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RESUMO

Introducao: As displasias corticais focais (DCF) sdo o substrato etiolégico mais
comum na cirurgia da epilepsia pediatrica. Pacientes com DCF tipo | frequentemente
apresentam esclerose hipocampal (EH), porém os mecanismos subjacentes a lesédo
hipocampal em tais pacientes sdo desconhecidos. Realizamos um estudo clinico-
patolégico para identificar os mecanismos patogénicos da lesdo hipocampal em
criangas com epilepsia do lobo temporal (ELT) refrataria associada a DCF.

Métodos: Foram incluidos pacientes com epilepsia refrataria operados no lobo
temporal (LT) cujo exame neuropatolégico revelou DCF (grupos DCF tipo | e Il).
Como grupos de comparacao, foram incluidos pacientes com tumores de baixo grau
(grupo TBG), pacientes com ELT sem lesdes neocorticais com ou sem esclerose
hipocampal (grupo EH/SLN) e controles de autdpsia (grupo Autépsia). As variaveis
clinicas foram correlacionadas com a presenca de danos no hipocampo (avaliados
através de ressonancia magnética, exame histopatologico e densidades neuronais).
Resultados: Um total de 108 criancas foi incluido no estudo: 41 pacientes no grupo
EH/SLN (38%), 32 pacientes no grupo DCF tipo | (29,6%), 20 pacientes no grupo
TBG (18,5%), 5 pacientes no grupo DCF tipo Il (4,6%) e 10 casos de necrépsia
(9,3%). A prevaléncia de uma injuria precipitante inicial (IPI) foi pequena no grupo
TBG, intermediaria nos grupos DCF tipos | e Il e alta no grupo EH/SLN (P <0,001).
Quando comparados ao grupo Autopsia, metade dos pacientes do grupo DCF tipo |
apresentou danos hipocampais. A analise mostrou que, nos grupos DCF tipo | e
EH/SLN, a presenca de um IPI foi associada a uma menor densidade neuronal na
fascia dentada (FD) e setor de Sommer [CA1 e prosubiculo (PRO)].

Conclusao: Nossos resultados suportam a visdo de que, semelhante aos pacientes
com epilepsia do lobo temporal associada a esclerose hipocampal (ELTM-EH), o
mecanismo de lesdo hipocampal em pacientes com DCF tipo | parece estar
relacionado a um IPI.

Unitermos: displasia cortical focal, esclerose hipocampal, epilepsia pediatrica,

injuria precipitante inicial.



ABSTRACT

Background: Focal cortical dysplasias (FCD) are the most common etiological
substrate in pediatric epilepsy surgery. Type | FCD patients frequently have
hippocampal sclerosis (HS) but the mechanisms underlying hippocampal damage in
such patients is unknown. We performed a clinical-pathological study to identify the
pathogenic mechanisms of hippocampal damage in children with refractory temporal
lobe epilepsy (TLE) associated with FCD.

Methods: We included patients with refractory epilepsy operated on the temporal
lobe (LT) whose neuropathological examination revealed FCD (FCD type | and I
groups). As comparison groups, we included patients with temporal low-grade tumors
(LGT group), patients with TLE without neocortical lesions with or without
hippocampal sclerosis (HS/NNL group), and autopsy controls (Autopsy group).
Clinical variables were correlated with the presence of hippocampal damage
evaluated by MRI, histopathology and neuronal densities.

Results: A total of 108 children were included in the study, 41 patients in the
HS/NNL group (38%), 32 in FCD type | group (29.6%), 20 patients in LGT group
(18.5%), 5 patients in FCD type Il group (4.6%), and 10 autopsy cases (9.3%). The
prevalence of an initial precipitating injury (IPl) was low in LGT group, intermediate in
FCD type | and Il groups, and high in HS/NNL group (P<0.001). Half patients in the
FCD type | group had hippocampal damage in qualitative studies and lower neuron
densities in several hippocampal subfields when compared with Autopsy group. The
analysis showed that in FCD type | and HS/NNL groups the presence of an IPI was
associated with lower neuronal densities in fascia dentate (FD) and Sommer’s sector
[CA1 and prosubiculum (PRO)].

Conclusion: Our results support the view that, similar to mesial temporal lobe
epilepsy associated HS (MTLE-HS) patients, the mechanism of hippocampal damage
frequently seen in type | FCD patients appears to be related to an IPI.

Keywords: Focal cortical dysplasia, hippocampal sclerosis, pediatric epilepsy, initial

precipitating injury, dual pathology.
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1 INTRODUGCAO

1.1 A EPILEPSIA

A palavra epilepsia é derivada do verbo grego epilamvanein, que significa
“ser atacado”, “ser convulsionado”. Esta terminologia vem de antigas idéias de que
todas as doencas representavam ataques dos deuses ou dos maus espiritos, como
uma forma de castigo. Pelo fato das crises convulsivas terem sido o exemplo mais
vivido da possessao do deménio, a epilepsia era considerada uma doenca sagrada
e, apenas ao final do século V DC, a palavra foi gradualmente adquirindo o

significado que tem hoje. '

A epilepsia pode ser definida como um transtorno intermitente do sistema
nervoso central (SNC) devido a uma descarga excessiva e desordenada do tecido
cerebral. Esta descarga pode resultar em perda da consciéncia, em alteracdo da
percepcao ou em prejuizo da funcdo psiquica; assim como em movimentos

convulsivos, distlrbios das sensagdes, ou alguma combinagéo destes. 2

A epilepsia ndo é uma doenca especifica ou uma sindrome Unica, mas sim
uma juncao de sintomas complexos provenientes de alguma alteracdo da funcéo
cerebral que pode ser secundaria a uma variedade de processos patoldgicos. As
epilepsias sao divididas em desordens idiopaticas e sintomaticas. Quando
idiopaticas, geralmente sao benignas, ndo estando relacionadas a lesdes cerebrais,
anormalidades neuroldgicas (exceto crises convulsivas) ou prejuizo mental e tendem
a ser auto-limitadas ou responderem prontamente aos farmacos antiepilépticos
(FAEs). Quando sintoméaticas, sdo consequentes a uma leséo identificada ou a uma
etiologia especifica. Quando a epilepsia é presumidamente sintomatica, porém de
etiologia ndo conhecida, é chamada de provavelmente sintomatica ou criptogénica. °

Na pratica da neurologia pediatrica, a epilepsia € uma das doencas mais
comuns. A maioria das epilepsias inicia-se na infancia, sendo a diversidade de

apresentacdoes muito grande nesta faixa etaria.
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1.1.1 A Epilepsia do Lobo Temporal e a Esclerose Hipocampal

A epilepsia do lobo temporal (ELT) foi definida pela International League
Against Epilepsy (ILAE) como uma condigdo caracterizada por crises recorrentes

nao provocadas originarias das porcdes mesiais ou laterais do lobo temporal (LT).

A ELT é a forma mais comum de epilepsia focal nos adultos (40% dos
casos) e também o tipo mais freqlente de epilepsia refrataria nesta populacéo,
compreendendo 75% dos pacientes operados. *”’

As crises associadas a ELT podem ser parciais simples (CPS), sem perda
de consciéncia; ou parciais complexas (CPC), com perda de consciéncia podendo,
secundariamente, generalizarem-se. De acordo com a localizacdo anatémica do
inicio das crises, as ELTs podem ser classificadas em ELT mesial (ELTM), quando
as crises iniciam no hipocampo, uncus ou amigdala; ou ELT neocortical (ELTN),
quando as crises originam-se das superficies laterais e inferiores do LT. 8

Dentre suas etiologias mais comuns incluem-se a esclerose hipocampal
(EH), os tumores de baixo grau (TBG), as displasias corticais focais (DCF) e as
lesbes vasculares, entre outras. A EH é a alteracao patoldgica mais encontrada em
adultos jovens com epilepsia focal refrataria, compreendendo 50-70% dos casos e
nao sendo td0 comum nas séries pediatricas. * ' O fato de a EH apresentar uma
aparente baixa prevaléncia durante a infancia, assim como o fato de ser uma
patologia freqlientemente associada a crises febris complicadas no inicio da vida,
sugere que possa ser parte de uma doenca progressiva, caracterizada por
apresentar uma primeira lesdao precoce, seguida de um periodo latente de longa

duracdo até o desenvolvimento de uma epilepsia cronica refrataria. '" 12

A semiologia da ELT em adultos inclui auras tipicas, como uma sensacao
epigastrica ascendente, sensacdo de medo, sensagcdo de déja vu ou jamais vu,
assim como alucinagdes olfativas e gustativas. '*'°> A aura pode ser seguida por
uma parada motora e comportamental, diminuicdo da capacidade de resposta e
alteracdo da consciéncia. Crises autondmicas como piloerecdo, palpitacdo e
dilatagdo pupilar, também podem ocorrer. Automatismos oroalimentares e de
extremidades distais superiores sdo caracteristicas comuns das ELTs, assim como
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uma distonia contralateral, reconhecida como um importante sinal de lateralizagdo. '®
Algum grau de disfuncao cognitiva e de linguagem pés-ictal pode estar presente nos
pacientes com crises mesiais, sendo a intensidade das disfuncdes dependentes do

envolvimento do hemisfério dominante. '’

Nas criancas, em que a ELT é, na maioria das vezes, secundaria a etiologias
que ndo EH, como TBG e malformacdes do desenvolvimento cortical (MDC), a
semiologia das crises é diferente. Lactentes apresentam proeminentemente,
manifestagbes motoras, 0 que se torna menos evidente com o aumento da idade.
Apesar de automatismos também serem vistos em criangas com ELT, estes séo
mais simples e menos elaborados. E importante lembrar que criancas com epilepsia
parcial podem apresentar manifestacoes iniciais de natureza generalizada como
espasmos infantis, o que pode ter profundas implicacoes em suas avaliacoes pré-
cirrgicas. ' '8

O eletroencefalograma (EEG) de escalpo interictal pode demonstrar
anormalidades nao epileptiformes caracterizadas por um alentecimento basal
intermitente nas faixas teta e delta. Descargas temporais mesiais tipo ponta e ponta-
onda agudas unilaterais ou bilaterais independentes, também podem ocorrer.
Contudo, alguns pacientes apresentam EEG interictal normal, o que ndo exclui o
diagnéstico de ELTM. ' No EEG ictal, uma atividade epileptiforme do tipo ponta e
onda aguda, seguida ou ndo de onda lenta, é registrada com eletronegatividade
maxima nos eletrodos T3-F7/T4-F8 e especialmente nos eletrodos esfenoidais. Um
dos padrdes ictais tipicos é o de uma atividade ritmica na faixa de 5 a 7 HZ, vista no

inicio da CPC e presente em até 80% dos casos. ' %%

O diagnéstico de ELTM através da ressonancia magnética (RM) traduz-se
por uma diminuicdo do volume ou aumento do sinal hipocampal nas sequéncias
ponderadas em T2 ou FLAIR, podendo ser acompanhados de modificagdo no
formato e na estrutura interna do mesmo. A atrofia do hipocampo pode ser unilateral

ou bilateral e mais comumente é assimétrica e vista em T1. 2124

O FDG-PET, nos casos de epilepsia do lobo temporal mesial associada a
esclerose hipocampal (ELTM-EH), frequentemente mostra um hipometabolismo que

compreende regides além do hipocampo, como todo o LT, tdlamo, nicleos da base
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e outras areas neocorticais. 2>’ Esta observagdo suporta a visdo de que a ELTM
envolve mecanismos diferentes das outras epilepsias neocorticais que mostram
pouca ou nenhuma area de hipometabolismo, que ndo a area da lesao estrutural em
si. 28

O SPECT é caracteristico: quando ictal mostra hiperperfusdo temporal
unilateral e, quando pés-ictal, hipoperfusdo temporal lateral com hiperperfusao
medial. ® Em relacdo ao SPECT interictal, sua precisdo é de cerca de 70%,
considerada baixa. Todavia, a acuracia do SPECT ictal na ELT é de cerca de 90%,
considerada alta e semelhante & do FDG-PET. *°

1.1.1.1 A Histopatologia da Esclerose Hipocampal e o Dano Hipocampal
Progressivo

O termo formacgao hipocampal refere-se a uma unidade funcional complexa,
encontrada na porcao mesial do LT, constituida pelo hipocampo ou corno de Ammon
(CA), subiculo (SUB), giro denteado (GD) e cértex entorrinal (CE). *
Microscopicamente, o hipocampo possui quatro zonas distintas (CA1, CA2, CA3 e
CA4) distribuidas a partir do SUB em diregdo ao GD. Cada uma dessas regides
mantém um padrdo organizado de conexdes intrinsecas e extrinsecas. As fibras que
deixam o CE em direcao ao hipocampo constituem a via perfurante e inervam as
células granulares do GD. Os axbénios das células granulares (fibras musgosas)
projetam-se para as células piramidais da regido de CA3, que por sua vez emitem
fibras para a regido de CA1, constituindo a chamada via colateral de Schaffer. A
partir de CA1, as fibras projetam-se para o SUB e entdo para as camadas profundas
do CE.

Considerando a sensibilidade a hipéxia, o setor CA1, também chamado
setor de Sommer, € denominado setor vulneravel; CA2 e CA3, em conjunto, sdo
chamados setor de Spielmeyer, ou setor resistente; e CA4, adjacente ao GD, é o
setor de Bratz ou setor de vulnerabilidade média. *?

O hipocampo de pacientes com ELTM-EH apresenta um padrdo
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estereotipado de lesdo, caracterizado por uma perda neuronal severa e gliose no
setor de Sommer [CA1 e prosubiculo (PRO)] e no endofolio (hilo e CA4), assim como
uma perda celular menos severa na FD, sendo que o SUB e o cértex transicional
também podem apresentar perda neuronal sutil. ® ° As criancas com ELT
apresentam perdas neuronais em quantidade e padrdo similares aos adultos:
maiores perdas em CA1, PRO, hilo e CA4, com relativa preservacao das células de
CA3 e CA2.°

Nas ultimas décadas, ficou claro que nas doencas em que existe excessiva
atividade neuronal, como na ELT, pode existr um remodelamento celular
secundariamente induzido por crises. Uma perda neuronal seletiva, assim como
alteracoes da organizagao interna do GD, particularmente a dispersao das células
granulares e a reorganizacdo axonal, constituem achados frequentemente
associados a EH. * 3* A perda celular hipocampal esta intimamente relacionada a
reorganizacdo axonal no GD. As fibras musgosas que normalmente inervam as
células piramidais de CA3 e as células do hilo, na EH, projetam-se para a camada
molecular interna do GD, estabelecendo um circuito recorrente com as células
granulares. Varios estudos tém sugerido que o brotamento axonal (sprouting) destas
fibras musgosas constitui um substrato para a génese das crises em humanos e
modelos experimentais. % Recentemente, foram observados neurénios megalicos
com arborizagdao dendritica anémala (neurbnios dismorficos), semelhantes aqueles
observados nas DCFs, no GD de hipocampos escleréticos. 3 Outros trabalhos
também mostram que a frequéncia de crises generalizadas, assim como a duracao
da epilepsia, esta diretamente relacionada a progressdo da perda neuronal

hipocampal e consequente atrofia do mesmo. '+ 4042

1.1.2 A Injuria Precipitante Inicial

Injaria precipitante inicial (IPl) compreende qualquer evento médico que
apresente implicacdes neurolégicas secundarias ao mesmo. ** A ELTM-EH esta
frequentemente associada a um IPI ocorrido durante a infancia. ' ** ** Atualmente,

sabe-se que sao o0s pacientes com histéria de uma crise sintomatica inicial
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associada a um trauma ao nascimento, traumatismo cranioencefalico (TCE), status
epilepticus (SE), infeccao do SNC ou crises febris, que parecem compreender o
grupo de risco para desenvolvimento de epilepsia. ** French e colaboradores
relataram que de sessenta pacientes estudados com ELT, aproximadamente todos
apresentavam uma historia de IPI, sendo IPI tipo crise febril encontrado em 53% dos

casos. 4

Meyer ja especulava estar a EH associada a uma histéria prévia de IPI,
sendo a ELTM provavelmente o resultado de algum evento ocorrido no passado, e
nao consequéncia de crises repetidas. *> Mathern e colaboradores, ’revisitando a
hipbtese de Meyer”, através de uma revisdo de quinhentos e setenta e dois
pacientes com ELT, observaram uma associacéo entre IPl e EH em 87% dos casos
avaliados. Os autores constataram uma diminuicdo na densidade neuronal
hipocampal naqueles com uma longa histéria de epilepsia e enfatizaram que este
tipo de perda neuronal s6 era vista em pacientes com mais de trinta anos de doenga,
e que a mesma era difusa e ndo restrita a subcampos especificos. Concluiram que
crises mesiais ocorrendo por longas décadas contribuem para a reducdo da
populacado neuronal e atribuiram ao IPI o papel de promover dano neuronal capaz de
produzir as condigdes necessarias para gerar crises epilépticas espontaneas. ' Ja
em outro estudo, estes mesmos autores ressaltam que o tipo de IPI, assim como a
idade em que o mesmo ocorre, pode determinar o substrato patolégico que ira,
eventualmente, levar a uma ELTM intratavel. Sendo assim, a lesdo hipocampal
resultante de um I[Pl pode ndo ser necessariamente uma lesdo estatica com
transformacéo imediata em area epileptogénica. E possivel que o hipocampo lesado
modifique-se progressivamente ao longo do tempo, visto que, na maioria dos

pacientes, observa-se um periodo silencioso entre o IPI e o inicio das crises. **

Pesquisas em neuroimagem apontam uma associacao entre EH e anomalias
do desenvolvimento do hipocampo, sugerindo que um dano hipocampal preexistente
possa levar a crises febris e ELT secundaria. Um estudo de RM foi realizado apés
crises febris complexas em vinte e sete criangas. Anormalidades hipocampais
preexistentes foram encontradas em diversas destas criancas, sugerindo a
possibilidade de que as crises febris realmente originar-se-iam nos LTs em alguns

pacientes. ¥
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1.1.3 A Hipétese do Segundo Insulto

A hipétese do segundo insulto afirma existir um insulto inicial que leve a uma
diminuicao do limiar convulsivo e, posteriormente, um segundo insulto que resulte na
expressao da epilepsia. Pressupbe que crises no cérebro imaturo resultem em
alteragbes que tornam o cérebro maduro mais suscetivel a subsequente injuria
induzida por crises. ** Alguns dados experimentais reforcam essa hipétese. Koh e
colaboradores mostraram que em ratos, apesar de um SE no décimo quinto dia de
vida ndo resultar em uma lesao detectavel ou morte celular cerebral, predispde os
animais a lesées neuronais mais extensas ap6s um segundo insulto. Apesar de o
uso de &cido cainico, como indutor de crises convulsivas, ndo causar prejuizo no
aprendizado espacial, ratos que sofreram crises precoces quando na idade adulta,
apresentam pior desempenho do que aqueles que sofreram crises apenas quando ja
mais velhos, o que sugere que crises precoces predispdem o SNC ao efeito danoso
de crises tardias. *®

Nas epilepsias parciais, a maioria das evidéncias aponta em diregdo a um
paradigma de epileptogénese, em que as crises sao as expressodes clinicas de um
processo patogénico. Este paradigma seria iniciado por um evento que ativaria
moduladores criticos que, por sua vez, ao longo de meses ou anos produziriam
alteracdes estruturais e funcionais cerebrais. Tais alteracbes poderiam ser
expressas como crises nao provocadas recorrentes em individuos suscetiveis,
particularmente se o individuo fosse exposto a outro insulto neurolégico - 0 segundo
insulto - que desencadearia a expressao clinica da epilepsia. As crises agiriam como

substrato epileptogénico causando alteracdes estruturais e funcionais adicionais. **
50

Em relacdo a ELT, a hipétese do segundo insulto sugere que existam dois
fatores envolvidos na sua etiologia: 1) IPl somado a 2) outro fator que aumente a
vulnerabilidade do individuo a uma injaria hipocampal. °' Dentre estes fatores que
ajudariam a explicar o aumento da vulnerabilidade do hipocampo a uma injuria e
subsequiente desenvolvimento de EH estdo: as disgenesias, incluindo as DCFs; a
predisposicao genética; e as crises febris prévias, apesar de sabermos que a maioria
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das criancas que apresenta crises febris nunca desenvolve EH ou ELT. °'+*2

1.2 A DISPLASIA CORTICAL FOCAL

As MDCs sao reconhecidas como uma das mais importantes causas de
epilepsia em criancas e adultos. °* ** Foi em 1996, que Barkovich sugeriu o termo
MDC pelo fato de que, como um grupo, estas malformacbes serem o resultado de
uma organogénese cortical alterada. >° Este mesmo autor propds um sistema de
classificacdo das MDCs, ainda hoje usado, baseado nas trés etapas principais do
desenvolvimento cortical: 1) proliferacdo e diferenciacdo celular; 2) migracao
neuronal; e 3) organizagao cortical, sendo que, interferéncias em quaisquer destas
etapas seriam capazes de resultar em diferentes tipos de MDCs. Entre as
malformacgdes focais devidas a proliferacdo neuronal e glial anormal,encontramos
uns dos mais comuns subtipos de MDCs, as DCFs, responsaveis por grande parte
dos casos de epilepsia parcial refrataria ao tratamento medicamentoso. *°

As DCFs compreendem o substrato etiolégico mais comum na cirurgia da
epilepsia de criancas perfazendo, aproximadamente, 40% dos casos, e um dos mais
comuns em adultos. °"®° As DCFs podem ocorrer isoladamente em um lobo ou em
multiplos lobos a0 mesmo tempo, assim como podem apresentar varios tamanhos e
localizagdes. ' As DCFs podem ocorrer em combinacdo com uma segunda
patologia cerebral principal, como EH, TBGs, malformacgdes vasculares, cicatrizes

perinatais ou infartos.

De acordo com o esquema de classificacdo mais utilizado, as DCFs podem
ser divididas em: leve, tipo I; e severa tipo Il, além das malformacbes leves do
desenvolvimento cortical (mMCD). O tipo | é caracterizado exclusivamente por
desorganizacao e deslaminacao cortical (DCF tipo IA), ou pode também incluir
neurdnios piramidais hipertréficos fora da camada V (DCF tipo IB). Além dos
disturbios da laminagdo da arquitetura cortical vistos no tipo |, as DCF tipo I
apresentam alteracoes histopatolégicas importantes, incluindo neurdnios dismérficos
(DCF tipo 1l1A) ou células em baldo (DCF tipo 1I1B). J& as mMCDs, s&o caracterizadas
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por apresentarem um cértex normal com a presenca de neurbnios em excesso na

camada | ou substancia branca subcortical.

A semiologia das crises depende basicamente da localizacdo da displasia,
sendo vista, especialmente, atividade clonica parcial nas crises originarias do LT. Se
provenientes do lobo frontal, a maioria das crises compreende uma postura toénica e
quando provenientes do lobo occipital, compreendem movimentos oculares. As
crises podem apresentar generalizacdo secundaria e, em aproximadamente 50%

dos pacientes, os espasmos infantis sdo a manifestacao inicial. ¢ &

O EEG de escalpo de pacientes com DCF nao mostra nenhum padrao
interictal ou ictal que seja exclusivamente associado a esta patologia e,
frequentemente, ndo é localizatério. ® No entanto, a presenca de descargas
epileptiformes focais e ritmicas mostrando correlagcdo espacial com a area
displasica, parece ser o padrdo eletroencefalografico ictal mais caracteristico dos
pacientes com DCFs. ® Dados recentes indicam que ndo existem resultados
eletroencefalograficos consistentes que diferenciem pacientes com DCF tipo | dos

pacientes com tipo II. ®" %% ¢7

Quanto a RM, sabemos que existem varias caracteristicas capazes de
identificar areas de DCFs em pacientes com epilepsia refrataria. ®*"* Sao elas: 1)
aumento da espessura da substancia cinzenta, muitas vezes com padrdes girais
anormais; 2) borramento da juncdo da substancia branco-cinzenta; 3) aumento de
sinal em T2 e FLAIR na substancia branca subcortical e cinzenta; e 4) alteragdes na
sustancia branca que podem estender-se do cértex ao ventriculo, denominadas sinal
transmantle. ° E importante ressaltar que no cérebro imaturo é dificil identificar o
aumento de sinal em T2 e o borramento da juncao substancia branco-cinzenta é um
sinal normal no periodo de maturacédo cerebral pés-natal. ® A RM pode ser relatada
como normal ou ndo especifica para o diagnéstico de DCF em uma proporcéao
substancial de pacientes com posterior diagnéstico confirmado por histopatologia. ®
781 Em estudos atuais, estas caracteristicas de imagem foram mais frequentemente

associadas a DCF tipo Il, em comparagéo a pacientes com DCF tipo I. ®'- &

O FDG-PET tem se mostrado uma das técnicas mais sensiveis na
identificacdo de areas de DCF e muitos pacientes com RM normal apresentam FDG-
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PET positivos, mostrando sua importancia na complementacdo da avaliacdo pré-

operatoria. %%

O SPECT ictal é outra ferramenta de neuroimagem que tem sido aplicada
em pacientes quando existem duvidas diagnésticas quanto a uma provavel DCF, e
assim como acontece com o FDG-PET, mais da metade dos pacientes com RM

normal apresentam SPECT ictal localizatério. & 78 8°

Apesar de pertencerem a mesma categoria patoldgica, os pacientes com
DCFs tipo | e Il apresentam perfis clinicos distintos. Os pacientes com DCF tipo |
apresentam uma doencga mais difusa, um dano cognitivo mais severo, e um pior
controle das crises convulsivas no pés-operatério. ° ” Ja os pacientes com DCF
tipo Il, sdo mais jovens no inicio das crises, mais jovens na cirurgia, e apresentam

maior frequéncia de crises. ©°

Diferentes mecanismos patogénicos podem estar implicados na formacao
dos dois tipos de DCFs. O tipo | parece ser secundario a uma organizacao cortical
anormal adquirida em estagios avancados do desenvolvimento cortical, apos término
da maior parte do periodo de proliferacdo celular. O tipo Il, caracterizado
histologicamente pela presenca de células que, em estagios precoces do
desenvolvimento falharam em diferenciar-se, seria provavelmente, secundario a uma
proliferacdo celular anormal. °® *° Suportando esta teoria, os pacientes com DCF tipo
| apresentam mais frequentemente ELT assim como histéria de problemas perinatais

e estdo mais associados & EH, uma patologia provavelmente adquirida. °' 8¢

1.3 A DUPLA PATOLOGIA

A presenca de dois ou mais substratos epileptogénicos em pacientes com
epilepsia refrataria ndo é um achado incomum. A chamada dupla patologia
usualmente refere-se a presenca de EH somada a uma segunda patologia cerebral
epileptogénica principal, identificada por neuroimagem ou por microscopia. % Um
tecido displasico, micro ou macroscopico, & frequentemente observado em

associacdao com EH em espécimes cirurgicas de pacientes com ELTM, estimando-se
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que uma dupla patologia ocorra em 5-30% dos casos de ELT. % Em um trabalho
muito recente viu-se que dos duzentos e quarenta e trés pacientes cirurgicamente
tratados para ELT, 117 (48%) apresentaram EH e uma dupla patologia foi
encontrada em 83 (71%) casos. A associacdo EH-tumor compreendeu apenas 6 dos
110 pacientes (7%), enquanto que a associacao EH- MDC foi vista em 77 (70%),

sendo que em 83% dos casos o tipo de MDC encontrada foi a DCF tipo I. *

1.3.1 Os Mecanismos do Dano Hipocampal em Pacientes com DCF

A existéncia de uma dupla patologia no LT tem sido cada vez mais vista e
evidéncias sugerem que envolva um mecanismo patogénico comum iniciado durante
a embriogénese ou desenvolvimento cerebral precoce. Em uma série de pacientes
de Montreal, aqueles que apresentavam uma lesdo na RM foram avaliados quanto a
volumetria hipocampal. Atrofia do hipocampo estava presente em 15% daqueles que
apresentavam outras lesdes estruturais no LT. Os autores encontraram dano
hipocampal mais importante nas imagens dos pacientes com desordem da migracao
neuronal e cistos porencefalicos do que naqueles com tumores, 0 que sugere que a
dupla patologia seja mais frequente em pacientes em que a lesdo ocorreu em uma
fase precoce da vida, quando o hipocampo esta mais vulneravel ao dano
excitotoxico, do que em lesdes associadas a ELT que iniciam em uma idade mais
tardia. % Estudos moleculares neuropatoldgicos com foco nos aspectos do
desenvolvimento da organizacado hipocampal também indicam que a EH possa ser
uma desordem resultante de alteragées no desenvolvimento. ** Por outro lado, Thom
e colaboradores identificaram esclerose do LT em 11% dos seus pacientes
cirurgicamente tratados. Em relacdo aos achados neuropatol6gicos, sugeriram que
as caracteristicas principais eram representadas por areas de perda neuronal nas
camadas supragranulares, indicando que este aspecto possa representar um
processo adquirido. ** Uma explicacdo alternativa para coexisténcia de DCF e EH
seria o desenvolvimento secundario de EH a partir das crises induzidas por DCF ou
crises resultantes do efeito combinado de EH e DCF. ¥

De fato, os mecanismos patogénicos da perda neuronal hipocampal
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permanecem desconhecidos. ' Em adultos, tem-se sugerido que a proximidade da
lesdo com as estruturas mesiais do LT através de um mecanismo tipo kindling,
possa levar a um dano hipocampal. ** *° Por outro lado, em pacientes com MDC, o
dano hipocampal pode ocorrer independentemente da localizagcdo da lesdo. %
Finalmente, alguns autores sugerem que uma lesdo de desenvolvimento
preexistente possa predispor a crises febris ou a um SE, que por sua vez leve a um

dano hipocampal com consequente ELT. %

Um melhor entendimento dos mecanismos associados ao dano hipocampal
em pacientes com DCF poderia resultar em medidas para preveni-los, naqueles com
epilepsia de inicio recente, assim como ajudar a identificar o melhor momento e
abordagem cirdrgica naqueles com epilepsia refrataria. Estudos clinico-patologicos
realizados pelo grupo da UCLA expandiram o conceito de IPI introduzido por Meyer
e Falconer, consolidando o conceito de que, em pacientes com ELTM-EH tratados
cirurgicamente, a EH esta associada a um IPI. No presente estudo, realizamos uma
avaliagdo clinico-patolégica em criangas com ELT refrataria para identificar os
mecanismos patogénicos do dano hipocampal em individuos com DCF.
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2 JUSTIFICATIVA DO TRABALHO

As displasias corticais focais sdo o substrato etiolégico mais comum na

cirurgia da epilepsia pediatrica.

