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Malformations of cortical development (MCD) are structural anomalies that disrupt the normal process of cortical development.
Patients with these anomalies frequently present with seizures, developmental delay, neurologic deficits, and cognitive impair-
ment, resulting in a wide spectrum of neurologic outcomes. The severity and type of malformation, in addition to the genetic
pathways of brain development involved, contribute to the observed variability. While neuroimaging plays a central role in iden-
tifying congenital anomalies in vivo, the precise definition and classification of cortical developmental defects have undergone
significant transformations in recent years due to advances in molecular and genetic knowledge. The authors provide a concise
overview of embryologic brain development, recently standardized nomenclature, and the categorization system for abnormali-

ties in cortical development, offering valuable insights into the interpretation of their neuroradiologic patterns.
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Introduction

Malformations of cortical development (MCD) are structural
abnormalities that interfere with the normal corticogenesis
process. The definite incidence of MCD is unknown. Patients
with MCD may exhibit a wide range of clinical symptoms,
from asymptomatic cases to severe manifestations such as
intractable epilepsy, developmental delay, neurologic deficits,
and cognitive impairment.

A varied etiology can be associated with MCD. Errors,
caused by gene mutations, infections, or environmental in-
sults, can occur at any time in the cortical development pro-
cess, resulting in diverse manifestations. In recent years, un-
precedented progress has been made in the identification of
genes and signaling pathways that frequently cause cortical
malformations. Given that the definitive diagnosis of MCD
is typically based on histopathologic findings and that ob-
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taining pathologic tissue is often problematic, neuroimaging
plays a crucial role in assessment of these patients.

Fetal US or MRI can help identify some MCD in utero, such
as lissencephaly (LIS), polymicrogyria (PMG), cobblestone
malformation (Fig 1), or large heterotopia. However, MCD
are typically a postnatal diagnosis, and MRI is the preferred
method to investigate this condition (1). In addition to neuro-
imaging, clinical phenotyping and genetic studies are essen-
tial diagnostic tools.

Review of Cortical Development

Neurogenesis

The cerebral cortex is formed by neuroepithelial cells (NECs).
In the 4th week of development, neural plate NEC prolifer-
ation occurs. Until neural tube closure has occurred, NECs
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B A normal cortex at MRI should have these imaging features: (a) a nor-
mal external cortical surface and a smooth and sharply delineated cor-
tico-subcortical junction and (b) sulci that may show slight anatomic
variations but are uniform and symmetric in their position and depth.

B |maging studies of patients with microcephaly primary hereditary tra-
ditionally show normal or simplified cortical gyral patterns, without
severe malformations. A simplified gyral pattern is defined as a reduced
number of gyri with shallow sulci (one-quarter to one-half of normal
depth) but with normal thickness of the cerebral cortex at brain MRI.

B |t is important to differentiate megalencephaly from macrocephaly.
Macrocephaly (or macrocrania) is defined as an occipitofrontal circum-
ference equal to or more than 2 SDs above the mean, whereas megalen-
cephaly refers to a primarily developmental brain disorder associated
with an abnormally large brain size.

B |tisimportant to distinguish between periventricular nodular heteroto-
pia and tuberous sclerosis subependymal nodules. The latter are posi-
tioned perpendicular to the ventricular walls, are not isointense to gray
matter, frequently calcify, and may have enhancement after contrast
agent administration.

B The resulting cortical phenotype will depend on the size of the gaps in
the pial limiting membrane and the quantity of neurons that migrate to
the subarachnoid space. Small gaps that lead to small clumps of neu-
rons on the cortical surface are called polymicrogyria (PMG), while large
gaps that lead to relatively smooth layers of neurons on the cortical sur-
face define cobblestone malformation.

proliferate symmetrically (one stem cell divides into two stem
cells), as shown in Figure 2 (2). Beginning at 8 weeks gestation
and continuing until the end of the second trimester, some
stem cells undergo neurogenesis, a process in which a stem
cell generates a glial cell or neuron. Neuronal cells are gen-
erated earlier than glial cells (that originate oligodendrocytes
and astrocytes) (3). This process occurs in the ventricular
zone in the subependymal area of the lateral ventricles.

Neuronal proliferation reaches its peak between 15 and 16
weeks gestation, and it is believed that at least twice as many
neurons are produced than required, and excess cells under-
go apoptosis (4).

Neuronal Migration

The second stage occurs mainly from 12 to 20 weeks gestation,
and neuronal migration happens in two distinct patterns: ra-
dial or tangential.

Radial migration leads the excitatory pyramidal neurons
to the cortex surface in the newborn, and it is supported by
radial glial cells. Radial glial cells extend from the subventric-
ular zone to the pial surface at the external cortical border,
providing a scaffold for neurons. The neurons that will form
the brain layer migrate first, followed by the ones that will
form the sixth, fifth, fourth, third, and second layers, forming
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Figure 1. Cobblestone cortical malformation in a female infant.
Axial T2-weighted fetal (A) and postnatal (B) MR images show a
thickened and “pebbled” cerebral cortex, with a reduced sulcation
and gyration pattern and ventriculomegaly.

the hexalaminar adult neocortex cytoarchitecture. The pial
membrane prevents neuronal overmigration outside the ex-
ternal brain surface (5).

Tangential migration is responsible for cortical GABAergic
interneurons in the cerebral cortex. These interneurons orig-
inate in the ganglionic eminences and migrate tangentially
into the cortical plate, guided by axon projections and inter-
stitial molecules (6).

Postmigration Neuronal Development

Postmigration neuronal development starts at 22 weeks ges-
tation and lasts until 2 years of age. This stage is a complex
process that results in the maturation of the six-layered cor-
tex, outgrowth of axons and dendrites from the cortical neu-
rons, and development of interneuronal synapses (7). The
operculization, sulcation, and gyration processes are seen at
this stage.

Review of Cortical Anatomy and Normal Imaging
Findings

The cerebral cortex (gray matter) covers the outermost part
of the brain and is composed of a complex arrangement of
densely packed neuron cell bodies. The brain’s enfolding is
a reflex of the significant increase in brain size during evo-
lution. Populations of neurons are interconnected via fibers
that extend from each neuron’s cell body and are represented
by axons and dendrites. The histologic structure of the homo-
typical cerebral cortex consists of a laminar organization of
six well-defined layers: (a) molecular (plexiform), (b) external
granular, (c) external pyramidal, (d) internal granular, (e) in-
ternal pyramidal, and (f) multiform (polymorphous).

