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Abstract

Focal cortical dysplasia type IIIc (FCD- IIIc) is histopathologically defined by 

the International League Against Epilepsy's classification scheme as abnormal 

cortical organization adjacent to epilepsy- associated vascular malformations 

(VM). However, the incidence of FCD- IIIc, its pathogenesis, or association 

with the epileptogenic condition remains to be clarified. We reviewed a ret-

rospective series of surgical brain specimens from 14 epilepsy patients with 

leptomeningeal angiomatosis of Sturge- Weber syndrome (LMA- SWS; n =  6), 

cerebral cavernous malformations (CCM; n  =  7), and an arteriovenous mal-

formation (AVM; n = 1) to assess the histopathological spectrum of FCD- IIIc 

patterns in VM. FCD- IIIc was observed in all cases of LMA- SWS and was des-

ignated as cortical pseudolaminar sclerosis (CPLS). CPLS showed a common 

pattern of horizontally organized layer abnormalities, including neuronal cell 

loss and astrogliosis, either manifesting predominantly in cortical layer (L) 3 

extending variably to deeper areas with or without further extension to L2 and/

or L4. Another pattern was more localized, targeting mainly L4 with extension 

to L3 and/or L5. Abnormal cortical layering characterized by a fusion of L2 

and L3 or L4– L6 was also noted in two LMA- SWS cases and the AVM case. No 

horizontal or vertical lamination abnormalities were observed in the specimens 

adjacent to the CCM, despite the presence of vascular congestion and dilated 

parenchymal veins in all VM. These findings suggest that FCD- IIIc depends 

on the type of the VM and developmental timing. We further conclude that 

FCD- IIIc represents a secondary lesion acquired during pre-  and/or perinatal 

development rather than following a pathomechanism independent of LMA- 

SWS. Further studies will be necessary to address the selective vulnerability of 

the developing cerebral neocortex in LMA- SWS, including genetic, encephalo-

clastic, hemodynamic, or metabolic events.
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1 |  INTRODUCTION

Vascular malformation (VM) is a generic term referring 
to a group of presumably congenital abnormalities of 
blood vessels caused by disordered mesodermal differ-
entiation between the third and eighth week of gestation 
in the developing human embryo [1]. Intracranial VM 
generally present as focal lesions. They can be clinically 
asymptomatic or present with spontaneous hemorrhage, 
including brain parenchymal or subarachnoid hemor-
rhage or both, and responsible for a wide range of neu-
rological symptoms, including epilepsy in children and 
young adults.

Intracranial VM commonly encountered in surgical 
pathology or autopsy includes the following.

• Arteriovenous malformation (AVM).
• Cerebral cavernous malformation (CCM).
• Developmental venous anomaly (DVA).
• Capillary telangiectasia.
• Leptomeningeal angiomatosis of Sturge- Weber syn-

drome (LMA- SWS).

According to the European Epilepsy Brain Bank, VM 
is the 5th frequent among seven major histopathologi-
cal disease categories, comprising only 6.1% of 9523 ep-
ilepsy surgery cases [2]. However, the actual prevalence 
of epilepsy- associated VM may be higher, as it is not 
uncommon for epilepsy patients with these lesions to be 
treated in the stroke unit. Among all types of VM, CCM 
is most frequently associated with epileptic seizures and 
is commonly encountered in surgical specimens from 
patients with drug- resistant focal epilepsy [3]. Factors 
considered to be involved in the epileptogenic mech-
anisms for VM may include chronic parenchymal iron 
deposition or siderosis, glial scaring around the VM, and 
blood- brain barrier dysfunction and subsequent astro-
cytic albumin uptake [3– 5], as well as cortical neuronal 
dyslamination detected outside the area of ischemia or 
hemorrhage adjacent to VM [6].

According to the classification of focal cortical dys-
plasia (FCD) by the International League Against 
Epilepsy (ILAE), “FCD type III (FCD- III)” refers to an 
abnormal neocortical organization in association with 
a principal epileptogenic lesion [6]. FCD- III is further 
distinguished into four subtypes; i.e., neuronal dyslami-
nation associated with hippocampal sclerosis (FCD type 
IIIa), neoplasm (IIIb), VM (IIIc), and any other, mostly 
destructive lesion acquired during early life such as trau-
matic brain injury, hemorrhage, ischemia, inflamma-
tion, or infectious diseases (IIId). Since the inauguration 

of this widely accepted classification in 2011, only a lim-
ited number of histological studies have addressed the 
FCD- IIIc subtype [7, 8]. Therefore, not much is known 
with certainty about the histologic features and patho-
genesis of FCD- III. This study aimed primarily to inves-
tigate whether or not FCD- IIIc is present in each type of 
VM and, if present, to describe the histological features 
of cortical dyslamination. The second aim was to dis-
cuss its pathogenic mechanism based on the histological 
findings, addressing the critical question as to whether 
FCD- IIIc represents an independent congenital mal-
formation of cortical development or a lesion resulting 
secondary to the development and pathophysiology of 
epileptogenic VM.

