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Abstract
Ongoing challenges in diagnosing focal cortical dysplasia (FCD) mandate con-
tinuous research and consensus agreement to improve disease definition and 
classification. An International League Against Epilepsy (ILAE) Task Force (TF) 
reviewed the FCD classification of 2011 to identify existing gaps and provide a 
timely update. The following methodology was applied to achieve this goal: a 
survey of published literature indexed with ((Focal Cortical Dysplasia) AND 
(epilepsy)) between 01/01/2012 and 06/30/2021 (n = 1349) in PubMed identified 
the knowledge gained since 2012 and new developments in the field. An online 
survey consulted the ILAE community about the current use of the FCD classifi-
cation scheme with 367 people answering. The TF performed an iterative clinico- 
pathological and genetic agreement study to objectively measure the diagnostic 
gap in blood/brain samples from 22 patients suspicious for FCD and submitted to 
epilepsy surgery. The literature confirmed new molecular- genetic characteriza-
tions involving the mechanistic Target Of Rapamycin (mTOR) pathway in FCD 
type II (FCDII), and SLC35A2 in mild malformations of cortical development 
(mMCDs) with oligodendroglial hyperplasia (MOGHE). The electro- clinical- 
imaging phenotypes and surgical outcomes were better defined and validated 
for FCDII. Little new information was acquired on clinical, histopathological, or 
genetic characteristics of FCD type I (FCDI) and FCD type III (FCDIII). The sur-
vey identified mMCDs, FCDI, and genetic characterization as fields for improve-
ment in an updated classification. Our iterative clinico- pathological and genetic 
agreement study confirmed the importance of immunohistochemical staining, 
neuroimaging, and genetic tests to improve the diagnostic yield. The TF proposes 
to include mMCDs, MOGHE, and “no definite FCD on histopathology” as new 
categories in the updated FCD classification. The histopathological classifica-
tion can be further augmented by advanced neuroimaging and genetic studies to 
comprehensively diagnose FCD subtypes; these different levels should then be 
integrated into a multi- layered diagnostic scheme. This update may help to foster 
multidisciplinary efforts toward a better understanding of FCD and the develop-
ment of novel targeted treatment options.
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1  |  INTRODUCTION

In 1957, Crome first described a different form of “ul-
egyria” with largely irregular “nerve cells and stout 
tortuous processes.”1 In 1971, David Taylor coined 
the term “focal cortical dysplasia” based on irregular 
dysmorphic neurons and enlarged ballooned cells in 
the setting of microscopically discernable architec-
tural disorganization of the neocortex in patients with 
focal epilepsies.2 Since then, focal cortical dysplasia 
(FCD) has been associated with medically intractable 
epilepsy3 that carries a less favorable prognosis for 
a seizure- free outcome following surgical resection 
than hippocampal sclerosis and developmental brain 
tumors.4,5 However, imaging techniques have ena-
bled the presurgical detection and increased aware-
ness of the incidence and importance of FCD as a 
common pathological cause of medically intractable 
epilepsy.6

These electro- clinical observations led to multiple 
attempts to classify FCD7,8 with pathological subdi-
visions that correlate with relevant clinical, electro-
encephalographic, and imaging features and directly 
affect management of epilepsies associated with FCD 
and their postsurgical outcomes. From a histopatho-
logical standpoint, a category of frequently encoun-
tered architectural abnormalities of the neocortex 
but no cytopathology features was introduced7 and 
later assigned to FCDI in the Palmini classification.8 
In addition, the Palmini classification made the first 
attempt toward a clinico- pathological correlation and 
formally classified FCD into two subtypes— FCDI and 
FCDII— and two additional subtypes for each one of 
these groups. Subsequent studies showed that the 
microscopic hallmarks for a reliable and consistent 
histopathological diagnosis of FCDI remained poor.9 
These challenges were addressed in the first inter-
national FCD consensus classification of 2011.10 The 
International League Against Epilepsy (ILAE) classi-
fication expanded Palmini type I into three subtypes 
with reference to architectural abnormalities and 
lack of any other principal lesion (Figure 1B and C). 
ILAE type II and Palmini type II subtypes remained 
identical. However, FCDIII and its four subtypes 
were newly introduced and defined as the presence 
of architectural abnormalities in association with 
another “principal” lesion: hippocampal sclerosis 
(FCDIIIa, Figure 1E), low- grade developmental brain 
tumors (FCDIIIb), vascular malformations (FCDIIIc, 
Figure 1F), or any other lesion acquired during early 
life (FCDIIId, Figure 1G and H).

2  |  MATERIALS AND METHODS

2.1 | Meetings of the task force on FCD 
and manuscript generation

During its term (2017– 2021), the Task Force (TF) met in 
person at the annual American Epilepsy Society meet-
ings in Washington, D.C. (2017), New Orleans (2018), 
and Baltimore (2019); at the International Epilepsy 
Congress in Bangkok, Thailand in 2019; and during the 
Cleveland Clinic FCD Summit in 2019. In addition, the 
TF met online in December 2020. The discussions dur-
ing the meetings included: (1) a review of the current 
state of knowledge since the first ILAE classification 
was published in 201111,12; (2) design, execution, and 
analyses of the findings of an expert survey of the cur-
rent use and challenges of the FCD classification; and 
(3) a discussion of the results of an iterative histopatho-
logical agreement and genetic study.13 The summary of 
the literature review, the results of the survey and the 
agreement study, and the recommendations for a first 

Key Points
• An International League Against Epilepsy 

(ILAE) Task Force (TF) reviewed the ILAE clas-
sification of focal cortical dysplasia (FCD) from 
2011 to identify existing challenges and gaps in 
the clinical and histopathological diagnosis of 
FCD

• A review of published literature since the re-
lease of the FCD classification in 2011 identified 
a substantial gain of knowledge in the electro- 
clinical- imaging phenotyping and genetic char-
acterization of FCD

• An international agreement study of histopa-
thology and genetic analysis confirmed the im-
portance of immunohistochemical staining and 
the phenotype– genotype integration

• An update of the 2011 FCD classification 
scheme is proposed with the addition of 
mild malformations of cortical development 
(mMCDs), (mMCDs) with oligodendroglial hy-
perplasia (MOGHE), and “no definite FCD on 
histopathology” as new categories

• The TF also proposes a multi- layered diagnostic 
scheme integrating histopathology with imag-
ing data and genetic findings
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update of the ILAE classification were written initially 
in this manuscript by two members of the TF (IN and 
IB). The second version was reviewed by the other mem-
bers of the TF, and the third version was later discussed 
with consulting experts who were selected by the TF to 
equally represent specialists across disciplines and geo-
graphical destinations. The final version of the manu-
script was reviewed and approved by all the authors of 
the update.

2.2 | New knowledge established 
since the 2011 classification

The published English literature indexed in PubMed be-
tween 01/01/2012 and 06/30/2021 (using the terms “Focal 
cortical dysplasia” and “Epilepsy”) was surveyed. New 
clinical, electroencephalographic, imaging, and genetic 
data were identified in the pool of 1349 scientific publica-
tions. Some of the new knowledge was judged by members 
of the TF as potentially impacting the clinical diagnosis 
and management of FCD, and future research on these 
malformations.11– 13

2.3 | The 2018 online survey of the ILAE 
task force

An online survey was performed in 2018 to consult the 
ILAE community about the current use and challenges of 
the FCD classification scheme of 2011 (see details in the 
Appendix  S1). The survey was advertised on the ILAE 
website in addition to the ILAE newsletter. It was freely 
accessible for 6 weeks via the ILAE website. Questions 
in the survey focused on the following: (1) The use of 
the 2011 classification (Yes/No), (2) the % of FCDI and 
FCDII in the respondent practice, (3) the % of various 
FCDI subtypes in the respondent practice, (4) the use of 
genetic testing in the blood and brain samples of patients 
with suspected FCD, (5) the use of FCDIII subtype (Yes/
No), (6) the prevalence of each principal lesion associ-
ated with FCDIII in the respondent practice, (7) the use 
of mild malformations of cortical development (mMCDs) 
(Yes/No), (8) in comparison to FCD, how often mMCD 
was used (less/same/more), (9) the aspect(s) of the FCD 
classification that needs revision (FCDI, FCDII, FCDIII, 
mMCD, Genetics). Questions 10– 14 were addressed to 
neuropathologists: (10) use of immunohistochemistry 
(IHC) in the diagnosis of FCD (for neuropathologists 
only), (11) use of IHC in the diagnosis of brain tumors, 
(12) their knowledge about the ILAE recommendation 
for histopathology workup (Yes/No), (13) their use of 
the ILAE recommendations for histopathology workup 

(Yes/No), (14) do they archive frozen tissue (Yes/No)? 
Two more questions were on (15) the geographical loca-
tion and (16) specialty of the respondent.

