
NEUROSURGICAL  

 FOCUS Neurosurg Focus 53 (4):E6, 2022

Focal cortical dysplasia (FCD) is the localized mal-
formation of cortical development and the most 
common etiology of treatment-resistant epilepsy in 

the pediatric population.1 Most seizures are controlled by 
antiepileptic drugs, but in treatment-resistant cases, sur-
gery remains an important option.2,3 We have gained a lot 
of important knowledge from excised tissue obtained dur-
ing epilepsy surgery. Standardized sampling is important, 
histochemical and immunohistochemical studies may help 
in making a diagnosis, and International League Against 

Epilepsy (ILAE) histopathological subtypes should be in-
cluded in the final pathology report.4

FCD is histopathologically classified according to the 
ILAE classification. In the FCD classification, structural 
findings related to stratification of the cortex and associ-
ated cellular abnormalities are considered. FCD is histo-
pathologically divided into different groups; it is claimed 
that these groups have distinctive clinical characteristics, 
such as age at seizure onset, seizure frequency, epilepsy 
duration, surgical age, imaging findings, and postoperative 
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OBJECTIVE  In the histopathological examination of treatment-resistant epilepsy, focal cortical dysplasia (FCD) is 
the most common diagnosis in the pediatric group. FCD is classified histopathologically according to the International 
League Against Epilepsy (ILAE) classification. In the last decade since the ILAE classification has been released, 
molecular genetic studies have revealed mTOR pathway–related mutations as a major etiology. The objective of this 
study was to determine the incidence of FCD in treatment-resistant epilepsy patients, explore histomorphological and 
immunohistochemical features, examine clinicopathological correlation, demonstrate mTOR pathway activation using a 
pS6 antibody immunohistochemically, and try to introduce a candidate for possible targeted therapies.
METHODS  Paraffin blocks and slides of tissue from patients with treatment-resistant epilepsy were reexamined 
retrospectively. Histopathological subtypes of FCD were determined according to the ILAE classification. NeuN and neu-
rofilament H (NF-H) staining were performed, and additionally a pS6 antibody was used to demonstrate mTOR pathway 
activation.
RESULTS  In 32 cases diagnosed with FCD, or 17.5% of 183 surgical epilepsy materials, there were no significant dif-
ferences in the statistical analysis of clinical variables between the ILAE FCD subtypes. Recommended antibody NeuN 
revealed microcolumnar alignment in the FCD type Ia and IIIa groups and the loss of lamination in the type Ib group. 
Another recommended antibody, NF-H, was not found to be useful in discriminating between normal and dysmorphic 
neurons. pS6 expression, showing mTOR pathway activation, was observed in dysmorphic neurons and balloon cells in 
all FCD type II cases.
CONCLUSIONS  Significant pS6 expression in FCD type II represents the genomic nature of the disease noted in the 
literature. Nevertheless, the known MTOR gene and mTOR pathway–related mutations remain behind proportionally to 
explain the mTOR pathway activation in all FCD type II cases. Clinicopathologically and genetically integrated classifica-
tion and usage of mTOR pathway inhibitors in treatment are expected as a recent evolution.
https://thejns.org/doi/abs/10.3171/2022.7.FOCUS21731
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survival rates.5 ILAE classification has validity in routine 
practice, while there are still difficulties in FCD diagnosis, 
classification, and correlation with clinical findings.6

Besides the morphological changes found, molecular 
genetic studies have made great progress in recent years 
and mutations in MTOR and various genes regulating 
the mTOR pathway have been detected in cortical mal-
formations.7,8 Because the mTOR pathway suggests a role 
in epileptogenesis, targeted therapy is suggested to be an 
alternative to antiepileptic drugs.

Our aim in this study was to determine the incidence 
of FCD in the treatment-resistant epilepsy patients within 
our case series, attempting to determine histomorphologi-
cal and immunohistochemical features and demonstrate 
the relation between the ILAE subtypes and the clinical 
features while trying to predict the prognosis of the pa-
tients. In addition, one of the objectives was to question 
the importance of mTOR pathway activation in different 
clinical and histological variables, examine the contribu-
tion to the diagnostic process, and determine the patient 
group for molecular targeted therapies.