A esclerose hipocampal é a alteracdo patolégica mais encontrada em

adultos jovens com epilepsia temporal refrataria, compreendendo 50-70% dos casos.

Pacientes com displasia cortical focal frequentemente apresentam esclerose
hipocampal, porém o0s mecanismos subjacentes a lesdo hipocampal em tais

pacientes sdo desconhecidos.

Um melhor entendimento dos mecanismos associados ao dano hipocampal
em pacientes com displasia cortical focal poderia resultar em medidas para prevenir
este dano naqueles com epilepsia de inicio recente, assim como ajudar a identificar

o melhor momento e abordagem cirargica naqueles com epilepsia refrataria.

No presente estudo, realizamos uma avaliagdo clinico-patoldégica em
criangas com epilepsia do lobo temporal refrataria para identificar os mecanismos
patogénicos do dano hipocampal em pacientes com displasia cortical focal.
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3 OBJETIVOS

3.1 GERAL

Investigar os mecanismos patogénicos da perda neuronal hipocampal em
pacientes com displasia cortical focal.

3.2 ESPECIFICOS

Determinar se existe relacéo direta entre perda neuronal hipocampal e:

Severidade da epilepsia;

Duracao da epilepsia;

Idade de inicio da epilepsia;

Localizacao da epilepsia;

Presenca de injuria precipitante inicial;

Presenca de segunda patologia cerebral principal.



37

4 PACIENTES E METODO

4.1 DESENHO DO ESTUDO

Estudo retrospectivo, tipo caso-controle, com o objetivo de investigar os
mecanismos dos danos hipocampais em criangcas com DCF. Os grupos de estudo
(casos) incluiram pacientes com epilepsia refrataria e cirurgia localizada no LT cuja
analise neuropatolégica revelou DCF (grupos DCF tipo | e Il). Os grupos de
comparacao (controles) incluiram pacientes com tumores de baixo grau (grupo
TBG), pacientes sem lesdo neocortical com ou sem esclerose hipocampal (grupo
EH/SLN) e controles de autépsia (grupo Autopsia). As varidveis clinicas foram
retiradas dos prontuarios e correlacionadas com a presencga de danos hipocampais,
avaliados por métodos qualitativos (RM e histopatologia) e quantitativos (densidades
neuronais). Por fim, realizamos uma analise estatistica multivariada e estratificada

para controlar para possiveis variaveis de confusao.

Avaliamos um total de cento e oito criancas de zero a dezoito anos.
Cinglenta e nove criancas foram provenientes da Universidade da Califérnia, Los
Angeles (UCLA), EUA, operadas entre 1996 e 2008. Trinta e nove criancas foram
provenientes da Faculdade de Medicina de Ribeirdo Preto (FMRP-USP), Brasil,
operadas entre 2001 e 2008. Todos apresentavam epilepsia resistente aos
medicamentos, definida como falha no controle completo das crises com dois FAEs
apropriados usados como prescritos e aumentados para 0s niveis maximos
tolerados. ' Todos os controles de autépsia foram da FMRP-USP. O Consentimento
Informado foi obtido para uso dos dados clinicos para estudos de pesquisa em

ambas as instituicoes.

4.2 VERIFICAGAO DOS CASOS E SELEGAO DOS CONTROLES
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Todos os pacientes incluidos neste estudo foram submetidos a cirurgia do
LT, por suas avaliagdes pré-cirurgicas terem sugerido o LT como local de origem das
crises. O LT a ser ressecado foi definido baseado na convergéncia de
anormalidades obtidas na monitoragcao por video-EEG e neuroimagem (RM, FDG-
PET ou SPECT). Os protocolos clinicos foram publicados previamente. # ® A
avaliagdo pré-cirurgica incluiu histéria detalhada e exame neurologico, EEG de
escalpo interictal e ictal e, quando necessario, injecoes de amobarbital intracarotideo
(teste de Wada) ou RM funcional para a avaliagao da representacao da meméria ou
da fala, em ambas as instituicdes. Estudos de neuroimagem incluiram RM de 1,5T
(UCLA e FMRP-USP), FDG-PET (somente UCLA), e SPECT ictal (somente FMRP-
USP).

Grupo DCF: Os pacientes com ELT refrataria cuja analise histopatolégica do
tecido ressecado revelou DCF foram incluidos neste grupo. Apds revisdao dos
relatérios da neuropatologia, os pacientes foram qualificados de acordo com a
classificacdo de Palmini, em DCF tipo | ou tipo Il, como segue: se a analise
histopatolégica revelasse desorganizacdo e deslaminagao cortical ou neurdnios
hipertréficos sem neurdnios dismorficos ou células em baldo, eram classificados
como DCEF tipo I. Aqueles com desorganizagao e deslaminacao cortical ou neurénios
hipertréficos mais neurdnios dismérficos ou células em baldo, eram classificados

como DCF tipo II. *

Grupo TBG: Os pacientes com ELT refrataria cuja avaliacao histopatolégica
revelou TBG foram incluidos neste grupo. O diagnéstico histopatolégico de TBG foi

definido de acordo com a classificacdo atual da WHO. °

Grupo EH/SLN: Neste grupo, incluimos todos os pacientes com ELT cuja

avaliagdo neuropatolégica ndo revelou nenhuma outra lesao (sem lesdo neocortical)
a excecao de EH. Os pacientes RM-negativos foram incluidos, se a histéria, o
exame clinico, o monitoramento por video-EEG e os estudos de neuroimagem

claramente sugerissem ELT.

Grupo Autdpsia: Para finalidades de comparacao (controles), foi obtido

tecido hipocampal de autopsia de criancas com idade similar, sem doenca
neurolégica. O 6bito, neste grupo, foi secundario a evento cardiaco agudo, sepse ou
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causas traumaticas.

4.3 VARIAVEIS

4.3.1 Métodos Qualitativos

4.3.1.1 Ressonancia Magnética

As imagens de RM foram adquiridas em um scanner Siemens Sonata de 1,5
T (Siemens Medical Systems, South Iselin, NJ). O protocolo de RM estrutural incluiu
T1 sagital (TR/TE 400/14, matriz 256x192, 5mm espessura), T1 coronal (TR/TE
25/9, Tl 8, matriz 256x256, 1.8 mm espessura), T2 axial (TR/TE 3000/80, matriz
256x192, 4mm espessura), T2 coronal (TR/TE 4000/85, matriz 256 x 192, 4mm
espessura),FLAIR axial (TR/TE 8000/108, Tl 2000, matriz 256x192, 4mm espessura)
e FLAIR coronal (TR/TE 8000/18, matriz 256x192, 4mm thickness). As imagens
foram avaliadas e analisadas por um mesmo neurorradiologista (NS) para a
presenca ou auséncia de anormalidades qualitativas hipocampais, como aumento do
sinal em sequéncias T2 e FLAIR e atrofia em T1.

4.3.1.2 Histopatologia Hipocampal

4.3.1.2.1 Retirada de tecido hipocampal

Depois de realizada uma resseccao temporal anterior, 1,5-2 cm de neocdértex
e de substancia branca adjacente foram removidos microcirurgicamente e enviados
para analise imunocitoquimica. Também foram retirados 3-4 cm do hipocampo, para
posterior avaliacdo qualitativa e quantitativa.
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4.3.1.2.2 Processamento do tecido hipocampal para histopatologia

Inicialmente, alguns blocos hipocampais foram fixados com paraformaldeido
a 4%, crioprotegidos em solucao de sacarose a 20% e posteriormente a 30%. Os
blocos foram entdo congelados com gelo seco e fatiados a 30um, em criostato
Mikrom (-23C) para analise histopatolégica com hematoxilina-eosina (HE). As fatias
foram entdo lavadas com agua destilada e os nucleos corados com hematoxilina.
Ap6s a primeira etapa de coloracdo, o material foi lavado em agua corrente e
reidratado com solugao alcodlica a 30%. Foi feita uma segunda lavagem em agua
corrente, para entdo ser corado com eosina, para andlise de proteinas eosinofilicas

intra e extracelulares.

4.3.1.2.3 Avaliacao histopatolégica do hipocampo

As fatias hipocampais foram revisadas por dois examinadores (TRV e GWM)
que as classificaram como: normal (sem-EH); esclerose hipocampal classica (EH-
classica); esclerose hipocampal severa (EH-severa); ou indeterminada. Os
hipocampos sem perda celular foram classificados como sem-EH. Aqueles com
perda neuronal severa no setor de Sommer (CA1 e PRO) e no endofolio (hilo e
CA4), associada a alguma perda na FD e CA3, mas com preservacao relativa de
CA2 e SUB, foram classificados como EH-classica. Quando a perda hipocampal
neuronal apresentava-se mais severa e difusa, envolvendo subcampos geralmente
preservados na EH-classica (CA2 e SUB), eram classificados como EH-severa. Os
hipocampos em que faltavam diversos subcampos e naqueles com artefatos de
preparacao que impediam uma classificacdo apropriada, foram classificados como
indeterminados. Os hipocampos classificados diferentemente pelos dois
examinadores foram revistos na presenca de ambos para o alcance de um

consenso.
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4.3.2 Métodos Quantitativos

4.3.2.1 Processamento do tecido hipocampal para avaliacao das densidades

Para a avaliacdo das densidades neuronais os hipocampos foram fatiados
em secoes de 10um. As fatias foram reidratadas com solugdo alcoodlica a 100%,
90%, 70% e apos, com agua destilada. A seguir, foram coradas com cresyl violeta a
0,1% e desidratadas com solucao alcodlica a 70%, 90% e 100%.

4.3.2.2 Avaliacio das densidades neuronais hipocampais

As contagens neuronais foram executadas por uma pessoa (MH) cega para
os dados clinicos e de neuroimagem. Os procedimentos de contagem neuronal
foram previamente publicados. ® As contagens foram executadas em 400x usando
uma grade ocular e os subcampos hipocampais foram contados baseados na
classificacdo de Lorente de N6. ® Os subcampos avaliados foram: as células
granulares da fascia dentada superior (FDS) e inferior (FDI); estrato piramidal de
CA1, CA2, C3, CA4; neurbnios do prosubiculo (PRO) e subiculo (SUB). Para o
estrato piramidal, foram selecionados 20 quadrados de 2 x 2 (104 x 1040 pm) em
sequencia e todos os nucleos dos neurbnios piramidais desta regidao foram
contados, exceto aqueles que tocavam as faces superior e direita dos quadrados.
Para as células granulares menores, foi usado um quadrado de 1 x 5 (52 x 260 pum)
e foram calculadas as médias das contagens sobre estas areas (laminas de células
granulares do topo e base). As densidades neuronais foram computadas como: N
(neurdnios/mm?®) = A [M/(L + M)] dividido pelo volume da &rea da amostragem (10
um x area da grade), onde A é o numero de nucleos contados, L é o comprimento
médio do nucleo e M é a espessura da secado. Os resultados foram mostrados em

nimero de células por milimetro ctbico (céls/mm?®), refletindo estimativas do niimero
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de neurbnios por volume de unidade, e nao calculos “absolutos” do total de
neurdnios por hipocampo. Pelo fato de os métodos estereoldgicos (para estimar o
total de neurdnios) requererem a presenca do hipocampo inteiro, estes ndao foram
utilizados, por ndo serem viaveis em espécimes cirurgicos. Além do mais, estavamos
cientes de que, devido ao encolhimento de suas somatas, induzido por lesdo, os
neurdnios corados por Nissl poderiam ser mais dificeis de diferenciarem-se da glia
circunvizinha quando comparados a métodos de coloracdo especificos para
neurdnios. Entretanto, como os tecidos de todos os grupos foram processados e
contados similarmente, as diferengas estatisticas nas densidades neuronais podem
ser aceitas como validas. > 78 Pelo fato de ndo termos medido a largura do estrato
granuloso, baixas densidades na FD podem refletir somente a dispersao das células

granulares, e ndo a perda neuronal verdadeira.

4.3.3 Variaveis Clinicas

Para avaliar as variaveis clinicas associadas aos danos hipocampais, os
prontuarios de todos os pacientes foram revisados. Os dados incluiram: idade no
inicio das crises, idade na cirurgia, duragdo da epilepsia (calculada a partir do
intervalo, em anos, da idade de inicio da epilepsia até a idade da cirurgia), género do
paciente, freqiéncia mensal de crises, tipo de crises (parciais complexas ou
generalizadas) e presenca de um IPIl. O IPI foi definido como qualquer evento
médico ou incidente com provavel alteracdo cerebral associado a perda de
consciéncia de no minimo 30 minutos ou alteragdo na cognigdo por mais de 4 horas.
Os IPIs foram classificados como tipo crise (crise febril prolongada, status
epilepticus) ou tipo ndo-crise (meningite, encefalite, ou TCE). ? As informacées foram
coletadas retrospectivamente a partir das varias entrevistas pré-cirargicas, sem
conhecimento da patologia hipocampal.
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4.4 ANALISE ESTATISTICA

Para avaliar as diferencas das varidveis categéricas entre 0s grupos,
usamos o teste do Qui-quadrado. Para obter um nivel acurado de significancia nas
tabelas com contagens de zero célula ou nas tabelas em que mais de 20% das
células apresentavam contagens menores do que cinco, usamos testes Exatos. O
teste t de Student (dois grupos) e o teste de ANOVA (mais de dois grupos) foram
usados para variaveis numéricas de distribuicAo normal, assim como seus
correspondentes (testes de Mann-Whitney e de Kruskal-Walis) foram usados para
variaveis de distribuicdo ndo-normal. Analises Post-hoc apds testes de ANOVA
foram executadas usando teste Games-Howell para varidncias desiguais. A
correlacado entre duas variaveis numéricas foi avaliada usando o teste de correlacéao
de Spearman. Para controlar para viés, usamos métodos de estratificagdo simples
ou andlises multivariadas [modelo linear geral univariado (ANCOVA)]. Em alguns
hipocampos, um ou mais subcampos haviam sido lesados durante o procedimento
cirurgico, resultando em dados faltantes (missing values). Entretanto, a analise de
dados faltantes revelou que estes eventos ocorreram completamente ao acaso e
nao introduziram viés ao estudo (P=0.399, teste de Little’s MCAR). O pacote SPSS®
(versédo 16.01) foi usado para a andlise estatistica.

4.5 ASPECTOS ETICOS

O protocolo de pesquisa obteve aprovacdo do Comité de Etica em Pesquisa
da UCLA e FMRP-USP.
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RESUMO

Introducao: As displasias corticais focais (DCF) sao o substrato etiol6gico mais
comum na cirurgia da epilepsia pediatrica. Pacientes com DCF tipo | frequentemente
apresentam esclerose hipocampal (EH), porém os mecanismos subjacentes a lesao
hipocampal em tais pacientes sdao desconhecidos. Realizamos um estudo clinico-
patoldgico para identificar os mecanismos patogénicos da lesao hipocampal em
criangas com ELT refrataria associada a DCF.

Métodos: Foram incluidos pacientes com epilepsia refrataria operados no lobo
temporal cujo exame neuropatolégico revelou DCF (grupos DCF tipo | e Il). Como
grupos de comparacao, foram incluidos pacientes com tumores de baixo grau (grupo
TBG), pacientes sem lesGes neocorticais com ou sem esclerose hipocampal (EH)
(grupo EH/SLN) e controles de autopsia (grupo Autdpsia). As variaveis clinicas foram
correlacionadas com a presencga de danos no hipocampo.

Resultados: Um total de 108 criangas foi incluido no estudo: 41 pacientes no grupo
EH/SLN (38%), 32 no grupo FCD tipo | (29,6%), 20 no grupo TBG (18,5%), 5 no
grupo FCD tipo Il (4,6% ) e 10 no grupo Autépsia (9,3%). A prevaléncia de IPI foi
pequena no grupo TBG, intermediaria nos grupos FCD tipos | e Il e alta no grupo
EH/SLN (P <0,001). A anélise mostrou que, nos grupos FCD tipo | e EH/SLN, a
presenca de uma injuria precipitante inicial (IPl) foi associada a uma menor
densidade neuronal na fascia dentada (FD) e setor de Sommer [CA1 e prosubiculo
(PRO)].

Conclusao: Nossos resultados suportam a visdo de que, semelhante aos pacientes
com epielpsia do lobo temporal associada a esclerose hipocampal (ELTM-EH), o
mecanismo de lesao hipocampal em pacientes com DCF tipo | parece estar

relacionado a um IPI.
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INTRODUCAO

As displasias corticais focais (DCF) compreendem o substrato etiol6gico mais
comum na cirurgia da epilepsia de criancas e um dos substratos mais comuns em
adultos. '* De acordo com o esquema de classificagdo mais recente, as DCFs
podem ser divididas entre: leve, tipo | e severa, tipo II. ° O tipo | é caracterizado,
exclusivamente, por desorganizacao e deslaminacao cortical (DCF tipo 1A), ou pode
também incluir neurdnios piramidais hipertréficos fora da camada V (DCF tipo IB).
Além dos disturbios da laminag¢ao arquitetural cortical vistos no tipo I, as DCF tipo Il
apresentam alteragdes histopatoldgicas importantes, incluindo neurénios dismérficos
(DCF tipo IIA) ou células em baldo (DCF tipo |IB). Apesar de pertencerem a mesma
categoria patoldgica, os pacientes com DCFs tipo | e Il apresentam perfis clinicos
diferentes. Os pacientes com DCF tipo | apresentam, frequentemente, uma doenca
mais difusa, um dano cognitivo mais severo, e um pior controle das crises
convulsivas no pés-operatério. ®” Ja os pacientes com DCF tipo Il, sdo mais jovens
no inicio das crises, mais jovens na cirurgia, e apresentam maior frequéncia de
crises quando comparados com aqueles com o tipo I. ® Diferentes mecanismos
patogénicos parecem estar implicados na formacéao dos dois tipos de DCFs. O tipo |
parece ser secundario a uma organizac¢ao cortical anormal adquirida em estagios
avancados do desenvolvimento cortical apds termino da maior parte do periodo de
proliferacao celular. Por outro lado, o tipo Il, caracterizado histolégicamente pela
presenca de células que, em estagios precoces do desenvolvimento, falharam em
diferenciar-se, seria, provavelmente secundario a uma proliferagdo celular anormal.
23 Suportando esta teoria, os pacientes com DCF tipo | apresentam, mais
frequentemente, epilepsia do lobo temporal (ELT), assim como histéria de problemas
perinatais, quando comparados aos pacientes com DCF tipo Il. Além do mais, o tipo
| €, comumente, associado a esclerose hipocampal (EH), uma patologia,
provavelmente, adquirida. ° Entretanto, os mecanismos que conduzem aos danos
hipocampais nas criangas com DCFs ainda ndo foram compreendidos
completamente.

Avaliar o relacionamento entre DCF e EH é importante ndo somente para

compreender 0s mecanismos dos danos hipocampais subjacentes em pacientes
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com DCFs, mas também pelas consequentes implicagdes no manejo clinico desta
patologia. Por exemplo, mostrou-se que quando ambos os substratos patoldgicos
estao presentes, DCF mais EH (dupla patologia), a remocéo cirurgica tanto da DCF
quanto da EH torna-se a melhor opgéo. '®'" Sendo assim, durante a avaliagéo pré-
cirurgica, a identificacao de caracteristicas clinicas e eventos que predispoe aos
pacientes com DCF a desenvolverem EH ou a identificacao de caracteristicas dos
pacientes com EH que sugerem a presenca de DCF, apontariam para a presenca de
uma dupla patologia, que por sua vez, levaria a uma definigdo mais precisa da
verdadeira area epileptogénica antes do tratamento cirurgico.

Trabalhos clinico-patolégicos em criancas e adultos com ELT, realizados por nosso
grupo, identificaram que os mecanismos de dano hipocampal crise-relacionados
estao ligados a uma injuria precipitante inicial (IPl). Contudo, os danos hipocampais
adicionais podem ocorrer devido as crises limbicas cronicas. '*'* No presente
estudo realizamos uma avaliacao clinico-patolégica para identificar os mecanismos

patogénicos do dano hipocampal nas criancas com ELT refrataria, associada a DCF.



49

PACIENTES E METODO

Estudo caso-controle realizado para avaliar os mecanismos de dano hipocampal nas
criangas com DCF. Os grupos de estudo (casos) incluiram pacientes com epilepsia
refrataria com cirurgia localizada no lobo temporal (LT), cuja anélise neuropatolégica
revelou DCF (grupos DCF tipo I e Il). Os grupos de comparacao (controles) incluiram
pacientes com tumores de baixo grau (grupo TBG), pacientes sem lesdo neocortical,
com ou sem esclerose hipocampal (grupo EH/SLN), e controles de autépsia (grupo
Autopsia). As variaveis clinicas foram extraidas dos prontuarios e correlacionadas
com a presenca de danos hipocampais avaliados por métodos qualitativos
[ressonancia magnética (RM) e histopatoldgica] e quantitativos (densidades
neuronais).

Cinquenta e nove criancas foram provenientes da universidade da Califérnia, Los
Angeles, EUA, operadas entre 1996 e 2008 (UCLA). Trinta e nove criancas foram
provenientes da Faculdade de Medicina de Ribeirdo Preto, Brasil, operadas entre
2001 e 2008 (FMRP-USP). Todos os pacientes apresentavam epilepsia resistente a
dois farmacos anti-epilépticos apropriados (FAEs). '®> Todos os controles de autépsia
foram de FMRP-USP. O consentimento Informado foi obtido para uso dos dados
clinicos para estudos de pesquisa em ambas as institui¢cdes. O trabalho foi aprovado

pelo Comité de Etica em Pesquisa de ambas as instituicdes.

Verificacao dos casos e selecao dos controles

Todos os pacientes incluidos neste estudo foram submetidos a cirurgia do LT. O LT
a ser ressecado foi definido baseado na convergéncia de anormalidades na
monitoracao por video-EEG e na neuroimagem. Os protocolos clinicos foram
publicados previamente. '® ' A avaliagdo pré-cirirgica incluiu histéria detalhada e
exame neurologico, EEG de escalpo interictal e ictal, e, quando necessario, injecoes
de amobarbital intracarotideo (teste de Wada) ou RM funcional para a avaliagao da
representacdo da memoria ou da fala, em ambas as instituicées. Estudos de
neuroimagem incluiram RM de 1,5T (UCLA e FMRP-USP), FDG-PET (somente
UCLA) e SPECT ictal (somente FMRP-USP). Durante a cirurgia, a

electrocorticografia adicional definiu a extensao das regides cerebrais a serem
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removidas (UCLA e FMRP-USP).