2.4 | The iterative histopathology 
agreement study

As recently reported, the TF initiated an iterative his-
topathological agreement trial completed by 20 neuro-
pathologists (of 38 invited) from 16 countries using a 
consecutive series of 196 surgical tissue blocks obtained 
from 22 patients with epilepsy at a single center.13 In ad-
dition, five independent genetic labs performed screen-
ing or validation sequencing of FCD relevant genes, 
that is, the FCD gene panel, in paired brain and blood 
samples from the same patients. All study results were 
discussed comprehensively and published in a peer- 
reviewed journal.13

3  |  RESULTS

3.1 | New knowledge and challenges in 
the first ILAE classification

The new knowledge includes the characterization of 
new diagnostic entities,14 either by anatomo- clinico- 
pathological studies in FCDII located at the bottom of 
sulcus15,16 or a persistent genotype– phenotype pattern in 
mMCD with oligodendroglial hyperplasia and epilepsy 
(MOGHE) with SLC35A2 brain mosaicism.17 in addition, 
new knowledge gathered in the neurophysiology of FCD, 
advanced neuroimaging findings, postsurgical outcome 
studies, progress in studying brain somatic mosaicism, 
and DNA methylation of human FCD tissues is reviewed 
and recognized in the FCD classification update. Key find-
ings are described below.

3.1.1 | Histopathology

Bottom of sulcus (BOS) focal cortical dysplasia
FCD that is restricted in its anatomic location and extent 
to the bottom of a sulcus has been identified repeatedly 
as a surgically remediable pathology with clear impli-
cations both on the surgical approach, management, 
and postoperative surgical outcome.15,16 These lesions 
are identified mainly on magnetic resonance imaging 
(MRI). They tend to localize in the depth of frontal lobe 
sulci (superior frontal sulcus, inferior frontal sulcus, 
and central sulcus) and less frequently in the parietal 
or temporal lobes. Direct intralesional, intraoperative, 
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or extraoperative depth electrode electroencephalogra-
phy (EEG) recordings identify a characteristic rhythmic 
spiking pattern in the depth of sulcus lesion.16,18 The 
complete resection of the anatomic lesion achieves sei-
zure freedom in most patients. From a histopathological 
standpoint the lesions show cellular and architectural 
patterns of either FCDIIb (Figure 2) or, less commonly, 

FCDIIa. A germline frameshift insertion in DEPDC5 has 
been identified in one patient,16 and another study iden-
tified somatic pathogenic variants in mechanistic Target 
Of Rapamycin (MTOR) in six patients and heterozy-
gous pathogenic germline variants in two (DEPDC5 and 
NPRL3),19 thus assigning this syndrome to the spectrum 
of mTORopathies.

F I G U R E  1  Patterns of architectural and cytoarchitectural abnormalities in focal cortical dysplasia (FCD) subtypes. A panel of classic 
examples taken at the same objective magnification and with same immunohistochemical stainings neuronal nuclear antibodies (NeuN). 
A, Normal homotypic neocortex obtained from the temporal lobe with its characteristic five neuronal cell layers (L2- L6) and the neuron 
sparse L1 on top and white matter at the bottom (WM). B, FCDIa of the occipital lobe is defined by abundant neuronal microcolumns 
with often small neurons vertically arrayed like parallel strings of pearls. C, FCDIb of the temporal lobe without any layered neocortical 
organization. Also note the dramatically thinned cortical diameter. D, FCDIIb of the frontal lobe is characterized by lack of any cortical 
layering. Instead, large dysmorphic neurons appear randomly placed throughout the cortical ribbon (arrow). Balloon cells are not visible in 
this NeuN immunohistochemistry. E, FCDIIIa in the temporal neocortex of a patient with hippocampal sclerosis. Note the neuronal cell loss 
in supragranular layers L2 and L3 (arrow). F, FCDIIIc in a patient with Sturge– Weber syndrome and a vascular malformation (VM), that is, 
meningeal angiomatosis. The adjacent neocortex is thin and shows abundant microcolumns (as in FCDIa). G, FCDIIId of the parietofrontal 
region in a patient with perinatal stroke. Note the patchy disruption of cortical layers (arrow). H, FCDIIId of the occipital region in a boy 
with perinatal hypoxemic injury. Note the loss of layer 4 neurons (arrow). Scale bar = 500 μm, applies to all images

(A) (B) (C) (D)

(E) (F) (G) (H)
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Mild malformations of cortical development with 
oligodendroglial hyperplasia in epilepsy (MOGHE)
An increase in oligodendroglia and heterotopic neurons 
in the white matter has been described as a new epilepsy- 
associated histopathological entity in young children with 
frontal lobe epilepsy.20 MOGHE was also documented in 
patients with temporal lobe epilepsy.21,22 A subsequent 
series of 12 patients, including children (25%) and adults 
(75%), showed MOGHE lesions circumscribed to the fron-
tal lobe in 6 (50%), the temporal lobe in 3 (25%), and mul-
tiple lobes in the remaining 3 patients (25%), with MRI 
findings like that of FCDIIa.23,24 Somatic brain mosaicism 
in the UDP- galactose transporter gene SCL35A2 is a major 
etiological factor.13,17 These results argue for the inclusion 
of MOGHE as a distinct pathological entity that preferen-
tially affects the white matter of patients with early- onset 
epilepsy and is amenable to epilepsy surgery.25

3.1.2 | Neurophysiology

FCDII subtypes became much better characterized as 
clinical entities with well- defined EEG signatures in 
FCDIIa and IIb subtypes. The specificity of interictal pat-
terns such as focal continuous rhythmic discharges and 
repetitive spiking have been suggested as possible pre-
dictors of the ictal- onset zone and of favorable postre-
section seizure outcome.3,18,26– 29 Previous studies have 
shown that intrinsic epileptogenicity might not overlap 

with the MRI- observed abnormality.30,31 Correlations be-
tween histopathological and neurophysiological studies, 
that is, intracerebral depth electrode recordings, also pro-
vided evidence for a contribution of dysmorphic neurons 
to interictal spikes, fast gamma activity, and ripples.32 
Furthermore, seizure onset and phase- amplitude cou-
pling in areas with dysmorphic neurons suggested pre-
served connectivity and was related to seizure initiation. 
Balloon cells showed no such association.32