Methods
Patients and Samples

All patients with epilepsy who underwent epilepsy sur-
gery between 2002 and 2017 at Istanbul University were 
included in the study. This retrospective study was ap-
proved by the institutional ethics committee of Istanbul 
University, Istanbul Faculty of Medicine.

Pathological Examination and Diagnosis
Macroscopic Examination and Sampling

Specimens for epilepsy surgery were obtained via 
cerebral lobectomy (temporal, frontal, or occipital), se-
lective amygdalohippocampectomy, lesionectomy, and 
hemispherectomy. Cerebral lobectomy specimens were 
also obtained with hippocampectomy specimens in ap-
proximately 80% of hippocampal sclerosis (HS) cases. 
Each specimen was processed according to an established 
protocol for the cortex and hippocampus.4 Cortex sam-
pling was perpendicular to the arachnoid-pial surface to 
properly evaluate the cortical stratification. Anatomically 
intact hippocampal tissues were cut parallel to the coro-
nal plane in the anterior-posterior axis at an interval of 5 
mm and completely sequentially sampled and numbered. 

Fragmented tissues were not convenient to use for this 
protocol.

Diagnosis
All pathology slides of the cases were retrieved from 

the archive and the diagnoses were reviewed. The types of 
FCD cases according to the recommended ILAE classifi-
cation were determined. The ILAE classification system 
is shown in Table 1. Principles of the Declaration of Hel-
sinki were considered during the study, and the patients’ 
confidential data were kept according to their respective 
guidelines. Due to the retrospective nature of the study, 
written informed consent could not be obtained and was 
not required.

Immunohistochemical Analysis
The most appropriate paraffin-embedded tissue blocks 

for immunohistochemical analysis were selected after all 
archived slides were reviewed. Immunohistochemistry 
was performed on paraffin-embedded tissue blocks with 
an automatic staining system (Ventana BenchMark XT, 
IHC/ISH automated staining platforms; Roche Diagnos-
tics Ltd.).

The primary antibodies used in the study were 1) an-
ti-NeuN, clone A60 (1:200, MAB377; EMD Millipore), 
the primary antibody for neurons; 2) anti–neurofilament 
H (NF-H), clone SMI-32 (1:800, SIG 801702; BioLeg-
end), the primary antibody for layer specificity; and 3) 
anti-phospho-S6 ribosomal protein (S6, phosphorylated at 
ser235/236 [p-S6 S235/236]) antibody, polyclonal (1:800, 
E18070; Spring), the primary antibody for mTOR signal-
ing activation. 

Clinical Data
Pathology reports and clinical records were investi-

gated for clinical features. Gender, age at seizure onset, 
seizure duration, age at surgery, and seizure outcomes of 
these patients were retrospectively summarized and ana-
lyzed. Seizure outcomes were assessed after a minimum 
1-year follow-up period after surgery. For the evaluation 
of postoperative seizure outcome, the Engel classification 
system was used: seizure free (class I), > 90% reduction 
in seizure frequency (class II), 50%–90% reduction in sei-
zure frequency (class III), and < 50% reduction in seizure 
frequency (class IV).9

TABLE 1. ILAE consensus classification of FCD

FCD Type I Abnormal radial cortical lami-
nation (Type Ia)

Abnormal tangential cortical 
lamination (Type Ib)

Abnormal radial and tangential cortical lamination (Type Ic)

FCD Type II Existence of dysmorphic neurons (Type IIa) Existence of dysmorphic neurons and balloon cells (Type IIb)
FCD Type III Abnormal cortical lamination 

associated with hippocam-
pal sclerosis (Type IIIa)

Abnormal cortical lamina-
tion adjacent to a glial or 
glioneuronal tumor (Type 
IIIb)