Grupos DCF: Os pacientes com ELT refrataria cuja analise histopatoldgica do tecido
ressecado revelou DCF foram incluidos neste grupo. Apés terem sido revisados 0s
relatérios da neuropatologia, os pacientes foram separados de acordo com o
esquema da classificacao de Palmini, em DCF tipo | ou tipo Il, como segue: se a
analise histopatolégica revelasse desorganizagao e dislaminacao cortical ou
neurdnios hipertréficos, sem neurdnios dismaorficos ou células em baldo, eram
classificados como DCF tipo I. Aqueles com desorganizacao e dislaminacgao cortical
ou neurdnios hipertréficos mais neurénios dismérficos ou células em balédo, eram
classificados como DCF tipo II. °

Grupo TBG: Os pacientes com ELT refrataria cuja avaliagao histopatolégica revelou
TBG foram incluidos neste grupo. O diagndéstico histopatolégico de TBG foi definido
de acordo com a classificagdo atual da WHO. '

Grupo EH/SLN: Os pacientes com ELT refrataria cuja avaliacdo histopatolégica nao

revelou nenhuma outra lesdo a excecao de EH foram incluidos neste grupo. Os
pacientes RM-negativos foram incluidos também, se a histéria, o exame clinico, o
monitoramento por video-EEG e os estudos de neuroimagem claramente
sugerissem ELT.

Grupo Autépsia: Para finalidades de comparacao (controles), foi obtido tecido

hipocampal de autdpsia de criangas com idade similar, sem doencga neuroldgica.

Variaveis
Avaliacdo dos danos hipocampais

1. RM Qualitativa: As imagens de RM, executadas em um scanner de 1,5T, foram

revisadas para a presenca/auséncia de anormalidades qualitativas hipocampais,
como aumento do sinal em sequéncias T2 e FLAIR e atrofia em T1.
2. Avaliacdo histopatoldgica qualitativa dos danos hipocampais: Na cirurgia, foi

realizada uma resseccao temporal anterior incluindo 3-4 cm do hipocampo. As fatias
hipocampais foram revisadas por dois examinadores (TRV e GWM) que as
classificaram como: normal (sem-EH), esclerose hipocampal classica (EH-classica),
esclerose hipocampal severa (EH-severa), ou indeterminada.

3. Avaliacédo das densidades dos neurdnios hipocampais: As contagens neuronais

foram executadas por uma pessoa (MH) cega para os dados clinicos e de

neuroimagem. Os procedimentos de contagem neuronal foram previamente
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publicados. '® As contagens foram executadas em 400x usando uma grade. Os
subcampos avaliados foram: as células granulares da fascia dentada superior (FDS)
e inferior (FDI); estrato piramidal de CA1, CA2, CA3 e CA4; neurbnios prosubiculares
(PRO) e subiculares (SUB). Para o estrato piramidal, foram selecionados 20
quadrados de 2 x 2 (104 x 1040 um) em sequéncia e todos os nucleos dos neurdnios
piramidais desta regido foram contados; para as células granulares menores, foi
usado um quadrado linear de 1 x 5 (52 x 260 um), e foram calculadas as médias das
contagens sobre estas areas. As densidades neuronais foram computadas como:
N(neurdnios/mm?®) = A [M/(L + M)] dividido pelo volume da area da amostragem (10
UM x area da grade), onde A é o numero de nucleos contados, L € o comprimento
médio do nucleo, e M é a espessura da secao. Os resultados foram dados em
ntmero de células por milimetro clbico (céls/mm?. Como os tecidos de todos os
grupos foram processados e contados similarmente, as diferencas estatisticas nas
densidades neuronais podem ser aceitas como validas. '*%

Variaveis clinicas

Através da revisao de prontuérios coletamos dados que incluiram: idade no inicio
das crises, idade na cirurgia, duracao da epilepsia, género do paciente, frequéncia
mensal de crises, tipo das crises e presenca e tipo de IPl conforme trabalhos

prévios. %23

Analise estatistica

Para avaliar as diferencas entre as variaveis categéricas entre 0os grupos, usamos o
teste do Qui-Quadrado. Para obter um nivel acurado de significancia usamos testes
Exatos. Para variaveis numéricas, usamos o Teste t de Student (dois grupos). Os
testes de ANOVA (mais de dois grupos), foram usados para variaveis numéricas de
distribuicdo normal e os seus correspondentes (estes de Mann-Whitney e de
Kruskal-Walis) para variaveis de distribuicdo ndo-normal. Andlises Post-hoc apés
testes de ANOVA foram executadas usando teste Games-Howell para variancias
desiguais. A correlacao entre duas variaveis numéricas foi avaliada usando o teste
de correlacao de Spearman. Para controlar para a confusdo, usamos métodos de
estratificacdo simples ou andlises multivariadas [modelo linear geral univariado
(ANCOVA)]. Em alguns hipocampos, um ou mais subcampos haviam sido lesados
durante o procedimento cirurgico, resultando em dados faltantes para alguns
subcampos. Entretanto, a analise de dados faltantes revelou que estes eventos



52

ocorreram completamente ao acaso (P=0.399, teste de Little’s MCAR). O pacote
SPSS® (versao 16.01) foi usado para a analise estatistica.
RESULTADOS

Caracteristicas clinicas dos participantes do estudo

Um total de cento e oito criangas foi incluido no estudo, sendo quarenta e um no
grupo EH/SLN (38%), trinta e dois no grupo DCF tipo | (29.6%), vinte no grupo TBG
(18.5%), cinco no grupo DCF tipo Il (4.6%) e dez no grupo Autdpsia (9.3%). Os
diagndsticos histopatolégicos de TBG compreenderam: tumor desembrioblastico
neuroepitelial (N=9), ganglioglioma/gangliocitoma (N=7) e oligodendroglioma (N=4).
Cinquenta e dois individuos foram do sexo feminino (48.1%). A idade média do inicio
das crises foi de quatro anos (0,1 a 15 anos), a idade média na cirurgia foi de doze
anos (1 a 18 anos), a duracao média da epilepsia foi de seis anos e meio (0,5 a 16
anos), e a frequéncia média de crises foi de dezoito crises por més (1 a 500). Nao
houve nenhuma diferenca entre a idade do 6bito no grupo Autépsia e a idade da
cirurgia nos pacientes com ELT (diferenca média = 1,8 anos, P=0,429, teste de
Mann-Whitney). O perfil etioldgico dos pacientes da UCLA foi diferente dos pacientes
da FMRP-USP, com DCF tipo | sendo mais frequente nos pacientes da UCLA e
EH/SLN mais frequente nos pacientes da FMRP-USP (P=0,008, teste Exato).
Variaveis, tais como idade no inicio das crises, idade na cirurgia, duracao da
epilepsia e percentagem dos pacientes livres de crises apds a cirurgia foram
similares entre UCLA e FMRP-USP.

A tabela 1 mostra as caracteristicas clinicas dos participantes divididos por suas
categorias neuropatoldgicas. Os grupos foram similares em relacéo a idade do inicio
das crises (P=0,820; ANOVA), porém a idade na cirurgia foi maior no grupo EH/SLN
quando comparada aos grupos TBG e DCF tipo Il (P=0,014; ANOVA). Isto resultou
em uma duragao mais baixa da epilepsia nestes grupos quando comparados ao
grupo EH/SLN (P=0,013; ANOVA). A frequéncia das crises nos grupos DCF foi
significativamente maior do que nos grupos EH/SLN e TBG (P=0,002; ANOVA).
Entre todos os grupos, ndo houve nenhuma diferenca em relacao ao género do
paciente e a proporcao dos pacientes com crises parciais complexas (P=0,848 e
P=0,360; respectivamente). A prevaléncia de IPI foi significativamente diferente entre
0s grupos (P<0,001, teste Exato), sendo baixa no grupo TBG (0%), intermediaria nos

grupos DCF tipo | e DCF tipo Il (40% e 47%, respectivamente), e alta no grupo
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EH/SLN (80%). O tipo de IPI foi similar entre os grupos. Um IPI tipo crise foi mais
frequente em todos os grupos, sendo encontrado em ambos (100%) pacientes com
IPI do grupo DCF tipo Il, em 67% dos pacientes com IPI do grupo DCF tipo I, e em
70% dos pacientes do grupo EH/SLN (P=1,0, teste Exato).

Para noventa pacientes tivemos pelo menos um ano de seguimento pés-cirurgico
disponivel para a anélise. O tempo médio de seguimento foi de 3,6 anos (DP £2,7) e
a percentagem total de pacientes livres de crises foi de 79%. A proporcéo de
pacientes livres de crises foi similar entre os grupos (P=0,360, teste Exato), com
93% dos pacientes livres de crises no grupo TBG, 81% no grupo DCF tipo I, 80% no
grupo DCF tipo Il, e 72% no grupo EH/SLN.

Prevaléncia de dano hipocampal de acordo com a categoria neuropatolégica

Avaliacio qualitativa da RM

A andlise das imagens de RM mostrou que a proporcao de pacientes com
anormalidades hipocampais no grupo EH/SLN foi elevada (93%). Dupla patologia no
LT (atrofia hipocampal associada a intensidade de sinal aumentada) foi observada
em uma por¢ao razoavel dos pacientes com DCF tipo | (50%) e DCF tipo Il (40%), e
em uma proporcao pequena dos pacientes com TBG (27%, P<0,001, teste Exato).
Para detalhes, ver tabela 1.

Avaliacao histopatologica qualitativa dos danos hipocampais

Espécimes hipocampais de oitenta e cinco individuos estavam disponiveis para a
avaliacao qualitativa (79% dos casos). Similar a analise da RM, a proporcao dos
pacientes com EH foi significativamente diferente entre os grupos (P<0,001, teste
Exato), com uma proporgao elevada no grupo EH/SLN (80%), intermediaria no grupo
DCF tipo | (41%), baixa no grupo TBG (20%) e em 0% dos pacientes do grupo
Autépsia. Somente trés pacientes do grupo DCF tipo Il tiveram os espécimes
hipocampais disponiveis para a andlise: dois pacientes foram classificados como
sem-EH e um paciente como indeterminado. A proporcao dos pacientes com EH-
severa foi maior no grupo EH/SLN, quando comparada aos outros grupos (P<0,001,

teste Exato). Para detalhes, ver tabela 1.
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Tabela 1 - Caracteristicas clinicas dos pacientes divididas por suas categorias
neuropatologicas

Autopia TBG DCFII DCFI EH/SLN P-valor
N=10 N=20 N=5 N=32 N=41
Idade inicio crises (media + SD) NA 48 £3.7 3.3+3.5 45+3.7 49+34 P=0.820°%
Idade cirurgia (media + SD) 9.7+6.3 9.9 £4.5* g'gf 112149 13.2 £ 3.5* P=0.014"
Duracao epilepsia (media + SD) NA 5.0 £3.6* 49+23 6.7 4.2 8.3 £3.9* P=0.013"
L . 170 + N
Frequencia crises (media = SD) NA 51.8+77 200 201 + 221 61.4 £132 =0.002°
Genero(feminino) — n (%) 5 (50%) 11 (55%) 3 (60%) 13 (41%) 20 (49%) P=0.848"
IPI (Sim) — n (%) NA 0 (0%) 2 (40%) 15 (47%) 33 (80%) P<0.001°
Crises parciais complexas — n 17 o o o b
P=0.
(%) NA (94.4%) 5 (100%) 31 (97%) 41 (100%) 0.550
A';"(Z/";a"dades hipocampais RM | -\ \ 4 (27%) 2 (40%) 16 (50%) 38 (93%) P<0.001°
- o
10/10 15/18 2/3 11/29 o
Sem-EH (100%) (80%) (67%) (38%) 2136 (6%)
Dano i . 2/18 11/29 22/36
EH-classica 0 (13%) 0 (38%) (61%)
hippocampal P<0.001°
7/36
qualitativo EH-severa 0 1/18 (7%) 0 1/29 (3%) (19%)
. 1/3 6/29 o
Indeterminada 0 0 (33%) (21%) 5/36(14%)
. . . . 14/15 4/5 25/31 28/39 b
—n(° —
Livre crises apos cirurgia — n (%) NA (93%) (80%) (81%) (72%) P=0.360

Avaliacdo quantitativa das densidades dos neurdnios hipocampais.

A figura 1 mostra as densidades neuronais separadas por categorias

neuropatoldgicas. A analise Post-hoc mostrou que as densidades neuronais foram

menores no grupo EH/SLN quando comparadas com o grupo Autépsia em todos os
subcampos (P<0,001 a P=0,013), exceto em SUB (P=0,077). Em FDS e CA1, as

densidades neuronais no grupo EH/SLN foram menores do que em todos os grupos

restantes. As densidades neuronais em CA4 e em CAS3 foram significativamente

menores no grupo DCF tipo | quando comparadas com o grupo Autopsia (P=0,002 e

P<0,001, respectivamente). Em SUB, as densidades neuronais do grupo DCF tipo |

foram menores do que nos outros grupos, mas néo significativamente (P=0,077). As
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densidades neuronais nos grupos TBG e DCF tipo |l foram similares ao grupo
Autépsia em todos os subcampos.

Assim, a avaliacdo dos danos hipocampais, através de estimativas qualitativas e
quantitativas, revelou resultados similares. Como esperado, EH foi mais prevalente
no grupo EH/SLN. Entretanto, aproximadamente 40-50% dos pacientes do grupo
DCEF tipo | apresentou alteracao hipocampal em estudos qualitativos e diversos
subcampos hipocampais deste grupo apresentaram densidades neuronais inferiores
as do grupo Autépsia. A percentagem de pacientes do grupo TBG com dano
hipocampal foi baixa na analise qualitativa (20-27%) e as densidades neuronais
foram similares ao grupo Autépsia, na analise histopatolégica quantitativa.

MAutépsia  FATBG N DCF Tipo Il EIDCF Tipo! [~ EH/SLN
swooop] P=0:008  P=0,002 P<0,001 P<0,001 P=0,018 P<0,001 P=0,013 P=0,077
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Figura 1 - O gréfico de barras mostra as densidades neuronais (média + SEM) em subcampos
especificos da formagao hipocampal entre as categorias neuropatolégicas. Os valores de P de
ANOVA sao mostrados acima de cada subcampo e as diferencas Post-hoc significativas sao
mostradas nos asteriscos (teste Games-Howell de ANOVA). As densidades neuronais foram
diferentes entre os grupos em todos os subcampos (P<0.001 a 0.013; ANOVA), exceto SUB
(P=0.077; ANOVA). A analise Post-hoc revelou que em FDS e em CA1, as densidades neuronais
foram menores em EH/SLN do que em todas as categorias restantes (P=0.008 e P<0.001,
respectivamente). Em FDI, em CA2 e em PRO, as densidades neuronais do grupo EH/SLN foram
menores do que as do grupo Autdpsia, mas similares as outras etiologias (P=0.018, P=0.002, e
P=0.013, respectivamente). Em CA4 e em CAS3 as densidades foram menores nos grupos EH/SLN e
DCF tipo | em comparagéo ao grupo Autépsia (P<0.001). Em SUB, as densidades neuronais do grupo
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DCF tipo | apresentaram uma tendéncia a serem menores do que nos grupos Autépsia e DCF tipo I,
0 que nao se mostrou significante (P=0.077).

Correlacao entre variaveis clinicas e danos hipocampais

Andlise Univariada

A tabela 2 mostra a analise univariada das densidades neuronais para cada
subcampo hipocampal com relagao as variaveis clinicas (categoria neuropatologica,
presenca/auséncia de IPI, duracéao da epilepsia, idade na cirurgia, idade do inicio
das crises e freqliéncia de crises). As densidades neuronais foram associadas com a
categoria neuropatoldgica em todos os subcampos. Correlacionaram-se também
com a duracao da epilepsia em FDI, CA2 e CA1; com idade na cirurgia em FDI, CA4,
CA2, e CA1; e com idade do inicio das crises em CA4. Nao houve nenhuma
correlacao entre a frequéncia das crises e densidades neuronais em nenhum
subcampo hipocampal. Na maioria dos subcampos houve uma correlacéo entre
densidades neuronais e presenca de IPI (FDS, FDI, CA4, CA3, CA1 e PRO). Vale
ressaltar, que todos os pacientes com EH severa pertencentes aos grupos EH/SLN e
DCEF tipo | apresentavam uma histéria positiva de IPI.

Tabela 2 - Andlise Univariada da associacao entre densidades neuronais
hipocampais e variaveis clinicas

Subcampos ﬁ:ﬂiﬂ:gfolégicaa :Zilmlnéo)b E:irlaeii?ac I((:ii?l(:fgiac I('(:jra;g::slﬁn e I(:::?geusinda
FDS P=0.011 ] P=0.003 P=0.469 P=0.700 P=0.994 P=0.109
FDI P=0.012 P<0.001 P=0.034 P=0.024 P=0.769 P=0.728
CA4 P=0.002 P=0.028 P=0.066 P=0.004 P=0.031 P=0.799
CA3 P<0.001 P=0.031 P=0.295 P=0.078 P=0.062 P=0.800
CA2 P=0.018 P=0.214 P=0.001 P=0.008 P=0.508 P=0.941
CA1 P<0.001 P<0.001 P=0.007 P=0.018 P=0.790 P=0.614
PRO P=0.011 P=0.006 P=0.136 P=0.113 P=0.765 P=0.393
SuB P=0.018 P=0.448 P=0.544 P=0.074 P=0.435 P=0.745

IPI = injuria precipitante inicial, FDS = fascia dentada superior, FDI = fascia dentada inferior, CA1 a CA4 = subcampos do
Corno de Ammon, PRO = prosubiculo e SUB = subiculo.
a = ANOVA de sentido Unico; b = teste t de Student; ¢ = Teste de correlagdo de Spearmann.

Analise Multivariada

Para obter uma estimativa ndo enviesada dos efeitos de mdultiplas variaveis
independentes na variavel dependente (densidade neuronal), uma analise

multivariada foi realizada (Modelo linear geral-ANCOVA). As variaveis
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independentes incluidas no modelo foram: categoria neuropatoldgica e
presenca/auséncia de IPl como fatores; e duracéo da epilepsia e idade na cirurgia
como cofatores (Tabela 3). Os grupos DCF tipo Il e TBG foram excluidos desta
analise por apresentarem um tamanho de amostra pequeno e auséncia de pacientes
com IPI, respectivamente. A analise mostrou que nos grupos DCF tipo | e EH/SLN a
presenga de um IP| esteve, independentemente, associada com baixas densidades
neuronais na FDS e FDI e no setor de Sommer (CA1 e PRO), mesmo controlando
para categoria neuropatoldgica, idade na cirurgia, e duracao da epilepsia. Quando
controlada para a idade na cirurgia, a duracao da epilepsia nao foi correlacionada
com as densidades neuronais em nenhum subcampo hipocampal (ver tabela 3 para
detalhes). Desta forma, a analise multivariada mostrou que a presenga de um IPI foi
a variavel mais fortemente associada a um dano hipocampal nos pacientes com

DCEF tipo | e que este dano foi mais proeminente no setor de Sommer (CA1 e PRO).

Tabela 3 - Analise multivariada modelo linear geral (ANCOVA) da associag¢ao entre
densidades neuronais e variaveis clinicas para os grupos DCF tipo | e EH/SLN

Subcampos Categoria - Presenca Du_ragég Id_ade _ Interagdoa Mod_el_o
Neuropatolégica IPI Epilepsia Cirurgia corrigido
FDS P=0.011 P=0.042 P=0.401 P=0.173 P=0.099 P=0.004
FDI P=0.059 P=0.003 P=0.419 P=0.804 P=0.226 P<0.011
CA4 P=0.669 P=0.172 P=0.481 P=0.014 P=0.669 P=0.019
CA3 P=0.958 P=0.142 P=0.825 P=0.187 P=0.998 P=0.278
CA2 P=0.973 P=0.765 P=0.249 P=0.110 P=0.126 P=0.015
CA1 P=0.037 P=0.025 P=0.413 P=0.461 P=0.899 P<0.001
PRO P=0.952 P=0.012 P=0.143 P=0.413 P=0.461 P=0.012
SUB P=0.144 P=0.389 P=0.948 P=0.814 P=0.884 P=0.532

IPI = injuria precipitante inicial, FDS = fascia dentada superior, FDI = fascia dentada inferior, CA1 a CA4 = subcampos

do Corno de Ammon, PRO = prosubiculo e SUB = subiculo.

a = interagao entre os 2 fatores (categoria neuropatolégica e presenga de IPI).
Para ilustrar a associagao entre |IPl e densidades neuronais, separamos 0s
pacientes com DCF tipo | e os pacientes com EH/SLN, naqueles sem ou com |PI
(Figura 2). A andlise estratificada mostrou que as densidades neuronais dos
pacientes com DCF tipo | sem IPI foram similares a Autépsia em todos os
subcampos, exceto CA3. Por outro lado, as densidades neuronais dos pacientes
com DCF tipo | com IPI foram muito similares a dos pacientes com EH/SLN com IPI.
De fato, a analise Post-hoc (teste Games-Howell) revelou que em FDS, FDI, CA4 e
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PRO, as densidades neuronais foram menores nos pacientes com DCF tipo | com
IPI quando comparadas com o grupo Autdpsia. Em CA1, os pacientes do grupo
EH/SLN com IPI tiveram densidades menores quando comparados com 0s
pacientes do grupo DCF tipo | com IPI (figura 2).

W Autopsia A DCFI-1IPI N DCFI +IPI 1 EH/SLM - 1P [TEH/SLN +1PI
| P=0,002 P<0,001 P=0,002 P<0,001 P=0,038 P<0,001 P=0,003 P=0,340
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Figura 2 - O grafico de barras compara as densidades neuronais (média £+ SEM) em subcampos
especificos da formagéo hipocampal, entre os grupos Autdpsia e DCF tipo | com ou sem IPI (DCFI -
IP1 e DCFI + IPI) e o grupo EH/SLN com ou sem IPIl (EH/SLN - IPI e EH/SLN + IPI). O padrdo e a
qguantidade de perda neuronal hipocampal do grupo DCF tipo | com IPI foi similar ao padrao
observado no grupo EH/SLN. Os valores de P de ANOVA s&o mostrados acima de cada subcampo e
as diferencas Post-hoc significativas sdo mostradas nos asteriscos (teste Games-Howell de ANOVA).
Em FDS, as densidades neuronais em ambos os grupos com IPIl: EH/SLN e DCF tipo I, foram
menores do que no grupo DCF tipo | sem IPI, mas similares ao grupo Autopsia. Em FDI, as
densidades neuronais em ambos os grupos com IPI: EH/SLN e DCF tipo I, foram menores do que nos
grupos Autoépsia e DCF tipo | sem IPI, mas similar ao grupo EH/SLN sem IPl. Em CA4, as densidades
neuronais no grupo DCF tipo | com IPl e em ambos os grupos EH/SLN (sem e com IPI) foram
menores do que no grupo Autépsia e similares ao grupo DCF tipo | sem IPI. Em CAS3, todos os grupos
apresentaram densidades neuronais similares, todas menores do que o grupo Autépsia. Em CA2, as
densidades neuronais do grupo EH/SLN com IPI foram menores do que o grupo Autdpsia, porém
similares aos grupos e DCF tipo | sem IPI, DCF tipo | com IPI e EH/SLN sem IPl. Em CA1, as
densidades neuronais foram menores no grupo EH/SLN com IPI do que nos grupos Autopsia e DCF
tipo | sem IPI; o grupo DCF tipo | com IPI apresentou densidades menores do que o grupo Autépsia.
Em PRO, os grupos DCF tipo | com IPl e EH/SLN com IPI apresentaram densidades neuronais
menores quando comparados com o grupo Autépsia.
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DISCUSSAO

Danos hipocampais sao frequentemente encontrados em pacientes com DCF tipo |,
e em pacientes com ELTM-EH a perda de neurénios hipocampais esta
provavelmente relacionada a eventos ocorridos durante a infancia (IP1). '* 242
Todavia, os mecanismos capazes de causarem danos hipocampais nas criancas
com DCEF tipo | ainda ndo séo totalmente compreendidos. Com o intuito de
esclarecer esta questao, realizamos um estudo clinico-patolégico em uma série de
criangas com ELT. Nossos resultados mostram que 50% das criangas com DCF tipo
| apresentam danos hipocampais significativos associados a doenca displasica e
que 47% destas mesmas criangas apresentam uma histéria de IPl. Vimos que
densidades neuronais hipocampais baixas estao fortemente associadas a uma
histéria de IPl, mesmo quando controladas para outras variaveis. A perda de
neurdnios hipocampais nao foi associada a outras variaveis clinicas, tais como

frequéncia de crises, idade na cirurgia e duracao da epilepsia.

Interpretacao dos resultados do estudo

Nossos resultados estdo de acordo com resultados de outros estudos, mostrando
que a DCF tipo | ocorre comumente no LT em associacao a EH (dupla patologia),
enquanto DCF tipo Il é raramente encontrada apenas no LT. ® 7 %28 A |ocalizacdo de
lesbes como DCF tipo | ou mesmo TBG no LT é uma das teorias postuladas para o
desenvolvimento dos danos hipocampais em tais pacientes, pois pela sua
proximidade ao hipocampo, as crises mesiais, frequentes e crénicas, poderiam
resultar em perda neuronal hipocampal, enquanto crises provenientes de lesdes
extras temporais, ndo. #° Isto explicaria porque a dupla patologia é menos
encontrada nos individuos com DCF tipo Il (raramente encontrada exclusivamente
no LT). Em nossa série de pacientes, contradizendo esta teoria, porém de acordo
com outros autores, os pacientes com TBG localizados no LT raramente tiveram RM
ou evidéncia histopatolégica de danos hipocampais (27%). *°

Além disso, estudos precedentes mostraram que as MDCs estdo associadas a
atrofia hipocampal, independente da distancia da lesao em relacao a formacgéao
hipocampal. * Também, em nossa série de pacientes, densidades neuronais

hipocampais néao se correlacionaram com a frequéncia de crises ou com a duragao
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da epilepsia, sugerindo outros mecanismos para a perda neuronal que ndo um
mecanismo exclusivamente tipo kindling.