The phylogenetic classification of the cerebral cortex di-
vides it into two parts: isocortex (also called neocortex) and
allocortex, which is further divided into archicortex (ie, hip-
pocampus, entorhinal cortices, and a cortical band of the
cingulate gyrus) and paleocortex (ie, prepiriform and piri-
form regions, part of the amygdala, olfactory cortex, olfacto-
ry bulb, and septal regions). The isocortex covers almost the
entire surface of the cerebral cortex and appeared later in
the phylogenetic scale, consisting of all six histologic layers;

radiographics.rsna.org


https://pubs.rsna.org/doi/suppl/10.1148/rg.230239
https://doi.org/10.1148/rg.230239
https://pubs.rsna.org/action/createExam?examDoi=10.1148/rg.230239.quiz
https://education.rsna.org/diweb/start
https://pubs.rsna.org/do/10.1148/rg.230239.pres/full/


November 2024

Radial Migration

Marginal

zone

Neural tube
zone
RGCs generate
neurons
(neuroblasts)
Cortical directly through
progenitor NECs enlogate asymmetric
zone NECs and convert division or
undergo into RGCs indlrgcily by
symmetric generation of IPCs
. division to
Intermediate expand the
dEX2 progenitor ;
pool %
: Outer JT’ .f
= subventricular @ \
,
L
{

: Inner
:  subventricular
: zone

v

Inner d. .
subventricular
zone
e A @
Neuroepithelial cell Radial glial progenitor  Migrating neurons  Neuroblast (Nb)
cell (RGC)

Schematic diagram describes and illustrates two modes of neuronal migration in the developing brain (2). In radial migration,

Figure 2.
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excitatory pyramidal projection neurons move from the ventricular zone to the cortical plate, using radial glial cells as their scaffolds. In this
way, cortical layers are formed in an inside-out manner, with later-born neurons acquiring positions in the upper cortical layers. In tangential
migration, inhibitory interneurons originate from distinct proliferative zones, such as the medial ganglionic eminence in the ventral brain. These
interneurons migrate in multiple streams into the cerebral wall when reaching appropriate positions in the neocortex. LGE = lateral ganglionic

eminence. (Created with BioRender.com.)

paleocortex is intermediate in phylogenetic origin (eg, cin-
gulated gyrus); and archicortex is the oldest in phylogenetic
origin and is comprised of only three layers. The areas of cor-
tices between the archi-, paleo-, and neocortex show a grad-
ual transition of cytoarchitecture that can be described with
the suffix “peri” (8). Interestingly, the embryologically older
archi- and paleocortex have somewhat higher signal intensi-
ty on T2-weighted, diffusion-weighted, and fluid-attenuated
inversion-recovery (FLAIR) images; these physiologic region-
al signal intensity changes can be seen in healthy adults and
children and are well seen at 3-T MRI (9).

The most important imaging method for assessment of
MCD is unquestionably MRI. Radiologists should advocate
the use of 3 T instead of 1.5 T and use the highest resolu-
tion and greatest contrast scanner and sequences available.
When cortical anomalies are detected at imaging, the ef-
fects of age on the myelination process must be considered.
MCD can be more easily identified before myelination has
begun or after it is completed (ie, the 3rd year of life). The
scheme depicted in Figure 3 summarizes these properties
for age and MRI sequences. In addition, it is important to re-
member that the gyrus and sulcus may have an immature
appearance in cases of extreme prematurity. Complex in-
teractions between cortical surface area and brain size pro-
mote changes in depth, gyrification, volume, and curvature
as newborns become older (10).

A normal cortex at MRI should have these imaging fea-
tures: (a) a normal external cortical surface and a smooth and
sharply delineated cortico-subcortical junction and (b) sulci
that may have slight anatomic variations but are uniform and
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symmetric in their position and depth. Cortical measure-
ments obtained at brain MRI should not be strictly regarded
as cutoff values, as a variety of factors can affect cortical thick-
ness, including age, head size, sex, and any sequelae (9).

New Consensus: Basic Introduction

The first MCD classification was proposed in 1996 by Barkov-
ich et al (11), based on the concept of interruption of the three
major stages of cortical development: cell proliferation, neu-
ronal migration, and postmigrational cortical organization.
It was revised in subsequent years (2001, 2005, and 2012)
by Barkovich et al, aided by the increasing accessibility and
resolution of MRI technology, new knowledge of embryolog-
ic processes, and recent discoveries of genetic and pathologic
mechanisms. The current categorization is shown in Table 1
(9) and is more comprehensively detailed in Table SI.

Classifications of MCD continue to evolve as new knowl-
edge emerges. At the same time, the heterogeneity of phe-
notypes and vast genetic backgrounds add complexity to
frame this variety of disorders in tight definitions. Agreement
and use of a common language among different profession-
als, from research to clinical practice, are necessary steps to
achieve greater advances by improving genotype-phenotype
correlation and allowing genetic tests to be better targeted (9).

The European Network Neuro-MIG on brain malfor-
mations published a consensus document in 2020 that
provides recommendations to assist expert and nonex-
pert clinicians in the MCD diagnostic workup (12). Practice
guidelines for MCD radiologic diagnosis were also conceived
(9), and considerations regarding definitions and classifica-
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Figure 3. Accurate identification of malformations requires an understanding of the neocortex’s imaging aspects, considering age and
myelination status. In neonates and infants up to 6 months of age, the cortex displays hyperintensity at T1-weighted MRI (A) and hypointen-
sity at T2-weighted MRI (B), known as infantile pattern. The cortical-subcortical interface is clearly defined in the neonatal period (B) but
becomes progressively blurred (C, D) in infants up to 1 year of age due to ongoing myelination, referred to as the isointense pattern. This
phenomenon, particularly between 8 and 12 months of age, underscores the importance for radiologists to recommend repeat MRI after
complete brain myelination for a more precise assessment. With advancing myelination, the neocortex at 24 months of age is hypointense
at T1-weighted MRI (E) and hyperintense at T2-weighted MRI (F), manifesting in the same manner as the adult pattern. mth = month. (Created
with BioRender.com.)

