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Abstract

Focal cortical dysplasia type Il (FCDII) is the most common cause of drug-resistant focal epilepsy in children. Herein,
we performed a deep histopathology-based genotype—phenotype analysis to further elucidate the clinico-pathologi-
cal and genetic presentation of FCDlla compared to FCDIIb. Seventeen individuals with histopathologically confirmed
diagnosis of FCD ILAE Type Il and a pathogenic variant detected in brain derived DNA whole-exome sequencing

or mTOR gene panel sequencing were included in this study. Clinical data were directly available from each contrib-
uting centre. Histopathological analyses were performed from formalin-fixed, paraffin-embedded tissue samples
using haematoxylin—eosin and immunohistochemistry for NF-SMI32, NeuN, pS6, p62, and vimentin. Ten individuals
carried loss-of-function variants in the GATOR1 complex encoding genes DEPDC5 (n=7) and NPRL3 (n=3), or gain-
of-function variants in MTOR (n=7). Whereas individuals with GATOR1 variants only presented with FCDIla, i.e,, lack

of balloon cells, individuals with MTOR variants presented with both histopathology subtypes, FCDlla and FCDIIb.
Interestingly, 50% of GATOR1-positive cases showed a unique and predominantly vacuolizing phenotype with p62
immunofluorescent aggregates in autophagosomes. All cases with GATORT1 alterations had neurosurgery in the fron-
tal lobe and the majority was confined to the cortical ribbon not affecting the white matter. This pattern was reflected
by subtle or negative MRI findings in seven individuals with GATOR1 variants. Nonetheless, all individuals were
seizure-free after surgery except four individuals carrying a DEPDC5 variant. We describe a yet underrecognized geno-
type—phenotype correlation of GATOR1 variants with FCDIla in the frontal lobe. These lesions were histopathologically
characterized by abnormally vacuolizing cells suggestive of an autophagy-altered phenotype. In contrast, individuals
with FCDIlb and brain somatic MTOR variants showed larger lesions on MRl including the white matter, suggesting
compromised neural cell migration.
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Introduction

Histopathological assessment of epilepsy surgery
human brain specimens revealed focal cortical dyspla-
sia ILAE type II (FCDII) as the single most common
cause of drug-resistant focal epilepsy in children and
the third most common in adults [12]. Almost all indi-
viduals with FCDII present with epileptic seizures at an
early age and continuous rhythmic spiking in electro-
encephalography [14, 48, 63]. The ILAE classification
scheme for FCD further separates subtype Ila with dys-
morphic neurons from IIb with dysmorphic neurons
and balloon cells [13, 44]. The co-registration of intrac-
erebral electroencephalography with histopathology
suggested dysmorphic neurons as the cellular source for
interictal and ictal neurophysiological events in FCDII
[53]. This correlation was not reported for balloon cells,
which is another important signature cell population in
FCDIIb [15, 53]. Dysmorphic neurons are microscopi-
cally defined by abnormal orientation, enlarged cell
bodies, cytoplasmic accumulation of neurofilament
proteins and pS6 immunoreactivity indicating constitu-
tive activation of the mTOR signalling pathway [26, 27].
Indeed, most published cases with histopathologically
confirmed FCDII can be genetically defined by brain
somatic mosaicism of mTOR signalling pathway genes
[9, 24]. Pathogenic variants in AKT3, DEPDCS5, MTOR,
NPRL2, NPRL3, PIK3CA, PTEN, RHEB, TSCl1, and
TSC2 have been reported previously [2, 17, 33, 35, 40,
47, 51]. The diagnostic yield of such mTOR-related var-
iants in all cortical dysplasias is in the range of 20-80%
of individuals, mainly depending on the histopathol-
ogy subtype (hemimegalencephaly > FCDII), diagnostic
genetic testing methods (digital droplet PCR> panel
sequencing) and access to histopathologically char-
acterized tissue before extracting DNA [24]. Notably,
laser microdissection experiments could allocate these
pathogenic variants directly to the affected population
of dysmorphic neurons and balloon cells [2, 36].