2 |  M ATERI A LS A N D M ETHODS

Fourteen surgically resected specimens from epi-
lepsy patients with VM (number of male and female 
patients [M: F], 9:5; median age at surgery, 32.5  years; 
age range, 2.5– 54 years) were retrospectively chosen for 
this study from archival paraffin blocks. These include 
tissue from patients with (I) LMA- SWS (M: F, 6:0; me-
dian age, 17  years; age range, 2.5– 45  years), (II) CCM 
(M: F, 2:5; median age, 41 years; age range, 22– 54 years) 
and (III) AVM (26 years, M) (Table 1). All patients were 
sporadic cases with no family history of epilepsy. After 
detailed presurgical epileptological evaluation assessing 
seizure semiology, MRI and other neuroimaging find-
ings, video- scalp electroencephalography (EEG) moni-
toring, and electrocorticography (ECoG) by subdural 
grid electrodes, all patients underwent én bloc resection 
or lobectomy, but not lesionectomy alone, including the 
whole VM and surrounding brain tissue containing at 
least more than two gyri. Postsurgical seizure outcome 
was evaluated two years after surgical intervention and 
scored according to the Engel classification [9]. The size 
and location of each VM were evaluated in the fixed 
resection specimens. Five- micrometer- thick sections 
were stained with Luxol fast blue (LFB)- hematoxylin 
and eosin (HE), Elastica- Masson, and Prussian blue. 
Adjacent serial sections were subjected to panels of 
immunohistochemistry performed by the polymer- 
immunocomplex method using a BOND Polymer 
Refine Detection with the 3- 3′ diaminobenzidine (Leica 
Biosystems, Newcastle Upon Tyne, UK) as the chro-
mogen and hematoxylin as the counterstain, using an 
automated IHC stainer Leica BOND MAX (Leica 
Biosystems, Tokyo, Japan). Primary antibodies used in 
this study include anti- neuronal nuclear antigen (NeuN) 
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(clone A60, dilution 1:400, Chemicon, Temecula, CA, 
USA), anti- microtubule- associated protein 2 (MAP2) 
(clone HM- 2, dilution 1:6000, Abcam, Tokyo, Japan), 

anti- microtubule- associated protein 1B (MAP1B) 
(clone 3G5, dilution 1:3000, Thermo Fisher Scientific, 
Cheshire, UK), anti- non- phosphorylated neurofilament 

TA B L E  1  Summary of clinicopathological findings

Note: Subdivision of layers: S, shallow; M, middle; D, deep zone of a given layer. Black, orange, and green bars indicate the distributions of CPLS, HN, and 
MAP1b- expressing neurons, respectively. HN is defined as pyramidal neurons existing outside L5 and larger than those in L5 with a strong cytoplasmic expression 
of NF- H and/or MAP2.

Abbreviations: AVM, arteriovenous malformation; CCM, cerebral cavernous malformation; CPLS, cortical pseudolaminar sclerosis; CTX, neocortex; d, diameter; 
F, frontal; HN, hypertrophic neuron; HS, hippocampal sclerosis; L, layer; LMA- SWS, leptomeningeal angiomatosis of Sturge- Weber syndrome; Lt, left; na, data 
not available; O, occipital; P, parietal; Rt, right; SHN, single heterotopic neurons in white matter; T, temporal; WM, white matter; y, years.

Lesion type 
and case # 

Age at 
surgery 
(y) 

Sex Seizure 
onset 
age (y) 

Engel 
class 

Location and size of the vascular lesion 
resected 

CPLS, HN, and MAP1b-positive neurons Indistinct 
neuronal 
layering 

Other 
lesions L2 L3 L4 L5 L6

S D S M D S D   

LMA-
SWS 

1 44 M na II Lt whole P-O, 60 mm x 50 mm x 60 mm 

L2-L3, L4-L6 
L2-L4 

2 2.5 M 0.6 IA Rt T-P-O, posterior quadrantectomy L3-L4, L4-L6 No-HS 
3 16 M 10 IA Lt P, lobectomy 

4 45 M na IA T, lobectomy HS type 1 
5 17 M na IA O, lobectomy 
6 6 M 2 na Lt F-P, lobectomy 

Median age 17 2 

CCM 7 41 M na II Lt T CTX, 10 mm (d) 
8 22 F na I Lt anterior cingulate cortex, 5 mm (d)            
9 45 F 20 I Lt F CTX-WM, 18 mm x 15 mm x 12 mm 
10 54 F 53 I Lt T pole CTX-WM, 10 mm (d)           
11 28 M 25 IA Lt T base CTX, less than 10 mm (d) 
12 53 F 34 I Lt O CTX, 13 mm x 7 mm x 15 mm           
13 37 F 20 I Rt T CTX-WM, 15 mm x 19 mm x 13 mm 