tion were made based on new evidence. The main modifica- Malformations of Cortical Development

tions comprise more assertiveness in describing key terms, In the following sections, the different types of MCD and their
as detailed further in each section, and the understanding definitions, classification, imaging patterns, and genetic char-
that developmental stages are genetically and functional- acteristics are discussed. At the end of the article, the authors
ly interdependent at the expense of rigid sorting systems. propose a flowchart for the imaging approach to MCD.
Perhaps the most relevant insight concerns acknowledg-

ment of the multifactorial nature of what is described as Group 1: Abnormal Cell Proliferation or
PMG, suggesting reallocation or coexistence of this pattern Apoptosis

in the group of late migrational disorders, as well as its re-

semblance at imaging to cobblestone malformation, which Reduced Proliferation or Increased Apoptosis:

will likely compose a recognized spectrum of cobblestone or Microcephaly

PMG-like because the pathophysiologic circumstances seem Microcephaly is usually defined as an occipitofrontal circum-
to be shared. Other considerations embrace the concepts of ference equal to or more than 2 SDs below the mean for age,
focal cortical dysplasia (FCD) type III, subcortical band het- sex, and population (13,14). With a few exceptions (eg, some
erotopia (SBH), and LIS severity. The fundamental changes craniosynostosis), a small head (microcephaly) also implies a
are listed in Table 2 (9). small brain (microencephaly).

Volume 44 Number 11 4 radiographics.rsna.org
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Table 1: Current Categorization of MCD

Group 1: abnormal cell proliferation or apoptosis

Primary microcephaly
Brain overgrowth spectrum
Megalencephaly
Hemimegalencephaly
FCD type IIa
FCD type IIb or cortical tubers
Group 2: abnormal neuronal migration

Heterotopia

LIS
Agyria or pachygyria spectrum and SBH
LIS typel

Cobblestone (LIS type II)

PMG

Schizencephaly

Group 3: abnormal postmigrational development

Dysgyria

FCD type

FCD type III

Secondary microcephaly

Source.—Reference 9.
Note.—FCD = focal cortical dysplasia, SBH = subcortical band
heterotopia.

Most children with an occipitofrontal circumference
between 2 and 3 SDs below the mean (mild microcephaly)
have normal cognition. However, the chances of intellectual
disability increase markedly for children with an occipitof-
rontal circumference of 3 or more SDs below normal (severe
microcephaly) (15).

Microcephaly can be classified as primary (congenital)
or secondary (postnatal). This distinction is essential for
etiologic investigation and prognostic definition. Both types
of microcephaly can be genetic or acquired. Additionally,
microcephaly can manifest as an isolated finding (nonsyn-
dromic) or with additional features (syndromic), such as
cardiovascular disease (eg, Williams syndrome), facial dys-
morphism and limb anomalies (eg, Cornelia de Lange syn-
drome), short stature (eg, Seckel syndrome), or radiosensi-
tivity (eg, Bloom syndrome).

Imaging studies of patients with microcephaly primary he-
reditary traditionally show normal or simplified cortical gyral
patterns, without severe malformations (Fig 4). A simplified
gyral pattern is defined as a reduced number of gyri with shal-
low sulci (one-quarter to one-half of normal depth) but with
normal thickness of the cerebral cortex at brain MRI (9). Ada-
chi et al (16) found a strong correlation between the degree of
microcephaly and the presence of a simplified gyral pattern.
Nevertheless, the growing number of reported microcephaly
primary hereditary-linked mutations (Table 3) suggests that
other brain architecture abnormalities could develop (17-19).

In contrast, secondary microcephaly most frequently re-
sults from disruptions in postmigrational development. This
topic is included here for didactic purposes. In addition to
brain malformations, genetic metabolic disorders and mul-
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tiple environmental factors must be investigated, including
central nervous system infections, drug or toxin exposure,
trauma, hypoxic-ischemic insults, intraventricular hemor-
rhages, severe malnutrition, and systemic diseases.

Among the central nervous system infections, microceph-
aly stands out in Zika virus infection. The collapsed skull ap-
pearance and cortical-subcortical junction calcifications may
also favor this cause in endemic areas over the classic infec-
tious causes (TORCH syndrome) (20) (Fig 5).

Enhanced Proliferation or Reduced Apoptosis: Brain
Overgrowth Spectrum

Megalencephaly results from increased proliferation or de-
creased apoptosis and may have a normal-appearing cortex
or may be associated with cortical malformations (also known
as dysplastic megalencephaly) and/or white matter signal in-
tensity abnormalities (21). It has been recently demonstrated
that certain types of dysplastic megalencephaly are vast re-
gions of localized cortical dysplasia type II (see the next sec-
tion), with the area size determined by the time and extent of
the underlying mutation (22).

It is important to differentiate megalencephaly from mac-
rocephaly. Macrocephaly (or macrocrania) is defined as an oc-
cipitofrontal circumference equal to or more than 2 SDs above
the mean, whereas megalencephaly refers to a primarily devel-
opmental brain disorder associated with an abnormally large
brain size (21). Macrocephaly has a wide variety of causes be-
sides megalencephaly, including hydrocephalus and increased
skull thickness. Mild macrocephaly with an otherwise structur-
ally normal brain can be seen in typically developing children,
often in the setting of benign enlargement of the subarachnoid
spaces in infancy (23) (Fig 6). Megalencephaly can result from
abnormalities in signaling pathways that control brain cell
growth, differentiation, cell cycle regulation, and survival (de-
velopmental megalencephaly) or from certain metabolic disor-
ders and leukodystrophies (metabolic megalencephaly) (24).

Brain overgrowth can occur bilaterally or unilaterally, with
total or partial hemispheric involvement in both scenarios.
Unilateral megalencephaly is associated with a lateral ventricle
that increases on the affected side; on the other hand, expansile
or infiltrative lesions with mass effect compress the ventricu-
lar system. Hemimegalencephaly (HMEG) is defined as complete
unilateral megalencephaly that affects one entire or almost an
entire brain hemisphere (25). Focal megalencephaly, which in-
volves up to three cerebral lobes, has been referred to as qua-
drantic dysplasia, lobar HMEG, or hemi-HMEG and typically
affects the frontal lobe or the parieto-occipital lobes (9) (Fig 7).