Abnormal cortical lamination 
adjacent to vascular malfor-
mation (Type IIIc)

Abnormal cortical lamination adjacent 
to any other lesion during early 
life, e.g., trauma, ischemic injury, 
encephalitis (Type IIId)

From: Blümcke I, Thom M, Aronica E, Armstrong DD, Vinters HV, Palmini A, Jacques TS, Avanzini G, Barkovich AJ, Battaglia G, Becker A, Cepeda C, Cendes F, 
Colombo N, Crino P, Cross HJ, Delalande O, Dubeau F, Duncan J, Guerrini R, Kahane P, Mathern G, Najm I, Özkara Ç, Raybaud C, Represa A, Roper SN, Salamon 
N, Schulze-Bonhage A, Tassi L, Vezzani A, Spreafico R. The clinicopathologic spectrum of focal cortical dysplasias: a consensus classification proposed by an ad hoc 
Task Force of the ILAE Diagnostic Methods Commission. Epilepsia. 2011;52(1):158-174, published by John Wiley & Sons. © 2010 International League Against Epilepsy.
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Statistical Analysis
All statistical analyses were performed using SPSS 

software (IBM Corp.). Data are given as mean ± standard 
deviation or median (interquartile range) where appropri-
ate. Proportions were written as percentages. Categorical 
variables were compared using Pearson chi-square and 
Fisher’s exact tests. Continuous, nonparametric variables 
were analyzed using the Mann-Whitney U-test analysis 
and the Kruskal-Wallis test with independent samples. A 
p value < 0.05 was considered significant in all compari-
sons.

Results
Histopathological examination of 183 patients includ-

ed in the study revealed HS in 121 (66.1%), FCD in 32 
(17.5%), tumor in 7 (3.8%), vascular malformation in 3 
(1.6%), and encephalitis in 2 (1.1%) cases. The other diag-
noses were hamartoma in 3 cases, heterotopia in 1 case, 
and cyst formation in 1 case. In 13 cases (6%) there were 
no histopathological findings.

Of the 183 patients, 55 (30.1%) were in the pediatric 
age group (1–17 years old). In the pediatric age group, 
18 (32.7%), 14 (25.5%), and 6 (10.9%) patients were diag-
nosed with FCD, HS, and tumor, respectively. In adults, 
107 (83.6%), 14 (10.9%), and 1 (0.8%) patient were diag-
nosed with HS, FCD, and tumor, respectively. The find-
ings show that FCD in the pediatric age group and HS in 
the adult age group were the most frequent diagnoses.

Age at seizure onset in patients with FCD ranged from 
0 to 11 years (mean 3.2 years, median 3 years). Seizure du-
ration ranged from 0 to 46 years (mean 11.2 years, median 
13 years). Surgical age ranged from 0 to 49 years (mean 
16.2 years, median 12 years).

Results of the comparison of clinical parameters be-
tween the FCD and HS groups are shown in Table 2. The 
FCD group was associated with significantly earlier sei-
zure onset (mean 3.2 years), shorter preoperative seizure 
duration (mean 11.2 years), and earlier surgical age (mean 
16.2 years) compared with the HS group. The male gender 
ratio in the FCD group was significantly higher than in the 
HS group. Patients in the FCD group had poorer seizure 

control after surgery than those in the HS group, with a 
minimum 1 year of follow-up (p = 0.001).

There were 7 cases of FCD type Ia, 8 cases of FCD 
type Ib, 6 cases of FCD type IIa, 7 cases of FCD type 
IIb, and 4 cases of FCD type IIIa (Table 3). Diagnostic 
hallmarks of these types were a microcolumnar array in 
group Ia, dysmorphic neurons in group IIa, and balloon 
cells in group IIb. In the IIIa group, normal stratification 
of the cortex was lost. Pyramidal neuronal loss in the hip-
pocampus was accompanied by microcolumnar arrays in 
the temporal cortex. Our study did not include any cases 
with a diagnosis of FCD type Ic, IIIb, IIIc, or IIId.