Median age 41  25   

AVM 14 26 M 25 I Lt T WM-CTX, 11 mm x 10 mm x 20 mm L2-L6 SHN 

F I G U R E  1  Leptomeningeal angiomatosis and cortical calcifications in SWS. (A– C) This surgical specimen was obtained from a 
44- year- old male epilepsy patient with SWS (case 1 in Table 1). (A) A collection of dilated and congestive venous vessels in the subarachnoid 
space, i.e., leptomeningeal angiomatosis (LMA), and typical cortical calcifications of tram- track pattern mainly affecting layer (L) 2 and L4 
(asterisks). LFB- HE staining. (B) Parenchymal veins in the white matter (arrows) are also significantly dilated and congested. Calcifications 
are accentuated in the superficial cortical area (asterisk). Elastica- Masson staining. (C) Conspicuous string- like, vertically oriented linear 
calcifications along the microvessels are accentuated in L2– L4. Larger plaque- like calcifications are also accumulating mainly in L4 (asterisk). 
Immunohistochemistry for NeuN with hematoxylin counterstain. These features suggest the underlying hemodynamic abnormalities 
in the brain parenchyma and cortical areas where lesions are more likely to occur in patients with SWS
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H (NF- H) (clone SMI32, dilution 1:400, BioLegend, San 
Diego, CA, USA), anti- GFAP (clone 6F2, dilution 1:400, 
Dako, Glostrup, Denmark), anti- GFAP (clone GA5, di-
lution ‘ready- to- use’, Leica Biosystems, Newcastle Upon 
Tyne, UK), anti- calbindin D- 28k (clone CB300, dilution 
1:200, Swant, Burgdorf, Switzerland), anti- CD68 (mouse 
monoclonal, clone KP1, Dako, Glostrup, Denmark, di-
lution 1:200), anti- HLA- DP, DQ, DR antigen (mouse 
monoclonal, clone CR3/43, Dako, Glostrup, Denmark, 
dilution 1:2000), anti- ferritin heavy chain (rabbit mono-
clonal, clone EPR3005Y, Abcam, Japan, dilution 1:100), 
and anti- BRAF V600E (rabbit monoclonal, clone RM8, 
Dianova, Germany, dilution 1:400). Immunostaining 
with the omission of primary antibodies was used as a 
negative control. Neuronal dyslamination was evaluated 
in the neocortex, outside the ischemic or hemorrhagic 
areas, and areas free of iron deposition evaluated with 
Prussian blue staining with no or subtle, if any, calcifi-
cation adjacent to VM. This study was approved by the 
ethics committee at the authors’ institutions and was 
carried out following the Declaration of Helsinki (as 
revised in Brazil 2013), with each patient's or relevant 
person's informed consent and preserving the patient's 
anonymity.

3 |  RESU LTS

In patients with LMA- SWS, dilated venous vessels ag-
gregated in the subarachnoid space, i.e., LMA, and typi-
cal cortical calcifications of tram- track patterns mainly 
affected the cortical layers L2 and L4 (Figure 1A). 
Patterns and extent of calcifications were variable, either 
confined to L2 and L3 (Figure 1B) or affecting mainly 
L4 (Figure 1C). Calcifications were observed in all but 
one case of LMA- SWS (Table 1). Numerous small cal-
cospherites were often accentuated in the wall of capil-
laries or postcapillary venules. Vascular dilatation and 
congestion were noted in both meningeal angiomatosis 
(Figure 1A) and parenchymal veins of the white matter 
(Figure 1B). In all six patients with LMA- SWS, neuronal 
dyslamination was observed by NeuN immunohisto-
chemistry in the neocortex with no or minimum calci-
fication, i.e., compatible with FCD- IIIc. This FCD- IIIc 
pattern was characterized by horizontally oriented neu-
ronal cell loss and astrogliosis of varying thickness and 
depth, i.e., parallel to the pial surface (Table 1). There 
were no cystic cavities, macrophages, inflammatory 
cell infiltrates, or neovascularizations within or around 
these lesions, and the term ‘cortical pseudolaminar scle-
rosis (CPLS)’ will be further used in the present study 
to discriminate this lesion pattern from ‘cortical laminar 
necrosis’ seen in hypoxic- ischemic injuries. We observed 
two patterns of CPLS in our case series. The more fre-
quent pattern was observed in four patients (cases 1, 3, 
5, 6), compromising the shallower zone of L3 extending 
variably downward to its middle and deeper areas, with 

or without further extension to neighboring L2, L4, or 
both (Figure 2A– C). Another pattern was seen in three 
patients (cases 1, 2, 4) in which the CPLS targeted mainly 
L4 and with a presumable extension to the deepest zone 
of L3 or shallowest zone of L5 (Figure 3A– E). However, 
it was somewhat inconclusive whether L3 and/or L5 were 
involved or spared by the lesion because of the layer's 
indistinct borders. Regardless of the presence or ab-
sence of CPLS, MAP2- positive hypertrophic pyramidal 
neurons outside L5 were observed in all patients with 
LMA- SWS with variable cell densities (Figure 3D,I), 
and MAP1B- positive neurons were observed across the 
depth of L2 and L3 (Figures 2C– G and 3E,J). CPLS was 
accompanied by the accumulation of HLA- DP, DQ, 
DR- positive activated microglial cells of varying density 
(Figure 4A,D). However, iron depositions by Prussian 
blue staining were not observed, including the areas of 
LMA and CPLS (Figure 4B,E). The expression of CD68 
was not accentuated in the CPLS. Ferritin heavy chain 
immunoreactivity was confined to oligodendrocytes in 
both cortex and white matter and not in other cellular 
components, including astrocytes, microglial cells, and 
neurons (Figure 4C,F).