The most commonly recognized brain somatic vari-
ants in FCDII are affecting MTOR [34, 37, 47], espe-
cially in FCDIIb [21, 45, 61]. Gain-of-function MTOR
variants activate the mTOR complex 1, a central mod-
ule of the mTOR signalling pathway, regulating cell
growth [28, 32, 39], survival [28, 50] and migration [1].
Experimental in-utero electroporation of gain-of-func-
tion MTOR variants into the developing mouse cortex
cause cytomegalic, pS6 immunoreactive neurons, cor-
tical dyslamination and intractable epilepsy [37]. In
contrast, most DEPDCS5 variants are loss-of-function
germline variants [4, 20, 22]. Together with NPRL2 and
NPRL3, DEPDCS is part of the GATOR1 complex which
senses the amino acid content of the cell as a negative
regulator of mTORc1 [3]. As confirmed in independent
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individual series, an additional brain somatic second
hit in DEPDCS is likely necessary to constitutively acti-
vate mTORC1 in the affected tissue [2, 4, 36, 40, 54, 56].

Despite advances in our understanding of FCDII,
diagnostic methods and disease classification schemes,
recognition of FCDII subtypes remains challenging in
clinical practice [13, 44, 49, 57]. Magnetic resonance
imaging (MRI) techniques became most helpful in
identifying these cortical malformations [5], which
range in size from hemispheric dysplasias, i.e. hemi-
megalencephaly, to subtle bottom-of-sulcus FCDII [21,
63]. Postsurgical outcomes often correlate with the
visibility of the lesion by MRI, as it compromises and
delays the decision-making for surgical treatment and
completeness of the surgical resection field when MRI
is negative [59, 62]. Herein, we performed a deep histo-
pathology-based genotype—phenotype analysis to study
the value of an integrated molecular, histopathology
and clinical diagnosis of FCDIIa and IIb subtypes as
recently suggested by ILAE’s FCD classification update
from 2022 [44].

Material and methods

Individuals included in this study

We included 17 individuals (8 female, 9 male, Table 1)
with drug-resistant focal epilepsy, who underwent epi-
lepsy surgery, received a diagnosis of FCDII, and posi-
tive genetic testing of DNA obtained from brain tissue
(for more details see Table 1 and [40, 47]). Their mean
age at seizure onset was 3.47 years [0—17.5; median
1.75 years], and the mean disease duration until sur-
gery was 10.8 years [0.4—32.5; median 7 years]. Clinical
data were retrieved from hospital archives. Presurgical
MRI findings were reviewed by experienced neurolo-
gists and classified into (a) ‘negative; (b) ‘subtle) e.g.,
T1/T2/FLAIR signal intensity changes, blurred grey/
white matter junction, with or without alterations in
gyral patterning, (c) ‘distinct’ with the additional recog-
nition of a transmantle sign or (d) ‘hemispheric’ lesions
with involvement of more than one lobe. The postsurgi-
cal outcome was classified according to Engel [23]. The
University of Erlangen ethical review board approved
the study under agreement number 193_18B.

Histopathological analysis

Native surgical specimens were sectioned into 5 mm
thick slabs. Representative slab(s) were fresh frozen in
liquid nitrogen and stored at — 80 °C until further use [8].
The remaining tissue slabs were formalin-fixed overnight
and paraffin-embedded (FFPE). Four um thin FFPE sec-
tions were cut for each block and stained with haema-
toxylin—eosin. Selected blocks were further processed for
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Table 1 Individuals included in the study

ID Age Onset Diagnosis Gene variant/Ref. VAF Family history FU

1 33 0.5 FCD lla DEPDC5 (SNV) [4 Germline None IVA (48)
2 20 4.5 FCDlla DEPDC5 (SNV) [2 ] Germline None 1A (24)
3 42 55 FCDlla DEPDCS5 (CNN-LOH) [37 Somatic (3.7%) Father's sister 1B (24)

4 12 28 FCD lla DEPDCS5 (SNV+LOH) [37 Two-hit* None IIA (48)
5 36 9 FCD lla DEPDC5 (SNV) [37] Germline Brother son A (24)

6 3 0.25 FCD lla DEPDCS5 (CNN-LOH) [37] Somatic (4.3%) None 1A (24)

7 1.5 04 FCD lla DEPDC5 (SNV)® Germline Sister IA (24)