All 4 FCD type III cases were located in the tempo-
ral lobe. The other temporally located cases consisted of 
only 3 cases in the FCD type I group and 1 case in the 
FCD type II group. Localizations of FCD cases are shown 
in Table 3. Temporal lobe localization in FCD type IIIa 
showed a statistically significant difference compared 
with FCD type I (Fisher’s exact test, p = 0.02).

NeuN, NF-H (SMI-32), and pS6 were studied immuno-
histochemically in all cases except 3 FCD type Ib cases, 1 
FCD type IIa case, and 1 FCD type IIIa case because their 
paraffin blocks were not available. Accordingly, NeuN re-
vealed the microcolumnar sequence in FCD type Ia and 
IIIa groups and the loss of lamination in the FCD type Ib 
group. Despite staining in normal neurons and some dys-
morphic neurons, immunoreactivity was not observed in 
balloon cells. In 1 FCD type IIa case, neither dysmorphic 
neurons nor normal neurons were stained with NF-H. The 
other cases showed immunoreactivity in dysmorphic neu-
rons and normal neurons. In contrast, immunoreactivity 
was not observed with NF-H in any balloon cells. Includ-

TABLE 2. Comparisons of clinical parameters between HS and FCD

Parameter HS, n = 121 FCD, n = 32 p Value

Mean age at seizure onset ± SD, mos 146.1 ± 118.8 38.6 ± 46.2 <0.001* (z = 5.11)
Mean epileptic seizure duration ± SD, mos 185.5 ± 116.7 134.6 ± 142.5 0.021* (z = 2.30)
Mean surgical age ± SD, yrs 29.7 ± 11.2 16.2 ± 14.7 <0.001* (z = 4.61)
Gender, n (%)
  Male 45 (37.2) 20 (62.5) 0.01† (c2 = 6.64)
  Female 76 (62.8) 12 (37.5)
Engel class, n‡
  I 88 15 0.001§
  II–IV 7 15

* Mann-Whitney U-test.
† Chi-square test.
‡ The minimum follow-up duration was 1 year.
§ Fisher’s exact test.

TABLE 3. Localizations of the FCD cases

Location
FCD Type, n (%)

Ia Ib IIa IIb IIIa

Temporal 1 (14) 2 (25) — 1 (14) 4 (100)
Frontal 2 (29) 6 (75) 4 (67) 4 (57) —
Parietal-occipital 4 (57) — 2 (33) 2 (29) —
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ing staining in some normal neurons, pS6 showed positiv-
ity in some of the dysmorphic neurons and weak staining 
in balloon cells. In balloon cells of 2 FCD type IIb cases 
and dysmorphic neurons of 2 FCD type IIa cases, there 
was no expression with pS6, but pS6 expressions were 
seen in all FCD type II cases of dysmorphic neurons and 
balloon cells (Table 4).

In our study, apart from FCD cases, pS6 immunoreac-
tivity was observed in a ganglioglioma case.

Discussion
We present these findings to illustrate the difficulties in 

making the diagnosis of FCD, evaluate the consistency of 
our cases after classification with respect to clinical vari-
ables, and review the utility of the recommended immuno-
histochemical markers.

Diagnosis and Classification
FCD cases have heterogeneous histomorphology char-

acterized by structural findings related to stratification 
abnormality (abnormal cortical lamination) of the cortex 
and cellular anomalies.10 The ILAE classification is based 
on these findings.5 The FCD type I category shows lami-
nation defects and is subdivided into 3 groups, i.e., type 
Ia, type Ib, and type Ic, in which the lamination defect 
exists in radial, tangential, and both directions, respec-
tively.5

Microcolumnar sequences of small immature neurons 
associated with abnormal radial migration and neuronal 
maturation are a characteristic finding of FCD type Ia. 
Microcolumnar arrays can be described as the sequencing 
of 8 immature cells in a vertical direction (Fig. 1).11 They 
are distinctly observed in the third layer of the cortex. This 
appearance in FCD type Ia is similar to the stage of radial 
migration during early fetal development of the cortex. 
The focus of attention is the columnar architecture, which 
continues at the top of the gyrus and deep in the sulcus 
in adults.12 This architecture should not be considered a 
migration defect. However, the differentiation between a 
microcolumnar sequence in FCD or variation in these lo-
calizations can be challenging. In addition, findings can be 
difficult to diagnose in some cases.