Furthermore, loss of cortical lamination was also ob-
served regardless of the presence or absence of CPLS in 
two cases. In case 1 (44 years old), the cortex showing 
the deeper pattern of CPLS described above was thinner 
than the neighboring normal- appearing neocortex, and 
the distinction between L2 and L3, and L4 through L6 re-
mained ambiguous on LFB- HE staining and NeuN im-
munohistochemistry (data not shown). The same region 
also revealed loss of neuronal profiles immunoreactive 
for NF- H and MAP1B, or MAP2- positive hypertrophic 
neurons. A similar loss of cortical lamination was ob-
served in case 2 (2.5 years old); i.e., the cortex affected 
by the deeper pattern CPLS showed indistinct layering 
between L3 and L4 and from L4 through L6 (Figure 3A– 
C) compared to adjacent normal- appearing hexalaminar 
neocortex (Figure 3F– H). The expression of NF- H was 
faint and confined to a few slender pyramidal neurons 
scattered in the deeper zone of L3 and L5 (Figure 3B), 
and MAP2 immunohistochemistry revealed scattered 
hypertrophic pyramidal neurons in the deepest zone of 
L3 (Figure 3D). In addition, abnormal organization of 
L2 and L3 was also observed in the cortex even without 
CPLS in case 1; i.e., most neurons in the presumed L2 
area showed a pyramidal shape being larger than nor-
mal L2  granular neurons (Figure 5A,D), and some of 
them showed cytoplasmic accumulation of NF- H and/or 
MAP2 (Figure 5B,C), resulting in an ambiguous border 
between L2 and L3.

The feature of polymicrogyria was not observed in 
any of the LMA- SWS cases in the present study.

In all patients with CCM, well- circumscribed, mul-
tilobulated, "mulberry"- shaped lesions, measuring 5 to 
19 mm in maximal dimension, with rusty orange- brown 
discoloration localized mainly in the cerebral cortex 
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with or without extension to the underlying white mat-
ter (Table 1). Microscopically, CCM consisted of back- 
to- back thin- walled, irregularly dilated venous vessels 
without intervening brain parenchyma and accompa-
nied by hemosiderin deposition. The cerebral cortex with 
iron deposition showed moderate to marked neuronal 
loss and astrogliosis. Prussian blue staining and ferritin 
heavy chain immunohistochemistry confirmed marked 
cortical Fe3+ depositions, which was also seen in reactive 
astrocytes, macrophage/microglial cells, as well as in a 
proportion of neurons (Figure 4G,H). In contrast, ferri-
tin expression in the Prussian blue- defined Fe3+- free area 
remote from the CCM was also confined to oligodendro-
cytes in both cerebral cortex and white matter (Figure 4I). 
Of note, cortical dyslamination was never observed in 
iron- free areas examined. Intriguingly, in case 12, hav-
ing 19 years history of intractable focal epilepsy, a focal 
neocortical area adjacent to CCM in the occipital lobe 
convexity identified as the seizure onset zone by ECoG 
was histologically free from hemosiderin or iron deposi-
tion, and cortical neurons were well preserved showing 
normal hexalaminar structure consistent with Brodmann 
area 18 and 19. However, in five patients, MAP2- positive 
hypertrophic neurons were observed in L3.

In the case of AVM, the nidus of abnormally- dilated 
malformed vessels with intervening brain parenchyma 
was found mainly in the superficial subcortical white mat-
ter (Figure 6A). Some of these abnormal vessels showed 
obstructive changes, and a focal hemosiderin and iron 
deposition was observed in the periphery of the nidus. 
Adjacent to this VM, i.e., outside the nidus, where no iron 
deposition or ischemic change was observed, the cortex 
was thinner with loss of its characteristic cortical lami-
nation except for L1. This pattern was most evident when 
using NeuN immunohistochemistry (Figure 6B). NF- H 
immunohistochemistry in the same area demonstrated 
an aberrantly layered cortical structure with overall weak 
NF- H expression (Figure 6C) compared to the structur-
ally normal- appearing cortex (Figure 6D,E), and the bor-
der between L2 and L3 was still ambiguous because of the 
presence of large hypertrophic pyramidal neurons show-
ing loss of neuronal polarity and lack of granular neurons 
in the putative L2 to shallower L3 (Figure 6F– I). Excess 
of single heterotopic neurons (36/mm2) was observed in 
the cerebral subcortical white matter between the mal-
formed vessels (Figure 6J). Most of them showed well- 
differentiated pyramidal and occasional polymorphic 
shapes, equal or larger than those in L5 and L6, and none 

F I G U R E  2  FCD- IIIc with CPLS in superficial cortical areas. (A– D) The resection specimen was obtained from a 6- year- old epileptic 
male with SWS (case 6 in Table 1). (A) A horizontal zone of neuronal loss involving the deeper layer (L) 2 and superficial L3 (asterisk). 
Immunohistochemistry for NeuN with hematoxylin counterstain. (B) The lesion shown in panel A is accompanied by GFAP- immunoreactive 
astrogliosis and termed, therefore, cortical pseudolaminar sclerosis (CPLS). This lesion pattern is reminiscent of temporal lobe sclerosis 
described in epilepsy patients with hippocampal sclerosis. (C) A more extensive lesion affecting the entire L3, extending partially to L2 and 
L4 (asterisk). NeuN immunohistochemistry. (D) The remaining neurons in L2 and L3 are immunoreactive for MAP1b. (E– G) The resection 
specimen from case 1. (E) NeuN immunohistochemistry shows a normal 6- layered neuronal arrangement in the parietal cortex. One may argue 
that the microcolumnar arrangement of neurons in particularly thick L3 represents a structural abnormality; however, this is a standard feature 
for the normal parietal cortex. (F) In addition, immunohistochemistry for non- phosphorylated neurofilament H (NF- H) in the same area in 
panel E demonstrates NF- H positive neurons in L3, L5, and L6, also indicating a normally developed layered cortical organization.  
(G) A magnified view of the area including L2– L4 in panels E and F demonstrating MAP1b immunoreactive neurons in L2 to 
shallower L3



6 of 12 |   MIYATA eT Al.

of them were immunoreactive for MAP1b and calbindin 
D- 28k. No immunoreactivity for BRAF V600E was ob-
served in the AVM and surrounding brain parenchyma, 
while the antibody RM8 revealed mutant cells in ganglio-
glioma with genetically- confirmed BRAF V600E used as 
a positive control (data not shown). Sanger sequencing of 
DNA obtained from paraffin- embedded tissue did not de-
tect BRAF V600E in the AVM lesion.