3.1.3 | Neuroimaging

MRI techniques have provided a noninvasive window for 
the characterization of some FCD. On the other hand, the 
strength of the magnet, the imaging protocol, the corre-
lation with clinical semiology and EEG findings, and the 
examiner's experience are crucial for planning subsequent 
management.33,34 A negative study undertaken on a low- 
field MRI without using an epilepsy- dedicated protocol 
suggests a nonadequate imaging acquisition. This is fur-
ther demonstrated using high- field MRI.35 These obser-
vations highlight the need for adequate imaging studies 
that may transform an MRI- negative into an MRI- positive 
study and may fundamentally change the surgical ap-
proach, minimize the use of additional highly expensive 
and morbid mapping studies, and result in significantly 
better postsurgical seizure outcomes.33,34Positive MRI 
changes have been described for FCDI lesions in 20% to 
100% of the cases in the various publications since 2011 but 
the type of changes have rarely been specified further.36– 40 
In two pediatric series, one reporting on FCDIa41 and an-
other on FCDIa and Ib,38 subtle increase in white mat-
ter signal in T2 and fluid- attenuated inversion- recovery 
(FLAIR) were reported, with reduction of the volume of 
the white matter in FCDIa.41

MRI abnormalities in FCDII include abnormal gy-
ration patterns indicated by a cortical dimple, cortical 
thickness changes, signal increase (mainly in FLAIR) 
both in the lesion and in the adjacent white matter, 
and gray- white matter blurring.6,34 The transmantle 
sign, a linear or triangular shaped high T2/FLAIR sig-
nal extending from the lesion toward the ventricle, in-
dicates most likely FCDIIb.42 Although most patients 
with FCDII show focal MRI abnormalities, almost one- 
third remain MRI negative, some of which could be 
due to inadequate imaging, but even 3  T imaging can 
be negative.6,43 It is tempting to speculate that MR- 
negative FCDII lesions belong mainly to the spectrum 
of FCDIIa.44 MRI postprocessing using a morphomet-
ric analysis program (MAP) has identified structurally 
abnormal subtle FCD lesions.45 In addition, a major 
benefit of 7  T high- field MRI with postprocessing was 

F I G U R E  2  Multichannel- immunofluorescence whole slide 
imaging of a bottom- of- sulcus focal cortical dysplasia (FCDIIb). 
Dysmorphic neurons are labeled with anti- nonphosphorylated 
neurofilament H– specific antibodies and were concentrated at the 
bottom of a sulcus (orange arrow; sulcal surface indicated by small 
white arrowheads in the upper right). Vimentin- positive balloon 
cells (in green color) aggregated in the underlying white matter 
(green arrow). In addition, vascular myocytes expressing smooth 
muscle actin were visualized in magenta pseudo- color and all cell 
nuclei in blue color. Scale bar = 2 mm. Modified from.16
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reported for detection of subtle FCD lesions in patients 
with focal epilepsies and nonlesional 3 T MRI.34 A major 
benefit of 7 T high- field MRI with postprocessing is the 
reported detection of subtle FCD lesions in 22% of pa-
tients with focal epilepsies and previous negative 3  T 
MRI.35 Additional functional imaging modalities, such 
as interictal fluorodeoxyglucose– positron emission to-
mography (FDG- PET) and subtraction of ictal/interictal 
single- photon emission computed tomography (SPECT) 
and its co- registration with structural MRI, may add im-
portant information in patients with subtle lesions that 
helps to increase the confidence of the structural MRI 
diagnosis.43

3.1.4 | Presurgical evaluation, surgical 
management, and postsurgical seizure outcome

Our literature survey revealed that almost half of the 
studies addressed surgical approaches and postopera-
tive seizure outcomes.11 These reports highlighted the 
difficulties in approaching FCDI: Even the use of the 
most invasive evaluation techniques fails to localize the 
epileptogenic zone (EZ) and subsequently results in no 
resections or failed surgical resections in many patients. 
These failures could also be due to more widespread 
epileptogenic pathology, as reported in all patients of 
the rare group of children with subtle unilateral hypo-
plasia of the posterior quadrant and FCDIa.41 On the 
other hand, the presurgical evaluation of patients with 
suspected FCDII has become more streamlined, and 
in some instances (FCDIIb or bottom of sulcus FCD), 
EZ localizations, mapping, and surgical resections with 
excellent results have been achieved without extraop-
erative invasive EEG evaluations.35– 37 Surgical outcome 
studies clearly established the successes and challenges 
facing the current FCD classification. Excellent seizure 
outcomes were associated with surgical resections in-
volving FCDII.5 But nonfavorable outcomes have been 
reported following resections of FCDI41 with the out-
comes of FCDIII depending mainly on the principal le-
sion associated with FCD.46

3.1.5 | Genetics of FCD

Over the last decade, there has been growing evidence 
that brain mosaicism plays a major role in the etiol-
ogy of FCD. Pathogenic variants were discovered ini-
tially in resected tissue of large cortical malformations 
such as megalencephaly and hemimegalencephaly 
(HME) by bulk DNA copy number assessment and tar-
geted sequencing of genes of the PI3K- AKT3- mTOR 

pathway.47– 49 Subsequent studies revealed that smaller 
cortical malformations, such as FCDII, are also mosaic 
disorders caused by pathogenic variants in the same 
pathway, occurring in early neuroprogenitor cells and 
evolving into a mutated clonal cell population.50– 60 
Currently, two distinct pathomechanisms are antici-
pated: (1) the glycosylation- related gene SLC35A2 in 
MOGHE,13,17 and (2) genes belonging to the mTOR path-
way (AKT3, DEPDC5, NPRL2, NPRL3, PIK3CA, RHEB, 
MTOR, TSC1, TSC2) in FCDII and HME.50– 53,55– 59 In 
addition, there is recent evidence that a single hit (i.e., 
gain- of- function variant) in activators of the mTOR 
pathway (e.g., PIK3CA, AKT3, RHEB) or in MTOR itself 
is sufficient to cause the FCDII.56 The dysregulation 
of the mTOR signaling pathway provides the rational 
mechanistic basis for a direct link between gene muta-
tion and brain pathology involving dysmorphic neurons, 
balloon cells, oligodendrocytes, and astrocytes.12,14,61 In 
contrast, a double hit with a germline and somatic loss- 
of- function variant in repressors of the pathway (i.e., 
DEPDC5, NPRL2, NPRL3, TSC) is necessary for the ex-
pression of the brain lesion. Definite somatic second- hit 
events, either single nucleotide variants19,60,62,63 or loss- 
of- heterozygosity (LOH)51,57 of the second allele lead-
ing to biallelic gene inactivation of DEPDC5 have now 
been reported, validating the two- hit model for mTOR- 
pathway repressor genes. Even among somatic variants, 
the number of DNA fragments that carry the mutation 
in a sequencing experiment is expected to serve as a 
surrogate marker for the number of mutated cells in a 
resected tissue. Accordingly, the so- called “variant al-
lele fraction gradient” is correlated with a “dysmorphic 
neuron density gradient,” with the highest variant load 
detected in the seizure- onset zone.19,63,64 Another study 
reported a synergistic effect of two mosaic variants in 
mTOR pathway activators (RPS6 and MTOR) in a pa-
tient with HME.65 In all studies, the mosaic fraction of 
the variants correlated with the lesion type, with greater 
mosaicism in HME reflecting the earlier timing of oc-
currence of the mutational event.61 Analysis of pools 
of microdissected cells demonstrated that dysmorphic 
neurons and balloon cells carry the pathogenic vari-
ants leading to hyperactivation of mTOR.19,51,64 These 
discoveries offer the opportunity to reshape the genetic 
landscape of FCD, distinguishing mTOR and non– 
mTOR- related FCD toward a new integrated genotype– 
phenotype classification.12,13,66 The current challenge is 
whether genetic findings can predict surgery outcome, 
the extent of the lesion, and the presence of multiple 
or bilateral lesions.67 Overall mTOR- related MCD with 
germline or germline and somatic variants have a bet-
ter surgical outcome than MCD caused by mutations 
in ion channel and synaptic transmission genes.68 Two 
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proof- of- principle studies recently reported that brain 
mutations can be detected in the circulating cell- free 
DNA obtained from cerebrospinal fluid.69,70 If substan-
tiated, this finding may allow for a genetic diagnosis 
before surgery, or when brain tissue is not available. 
Although the role of genetic testing in selecting surgi-
cal candidates and predicting surgical outcome are still 
debated, these findings point to the merit of including 
genetic testing results in the proposed integrated clas-
sification scheme update of FCD.