8 5 0.7 FCDlla NPRL3 (SNV) [37] Germline None IA (24)

9 04 0 FCD lla NPRL3 (SNV) [37 Germline None IA (16)

10 17 35 FCD lla NPRL3 (SNV) [47 Somatic (4.5%) None IA (24)

11 0.5 0.1 FCD lib/HME MTOR (SNV) [37 Somatic (10.5%) None IA (24)

12 40 17.5 FCD lla MTOR (SNV) [37 Somatic (5%) None 1A (24)

13 08 0.3 FCD lla/HME MTOR (SNV) [37 Somatic (3.4%) None 1A (24)

14 10 3 FCDIIb MTOR (SNV) [3 Somatic (5.3%) None 1A (24)

15 19 9.5 FCDIIb MTOR (SNV) [37 Somatic (3.5%) None IA (24)

16 0.9 0.2 FCDIIb MTOR (SNV) [37 Somatic (3.1%) None IA (24)

17 06 0 FCD lIb/PMG MTOR (SNV) [37 Somatic (4.3%) None IA (24)

Age at surgery in years; Onset: age at seizure onset; sex not shown with 50% males versus 50% females for FCD Ila and FCD Ilb, respectively; Lobe: Epileptogenic focus

(resulting from EEG, MRI and clinical evaluation)

F frontal, T temporal, P parietal, mult multiple lobes, O occipital; Gene variant results obtained from genetic testing, SNV single nucleotide variant, CNN-LOH copy
number neutral loss of heterozygosity, VAF variant allelic frequency, Ref. specific mutation described in cited reference

*Germline variant at VAF =43.1% and second hit somatic loss of heterozygosity at VAF =3.7%

$Variant not previously published and specified below; Diagnosis histopathology diagnosis, HME hemimegalencephaly, PMG polymicrogyria, FU Follow-up 2 years
after surgery according to Engel's classification: /A completely seizure free, l/A initially seizure-free, rare seizures now, /B rare seizures since surgery, IVA no worthwhile

improvement (latest available FU in month after surgery)

Bielschowski silver staining and/or immunohistochemis-
try including antibodies directed against: Neurofilament-
non phosphorylated (NF-SMIL clone SMI32, mouse,
BioLegend, dilution 1:500), Phospho-S6 Ribosomal Pro-
tein (Ser235/236) (pS6, rabbit, Cell Signaling, dilution
1:1000), Vimentin (Vim, rabbit, Thermo, dilution 1:1000),
Neuronal Nuclei (NeuN, clone A60, mouse, Millipore,
dilution 1:500), Ubiquitin-binding p62/ Anti-Seques-
tosome 1 (p62/SQSTM1, clone P0067, rabbit, Sigma
Aldrich, dilution 1:100). Immunofluorescence stainings
were also performed with the p62-antibody (dilution
1:1000) and NF-SMI (dilution 1:1000) and further stud-
ies using confocal laser scanning microscopy (LSM 780,
ZEISS, Germany).

Immunohistochemical stainings were performed on
the Ventana BenchMark ULTRA Immunostainer using
the OptiView Universal DAB Detection Kit (Ventana
Medical Systems, Tucson, AZ, USA). All slides were
digitalized by the Hamamatsu Nanozoomer S60. Fur-
ther digital analysis was performed with QuPath v.0.3.0.
We established a quantitative cell analysis for dysmor-
phic neurons (DN) via a single-pixel classifier. This clas-
sifier was trained individually for every sample with six
representative dysmorphic neurons each and applied

to two 1 mm? tiles in the region of interest. DN were
counted automatically as classifier-created objects, with
a minimum size of 400 pm? imposed. Balloon-cell quan-
tification had to be done manually, as they were not sus-
ceptible to the pixel classifier. Here we used Vimentin
staining and analysed three 1 mm? tiles, respectively. In
addition, we have reviewed our case series with refer-
ence to displaced dysmorphic neurons remote from the
focal abnormality (defined as >5 mm), which was graded
into three levels: +=single DN >5 mm remote from the
lesion, ++ =small clusters of DN >5 mm remote from the
lesion; +++=abundant DN >5 mm and in continuity to
the core lesion. The remote DN were identified by pS6-
and SMI32 immunoreactivity.