O presente estudo esta de acordo com outros, que mostram que € comum a
ocorréncia de eventos peri e pds-natais em pacientes com DCF tipo | .° Usando
métodos quantitativos para avaliar a perda neuronal hipocampal, vimos que, em
pacientes com ELT e DCF tipo I, uma histéria de IP| esta associada a densidades
neuronais hipocampais diminuidas na FD e no setor de Sommer (CA1 e PRO). Por
outro lado, os pacientes do grupo TBG nao tiveram nenhuma histéria de IPI, assim
como danos hipocampais a RM e histopatologia foram incomuns (27% e 20%,
respectivamente). Enquanto o grupo de pacientes com DCF tipo | sem uma histéria
de IPI apresentou densidades neuronais hipocampais similares aos do grupo
Autopsia, o grupo de pacientes com DCF tipo | com uma histéria de IP| apresentou
um padréo da perda neuronal muito similar ao dos pacientes com EH somada a uma
histéria de IPI (Figura 2). Sendo assim, nossos dados sugerem que o mecanismo de
perda neuronal hipocampal nos pacientes com DCF tipo | esteja relacionado ao IPI,
o que foi confirmado pela analise multivariada. Estes dados suportam a hipétese do
segundo insulto, em que uma lesao preexistente (DCF tipo |) predispde a posteriores
eventos durante a infancia (crises prolongadas ou SE), que podem resultar em dano
hipocampal. *'

Nao podemos excluir que 0 mesmo mecanismo patogénico responsavel pelo o
desenvolvimento de DCF tipo | contribua para o desenvolvimento dos danos
hipocampais. Acredita-se que a DCF tipo | seja secundaria a eventos tardios
ocorridos durante o desenvolvimento cerebral, que podem levar a uma alteragcao da
maturacao cerebral local, com consequente organizagao cortical anormal e células
gigantes e displasicas. * Esta idéia é suportada por descricdes prévias de
desorganizacgao citoarquitetonica, arranjo neuronal anormal e presenca de neurdnios
hipertroficos em um cortex primeiramente nao lesado de criangas com dano cerebral
perinatal (displasia cortical adquirida). ® E possivel que eventos que ocorrem em
periodos tardios do desenvolvimento cerebral possam resultar em ambos: DCF
adquirida e dano hipocampal. Isto poderia predispor as criangas a um segundo
insulto (IPI) ocorrendo mais tarde na vida, resultando em danos hipocampais
adicionais. Assim, apds um periodo latente, mudancas cerebrais envolvendo
neuroplasticidade em resposta a ambos 0s eventos ocorreriam, tendo como

resultado, excesso de excitabilidade e ELT tardia. De acordo com esta idéia existe o
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fato de que, em nossa série, EH-classica foi encontrada em pacientes sem uma
histéria de IPI, porém todos os pacientes com EH-severa apresentaram uma histéria
de IPI.

Em relacao aos pacientes do grupo EH/SLN, este estudo mostrou que a prevaléncia
de um IPI foi tdo elevada quanto em séries de adultos. '? Confirmou também
achados anteriores, de que criangcas com ELT apresentam perdas neuronais em
uma quantidade e padrao similar aos adultos com ELT, com perda maior no setor de
Sommer (CA1 e PRO) e CA4 poupando, relativamente, CA2. '* Na presente série, a
idade média na cirurgia dos pacientes do grupo EH/SLN foi de somente treze anos,
fato que suporta a no¢ao de que, embora alguns danos adicionais possam ser 0
resultado de crises limbicas crénicas, a maioria dos danos hipocampais ja esta
presente em estagios precoces da doenca, como sugerido previamente. !

Limitacoes do estudo

As limitacdes do estudo sao: o fato de esta ser uma série pediatrica, com um perfil
clinico diferente, quando comparada a séries de adultos (idade mais baixa de inicio
das crises e na cirurgia, frequéncia mais elevada de crises e periodos latentes
menores). Além disso, embora tenhamos combinado a série de duas instituigcdes
para aumentar o tamanho da amostra, ainda assim, tivemos um namero pequeno de
pacientes para a analise de subgrupos. Pelo fato de termos realizado um estudo
clinico-patolégico avaliando tecido hipocampal, incluimos apenas pacientes com
ELT, o que limitou nossa capacidade de fazer inferéncias sobre DCFs localizadas
em outras regides cerebrais, que ndo o LT. Estudos adicionais futuros, usando
técnicas de neuroimagem volumétrica, possivelmente poderdo confirmar o conceito
proposto neste estudo, assim como avaliar o papel da localizagao das DCFs no
desenvolvimento de dano hipocampal.

Devemos notar, porém, que ao incluir somente criangas com epilepsia, tivemos a
oportunidade de avaliar e testar hipoteses patogénicas em estagios mais precoces
da doenca, o que nos permitiu confirmar conceitos gerados por estudos realizados
especialmente em adultos.

Da mesma forma, como foram incluidos pacientes de dois locais diferentes,
acreditamos que tenhamos aumentado a validez externa e, consequentemente, a

generalizagao de nossos achados.



Conclusao
Nossos resultados sustentam a nocao de que, similarmente aos pacientes com
ELTM-EH, os danos hipocampais dos pacientes com DCF tipo | sdo mais

provavelmente uma patologia adquirida, resultante de um IPI na infancia.
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6 CONCLUSAO

Nossos resultados suportam a idéia de que, similar aos pacientes com
ELTM-EH, o mecanismo de dano hipocampal freqlientemente visto nos pacientes
com DCF tipo | estaria relacionado a um IPI. Sob a perspectiva da avaliagdo pré-
cirdrgica, nosso estudo mostrou que os pacientes com DCF tipo | associada a EH
apresentam uma freqiiéncia muito mais elevada de crises do que os pacientes com
ELTM-EH isolada. Conseqlientemente, nos pacientes com atrofia hipocampal a RM,
uma frequéncia elevada de crises deve sugerir a presenca de dupla patologia. Da
mesma forma, nos pacientes com evidéncias de DCF a RM, a presenca de EH é
mais provavel se uma histéria de IPI for identificada. Em ambas as situagées, uma
avaliacao cuidadosa da extensao da zona epileptogénica é recomendada.
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Assessment and surgical outcomes for mild type | and
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SUMMARY

Recent findings on the clinical, electroencepha-
lography (EEG), neuroimaging, and surgical out-
comes are reviewed comparing patients with
Palmini type | (mild) and type Il (severe) cortical
dysplasia. Resources include peer-reviewed stud-
ies on surgically treated patients and a subanalysis
of the 2004 International League Against Epilepsy
(ILAE) Survey of Pediatric Epilepsy Surgery.
These sources were supplemented with data
from University of California, Los Angeles
(UCLA). Cortical dysplasia is the most frequent
histo pathologic substrate in children, and the
second most common etiology in adult epilepsy
surgery patients. Cortical dysplasia patients pres-
ent with seizures at an earlier age than other
surgically treated etiologies, and 33-50% have
nonlocalized scalp EEG and normal magnetic
resonance imaging (MRI) scans. 2-('BF)FIuoro—2—

deoxy-D-glucose positron emission tomography
(FDG-PET) is positive in 75-90% of cases. After
complete resection, 80% of patients are seizure
free compared with 20% with incomplete
resections. Compared with type I, patients with
type Il cortical dysplasia present at younger ages,
have higher seizure frequencies, and are
extratemporal. Type | dysplasia is found more
often in adult patients in the temporal lobe and is
often MRI negative. These findings identify
characteristics of patients with mild and severe
cortical dysplasia that define surgically treated
epilepsy syndromes. The authors discuss
future challenges to identifying and treating medi-
cally refractory epilepsy patients with cortical
dysplasia.

KEY WORDS: Review, Malformations of cortical
development, Seizure, EEG, MRI, FDG-PET,
SPECT, MEG-MSI, Intracranial electrodes, Hippo-
campal sclerosis, Glutamate, GABA, NMDA.

In 1971, David Taylor and colleagues published a semi-
nal paper describing a brain anomaly associated with epi-
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lepsy “‘distinctive enough to stand on its own™ (Taylor
et al., 1971). The authors described the relevant histo-
pathology as:

... localized disruption of the normal cortical lamination
by an excess of large aberrant neurones scattered ran-
domly through all but the first layer. The abermant nerve
cells stood out partly because of their numbers and their
mappropriate size. and partly because of their bizamre
structure. Mamly pyrammdal in shape, they pointed in all
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directions and were at times crowded together. . . . The
Nissl substance. particularly that adjacent to the nucleus,
tended to be unusually dense and to have a wild, tgroid
appearance. . . . In seven of the 10 cases the anarchy was
aggravated by the addition of malformed cells of uncertain
origin with large, sometimes multiple, nuclei surrounded
by an excess of opalescent, pscudopodic cytoplasm. . ..
For the present, therefore, it would seem best to look on
these abnormalities as a particular form of localized
cortical dysplasia [emphasis added] in which anomalous
populations of neurones, and often of glia, underdie the
electrical and clinical manifestations of certain focal
forms of epilepsy.

The authors acknowledged, in the Discussion, the his-
topathologic similarities between their lesions and corti-
cal tubers in patients with tuberous sclerosis complex
(TSC). However, they also recognized that their patients
with cortical dysplasia did not show the typical radio-
graphic, cutaneous, and somatic stigmata associated with
TSC. They concluded the report by stating that the link
between cortical dysplasia and TSC was “remote, if it
exists at all.”

Most of the cases described by Taylor and colleagues
would today be classified as severe cortical dysplasia.
This “*new” lesion was identified in 3% of their operative
epilepsy cases (Taylor et al., 1971). Cortical dysplasia,
therefore, was Initially considered a rare malformation of
cortical development associated with epilepsy. That
notion has substantially changed in the last 15 years. This
is illustrated in a PubMed search of peer-reviewed
publications using the terms “cortical dysplasia” and

i W PubMed Searche Epilepsy & Cortical
Dysplasia By Year of Publication
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Figure 1.
Frequency histogram showing the number of articles
by year of publication. PubMed was surveyed using the
search terms “epilepsy” and “cortical dysplasia” and
publication year, and the number of citations counted.
Epilepsia © |LAE

“epilepsy” (Fig. 1). From 1971, after the initial study by
Taylor and colleagues, to 1990 only a few papers were
published. By comparison, from 1991-2007, the number
of published papers on this topic has increased dramati-
cally. This is due in part to the increased detection of cor-
tical dysplasia lesions with modern neuroimaging. With
increased detection, it became apparent that cortical
dysplasia involved a spectrum of histopathologic abnor-
malities ranging from mild to severe. In other words,
the prevalence of cortical dysplasia in epilepsy surgery
patients was higher than originally appreciated. In addi-
tion, the histopathology was frequently “open to interpre-
tation,” and only recently has cortical dysplasia been
consistently graded into mild and severe types.

This review describes the clinical characteristics and
outcomes for epilepsy surgery patients, with a focus on
newly identified features that distinguish patients with
mild Palmini type I from those with severe type II cortical
dysplasia (Palmini et al., 2004). With this goal in mind,
this article excludes findings on other malformations of
cerebral development, such as lissencephaly, schizen-
cephaly, TSC, hemimegalencephaly, and hypothalamic
hamartoma. We emphasize findings from patients under-
going surgical resections, and do not address palliative
procedures such as corpus callosotomy and neurostimula-
tion devices. The article begins by describing the histo-
pathologic criteria for defining mild type I and severe type
IT cortical dysplasia using the Palmini classification sys-
tem. Next, we discuss the clinical features of patients with
cortical dysplasia that distinguish them from other epi-
lepsy surgery patients, and the different clinical character-
istics of patients with mild type I and severe type II
dysplasia. The next section outlines the presurgical assess-
ment of patients with cortical dysplasia to determine the
electroencephalography (EEG) and neuroimaging fea-
tures and how they differ between patients with mild and
severe cortical dysplasia. Mechanisms of pathogenesis
and epileptogenesis obtained from studies of human corti-
cal dysplasia tissue are briefly discussed, followed by a
review of the surgical procedures and outcomes in patients
with cortical dysplasia and epilepsy. Finally, we summa-
rize the review by outlining clinical and research chal-
lenges that can guide future investigations in the diagnosis
and treatment of patients with cortical dysplasia and

epilepsy.

MATERIALS AND METHODS

Three resources were used to accomplish the goals of
this review. The first source was peer-reviewed publica-
tions obtained from a PubMed search using the terms in
Fig. 1 and the added phrase *‘surgery.” Reports of studies
were included if they contained more than 20 patients,
were published in English from 20022008 (to emphasize
recent findings), contained presurgical information and

Epilepsia, SN6):1310-1335, 2009
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Table I. Palmini histopathologic grading
system for cortical dysplasia tissue

Grade Severity
mMCD

Histopathelogic description

Mormal cortex with excess ectopic
neurons in the molecular
layer (layer |) or subcortical
white matter

Cortical disorganization and
dyslamination without abnormal
dysmorphic—cytomegalic neurons
or balloon cells. Type LA is cortical
disorganization with no other
abnormalities. Type IB is cortical
disarganization with immature ar
hypertrophic but not dysmorphic
neurons

Cortical disorganizationand
dyslamination with abnormal
dysmaorphic—cytomegalic neurons
and balloon cells. Sometimes
referred to as Taylor's type cortical
dysplasia. Type llA contains
dysmaorphic—cytomegalic neurons
without balloon cells. Type lIB
contains balloon cells

Wery mildvs,
questionable
dysplasia

Typel Mild

Typell Severe

mMCD, mild malformation of cortical development Some-
times termed microdysgenesis.

the number of patients seizure-free after surgery, and, if
possible, separated patients into those with mild and
severe cortical dysplasia (Table 1) (Palmini & Luders,
2002; Palmini et al., 2004). In addition, the studies should
allow exclusion of patients with TSC, hemimegalenceph-
aly, and coexistent tumors. They could include patients
with hippocampal sclerosis and cortical dysplasia (dual
pathology). If studies included patients with dual pathol-
ogy we attempted to abstract data for only those patients
with cortical dysplasia alone. If multiple reports from the
same institution were identified, data were abstracted as if
it were one cohort (Krsek et al., 2008a, 2008b). Similarly,
if centers published their series over time with expanding
cohaorts, then the most recent studies were reviewed (Kim
etal., 2000, 2008).

Twelve cohorts were identified providing data from
epilepsy surgery centers in North America, Europe, Asia,
and South America (Table 2; first column). Additional
studies were included to supplement data for 2—('RF)
fluoro-2-deoxy-D-glucose positron emission tomography
(FDG-PET) and ictal single proton emission computed
tomography (SPECT) in the presurgical evaluation of
patients with cortical dysplasia (Table 2), magnetic reso-
nance imaging (MRI) features (Table 6), and predictors
of surgical outcome (Table 7). Collectively these studies
provide information on more than 850 epilepsy surgery
patients with cortical dysplasia By comparison, a

Epilepsia, 50(6):1310-1335, 2009
daiz 10.1111/.1528-1167.2008 01998 x

previous review identified 64 articles published from
1971-1999 with 373 epilepsy surgery patients with corti-
cal dysplasia and other malformations of cortical devel-
opment (Sisodiya, 2000). Most of the earlier reports
contained fewer than 20 patients. In the current review,
the average was 72 patients per cohort with a range of
21-164 cases per center (Table 2: second column). The
mean accrual per study was 9 years with a range of
3-20 years, and studies collected patients from
19862006 (Table 2; third column). Four studies
reported mostly pediatric patients (Table 2; first four
studies), two studies included a mix of pediatric and
adult patients (Table 2; studies 5 and 6), and six studies
were from mostly adult surgical centers (Table 2; last six
studies). Two studies emphasized positive MRI scans
and reported data on patients with only severe cortical
dysplasia (Cohen-Gadol et al., 2004; Kral et al., 2007).
Overall, for all 12 cohorts the average age at surgery
was 17 years, with a range from a few months of age to
66 years (Table 2; fourth column).

The second resource was data from the University of
California, Los Angeles (UCLA) Pediatric and Adult
surgical programs. This cohort consisted of all patients
with cortical dysplasia who had surgery from 2000-
2007 (n =97). This interval was chosen because the
presurgical and neuroimaging protocols were standard-
ized, and the histopathology was graded using the
Palmini classification scheme. Excluded from the
UCLA cohort were patients with cortical dysplasia
operated on from 19861999 (n = 65) before we rou-
tinely classified patients into Palmini grades (although
most were severe type II dysplasia) (Mischel et al.,
1995). Also excluded were patients with mild malfor-
mations of cortical development (mMCD; Table 1),
tuberous sclerosis complex (TSC), cortical dysplasia
associated with tumors [e.g., dysembryoplastic neuro-
epithelial tumor (DNET), ganglioglioma], hemimegal-
encephaly, hippocampal sclerosis. and patients who had
undergone previous resective surgery. Informed consent
was obtained to use data for research purposes, and the
presurgical clinical protocols and operative approach
have been previously published (Mathern et al., 1999;
Cook et al., 2004; Cepeda et al., 2005a; Salamon et al.,
2006, 2008).

The final source was a further analysis of data from
305 patients as part of the 2004 International League
Against Epilepsy (ILAE) survey of 20 pediatric epilepsy
surgery centers (Harvey et al., 2008). The centers were
trom Europe, United States, and Australia (see Appendix
for investigators and locations). This analysis compared
children with cortical dysplasia (n = 158) with other
common etiologies in pediatric epilepsy surgery patients
(n = 147; Table 3). Of note, the ILAE survey did not
catalog children into those with mild and severe cortical
dysplasia.
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Table 3. Comparison of pediatric epilepsy
surgery patients (<18 years) with cortical
dysplasia versus tumors, atrophy and
hippo campal sclerosis from 2004 ILAE survey
of 20 centers

Tumor-atrophy-
Cortical hippocampal
dysplasia sclerosis
Clinical variable (n = 158) (n = 147) p-Value
Ageat seizure onset (years) 216+ 3.4 51+t46 <0.0001
Ageat surgery (years) 79+53 10.7 £ 49 <0.0001
Seizure duration (years) 53+45 55+45 0.705
Daily seizures, % 70 48 0.0009
MRl positive, % Bl 100 <0.0001
Intracranial electrodes, % 36 20 0.0025
Types of operations, %
Hemispherectormy 15 17 0.012
Multilobar resection 23 10
Lobar/Foeal 62 73
Data presented as mean % SD or percentages. Modified
from Harvey et al. (2008). Significant p-values (p < 0.05) are
indicated in bold type.

HISTOPATHOLOGY OF CORTICAL
DyspLASIA: MILD TYPE l AND
SEVERE TyrE 11

The key histopathologic criterion that defines cortical
dysplasia is cortical disorganization and dyslamination
(Taylor et al., 1971; Mischel et al., 1995). This consists
of an irregular arrangement of cortical neurons, loss of
normal cortical laminar organization, irregular clustering,
and neurons showing abnormal polarity and misdirected
apical dendrites (Fig. 2B, C; arrows). These histopatho-
logic features are consistent with improper formation of
the cerebral cortex and define mild cortical dysplasia.
Otten associated with cortical disorganization are other
histopathologic findings that denote more severe abnor-
mal cortical development. Using the UCLA cohort from
2000-2007, the other histopathologic features of cortical
dysplasia, in descending order of frequency, include:

(1) Excessive heterotopic white matter neurons. (99%
of cases) These are randomly dispersed single or groups of
neurons in the subcortical white matter most often seen in
regions with overlying cortical disorganization (Fig. 2B;
asterisk). This finding has been attributed to abnormal
neuronal migration or secondary to overproduction of
cortical neurons in the periventricular proliferative zone
during cerebral development (Andres et al, 2005;
Mathern et al., 2007).

(2) Dysmorphic-cytomegalic neurons. (52% of cases)
This manifests as irregularly shaped neurons that are often
several times the size of normal neurons (Fig. 2D; arrow).
The cytoplasm of these cells often contains neurofibrillary

Epilepsia, 50(6):1310-1335, 2000
doi: 10.11114.1528-1167. 2008 01998 x

tangle-like cytoplasmic inclusions, irregular clumping of
the Nissl substance around the nucleus, and cytoplasmic
vacuolization (Vinters, 2002; Hildebrandt et al., 2005).
Dysmorphic—cytomegalic neurons can be pyramidal or
nonpyramidal, and a proportion of cytomegalic neurons
are p-aminobutyric acid (GABA)ergic (Andre et al.,
2007). These neurons are thought to have been improperly
formed in the periventricular proliferative zone during ini-
tial neurog of cells that reside in the
normal human subplate that tailed to undergo cell death
during later phases of cortical development (Barkovich
etal., 2005; Cepeda et al., 2005b).

(3) Balloon cells. (40% of cases) These consist of large
abnormal cells with abundant opalescent eosinophilic
cytoplasm and eccentric nuclei (Fig. 2E: arrow). Balloon
cells may be immunoreactive for proteins associated with
glia and neurons, but they have more morphologic charac-
teristics of glial cells (Kerfoot et al., 1999; Cepeda et al.,
2003). Like dysplastic neurons, these cells are thought to
be abnormally formed, early generated cells or residual
radial glal typically found during normal cortical devel-
opment (Ying et al., 2005; Cepeda et al., 2006; Lampa-
relloet al., 2007).

(4) Excessive heterotopic neurons in the cortical
molecular layer. (40% ot cases) This histologic feature of
the normal developing cerebral cortex is considered a sign
of abnormal cortical development if identified in the post-
natal brain (Dehay & Kennedy, 2(007). This feature con-
sists of excessive numbers of neurons in layer I of the
cerebral cortex, some of which are probably Cajal-Retzius
cells (Thom et al., 2003).

(5) Marginal and nodular glionewronal heteroiopia.
(30% of cases) Marginal heterotopia consists of (usually
disorganized) neuroglial tissue extruding through the pial
surface into the subarachnoid space. Nodular heterotopia
can be large collections of neuroglial tissue dispersed in
the cortex and white matter. Both are signs of severe corti-
cal dysplasia and probably represent abnormal migrations
of neurons and glia during cerebral development.

(6) Polymicrogyria. (27% of cases) This consists of
multiple folds of cortical neurons, often with a fused
unlayered pial surface. Itis usually associated with severe
cortical dysplasia, probably from overproduction of late
generated neurons residing in upper cortical layers
(Andres et al., 2(05). Polymicrogyria generally appears as
thickened cortex on MRI (Salamon et al., 2006).

(7) Immature neurons. (15% of cases) These are round
or oval cells with a large immature nucleus and thin rim of
cytoplasm. These cells are often found in clusters, and
mostly in younger patients with cortical dysplasia
(Cepeda et al., 2007). The presence of immature neurons
is considered a sign of incomplete cortical development in
the postnatal human cortex.

(8) Persistence of the subpial or superficial granular
cell layer (SGL). (8% of cases) The SGL is normal during

is or are

72



1315

Surgical Treatment of Cortical Dysplasia

A. Normal Cortex

Figure 2.

B. Cortical Dysplasia

| C. Misdirected Nl;trons !

D. Dysmorphic/Cytomegalic

Neurons
. 5 -

= AN
| E. Balloon Cells £

73

Histopathology of cortical dysplasia. In all panels the pial surface is toward the top of the micrographs. Mild Palmini
type | cortical dysplasia consists of cortical dyslamination and columnar disorganization (Panel B; white arrow)
almost always associated with increased density of subcortical white matter neurons (Panel B; asterisk) compared
with normal cortex (Panel A). Mild cortical dysplasia often contains misdirected neurons in which the cell body and
primary dendrite pointin a direction away from the pial surface (Panel C; arrow). Severe Palmini type Il cortical dys-
plasia consists of cortical disorganization plus the presence of abnormal dysmorphic cytomegalic neurons (Panel D),
or balloen cells (Panel E). Cytomegalic neurons are large cells in which the soma is two to three times the size of
adjoining normal pyramidal neurons, with increased neurofilaments within the cell body (Panel D; arrow). Balloon
cells are large cells with an eccentrically placed nucleus and astrocyte-like features including “‘gemistocytic cyto-
plasm” (Panel E; arrow). Panels A-D are stained with NeuN and Panel E with Hematoxin and Eosin (H&E).

Epilepsia © ILAE

cortical development, found in midgestation, and disap-
pears before birth. In the postatal brain, this is a sign of
abnormal cortical development. The SGL is thought to
produce GABAcrgic neurons during human cortical
development (Bystron et al., 2008). In patients with
cortical dysplasia, the SGL is often seen in a patchy
distribution.

(9) Other histopathologic features that are not specific
for abnormal cortical development but are often identified
in association with cortical dysplasia include: Chaslin’s

gliosis (92%), cortical and white matter calcifications
(37%}), encephalomalacia, and white matter gliosis (27%).

Classification schemes have been proposed to catalog
patients with cortical dysplasia into subgroups based on
histopathologic and neuroradiologic criteria (Mischel
et al., 1995; Raymond et al., 1995; Tassi et al., 2002;
Palmini et al., 2004; Barkovich et al., 2005). The classifi-
cation proposed by Palmini and Luders is the one currently
used by many surgical centers and the one under evalua-
tion in this review (Table 1). It divides patients into those

Epilepsia, S6):1310-1335, 2009
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with mild type I and severe type I1 cortical dysplasia, with
two subgroups within each major class (Palmini & Luders,
2002; Palmini et al., 2004). The main distinction between
mild typeI and severe type Il cortical dysplasiais the pres-
ence of dysmorphic—cytomegalic neurons and balloon
cells. Other characteristics of the malformed cerebral cor-
tex are not components of the Palmini classification sys-
tem (see Critical Review). Another category, termed
mMCD or microdysgenesis, consists of normal cortical
organization with an excess of neurons in the subcortical
white matter or molecular layer. Without cortical disorga-
nization and dyslamination, it is controversial whether
mMCD represents a ‘‘true” form of cortical dysplasia
(Kasper, 2005). With the exception of our discussion on
dual pathology and hippocampal sclerosis, for the most
part we exclude discussions of mMCD in this review.

CLiNICAL CHARACTERISTICS OF
EPILEPSY SURGERY PATIENTS WITH
CORTICAL DYSPLASIA

As a group, patients with cortical dysplasia are younger
at seizure onset and surgery and have greater seizure fre-
quency compared with most other etiologies in epilepsy
surgery patients. In the 2004 ILAE survey of 20 pediatric
epilepsy surgery centers, cortical dysplasia was the most
frequent etiology in patients younger than age 18 years
(Fig. 3A; blue bar). In pediatric epilepsy surgery patients,
the next most common substrates were tumors, infections
and ischemic stroke (atrophy/stroke), and hippocampal
sclerosis (Fig. 3A; green, orange, and red bars). By com-
parison, cortical dysplasia was the third most common
etiology behind hippocampal sclerosis and tumors in a
report of mostly adult epilepsy surgery patients (Fig. 3B)
(Becker et al., 2006). In other reports, cortical dysplasia
was the second most common etiology in mostly adult epi-
lepsy surgery patients (Raymond et al., 1995; Semah
etal., 1998). In the 2004 ILAE survey of pediatric centers,
children with cortical dysplasia were younger at seizure
onset and surgery compared with those with tumors, atro-
phy/stroke, and hippocampal sclerosis (Table 3). In addi-
tion, 70% of pediatric patients with cortical dysplasia had
daily seizures compared with 48% of children with other
substrates (Table 3).

In published studies, patients with cortical dysplasia
made up 14% of all patients undergoing epilepsy neuro-
surgery (Table 2: fifth column). Cortical dysplasia was a
more common etiology in studies with younger cohorts
(Table 2; 32—58%) compared with older cohorts (4-23%).
In the UCLA cohort from 2000-2007, cortical dysplasia
was found in 21% of combined adult and pediatric epi-
lepsy surgery patients, and was the second most common
etiology behind hippocampal sclerosis. In the UCLA
cohort, those with cortical dysplasia had a younger age at

Epilepsia, S6):1310-1335, 2009
dai: 10.1111/5.1528-1167.2008 01998 x
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Figure 3.