3.1.6 | Emerging role of epigenetics 
in epilepsy

There is compelling evidence that dysfunctional epige-
netic processes are involved in the pathobiology of neu-
rologic diseases and may serve as molecular indices for 
integrating the effects of inherited and acquired etiologi-
cal factors and thus for modulating the clinical manifesta-
tions of a specific disease.61 Indeed, studies assessing DNA 
methylation provide evidence for a role in epilepsy.71,72 
Genome- wide DNA methylation profiling in three dif-
ferent preclinical animal models identified a seizure-  and 
etiology- specific epigenetic signature.73 Furthermore, dif-
ferential hierarchical cluster analysis of DNA methylation 
studies in resected human brain samples distinguished 
patients with epilepsy from controls and further classified 
the histopathological entities associated with a seizure phe-
notype.72,74,75 These studies not only provide evidence for 
disease- specific methylation signatures in focal epilepsies, 
but also emphasize the potential role of DNA methylation 
to distinguish FCD subtypes, and support the develop-
ment of an integrated clinico- pathologic and molecular 
classification system of FCD subtypes.14 Methodological 
approaches aside, due consideration of clinically signifi-
cant thresholds for methylation is warranted.

3.1.7 | Challenges identified in the first ILAE 
classification scheme

Whereas FCDIa is hitherto confirmed in a series of 
19 children with early seizure onset, subtle unilateral 
hemispheric hypoplasia, global developmental delay, 
and drug resistance from seizure onset,41 a consistent 
clinico- pathological characterization of the patient cohort 
with FCDIb and FCDIc is still lacking and convincing 
examples are scarce in the current literature.36– 39 In ad-
dition, Figure  2C from the original ILAE publication in 
2011 showed loss of layer 4 neurons in a young boy with 
focal epilepsy as an example of FCDIb with horizontal 
dyslamination10; however, upon review, this should be 

classified as FCDIIId, since there is evidence that loss of 
layer 4 neurons results from early (perinatal) hypoxic– 
ischemic injury in the occipital lobe, predominantly in 
boys (Figure 1H).76 This kind of confusion raises the issue 
of whether cortical architectural abnormalities other than 
the bona fide dyslamination of FCDIa in patients with dif-
fuse unilateral lesions mentioned above41 truly represents 
“dysplastic” abnormalities or simply variable architec-
tural changes. Furthermore, histopathology of FCDIc was 
never described before the ILAE classification in 2011, 
and it quickly developed into a “wastebasket” of cases 
clinically suspected as FCD with no or very subtle MRI 
findings.11 It is important to note that FCDI subtypes also 
lack comprehensive publications beyond isolated reports 
in very small patient series that characterize their molecu-
lar genotype.77

Although FCDIII and its four subtypes acknowl-
edged the role of the abnormal architectural organi-
zation of the neocortex in the immediate vicinity of 
congenital epileptogenic lesions, such as developmen-
tal brain tumors, vascular malformations, or pre-  and 
perinatal infarction, its significance in hippocampal 
sclerosis and postnatally acquired brain lesions was 
also addressed by comments in the 2018 ILAE survey. 
FCDIII patterns were classified initially as FCDI with 
architectural disorganization in patients with hippo-
campal sclerosis or developmental tumors following the 
Palmini classification scheme. Our current literature 
review did not detect increased scientific engagement 
into these FCDIII entities. In contrast, imaging fea-
tures suspected as FCD in temporal lobe epilepsy, that 
is gray- white matter blurring and temporopolar atrophy, 
were shown to represent secondary alterations in white 
matter, without FCD.74,78 The diffuse and infiltrative 
behavior of many epilepsy- associated glioneuronal tu-
mors can mimic FCDIIIb. Systematic histopathological 
reviews using refined panels of immunohistochemical 
markers, that is, CD34, BRAFV600E, and microtubule 
associated protein 2 (MAP2),79– 81 did not support any 
specific FCDIIIb patterns. Less- conflicting results were 
published for FCDIIIc and FCDIIId phenotypes.82,83 
Sturge– Weber syndrome almost always shows histo-
pathological signs of complex architectural dysplasia 
consisting of radial and vertical disorganization of the 
neocortex, that is, FCDIIIc.82,84 This FCD subtype is less 
frequently detected with cavernomas and arteriovenous 
malformations.84 However, hypertrophic neurons can 
often be encountered in affected cortices but should 
not be confused with dysmorphic neurons in FCDIIa.82 
Perinatal hypoxemia, bleeding, and inflammatory disor-
ders are the most common principal lesions associated 
with FCDIIId. These data strongly suggest progressive 
alterations of postmigratory plasticity as the cause of 
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associated FCD phenotypes.85 Notwithstanding these 
considerations, the true dysplastic nature of all FCDIII 
subtypes needs to be further elucidated based on new 
scientific developments in the coming years. This issue 
will also benefit from careful correlational studies indi-
cating whether resection of the abnormally laminated 
cortex associated with the “principal lesion” impacts on 
surgical outcome— or if the latter is related mostly to 
resection of the principal lesion, that is, hippocampal 
sclerosis, tumor, or vascular malformation.46

3.2 | The 2018 online survey of the ILAE 
task force

A total of 367 members of the international epilepsy 
community responded to the ILAE online survey. Details 
of the survey results can be found in the Appendix S1. 
Thirty- two percent of the respondents identified them-
selves as neuropathologists; 38% as neurologists; and 
46% as epileptologists (with multiple assignments pos-
sible). Most of the responders (75.1%) stated that they 
were using the ILAE classification in their clinical prac-
tice or research. The newly suggested FCD type (FCDIII) 
in the 2011 classification was used by more than 82% of 
the respondents.

The responses highlighted three main areas for po-
tential improvement: genetics, mMCD, and FCDI. More 
than one third (35%) of respondents were using genetic 
testing from blood and brain tissue for the diagnosis of 
FCD. More than 60% of the respondents suggested an in-
corporation of genetics in the workup of patients with sus-
pected FCD (60%). The survey found that the diagnosis for 
mMCD remains open to subjective interpretation and may 
vary from center to center due to the lack of universally 
adopted criteria, and more than half of the respondents 
suggested the addition of mMCD to a revised classifica-
tion proposal. The survey respondents (48%) identified the 
need for a better histopathology definition of FCDI sub-
types and their differentiation from normal human neo-
cortical architecture.

3.3 | Results of the histopathology and 
genetic agreement study 2018– 2020

As reported in published literature, the agreement study 
showed that the histopathological identification of 
FCD subtypes could be improved using a selected im-
munohistochemistry protocol.13 Consistent with previ-
ous ILAE recommendations, the proposed antibodies 
include neuronal nuclear antigen (NeuN), nonphos-
phorylated neurofilament, vimentin, Olig2, CD34, and 