Although rare, posterior cerebral fossa features may be
implicated in the megalencephaly spectrum. During the
first 2 years of life, cerebellar expansion (with or without
cerebellar cortical dysplasia) sometimes occurs faster than
growth of the cerebrum, which can lead to development of
cerebellar tonsillar ectopia (26).

Megalencephaly can be isolated or a part of syndromic
conditions, such as macrocephaly capillary malformation
and megalencephaly PMG-polydactyly hydrocephalus syn-
dromes, epidermal nevus syndrome, congenital lipoma-
tous overgrowth, vascular malformations, epidermal nevus,

radiographics.rsna.org
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Table 2: Novel Considerations regarding MCD

MCD Former Concept

Novel Considerations

Cobblestone or PMG-like

PMG Classified as a postmigrational disorder Should be reclassified as a late migrational disorder

cortex imaging features, considering their same pathophysio-

logic mechanism

Cobblestone malformation Classified as LIS type II Now classified as a distinct entity as it is an overmigration
rather than undermigration disorder

FCD type III Classified separately from FCD typesIand II Might be not maintained as a separate entity

SBH (double cortex syndrome) Same classification as other heterotopias Now recognized as part of the LIS spectrum

LIS Subdivided in classic LIS (LIS type I) and Best described based on the severity and gradient of the

variant LIS gyral malformation, cortical thickness, and associated

brain malformations

Dysgyria New term to describe a dysmorphic cortex

New suggested umbrella term to describe overlapping

Figure 4. Microcephaly in two infants. Sagittal T1-weighted MR images show a normal gyral pattern (A) and a
simplified gyral pattern (B).

Table 3: Genetic Causes of Primary Microcephaly

Findings at Presentation

Associated Gene Mutation

Microcephaly primary hereditary (nonsyndromic)

a very small brainstem and cerebellum

sum, and marked cerebellar hypoplasia with large tectum

thickening

Profound microcephaly, very simplified gyral pattern, periventricular nodular heterotopia, and NDEI gene mutation

Mild microcephaly with bilateral periventricular heterotopia and putaminal hyperintensity ARFGEF2 gene mutation

Wrapping of the frontal horns around the outside of the basal ganglia, absence of the anterior TUBAIA gene mutation
limb of the internal capsule, profound microcephaly, LIS, absent or very small corpus callo-

Postnatal microcephaly with disproportionate brainstem and cerebellar hypoplasia and re- CASK gene mutation
duced frontal gyri volume; normal-sized corpus callosum may give an impression of callosal

ASPM (MCPH5) and WDR62
(MCPH2) gene mutation

spinal and skeletal anomalies, scoliosis syndrome, and oth-
ers (9). These diseases often involve increased growth of
the body and specific cutaneous hallmarks, including cu-
taneous nevus, as a result of neural crest participation in

Volume 44 Number 11

postzygotic somatic mosaicism (26). An increasing number
of defects in genes involved in cell growth and proliferation
pathways are being identified in megalencephaly and are
detailed in Table 4 (27-29).

radiographics.rsna.org
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Figure 5. Zika virus microcephaly in a 2-year-old boy. (A, B) Coronal T1-weighted (A) and axial T2-weighted (B) MR

images show cortical thickening and LIS pattern characterized by frontal agyria and bilateral temporoparietal pachy-
gyria. There are small foci of subependymal nodular gray matter heterotopia (arrows in A) in the walls of the body of

the left lateral ventricle and the atrium of the right lateral ventricle. (C) Axial susceptibility-weighted MR image shows
small foci of calcifications diffusely distributed in the subcortical regions of the brain parenchyma (arrows).

s — ——

Figure 6. Benign external hydrocephalus in an 8-month-old boy undergoing macrocrania investigation. (A, B) Axial T2-weighted MR images
show enlargement of cerebrospinal fluid spaces (arrows), especially in the frontal lobes and temporal poles. (C) Sagittal T1-weighted MR image

shows an increased skull-to-face ratio.

Abnormal Proliferation: FCD Types IIA and IIB or
Cortical Tubers

FCD is a heterogeneous group of focal abnormalities of ce-
rebral cortex cytoarchitecture, with diverse histologic ap-
pearances. FCD manifests as disordered cortical lamination,
cytoarchitectural lesions, and underlying white matter ab-
normalities (30). It is highly associated with medically intrac-
table epilepsy; in fact, it was the most common diagnosis in a
sample of 9523 children who underwent epilepsy surgery for
drug-resistant seizures (31).

FCD is classified into three neuropathologic subgroups by
the International League Against Epilepsy (32) based on the
severity of cytoarchitectural disruption and the abnormal
cell types found. Nevertheless, there has been some contro-
versy about this classification, possibly with a future new
classification system (33).

Volume 44 Number 11

FCD Type I.—FCD type I consists of abnormal cortical layer-
ing and has three subtypes. In FCD type Ia, there is failure in
the correct radial migration of neurons, which is the path that
neuronal progenitors take through the radial-oriented glial
cells. In FCD type Ib, there is a derangement of the six-layered
tangential composition of the neocortex; and in FCD type Ic,
both processes occur. All three variants can show heterotopic
neurons in white matter and hypertrophic neurons (outside
layer 5), as well as normal neurons with abnormal dendrites.
They may affect one or multiple lobes (34).

FCD type I is radiologically and pathologically challeng-
ing to diagnose and still lacks specific molecular and genetic
biomarkers, although genetic alterations of DEPDC5, AKT3,
KCNTI, NPRL2, NPRL3, PCDHI9, SCNIA, SLC35A2, and STXBPI
have been described (35). MRI may show abnormal signal in-
tensity of the subcortical white matter, with blurring of the

radiographics.rsna.org
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Table 4: Gene Defects Identified and Associated
with Megalencephaly

Gene mutation
PI3K-AKT-mTOR pathway
RAS-MAPK-ERK pathway
DNA methyltransferase

Transcription initiation regulators and tyrosine
kinase receptor
Other findings
Isolated or syndromic megalencephaly, with
somatic (body) overgrowth and/or other MCD,
including PMG

gray-white matter junction and prominent segmental or lo-
bar hypoplasia of the affected region (36). Asymmetric lack
of subcortical myelination is a rather specific finding for FCD
type Ia (17).