In FCD type Ib, the microscopic appearance of layer 
stratification resembles the horizontal migration stage 
observed in the second half of gestation.12 The six-layer 
histological structure of the cortex is lost because of the 
lamina-specific neuronal paucity. Although all the layers 
of the cortex can be affected, layers II and IV are predom-
inantly affected and the borders with neighboring layers 
cannot be selected clearly (Fig. 2).

In FCD type II, dysmorphic cells and balloon cells are 
identified in addition to the lamination defect also noted 
in type I. The presence of dysmorphic cells in the diag-
nosis of FCD type IIa, and balloon cells in addition to 
dysmorphic cells in the diagnosis of FCD type IIb, are 
required. Dysmorphic cells have abnormal cytoplasm 
and cytoplasmic extensions. Phosphorylated (shown 
by the NF-H [2F11] antibody) and nonphosphorylated 
(shown by the NF-H [SMI32] antibody) accumulation of 
neurofilament isoforms are aggregated and concentrated 
toward the cell membrane. Balloon cells are large cells 
with homogenous, opaque, eosinophilic cytoplasm and an 
eccentrically located nucleus. The Nissl body cannot be 

TABLE 4. Immunohistochemical expressions in cell groups

FCD Type
NeuN  

(n = 27)
NF-H  
(n = 4)

pS6  
(n = 24)

I
  Reactive/normal neurons 12/12 12/12 6/12*
IIa
  Reactive/normal neurons 5/5 4/5 1/5
  Dysmorphic neurons 5/5 4/5 3/5
IIb
  Reactive/normal neurons 7/7 7/7 0/7
  Dysmorphic neurons 7/7 7/7 7/7
  Balloon cell 0/7 0/7 5/7
IIIa
  Reactive/normal neurons 3/3 — —

* Sparsely.

FIG. 1. Photomicrographs showing histopathological features of FCD 
type Ia. A and B: Abnormal radial cortical lamination (arrows and 
dashed lines, A) and microcolumnar sequences (box, B). H&E, original 
magnification ×20 (A) and ×200 (B). C and D: NeuN immunoreactivity 
showing microcolumnar sequences. NeuN, original magnification ×20 
(C) and ×200 (D).

FIG. 2. Photomicrographs demonstrating histopathological features of 
FCD type Ib. A: Abnormal tangential cortical lamination. H&E, original 
magnification ×20. B: NeuN immunoreactivity. NeuN, original magnifica-
tion ×20.
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seen due to the accumulation of neurofilament proteins 
(Fig. 3).13

FCD type I and II groups are isolated forms of FCD. 
But in FCD type III, adjacent lesions accompany the lami-
nation defect, which is seen in FCD type I. FCD type III is 
subgrouped according to adjacent principal lesions (HS in 
FCD type IIIa, glial or glioneuronal tumors in FCD type 
IIIb, vascular lesions in FCD type IIIc, and various lesions 
induced by trauma, ischemia, encephalitis, etc., in FCD 
type IIId).5

In the literature, temporal cortex involvement is noted 
in approximately 35% of patients with HS, and the pres-
ence of cortical dysplasia in the range of 10%–50% has 
been reported. Considering the number of HS cases, cases 
in the FCD type IIIa group indicate cortex involvement in 
3.2% of HS cases. This rate is quite low compared with the 
rate reported in the literature.14

Several years following publication of the ILAE classi-
fication, good interobserver agreement for FCD types IIa, 
IIb, and IIIa was reported; a moderate agreement for FCD 
type Ib; and no agreement for FCD type Ic.15

For FCD type I and III groups, nonperpendicular cor-
tex sampling causes diagnostic problems for observing 
lamination. Normal/dysmorphic neuronal differentiation 
is the most common challenge for FCD type IIa cases.