MAP2 antibodies.79 NeuN immunostaining was most 
helpful in studying homotypic or heterotypic patterns of 
the human neocortex compared to architectural dyspla-
sia in FCDI. Antibodies directed against nonphospho-
rylated neurofilament (SMI32) are sensitive markers 
of dysmorphic neurons in all FCDII subtypes. Olig2 
antibodies were helpful for recognizing the cases with 
MOGHE. In addition, the interobserver agreement in-
creased further to a kappa value of 0.65 (good) with the 
availability of all genetic testing results, that is, 7 of 22 
cases revealed brain somatic mutations in MTOR, AKT3, 
or SLC35A2, or germline mutations in DEPDC5 and 
NPRL3.15 Of interest, the agreement study highlighted 
cases where “no FCD” was concluded by most reviewers 
after all the immunostainings and negative gene test-
ing results were made available. Acknowledging a “no 
definite FCD on histopathology” option in the FCD clas-
sification update may reduce, therefore, the tendency of 
neuropathologists to “overdiagnose” FCDI subtypes.13 
The “no definite FCD on histopathology” category should 
be used only in cortical epilepsy with a clinical suspi-
cion of FCD, and when there is: (1) an abnormality of 
cortical organization that remains ambiguous and his-
topathological findings are not compatible with FCDI, 
FCDII, or FCDIII; or (2) there is incomplete surgical 
removal or sampling of the tissue.13 On the other hand, 
the results confirmed the challenge in differentiating 
FCDI and FCDIII subtypes from normal variations in 
cortical architecture. The study further revealed that 
lentiform heterotopias in the white matter of the tempo-
ral lobe, that is, the superior temporal gyrus, which were 
classified as FCDIIIa in the 2011 classification scheme, 
represent a normal anatomic feature of the claustrum.13

All of this new knowledge indicated that the uni-
dimensional nature of the current ILAE classification 
scheme will not unequivocally allow for the integration 
of an ever- increasing and clinically relevant, multifaceted 
pool of information. The TF proposes an update for the 
FCD classification, therefore, that includes: (1) a panel of 
immunohistochemical staining2; (2) two additional his-
tological categories: white matter lesions and “no definite 
FCD on histopathology” (Table 1); and (3) a multi- layered 
classification scheme (Table 2) adding the level of genetic 
and neuroimaging findings to obtain a comprehensive, re-
liable, and integrative genotype– phenotype diagnosis.

3.4 | Consensus proposal for a pathology 
update and the creation of a multilayered 
classification of FCD

The proposed histopathology update to the ILAE classifi-
cation of FCD (Table 1) and the multilayered classification 
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scheme of FCD (Table 2) were achieved following multi-
ple iterative discussions during the various meetings of the 
TF (as above) until unanimous agreement was reached on 
all items.

3.4.1 | Update of the histopathology- based 
classification scheme of FCD

FCDI remains a specific histopathological category char-
acterized by architectural disorganization of the neocor-
tex due to compromised developmental maturation, and 
without evidence of any additional principal epilepto-
genic lesion in the brain (as confirmed by MRI or histo-
pathology). This definition will not deviate from the 2011 
classification scheme.10

FCDIa is histopathologically defined by an abundance 
of neuronal “microcolumns” that predominate in any 
low- power objective microscope magnification, to be con-
firmed by immunohistochemical staining with antibodies 
directed against NeuN (Figures  1B and 3). Heterotopic 
neurons in the white matter also invading the area of U 
fibers are additional hallmarks of the disease.86 A clinico- 
pathological correlation has been established in a series of 
19 children with severe drug- resistant posterior quadrant 
epilepsy.41 This FCDIa presentation is, however, a less- 
frequent disease condition representing only 4% of 500 
operated children in this study and 14.6% of all FCD cases. 
Reported mutations in the SLC35A2 originally assigned to 
FCDIa51,60,87,88 were reviewed and re- assigned to MOGHE 
in all cases17 (see below). The classification of neuronal 
microcolumns as ILAE FCDIa follows the microscopic 
guidelines described in the 2011 classification scheme 
and should always be confirmed by immunohistochem-
ical staining using NeuN (Figure 1A). A second histopa-
thology feature is the excess of heterotopic neurons in the 
white matter, as defined by Mühlebner and colleagues,44 
and should be confirmed using MAP2 immunohistochem-
istry. Dysmorphic neurons or balloon cells or other prin-
cipal histopathology lesions will exclude this diagnosis. 
DNA methylation array analysis from routine formalin- 
fixed paraffin- embedded (FFPE) tissue may support the 
diagnostic yield in the near future.41,74 Accordingly, the 
coexistence of an excessive microcolumnar organization 
with heterotopic neurons in the white matter and a DNA 
methylation class distinct from other FCD subtypes was 
convincing enough for the TF to not abandon the FCDIa 
category. Similar patterns of microcolumnar organization 
of the neocortex were also described in children with ge-
netic defects or inborn metabolic diseases, although with 
more widespread distribution.89 The TF noted that such 
microcolumnar organization resembles neuronal radial 
migration streams during corticogenesis90 and may result T
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from delayed or arrested maturation at mid- gestation 
(Figure 3).

FCDIb or FCDIc: Until now, there are no specific 
clinico- pathological correlations reported for patients with 
FCDIb or FCDIc. The TF recommends maintaining these 
subtypes in the classification update with the hope that 
future research would establish clinically meaningful phe-
notypes. Nonetheless, FCDIb shall microscopically reveal 
the disruption of the six- layered anatomical organization, 
that is, horizontal architectural dysplasia (Figure 1C). The 
diversity of Brodmann areas in the human homotypic and 
heterotypic neocortex must be taken into consideration, 
however. Findings reminiscent of FCDIb shall therefore 
be confirmed by immunohistochemistry. In cases without 
these stainings being available, no further subtyping is rec-
ommended, and the diagnosis should read as FCDI (NOS 
–  not otherwise specified). The same applies for FCDIc, 
which is characterized by a mixture of horizontal and ver-
tical layer abnormalities. These patterns can more often be 

identified in FCDIIIc and FCDIIId (see below) and associ-
ated principal lesions must be excluded in the differential 
diagnostic workup, including MRI inspection of brain re-
gions not included in the surgical resection sample.

FCDII (Figure 4) are the most common MCD in epi-
lepsy surgery case series representing ~9% of all cases, 
and 51% of histopathologically confirmed cases are local-
ized to the frontal lobe.4 This assessment is not different 
from the 2011 classification scheme. Seizure onset starts 
at a mean of 5 years of age. FCDII are characterized by 
the presence of dysmorphic, often cytomegalic neurons.44 
Their shortest diameter is above 25 μm and significantly 
larger than any typical pyramidal cell in age-  and location- 
matched postmortem controls.44 Although glia are not 
part of the histopathological definition of FCDII, glial 
cells also are dysmorphic and often enlarged. FCDIIb is 
further distinguished from FCDIIa by the additional pres-
ence of balloon cells and a compromised oligodendroglial 
cell population.44

Layer 1A: Histopathology 
diagnosisb

Brief description of architectural and/or cytoarchitectural 
histopathology findings using H&E and appropriate 
immunostainings

Layer 1B: ILAE 
histopathological 
subtypeb

Assign histopathology findings to the ILAE classification 
update (see Table 1)

Layer 2: Genetic findingsc Describe genetic findings, methodology used, and tissue 
source, i.e., fresh- frozen brain tissue and paired 
peripheral blood samples or formalin- fixed- paraffin- 
embedded (FFPE) tissue only. If genetic testing is not 
available, please indicate it as “not available (NA)”

Layer 3: Neuroimaging 
findingsd

Whether MRI is normal or abnormal. If a focal abnormality 
is found, specify how it was found: visual analysis, 
postprocessing, etc. Describe its anatomic location (lobe, 
gyrus, bottom of sulcus), its characteristics (changes 
in gyri and sulci morphology, cortical/subcortical 
hyperintense T2/FLAIR signal, transmantle sign, 
blurring of gray matter/white matter interface, cortical 
thickening, etc.), include information on the scanner 
strength and imaging protocol used

Integrated diagnosise Give information if the lesion was MRI positive or negative. 
Use the ILAE classification scheme and specify genetic 
findings.