Genetic analysis

Whole exome sequencing was performed in DNA
obtained from 13 individuals as described by Lopez-
Rivera and coworker [37] (see Table 1). Variants detected
in surgical brain tissue of two other individuals were pre-
viously described by Niestroj and coworker [47]. One
DEPDC5 germline variants was previously described
by Baldassari and coworker [2]. The DEPDCS5 variant of
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individual #7 was also identified from blood cell derived
DNA.

Results

Genetic analysis

All 17 individuals showed pathogenic variants related
to the mTOR signalling pathway, i.e., DEPDC5 (n=7)
and NPRL3 (n=3) associated with the GATOR1 com-
plex, and MTOR (n=7, Table 1). The mean variant allele
frequency was 0.4329 for germline variants [+0.0162]
and 0.0467 for somatic variants [+0.0194]. Among the
GATORIc variants, seven individuals had germline vari-
ants, two of which had a family history, and four individ-
uals had somatic variants (one of them revealing both).
All MTOR variants were brain mosaicism.

Histopathology

In all cases, a systematic histopathological analysis
revealed an association between GATORI1 variants
DEPDCS5 and NPRL3 with FCD ILAE type IIa (Table 1).
In contrast, five specimens with MTOR variants also
revealed balloon cells, defining them as FCD ILAE type
IIb. Three individuals with MTOR brain mosaicism had
additional pathologies (HME n=2, PMG n=1). pS6
immunoreactivity was performed in all tissue specimens
and confirmed activation of mTOR signalling in affected
dysmorphic neurons and/or balloon cells (Fig. 1E/F).
All FCDIlIa lesions affected only the neocortex without
spread into adjacent white matter (Fig. 1A). This observa-
tion was in contrast to MTOR-associated FCDIIb, with
all lesions affecting the neocortex and the white matter
(Fig. 1B).

Automatized measurement of the density of dys-
morphic neurons did not show any significant differ-
ence between the genetic subgroups associated with
GATORI1c or MTOR (p=0.0876). A correlation between
VAF and the density of either balloon cells or dysmor-
phic neurons was also not seen. Five out of 10 cases with
GATOR-complex variants had a unique vacuolizing pre-
dominant phenotype recognized in neurofilament stain-
ings (NF-SM1I32), which could not be detected in any case
with MTOR variants (Fig. 2). This was confirmed by a dis-
tinct vesicular p62-immunoreactivity pattern (Fig. 2D).
Such juxtanuclear p62 accumulation was not recogniz-
able in any sample of FCDIIb carrying MTOR variants. In
addition, the cytopathology was mainly localized to the
neocortex, i.e., a focal abnormality. This did not exclude
the presence of individual pS6- and SMI32-immunoreac-
tive dysmorphic neurons in areas remote from the focal
abnormality irrespective from the affected genetic vari-
ant, VAF, or germline mutation (Table 2). However, 70%
of GATOR positive compared to 28% of MTOR positive
FCDII only had single remote DN.

Page 4 of 11

Neuroimaging analysis and postsurgical outcome

Thirteen individuals were seizure-free after surgical
treatment (76.5% Engel IA; Table 1). All five individu-
als not being seizure free shared the same histopathol-
ogy diagnosis of FCDIIa and carried DEPDCS variants
(Table 1). Two individuals with DEPDC5 germline vari-
ants also had a positive family history of epilepsy. There
was no significant difference between the histopatho-
logically defined FCDIIa and FCDIIb subtypes concern-
ing age at seizure onset or disease duration. However, we
recognized a higher age of GATOR positive patients with
vacuolated cells (i.e. 12, 17, 33, 36 and 42 years old at sur-
gery) compared to GATOR positive patients not showing
vacuolated neurons (age 0.4, 5, 1.5, 3, 20). Importantly,
presurgical MRI findings were subtle in five and nega-
tive in two individuals with FCDIIa compared to distinct
lesions in four and a hemispheric lesion of individuals
with FCDIIb (Fig. 3). All individuals with DEPDCS vari-
ants had their neurosurgical resection confined to the
frontal lobe, while three individuals with MTOR variants
had multilobar lesions and frontal involvement in six of
seven cases. There was no difference in the hemispheric
side of FCDIIa or FCDIIb.

