with cytomegalovirus (CMV). Brain MRI of an infant with congenital CMV infection
at 3days of age. (a,b) Axial planes showing bilateral diffuse polymicrogyria and T2-weighted white matter hyperintensity. (c) Axial plane showing cystic

changes of the temporal poles (asterisks).

FIGURE 12 Clinical vignette 6: Magnetic resonance imaging (MRI) findings associated with a pathogenic variant in COL4A1. Brain MRI at age
2.5years. Axial (a,c) and sagittal (b) planes showing a small porencephalic cyst (asterisk in [a], arrow in [b]) with adjacent linear calcification (arrow in
[a]), bilateral frontal focal polymicrogyria (square), and diffuse T1-weighted hyperintense white matter (c).

Clinical vignette 6

A second child, born after an uneventful pregnancy and de-
livery, presented with hypotonia, bilateral cataracts, and a
32-cm OFC (-1.5 SD). Both parents were healthy and non-
consanguineous. Transcranial ultrasound showed calcifica-
tions. MRI of the brain showed periventricular leukomalacia,
a small porencephalic cyst with adjacent linear calcification,
and areas of PMG in both frontal lobes (Figure 12). TORCH
screening was negative. At the age of 18 months, the child
developed drug-resistant focal seizures and had moder-
ate developmental delay. A de novo ¢.3548G > T pathogenic
missense variant was found in COL4AI and linked to the
patient's phenotype.*’

This case is an example of pseudo-TORCH syndrome.
Pseudo-TORCH syndromes generally present with profound
microcephaly, white matter changes, PMG, calcifications,
and developmental delay, mimicking TORCH.?® Another

example is Aicardi-Goutiéres syndrome. Aicardi-Goutiéres
syndrome typically presents in infancy with irritability, poor
feeding, progressive microcephaly, spasticity, and dystonia;
death often occurs in early childhood.** Unlike congenital
viral infections, inherited disorders typically have a progres-
sive clinical course.

Besides congenital infections, external factors, such as
maternal drug ingestion and vascular events during preg-
nancy, can cause MCD, as illustrated in clinical vignette 7.

Clinical vignette 7

A monochorionic, diamniotic twin was born by Caesarean
section at 32 weeks of gestation because of a twin anaemia
polycythaemia sequence and distress of fetus 1. Both twins
had a good start, with partial exchange transfusion for poly-
cythaemia (haematocrit of 71%) in fetusl. Brain MRI in
the context of preterm birth showed unilateral perisylvian
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FIGURE 13 Clinical vignette 7: Magnetic resonance imaging (MRI) findings in a twin anaemia polycythaemia sequence. (a,b) MRI at age 6 weeks
(2weeks' corrected age). (c,d) MRI at 2 years 6 months of age in the same individual. The rectangles indicate limited asymmetrical, right-sided perisylvian

polymicrogyria in the sagittal (c) and axial (d) planes.

PMG in fetus 1 (Figure 13). The brain MRI of fetus 2 was
normal. Screening for cytomegalovirus and other TORCH
was negative. Early vascular events in utero have been linked
to PMG.* Other examples are fetal cerebral ischaemia from
placental perfusion failure, twin-twin transfusion, loss of a
twin in utero, and maternal drug ingestion.*®

Learning points for non-genetic causes of MCD include
the following: exclusion of congenital TORCH infection,
especially in microcephaly or PMG; checking for other ex-
ternal factors during pregnancy (importance of a family
history); remembering that pseudo-TORCH syndromes may
mimic congenital infections and should be considered when
MRIis evocative of TORCH and screening remains negative.

GENETIC TESTING

Conventional genetic testing can be divided into four types:
(1) chromosomal microarray analysis; (2) targeted gene test-
ing; (3) gene panels; and (4) open exome analysis.
Chromosomal microarray analysis is the first-tier genetic
test in MCD.* MCDs have been linked to a wide range of
copy number variations. Several copy number variations are

consistently associated with MCD, the most common being the
22q11 and 1p36 deletions associated with PMG, the 17p13.3 de-
letion (encompassing PAFAHIBI, YWHAE, and other genes)
causing Miller-Dieker syndrome and isolated lissencephaly,
and the 6qter deletions associated with several brain malfor-
mations, including PMG and PVNH. Several MCD-related
genes frequently harbour intragenic deletions or duplications,
which might be identified using standard microarrays."”

Clinical vignette 8

A 6-week-old infant presented with prenatally confirmed
intrauterine growth restriction and lissencephaly (com-
plete agyria) with bilateral ventriculomegaly on fetal ultra-
sound. At birth, she had severe axial hypotonia and facial
dysmorphism but further work-up was declined by the par-
ents. At age 5months, she developed epileptic spasms, and
had severe developmental delay and increased muscle tone
in the limbs. MRI confirmed the presence of lissencephaly
(Figure 14). The combination of lissencephaly and facial
dysmorphism was evocative of Miller-Dieker syndrome,*”**
which was confirmed by the identification of a heterozygous
17p13.3 deletion involving the YWHAE, HICI, PAFAHIBI,
and KIAA0664 genes.