Example: MRI positive bottom- of- sulcus focal cortical 
dysplasia IIb (right superior frontal gyrus) with brain 
somatic MTOR mutation

aIllustrative case studies on the use of the proposed multi- layered approach could be found in the 
supplemental case series in the Appendix S1.
bThis layer refers to the reporting of a neuropathologist experienced in the field of epilepsy surgery.
cThis layer refers to the reporting of a geneticist experienced in the field of epilepsy surgery.
dThis layer refers to the reporting of a neurologist/neuroradiologist experienced in the field of epilepsy 
surgery.
eThe integrated diagnosis should be assembled, e.g., during a postsurgical patient management 
conference led by the epileptologist in charge of the patient following a comprehensive multidisciplinary 
review of all available diagnostic reports.

T A B L E  2  Integrated multi- layered 
FCD classification schemea
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Balloon cells are of mixed lineage, expressing both neu-
ronal and glial protein transcription products, and they 
often circumvent the area with accumulated dysmorphic 
neurons (Figure  2). Dysmorphic neurons are the source 
of abnormal electrical activity, whereas balloon cells are 
not.32,91 FCDII often presents with additional architec-
tural dysplasia, that is, loss of homotypic six layers when 
admixed with normal pyramidal cells (Figure 1D). The af-
fected neocortex also has a reduced cell density, which is 
more significant in FCDIIb than in FCDIIa. MRI- negative 
FCDII lesions are likely to belong to the FCDIIa subtype, 
as abnormalities in cortical thickness, cell density, myelin-
ation, and oligodendroglial cell population are often sub-
tle or remain intact.44 Sixty percent of FCDII present with 
brain somatic mutations in the mTOR pathway, mostly in 
the MTOR gene in the FCDIIb subtype.51 Loss- of- function 
germline mutations have been detected mostly in FCDIIa 
with a second hit mutation, that is, loss of heterozygosity, 
inactivating the second allele of DEPDC.19,55,63 Of patients 
with FCDII, 67.4% are free from disabling seizures 5 years 
after surgery, and 39.4% of patients also have discontinued 
antiseizure medications.5

FCDIII represents abnormal architectural organiza-
tion of the neocortex in the immediate vicinity of epilep-
togenic lesions, such as hippocampal sclerosis (FCDIIIa), 
developmental brain tumors (FCDIIIb), vascular malfor-
mations (FCDIIIc), or any other lesion acquired during 
early life (FCDIIId), that is, pre-  or perinatal infarction, 

bleeding, and inflammation. This assessment has not 
been changed from the 2011 classification scheme. 
Architectural abnormalities are predominantly horizon-
tal in FCDIIIa, defined by loss of layer 2 and 3 neurons 
in patients with long- term epilepsy and hippocampal 
sclerosis92 (Figure  1E). A mixed phenotype with hori-
zontally and vertically compromised cortical layering 
is often encountered in FCDIIIc, that is, Sturge– Weber 
syndrome83,84 (Figure 1F). FCDIIId with loss of layer 4 
is observed predominantly in boys with perinatal hy-
poxemic brain injury of the occipital lobe76 (Figure 1H). 
Dysmorphic neurons are not a feature of FCDIII subtypes. 
Enlarged pyramidal neurons can be detected microscop-
ically, however, in many cases. Their retained anatomic 
orientation qualifies them as hypertrophic rather than 
dysmorphic neurons.76,82,83 The diagnosis of FCDIIIb is 
rare and requires the immunohistochemical assessment 
to exclude glioneuronal tumor tissue infiltrating the 
neocortex.10,79,81,93 There is no known genetic cause for 
FCDIII. Postsurgical seizure outcome is similar to that 
for patients with the same principal lesions irrespective 
of the presence or absence of associated FCDIII.46

Mild malformations of cortical development (or 
mMCD; Figure 5) is microscopically recognized by an ex-
cess of heterotopic neurons in the white matter— above 30 
neurons per mm2 (Figure 4B)— and not being associated 
with any other principal lesion. Densities of <30/ mm2 
were shown to be unlikely to be mMCD in a study using 
automated quantitation of normal white matter NeuN- 
positive neurons in 142 epilepsy resections compared to 
controls that confirmed densities.94 mMCD was first de-
fined in the Palmini classification,8 also included in the 
2011 ILAE scheme, and its definition will not be changed 
or modified herein, due to lack of consensus on their di-
agnostic features and on their potential epileptogenicity. 
mMCD can be detected in about 3% of (mainly adult) pa-
tients according to a large surgical case series.4,5 MAP2 
immunohistochemistry identifies increased neuropil of 
the white matter above 10% (Figure 4B), which likely rep-
resents synaptic plexi.44,86 Persisting neurons in cortical 
layer 1, that is, mMCD type I of the Palmini classification 
scheme, have not been confirmed in surgical case series 
and will not be included herein. mMCDs are reported 
mainly as MRI negative95 but this is not the case in all 
reports.96,97 Reported postsurgical outcomes for mMCDs 
are highly variable, ranging from 0 to 75% seizure free-
dom.51,60,95,97,98 However, a large European- wide epilepsy 
cohort of 9147 cases reported 45% of patients achieving 
seizure freedom at 2 years postresection of mMCD.5 DNA 
methylation array analysis from routine FFPE tissue may 
increase the diagnostic yield in the near future.41 Building 
on the most recent scientific advances, the TF proposes 
to include lesions compromising the white matter as new 

F I G U R E  3  Histopathological hallmarks of FCDIa. An 
18- year- old female patient. Cognitive decline with onset of daily 
and medically intractable seizures at age 10 years. Arrows: note the 
multiple regions with abundant microcolumnar organization of 
the neocortex, which is partially also thinned (<2.5 mm). Asterisks: 
Abundant heterotopic neurons in the white matter of the same 
gyri. Neuronal nuclear antigen immunohistochemistry of a 4- μm 
thin FFPE section
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diagnostic categories, that is, mMCD and MOGHE, as 
specified below.

Mild malformations of cortical development with 
oligodendroglial hyperplasia in epilepsy (or MOGHE) 
is defined by an increase in heterotopic neurons in the 
white matter and oligodendroglial cell densities above 
2200 Olig2- immunoreactive cells per mm2 20,22– 24,99– 101 
(Figure  5D). Reported cases involve young children 
with frontal lobe epilepsy, or temporal plus epilepsy, 
with a median seizure onset at age 2 years (range 0.3– 
13 years).20 In a retrospective clinical study of 20 pa-
tients with MOGHE, postoperative seizure outcome 
depended largely on the extent of the resection, with 
a good Engel class I outcome reported for all patients 
with large resections.24,25 MOGHE represents a distinct 
mMCD subtype, with 45%– 100% of studied patients 
harboring SLC35A2 somatic variants.13,17 One study 

also showed that SLC35A2- mutated brain tissue had 
an aberrant pattern of glycosylation.88 Most pathogenic 
SCL35A2 variants are nonsense or frameshift variants 
leading to loss- of- function of the protein in the mutated 
cells, that is, oligodendroglia and heterotopic neurons 
in the white matter. These findings demonstrated that 
somatic brain- only variants in the UDP- galactose trans-
porter gene SCL35A2 are a major etiological factor and 
may be linked to the pathogenesis of MOGHE.