Discussion

Our study revealed a hitherto under-recognized gen-
otype—phenotype association for FCDIla with (1)
GATOR1 complex variants in the frontal lobe, i.e.,
DEPDC5 and NPRL3, (2) subtle MRI visibility of the
lesion, and (3) the lesion restricted to the neocortex at
the microscopy level and autophagosome accumula-
tion in dysmorphic neurons. Importantly, four of ten
individuals with FCDIIa were not seizure-free following
surgical treatment. This contrasted the genotype—phe-
notype association of FCDIIb, as all individuals carried
a brain somatic MTOR variant, had distinct and clearly
visible MRI lesions, and were seizure-free after surgery.
At the microscopy level, MTOR-positive FCDIIb revealed
a migration-deficient phenotype retaining dysmorphic
neurons and balloon cells in the white matter.

Our current literature search for studies reporting the
genotype of histopathologically well-characterized FCD
ILAE Type II lesions identified ten articles (Table 3). We
can readily anticipate from these studies a predominant
association of 77% of FCDIIb with mTORCI1 alterations,
whereas GATORI1 alterations were detected in 67% of
all genetically positive FCDIIa. In our case series, how-
ever, all GATOR1-positive lesions were histopathologi-
cally characterized by FCDIIa, whereas two other FCDIIa
lesions were associated with MTOR variants (Table 1).
This observation is in line with five of the seven pub-
lished series reporting genetically confirmed FCDIla
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Fig. 1 Histopathology findings of FCD ILAE Type lla and llb. A 42-year-o

pe
1]

Id male individual with frontal lobe epilepsy since age 5 years (ID3). The

MRI was suspicious for a bottom-of-sulcus FCD with transmantel sign. Histopathology confirmed, however, FCDIla and a pathogenic DEPDC5
mosaicism. The arrow points to the sharp border between the cortical FCDlla and the normal-appearing white matter (WM). NCx—adjacent
normal 6-layered neocortex. Neurofilament SMI32 immunohistochemistry. Scale bar=2.5mm (applies also to B). Higher magnification in C reveals
dysmorphic neurons with a predominant vacuolizing phenotype (red arrow) suggesting accumulation of lipofuscins and an altered autophagy
pathway. Scale bar=100 um (applies also to D). Same neurons were also labeled with antibodies directed against the phospho-S6-Ser236 epitope
(E). The black arrow in (E) points to a neuron with a vacuolizing phenotype. Scale bar in E= 100 um, applies also to (F); B 19-year-old male individual
with frontal lobe epilepsy since age nine years (ID15), histopathological confirmed FCDIIb at a bottom-of-sulcus (BoS; higher magnification

in D) and a pathogenic MTOR mosaicism. Dysmorphic neurons and balloon cells were aggregated in the neocortex and white matter (arrow

in B) compatible with a migration-deficient phenotype. F both, dysmorphic neurons and balloon cells were labelled with antibodies directed

against the pS6 Ser236 epitope

(Table 3), raising this association to 22 of 23 cases (96%).
Notwithstanding, it also reiterates the issue of small sam-
ple numbers in such case studies and the difficulty of reli-
ably classifying the FCD subtype at the histopathology
level [10, 16, 18].

Interestingly, a previous case study described dys-
morphic neurons with significant lipofuscin accumu-
lation as a new disease entity in six individuals, i.e.,
focal neuronal lipofuscinosis (NFL), distinct from FCD
Type Ila or IIb [38], as confirmed by a recent and inde-
pendent case report [43]. However, these studies did

not include any genetic analysis. At the same time the
clinico-pathological similarity to our individual series
is overwhelming [38]: (1) loss of DEPDC5 immunore-
activity in the population of dysmorphic neurons, (2)
activation of the autophagy pathway, (3) lesions con-
fined to the neocortex not involving the white matter,
and (4) subtle MRI findings, respectively. Their obser-
vation prompted them to conclude a new disease entity
separate from FCD ILAE Type II, when compared to six
individuals with FCDIIb or seven individuals without
any histopathology findings used as control. Although
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Fig. 2 Autophagocytic phenotype in DEPDC5 altered FCDlla. Images were taken from a 42-year-old male individual with drug-resistant