FCD Type II.—FCD type Il manifests as a marked disruption of
cortical lamination with morphologically abnormal cell types,
notably dysmorphic and cytomegalic neurons. It is divided
according to the absence (IIa) or presence (IIb) of balloon
cells, which are unusual large cells with abundant opalescent
eosinophilic cytoplasm and one or more eccentric nuclei.
FCD type II and dysplastic megalencephaly form a spectrum
of disorders in the mTOR pathway and its activators (AKT3,
PIK3CA, and RHEB), as well as in its repressors (DEPDC5, TSCI,
and TSC2) (36).

The tuberous sclerosis complex (TSC) tubers can be con-
sidered an FCD type IIb, although it is not classified as such by
the International League Against Epilepsy. TSC and FCD type
IIb lesions are histologically similar, and the cause of both
conditions involves the mTOR pathway genes TSCI and TSC2.
Furthermore, patients with panel-negative FCD type II have
significant pS6 immunostaining, indicating that all FCD type
II entities are mTORopathies (37).
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Figure 7. Hemimegalencephaly
in a 3-week-old newborn. Axial
T2-weighted (A) and coronal
T1-weighted (B) MR images show
a marked volumetric increase of
the right cerebral hemisphere.
Note the enlarged ventricle (B)
and accelerated myelination (A)
in the affected side.

FCD type II is usually identified at MRI. Relevant imag-
ing findings include abnormal cortical thickness, gray-white
matter junction blurring, cortical and subcortical signal in-
tensity abnormalities, and aberrant gyral and sulcal patterns.
On T2-weighted and FLAIR images (Fig 8), the transmantle
sign appears as radially oriented and funnel-shaped high
signal intensity in the subcortical white matter that points to
the ipsilateral ventricle and is highly specific for FCD type IIb,
including the tubers of TSC. Also, hypointense bands at the
portico-subcortical junction have been reported on 7-T sus-
ceptibility-weighted images (38). Calcifications may occasion-
ally be seen, especially in tubers.

Imaging patterns vary significantly depending on the my-
elination stage. In unmyelinated brains, FCD often manifests
as T2-hypointense and Tl-hyperintense lesions (39) (Fig 9).
As myelination advances, FCD lesions become more similar
to the surrounding brain parenchyma, making identification
more difficult.

The differential diagnosis comprises low-grade tumors,
particularly glioneuronal tumors such as gangliogliomas, as
well as new histologic causes such as “oligodendrocytosis”
(40) and “mild malformation of cortical development with
oligodendroglial hyperplasia” (41), characterized on MR im-
ages by abnormal signal intensity within the anatomic region
of seizure onset. Although coexisting FCD and low-grade tu-
mors are a recognizable entity, some aspects that may help
to differentiate these pathologic conditions are patient age at
epilepsy onset (younger age in patients with FCD) and loss of
N-acetylaspartate and increase of choline at proton MR spec-
troscopy, which are more pronounced in low-grade gliomas
than in FCD (42).

FCD Type I1l.—FCD type III has architectural distortion of
cortical layers around an epileptogenic lesion, such as a tu-
mor or a vascular malformation. Molecular and clinical bio-
markers are needed for diagnosis, and FCD type III might
not be maintained as a separate entity in the upcoming re-
vised classification (43). It is divided into four subtypes ac-
cording to the location of the affected cortex: type Illa, in the
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Figure 8. FCD type Il with
transmantle sign in a young
man. Coronal T2-weighted (A)
and FLAIR (B) MR images
demonstrate abnormal cor-
tical thickening, associated
with loss of white-gray matter
differentiation (arrow in A)
and hyperintensity in the
cortical and subcortical areas
of the left frontal lobe (arrow
in B).

Figure 9. Changing appearance of FCD type Il in an infant. (A, B) Axial T2-weighted images show an infantile cortical
pattern at age 2 months (A) and 6 months (B), with cortical thickness and adjacent white matter hypointensity (arrow).
The right frontal lobe (arrow) also has blurring of the white-gray matter junction and accelerated myelination. (C) Axial
T2-weighted MR image at 12 months of age shows that in the transition to the adult cortical pattern, FCD changes become

more challenging to identify due to the similar signal intensity between white and gray matter.

temporal lobe with hippocampal atrophy; type IIIb, adjacent
to a glial or glioneuronal tumor; type Illc, adjacent to a vas-
cular malformation; and type IIId, adjacent to other lesions
that form in early childhood (Fig 10).

If FCD is suspected, it is recommended to review MR ex-
aminations in search of eventually overlooked lesions (33).
Multiplanar and three-dimensional reconstructions may aid
in their detection, and artificial intelligence is another prom-
ising tool to be incorporated in this diagnostic workup (9,35).

Group 2: Abnormal Neuronal Migration

Decreased Migration

Heterotopia
Gray matter heterotopia consists of clusters of healthy neu-
rons in abnormal positions, mostly caused by defective mi-
gration (44).

Volume 44 Number 11

Periventricular Nodular Heterotopia.—Periventricular nod-
ular heterotopia is the most common type of heterotopia. It
is usually composed of nodules of gray matter that line the
ventricular wall. These nodules can range widely in number,
location, size, and sometimes shape, and they can be associ-
ated with a variety of other brain or systemic malformations
(9,45). Small nodules of gray matter can be seen close to the
ependymal layer, elevating it and distorting the ventricle out-
lines. They are most frequently observed in the trigones and
occipital horns regions (9,46).

On all MR images, gray matter heterotopias are isointense to
the cerebral cortex (Fig 11). This is valid regardless of the loca-
tion of the heterotopia (9,45).

It is important to distinguish between periventricular nodu-
lar heterotopia and tuberous sclerosis subependymal nodules.
The latter are positioned perpendicular to the ventricular walls,
are not isointense to gray matter, frequently calcify, and may
have enhancement after contrast agent administration (9,45,46).
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Figure 11.

Coronal T1-weighted (A), T2-weighted (B), and FLAIR (€C) MR images in an 8-year-old girl with developmental delay

Brunelli and Lopes et al

Figure 10. FCD type Il with
anomaly of venous development
in a 12-year-old girl. Axial FLAIR
MR images show cortical thicken-
ing with changes in the gyration
and sulcation pattern (arrowhead
in B), as well as irregularities and
blurring of the white-gray matter
junction, affecting the right frontal
lobe. The area of hyperintensity
in the adjacent subcortical white
matter (arrow) has internal vascu-
lar structures of probable venous
origin that extend to the semioval
center and the ependymal surface
of the right lateral ventricle.

show subventricular heterotopia (arrow). The nodules have a similar signal intensity to that of gray matter with all sequences.