In all cases examined in the present study, neither 
dysmorphic neurons nor balloon cells were observed. 
Vascular congestion was observed in all VM and dilated 
parenchymal veins in the adjacent white matter.

4 |  DISCUSSION

We identified and histopathologically described differ-
ent patterns of cortical layer abnormalities, i.e., FCD 
ILAE type IIIc adjacent to epilepsy- associated LMA- 
SWS and AVM. Intriguingly, we did not observe FCD- 
IIIc in any of the studied cases with CCM.

4.1 | Pathogenic considerations of FCD- IIIc 
associated with LMA- SWS

SWS is a rare sporadic congenital neurocutaneous dis-
order, characterized by a facial port- wine stain in the 
distribution of the ophthalmic branch of the trigeminal 
nerve, ipsilateral LMA, epilepsy, and others [10], affect-
ing both sexes with a slight male predominance [11, 12]. 
A somatic activating mutation in GNAQ has been identi-
fied in most patients with SWS, using the lesions from 
either brain tissue or skin with a port- wine stain [10]. 
The median age at seizure onset in our LMA- SWS cases 
was two years and much younger than CCM (25 years) 
and the AVM (25 years; Table 1). This clinical data are 
in line with the fact that seizure onset age in SWS is gen-
erally young, ranging from birth to young adult, and 
most patients (75%) have seizure onset before one year 
[11], suggesting the early intrauterine formation of LMA- 
SWS in the developing brain. In addition, a rare prenatal 
diagnosis of SWS at 33  gestational weeks has been re-
ported by fetal neurosonogram and MRI demonstrating 

F I G U R E  3  FCD- IIIc with CPLS in deeper cortical areas. The resection specimen from a 2.5- year- old epileptic male with SWS (case 
2 in Table 1) showing FCD- IIIc involving layer (L) 3 to L6 with CPLS in the deeper cortical areas (A– E) compared to normal- appearing, 
although thin, hexalaminar neocortex adjacent to this FCD- IIIc on the same specimen (F– J). (A) Neuronal cell loss is evident, affecting the 
putative deepest L3 and shallower L4 (asterisk). In addition, the separations between L3 and L4 and between L4, L5, and L6 are uncertain. 
For comparison, see panel F taken at the same magnification from the adjacent cortex of the same specimen showing a structurally normal- 
appearing neocortex. NeuN immunohistochemistry with hematoxylin counterstain. (B) Faint NF- H expression is observed in deeper L3, 
L5, and L6, and the border between L3 and L4 is uncertain because of the CPLS (asterisk). For comparison, see panel G showing stronger 
NF- H immunoreactivities in L3, L5, and L6. (C) The pseudolaminar neuronal loss shown in panels A and B is accompanied by significant 
GFAP- positive astrogliosis (asterisk). For comparison, see panel H showing Chaslin's gliosis in L1 only. (D) MAP2- positive hypertrophic 
pyramidal neurons are scattered in L3 (arrows). By contrast, most neurons in the structurally normal- appearing neocortex are more strongly 
immunoreactive for MAP2 in their cytoplasm, as shown in panel I, and neurons in L3 are larger than those in L5, a feature characterizing 
hypertrophic neurons (arrows in I). Panels D and I represent magnified views of L3 and L4 shown in panels A– C and L3– L5 shown in panels 
F– H, respectively. (E) Most pyramidal neurons in L3 are weakly immunoreactive for MAP1b in FCD- IIIc than the adjacent neocortex shown 
in panel J. Panels E and J represent magnified views of L2 and L3 shown in panels A– C and L2– L4 shown in panels F– H, respectively
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gyriform calcification, focal atrophy, abnormal underly-
ing white matter, and a feature of polymicrogyria [13]. 
Polymicrogyria has been histologically observed also in 
surgical specimens from patients with LMA- SWS in an-
other study [14], although it was not found in any of our 
cases. However, these observations indicate that a puta-
tive encephaloclastic pathomechanism is associated with 
LMA- SWS and which dates back to the second trimes-
ter undergoing cerebral cortical development by a series 
of overlapping processes including, e.g., proliferation of 
matrix cells in the ventricular and subventricular zones, 
differentiation of neuroblasts and glioblasts, migration 
of neuroblasts toward the cortical plate, and cortical or-
ganization and maturation [15].