Most frequent etiologies in pediatric (<18 years at
surgery; top graph) and adult (>18 years; bottom
graph) cohorts of patients undergoing epilepsy surgery.
(A) In children and adolescents, cortical dysplasia is the
most frequent etiology (42%) followed by tumor (19%),
atrophy/stroke (infections and other forms of brain
damage; 10%), and hippocampal sclerosis (6%). (B) In
adults, hippocampal sclerosis is the most common
etiology (43%), followed by tumor (30%), cortical
dysplasia (13%), and vascular [cavernous malforma-
tions, arteriovenous malformation (AVM), etc.; 7%).
Epilepsia © ILAE

seizure onset and surgery compared with patients with
hippocampal sclerosis and mesial temporal lobe epilepsy
(Fig.4A-D). In fact, in the UCLA series, the age at seizure
onset was | year or less in 48% of patients with cortical
dysplasia (median 1.3 years). This compares with a med-
ian age of seizure onset of 11 years for patients with hip-
pocampal sclerosis (Fig. 4C). Furthermore, in the UCLA
cohort, the incidence of cortical dysplasia by age at sur-
gery was highest in younger patients (Fig. 4E). Cortical
dysplasia was the histopathologic substrate in 75% of
infants and children operated upon in the first 2 years of
life, compared with less than 10% in those having surgery
at an age older than 21 years (Siegel et al., 2005). Similar
findings were reported in the 2004 ILAE of pediatric
epilepsy surgery centers, where cortical dysplasia was
found in 67% of children operated on in the first year
of life compared with 25% in those aged 15-18 years
(Harvey etal., 2008).

CHARACTERISTICS OF PATIENTS
wITH MILD TYPE I AND SEVERE
Type 11 CorTiCcAL DYSPLASIA

Most studies report that patients with severe type II cor-
tical dysplasia are younger at presentation compared with
those with mild type I cortical dysplasia (Palmini et al.,
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Pediatric & Adult Surgical Cohorts from UCLA (2000 to 2007)
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Figure 4.

From the UCLA pediatric and adult surgical cohorts, frequency histograms showing (A) age at seizure onset and
(B) age at surgery for patients with cortical dysplasia compared with those with (C) hippocampal sclerosis and
(D) temporal lobe epilepsy (TLE). Mean [years * standard deviation (SD)] and median data are also shown. The age
at seizure onset and surgery is younger for patients with cortical dysplasia compared with those with hippocampal
sclerosis (t-tests; p < 0.0001). (E) Histogram indicating the percentage of patients with cortical dysplasia by age at
surgery. At younger than age 3 years, more that 66% of cases had cortical dysplasia compared with less than 10% for
patients older than age 2| years.
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Figure5.

From the pediatric and adult UCLA surgical cohorts with cortical dysplasia, bar graphs showing mean [years * stan-
dard deviation (SD)] age at seizure onset (top row; Age Sz Onset), age at surgery (2nd row: Age Surg), seizure dura-
tion (3rd row; Sz Duration), and seizure frequency (bottom row; Total Szs). The left column compares patients with
mild Palmini type | (red bars) and severe Palmini type Il (blue bars) cortical dysplasia, and the right column patients
with hemispheric and multilobar operations (orange bars) and those with lobar and focal resections (yellow bars).
T-test results are indicated above each bar graph. The results of the two-factor analysis of variance (ANOVA) are
shown between the graphs. Patients with hemispheric/multilobar and type Il cortical dysplasia were younger at age at
seizure onset and surgery (top two rows, p < 0.002), had shorter seizure duration (third row; p < 0.0001), and
higher frequency of seizures per day (bottom row; p < 0.02) compared with lobar/focal cases with type | cortical

dysplasia.
Epilepsia © ILAE

2004; Fauser et al., 2006). Similarly, patients with larger
areas of brain involvement by MRI are reported to have a
younger age at presentation compared with those with
smaller lesions in patients with mild and severe cortical
dysplasia (Cepeda et al., 2006). These two findings are
illustrated using the UCLA cohort (Fig. 5). Patients with
severe Palmini type 11 cortical dysplasia had a younger
age at seizure onset, younger age at surgery, shorter epi-
lepsy duration, and increased seizure frequency compared
with those with mild Palmini type I dysplasia (Fig. 5; left
column; p < 0.02). Likewise, for both type I and type 1
cortical dysplasia, patients with multilobar and hemi-
spheric areas of cortical dysplasia by neuroimaging had a
younger age at seizure onset, younger age at surgery,
shorter epilepsy duration, and increased seizure frequency
compared with those with focal and lobar cortical dyspla-
sia (Fig. 5; right column; p < 0.014). Results of a two-fac-
tor analysis of variance (ANOVA) found that higher
Palmini grade and larger MRI size were both associated
with a younger age at seizure onset, younger age at sur-
gery, and shorter epilepsy duration without significant
interactions (Fig. 5: middle boxes). In other words,
increased severity of cortical dysplasia by histopathologic
grade and larger size by neuroimaging were independent
factors associated with a younger age at presentation in
patients with cortical dysplasia.

The Palmini histopathologic grade is associated with
other clinical factors in patients with cortical dysplasia.
The literature and the UCL A series show that patients with
mild Palmini type I cortical dysplasia are associated with
seizures arising more frequently from the temporal lobe
(Table 4) (Tassi et al., 2002; Bautista et al., 2003; Fauser
et al., 2004; Widdess-Walsh et al., 2005). By comparison,
patients with severe Palmini type II cortical dysplasia are
more likely to have multilobar and hemispheric cortical
dysplasia that involves extratemporal cortical regions,
especially the frontal lobe (Table 4). Likewise, a history of
infantile spasms is more common in patients with severe
type II compared with mild type I cortical dysplasia
(Table 4) (Lortie et al., 2002; Koh et al., 2005; Fauser

et al., 2006; Krsek et al., 2008a, 2008c). Hence, infants
and children are more likely to have multilobar or hemi-
spheric lesions that on histopathology will show severe
Palmini type Il cortical dysplasia. Older patients can pres-
ent with type II cortical dysplasia, but the lesions are likely
to be small on MRI. However, for older patients, the more
typical presentation is that of someone with temporal
lobe epilepsy from focal or lobar disease by MRI and mild
type 1 dysplasia on histopathology.

PRESURGICAL EVALUATION

The presurgical evaluation for patients with cortical
dysplasia is often challenging. Cortical dysplasia patients
often present with variable epilepsy-related symptoms
depending on the age at presentation, and the location and
size of the lesion. In addition, EEG and MRI may not
localize to the lesion. Therefore, multiple diagnostic
maodalities are usually necessary to detect areas of cortical
dysplasia in the presurgical evaluation of patients with
intractable epilepsy.

Semiology

There is no particular seizure semiology that character-
izes patients with mild and severe cortical dysplasia com-
pared with other epilepsy surgery patients. Patients with
cortical dysplasia can present with focal ictal behavioral
signs and symptoms referable to any lobe of the brain. The
selzures may suggest involvement of multiple lobes or a
cerebral hemisphere, or present with bihemispheric fea-
tures. Generalized clinical and EEG features are often char-
acteristic of younger patients with cortical dysplasia and
other etiologies (Chugani et al., 1990; Cross et al., 2006;
Wryllieet al., 2007). Hence, clinicians cannot diagnose that
a patient has cortical dysplasia or whether they have mild
or severe dysplasiabased exclusively onictal semiology.

Scalp EEG
There are no distinctive interictal or ictal scalp EEG
“signatures” that are exclusively associated with cortical
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Table 4. From pediatricand adult patients at UCLA, clinical, EEG, neuroimaging, and outcome
characteristics in patients with type | and type Il cortical dysplasia (2000-2007)
AllCD cases Typel Type Il p-Value
Clinical variable (n=97),% nh=33),% (n=64),% (Type |l vs. Il)
Side-right 48 1] 42 0.08
Gender—Fermale 4% &7 41 0.05
Type of epilepsy
Temporal lobe epilepsy 2 S8 5 <0.0001
Extratemporal nonhemi 45 31 51
Hemispheric epilepsy 33 10 44
Type of surgery
Hemispherectomy 14 L] % 0.0024
Multilobar resection 23 6 3l
Lobar resection 3l 48 22
Focal resection 32 39
Lobe involved
Frontal 50 31 58 0.0195
Temporal 54 65 50 0.19
Farietal 46 31 53 0.05
Occipital 24 1 % 0.08
History of infantile spasms 7 15 41 0.0191
Status epilepticus @ surgery 16 9 20 0.16
Interictal scalp EEG
Focal/regional discharges 47 41 50 0.6l
Focal background slowing Bl 62 93 0.011
Spike trains/ CEDs 64 37 78 0.007
letal sealp EEG
Focal/regional onsets 44 46 44 0.89
MRI-positive 78 63 98 0.0041
MR feature (see Fg. 5)
Thick gray matrer 24 7 &7 <0.0001
Blurred gray-white junction 59 14 73 <0.0001
Decreased T2 white matter 27 11 41 0.0003
Increased T2 gray matter 58 7 35 0.44
Increased T2 white matter 36 56 59 0.89
Cortical atrophy 9 21 1] 0.79
FDG-PET positive 78 7 98 0.14
Intracranial electrodes 6 10 I 0.0085
Pastsurgery sezure free 80 74 82 0.36
CEDs, continuous epileptiform discharges. Significant p-values (p < 0.05) are indicated in bold type.

dysplasia in patients with refractory epilepsy. The EEG
can show interictal background slowing, interictal spikes
and polyspikes, and ictal events with electrographic char-
acteristics similar to other patients with intractable epi-
lepsy who are undergoing presurgical evaluation
(Noachtar et al., 2008). In fact, if there is a characteristic it
is that interictal and ictal EEG findings often do not local-
ize to the MRI-identified lesion in patients with cortical
dysplasia. In the published literature, interictal findings
were reported to localize to one region on scalp EEG
in 49% of patients with cortical dysplasia (Table 2; sixth
column; 32-62%). Likewise, ictal findings localized to
one region on scalp EEG in 68% of epilepsy surgery
patients with cortical dysplasia (Table 2; seventh column;
42-T7%). Similar findings were found in the UCLA
cohort (Table 4). Focal or regional interictal scalp EEG
findings were noted in 47%, focal background slowing in
81 %, interictal spike trains or continuous epileptiform dis-
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charges (CEDs) in 64%, and focal ictal onsets in 44% of
epilepsy surgery patients with cortical dysplasia.

The published literature and data from the UCLA series
also indicate that there are no consistent EEG findings that
differentiate patients with mild type I from severe type II
cortical dysplasia (Krsek et al., 2008a, 2008c). For exam-
ple, in the UCLA cohort, patients with severe type II corti-
cal dysplasia compared to those with mild type I dysplasia
were more likely to have interictal EEG focal background
slowing and spike trains, but there were no differences
in the incidence of localized interictal epileptiform
discharges and ictal onsets (Table 4). Of note, another
study recently reported that EEG slowing was more com-
mon in patients with mild type I compared with severe
type Il cortical dysplasia (Krseket al., 2008c). In addition,
UCLA patients with focal and lobar areas of cortical dys-
plasia by MRI were just as likely to present with localized
interictal and ictal EEG findings as patients with more
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Table 5. Localized interictal and ictal scalp
EEG findings based on MRl size of cortical
dysplasia from pediatric and adult UCLA

surgical cohort

Multilobar/ Lobar/
EEG feature Hemispherectomy, % Focal, % p-Yalue
Interictal EEG 50 50 0.99
localizing
letal EEG 75 50 0.14
localizing

diffuse multilobar and hemispheric cortical dysplasia
(Table 5). Hence, scalp EEG studies may localize interic-
tal and ictal abnormalities to the eventual area of resection
in only 50-68% of patients with cortical dysplasia under-
going presurgical evaluation, and do not distinguish
patients with mild and severe cortical dysplasia (Raymond
etal., 1995).

Structural MRI

There are several features on structural MRI that
identify areas of cortical dysplasia in intractable
epilepsy patients (Sankar et al., 1995: Yagishita et al.,
1997; Lee et al., 1998; Tassi et al., 2002; Colombo
et al., 2003: Raybaud et al., 2006: Widdess-Walsh et al.,
2006). The MRI findings include: (1) Increased thick-
ness of the cortical gray matter, often with abnormal
gyral patterns (Fig. 6A: arrow): (2) blurring of the gray—
white matter junction (Fig. 6D: arrow); and (3)
increased T2 and fluid attenuated inversion recovery
(FLAIR) signal intensity in the subcortical white
(Fig. 6B, 6E and 6F; arrows) and gray matter (Fig. 6C;
arrow). MRI white matter abnormalities can extend to
the ventricle, termed “transmantle dysplasia™ (Barko-
vich et al., 1997) (Fig. 6E: arrow). Cortical and white
matter atrophy, calcifications, and contrast enhancement
within the lesion have been reported but are not specific
MRI features for cortical dysplasia (Bronen et al., 1997;
Urbach et al., 2002).

Figure 6.

Epilepsia © ILAE

Magnetic resonance imaging (MRI) features of cortical dysplasia. Qualitative MR findings can include (A) thickened
gray matter (arrow), (B) T2 hyperintensity in the subcortical white matter (arrow), (C, F) T2 hyperintensity of the
gray matter (arrow), (D) blurring of the gray-white matter junction (arrow), and (E) transmantle sign (arrow).
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When present, the constellation of MRI findings is diag-
nostic for cortical dysplasia in patients with intractable
epilepsy. However, MRI findings can otten be subtle and
difficult to detect, especially for patients with mild type 1
and those with very small foci of severe type Il cortical
dysplasia (Figs. 7 and 8). In published studies, structural
MRI was reported as normal or not specific for the diagno-
sis of cortical dysplasia in a substantial proportion of
patients (Table 2; eighth column). This ranged from 100%
abnormal MRI scans from Bonn, Germany, where all
cases had type II cortical dysplasia (Kral et al., 2007) to
54% normal MRI scans in the adult series from Seoul,
Korea, where many patients had type I cortical dysplasia
(Kim et al., 2008). In the 2004 ILAE survey, 19% of chil-
dren with cortical dysplasia had normal or subtle MRI
scans compared with 0% for those with tumors, stroke,
and hippocampal sclerosis (Table 3). In the UCLA series,
22% of patients with cortical dysplasia had normal MRI
scans (Table 4). Of note, the original report by Taylor and
colleagues described lesions that were not visible on gross
macroscopic evaluation of the cortical specimen in six
(60% ) of their surgical specimens (Tayloretal., 1971).

Mormal MRI scans are reported more trequently in
patients with mild type I (36% and 37%) compared with
severe type Il cortical dysplasia (2% and 15%: Tables 4
and 6). Put another way, in recent studies 51% (85 of 166;
range 7-94%) of patients with normal MRI scans at the
time of surgery were found to have cortical dysplasia on
histopathology (Chapman et al., 2005; Lee et al., 2005;
McGonigal et al., 2007). In published studies and the
UCLA series, MRI features of cortical dysplasia such as
increased gray matter thickness, blurring of the gray—
white junction, and increased T2 signal in the white matter
were more often associated with severe type 11 compared
with mild type I cortical dysplasia (Tables 4 and 6). By
comparison, encephalomalacia and periventricular leuko-
malacia were more frequently reported in patients with
mild type 1 cortical dysplasia (Tables 4 and 6) (Krsek
et al., 2008c). However, no MRI features, except trans-
mantle sign, were specific for severe cortical dysplasia.
The transmantle sign has been reported in only 34% of
patients with type II cortical dysplasia (Table 6). Hence,
although MRI can identify cortical dysplasia in patients
with refractory epilepsy with high specificity, this imaging
modality does not detect a substantial proportion of
individuals with mild type I and a few with severe type 11
cortical dysplasia in small foci.

FDG-PET, ictal SPECT, and MEG-MSI

With patients presenting with nonlocalized scalp EEG
and pormal MRI, many centers incorporate additional
functional and neuroimaging studies into the multimoda-
lity presurgical evaluation to increase the detection of
patients with cortical dysplasia. Of these tools, FDG-PET
has been shown to be one of the more sensitive techniques

Epilepsia, S006):13 101335, 2009
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Figure7.

Difficult to identify extratemporal severe type |l corti-
cal dysplasia by magnetic resonance imaging (MRI) in
two patients. (A, B) This 4-year-old presented with
seizures beginning at age |7 months. The seizures
were characterized by tonic events involving the left
body lasting usually less than a minute. The seizures
could cluster resulting in status epilepticus. YVith the
severe cluster of seizures there would be a left-sided
Todd's paralysis that could last for weeks. Interictal and
ictal electroencephalography (EEG) showed abnormal-
ities over the right hemisphere that were nonlocalizing.
The MRI shows an area of thickened cortex involving
most of the right insula (arrows). Histopathology
showed a type Il dysplasia without balloon cells. This
child has been seizure free after a right cerebral hemi-
spherectomy. (C, D) This |9-year-old presented with
seizuresatage 9 years that involved left upper extrem-
ity tonic events. Interictal and ictal EEG findings local-
ized to the Cz and C4 electrodes. Numerous MRI
scans had been interpretedas normal, although a subtle
change was noted over one gyrus (C; arrow).
Magnetoencephalography (MEG)-magnetic source
imaging (MEG-MSI) localized a cluster of interictal
spikes over the right frontal parietal region (D; cluster
of yellow marks). Histopathology disclosed type I
cortical dysplasia with balloon cells. This person has
been seizure free postsurgery after a focal cortical
resection.

Epilepsia © ILAE
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Figure 8.

Difficult to identify type | cortical dysplasia. All patients
had temporal lobe epilepsy, and have been seizure free
after temporal lobe resection. (A, B) This | 5-year-old
began with seizures at age 2 years, had failed |2 antiep-
ilepsy drugs (AEDs), and averaged two to three
seizures per week. Mumerous previous magnetic reso-
nance imaging (MRI) scans had been reported as nor-
mal. UCLA MRI showed subtle loss of signal (white
arrows) in the left temporal white matter more easily
visible on the fluid attenuated inversion recovery
(FLAIR) (Panel A) than T2 (Panel B images; compare
right and left sides). Histopathology showed Palmini
type IA cortical dysplasia and excessive white matter
neurons without hippocampal sclerosis. (C) This 12-
year-old began with seizures at age 9 years and had
many events per day. The left mesial temporal region
showed an ill-defined fullness without contrast
enhancement (arrows). Histopathology showed
Palmini type IlA (without balloon cells). (D) This 10-
year-old began with seizures at age |.5 years. Scalp
electroencephalography (EEG) showed bi-temporal in-
terictal abnormalities and ictal onsets. MRI showed loss
of white matter signal on FLAIR imaging involving the
left temporal and posterior temporal regions extend-
ing into the occipital lobe (arrows). Surgery involved an
extended left temporal resection avoiding the speech
areas. Histopathology showed Palmini type IA cortical
dysplasia.

Epilepsia © ILAE

in identifying areas of cortical dysplasia (Chugani et al.,
1990; Cohen-Gadol et al., 2004). Contemporary studies
indicate that FDG-PET detects interictal hypometabolism
localized to areas of cortical dysplasia in approximately
75% of patients (Table 2: ninth column; 60-92%). Many

patients with cortical dysplasia and normal MRIs are
reported to have positive FDG-PET scans (Kim et al.,
2000). In the UCLA series of 22 patients with normal or
subtle MRI findings, 14 (64%) showed areas of hypo-
metabolism on FDG-PET scans.

To increase the sensitivity of FDG-PET, the UCLA
group recently modified the technique whereby pseudo-
colored FDG-PET images representing escalating levels
of hypometabolism were overlaid onto the structural MRI
(Fig. 9) (Burri et al., 2008). This method identified cortical
dysplasia in 98% of patients in the UCLA cohort, includ-
ing a substantial proportion of patients with mild type
I dysplasia with previously interpreted normal MRI scans
(Table 4) ( Salamon et al., 2008). Hence, FD'G-PET can be
a very usetul tool in detecting cortical dysplasia in patients
undergoing presurgical evaluation for their intractable
epilepsy, especially if the MRI is normal or nonspecific
for cortical dysplasia.

Ictal SPECT is another neuroimaging tool that has been
applied to patients with probable cortical dysplasia (Gupta
et al., 2004). Studies indicate that 57% of cortical dyspla-
sia patients have localized ictal SPECT scans (Table 2;
10th column; 42-64%). Like FDG-PET, some patients
with a normal MRI show positive ictal SPECT scans.

Areas of cortical dysplasia often produce abundant inte-
rictal discharges when sampled with intracranial EEG
(Palmini et al., 1991; Ishibashi et al., 2002). Hence, mag-
netoencephalography (MEG)—magnetic source imaging
(MEG-MSI) should be a valuable tool for identifying epi-
leptogenic areas of cortical dysplasia by mapping areas
that produce frequent interictal discharges (Fig. 7D).
Although MEG-MSI has been available for several years,
there are limited publications reporting the use of this
technique in patients with cortical dysplasia. These studies
report localized MEG-MSI scans in 97% (30 of 31) of
patients with cortical dysplasia, and suggest that there
may be ditferences in the distribution of spikes in patients
with type I and type II disease (Otsubo et al., 1993;
Morioka etal., 1999; Bast et al., 2004; Hader et al., 2004).
This is similar to the initial UCLA experience, in which
all 18 patients with cortical dysplasia sampled with MEG-
MSI had positive localized studies prior to surgical resec-
tion (Fig. 7D). Therefore, MEG-MSIis likely a promising
and underutilized technique that could improve the
detection and localization of areas of cortical dysplasia
in patients with refractory epilepsy. However, tfurther
studies are necessary to validate this technique in patients
with cortical dysplasia (Knowlton et al., 2006; Wu et al.,
2006).

Intracranial EEG

Because of the above-noted limitations of scalp EEG
and MRI, patients with suspected cortical dysplasia are
often implanted with intracranial electrodes to localize
areas of ictal onset. The percentage of patients with
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Table 6. MRI features of epilepsy surgery patients with cortical dysplasia
MNormal Thick Blurring Increased Atrophy, Transmantle
Study MR, % GM, % GW, % WMTL % % sign, %
Type | cortical dysplasia
Krsek etal. (2008a); Miami (n = 79) 63 5 56 53 44 0
Krsek etal (2008¢); Germany (n = 24) 17 0 29 62 75 0
Tassi et al. (2002); (n = 37) 35 13 8 24 38 0
Kloss et al. (2002); (n = 26) NJA 38 &9 19 NIA MIA
Kim etal. (2000); (n = 8) 87 12 12 12 NIA NIA
Weighted average 7 I 42 41 48 0
Type |l cortical dysplasia
Krsek eral. (2008a); Miami (n = 51) 10 6l 76 55 16 10
Krsek etal (2008c); Germany (n = 16) 0 50 94 94 44 37
Tassi et al. (2002); (n = 15) 33 53 &0 60 7 20
Cohen-Gadol etal, (2004) (n = 22) 9 82 MiA, 55 NIA 68
Kloss et al. (2002); {n = 24) A 54 67 62 NIA NIA
Kim etal. (2000); (n = 11) 18 45 73 73 NIA MIA
‘Weighted average 15 60 74 63 19 34
p-Value: Type lvs. Type I <0.001 <0.001 <0.001 <0.01 0.001 <0.001
Thick GM, thickened gray matter; Blurring GW, blurring of the gray—white matter junction; Increased T2, Increased T2 signal in
gray and white matter; Transmantle, transmantle dysplasia with signal going to the ventricle; N/A, not available from the study.

cortical dysplasia undergoing intracranial electrode proce-
dures varies considerably from center to center. In pub-
lished studies, 53% of patients with cortical dysplasia
were reported to have intracranial electrode studies
(Table 2: 11th column; 30—-86%). In the ILAE survey,
36% of pediatric patients with cortical dysplasia had intra-
cranial electrodes compared with 20% for children with
other etiologies (Table 3). By comparison, in the UCLA
cohort, intracranial electrodes were implanted in 6% of
patients with cortical dysplasia (Table 4). Published stud-
ies do not report a difference in the use of intracranial elec-
trodes in patients with mild type I (45%) compared with
severe type 11 (47%) cortical dysplasia ( Tassi et al., 2002;
Widdess-Walsh et al.,, 2005; Krsek et al., 2008a,c). By
comparison, in the UCLA cohort, more patients with type
I (Table 4; 10%) had intracranial electrodes compared
with those with type II cortical dysplasia (1%).

Once implanted, detection of ictal onset zones using
intracranial electrodes is often not straightforward in
patients with cortical dysplasia. Initial studies using
electrocorticography described interictal ** continuous epi-
leptiform discharges”™ (CEDs) and fast frequency patterns
as a hallmark for detecting areas of cortical dysplasia
(Palmini et al., 1995; Gambardella et al., 1996; Whiting &
Duchowny, 1999). Subsequent studies, however, found
that these intracranial EEG findings were associated
with nondysplastic etiologies (Guerreiro et al., 2003;
Turkdogan et al., 2005). Likewise, in a recent study, 35%
of ictal onsets were reported as diffuse, involving more
than a dozen intracranial electrodes; in 42% of patients the
ictal onsets were at more than one site with repeated sei-
zures, and in 49% of cases the onsets were reported as
being at the edge of the grid outside the region of electrode
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coverage (Widdess-Walsh et al., 2007). These findings
indicate that the epileptogenic region is often deep or dis-
tant from the site of intracranial electrode placement.
Likewise, another intracranial electrode study reported
that areas of dysplasia that contained balloon cells (type
IIB ) were less likely to demonstrate ictal-onset EEG pat-
terns compared with regions that contained dysmorphic—
cytomegalic neurons without balloon cells (type IIA)
(Boonyapisit et al., 2003). However, other reports indicate
that complete removal of the cortical dysplasia lesion
including areas containing balloon cells provides the best
chance of seizure freedom after surgery (Kim et al., 2008;
Krsek et al., 2008b; Mathern, 2008). Furthermore, the
finding of postexcision spikes on intracranial EEG record-
ings does not predict whether patients will become seizure
free after surgery (Krsek et al., 2008c). Hence, using intra-
cranial electrodes, there are no specific interictal or ictal
EEG signs that identify areas of cortical dysplasia, and ic-
tal onsets are often ill-defined and diffuse or do not over-
lap with areas of severe dysplasia.

COEXISTENT NEUROPATHOLOGY
Cortical dysplasia has been associated with other brain
pathologic changes that could be independent epilepto-
genic lesions. This is often referred to as ““dual pathology,”
and includes the following main groups of substrates.