85U8017 SUOLILIOD BA 181D 3(eal|dde ayy Aq peusenob ae ssppiie YO ‘8N JO s3I 10} ARIqiT8UIIUO AS]IAA UO (SUONIPUOD-PUR-SULIBYLIOD" AB [ 1M"ARe1q U1 UO//SANY) SUONIPUOD PUe SWB | 8L 88S *[202/£0/90] o AriqiT aulluo A8|IM ‘Usdiemiuy 18ISBAIUN AQ Z88ST UOWP/TTTT OT/I0p/W00 A8 | Afelq i jeuljuo//Sdny woly pepeojumod ‘0 ‘61/869T



DIAGNOSTIC WORK-UP IN MALFORMATIONS OF CORTICAL DEVELOPMENT

FIGURE 14 Clinical vignette 8: Magnetic resonance imaging (MRI) findings in Miller-Dieker syndrome. Brain MRI at 6 months of age in an
individual with Miller-Dieker syndrome. Axial (a) and coronal (b) planes showing complete agyria with posterior predominant cell sparse layer. Note the

normally formed cerebellum.

The parents did not agree with further genetic counsel-

ling; 2 years later, they had a second child with the same con-
dition. Although Miller-Dieker syndrome usually occurs
de novo, the deletion can be inherited from a parent with a
balanced chromosomal translocation, as was the case in this
family.
When clinical features are pathognomonic for a single-gene
disorder, targeted testing by single-gene polymerase chain
reaction or multiplex ligation-dependent probe amplifica-
tion analysis can be used as a first-tier genetic test. Targeted
testing relies on clinical experience and extensive knowledge
of genetic phenotypes. When gene panels are available, tar-
geted testing is usually not cost-efficient. However, in low-
resource settings or when a variant is suspected in a gene
that has not yet been included in the MCD panel, single-gene
testing can remain relevant.

Clinical vignette 9

A child presented with severe neurodevelopmental delay,
refractory seizures, bilateral PVNH, perisylvian PMG, and
syndactyly. Three other family members with mild devel-
opmental delay, isolated PVNH, and syndactyly were iden-
tified, showing a high degree of intrafamilial phenotypic
variability. The MCD panel testing was negative. PVNH
and PMG in combination with syndactyly were evocative of
NEDD4L syndrome. Because NEDD4L was not yet included
in the MCD panel, targeted testing was performed and a het-
erozygous ¢.623G > A missense variant segregating with the
phenotype was identified.*

When microarray analysis is negative, MCD panel analy-
sis is the next step in the diagnostic process. MCD gene pan-
els are compiled by local molecular and clinical geneticists
and differences exist between genetic centres. For example,
the MCD panel at the UZ Brussel consists of 235 different
genes linked to MCD (https://www.brightcore.be/gene-pan-
els). Preferentially, panels are exome-based because they can
be more easily adjusted according to the latest literature and

provide the possibility to convert to open whole-exome se-
quencing analysis when panel analysis is negative. Within
the Neuro-MIG network, targeted gene panels resulted in
diagnostic yields of 15% to 37%, although wide variability
was observed among the different clinical MCD subtypes.
The yield was highest for lissencephaly (75%-81%), followed
by cobblestone malformation (75%), PVNH (30%-37%),
PMG (20%), and microcephaly (18%-20%).*

When the MCD panel analysis is negative, open whole-
exome sequencing analysis in trio is an option, when avail-
able. To date, there is little information on the diagnostic
yield of open whole-exome sequencing analysis in MCD.

When interpreting the results of any genetic test, one
should always question whether the variant is compatible
with the patient's phenotype. If not, the diagnostic process
should be continued. Learning points for genetic testing in-
clude the following: genes included in MCD panels differ be-
tween genetic centres; panels need to be updated regularly to
integrate the latest knowledge on the genetic basis of MCD;
not all centres can call for indels when analysing an MCD
panel; the diagnostic yield differs between MCD subtypes;
the combination of expert evaluation of MRI scans followed
by targeted analysis of the most plausible causative variants
can considerably increase the diagnostic yield; when a vari-
ant is identified, its relevance should be checked in light of
the clinical findings; deletions can be inherited from a par-
ent with a balanced chromosomal translocation; genetic
counselling is always indicated to discuss potential recur-
rence risk.

WHAT'S NEXT?