Cortical neuronal dyslamination observed in our 
LMA- SWS cases was mainly attributed to CPLS. Here, 
we propose a generic term ‘cortical pseudolaminar scle-
rosis (CPLS)’ to describe a group of such cortical le-
sions in epilepsy patients characterized histologically by 
neuronal cell loss and astrogliosis of varying thickness 
and depth and organized parallel to the pial surface. 
The absence of significant calcification or a few, if any, 
calcospherites on the wall of microvessels within CPLS 
suggests that neuronal loss and gliosis precede the cal-
cification. Of note, CPLS affecting the shallower cortex 
with MAP1B expression in the remaining L2 neurons is 
a reminiscence of the lesion described as temporal lobe 
sclerosis (TLS), a variant classified as FCD- IIIa, and 

F I G U R E  4  Histological and immunohistochemical findings on iron metabolism. (A– C) The resection specimen obtained from a 2- year- old 
epileptic male with LMA- SWS (case 6 in Table 1). (D– F) The resection specimen obtained from a 2.5- year- old epileptic male with LMA- SWS 
(case 2 in Table 1). (A, D) Lesions of cortical pseudolaminar sclerosis (CPLS) in the superficial and deeper cortex are accompanied by the 
accumulation of HLA- DP, DQ, DR- positive activated microglial cells of varying density. (B, E) No obvious Fe3+ depositions by Prussian blue 
staining are observed throughout the specimens examined, including the CPLS. (C, F) Ferritin expression in the cortex with CPLS is confined 
to a small number of oligodendrocytes. (G– I) The resection specimen obtained from a 37- year- old epileptic female with CCM (case 13 in Table 
1). (G) Prussian blue staining in the cerebral cortex with hemosiderin depositions adjacent to CCM demonstrating the presence of Fe3+ in 
reactive astrocytes (arrows), microglial cells (arrowheads), and a proportion of neurons (double arrowheads). (B) Immunohistochemistry for 
ferritin heavy chain in the same area in panel A demonstrating immunoreactivities in reactive astrocytes (arrows), microglial cells (arrowheads), 
and a proportion of neurons (double arrowheads). (C) Ferritin expression in the Prussian blue- defined Fe3+- free area remote from the vascular 
malformations is confined to oligodendrocytes in the cerebral cortex and white matter. Scale bars in all panels indicate 100 µm
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observed in the temporal neocortex in about 10% of pa-
tients with temporal lobe epilepsy (TLE) and hippocam-
pal sclerosis [16]. TLS has never been reported in TLE 
patients without hippocampal sclerosis nor patients with 
other epileptogenic and non- epileptogenic brain lesions. 
Accordingly, we report for the first time that shallower 
CPLS of varying thickness, the lesion pattern similar to 
TLS, frequently occurs in the cerebral cortex adjacent 
to LMA- SWS. Although unraveling the pathogenesis of 
CPLS as well as TLS is a scope of future investigation, 
the fact that the shallower zone of the cerebral cortex is 
vulnerable to hypoglycemia in both humans [17] and an-
imal models [18] may suggest a possible role of localized 
relative glucose deficiency caused by a supply- demand 
gap during repetitive hyperexcitation the pathogenesis of 
CPLS, which needs to be further studied and pathophys-
iologically confirmed.

On the contrary, the deeper CPLS involving L4 was 
observed in three of our 6 LMA- SWS cases. This lesion 
pattern is almost identical to FCD- IIId described in pa-
tients with early- onset posterior quadrant epilepsy who 
have histories of perinatal transient hypoxic- ischemic 
insults. Their cortices are histologically characterized 
by neuronal loss in L4 in the occipital lobe [19, 20]. Thus, 
perinatal hypoxia/ischemia and/or birth trauma might 
play a role as acquired (i.e., an extrinsic) pathogenesis 
in FCD- IIId. Although our patients with LMA- SWS did 
not reveal such clinical history, we hypothesize a focal 
intracranial hypoxic- ischemic pathomechanism to play 
a role in the manifestation of FCD type IIIc at L4, i.e., 
caused by the altered hemodynamics associated with ve-
nous stasis caused by LMA- SWS.

Another potential mechanism of neuronal dysfunc-
tion and cell death is increased oxidative stress from free 
radicals unleashed through the redox activity of excess 

iron (Fe). Iron has been implicated in causing neuronal 
damage in several neurodegenerative diseases, such as 
Alzheimer's disease and Parkinson's disease [21]. A re-
cent study has suggested that chronic neuronal iron 
uptake plays a role in neuronal dysfunction and loss in 
epilepsy- associated hippocampal sclerosis [22]. Although 
FCD- IIIc was evaluated in the area free of Fe3+ deposi-
tion by Prussian blue staining in the present study, this 
observation may exclude the possibility that excess iron 
was involved in the pathogenesis of CPLS. Specifically, 
Prussian blue staining may not detect small amounts of 
protein- bound, ferric iron (Fe3+) and is, therefore, un-
able to identify protein- unbound, soluble, ferrous iron 
(Fe2+) that mainly contributes to the Fenton reaction. 
However, our results indicate that (1) neuronal loss was 
confined to areas with positive Prussian blue staining in 
all CCM cases and the AVM case, and to the intervening 
cortex of AVM, and that (2) CPLS was observed only in 
LMA- SWS cases. These results militate against seizure- 
mediated impaired iron metabolism in hippocampal 
sclerosis or in the pathogenesis of CPLS.

Loss of cortical lamination by NeuN immunohisto-
chemistry was another feature of FCD- IIIc. This feature, 
observed regardless of the presence or absence of CPLS, 
seems to be attributed to either abundant larger pyra-
midal neurons replacing the presumed L2 with lack of 
normal granular neurons in the CPLS- free cortex or the 
slender pyramidal neurons in L3 and L5 showing down-
regulation of neuronal cytoskeletal protein expression, 
possibly caused by chronic ischemia, in the cortex af-
fected by the deeper type CPLS.

Interestingly, male predominance has been demon-
strated in the previous clinicopathological reports of 
FCD- IIId [20], SWS- associated FCD- IIIc [14], and in our 
study, that is of unknown reason and significance.