Immunohistochemical Analysis
In the evaluation of FCD cases, some antibodies are 

recommended, i.e., NeuN to show cortical lamination de-
fects, NF-H (SMI32) to show dysmorphic neurons, and vi-
mentin and CD34 to show balloon cells.4 NeuN has been 
reported as the most valuable marker for the diagnosis of 
FCD types I and III, indicating a cortical stratification de-
fect. NF-H and vimentin have been found to be the most 
valuable markers in the diagnosis of FCD type II.16 In our 
cases, NeuN revealed the microcolumnar sequence in 
FCD type Ia and IIIa groups and the loss of lamination in 
the FCD type Ib group. NF-H was observed in dysmor-
phic neurons and neuronal cells featuring normal mor-
phology. Immunoreactivity was not observed with NF-H 
in any balloon cells. These findings show that NeuN may 
help to reveal cortical lamination abnormalities, but NF-H 
is not a crucial marker. NF-H expression has been indi-
cated in aged pyramidal cells of cortex layers III and V.4

Clinical Findings
In our cases, there was no significant difference in the 

age at onset, duration of seizure, and surgical age between 
the types of FCD (p > 0.05). Temporal lobe localization in 
FCD type IIIa showed a statistically significant difference 
compared with FCD type I (Fisher’s exact test, p = 0.02).

ILAE classification is based on histopathological data, 
whereas clinical, EEG, and imaging differences led to 
specifying the different groups. The clinical, electrophysi-
ological, and radiological features of FCD type II are more 
distinctively defined. Whereas FCD type II caused more 
frequent temporal lobe seizures, FCD type I caused frontal 
seizures, often affecting a larger area. FCD type II was 
associated with earlier seizure onset, early surgical age, 
short epilepsy duration, and more frequent seizures. Even 

though there are adverse results, FCD type II has had bet-
ter postsurgical seizure outcomes. Clinical findings distin-
guishing HS with FCD (FCD type IIIa) from isolated FCD 
type I were presented by Tassi et al., showing HS with 
FCD was associated with less frequent seizures and better 
seizure control.17 In subsequent studies, when nontemporal 
lobe epilepsy cases were excluded, no significant differ-
ences were found in terms of onset of epilepsy, surgical 
age, seizure frequency, temporal cortex MRI findings, and 
postoperative seizure rate; only febrile seizure history and 
presence of aura were more frequent in FCD type IIIa.14,18,19

These findings show that although the ILAE classifi-
cation is widely accepted and developed with the aim of 
clinicopathological correlation, specifically for FCD types 
I and III, a classification with higher interobserver compli-
ance and better reflecting clinicopathological differences 
between groups was expected.

New Treatment Target: mTOR Pathway Activation?
The mTOR signaling pathway that is effective in the 

mechanisms of epileptogenesis, such as neural stem cell 
proliferation, neuroplasticity, and development of synap-
tic connections, is another topic that has been recently 
discussed.20 The mTOR molecule has a central position 

FIG. 3. Photomicrographs of histopathological features of FCD type II. 
A–C: Dysmorphic neurons (arrowhead) and balloon cells (arrow, A), 
dysmorphic neurons (arrows, B), and balloon cells (arrows, C) in an FCD 
type IIb case. H&E, original magnification ×100 (A), ×200 (B), and ×400 
(C). D: NeuN immunoreactivity in normal (arrowhead) and dysmorphic 
(arrow) neurons. NeuN, original magnification ×100. E: NF-H immuno-
reactivity in dysmorphic neurons (arrowhead) and balloon cells (arrow). 
NF-H, original magnification ×200. F: More intense and granular pS6 im-
munoreactivity in dysmorphic neurons (arrowhead) and weak immunore-
activity in balloon cells (arrow). pS6, original magnification ×200.
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in intracellular signaling cascades and is present as part 
of mTOR complex 1 (mTORC1) and mTOR complex 2 
(mTORC2) with serine-threonine kinase activity. These 
complexes have central roles in the mTOR pathway. Sig-
naling pathways such as PI3K/AKT and RAS/ERK act on 
TSC1 and TSC2 and affect the mTOR pathway.21