focal epilepsy and FCDIla, DEPDC5 altered (ID3). A juxtanuclear accumulation of autophagosomes can be anticipated from the displacement

of neurofilaments (arrow in A as an example, NF-SMI32) and silver impregnation (arrow in B, Bielschowski silver staining, see also higher
magnification in E). C p62-immunoreactivity highlighted the aggregation of autophagosomes in FCDlla. D Further confirmation

of the autophagocytic phenotype in FCDlla by double immunofluorescence and laser scanning microscopy of NF-SMI32 (in red) and p62 (in green).
Scale barin A and B=100 um. The scale bar in C=25 um, applies also to (D) and (E)

we cannot exclude that p62-immunoreactive aggregates
include other material than just lipofuscins or that the
Ser236 antibody used herein may have different label-
ling properties compared to the Ser240 epitope, we
suggest our five cases and NFL being the same disease
to be classified according to the updated FCD classifica-
tion scheme of 2022 [44] as: MRI-positive DEPDCS5- or
NPRL3-altered Focal Cortical Dysplasia ILAE Type Ila.

Loss-of-function variants of the GATORI1 subunits
DEPDC5, NPRL2, and NPRL3 in FCDIIa result in consti-
tutive activation of mMTORCI [3, 4, 58] and are likely sim-
ilar to that mediated by activating MTOR variants. Yet,
we cannot explain the predominant autophagocytic phe-
notype in dysmorphic neurons of FCDIIa and could not
directly measure an up or down regulation of autophagy
in the FFPE tissue samples [25]. However, evidence for a
change in autophagy rate was provided by the study pro-
posing the NLF phenotype [38].

Autophagy and neuronal migration dysregulations
can be assigned to the portfolio of the mTOR signalling

pathway [30, 37]. In contrast to GATOR1 complex vari-
ants, individuals with FCDIIb and brain somatic MTOR
variants showed larger lesions, including the white mat-
ter in histopathology, which was often reflected also by
MRI findings [61]. This suggested a stronger pathogenic
focus on neuronal migration in the latter group. Experi-
mental evidence showed that activation of mTORC1
leads to impaired cortical lamination of cytomegalic
neurons and cortical hyperplasia in adult animals [19,
21, 31]. Intriguingly, a migration defect was primarily
attenuated in our FCDIIa%ATOR* group. These pheno-
typic differences associated with MTOR or GATORI1
variants implicate divergent mechanisms during corti-
cal development despite convergent mTORC1 hyper-
activation. The timing of the acquired gene alteration
and the targeted cell population may explain these dif-
ferences, as previously shown in experimental animal
models [10, 21, 37, 46]. In addition a DEPDCS two-hit
model may be needed to cause FCDIIa [2, 4, 36, 40, 54,
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Table 2 Correlation of neuropathology with neuroimaging findings

ID MRIlocalization MRIclass MRI alterations in GM and/or WM Histopath Balloon cells vacuolizing Remote DN DN density