The filamin A protein encoded by the FLNA gene at Xq28
is known to interact with more than 90 other proteins, some
of which may be involved in neuronal migration, and is an
recognizable underlying genetic cause related to periven-
tricular nodular heterotopia (PVNH) (47). The imaging pat-
tern that should raise suspicion for FLNA mutation is bilat-
eral and symmetric PVNH, with a slight preference for the
frontal horns and ventricular bodies. FLNA mutation is also
associated with cardiac malformations. Other genes includ-
ing MAPIB, TMTC3, MENI, NEDD4 L, ACTGI, and ARFGEF2
have been linked to FLNA-negative PVNH (48).

Subcortical Heterotopia.—Subcortical heterotopia (SUBH)
is a grouping of neurons in the white matter of the cerebral
hemispheres. It usually extends from the ventricular sur-
face to the overlying cortex, which is commonly dysplas-
tic and lacks well-defined intervening white matter (Fig
12) (9,49). There is an association between SUBH and LIS
(discussed in the next section) related to some genetic mu-
tations such as TUBGI, TUBAIA, and APC2. Other genes as-
sociated with SUBH are COL4A (brain small vessel disease),
GPSM2 (Chudley-McCullough syndrome), and POMT2
(dystroglycanopathy) (50).
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A narrow but distinct band or wedge of gray matter that
extends perpendicularly from the ependyma to the cortex is
referred to as transmantle columnar heterotopia. At imag-
ing, transmantle heterotopia may involve an entire cerebral
lobe, manifesting as a remarkable “lobe within a lobe” ap-
pearance; this is known as sublobar dysplasia (1,9).

Lissencephaly

LIS is characterized by a smooth brain surface with wide or
missing gyri or convolutions, an unusually thick cortex, and
histopathologic signs of aberrant cortical anatomy (9). It is
caused by disturbed neuronal migration during early stages
of cortical development. The spectrum of LIS encompasses
agyria (Fig 13), defined as cortical regions with sulci more
than 3 cm apart; pachygyria, defined as abnormally wide gyri
with sulci 1.5-3 cm apart; and SBH, defined as gray matter
longitudinal bands located deep in the cerebral cortex and
separated from it by a thin layer of white matter, hence the
term double cortex syndrome (51,52) (Fig 14).

The distinguishing imaging feature of LIS is a thick cere-
bral cortex with decreased gyration. In agyria, the brain ex-
hibits a figure-of-eight form due to a complete lack of sulci,
and broad, vertically oriented sylvian fissures. In pachygyria,
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Figure 12. Bilateral nodular periventricular and left subcortical heterotopia (adjacent to the left frontal horn of the lateral ventricle) in
a male infant. Axial T1-weighted (A), FLAIR (B), and T2-weighted (C) MR images show tissue along the ependymal surface of the lateral
ventricles (arrows) with similar signal intensity to that of the cortex with all sequences, corresponding to nonmigrated neuronal tissue.

Figure 14. SBH in an infant. Axial
T1-weighted MR image demonstrates
bilateral bands of heterotopic gray matter
interposed between the lateral ventricles
and the cortical mantle.
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Figure 13. Agyriain a 5-year-old girl. Axial
T1-weighted (A) and coronal T2-weight-

ed (B) MR images show diffuse cortical
thickening with an absence of sulci and gyri.
The supratentorial brain assumes a figure 8
shape.

the cortex is more frequently divided into broad, coarse gyri
by at least a few shallow sulci (9) (Fig 15).

LIS can be classified by cortical thickness as classic LIS or
thick LIS when the cortex is 10-15-mm thick; thin LIS when
the cortex is 5-10-mm thick; and variable LIS when there are
coexisting areas of thick and thin LIS (51,52). At imaging, LIS is
better classified based on the severity (grade) of gyral abnor-
mality, anterior-posterior gradient, cortical thickness, and
eventually associated brain malformations. The severity is di-
vided into diffuse or partial for LIS and SBH, and gradient re-
fers to the predominant topography of the anomaly (anterior,
posterior, or no gradient). The cortical thickness and appear-
ance involve “simplified gyration overlying SBH,” “thin undu-
lating,” “thin variable dysgyria,” “thin with enlarged lateral
ventricles,” “thin mantle,” or “thick classic.” Noncortical brain
malformations include basal ganglia dysgenesis, corpus cal-
losum dysgenesis, tectal hyperplasia, brainstem hypoplasia,
and cerebellar dysgenesis or hypoplasia (diffuse or vermian)
(51-53). Many different gene mutations have been identified
in LIS, as depicted in Table 5 (52-54) (Fig 16).
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Figure 15. Pachygyriaina
4-month-old infant. Axial (A, B)

and coronal (C, D) T2-weighted MR
images show simplification of the
sulcation and gyration pattern that
is associated with diffuse cortical
thickening and subtle blurring of the
white-gray matter junction (bilateral
and symmetric) more evident in

the temporal poles and frontal and
parietal lobes.

Table 5: Main Genes Associated with LIS

Gene Abnormality

Associated Phenotype

Mutation or deletion of LISI (PAFAHIBI)

DCX (doublecortin protein) located in X chromosome
ARX

RELN

Tubulinopathy (TUB) gene mutation: TUBAIA, TUBB2B,
TUBB, TUBB3, and TUBAIA

Isolated LIS syndrome or Miller-Dieker syndrome (spectrum of LIS with
facial dysmorphism)
Classic LIS and SBH (affecting males more severely)

Temporal-predominant LIS variant or X-linked LIS with abnormal
genitalia
LIS associated with cerebellar hypoplasia and hippocampal abnormalities
LIS with cerebellar hypoplasia, which can be associated with microcephaly or
normal head size, thin cortex, or striking TUB-dysgyria

Cytomegalovirus has been linked to the emergence of LIS
because it affects the developing fetal brain, lowering blood
flow. Early infection is more likely to result in LIS, given that
neuronal migration occurs early in pregnancy (55) (Fig17).