Hyperphosphorylation of mTOR pathway substrate ri-
bosomal S6 protein (pS6) causes mTOR pathway activa-
tion. As a downstream molecule of mTOR intracellular 
signaling, pS6 antibody expression is related to mTOR 
pathway activation.

Activation of mTORC1 in FCD was first noted in 
2004.22 Detection of mTOR pathway activation in hemi-
megalencephaly also revealed the relationship between 
cortical malformations and mTOR.8 As a result of genetic 
studies in recent years, mutations in the MTOR gene and 
various genes regulating the mTOR pathway have been de-
tected in cortical malformations such as FCD and hemi-
megalencephaly. Somatic mutations in the MTOR gene are 
the most common cause of FCD. Loss of function muta-
tions in mTORC1 inhibitor genes (TSC1, TSC2, DEPDC5, 
NPRL2, NPRL3, NEDD4L) and gain of function mutations 
in mTOR activating genes (AKT3, PIK3CA) are reported 
in cortical malformations.7,23,24

The “mTORopathy” term is proposed for abnormalities 
such as cortical tubers in tuberous sclerosis, hemimega-
lencephaly, and FCD type IIa/IIb related to the mTOR 
pathway that show similar morphology. In these condi-
tions, cortical malformation accompanies abnormal cell 
proliferation. Tuberous sclerosis is known as autosomal 
dominant multisystemic disease and can present with epi-
lepsy caused by mutation of TSC1 and TSC2 encoding ha-
martin and tuberin, respectively, and lead to activation of 
the mTOR pathway. Hemimegalencephaly, exhibiting sim-
ilar morphology as FCD type II, is a more extended lesion 
compared with FCD.25–27

In addition to these entities, glioneuronal tumors such 
as ganglioglioma and dysembryoplastic neuroepithelial tu-
mor (DNET) manifest neuronal and glial proliferation and 
show co-occurrence with FCDs. Tumoral lesions observed 
in epilepsy surgery are the most common feature noted in 
a group consisting of adult and pediatric patients. Luyken 
et al. suggested the term “long-term epilepsy-associated 
brain tumors” (LEATs) for drug-resistant epilepsy-related 
tumors with a history of epilepsy for more than 2 years.28 
LEATs refer to slow-developing tumors, mostly originat-

ing from the temporal lobe, presenting with an early-onset 
seizure.29 Approximately 60% of these tumors are diag-
nosed as ganglioglioma and DNET.30 Ganglioglioma is 
a biphasic tumor containing dysplastic neurons and glial 
cells. DNET, on the other hand, has a typical appearance 
of the myxoid matrix containing oligodendroglial cell–
like cells and neurons extending along the vessels in the 
microcolumnar pattern.8 mTOR pathway activation is also 
reported in these tumors.31,32

The pS6 antibody showed staining in most of the dys-
morphic neurons and weak staining in balloon cells, in-
cluding staining in some normal neurons. Negative stain-
ing in some cells was accepted to be related to the sparsity 
of balloon cells, and these were the old cases with long 
archived periods (14, 13, and 12 years). In the literature, 
almost 40% of FCD cases have mTOR-related gene muta-
tions,23 but pS6 immunoreactivity due to activation of the 
mTOR pathway presented in all FCD type II cases. This 
finding showed us that there are more mutations that need 
to be explored.