In some cases, no class 4 or 5 variant in an annotated MCD
gene can be identified. In some cases, it is possible to identify
a variant of unknown significance (VOUS) in a (candidate)
MCD gene or to identify a pathogenic variant in a gene of
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unknown significance. The possible options and next steps
are discussed in the next sections.*

VOUS in a (candidate) MCD gene

Discuss if the VOUS could be responsible for the patient's
phenotype during a multidisciplinary review, ideally at-
tended by the treating physician, clinical and molecular
geneticists, and the neuroradiologist. When the variant is
a good candidate, segregation studies can be considered in
the parents and other family members. For example, when
a VOUS in a gene with a dominant expression is inherited
from an unaffected parent, the pathogenicity and clinical
relevance of this variant is less likely (unless the parent has a
mild phenotype). When segregation studies are compatible,
assess if the VOUS is a good candidate for further research.
Search for additional patients with a variant in same gene.
You can reach out to your international contacts or use in-
ternational platforms such as GeneMatcher (https://genem
atcher.org/). Reach out to colleagues with expertise in re-
search and collaborate where possible to perform functional
studies that can evaluate the pathogenicity of variants and
map the function of genes. The same strategy is applicable
for pathogenic variants in genes of unknown significance.

Clinical vignette 10

A male with five healthy siblings presented with interhemi-
spheric cysts, agenesis of the corpus callosum, and vermis
hypoplasia on prenatal ultrasound. The postnatal MRI
showed type 2C interhemispheric cysts, extensive subcorti-
cal heterotopia, PMG, complete agenesis of the corpus cal-
losum, malrotation of the hippocampus, and hypoplasia of
the brainstem and cerebellum (Figure 15). On examination
at age 18years, he had macrocephaly, had retrognathia, and
a cleft in the left earlobe. He could express himself, count to
50, and read simple phrases. There were no behavioural chal-
lenges. He had dystonic bilateral (quadriplegia) CP, which
was more pronounced on the left, but he was able to walk

independently. Whole-exome sequencing showed a new ho-
mozygous ¢.607G> A class 3 missense variant in MAN2CI,
previously linked to glycan catabolism and apoptotic signal-
ling,® and was considered a potential candidate gene for
MCD. Through GeneMatcher, three additional families with
five affected individuals with biallelic variants in MAN2CI
were identified. Phenotypes were compared and the effect
of the different variants on protein stability and function-
ality was assessed. MAN2CI was proposed as an important
factor in brain development and MCD and the variant was
upgraded to class 5.

When all previous strategies have failed

Helpful strategies include re-evaluation and expert discussion
of clinical and MRI findings. Depending on the clinical pres-
entation and if not performed before, consider karyotyping,
metabolic screening, serum creatine kinase, electromyography,
or muscle biopsy. When brain MRI is performed before the age
of 2years 6months, it might be of value to repeat the MRL*
Consider mosaicism and genetic testing in alternative
tissues and targeted deep sequencing when the phenotype
is suggestive for particular genes and syndromes. Mosaic
(postzygotic somatic) mutations have been described in a
wide range of MCDs (clinical vignettes 1, 2, and 3). Mosaic
variants are frequently missed by standard coverage exon
sequencing, especially in blood-derived DNA. Skin fibro-
blasts and saliva are more sensitive tissues for different
neurological pathways. Ideally, multiple tissues from the
same individual should be examined. When brain tissue is
available (e.g. after surgery), then this is the first choice.”® In
consanguineous couples, consider homozygosity mapping
using, for example, a single-nucleotide polymorphism-based
chromosomal microarray analysis. Homozygosity mapping
maps autosomal recessive traits in consanguineous families
and can help to identify good candidate genes.”>>*
Including the patient in a (local) research programme
is another option. Patients without a diagnosis should be

FIGURE 15 Clinical vignette 10: Magnetic resonance imaging (MRI) findings in MAN2CI. Brain MRI at 7 years of age showing complex brain
malformation with extensive subcortical heterotopia (square) in the axial plane (a), polymicrogyria (arrow) in the sagittal plane (b), and complete
agenesis of the corpus callosum and type 2C interhemispheric cysts (asterisk) (c).
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considered for trio-based, whole-genome, and RNA sequenc-
ing, preferably within a large collaborative research network
to allow rapid discovery of new causative variants, non-coding
variants in regulatory elements, and epigenetic variations.” >

In the years after the initial genetic work-up, new genes
will be annotated as causes of MCD and re-analysis of the
patient's exome data might uncover a causal variant in a
gene with previously unknown function or not yet linked to
MCD. A 2-year interval is suggested for re-analysis.”

CONCLUSION

In this review, we discussed the clinical work-up plan for
individuals with MCD, highlighting the importance of a de-
tailed (neurological) examination with special attention paid
to dysmorphic features, skin abnormalities, and signs of po-
tential peripheral nervous system involvement. Before pro-
ceeding with genetic testing, acquired causes of MCD should
be ruled out, especially in the presence of microcephaly or
PMG. We highlighted the value of expert neuroradiologi-
cal evaluation to assist with variant interpretation. When a
variant is identified, its relevance should be critically ques-
tioned in light of the clinical presentation. When a genetic
diagnosis is established, genetic counselling is indicated and
recurrence risk should be discussed with attention to poten-
tial germline mosaicism or balanced translocations. When
results remain negative despite systematic and extensive
work-up, reaching out for collaboration with clinicians and
researchers is the best way forward.
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