Microlissencephaly

Microlissencephaly (MLIS) is the combination of LIS and
severe congenital microcephaly. It represents a severe and
poorly understood group of cortical abnormalities involving
tubulinopathy spectrum, Norman-Robert syndrome with
LIS with cerebellar hyperplasia phenotype, and Barth MLIS
syndrome, which is the most severe. Pathogenic mutations
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in the genes DMRT2, NDEI, KATNBI, RNU4ATAC, TUBGCP2,
and CIT are linked to severe congenital microcephaly and a
greatly simplified gyral pattern, which is particularly pro-
nounced across the frontal lobes. Cerebellar hypoplasia and
MLIS frequently coexist (52).

Overmigration

Spectrum PMG and Cobblestone Malformation.—The spec-
trum of PMG and cobblestone malformation is thought
to be due to neuronal overmigration into the leptome-
ninges through defects in the brain pial surface, with
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leptomeningeal heterotopia (56). As the two entities share
the same pathophysiologic mechanism, their imaging fea-
tures partially overlap, leading to confusion in the reported
description and categorization (56). The resulting cortical
phenotype will depend on the size of the gaps in the pial
limiting membrane and the quantity of neurons that mi-
grate to the subarachnoid space (57). Small gaps that lead to
small clumps of neurons on the cortical surface are called
PMG, while large gaps leading to relatively smooth layers of
neurons on the cortical surface define cobblestone malfor-
mation (58) (Fig 18)

Volume 44 Number 11

13

Brunelli and Lopes et al

Figure 16. Tubulopathyin a 1-year-
old infant with development delay
(TUBB3 gene). Axial T1-weighted MR
images demonstrate multifocal areas
of gyral thickening and abnormal
sulcation in a dysgyric pattern. The
interhemispheric falx is hypoplastic,
with insinuation of the right frontal
parenchyma to the left side (arrow-
head in A). There are morphologic
changes with volumetric reduction
of the lentiform nucleus on the left
(circle in A). Note also the dysmorphic
foliation of the cerebellar hemi-
spheres (arrow in B).

Figure 17. Congenital cytomegalovirus
infection in a 6-month-old infant. Coronal (A-C)
and axial (D) T2-weighted MR images show that
the ventricular system is dilated (arrows in B-C)
and the sylvian fissures are elongated. There is
diffuse simplification of the cortical gyri with
cortical thickening, especially in the lateral
temporal and frontoparietal regions, including
the perisylvian regions, with a PMG appearance.
The left cerebellar hemisphere and cerebellar
vermis are atrophic, with encephalomalacia in
the superior aspect of the left cerebellar hemi-
sphere and a sequelae appearance. Note also
the brainstem volumetric reduction.

At imaging, the appearance can range from an apparent-
ly undersulcated brain with a relatively thin cortex to a more
convoluted and thicker cortex. In severe cases, a very thick
cortex can be misinterpreted as pachygyria (a subtype of LIS)
(57). Conversely, apparently smooth cortical surfaces may be
due to fusion of the outer cortical (molecular) layer over the
microgrooves or even due to technical restrictions, such as
suboptimal MRI resolution to identify cortical surface irreg-
ularities or a white matter border (59).

Although PMG is still categorized as a postmigrational
condition (1), there is mounting evidence that it is primarily
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A. Normal Migration B. Polymicrogyria a-dystroglycan C. Cobblestone malformation
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Figure 18. Diagram of hypoglycosylation of a-dystroglycan, which is a transmembrane glycoprotein that binds cells to the extracellular matrix
(62). During normal brain formation, a-dystroglycan undergoes glycosylation, providing stability. Left diagram (A) illustrates normal glycosyla-
tion, maintaining the integrity of the basal lamina and ensuring normal corticogenesis. In contrast, hypoglycosylation of a-dystroglycan leads to
gaps in the basal lamina and disorganized overmigration of neurons into the subarachnoid space. Small gaps in the basal lamina contribute to
PMG (B), while larger gaps result in the occurrence of cobblestone LIS (C). (Created with BioRender.com.)

Figure 19. PMG in a 7-year-old girl with closed-lip schizencephaly. Axial (A), coronal (B), and sagittal (C) T1-weighted MR
images demonstrate cortical thickening with a polymicrogyric appearance (arrow in B and C) in the left perisylvian region.
Note the asymmetry of the cerebral hemispheres, smaller on the left, with a slight increase in the cortical sulci and the lateral
ventricle on this side. Also note the verticalization of the sylvian fissures (C).

the result of abnormal late neuronal migration, allowing its The topographic distribution of PMG may be focal, mul-
reclassification in the group of late migrational (rather than tifocal, or diffuse; unilateral or bilateral; and symmetric or
postmigrational) abnormalities (9). asymmetric. The most common sites are the sylvian fissures
(60%-70%), notably in the posterior portion, although any
Polymicrogyria.—PMG is characterized by multiple small part of the cerebral cortex may be affected (9).
and compact gyri separated by shallow sulci, resulting in an At imaging, PMG can be roughly divided into three mor-
uneven appearance at the cortical surface and cortical white phologic subtypes: thick and coarse, fine and delicate, and
matter junction. It can result from several gene mutations saw toothed (thin microgyri separated by deep sulci) (Fig 19)
and copy number variations, as well as nongenetic causes (62). Still, the appearance is highly variable and depends on
including congenital infections, especially by cytomegalovi- the patient age and degree of myelination, with newborns and
rus and Zika virus; in utero ischemia; metabolic abnormal- infants with an unmyelinated brain having a thin (2-3 mm)
ities; and exposure to teratogens (9,60). Clinical manifesta- and bumpy gray-white junction that commonly changes into
tions vary according to the extent of affected areas, the most a thicker (5-8 mm) and comparatively smoother cortex after
common being seizures (78%), global developmental delay myelination is complete (9). Some genetic related syndromes
(70%), spasticity (51%), and microcephaly (50%) (61). are described in Table 6.
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Table 6: Main Characteristics of Cobblestone Malformation related to Dystroglycanopathies