No definite FCD on histopathology
The TF suggests adding “no definite FCD on histopathol-
ogy” as a new category to the updated histopathology- 
based classification scheme when the anatomic 
orientation and organization of the surgical speci-
men remains ambiguous, and an abnormality cannot 
be evidenced by strict histopathology measures, for 

F I G U R E  4  Histopathology findings in ILAE FCDIIa and IIb. A, A 42- year- old female patient with frontal lobe epilepsy since age 5 years 
and histopathologically confirmed FCDIIa. The arrow points to the sharp border between the cortical FCD and the normal- appearing 
white matter (WM). Normal six- layer neocortex (NCx). Neurofilament- immunohistochemistry, scale bar = 2,5 mm (applies also to B). 
B, A 19- year- old female patient with frontal lobe epilepsy since age 9 years, and histopathologically confirmed FCDIIb at a bottom- of- 
sulcus (BOS). The boundary toward the white matter is less well pronounced (arrow). C, Hematoxylin and eosin (H&E) staining at higher 
magnification of FCDIIb with opalesque balloon cells (BCs), enlarged dysmorphic neurons (DNs), and normal appearing pyramidal cells 
(PZs). D, Nueonal nuclear antigen immunohistochemistry demonstrating clusters of anatomically abnormally positioned dysmorphic 
neurons next to pyramidal cells (on the left) in FCDII. E, Balloon cells frequently stain with antibodies directed against vimentin, but also 
pS6 or alpha B- crystallin (not shown). Scale bar = 100 μm, applies also to C and E

(A) (B)

(C)

(D) (E)
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example, the resemblance with homotypic or hetero-
typic Brodmann areas, an oblique plane of sectioning, 
implantation of intracerebral depth electrodes, or perio-
peratively introduced tissue artifacts. Notably, the use 
of IHC staining is mandatory to confirm the absence of 
any FCD, that is, NeuN and MAP2. The TF further rec-
ommends describing any anatomic ambiguities in the 
pathology report.

3.4.2 | An integrated, multi- layered, 
genotype– phenotype approach to diagnose FCD

The TF proposes a multi- layered integration of histo-
pathology with the level of genetic and neuroimaging 

findings to obtain a comprehensive and reliable genotype– 
phenotype diagnosis (Table 2). The various layers of the 
classification cover current knowledge and, at the same 
time, enable the seamless inclusion of future knowledge. 
This explicit, multi- layered integration enhances clarity 
and can facilitate broader international communication 
and collaboration in this field.

Layer 1: The histopathological assessment
The neuropathological workup of cortical tissue obtained 
from epilepsy surgery remains the gold standard in diag-
nosing any focal epileptic disorder.80 It is recommended to 
apply the updated ILAE classification scheme presented 
in Table  1. The neuroanatomical punctum maximum of 
the lesion can be added to the report if the neurosurgeon 
provided anatomic labels or tissue landmarks can be mi-
croscopically identified.80 The benefit of immunohisto-
chemistry in supporting hematoxylin and eosin (H&E) 
staining for a reliable diagnostic workup has been con-
firmed in many histopathology agreement trials and the 
recent iterative ILAE TF study.13,102,103 Therefore, the TF 
recommends the use of a standardized panel of IHC mark-
ers to confirm abnormal histopathology patterns that 
should, in turn, be specified in the report (see supplemen-
tal case series). Finally, the written histopathology report 
should be concise to allow unequivocal integration with 
all other layers of the FCD classification scheme (Table 2).

Layer 2: Integration of molecular- genetic results
The second layer integrates genetic findings as an objec-
tive measure for the diagnosis of FCD, thereby specifying 
the patient's FCD diagnosis. Although genetic testing of 
somatic and germline mutations for FCD is not yet availa-
ble in most epilepsy centers, it is a piece of important infor-
mation for the genetic consultation whether FCD patients 
carry pathogenic somatic (not inherited, not transmis-
sible) or germline (possibly inherited and transmissible) 
variants. Although genetic testing from surgical human 
brain tissue can be performed either be a neuropathologist 
experienced in molecular pathology and/or a geneticist, 
the TF recommends the following laboratory protocols for 
a reliable detection of low- level brain mosaicism in FCD: 
(1) extract DNA from lesional brain tissue microscopically 
confirmed by an experienced neuropathologist to enhance 
the diagnostic yield, that is, from fresh frozen or FFPE tis-
sues; (2) use hybridization capture and high- depth next 
generation sequencing of >1000x reading depth of FCD 
relevant genes60; (3) use somatic mutation callers, for ex-
ample, MuTect2, Replow, Strelka213; and (4) validate can-
didate variants using orthogonal technology, for example, 
droplet digital polymerase chain reaction or target- site 
specific amplicon sequencing (for more information see 
supplemental material).

F I G U R E  5  Histopathology findings in mild malformations 
of cortical development (mMCD) and mild malformations 
of cortical development with oligodendroglial hyperplasia in 
epilepsy (MOGHE). A, Microtubule associated protein 2 (MAP2) 
immunohistochemistry from white matter obtained from a 
patient with temporal lobe epilepsy (TLE) demonstrating the 
rare presence of heterotopic neurons. Scale bar = 100 μm. The 
optical field represents ~0.25mm2 (500 × 500 μm), which applies 
also to B- D. B, MAP2 immunohistochemistry demonstrating 
abundance of heterotopic neurons in mMCD. The visual contains 
eight neurons accounting to >30 neurons/mm2 as defined for 
mMCD. C, Olig2 immunohistochemistry showing an almost 
normal density of oligodendrocytes (<1000 mm2 20). Image 
taken from a region adjacent to MOGHE, as shown in D. D, 
Olig2 immunohistochemistry showing a significant increase of 
oligodendroglial cell density above 2200/mm2, a cutoff published 
by Schurr et al. in 2017. In this example, the density would account 
for even more than 10 cells in a microscopically measurable optical 
field of 50 × 50 μm (black square)

(A) (B)

(C) (D)
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Nine genes have been reported to cause canonical 
FCDII: AKT3, DEPDC5, MTOR, NPRL2, NPRL3, PIK3CA, 
RHEB, TSC1, and TSC2. SLC35A2 should be included in 
the panel in order to differentiate MOGHE13,17,61 from its 
most common differential diagnosis: FCDIa.41 The diag-
nostic yield using such gene panel sequencing from rou-
tine FFPE or frozen tissue ranges from 32% when assessing 
various epilepsy- related lesions13,60 to 45% in patients se-
lected for MOGHE,19 and 63% in patients with hemime-
galencephaly or FCDII.60 The second diagnostic layer of 
genetic analysis should conclude with a statement about: 
(1) the type of findings, for example, gain or loss of func-
tion mutation of a particular gene; (2) the location of the 
mutation; (3) the sample used, that is, blood, tissue FFPE 
vs fresh frozen; and (4) the methodology used. In addition, 
DNA methylation array analyses from routine FFPE tissue 
should be added if done as it may support the diagnostic 
yield.14,41,72,74,75 If genetic testing is not available, the rec-
ommendation of the TF is to indicate it as “not available 
(NA)” in the final report.

Layer 3: Integration of neuroimaging findings
MRI is an essential cornerstone in the workup of patients 
with focal epilepsy.6,57,104 The recommendations for the 
use of structural MRI and the need for optimized data ac-
quisition and quantitative analysis protocols early in the 
treatment of epilepsy were recently highlighted by the 
ILAE Neuroimaging Task Force6,104 and reporting should 
be performed by a neuroradiologist and/or a neurologist/
epileptologist experienced in the presurgical evaluation. 
The information obtained from visual analysis of signal 
characteristics in any suspicious lesion, with or without 
postprocessing, its location, and its extent are fundamen-
tal to the surgical approach in these patients. In addition, 
certain MRI findings could be predictive of the FCD type 
and sub- type, for example, the presence of a “transmantle 
sign” in FCDIIb.43 Bottom of sulcus (BOS) FCD is often 
recognized through high- resolution imaging but not nec-
essarily by the examination of histopathology samples 
(e.g., when anatomic landmarks are not available). BOS 
is an imaging entity, such as “transmantle FCD,” that has 
the crucial value of anticipating (1) a histopathological 
subtype (FCDII, usually FCDIIb), (2) the possibility of a 
low- cost, straightforward noninvasive presurgical evalua-
tion, and (3) a surgical strategy (gyral resection extending 
to the BOS under intraoperative electrocorticographic re-
cordings with depth electrodes). Its inclusion in the multi- 
layered classification scheme is rather an example of the 
utility of this system as a predictor of the histological type. 
We have exemplified the BOS case further in the manu-
script to appropriately address the referee's concern.