Tumors and infarcts with cortical dysplasia

Low-grade tumors are associated with seizures and may
have regions adjacent to the lesion that on histopathology
are very similar to areas of cortical dysplasia. The tissue
contains disorganized cortex with large abnormal neurons
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Figure 9.

Examples of 2-("9F)Fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET) findings in patients with
cortical dysplasia. (A~D) This 4-year-old began with seizures at 6 months of age and they occurred many per day.
Scalp electroencephalography (EEG) showed interictal and ictal findings referable to the right frontal-temporal
region. Axial fluid attenuated inversion recovery (FLAIR) (A) and coronal T2 magnetic resonance imaging (MRI) (C)
images suggested an area of cortical dysplasia occupying the lateral surface of the right frontal lobe (arrews). FDG-
PET overlaid onto the T1 MRI scans showed hypometabolism in a slightly larger region than the MR abnormality (B,
D; arrows). At surgery, electrocorticography (ECoG) showed background slowing and continuous spike discharges
throughout the lateral, orbital-frontal, and mesial-frontal regions. Based on these findings, a right frontal resection
was performed that included all tissue in front of the motor cortex including the mesial-frontal and erbital-frontal
areas. Histopathology confirmed Palmini type |lA cortical dysplasia in all segments of the right frontal lobe including
the orbital-frontal and mesial-frontal regions. This child is seizure free after surgery. (E, F) This | 6-year-old began to
experience seizures at age |2 years. At the time of surgery she was having multiple seizures per day. Scalp EEG
localized interictal and ictaiﬁndings to a broad area of the rightfrontal, temporal, and parietal regions. MRl disclosed
FLAIR changes in the right mesial temporal lobe including the hippocampus (E; arrows) and parahippocampal gyrus
(G; arrow). FDG-PET images overlaid onto the MRI scan were concordant (F, H; arrows). A right temporal resec-
tion was performed. Histopathology showed Palmini type IlA cortical dysplasia without hippocampal sclerosis, and
the patient has been seizure free since surgery.

Epilepsia © ILAE

on histopathology (Prayson & Frater, 2003). It is reported
that cortical dysplasia is found in 4-20% of patients with
DNET and gangliogliomas (Honavar et al., 1999
Widdess-Walsh et al., 2005; Park et al., 2006). It is
unknown whether patients with low-grade tumors and cor-
tical dysplasia have clinical characteristics that are differ-
ent tfrom those of patients with only low-grade tumors.
Likewise, it is unclear whether dysplastic cortex contrib-
utes to seizure generation in patients with tumors. Simi-

larly, 10% of patients with perinatal infarcts are reported
to show cortical dysplasia on histopathology (Marin-
Padilla et al., 2002; Prayson & Frater, 2003). More studies
are needed to better define the clinical features of patients
with cortical dysplasia and low grade tumors and infarcts.

Hippocampal sclerosis with cortical dysplasia
There is considerable controversy about whether hippo-
campal sclerosis is the “cause™ or “result” of coexistent
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mMCD and mild type I cortical dysplasia in a subgroup of
patients with temporal lobe epilepsy. It has been proposed
that hippocampal sclerosis can be the result of a “second-
hit,”” whereby a preexisting structural abnormality (like
abnormal temporal lobe cortical development) predis-
poses individuals to developing hippocampal sclerasis as
a result of initial precipitating injuries (IPIs) (Raymond
et al., 1995; Blumcke et al., 2002). Other studies have
hypothesized that cortical disorganization and cerebral
atrophy is an epiphenomenon from an early life IPI and
not a developmental disorder or an independent epilepto-
genic lesion (Kasper et al., 1999; Mathern et al., 2002a,
2002b; Kalnins et al., 2004).

There is support for both of these concepts in the liter-
ature. For example, hippocampal sclerosis was reported
in 20% of patients with cortical dysplasia in recent
studies (Table 2; last column; 5-33%). Nearly all of
these cases had mild type I cortical dysplasia or mMCD.
A higher incidence of hippocampal sclerosis and mild
cortical dysplasia is usually reported in adult compared
with pediatric cohorts (Table 2) (Srikijvilaikul et al.,
2003; Fauser et al., 2004; Krsek et al., 2008b). Further-
more, the incidence of IPIs is reported to be higher in
patients with mild type I compared with severe type II
cortical dysplasia (Fauser & Schulze-Bonhage, 2006;
Krsek et al., 2008a.c).

Other clinicopathologic and neuroimaging studies
report few if any meaningful clinical differences in patients
with or without subtle cortical dysplasia and temporal lobe
epilepsy from hippocampal sclerosis (Kasper et al., 2003;
Mitchell et al., 2003; Diehl et al., 2004; Kalnins et al.,
2004; Seidenberg et al., 2005; Adachi et al., 2006). Many
patients with mMCD and mild type I cortical dysplasia and
hippocampal sclerosis are reported to have smaller atro-
phic temporal lobes (Colombo et al., 2003: Bast et al.,
2004; Andres et al., 2005; Chandra et al., 2007). Further-
more, in patients with dual pathology, ictal onsets using
intracranial electrodes were reported to arise from the area
of hippocampal sclerosis and not from the region of dyspla-
sia (Fauser & Schulze-Bonhage, 2006). Likewise, most
studies have reported minimal differences in becoming sei-
zure tree in patients who have or do not have mMCD and
mild cortical dysplasia along with hippocampal sclerosis
(Srikijvilaikul et al., 2003; Krsek et al., 2008a). Such find-
ings raise doubts about whether subtle cortical lesions, like
mMCD and type I cortical dysplasia, constitute indepen-
dent epileptogenic foci in patients with hippocampal scle-
rosis and temporal lobe epilepsy, or if these lesions
predispose a person to febrile seizures and IPIs.

Obwviously, more caretully designed studies are neces-
sary to discern what constitutes cortical dysplasia in
patients with hippocampal sclerosis. In the future, it would
be appropriate to separate patients with well-characterized
mild and severe cortical dysplasia from those with mMCD
and microdysgenesis in order to determine the incidence
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of hippocampal sclerosis with dysplasia. Likewise, future
studies should determine if the presence or absence of
temporal lobe encephalomalacia and cortical injury corre-
lates with histopathologic criteria for cortical dysplasia
with and without hippocampal sclerosis.

SURGICAL PROCEDURES,
LocATIONS, AND OUTCOMES

Types of surgery and their brain locations

As might be expected from the description of the char-
acteristics of patients with mild and severe cortical dyspla-
sia, there are differences in the type of surgical resections
and in age at seizure onset and surgery (Leiphart et al.,
2001). In published studies, 72% of patients with cortical
dysplasia had focal or lobar resections, and the remaining
had multilobar or hemisphere operations (Table 2; 14th
column). Most of the focal lobar resections were in adult
compared with pediatric cohorts (Table 2). In the ILAE
survey of pediatric epilepsy surgery patients, 38% of
patients with cortical dysplasia had hemispheric or mul-
tilobar resections, compared with 27% for other etiologies
(Table 3). In the UCLA series, 37% of patients with corti-
cal dysplasia had hemispheric or multilobar operations,
and most of those patients had type II dysplasia (Table 4).
In the published literature, 56% patients had type I cortical
dysplasia (Table 2; 13th column). In adult cohorts, up to
80% of patients were reported to have type I cortical dys-
plasia (Kim et al., 2008). In the UCLA series, 66% of
patients had type II cortical dysplasia, which is similar to
studies of other younger cohorts (Table 4) (Salamon et al.,
2008). Similarly, all lobes of the brain may be involved in
patients with cortical dysplasia. However, more adult
patients present with type I cortical dysplasia involving
the temporal lobe compared with younger patients who
present with type II dysplasia in extratemporal regions,
including the frontal lobe (Table 4). This finding holds
true even if patients with hippocampal sclerosis are
excluded from the analysis. As demonstrated in several
studies, including the UCLA series, there are no clinical
ditferences based on gender or side of resection in patients
with type I or type II cortical dysplasia (Table 4) (Tassi
etal., 2002; Widdess-Walsh et al., 2005).

Postoperative seizure freedom

The percentage of patients who were seizure free after
resective surgery for cortical dysplasia is generally favor-
able and nearly similar to patients undergoing epilepsy
surgery for other etiologies (Spencer & Huh, 2008). In
recent studies, 60% of patients are reported to be seizure
tree after surgery at last follow-up (Table 2; 15th column;
42-87%). In the UCLA series, 82% of patients were
seizure free after surgery with 1-2 years of follow-up
(Salamon et al., 2008). This is an improvement from
studies published from 1971-1999, which reported that
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38-40% of patients with cortical dysplasia were seizure
free after surgery (Sisodiya, 2000). Of Taylor’s initial
report of patients with cortical dysplasia, 60% were
seizure free after surgery (Tayloret al., 1971).

For cortical dysplasia patients, the most consistently
reported predictor of seizure freedom is complete resec-
tion of the lesion. Complete resection is generally defined
as removal of the lesion on neuroimaging or the interictal
and ictal onset zones In patients undergoing intracranial
electrode recordings. Based on these criteria, 30-35% of
patients with cortical dysplasia have incomplete resection
(Jayakar et al., 2008; Kim et al., 2008; Krsek et al., 2008a,
2008c). Patients with compete resection have a 77%
chance of becoming seizure free, compared with 20% for
those with incomplete resections (Table 7). The most
frequently cited reason for incomplete resections is that
areas of cortical dysplasia, often not visible on MRI, were
located in cortical regions, the resection of which would
lead to unacceptable motor, sensory, visual, or language
deficits (Marusic et al., 2002). In cortical dysplasia
patients with incomplete resections, seizure reoccurrence
usually happens within 6 months of surgery (Mathern
et al., 1999; Widdess-Walsh et al., 2007).

Other clinical variables reported to predict seizure free-
dom probably interplay with incomplete resection of the
cortical dysplasia lesion. Some studies have reported that
fewer patients with type I cortical dysplasia are seizure
free when compared with those with type I dysplasia
(Tassi et al., 2002; Chung et al., 2005; Fauser et al., 2008;
Kim et al., 2008). Other studies have reported more favor-
able outcomes for patients with mild type I cortical dys-
plasia, although a significant proportion of these patients
also had hippocampal sclerosis (Fauser et al., 2004).
Hence, it would be helpful if future studies reported out-
comes in patients with mild and severe cortical dysplasia
without dual pathology. Likewise, an extratemporal loca-
tion, ill-defined ictal EEG onsets, secondary generalized
tonic—clonic seizures, use of intracranial electrodes, and
large resections were reported to correlate with poor
seizure control after surgery (Hudgins et al., 2005;

Table 7. Percentage of patients with cortical
dysplasia seizure free based on complete or
incomplete resection of MRI

and EEG focus

Complete Incomplete
Study resection resection
Kloss etal. (2002) BO% (21/26) 173 (5/30)
Kimet al. (2008) B2% (77/94) 30%(17/56)
Krsek et al. (2008b) 70% (72/103) 22%(10/96)
Alexandre etal (2006) B6% (12/14) 50% (5/18)
Weighted average 77% (182/237) 20% (41/200)

Chi-square: p < 0.0001.
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Widdess-Walsh et al., 2005; Alexandre et al.,, 2006;
Park et al., 2006; Kral et al., 2007; Kim et al., 2008). These
correlations probably relate to the difficulty in imaging
mild type I cortical dysplasia, especially in extratemporal
locations. Of note, a few mostly adult studies have
reported that shorter seizure durations correlated with a
higher chance of becoming seizure free after surgery
(Fountas et al., 2004; Siegel et al., 2006; Fauser et al.,
2008). This finding has not been replicated in pediatric
patients with cortical dysplasia (Krsek et al., 2008a).

Studies of long-term seizure control after surgery in
patients with cortical dysplasia report variable results.
Some studies with mostly mild type I cortical dysplasia,
including a proportion of patients with hippocampal scle-
rosis, report stable or increased rates of becoming seizure
free, four or more years after surgery (Kloss et al., 2002;
Hamiwka et al., 2005; Krsek et al., 2008a). Other studies
with mostly severe type II cortical dysplasia and type I
without hippocampal sclerosis have shown that 15-17%
of patients who were seizure free 2 years after surgery
have reoccurrence of seizures three or more years atter the
operation (Mathern et al, 1999; Kral et al, 2007;
‘Widdess-Walsh et al., 2007). More studies on larger uni-
formly defined cohorts are necessary to judge it patients
remain seizure free many years after surgery, and whether
there are differences in patients with mild and severe corti-
cal dysplasia.

Antiepilepsy medications

The number of patients with cortical dysplasia off medi-
cations after surgery varies trom study to study. In the
published literature, from 14—41% of patients with cortical
dysplasia were reported as not taking antiepilepsy drugs
1-2 years after surgery (Kral et al., 2007; Krsek et al.,
2008b). In the UCLA series, 22% of patients with cortical
dysplasia were not taking medications 2 years after sur-
gery. In the UCLA cohort, there were no differences in the
percentage of patients off medications for those with mild
or severe cortical dysplasia.

Complications and reoperations

Morbidity and mortality are generally low in patients
undergoing surgery for cortical dysplasia. In published
studies since 2002, one death (0.2%) was reported
(Alexandre et al., 2006). Transient and permanent compli-
cations were reported in 13% of patients, of which 11%
resolved within 3 months of surgery leaving a permanent
complication rate of 2% (Table 2; 12th column). Most
transient complications include increased mild neurologic
deficits and infections. Permanent complications include
new newrologic deficits and acquired hydrocephalus. In
the contemporary UCLA series, no deaths were reported,
22% had transient complications that resolved within
3 months of surgery, and permanent complication rate
was 2%, consisting of patients that required cerebrospinal

Epilepsia, SH6):1310-1335, 2000
doi: 10.1111/5.1528-1167.2008.01998.x
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fluid (CSF) shunts (Jahan et al., 1997). There are no
reported differences in surgical complications in patients
with type 1 and type II cortical dysplasia.

With a 30% chance of an incomplete resection, it is not
surprising that many patients with cortical dysplasia
undergo repeat surgery. In published studies, 14% of
patients with cortical dysplasia undergo a reoperation for
failure of seizure control after a first surgery (range 13—
15%) (Kloss et al., 2002; Krsek et al., 2008a, 2008c). In
the UCLA series, 3% of patients with cortical dysplasia
had reoperations. The success rate with repeat surgery has
not been consistently reported (Siegel et al., 2003). In one
series, 4 of 6 patients (66%) became seizure free after
reoperation (Krsek etal., 2008c). In the UCLA series, 2 of
4 patients (50%) with cortical dysplasia were seizure free
after a second operation. To date, studies have not
reported if the rate of reoperation is different in patients
with mild or severe cortical dysplasia.

Neuropsychologic outcomes

Developmental assessments before surgery indicate
that 33-68% of patients with cortical dysplasia have
reduced intelligence scores. However, the results have
been inconsistent as to whether patients with type I or
type II cortical dysplasia have worse presurgical neuro-
psychological assessments. Studies have reported that
patients with type I dysplasia have worse intelligence
scores than those with type II dysplasia (Tassi et al.,
2002: Krsek et al., 2008c). Other studies report that
patients with type II dysplasia are worse than those with
type L. or that there are no differences in intelligence
scores based on histopathologic grade (Klein et al., 2000:
Widdess-Walsh et al., 2005; Park et al., 2006; Krsek
et al., 2008a). It is important to note that the size of the
lesion is probably another factor to consider in assessing
intelligence scores in patients with cortical dysplasia. In
one study, more children with extensive cortical dyspla-
sia on neuroimaging were reported to show severe mental
retardation compared with those with focal cortical dys-
plasia (Klein et al., 2000). Another study reported a
higher frequency of maladaptive behavioral disorders in
patients with mild compared with severe cortical dyspla-
sia, but no differences were found in the incidence of
attention deficit hyperactivity disorder and disorders of
speech and language (Krsek et al., 2008c). Hence, more
comprehensive studies are needed to explain the variabil-
ity in neuropsychological profiles in patients with mild
and severe cortical dysplasia that may depend on dura-
tion of epilepsy, age at seizure onset, and extent of
disease on neuroimaging. Of note, there are preliminary
data supporting the notion that with early surgery and
seizure freedom, children with cortical dysplasia may
have improved developmental scales, and this depends
on stopping the seizures within 2 years of onset (Jonas
et al, 2004, 2005). It is unclear if early surgery is

Epilepsia, S0(6):1310-1335, 2000
doi: 10.1111/j.1528-1167 2008.01998.x

beneficial in adult patients with cortical dysplasia pre-
senting with new-onset epilepsy.

PATHOGENESIS AND
EPILEPTOGENESIS OF CORTICAL
DyYSPLASIA

Potential mechanisms of pathogenesis that explain
epileptogenesis are beginning to emerge from studies of
tissue removed at surgery from patients with cortical dys-
plasia. The findings from these studies have not always
been consistent, and this may depend in part on the age of
the patients and whether they have mild type I or severe
type II cortical dysplasia. Initially, it was thought that
mechanisms of epileptogenesis might involve an increase
in AMPA and NMDA-receptor mediated cellular excita-
tion or a loss of GABA-containing neurons leading to
reduced cellular inhibition (Spreafico et al., 1998; Kerfoot
et al., 1999; Najm et al., 2000; Alonso-Nanclares et al.,
2005). However, these ideas were probably overly
simplistic as they did not take into account developmental
changes in cellular receptors and circuits in dysplastic
tissue (Andre et al., 2004; Avoli et al., 2005).

Recently, most investigators have focused on how
abnormal cortical development can induce or contribute
to epileptogenesis in cortical dysplasia tissue (Najm et al.,
2007). Recent morphologic and in vitro electrophysiolog-
ic studies support the notion that areas of severe type Il
cortical dysplasia involve a more significant and earlier
tailure of cortical development than mild type I dysplasia
(Andre et al., 2004; Cepeda et al., 2006; Andre et al.,
2007, 2008). If correct, then seizure generation has been
hypothesized to be the consequence of incomplete cellular
maturation, and pathogenetic mechanisms will likely vary
in mild and severe cortical dysplasia tissue. These
research endeavors are still in their infancy; more studies
are needed to understand possible mechanisms of epile-
ptogenesis in cortical dysplasia tissue, and if the mecha-
nisms are different in cases of mild compared with severe
disease.

CrITiCcAL REVIEW AND FUTURE
CHALLENGES

From this literature review, the 2004 ILAE survey, and
the UCLA cohort, a picture emerges of the clinical charac-
teristics of patients with cortical dysplasia and the features
that distinguish those with mild Palmini type I from severe
Palmini type II cortical dysplasia. The most consistent
findings are summarized in Table 8, and begin to describe
what may become unique epilepsy surgery syndromes
involving patients with cortical dysplasia. Although we
have learned a great deal over the last decade from
retrospective surveys of surgical cohorts, our knowledge
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Table 8. Summary of clinical characteristics
of patients with cortical dysplasia

All patients with cortical dysplasia
Constitutes the most frequent histopathology in children and the
second or third most commen etiology inadults
Typically present with seizures and have surgery atan earlier age
than other etiologies in epilepsy surgery patients
Maost epilepsy surgical cases less than 3 years of age involve
cortical dysplasia
About | 5% of cases with cortical dysplasia will present with status
epilepticus, and 30% with a history of infantile spasms
About 50% of patients with cortical dysplasia will present with
localizing interictal and 68% with localized ictal scalp EEG findings
MR is abn ormal with signs specific for cortical dysplasia inabout
65% of cases
FDG-PET is positive in approximately 75-90% of patients with
cortical dysplasia. letal SPECT is positive in slightly over 50% of cases|
Owverall, 60% are seizure free after surgery. About B0% of
patients with comiplete resection are seizure free compared with
20% with incomplete resections
Mild type | vs. severe type |l cortical dysplasia
In children, about half of patients will have mild cortical dysplasia.
In adults, the majority have mild cortical dysplasia
Patients with severe cortical dysplasia are generally younger at
ageat surgery, age at seizure onset, have shorter seizure duration,
and higher seizure frequencies than mild type | cases
Severe type || cortical dysplasiais most often extratemporal or
hemispheric while mild Type | dysplasia is most often temporal
and lobarfocal
Approximately $0—100% of patients with type Il dysplasia will
show MRl abnormalities compared with | 5-60% of patients with
type | cortical dysplasia
Thereisa suggestion thatabout 5% of patients with type Il
cortical dysplasiamay relapse with seizure many years after surgery
Size of cortical dysplasia based on neuroimaging
Hemispherectomy/multilobar cases are generally younger atage
at surgery, age at seizure onset, and have shorter seizure duration
than lobar/focal cases for patients with both mild and severe cortical
dysplasia

of the clinical, electrographic, neuroimaging, and histo-
pathologic elements of patients with cortical dysplasia
should be considered mudimentary and incomplete. Future
studies would benefit from prospective multicenter col-
laborations that test current assumptions and ideas about
the pathogenesis of cortical dysplasia and how this tissue
generates seizures. A list of pertinent questions that could
form the focus of the next generation of research investi-
gations is indicated in the following.

Are we using the best histopat hologic classification
system to define cortical dysplasia? Do patients form
distinct subgroups, or is there a continuous spectrum
of histopathologic abnormalities of altered cortical
development that defines patients with cortical
dysplasia and correlates with clinical features of their
epilepsy?

For clinical and basic researchers, the introduction
of the Palmini classification system was an important
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step to uniformly define the nomenclature and grading
of patients with cortical dysplasia. Furthermore, as
illustrated in this review, there are some clinical and
neuroimaging differences found when comparing
patients with mild type 1 with severe type II cortical
dysplasia. However, most of the reported differences
in patients with type I and type II cortical dysplasia
involve age at presentation, seizure frequency, and
neuroimaging with minimal or no differences in
seizure semiology, interictal and ictal EEG, and other
findings. In addition, the Palmini grading system has
shown few substantial and consistently reported differ-
ences comparing patients with type IA with type IB
and patients with type IIA with type IIB cortical
dysplasia (Table 1) (Boonyapisit et al., 2003; Lawson
et al., 2005; Widdess-Walsh et al., 2005; Krsek et al.,
2008a). Hence, it appears that there are inherent
limitations to the Palmini system. In other words,
results using the Palmini classification system are
similar to earlier schemes that separated patients into
those with mild and severe cortical dysplasia based on
histopathologic criteria (Mischel et al., 1995; Tassi
et al.,, 2002).

The Palmini scale relies as major criteria on the
presence or absence of dysmorphic—cytomegalic neu-
rons and balloon cells and does not take into consider-
ation other histopathologic features of abnormal
cortical development. Likewise, the Palmini scale does
not consider the potential value of quantitative
morphometric  techniques and immunchistochemical
staining in classifying patients with cortical dysplasia
(Kerfoot et al.,, 1999; Andres et al., 2005). Hence,
future investigations may wish to determine if patients
with cortical dysplasia fit into clearly definable histo-
pathologic subgroups, or does the histopathology fol-
low a continuous spectrum of cytologic and histologic
abnormalities. Preliminary analysis of the UCLA series
suggests that a continuous histopathologic classifica-
tion system might be better suited for epilepsy surgery
patients with cortical dysplasia (Fig. 10A). In this
figure, the frequency of patients with increasing histo-
pathologic elements of abnormal cortical development
is plotted. Most patients have two to five features
consistent with cortical dysplasia. Furthermore, the dis-
tribution overlaps between patients with mild type I
and severe type 1l cortical dysplasia using the Palmini
system (Fig. 10B). By using more histopathologic
characteristics of abnormal cortical development in a
classification system it may be possible to develop a
grading system that better captures the broad clinical
characteristics of patients with cortical dysplasia. Such
a system might also address if mMCD and micro-
dysgenesis can be uniformly and clearly defined and
readily distinguished from milder forms of cortical
dysplasia.

Epilepsia, S0(6):1310-1335, 2000
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Figure 10.
Frequency histograms showing the percentage of cases
from the 20002007 UCLA cohort with one or more
histopathologic features of abnormal cortical develop-
ment consistent with cortical dysplasia. Cases were
reviewed for the presence of: () cortical disorganiza-
tion and dyslamination; (2) excessive heterotopic white
matter neurons; (3) dysmorphic—cytomegalic neurons;
(4) balloon cells; (5) excessive heterotopic neurons in
the cortical molecular layer; (6) marginal and nodular
glioneuronal heterotopias; (7) polymicrogyria; (8)
immature neurons; and (9) persistence of the subpial
granular cell layer. (A) The top graph shows the distri-
bution of all patients with cortical dysplasia. Notice the
continuum between patients with |-8 histopathologic
features of abnormal cortical development. (B) Distri-
bution for patients with Palmini type | (orange bars)
and Palmini type Il (yellow bars) cortical dysplasia
Notice the overlap for both patient groups if the
patient had one to four histopathologic features of
cortical dysplasia.
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Should a classification system of patients with cortical
dysplasia take into account the size of the lesionon
neuroimaging?

In this review, we showed that there were clinical dif-
ferences comparing patients with mild and severe cortical
dysplasia. We also showed that age at seizure onset, age at
surgery, and seizure frequency correlated independently
with the size of the lesion on MRI (Fig. 5). This raises the
question of whether a comprehensive classification sys-
tem for patients with cortical dysplasia should incorporate
newroimaging characteristics into the scheme. Neuro-
imaging features can be assessed noninvasively and quan-
titatively (Andres et al., 2005; Barkovich et al., 2005).
This might include size (Fig. 5) along with specitic MRI
features such as thickened gray matter and the transmantle
sign (Table 6, Fig. 6). Whatever the features, any neuro-
imaging classification system should identify areas of
cortical dysplasia in patients undergoing presurgical eval-
uations, and predict the histopathologic grade of the
lesion.

Are there different etiologies in patients with milder
forms of cortical dysplasia?

There is considerable confusion about the presence or
absence of abnormalities of cortical development if the
MRI is normal or shows encephalomalacia in patients
with mild cortical dysplasia. Therefore, it would be
important for future studies to address whether the his-
topathologic features in patients with mMCD and mild
cortical dysplasia are different depending on MRI fea-
tures. It would also be important to discern whether the
histopathologic characteristics of mMCD and mild corti-
cal dysplasia are different in patients with temporal lobe
epilepsy with and without hippocampal sclerosis and in
patients with other dual pathologies such as perina-
tal strokes (Marin-Padilla, 1999; Marin-Padilla et al.,
2002).

What is the incidence of cortical dysplasia in patients
with refractory epilepsy?

A substantial proportion of patients with cortical dys-
plasia have nonlocalizing foci using scalp EEG and “nor-
mal” MRI scans. Many of these are adult patients with
mild cortical dysplasia. This raises the important ques-
tion: How many patients with cortical dysplasia are we
missing by using current noninvasive presurgical proto-
cols that rely heavily on positive structural MRI scans?
The answer could be a substantial number. Hence, an
important challenge will be to validate “‘newer” presurgi-
cal protocols and technologies that can noninvasively
screen patients with refractory epilepsy for the presence
of subtle cortical dysplasia and improve our accuracy in
identifying patients with this disorder. This will be
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especially important for patients with mild cortical dys-
plasia without coexistent hippocampal sclerosis that are
currently MRI negative.