Syndrome

Features

Muscle-eye-brain disease

mis hypoplasia)
Fukuyama congenital
muscular dystrophy

Walker-Warburg syndrome Cobblestone cortical malformation, fetal hydrocephalus, cerebellar malformation (especially tiny cysts),
hypoplastic brainstem with dorsal “kink” at the mesencephalic-pontine junction, retinal dysplasia, agen-
esis of the corpus callosum, malformations of the eye anterior chamber, Dandy-Walker continuum, cleft
lip or palate, posterior encephalocele, ocular colobomas, congenital cataracts, and genital abnormalities

Cobblestone cortical malformation, retinal detachment with microphthalmia, fetal hydrocephalus, absent
septum pellucidum, corpus callosum dysgenesis, and cerebellar malformation (especially inferior ver-

Temporo-occipital cobblestone cortical malformation, frontal lobe and cerebellar PMG, abnormal signal
intensity along the brainstem surface on T2-weighted and FLAIR images, hemorrhage and abnormalities
of cerebral superficial and subependymal veins, and hypoplastic brainstem with enlarged collicular plate

Table 7: Mutations Identified in Cobblestone Malformation

Gene Mutations Findings

POMTI, POMT2, POMGNTI, LARGE, CCM, white matter changes,

FKTN, and FKRP mutations and cerebellar cysts
TMTC3 CCM and periventricular
nodular heterotopia

Note.—CCM = cobblestone cortical malformation.

Cobblestone Malformation.—Cobblestone malformation is
characterized by a gross neuroglial overmigration into the
subarachnoid space, creating an extracortical layer that re-
sults in an agyria appearance, a “cobblestone” brain surface,
and enlarged ventricles (63). It used to be referred to as LIS
type II (64), but it was eliminated from this group in recog-
nition of its different physiopathologic processes (overmigra-
tion rather than undermigration) (58).

A spectrum of autosomal-recessive illnesses with cere-
bral, ocular, and muscular impairments linked to dystrogly-
canopathies (congenital muscular dystrophy) are pathog-
nomonic for cobblestone malformation and are described
in Table 7 (64-68). The imaging features related to cobble-
stone malformation are an undersulcated cerebral surface,
a mild to moderate thick cortex, and an irregular cortical
white matter border that is linked to intracortical white
matter with hyperintensity on T2-weighted and FLAIR im-
ages and transitory hyperintensity of the underlying white
matter (58) (Fig 20). The main mutations are seen in Table
7 (63,68-70).

Abnormal Migration

Schizencephaly.—Schizencephaly is characterized by a cleft
lined by polymicrogyric gray matter and/or heterotopia that
extends across the full thickness of the cerebral hemisphere,
from the ventricular surface (ependyma) to the periphery (pial
surface) (9). The etiopathogenesis is unclear, but it seems that
the main mechanisms include in utero infections (eg, congeni-
tal cytomegalovirus), teratogens, trauma, ischemia, and genet-
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ic abnormalities such as COL4Al, COL4A2, and tubulins.

Schizencephaly is classified into two morphologic catego-
ries and can be unilateral or bilateral. While type I (fused or
closed lips) extends from deep brain structures to the surface
of the brain without connection to the ventricular system (Fig
21), type II (open or separated lips) connects the ventricular
system with the subarachnoid space (Fig 22) (71).

It is frequently associated with other severe brain abnor-
malities and, in most cases, additional neurologic symp-
toms. Congenital cytomegalovirus infection can manifest
with schizencephaly, white matter lesions, ventriculomegaly,
subarachnoid space enlargement, calcifications, and tempo-
ral pole cysts. Septo-optic dysplasia may also be associated
with schizencephaly (septo-optic dysplasia plus) (72). The
use of high-resolution MR images, such as three-dimension-
al T1-weighted and highly T2-weighted images, is essential to
recognize small clefts and ventricular dimples that may indi-
cate the existence of schizencephaly (9).

Group 3: Abnormal Postmigrational
Development

Dysgyria

Dysgyria describes a nonspecific malformation in which
the cortex has normal thickness but an aberrant gyral pat-
tern, with abnormalities of sulcal depth and orientation
(Fig 23). The appearance of the dysmorphic cortex is not
typical of the previously described condition. Microscop-
ically, the cortex layers are normal. It was first described
in association with tubulinopathies and dystroglycanopa-
thies, but the complete spectrum of disorders in which it oc-
curs has not yet been determined (9,12,73). It is important
to keep in mind that FCD type 1, FCD type 3, and secondary
microcephalies are also part of group 3 (Table 1) and were
previously described.

Advanced Imaging Techniques
As shown above, some MCD are subtle and may not be seen
on imaging studies, possibly representing just the “tip of the
iceberg.” In addition to the information determined with
high-spatial-resolution imaging of the cortex, diffusion
tensor imaging of white matter may reveal the existence
of notable changes in cerebral white matter networks (74),
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Figure 20. Walker-Warburg syndrome in an infant. (A, B) Axial T1-weighted (A) and coronal T2-weighted (B) MR images show the
cobblestone LIS cortical pattern. (C) Sagittal T1-weighted MR image demonstrates a hypoplastic brainstem with a dorsal “kink” at the

mesencephalic-pontine junction with a Z-shaped pattern.

Figure 21. Axial volumet-

ric T1-weighted MR image
demonstrates bilateral
closed-lip schizencephaly,
characterized by small
clefts surrounded by PMG
(arrowheads).

Figure 22. Congeni-
tal toxoplasmosis in a
newborn. Axial CT image
shows left open-lip
schizencephaly with a
big cleft connecting the
subarachnoid space and
ventricles. Note also

the calcifications in the
ventricular walls.
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Figure 23. Dysgyria in a 4-year-old

girl with developmental delay. Axial
T2-weighted MR image shows an ab-
normal gyral pattern along the bilateral
parasagittal frontoparietal lobes (arrows),
with normal cortical thickness.

MR spectroscopy may show abnormalities in MCD lesions
as well as the normal-appearing contralateral side (75), and
functional MRI can delineate brain function to be used for
presurgical mapping.

Conclusion
MCD are a major cause of development delay and epilepsy.
The stage of embryogenesis where the disruption happens
dictates how severe the condition will be. Recognizing im-
aging patterns is crucial in the assessment of these patients,
sometimes in determining the diagnosis or at least in en-
abling more targeted genetic and molecular testing. Didacti-
cally, the authors provide a flowchart for a proposed imaging
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approach to MCD, which is shown in Figure 24.
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