MRI could be negative in some histopathologically 
confirmed FCDIIa or in cases with FCDI, mMCD, or 

MOGHE. However, it is important to note that a good pro-
portion of negative MRI is due to substandard acquisitions 
coupled with interpretation of images without consider-
ing all available seizure semiology and EEG data.6,34,44 In 
addition, ultra– high- field MRI could further advance the 
diagnostic yield in FCDI and FCDII and should be used in 
“MRI- negative” cases whenever possible.34,105

For these reasons, the TF recommends the inclusion 
of the following MRI details as the third layer in the re-
vised FCD classification scheme: (1) a description of the 
MRI abnormality (signal and morphological details, if ap-
plicable), its anatomic location, that is, side, lobe, gyrus, 
and topographical location, for example, the crown of a 
gyrus vs bottom of the sulcus; (2) the field strength of the 
magnet and the imaging protocol used6; and (3) the anal-
ysis method, for example, visual, postprocessing, or sup-
ported by machine learning. This information is typically 
provided by a neuroimaging specialist and discussed by 
the epilepsy team during a presurgical patient manage-
ment conference. For more information see supplemental 
material.

Layer 4: Integrated diagnosis
As stated in Table 2 and illustrated in the Appendix S1, 
this layer is the summary of all the available pertinent 
features described in the first three layers of the proposed 
FCD classification. The TF recommends that the inte-
grated diagnosis should state the following: (1) Whether 
the MRI is positive or negative, (2) the histopathological 
type/subtype of the lesion and its anatomic location, and 
(3) the genetic finding (negative or positive, and type of 
mutation). It is the hope of the TF that the integrated di-
agnosis will be used as a tool for clinical management and 
outcome prediction. The compilation of the various layers 
of information for the proposed classification scheme is 
the job of the treating physician (e.g., neurologist, epilep-
tologist, neurosurgeon). This may be the product of an-
other postoperative multi- disciplinary team conference, 
much like the preoperative assessment of patients with 
FCD. The treating physician is the final arbiter in sum-
marizing the results of the surgical evaluation, the mul-
tidisciplinary patient management conference (PMC), 
and its recommendations. Although a postsurgical PMC 
is desirable for the purpose of applying the multi- layered 
classification, the TF recognizes that this may not be prac-
tical in many clinical settings. Therefore, a key aspect in 
applying the multi- layered classification is the systematic 
accrual and documentation of the necessary data pertain-
ing to each of the four layers in each patient. The treating 
clinician will then be able to assemble the elements into 
an Integrated Diagnosis.

An evaluation of the significance of each layer in the 
context of the integrated system should move the field 
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closer to the practice of precision medicine in the man-
agement of patients with epilepsy and FCD, and which 
will be further studied by an ILAE task force during the 
term 2021– 2025.

4  |  DISCUSSION

The TF concludes its work on updating the international 
consensus ILAE classification scheme of FCD with the 
proposal of an integrated, multi- layered, genotype– 
phenotype approach to diagnose FCD. FCD diagnosis 
should be concise and integrate the most relevant findings 
obtained from the neuropathological tissue workup, his-
topathology assessment (Level 1), genetic analysis of re-
sected tissue (Level 2), and the presurgical MRI findings 
(Level 3). The TF acknowledges that not every center will 
have access to advanced neuropathological, neuroimag-
ing, or genetic analyses techniques. However, informa-
tion on each of the three layers should be incorporated as 
it is available in different settings. This recommendation 
constitutes a target goal to achieve adequate proficiency in 
epileptology. It is hoped that it will also support the alloca-
tion of sufficient resources to diagnose and appropriately 
manage patients with difficult- to- diagnose and difficult- 
to- treat focal epilepsy.

The proposed update to the histopathological clas-
sification considers the new knowledge, for example, 
MOGHE, SLC35A2 altered, and recognizes the category of 
“no definite FCD on histopathology.” This diagnosis should 
be used only when there was a clinical suspicion during 
the presurgical evaluation of the patient, and the micro-
scopic tissue assessment cannot conclusively confirm the 
diagnosis of any FCD subtype as defined in the current 
classification scheme. It is the hope of the TF that the in-
clusion of this category will help to decrease the number 
of samples that may be inappropriately classified as FCDI, 
and eventually help to better characterize the clinical, 
imaging, and electroencephalographic features as well as 
the postsurgical outcome of FCD, and which remained a 
major challenge since the Palmini classification of 2004.8 
Neurosurgical sampling errors should also be taken into 
consideration, for example, incomplete surgical resection, 
laser ablation, thermocoagulation, and cavitron ultrasonic 
surgical aspirator tissue homogenization, when the his-
topathology report cannot confirm a clinically suspected 
lesion. The latter may result from the detection of neuro-
imaging abnormalities interpreted clinically as FCD, for 
example, hyperintense signaling in FLAIR sequences. A 
typical example is that of temporopolar atrophy with sig-
nal hyperintensity and gray- white matter blurring in a pa-
tient with hippocampal sclerosis. These cases have been 
systematically studied by high- power MRI and electron 

microscopy and demonstrated white matter lesions sec-
ondary to reduction in axonal density.78,106 Indeed, 67.7% 
of surgical specimens with no histopathologically detect-
able lesion were obtained from the temporal lobe.4 Despite 
the lack of any histopathological findings, 51.6% of pa-
tients remain free from disabling seizures 5 years after 
surgery.5 This unprecedented percentage of seizure- free 
patients with no FCD warrants further research to identify 
possible new disease entities, for example, MOGHE,20 or 
seizure- susceptible brain somatic mosaicism amenable to 
surgical treatment.

Adding the level of genetic information to the diag-
nosis will have substantial impact on standardizing the 
diagnosis of FCD subtypes. It directly addresses the un-
derlying pathomechanism and opens new avenues for 
personalized medicine. Further research and clinical tri-
als are mandatory to achieve this goal, which has been 
often compromised by insufficiently characterized or clas-
sified patient and tissue cohorts. Genetic testing should 
increasingly become a standard element in all scientific 
publications addressing this matter. However, if genetic 
testing was not performed at the final step of integrating 
the FCD diagnosis, it should be noted that it was not avail-
able (NA).

The importance of neuroimaging in the clinical 
workup, surgery planning, and clinical management of 
patients with focal epilepsies due to FCD has been clearly 
recognized in this report. It is the strong recommendation 
of the TF to integrate this layer of information into the 
integrated, multi- layered, genotype– phenotype diagno-
sis. Imaging (MRI) is the first noninvasive window to the 
identification of focal FCD lesions and, in some instances, 
point to their neuropathology (e.g., FCDIIb or MOGHE), 
inform surgical planning/type of intervention (e.g., extra-
operative invasive EEG in FCDI vs intraoperative map-
ping in bottom of sulcus dysplasia and some FCDII), and 
outcome (e.g., excellent outcomes in bottom of sulcus 
dysplasia).

5  |  CONCLUSION

This multi- layered approach resembled the currently pro-
posed World Health Organization (WHO) classification 
scheme of tumors of the nervous system, which also in-
tegrates the histopathology diagnosis with genetic and/or 
DNA methylation markers to achieve a reliable, clinically 
relevant, and therapeutically targetable tissue diagnosis. 
Of note, the layer of MRI diagnosis as part of the multi- 
layered approach for tumor classification was not recog-
nized by the WHO expert panel. The compilation of the 
various layers of diagnostic findings into a multi- layered, 
genotype– phenotype classification scheme of FCD should 
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be addressed, however, by the treating physician (e.g., 
neurologist, epileptologist, neurosurgeon) and preferably 
with an interdisciplinary effort at a postsurgical patient 
management conference. The ILAE Task Force expects 
that the currently proposed integration will foster inter-
disciplinary cooperation among the many professional 
disciplines engaged in the clinical and therapeutic man-
agement of patients with FCD.
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