of WM phenotype

1 LeftF Subtle T2 blurred GM/WM junction with cortical - - + + 67 [£0]
dimple

2 RightF Negative  None visible - - + NA

3 RightF Distinct  FLAIR blurred GM/WM junction, TMS - - + + 425 [+35]

4 RightF Negative  None visible - - + + 58[+8]

5 RightF Subtle FLAIR blurred GM/WM junction, T1 cortex - — + + 435([+£11.5]
hyperintensity, no TMS

6 LeftF Subtle Cortical thickening, GM/WM T2 hypointense  — - - ++ 96.5 [+9.5]
and T1 hyperintense at 3 months, no TMS

7 LeftF Distinct Cortical thickening, GM/WM T2 hypointense  — - - ++ 89 [+3]
and T1 hyperintense at 10 months, no TMS

8 LeftTP Subtle FLAIR cortical thickening, FLAIR blurred GM/  — - - + NA
WM junction, no TMS

9 RightFl Hem HME—cortical thickening, GM/WM T2 - - - ++ 425 [£8.5]
hypo-/T1-hyperintense at 5 months, no TMS

10 LeftF Subtle T2 +FLAIR cortical thickening T2 +FLAIR - — + + 95.5[+12.5]
blurred GM/WM junction, no TMS

11 Right FPO Hem HME—cortical thickening, GM/WM T2 + + - +++ 37[x2]
hypointense at 3 months, no TMS

12 LeftF Uncertain  MRI of low quality, pacemaker implantation  + - - ++ 27 [£5]

13 RightH Hem HME—cortical thickening, GM/WM T2 - - - ++ 14,5 [+4.5]
hypointense at 3 months, no TMS

14 LeftF Distinct ~ GM/WM FLAIR hyperintense, T1 hypoin- + + - +++ 33[x£4]
tense, TMS

15 RightF Distinct FLAIR blurred GM/WM junction, TMS + - 735[£125]

16 Left PO Distinct ~ Thickened cortex, GM/WM T2 hyperintense, —— + - + 44 [+1]
T1 isointense at 7 months, no TMS

17 RightF Distinct Cortical thickening w sulcal dimple, GM/WM  + + — +4++ 70 [£17]

T2 hypointense at 5 months, no TMS

LID same as in Table 1; MRI findings: All images from MRI datasets were reviewed and classified as “distinct’, e.g., thickened neocortex with distinct signal intensity
change inT1, T2 and/or FLAIR with or without transmantle sign (TMS), or “subtle’, e.g. grey/white matter (GM/WM) blurring and/or altered gyration patterns, hem
hemispheric, HME hemimegalencephaly, PMG polymicrogyria, WM white matter affection, Balloon cells and vacuolizing phenotype: + positive, — negative, DN density
dysmorphic neurons per mm? as mean + standard deviation, NA surgical specimen fragmented and not available for analysis; Remote DN dysmorphic neurons remote
from the focal abnormality (>5 mm) graduated in three different levels: + =single DN >5 mm remote from the lesion, ++ = small clusters of DN >5 mm remote from
the lesion; +++ =abundant DN >5 mm in continuity to the core lesion; MRI Localization localization of lesion on MRI with side and lobe(s), F frontal, P parietal, O
occipital, T temporal, H hemisphere, FLAIR fluid attenuated inversion recovery, T1 T1 weighted image, T2 T2 weighted image

56], as observed in this study’s carrier of a germline/
somatic DEPDC5 double-hit variant.

The predictability of postsurgical seizure freedom is
of great concern for individual management and often
guides the decision-making process [29]. MRI visibil-
ity of a circumscript lesion and its surgical accessibility
are regarded as key factors for good outcome, however.
Interestingly, the limitation of FCDIla, GATOR1-altered
lesions, to the neocortex represented a histopathologi-
cal correlate for subtle or negative MRI findings in our
small case series, e.g., lack of a transmantle sign (Fig. 3).
This may help to understand another observation in the
landscape of epilepsy-related GATOR1 variants, where
the most frequent entities are focal epilepsies and often

present with MRI-negative/-subtle findings [4]. We also
reviewed the published literature on postsurgical out-
come in genetically proven FCDII and identified a recent
review of 8 children with GATOR positive drug resistant
focal epilepsy, of which 4 children did not become sei-
zure free [55]. Their further literature review of GATOR
positive cases, where the most encountered pathology
was FCDIIa, indicated an overall seizure freedom rate of
60%, a number very similar to ours reported in the cur-
rent study [55]. Although there was no evidence of any
residual dysplasia on postoperative MRI in our cases,
that were not seizure free, glial scarring at the resection
borders may have obscured such findings.
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. =2\ il
Fig. 3 Representative FLAIR neuroimaging findings of FCDlla,
DEPDCS5 altered and FCDIlIb, MTOR altered. A individual ID4
with histopathologically confirmed FCDlla and a two-hit DEPDC5
variant. The MRI showed no definite lesion and the right fronto-mesial
lobe was surgically removed (arrow); B individual ID5, classified
as bottom-of-sulcus FCD; C individual ID14 with a thickened
neocortex and distinct signal intensity change in FLAIR; D individual
ID15 with a distinct transmantle sign; Individual #14 and #15
both revealed somatic MTOR variants