In our study, apart from FCD cases, pS6 immunoreac-
tivity was detected in a ganglioglioma case as well (Fig. 
4). In previous studies consisting of a variety of epilep-
sy-associated pathologies and varied cell types, pS6 im-
munopositivity has been reported to be less evident and 
absent in FCD type I or histologically normal cortex,33–35 
but also observed in astrocytes and microglia in HS, in 
microglia cells in Rasmussen encephalitis, and in dysplas-
tic neurons in glioneuronal tumors.36,37 We focused on pS6 
immunoreactivity in cortical tissues. In our study, pS6 
highlighted dysmorphic cells and balloon cells of FCD 
type II, which was consistent with the literature data. In 
addition to these findings, in a mouse study it was shown 
that intrauterine mTOR mutation caused neuronal migra-
tion defect and epilepsy, and these subjects had large neu-
rons in the brain. At the same time, seizures decreased 
after rapamycin treatment.38

In the management of seizure control, antiepileptic 
drugs do not provide anything more than symptomatic 
treatment. Most antiepileptics act on ion channels, but epi-
lepsy control cannot be achieved in 20%–30% of patients. 
This situation indicates that new treatment approaches are 
necessary. Information on the underlying molecular genet-
ic etiology is important in the detection of targeted thera-
pies. The mTOR pathway is involved in epileptogenesis 
and its relationship with epilepsy leads to new treatment 
options. The use of everolimus, which is the rapamycin 
(mTOR inhibitor) analog, is recommended for subependy-
mal giant cell astrocytoma and angiomyolipoma without 
surgical options and in patients with tuberous sclerosis.39,40 
However, its effect is unclear both in patients with tuber-
ous sclerosis–associated epilepsy and in other epilepsy 
causes in which mTOR pathway activation has been dem-
onstrated. In the phase 2 study on tuberous sclerosis pa-
tients, everolimus treatment showed a decrease in seizures 
by more than 50% in 60% of patients.41 In addition, mTOR 
inhibitors have been found to prevent and reduce seizures 
in patients with posttraumatic epilepsy, temporal lobe epi-
lepsy, and absence epilepsy.42–44

Mutations in various genes that regulate the mTOR 
pathway detected in FCD and hemimegalencephaly and its 

FIG. 4. A: Photomicrographs of neuronal (arrow) and glial cell compo-
nents in a ganglioglioma case. H&E, original magnification ×200. B: pS6 
immunoreactivity in neuronal cells (arrow). pS6, original magnification 
×200.
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role in epileptogenesis indicate its importance as a putative 
therapeutic target in the future. The utility of pS6 immuno-
histochemistry as a biomarker is gaining importance due 
to its potential role as a diagnostic and predictive marker.

Limitations of the Study
We analyzed only 32 cases diagnosed with FCD from 

a single institute, and further large-scale studies are re-
quired.

Conclusions
This study provides insight into FCD cases that are en-

countered relatively occasionally but need comprehensive 
work. The FCD ILAE classification is widely used and 
designed according to heterogenous histomorphological 
findings. We did not show clinical differences between 
FCD groups in our small-scale study. Accordingly, diag-
nostic problems remain, both pathologically and clinically. 
Mostly small-scale studies are available for these diagnos-
tic groups. Potential future updates on molecular genetic 
specifications in classification may help foster shared ef-
forts toward a better understanding of FCD types. Mean-
while, these updates can contribute to the diagnostic 
process, reflect clinical differences, and guide treatment 
strategies. New mTOR pathway–related molecular genetic 
specifications have been identified mostly in the FCD type 
II group. In addition, significant pS6 antibody expressions 
in definitive cells of FCD type II (dysmorphic neurons and 
balloon cells) were consistent with genetic findings in the 
literature, even though the MTOR gene and mTOR path-
way–related mutations remain behind proportionally to 
explain the mTOR pathway activation in all FCD type II 
cases. Subsequently, FCD type I cases had subtler findings 
and showed less relation with the mTOR pathway. These 
findings look promising for the usage of mTOR pathway 
inhibitors in the treatment of a group of FCDs.
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