Several older and newer structural and functional
neuroimaging techniques are candidate tools that might
increase detection of cortical dysplasia in refractory
epilepsy patients (Hwang et al., 2001; Akhtari et al,
2006). For MRI, these techniques might include mag-
netic resonance spectroscopy (MRS) using high (>3T)
field strength magnets, diffusion tensor imaging (DTI),
dynamic perfusion imaging, functional MRI, and struc-
tural image analysis to quantify areas of gray and white
matter abnormalities (Eriksson et al., 2001; Raybaud
et al., 2006; Widjaja et al., 2007). Newer PET ligands,
such as flumazenil and alpha—("C)mem}rl—L—tryptophan,
need to be tested in patients with mild and severe
cortical dysplasia, and new PET ligands developed
perhaps based on findings from studies of excised
cortical dysplasia tissue (Juhasz et al., 2000a, 2000b).
Newer methods of EEG source imaging with high
density scalp electrodes need to be studied in patients
with mild and severe cortical dysplasia (Sperli et al.,
2006).

Are there different long-term surgical outcomes for
patients with mild and severe cortical dysplasia?

At present, there appear to be minimal differences
in the percentage of patient’s seizure free 1-2 years
after surgery, if the area of cortical dysplasia is com-
pletely removed. However, it is unclear if patients
remain seizure free four or more years after surgery,
and if outcomes vary depending on whether they had
mild or severe cortical dysplasia. Hence, long-term
studies of outcomes are needed to determine if there
are differences in the percentage of patients who are
seizure free along with developmental and psychoso-
cial results for patients with mild and severe cortical
dysplasia. These studies should exclude patients with
dual pathology, such as hippocampal sclerosis, who
are known to be capable of independent epileptogene-
sis, so that uniform populations of patients with corti-
cal dysplasia are studied.

Is there a developmental explanation for the greater
number of patients with mild cortical dysplasia who
have lesions in the temporal lobe relative to those
with severe dysplasia with lesions in extratemporal
locations?

If cortical dysplasia represents a malformation of
cortical development, then understanding why difterent
lobes of the brain are involved with mild and severe
dysplasia may offer clues to the pathogenesis of this
disorder. Understanding pathogenesis might predict
mechanisms of epileptogenesis that would be useful to
develop into treatments.
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What are the mechanisms of epileptogenesis in cortical
dysplasia tissue? Do mechanisms differ in patients with
mild and severe cortical dysplasia? Can mechanisms
gleaned from basic science research be developed into
novel treatments for patients with cortical dysplasia?

A current frustration for clinical teams that treat
patients with cortical dysplasia is the realization that a
substantial number of patients cannot undergo complete
resection of the MRI lesion or EEG focus because it
involves areas of important functional cortex. Another
future challenge will be to develop novel therapies that
might control seizures so that more patients with cortical
dysplasia can be successfully treated without increasing
the risk of new neurologic deficits. This may involve
nonsurgical remedies developed on the basis of mecha-
nisms learned from the basic science laboratory, involv-
ing abnormal cells and circuits in cortical dysplasia
tissue. These therapies will also need to include emerg-
ing knowledge of the genetic abnormalities that may be
different in patients with mild and severe cortical dys-
plasia (Ljungberg et al., 2006). Hence, there is a need
for more resources devoted to understanding the mecha-
nisms of epileptogenesis and pathogenesis along with
genetics in patients with cortical dysplasia, and whether
these mechanisms are different in those with mild and
severe disease. The use of human tissue also offers the
unique opportunity to try new pharmacologic treatments
as an adjunct in therapy discovery for patients with cor-
tical dysplasia. Therefore, it is anticipated that in the
tuture we will understand more about the clinical char-
acteristics and mechanisms of epileptogenesis in patients
with mild and severe cortical dysplasia, which can be
translated into novel therapies that may be targeted to
the distinct histopathologic elements found in this mal-
formation of cortical development.
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Improved outcomes in pediatric

epilepsy surgery
The UCLA experience, 1986-2008
- [

ABSTRACT

Objective: Epilepsy neurosurgery is a treatment option for children with refractory epilepsy. Our
aimwas to determine if outcomeas improved over time.

Methods: Pediatric epilepsy surgery patients operated in the first 11 years (1986-1997; pre-
1997) were compared with the second 11 years (1998-2008; post-1997) for differences in
presurgical and postsurgical variables.

Results: Daspite similarities in seizure frequency, age at seizure onset, and age at surgery, the
post-1997 series had more lobar/focal and fewer multilobar resections, and more patients with
tuberous sclerosis complex and fewer cases of nonspecific gliosis compared with the pre-1997
group. Fewer cases had intracranial EEG studies in the post-1997 (0.8%) compared with the
pre-1997 group (9%). Compared with the pre-12997 group, the post-1927 series had more
seizure-free patients at 0.5 (83%, +16%), 1 (81%, +18%), 2 (77%, +19%), and 5 (74%,
+29%) years, and more seizure-free patients were on medications at 0.5 (97%, +6%), 1 (88%,
+9%), and 2 ([76%, +29%), but not 5 (64%, + 8%, years after surgery. There were fewer compli-
cations and reoperations in the post-19397 series compared with the pre-1997 group. Logistic
regression identified post-1997 series and less aggressive medication withdrawal as the main
predictors of becoming seizure-free 2 years after surgery.

Conclusions: Improved technology and surgical procedures along with changes in clinical practice
were likely factors linked with enhanced and sustained seizure-free outcomes in the post-1997
series. These findings support the general concept that clearer identification of lesions and com-
plete resection are linked with better outcomes in pediatric epilepsy surgery patients. Neurology™
2010;74:1768-1775

GLOSSARY

AED = amtiepileptic drug; FDG = fluorodeoxyglucose; HIPAA = Health Insurance Portability and Accountability Act; IRB =
institutional review board; SEGA = subependymal giant cell astrocytoms; TSC = tuberous sclerosis complex; UCLA = Uni-
versity of California, Los Angales.

Surgery for children with refractory epilepsy has become an important treatment option over
the past 30 years. Initially, most patients were adolescents with focal lesions involving the
temporal lobe similar to adult epilepsy surgery.!? With modern neuroimaging (e.g., MRI
SPECT and fluorodeoxyglucose [FDGJ-PET), the number of surgical centers expanded, as did
etiologies and types of operations. Today, pediatric epilepsy surgery has evolved to include
extratemporal operations and cerebral hemispherectomy for children of all ages. Etiologies
range from cortical dysplasia, tumors, and perinatal strokes to rarer syndromes such as hemi-
megalencephaly, tuberous sclerosis complex (TSC), Rasmussen encephalitis, Sturge-Weber
syndrome, and hypothalamic hamartomas.* Many children are treated because they are at risk
for epileptic encephalopathies.*
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Table 1

epilepsy surgery cohorts pre- and post-1997

Varlable

Total casesly, mean + SD
Resactlon casesfy. mean = SD
Palllative cases/y. mean = SD
Resactlon cases as % of all
surgeries

Types of palllative casas n
Corpus callosotomy
Vagus nerve stimulator

Characteristics of University of California, Los Angeles pediatric ]

Allyears Pre-1997 Post-1897 pValue pre-
{n=571) In=182) (n=378) Vs post-1997
252+131 165+87 2347*103 00002°
184+85 144=73 227x789 0016°
63509 1714 114*46  <0.0001°
T4% 20% 67% <0.0001"
27 20 7 <0.0001"
119 o 119

= Significant difference [p < 0.05). Statistical tests include t tests and x* where appropriate.

Studies report favorable outcomes on surgical
cohorts from single centers, groups of centers fo-
cused for an age category, and patients with sim-
ilar etiologies and procedures.”*'* The aim of
this study was to determine if outcomes im-
proved over time.

METHODS Patient cohorts. The initial cohort consisted
of all paticnts who underwent cpilepsy neurosurgery at the
UCLA Pediatric Epilepsy Surgery Program from January 1986
to December 2008 (n = 580). Paticnts had pharmacoresistant
:pi]cpsy. defined as pcrsisttnr unplo\'okcd seizures after ade-
quate trials of 2 or more antiepilepric drugs (AED).* Excluded
were paﬂenn who had cmn]otomy without cortical resection (bi-
opsy onlys n = 4), diagnostic intracranial electrodes without
resection (n = 4}, and multiple subpial transections without cor-

tical excision {n = 1}, leaving a final cohort of 571.

Stlld}f design. Patients were sl:pmatnd into 2 groups based on the
darte of surgery. The pre-1997 group were patients operated from
January 1986 to December 1997 (n = 192). The post-1997 group
included patients operated from January 1998 to December 2008
(n = 379). The 1997 to 1998 transition was chosen because it was
the midpoint of the series and a previous publication summarized
our epilepsy surgical experience from that era® The findings of thar
study altered our approach in the post-1997 period. Specifically, we
strove to use multimodality neuroimaging to enhance identification
of epileptogenic lesions, advocated for complete surgical resection of
the lesion, and altered p gical medication manag, Pa-
tients were further subclassificd by their operative procedure into
thmc u.nd.crgoing Pa“.-lad\'t (cOI'PuS c:lﬂosﬂtm’n}' af‘d \'agus nerve
stimulators; n = 146) and resection operations (n = 423). Addi-
tional details are Methods on the Newralogy™ Web site

ilable in

at www.neurology.org.

Standard protocel approvals, registrations, and patient
consents. This research was approved by the University of Cal-
ifornia, Los }’mg:ls (UCLA) institutional review board (IRB),
and since enactment of Health Insurance Portability and Ac-
countability Act (HIPAA). patients or families have signed re-
search informed consents and HIPAA authorizations. Prior to
enacement of HIPAA, this study was considered by UCLA's IRB
to be exempt from requiring research informed consent. This
study is not a clinical trial, and it is not registered in any public

r:g]stry.

Statistical analyses. The pre-1997 and post-1997 groups
were compared for differences in clinical variables, surgical pro-
cedures, and postsurgical outcomes. StarView 3 (SAS Institute,
Inc., Cary, NC) was used for statistical analysis. Univariate sta-
tistical tests included Student £ test, analysis of variance, and f
Moultivariate tests included |og]stic regl:ssion and |og—]]ncar anal-
ysis. All tests were 2-tailed and the threshold for significance was
set a priori at p < 0,05, Univariate statistical analysis did not
include adjustments for multiple comparisons.

RESULTS General comparisons. The average cases
per year and the proportion of palliative operations
increased in the post—199? series cornpartd with the
pre-1997 group (table 1). For the post-1997 series,
there was a 58% increase in resection and a 570%
increase in palliative cases per year (p < 0.016) com-
pared with the pre-1997 group. In the pre-1997
group, palliative operations were 10% of all pediatric
cpilepsy surgery procedures, and consisted of corpus
callosotomy. In the post-1997 series, palliative opera-
tions were 33% of all surgical cases, and fewer corpus
callosotomy procedures were performed. Vagus nerve
stimulation, which was approved by the Food and Dimug
Administration in 1997, comprised 90% (119/126) of
palliative procedures in the post-1997 series.

Comparisons of resection cases. For UCLA pediatric
patients u.nclcrgo'mg rescctions, age at seizure onset
was | year or less in 51% of cases, which is similar to
findings from other pediatric epilepsy surgical cen-
ters (figure, A).* However, 24% of rescction patients
had their opcration by age 2 years, which is younger
than reported by many centers (figure, B).

There were no differences in most presurgical
clinical characteristics comparing the pre- and post-
1997 groups (table 2). Agc at scizurc onsct, age at
surgery, cpilcpsy durarion, gtnclcr, side of resection,
percentage of patients with a history of infantile
spasms, and the percentage of patients with daily or
more scizures were similar comparing the pre- with
the post-1997 group (table 2; P> 0.12). Owerall,
809% of paticnts underwent hemispherectomy or ex-
tratemporal operations compared with 20% with
temporal lobe resections, which is greater than re-
ported from many pediatric cpilepsy surgery cen-
ters. 211 There were no differences in the ratio of
temporal vs extratemporal operations comparing the
pre- and past-1997 groups (p = 0.377).

Within the UCLA cohort, differences were noted
in types of operations, ctiologics, and usc of intracra-
nial clectrodes comparing the pre- and post-1997
groups. Compared with the pre-1997 group, patients
in the post-1997 scrics had proportionally more lo-
bar/focal (+11%; p = 0.001; log-lincar analysis) and
fewer multilobar resections (—15%; table 2; r=
0.002). Using 1og—|incar a.nalysis, there was a highcr
proportion of patients with TSC (+7%; p = 0.024),
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Figure Frequency histogram

A

Number of cases
g

8% 7% 7% 5% 5%

3% 3% <1% 3%

1% 1% 2% 1%
<1% <1% <1% <1%

70

MNumber of cases

1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 18 17 18
Age at seizure onset
6% 6% 6% 6% 5%
4% 4% 5% 6%
4% 4% 3% 5%
3% 3% 3%

1 2 3 45 6

T &8 910 111213

2% 3%

14 15 16 17 18 19 >20

Age at surgery

Age at seizure onset (A} and age at surgery (B] for resection cases from 1386 to 2008 for University of California, Los
Angeles’s padiatric apilepsy surgary patients. Percentages are shown above each bar.

and fewer cases of nonspecific gliosis (—=7%; p =
0.002) in the post-1997 compared with pre-1997
groups. Other ctioh:ugics were not different between
the 2 series (_p = 0.03). Overall, dia.gnostic intracra-
nial EEG studies (phase II) were performed in 4% of
UCLA pediatric cpilepsy surgery patients (@bl 2).
Intracranial clectrodes were used in 15 paticnts in the
pre-1997 group, comparcd with 2 patients in the
post-1997 series (p = 0.0005).

Seizure freedom after resection. The percentage of pa-
tients with outcome data (rcporting rate) decreased
with longer follow-up durations for both the pre-
1997 and post-1997 groups (table 3). Compared
with the pre-1997 group, the post-1997 serics had
better reporting rates at 0.5 and 1 year (p < 0.012),
and similar reporting rates at 2 and 5 years after sur-

gery (p = 0.21).

Neurclogy 74 Juna 1, 2010

The percentage of patients seizure-free was greater
in the post-1997 scries compared with the pre-1997
group at 0.5 (+16%), 1 (+18%), 2 (+19%), and 5
(+29%) years after surgery (p < 0.0003). In the
pre-1997 group, the percentage of paticnts scizure-
free decreased from 67% at 0.5 years to 45% at 5
years after surgery (—22%; p = 0.0014). In the post-
1997 serics, the percentage of patients scizure-frec
was 83% at 0.5 years that decreased to 74% at 5 years
after surgery (—9@"0;‘0 = 0.207).

There was less variability in scizure category in the
post-1997 series. In patients with at least 2 years of
follow-up, morc paticnts were always scizure-frec
(+31%), fewer patients were never scizurc-frec
{—21%) or had late recurrence of seizures (—7%) in the
post-1997 scrics compared with the pre-1997 group
(p < 0.0001). Likewise, more patients became scizure-
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( Table 2 Characteristics of resection cases, University of California, Los ]
Angeles pediatric series pre- and post-1997
Allyears Pre-1887 Post-1997

Varlable In=425] I(In=172) n=253) pValue
Age at selzure onset, y, mean = 5D 28t38 23x+32 2734 0.217
Age at surgery, y, mean = SD FT+63 72x62 81*63 0122
Epllepsy duration, y, mean = SD 49+ 46 4847 4045 0.747
Female, % 48 44 47 0618
Left side. % 52 52 52 0.897
History of Infantlle spasms, % 30 3z 29 0181
Daily or greater salzure 78 83 74 0161
frequency. %

Intracranial electrodes, % 4 o =1 0.0005*
Operative locatlon, % 0377
Hemispheric 42 30 43

Extratemporal ag 42 as

Temporal 20 19 22

Operatlon type, % <0.00012
Hemispheractomy 42 30 43

Muitilobar 15 24" o

Lobar/focal 43 ar 45"
Histopathology/fetiology, % 0.0030°
Cortical dysplasla 36 34 b2 v
Atrophy/lschemliafinfection 18 22 15

Tumor 8 7 e

Hippocampal sclerosls 8 8 o

Hemimegalencephaly 8 7 8

Rasmussen syndrome 8 8 7

Tuberous sclerosls complex 7 3 i0®

MNonspecific gliosls 5 o2 e

Sturge-Weber syndrome 2 3 B

Vascular =1 ol o

= Difference by subgroup using log-linear analysis (p < 0.05; see text).

free after initial failure after surgery in the post-1997
scrics compared with the pre-1997 group (+4%).

The percentage of paticnts scizurc-free 2 years af-
ter surgery was different by location, type of opera-
tion, and ctiology (table 3). For all patients, those
who had nonhemispheric extratemporal operations
were less likely to be scizure-free (56%) compared
with cases undergoing hemispherectomy (75%) and
tcmporal (79%) resections (P = 0.0006). Simi].arl)',
patients who had multilobar operations were less
likely to be scizure-free (55%) compared with pa-
tients unclcrgoing hcmi.sphcrcctomy and lobar/focal
(67%) resections (p = 0.024). By ctielogy. more pa-
tients with hippocampal sclerosis and tumors were
scizure-frec compared with those with hemimegalen-
ccphaly, Rasmusscn syndrome, and TSC (p =
0.0054). Comparcd with the pre-1997 group, the
post-1997 scries showed that more paticnts were

scizure-free who had hemispherectomy, extratempo-
ral resections, and lobar/focal operations (.P <
0.041), but not temporal or multilobar rescctions
(p = 0.07). Likewise, compared with the pre-1997
group, the post-1997 scrics had a higher percentage
of patients seizure-free with hcmimcgalcnccp})aly
(p= 0.0001) and TSC (p = 0.028). Other etiolo-
gies showed no differences in seizure-free outcomes
comparing the pre- with the post-1997 groups.

Using outcomes at 2 years postsurgery, the per-
centage of patients seizure-free for both the pre- and
post-1997 groups did not corrclate with age at sci-
zure onset (p = 0.93), age at surgery (p = 0.61),
cpilepsy duration (p = 0.62), gender (p = 0.69),
side of resection (p = 0.66), history of infantile
spasms (p = 0.80), and presurgery scizure frequency
(p = 0.48).

AEDs after surgery. Mcdication usc after surgery
was different comparing the pre- and post-1997
groups (table 4). Although all paticnts met criteria
for mcclicall).' rcfractory cpilcpsy, 5 patients (1%)
were not using AEDs at the time of surgery (parent
preference).

Overall, the number of AEDs per paticnt de-
creased at all time points after surgery (table 4). The
proportion of patients using AEDs decreased from
96% at 0.5 year to 77% at 5 years after surgery (table
4). The withdrawal of AEDs was faster in the pre-
1997 group, with 31% not taking AEDsat 2 years of
Fol]ow—up, comparcd with 15% of patients in the
post-1997 series (p = 0.0005).

Similar findings were seen in the use of AEDs in
scizure-free patients after surgery. Compared with
the prc—199? group, the posr—l?f)? serics had more
seizure-free patients ta.king AEDs ar 0.5 (97%;
+6%), 1 (BB%; +9%), and 2 (76%; +29%), bur
not 5 (64% +8%) years after surgery. In the post-
1997 group, more scizurc-free patients were taking
AEDs at 2 years postsurgery for cases undergoing
h:misphcrccmm}' {+37%), cxtrattrnpora] (+22%),
temporal (+38%), and multilobar (+50%) resec-
tions. In addition, more scizurc-frec paticnts with
cortical dysplasia (+44%) and atrophic ctiologics
(+37%) were taking AEDs comparing the post-
1997 group with the pre-1997 series.

Complications and reoperations. For the entire serics,
scrious and permancnt complications were identificd
in 39 (9.2%) paticnts. The complication rate was less
in the post-1997 compared with the pre-1997 group
(aable 3; p = 0.0016). There are 11 (2.6%) known
deaths. Two deaths occurred during surgery (both in
the Prc—199? group) as prtvicrusl)-r rcportcd.“" There
were 9 |ong—ttrm deaths '|r1vo|ving accidents, status

cpilepticus, and sudden uncxplained death in epi-
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Table 3 Selzure outcome of University of California, Los Angeles pediatric
epilepsy surgery patients pre- and post-19972

Varlable All years Pre-1897 Post-1997 pValue
Reporting rate®
&6mo 95% (404/425) 02% (158/172) 97%(246/253) o0.012°
1y 920 (378/412) 57%(149/172) 95%(229/240) 0.0014°
2y 85%(326/382) 839%(143/172) 87%(183/210) 0271
5y 75%(236/314) 78% (134/172) 72%(102/142) 0215
Selzure-free p < 0.0001° p - 0.0014° p - 0.207
6mo 77%(310/404) 67%(106/158) 83%(204/246) 0.0003°
1y 74%(280/378) 63%(04/140) B81%(186/220) <0.0001°
2y 60% (223/326) 58%(83/143) 77%(140/183) 0.0003°
5y 50% (136/236) 45% (81/134] 74%(75/102) <0.0001°
Selzure category, 267 In-325) In-143) In-182)
Always selzure-free 57 40 71
MNever selzure-free 20 42 21 <0.0001°
Late selzure recurrence 7 12 5
Late selzure-free 5 5 ]
Operatlon location® p - 0.0006° p=-0071 p - 0.00896°
Hemispheric 75%(106/141) 66% (42/64)  83%(64/77) 0017°
Extratemporal 56%(7U126) 46%(27/58) 65% (44/68) 0.041°
Temporal 79%(46/58) 67%(14/21)  56%(32/37) 0073
Operatlon type® p-0.024° p-0.244 p-0169
Hemispherectomy 75%(106/141) 66% (42/64)  B83%(54/77) 0017°
Muitilobar 55% (28/51) 50% (17/34) 65% (11/17) 0.320
Lobar/focal 67%(89/133] 53%(24/45)  74%(65/B8) 0017°
Histopathology/etiology® p — 0.0054° p - 0.0025° p - 0.040°
Cortical dysplasia 72%(86/120] 68% (36/54) 76% (50/66) 0343
Atrophy/lschemla 58% (40/58) 57% (17/30) 79% (23/20) 0063
Tumeor 82%(18/22)  71%(5/7) &87%(13/15) 0.388
Hippocampal sclerosls  80% (24/27) 89% (8/9) 89% (16/18) 0.004
Hemimegalencephaly — 63% (17/27) 27% (3/11) 87% (14/16) <0.0001°
Rasmussonsyndrome  61% (16/26) 61% (8/13) 61%(8/13) 0.997
Tuberous sclerosls 50% (12/24) 0% (0/4) 60% (12/20) 0.028°
Monspecific gllosis 33%(5/15) 33% (4/12) 33%(1/3) 0.998
Sturge-Weber 80% (4/5] 100%(3/3) 50% (1/2) 0171
Other. % in=425) n=172) In=-253)
Complications -] 14 -] 0.0016°
Reoperations® 10 14 -] 0.0025°
CSFshunts 19 22 iy 0201

2 pvalues ovar vertical columns indicate statistical test for the column. Horizontal pvalues
indicate statistical tests comparing the pre- and post-1997 groups.

= Reported over expected number of patients.

< Significant difference (p < 0.05). Statistical tests include t tests and x® where
appropriate.

9 For patients with 2 and 5 years of follow-up.

*Percent seizure-frae at 2 years of follow-up.

* Based on year of initial operation.

lepsy (8 in the pre- and 1 in the post-1997 group).
The mean (+5D) dme from operation until late
death was 6.2 = 4.4 years (range 2-14 years). Five of

Neurclogy 74 Juna 1, 2010

the late deaths occurred more than 5 years after sur-
gery. There were 6 operative-related intracranial
bleeds that required a return to surgery for evacua-
tion (all in the pre-1997 group), 12 infections requir-
ing long-term IV antdbiotics (8 in the pre- and 4 in
the post-1997 groups), and 4 cascs of unanticipared
ncurologic deficits (cranial nerve Pa.]si:s, increased
motor and language deficits; all in the post-1997
group). [n addition, onc patient had a posterior cere-
bral artery infarct on the same side as the hemi-
spherectomy  (without  increased  neurologic
compromisc), 2 patients had tumor recurrence after
an initial cpilepsy operation, and 1 patient with TSC
developed a subcpendymal giant cell astrocytoma
(SEGA) after cpilepsy surgery (all in the post-1997
group).

Reoperations for epilepsy surgery occurred in 42
(9.8%) paticnts. The mean (=SD) time from first
last Dpcration was 3.1 £ 3.9 years (rangc [ d.ays—l‘l
years). Most of the reoperations (29/42; 69%) oc-
curred less than 3 years after the first operation. Most
had reoperations to convert a previous multilobar re-
scction inte cercbral hemispherectomy (n = 175 13
in the pre- and 4 in the post-1997 groups). Others
had completion of hemispheric disconnection after
an unsuccessful first operadon (n = 10; 6 in the pre-
and 4 in the post-1997 groups), further resection
involving lobar/focal operations (n = 9; 5 in the pre-
and 4 in the post-1997 groups), mu|tismgc reopera-
tions for patients with TSC (n = 3; all post-1997
group), and recurrent tumor {n = 2) or SEGA (n =
1; all post—199? group), The percentage of pati:nts
with rcoperations was greater in the pre-1997 group
compared with the post-1997 series (p = 0.0025).

CSF shunts were necessary in 79 (18.6%) patients
in this scries. Most CSF shunts were in patients un-
dergoing cercbral hemispherectomy (39.5%; n =
70/177) with fewer patients needing shunts with
multilobar (5%; 3/64) and lobar/focal (7%; 6/84)
resections. The use of CSF shunts was similar in
the pre- and post—199? groups (p = 0.201). For
hemispherectomy paticnts, the need for CSF
shunts was greater in the pre-1997 group (47%:;
32/68) compared with the post-1997 scries (34%;
37/109; p = 0.05).