Genotype—phenotype associations come of age in
neuropathology, foremost diagnosing brain tumours, as
controversies in microscopic agreement compromised
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the liability of the histopathology report for decades [7,
11, 52]. Insights into the molecular pathogenesis to bet-
ter understand the underlying cause, disease progno-
sis, or targeted treatment options further promoted the
integration of molecular neuropathology into clinical
practice [41, 42]. A classic example is that of mixed oligo-
astrocytoma which became obsolete in the 5th edition
of the WHO brain tumour classification scheme [42].
The international consensus FCD classification update
2022 also introduced an integrated classification scheme
of histopathological and molecular layers [6, 44]. Such
integrated diagnosis will improve our understanding of
FCD subtypes and their clinical management and help
develop targeted treatment options. Increasing the avail-
ability and access to smart drugs targeting mTOR-associ-
ated genes will further strengthen the ILAE approach to
classify FCD at an integrated molecular pathology level.
However, the distinction between FCDIIa and FCDIIb
remained often academic as the presence or absence of
balloon cells can be a subjective measure when trying
to differentiate reactive, gemistocytic astrocytes in areas
targeted by intracerebral EEG recordings or from surgical
sampling errors in small lesions or functional hemispher-
otomy. Interrater disagreement due to lack of training
facilities or access to specific laboratory resources and
protocols may represent another obstacle, e.g., an immu-
nohistochemistry panel for epilepsy [8, 10]. The current
individual cohort took all available precaution to rule out
such bias and revealed a robust genotype—phenotype
association impacting surgical outcomes.

Table 3 Previously published FCDII lesions with a positive genetic finding and histopathologically proven using the 2011 ILAE

classification scheme

References #of FCDII9*"** of all  FCDNa®"™"'*ofall  FCDIa™™"" ofall  FCDIIL™™®" of all  FCDIILSATOR™
individuals FCDIla FCD lla FCD IIb of all FCD llb
Limetal. [37] 12/12 - 5/12 7/12 -
Nakashima et al. [45] 6/6 - - 6/6 -
Baulac et al. [4] 2/4 2/2 - - -
D'Gama et al. [21] 5/18 2/2 - 2/3 -
Ying et al. [63] 1/10 11 - - -
Niestroj et al. [47] 4/15 2/3 - 1/1 -
Baldassari et al. [2] 34/43 5/19 10/19 9/15 -
Blimcke et al. [10] 4/22 1/3 1/3 11 -
Wang et al. [61] 10/20 - - 10/10 -
Wang et al. [60] 15/50 15/15 - - -
This study 17/17 10/12 2/12 5/5 -
Total 1107217 38/57 (67%) 18/46(39%) 41/53 (77%) -

# of FCDII9¢™+ of all individuals number of histopathologically confirmed FCDII with a genetic lesion/of all reported individuals, FCDIla®T "+ FCD ILAE Type lla with

a variant directly affecting the GATOR1 complex, e.g. DEPDC5 or NPRL3/of all reported FCDIIa%""“* in that study, FCDIIbM™OR FCD ILAE Type llb with a variant in
MTORCT activating genes of all reported FCDIIb%"ei<* in that study, FCDIIb®™R™+ FCD ILAE Type lIb with a variant in GATORT complex of all reported FCDIIbe"et< jn
that study, FCDIIla"™"¢" FCD ILAE Type lla with a variant in MTOR complex 1 activating genes of all reported FCDIla%"¢t"+ in that study. The publication of Lopez-Rivera

et al. [40] was excluded herein as it included same cases used in the present study
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In conclusion, our study revealed phenotypic and gen-
otypic signatures in FCD subtype Ila and IIb despite a
close relationship of affected mTOR pathway genes, i.e.,
DEPDCS5, NPRL3, and MTOR, as well as converging his-
topathology findings, e.g., cortical dyslamination and dys-
morphic neurons. Their association with MRI visibility or
adverse surgical outcome will gain attention. It will have
consequences in the search for precision medicine tools,
e.g., presurgical germline testing for GATOR1-associated
candidate genes, as more personalized treatment options
will become available. This strategy aligns with contem-
porary disease classification schemes in histopathology
integrating the clinical, microscopic and molecular level
to help better understand difficult-to-diagnose FCD.
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