F I G U R E  5  Abnormal organization of cortical layers L2 and L3 even without CPLS in SWS. The cerebral cortex without CPLS taken 
from case 1 (A– D, Table 1, and Figure 1). (A) Only a few neurons can be recognized as granular, whereas many show a pyramidal shape. In 
addition, the border between layer (L) 2 and L3 is blurred. L1 is presented at the upper margin. NeuN immunohistochemistry with hematoxylin 
counterstain. Panels B– D represent magnified views from the same region shown in panel A, including the presumed border between L2 and 
shallower L3. Some pyramidal neurons show accumulation of NF- H (B) and/or MAP2 (C) in their cytoplasm. (D) Many pyramidal neurons are 
immunoreactive for MAP1b
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Although the pathogenesis of SWS- associated 
FCD- IIIc is yet to be elucidated, it is likely to be com-
plex and includes altered developmental, encepha-
loclastic, hemodynamic, and metabolic mechanisms 
associated with the formation of LMA and seizure 
activity. Such a complex mechanism likely results in 
secondary tissue injury and adaptation as represented 
by the selective vulnerability in the developing cerebral 
cortex. Secondary tissue injury may not be classified 
as cortical malformation with a pathomechanism inde-
pendent of the principal lesion. Despite these consid-
erations, the designation of CPLS as FCD- IIIc would 
still be compatible with the current FCD classification 
scheme proposed by the ILAE, as the term ‘dysplasia’ 
is defined as a morphologic anomaly arising either 
prenatally or postnatally from dynamic or ongoing 
alteration of cellular constitution, tissue organization 
or function within a specific organ or a specific tissue 
type [23] and ‘abnormal histogenesis’ is used synony-
mously for ‘dysplasia.’

4.2 | FCD- IIIc is not associated with CCM

CCM, also known as cavernous angioma, cavernous he-
mangioma, and cavernoma, is the second most common 
type of VM after DVA [24], accounting for approximately 
5% to 15% of all vascular abnormalities in the central 
nervous system [25]. At least three genes, including 
CCM1/KRIT1, CCM2/MGC4607, and CCM3/PDCD10, 
have been identified as responsible for familial CCMs 
[24, 26]. However, the majority (80%) of CCM are spo-
radic cases [27], and single somatic mutations in CCM1 
and CCM2  have also been identified even in sporadic 
CCM lesions [28]. Familial CCM lesions tend to be mul-
tiple, whereas most sporadic CCM is single lesions.

CCM has also been considered congenital. However, 
they are, in fact, dynamic rather than static lesions be-
cause progressive growth of the lesion and repetitive 
hemorrhages, as well as de novo formation of CCM with 
or without previous irradiation, can be observed [29]. 
Most patients with CCM present in their 30s to 50s, with 

F I G U R E  6  FCD- IIIc associated with AVM. (A) The resection specimen was obtained from a 26- year- old male epilepsy patient with 
AVM (case 14 in Table 1) showing a collection of irregularly dilated malformed vessels located mainly in the subcortical white matter, i.e., 
a nidus. Elastica- Masson staining. (B) In the cortex adjacent to the AVM, the borders between layers (L) 2 to L6 are indistinct and blurred, 
compatible with FCD- IIIc. NeuN immunohistochemistry with hematoxylin counterstain. (C) Immunohistochemistry for non- phosphorylated 
neurofilament H (NF- H) in the same area shown in panel B, demonstrating overall weak expression of NF- H (compared to panel E) with few 
neurons accumulating NF- H in L2 to shallower L3 (single asterisks), deep L3 (double asterisks), and L5, suggesting a preexisting hexalaminar 
organization of the neocortex. (D) NeuN immunohistochemistry showing a normal 6- layered neuronal arrangement in the cerebral cortex in 
the same specimen but remote from the AVM, compared to panel B. (E) NF- H expression is accentuated in L3, L5, and L6 in the same area 
shown in panel D. Of note, the FCD- IIIc cortex presented in panels B, C is thinner than the structurally normal- appearing cortex shown 
in panels D, E. (F) A magnified view of L2 within FCD- IIIc, presented in panels B and C, demonstrating large pyramidal neurons, loss of 
neuronal polarity, and lack of granular neurons. LFB- HE staining. (G) A magnified view of the area including L1 to L3, shown in panels B and 
C, demonstrating large pyramidal neurons with strong immunoreactivity for NF- H, loss of neuronal polarity, and dystrophic neurites in L2 and 
shallower L3. (H) Large pyramidal neurons with strong immunoreactivity for MAP2 observed in the same area presented in panel G. (I) Large 
pyramidal neurons with immunoreactivity for MAP1b observed in the same area shown in panels G and H, and consistent with hypertrophic 
neurons. (J) Abundant heterotopic neurons are observed in the subcortical white matter in between malformed vessels
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seizures as the most common presenting symptom for 
supratentorial lesions [3, 24, 25]. Furthermore, CCM is 
rarely detected in the fetal and neonatal periods [30, 31]. 
Given that the median age at seizure onset in our CCM 
cases was 25 years, and CCM are low flow focal small 
vascular lesions unlike relatively large LMA- SWS, it is 
most likely that CCM develops in the postnatal brains, 
and the associated altered parenchymal hemodynamics 
does not have any effects on cerebral cortical structure 
in the postnatal later developing brain or mature cere-
bral cortex outside the area of hemosiderin deposition. 
In the present study, cortical dyslamination was never 
identified in our CCM cases, hence ‘No FCD’ [32], even 
in the area of ECoG- defined seizure onset zone (case 12), 
which is consistent with the previous study indicating 
a low overall incidence (2 of 47 cases; 4.3%) of CCM- 
associated cortical dyslamination, being detected only 
in patients with multiple CCM (2 of 7 cases; 28.6%) but 
not in patients with single CCM (0 of 40 cases; 0%) [8]. 
These results suggest that CCM- associated FCD- IIIc is, 
if any, rare, and it does not play a significant role in the 
epileptogenicity associated with CCM. On the contrary, 
blood- brain barrier dysfunction and subsequent astro-
cytic albumin uptake have been implicated in the epilep-
togenic mechanism for VM, including CCM and AVM 
[4, 5].

4.3 | Indistinct neuronal layering in the 
cerebral cortex adjacent to AVM

The pathogenesis of sporadic AVM remains largely 
unknown. Most brain AVM are sporadic cases with-
out a clear family history. AVM was mostly considered 
congenital, but AVM is a dynamic lesion showing  de 
novo  formation, growth, spontaneous regression, and 
recurrence after complete resection [33, 34]. A recent 
extensive literature review has also suggested that AVM 
may not be present at birth and may develop later in life 
until the age of 25 years when the cerebral vasculature 
becomes mature; i.e., developmental lesions rather than 
congenital malformations, and AVM formation may 
involve an interaction between genetic susceptibility or 
predisposition and environmental or an acquired fac-
tors such as a brain tumor, stroke, trauma, inflamma-
tion, and other non- specific disorders, i.e., as a second 
hit [34]. A recent genetic study demonstrated somatic 
mutations in  KRAS  in 62.5% to 76.2% of a sporadic 
brain AVM [35, 36], and increased ERK1/2 phospho-
rylation levels in endothelial cells derived from brain 
AVM compared to those from normal brain vessels [35]. 
Besides,  BRAF  V600E and  BRAF  Q636X somatic mu-
tations have also been detected in 4.8% (1 of 21 cases) 
[36] and 6.3% (1 of 16 cases) [37] of brain AVM, respec-
tively. The results of these studies indicate that somatic 
mutations in the RAS- MAPK signaling pathway, par-
ticularly  KRAS, may play a significant role as genetic 

susceptibility or predisposition in the pathogenesis of 
sporadic brain AVM. Although it is difficult to deter-
mine the precise timing of the AVM formation in the 
present case, given the well- differentiated pyramidal 
and polymorphic neurons observed in the white mat-
ter in and around the nidus, we hypothesized that the 
AVM in this patient developed during intrauterine cor-
ticogenesis, where it compromised radial migration of 
neuroblasts. In addition, focal chronic ischemia because 
of the vascular steal phenomenon secondary to a high 
flow arteriovenous shunt might suppress the production 
of neuronal cytoskeletal protein as revealed by NF- H 
immunohistochemistry, leading to the shrinkage of py-
ramidal neurons and indistinct cortical layering when 
examined by NeuN immunohistochemistry.

Furthermore, neuronal hypertrophy in the shallower 
cortex contributes also to indistinct neuronal layering 
between L2 and L3. Neuronal hypertrophy could be 
associated with functional abnormality or hyperexcit-
ability within the local circuit; however, its pathogen-
esis remains elusive. Our AVM case showed unusual 
clinicopathological features, as the lesion was initially 
suspected as a brain tumor but not as vascular malfor-
mation, which was the major reason for this patient being 
treated by epilepsy surgery, and histological examina-
tion of the resection specimen revealed the AVM mainly 
located in the subcortical white matter but not neoplastic 
lesion. It is extremely rare to obtain the opportunity for 
histological evaluation of FCD- IIIc adjacent to AVM in 
the resection specimen from epilepsy surgery because 
most patients with AVM are treated in the stroke unit. 
However, further investigation using more AVM cases is 
needed to characterize FCD- IIIc adjacent to AVM.

4.4 | Histopathologic implications of  
FCD- IIIc for epileptogenicity

Epileptogenic mechanisms underlying FCD- IIIc are 
largely unknown [6]. There are currently no reliable his-
topathological or immunohistochemical markers to con-
firm epileptogenicity in human tissue samples or animal 
models. Even among known epileptogenic lesions, only 
a few developmental lesions [38], including FCD type II 
[39] and ganglioglioma [40], have convincing experimen-
tal evidence for epileptogenicity. Neuronal hypertrophy 
with aberrant expression of cytoskeletal proteins could 
be associated with functional abnormality or hyperex-
citability within the local circuit. Observing MAP2- 
positive hypertrophic neurons associated with or without 
FCD- IIIc is only a weak indicator of epileptogenicity. 
Region- specific neurophysiological studies are needed 
for correlation with the histopathological patterns [41].

In conclusion, FCD- IIIc appears to depend on the 
type of the VM and developmental timing. FCD- IIIc 
characterized by CPLS represents secondary tissue 
injury and adaptation during pre-  and/or perinatal 
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development rather than following a pathomechanism 
independent of LMA- SWS. In patients with LMA- 
SWS and AVM, FCD- IIIc, characterized by indis-
tinct neuronal layering, seems to represent secondary 
change associated with altered hemodynamics in the 
prenatal and postnatal developing cerebral cortex. 
Further studies will be necessary to address the selec-
tive vulnerability of the developing cerebral neocortex 
in LMA- SWS, including genetic, encephaloclastic, he-
modynamic, or metabolic events.
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