Multivariate analysis. Logistic regression analysis was
performed using pre- and post-1997 groups, opera-
tion location, operation type, ctiology, and usc of
AEDs at 2 years postsurgery as indcpcndcnt variables
in a model with scizurc-free cases at 2 years postsur-
gery as the dependent variable. The period of evalua-
tion (pre- vs post-1997, p = 0.0001) and AED usc at
2 years (p << 0.0001) were associated with greater
percentage of patients with scizure-free outcomes,

but not operation type, location, or ctiology (p =

1772
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Table 4 Antiepileptic drug use, University of California Los Angeles pediatric
eohort: pre- and post-1997°

Varlable Allyears Pre-1887 Post-1897 pValue
No. of AEDs, mean = SD

Evaluation 24+10 23:10 25+10 o.022"
&6mo 16+08 1407 17 08 0.0002°
1y 13+09 12+08 14+08 0047
2y 12+10 10+10 12+08 0093
5y 12+10 12+10 12+43 0954

Patlents using AEDs
6mo o6%(387/403) 04%(148/158) o7%(239/245) 0052
1y 28%(331/378) B84%(125/140) o0%(206/229) 0079
2y 78%(255/326) 69%(99/143) 85%(156/183) 0.0005°
5y 77%(182/236) 80% [107/134) 74%(75/102) 0251

Selzure-free off AEDs®
6mo 50 (16/308) 9% (10/106) 3% (6/202) 0.015"
1y 15%(43/279] 21%(20/94) 12% (23/185) 0.050°8
2y 32%(71/223] 53%(44/33) 24%(27/113) <0.0001"
5y 40% (54/136]  44%(27/61) 36% (27/75) 0327

Selzure-free off AEDs

By operation locatlon® p=0260 p = 0458 p=0532
Hemispheric 37%(39/1068] 59%(25/42) 22% (14/64) <0.0001°
Extratemporal 26%(71/126] 44%(27/58) 20% (9/44) 0.031°
Temporal 24% (11/48) 50% [7/14) 12%(4/32) 0.0061°

Selzure-free off AEDs

By operation type? p - 0.085 p=-0196 p-10585
Hemispherectomy 37%(39/1068] 59%(25/42) 22% (14/64) <0.0001°
Muitilobar 39% (11/28) 59% [10/17) 9% (1/11) 0.0085°
Lobarffocal 24% (21/89) 37% (9/24) 18% (12/65) 0061

Selzure-free off AEDS

By histopathalogy/ p-0.464 p-0265 p-0719

etiology?
Cortical dysplasia 38% (33/8s) 64% [23/36) 20% (10/50) <0.0001"
Atrophy/ischemia 37% (15/40) 58% (10/17) 22%(s5/23) 0.017"
Tumor 17% (3/18) 33% (1/3) 15%(2/13) 0814
Hippocampal sclerosls  30% (7/24) 500 (4/8) 19% (3/16) 0111
Hemimegalencephaly — 17%(3/17) 33% (1/3) 7% (1/15] 0180
Rasmussansyndrome  21% (5/16) B0% (2/5) 45%(5/11) 0.590
Tuberous sclerosls 17%(2/12) 0% (of0) 17%(2/12) 0.890
Monspecific gllosis 40% (5/5] 25% (1/4) 100% (1/1) 0170
Sturge-Weber 25% (1/4) 100% (1/1) 67% (2/3) 0.505

Abbreviation: AED = antiepileptic drug.

*Horizontal p values indicate statistical tests comparing the pre- and post-1997 groups.
o Significant difference [p < 0.05). Statistical tests include t tests and x® where
appropriate.

© Percent of seizure-free patients not taking AEDs.

9 At 2 years of follow-up.

0.081). In other words, better postsurgical seizure-
free outcomes were linked with having surgery after
1997 and with less aggressive withdrawal of AEDs
after surgery.

DISCUSSION Despite similaritics in age at scizurc
onsct, age at surgery, cpilepsy duration, and other
presurgical clinical variables, this study identified dif-
ferences in presurgical and postsurgical clinical vari-
ables comparing the first 11 years (pre-1997) with
the sccond 11 years (post-1997) of our program.
Compared with the pre-1997 group, the post-1997
series showed more resection and palliative opera-
tions per year, more lobar/focal and fewer extratem-
poral and muldlobar rescctions, more paticnts with
TSC and fewer cases with non.spcciﬂc gliosis, fewer
paticnes with diagnostic intracranial clectrode stud-
ies, a higher rate of patients seizure-free at all mea-
sured time points after surgery, a lower proportion of
scizure-free patients not taking AEDs at 0.5, 1, 2,
and 5 years postsurgery, and fewer operative compli—
cations and rcoperations. Logistical regression identi-
fied the period of surgery (pre- vs post-1997) and
AED usc after surgery as the most important predic-
tors of becoming scizure-free. Taken together, these
results indicate that over time there were sustained
improvements in pediatric epilepsy surgery paticnts
at the UCLA program.

The improvement in surgical outcome for pediat-
ric epilepsy surgery patients was likely due to muld-
ple overlapping and intcracting factors, not a single
reason. These factors would include better presurgi-
cal noninvasive technology to identify epileptogenic
lesions, improved sclection of potential surgical can-
didatcs, and our conscious decision to completely re-
move the lesion at surgery and alter postoperative
AED management after 1997, For example, the use
of stronger MRI magnets with better software, thin-
ner slice FDG-PET scans, and incorporation of
FDG-PET/MRI corcgistrario n, MSI, and fMRI into
the presurgical evaluation process likely improved
the identification of the epileptogenic zone and im-
portant functional cortex.'™'¥ Better neuroimaging
technologics and cxperience in using them probably
cxplain the decrease in patients with nonspecific gli-
osis in the post-1997 scrics. Improved neuroimaging
probably also explains the increase in the percent of
patients with focal/lobar operations compared with
multilobar resections after 1997.7-2 Likewise,
changcs in practice, such as not rtducing AEDs so
quicld)' after surgery in seizure-free patients, were as-
sociated with better outcomes. Improved surgical
procedures, such as for cercbral hemispherectomy,
were likely related to better outcomes, reduced com-
p|ications, and rcopcrations in the post—l99?
group.?2

We also learned over time the importance of per-
forming complete resections in pediatric epilepsy
surgery paticnts.**? Before 1997, we often restricted

our cortical excisions to prevent ncuroh:rgic deficits
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such as pcrforrning multilobar tcmpora]—occipitai—
parictal resections in patients with mostly posterior
MRI findings and an incomplete hemiparesis. How-
cver, we found in the pre-1997 group that a signifi-
cant number of paticnts with incomplete operations
were not scizure-free with longer follow-ups and
needed additional surgery often 2 or more years after
the initial operation. Since 1997, we have altered our
approach and advocated for complete resections with
the initial operation, especially in young children at
risk for cpﬂcptic cnctphalopatl‘l)', even if that means
removing the motor-sensory cortex and other par-
tially functional cortex. More complete resections
might explain the better and persistent scizure con-
trol at 2 and 5 years of Foliow—up in the post—]997
series.”?* The number of reoperations, and eventual
scizure-free patients off medications with longer
follow-up durations, arc similar between our series
and the literature,'"#-3

Phase 1T intracranial EEG studies were used at a
lower rate than usually reported. The ILAE survey of
20 pediatric epilepsy surgery centers involving 543
children found that intracranial electrodes were used
in 27% of paticnts.” Furthermore, 9% to 73% of
pediatric patients were reported to usc intracranial
clectrodes in previous surgical cohorts 3881113 Our
lower rate of intracranial electrode implantation is
probably attributable to our approach of using mul-
tip|c noninvasive tech nologics and intraoperative
ECoG to identify the zone of cortical abnormaliry
likely responsible for cpileptogenesis. This is a differ-
cnt approach than targeting arcas of EEG icral onscts
for rescction. 32

Our study from a singlc center achieved high re-
porting ratcs for scizure outcome. However, the
reader should note that our series has a higher pro-
portion of younger paticnts, more cascs of hemi-
spherectomy, and fewer cases of temporal lobe
rescctions compared with other cohorts from pediat-
ric epilepsy surgery centers.? 8111328 Thus, compari-
sons of outcomes may or may not be similar when
other centers report their long-term findings.

The reader should be awarc of the inherent limi-
tations of our study. For example, this was a retro-
spective analysis. As such, we can only infer cause
and effect from our findings. Prospective multicenter
studies will be necessary to determine if the presurgi-
cal evaluation, surgical approach. com plcttncs.s of re-
section, and AED use after surgery is linked with the
best postsurgical scizure-free outcomes.™® Likewise,
we did not asscss cognitive and developmental out-
comes.” > Over the 22 years we have found it
more difficult to obtain approval of these studies
from insurance companies. Thus, it is Possiblc that

some patients were cognitively improved despite not
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bcing seizure-free after surgery. FinaUy, we have
S-ycar outcome data on a proportion of paticnts in
the post-1997 series. As we have learned from our
analysis, we will need to follow this cohort to deter-
minc if the findings related to scizure control, late
deaths, and reoperations remain valid.

This study is pertinent for the practicing neurolo-
gist because it indicates that with improved technol-
ogics and greater clinical expericnce including
management of postoperative medications a signifi-
cant proportion of pediatric paticnts can expect to
become seizure-free after surgery. This finding
emphasizes the conclusion of the ILAE Sub-
Commission on Pediatric EPilCPS}’ Surgery that all
children with therapy-resistant epilepsy of unknown
ctiology should be referred to an experienced center
for diagnostic cvaluation and surgical consideration.
These children arc at risk for cpileptic encephalopa-
rhy, and some may be candidates for cortical resec-
tions with a high chance of becoming scizure-free if
an expericnced surgical team can identify a surgically
treatable cticlogy and remove it Even if not a
resection candidate, these children may be offered

alternate treatments, includi ng paﬁiad\.’t operations.
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ABSTRACT

Background: Focal cortical dysplasias (FCD) are the most common etiological
substrate in pediatric epilepsy surgery. Type | FCD patients frequently have
hippocampal sclerosis (HS), but the mechanisms underlying hippocampal damage in
such patients is unknown. In this study, we performed a clinical-pathological study to
identify the pathogenic mechanisms of hippocampal damage in children with
refractory temporal lobe epilepsy (TLE) associated with FCD.

Methods: We included patients with refractory epilepsy operated on the temporal
lobe, whose neuropathological examination revealed FCD (FCD type | and Il groups).
As comparison groups, we included patients with temporal low-grade tumors (LGT
group), patients with TLE without neocortical lesions, with or without hippocampal
sclerosis (HS/NNL group), and autopsy controls (Autopsy group). Clinical variables
were correlated with the presence of hippocampal damage evaluated by MRI,
histopathology and neuronal densities.

Results: A total of 108 children were included in the study, 41 patients in the HS/NNL
group (38%), 32 in FCD type | group (29.6%), 20 patients in LGT (18.5%), 5 patients
in FCD type Il group (4.6%), and 10 autopsy cases (9.3%). The prevalence of na
initial precipitating injury (IPl) was low in LGT group, intermediate in FCD type | and Il
groups, and high in HS/NNL group (P<0.001). Half patients in the FCD type | group
had hippocampal damage in qualitative studies, and lower neuron densities in
several hippocampal subfields when compared with Autopsy group. The analysis
showed that, in FCD type | and HS/NNL groups, the presence of an IPl was
associated with lower neuronal densities in fascia dentate and Sommer’s sector (CA1
and prosubiculum).

Conclusion: Our results support the view that, similar to mesial temporal lobe
epilepsy associated HS (MTLE-HS) patients, the mechanism of hippocampal damage
frequently seen in type | FCD patients appears to be related to an IPI.
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INTRODUCTION

Focal cortical dysplasias (FCD) are the most common etiological substrate in
pediatric epilepsy surgery' and one of the most common substrates in adults.?*
According to the most recent classification scheme, FCDs are distinguished between
mild type | and severe type I1.° Type | FCDs may be characterized exclusively by
cortical disorganization and dyslamination (type IA FCDs), or may also include
hypertrophic pyramidal neurons outside layer V (type IB FCD). Beside the
architectural disturbances of cortical lamination seen in Type |, Type Il FCDs present
with gross histopathological changes including dysmorphic neurons (FCD type IIA) or
balloon cells (FCD type 1I1B). Though belonging to the same pathological category,
patients with type | and type Il FCDs have different clinical profiles. Patients with type
| FCD frequently have a more widespread disease, more severe cognitive
impairment, and poorest postsurgical seizure outcome.® ’ Patients with type Il FCDs
are younger at seizure onset, younger at surgery, and have increased seizure
frequency when compared with those with type 1.2

Different pathogenic mechanisms appear to be implicated in the genesis of different
FCD types. Type Il FCDs, characterized histologically by the presence of abnormal
cell types that failed to differentiate at early stages of development, are probably
secondary to abnormal cell proliferation. On the other hand, type | FCDs are
considered secondary to abnormal cortical organization, acquired in late stages of
cortical development, after most of the period of cell proliferation was completed.?
Supporting this theory, type | FCD patients more frequently have temporal lobe
epilepsy (TLE) and a history of perinatal problems, when compared to patients with
type Il FCD. In addition, type | FCD is frequently associated with hippocampal
sclerosis (HS), a most likely acquired pathology.” ® However, the mechanisms that
lead to hippocampal damage in children with FCD are still not completely understood.
Evaluating the relationship between FCD and HS is important not only to understand
the mechanisms underlying hippocampal damage in FCD patients, but it may also
have implications to clinical management. For example, it has been shown that when
both substrates are present (dual-pathology), surgical removal of both the FCD and
atrophic hippocampus is the best surgical approach.'® ' Therefore, during
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presurgical evaluation, the identification of clinical characteristics and events that
predispose patients with FCD to develop HS or characteristics of patients with HS
that suggest the presence of FCD, would suggest the presence of dual pathology,
that warrants a more precise definition of the true epileptogenic area prior to surgical
treatment.

Clinical-pathological studies in children and adults with TLE performed by our group
have identified that the mechanisms of seizure-related hippocampal damage are
linked to an initial precipitating injury (IP1), yet additional hippocampal damage can
occur due to chronic limbic seizures.'*™ In this study, we performed a clinical-
pathological study to identify the pathogenic mechanisms of hippocampal damage in

children with refractory TLE associated with FCD.
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PATIENTS AND METHODS

Study design and setting
Study design: This is a case-control study to investigate the mechanisms of

hippocampal damage in children with FCD. The study groups (cases) included
patients with refractory epilepsy operated on the temporal lobe, whose
neuropathological examination revealed FCD (FCD type | and Il groups). As
comparison groups (controls), we included patients with temporal low-grade tumors
(LGT group), patients with TLE without neocortical lesions, with or without
hippocampal sclerosis (HS/NNL group), and autopsy controls (Autopsy group). Then,
clinical variables were extracted from the charts and correlated with the presence of
hippocampal damage evaluated by qualitative (MRI and histopathological) and
quantitative (neuronal densities) methods. Finally, we performed multivariate and
stratification analysis to control for possible confounding variables.

Setting: Fifty-nine children were from University of California, Los Angeles, USA,
operated between 1996 and 2008 (UCLA). Thirty-nine children were from Faculdade
de Medicina de Ribeirdo Preto, Brazil, operated between 2001 and 2008 (FMRP-
USP). All patients had drug resistant epilepsy, defined as failure of two different
appropriate anti-epileptic drugs (AEDs) to bring seizures under complete control
when used as prescribed and pushed to the maximum tolerated levels.'® All autopsy
controls were from Ribeirdo Preto. Informed consent was obtained to use clinical

data for research studies in both institutions.

Case ascertainment and control selection

All patients included in this study were submitted to TL surgery because their
presurgical evaluation workups had suggested the TLE as the origin of seizures. The
TL to be resected was defined based on the convergence of video-EEG monitoring
and neuroimaging abnormalities. The clinical protocols have been previously
published elsewhere.'® " In brief, the presurgical evaluation workup included
detailed history and neurologic examination, interictal and ictal scalp EEG, and, when
necessary, intracarotid amobarbital injections (Wada test) or functional MRI for

evaluation of memory or speech representation in both institutions. Neuroimaging
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studies included 1.5T MRI (UCLA and FMRP-UCLA), "®fluoro-2-deoxyglucose PET
(FDG-PET, only UCLA), and ictal SPECT (only FMRP-UCLA). Finally, at surgery,
electrocorticography further defined the extension of the brain regions to be removed
based on background slowing, location of interictal spikes, and ictal discharges
(UCLA and FMRP-UCLA).

FCD group: Patients with refractory TLE whose histopathological examination of
resected tissue revealed FCD were included in this group. After reviewing the
neuropathology reports, patients were further classified according to Palmini’s
classification scheme in mild type | and severe type |l FCD, as follows.” If
histopathological examination revealed cortical disorganization and dyslamination or
hypertrophic neurons without abnormal dysmorphic neurons or balloon cells, were
classified as Type | FCD. Those with cortical disorganization and dyslamination plus
abnormal dysmorphic neurons or balloon cells were classified as Type Il FCD.

LGT group: Patients with refractory TLE whose histopathological examination
revealed low-grade tumors were included in this group. Histopathological diagnosis of
LGT was defined according the current WHO classification.'®

HS/NNL group: In this group, we included all patients with TLE whose

neuropathological examination did not reveal any other lesion other than
hippocampal sclerosis (HS). MRI-negative patients were also included if history,
clinical examination, video-EEG monitoring, and neuroimaging studies clearly
suggested TLE.

Autopsy controls: For comparison purposes, hippocampal tissue was obtained from

autopsy of children with similar age without neurological disease. Death in the
autopsy group was from acute cardiac, sepsis, or traumatic causes. The median
(range) post mortem delay was 7.5 hours (5.5 to 14).

Variables

Evaluation of hippocampal damage
Qualitative MRI: MRI scans performed in a 1.5T scanner were reviewed for the

qualitative presence/absence of hippocampal abnormalities, namely increased signal
changes in T2-weighted sequences and atrophy in T1-weigheted MRI.
Hippocampal tissue processing: At surgery, a standard en bloc anterior resection

including 3-4 cm of the hippocampus was performed. One or more 1.5-2 cm blocks of
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neocortex and adjoining white matter were microsurgically removed and the blocks
were immersion-fixed for immunocytochemistry.

Qualitative histopathological assessment of hippocampal damage: The hippocampal

slides were reviewed by two examiners (TRV and GWM) and classified as normal
(no-HS), classical hippocampal sclerosis (classical-HS), severe hippocampal
sclerosis (severe-HS), or undetermined. Hippocampi without hippocampal cell loss
were classified as no-HS. Those with severe neuron loss in Sommer’s sector [CA1
and Prosubiculum (PRO)] and endfolium (hilus and CA4), associated with some
neuron loss in fascia dentata (FD) and CA3, but relative preservation of CA2 and
subiculum (SUB) were classified as classical-HS. If the hippocampal neuron loss was
more severe and widespread, we classified as severe-HS. Hippocampi missing
several subfields and those with preparation artifacts, preventing a proper
classification, were classified as undetermined. Hippocampi classified differently by

the two examiners were reviewed together to reach a consensus.

Hippocampal neuron densities: Hippocampal sections were stained with cresyl violet
for neuron counts (10um sections). The neuron counts were performed by one
person (MH), blind for the clinical and neuroimaging data. Cell count procedures
followed previously published protocols.'® Briefly, counts were performed at 400x
using an ocular grid. For stratum pyramidale, 20 boxes in sequential 2 x 2 box
segments (104 x 1040 um) were selected; for the smaller granule cells, a linear 1 x 5
box was used (52 x 260 um), and counts over four such areas (both top and bottom
granule cell blades) were averaged. Neuronal densities were computed as:
N(neurons/mm?) = A{]M/(L + M)] divided by the volume of the sampling area (10 pHm x
area of grid), where A is the number of counted nuclei, L is the average length of the
nucleus, and M is the section thickness.'® The subfields evaluated were the granule
cells of upper and lower fascia dentate (FDU and FDL), CA4, CA3, CA2, CA1 stratum
pyramidal, PRO, and SUB neurons. The results are given in number of cells per
cubic millimeter (cells/mm?), reflecting estimates of the number of neurons per unit
volume, not "absolute" calculations of total neurons per hippocampus. Because
stereological methods for estimating total neurons require availability of the entire
hippocampus, they are not feasible for surgical specimens. In addition, we are aware
that, due to the injury-induced shrinkage of their somata, Nissl-stained neurons can
be more difficult to differentiate from the surrounding glia in comparison with

neuronal-specific staining methods. However, as the tissue from all groups were
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processed and counted similarly, statistical differences in neuron densities can be
accepted as valid.'®?! Finally, as we did not measure stratum granulosum width,
lower densities in FD may reflect only granule cell dispersion, more than real neuron
loss.

Clinical variables

To evaluate the clinical variables associated with hippocampal damage, the charts
from all patients were reviewed and clinical variables abstracted from the files. The
data included age at seizure onset, age at surgery, epilepsy duration, gender, seizure
frequency per month, seizure type (complex partial or generalized seizures), and
presence of an IPI. An IPl was defined as any medical event or incident of probable
cerebral injury associated with unconsciousness for at least 30 min or alteration in
cognition for more than 4 hours.? This information was collected retrospectively from
the various presurgical evaluation interviews, without knowledge of the hippocampal
pathology. The IPls were classified as seizure (febrile seizures, status epilepticus) or

non-seizure types (meningitis, encephalitis, or head trauma).??

Statistical analysis

To evaluate differences between categorical variables among groups we used Chi-
square test. To obtain an accurate significance level in tables with 0 cell counts or
tables with more than 20% of cells with counts lower than 5, we used Exact Tests.
For numerical variables, variables were evaluated using Student t (2 groups) or
ANOVA tests (more than 2 groups) for normally distributed variables, or their
correspondent (Mann-Whitney and Kruskal-Walis tests) for non-normally distributed
numerical variables. Post-hoc analysis after ANOVA tests were performed using
Games-Howell test for unequal variances. Correlation between two numerical
variables was evaluated using the Spearman correlation test.

To control for confounding we used simple stratification methods or multivariable
analysis [General Linear Model univariate (ANCOVA)]. For some hippocampi, one or
more subfields were injured during the surgical procedure, resulting in missing data
for these subfields. However, missing data analysis revealed that these events
occurred completely at random (P=0.399, Little’s MCAR test). The SPSS® package
(release 16.01) was used for statistical analysis.
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RESULTS

Clinical characteristics of study participants

A total of 108 children were included in the study, 41 patients in the HS/NNL group
(38%), 32 in FCD1 group (29.6%), 20 patients in LGT (18.5%), 5 patients in FCD2
group (4.6%), and 10 autopsy cases (9.3%). The prevalence of patients with type |l
FCDs occurring exclusively in the TLE in our series was low. The histopathological
diagnosis of LGTs were dysembryoplastic neuroepithelial tumor (N=9),
ganglioglioma/gangliocytoma (N=7), and oligodendroglioma (N=4). Fifty-two
individuals were female (48.1%). The median (range) age at seizure onset was 4
years (0.1 to 15), the median age at surgery was 12 years (1 to 18), the median
epilepsy duration was 6.5 years (0.5 to 16), and the median seizure frequency was
18 seizures per month (1 to 500). There were no differences between the age of
death in the autopsy group and age of surgery in patients with TLE (mean difference
= 1.8 year, P=0.429, Mann-Whitney U test). The etiological profile of UCLA patients
was different from FMRP-USP patients, with type | FCD patients more frequent at
UCLA and HS/NNL patients more frequent at FMRP-USP (P=0.008, Exact test).
However, other variables such as age at seizure onset, age at surgery, epilepsy
duration, and the percentage of patients seizure-free after surgery were similar
between the two locations (data not shown).

Table 1 shows the clinical characteristics of the participants divided by
neuropathological category. The groups were similar in relation to age of seizure
onset (P=0.820; ANOVA), but the age at surgery was higher in HS/NNL group when
compared with LGT and FCD type Il groups (P=0.014; ANOVA). This resulted in a
lower epilepsy duration in these groups when compared with HS/NNL (P=0.013;
ANOVA). In addition, seizure frequency in both FCD groups was significantly higher
than HS/NNL and LGT groups (P=0.002; ANOVA). There were no differences in
relation to gender and the proportion of patients with complex partial seizures
between groups (P=0.848 and P=0.360; respectively). The prevalence of IPl was
significantly different between groups (P<0.001, Exact test), with a low prevalence in
LGT group (0%), intermediate in FCD type | and Il groups (40% and 47%;
respectively), and high in HS/NNL group (80%). The IPI type was similar between
groups. A seizure-type IPl was more frequent in all subgroups, being found in both
patients with IPl in FCD type Il group, 67% of patients with IPIin FCD type | group,
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and 70% of HS/NNL group (P=1.0, Exact test).

Ninety patients had at least one year of postsurgical seizure outcome available for
analysis. The mean (xSD) follow-up time was 3.6 (2.7) years and the overall
percentage of seizure-free patients was 79%. The proportion of seizure-free patients
was similar between groups (P=0.360, Exact test), with 93% of seizure freedom in
LGT, 81% in FCD type I, 80% in FCD type Il, and 72% in HS/NNL group.

Prevalence of hippocampal damage according to neuropathological category
MRI qualitative assessment: As expected, the analysis of MRI scans showed that the

proportion of patients with hippocampal abnormalities was high in HS/NNL group
(93%). Dual pathology of the TL (hippocampal atrophy and increased signal intensity
associated with FCD) was observed in a sizable proportion of FDC type | (50%) and
FCD type Il groups (40%). In patients with LGT MRI signs of hippocampal was
observed in a small proportion (27%, P<0.001, Exact Test). For details, see Table 1.

Qualitative histopathological assessment of hippocampal damage: Eighty-five

hippocampal specimens were available for qualitative assessment (79% of cases).
Similar to MRI analysis, the proportion of patients with hippocampal sclerosis was
significantly different between groups (P<0.001, Exact test), with a higher proportion
in HS/NNL group (80%), intermediate in FCD type | group (41%), low in LGT group
(20%), and 0% in Autopsy group. Only 3 patients in the FCD type Il group had
hippocampal specimens available for analysis, 2 patients were classified as no-HS
and 1 patient as undetermined. Finally, the proportion of patients with severe HS was
higher in HS/NNL group, when compared with other groups (P<0.001, Exact test).
For details, see Table 1.

Hippocampal neuron densities: Figure 1 shows the neuronal densities displayed by

neuropathological category. Post-hoc analysis showed that the neuronal density was
lower in HS/NNL group when compared with Autopsy in all subfields (P<0.001 to
P=0.013), except SUB (P=0.077). In FDU and CA1, the neuronal density in HS/NNL
was lower than all other groups. The neuronal densities in CA4 and CAS3 were
significantly lower in FCD type | group when compared with Autopsy (P=0.002 and
P<0.001, respectively). In SUB, type | FCD neuronal densities were lower than other
groups, but not significantly (P=0.077). The neuronal densities in LGT and FCD type
Il groups were similar to Autopsy group in all subfields.

In summary, the evaluation of hippocampal damage by qualitative (MRI and
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histopathology) and quantitative estimation of hippocampal neuron densities revealed
similar results. As expected, HS was more prevalent in HS/NNL group. However,
about 40-50% of patients in FCD type | group had hippocampal involvement in
qualitative studies, and several hippocampal subfields had lower neuron densities
when compared with Autopsy. The percentage of patients from LGT group with
hippocampal involvement was low in qualitative analysis (20-27%) and the neuronal

densities were similar to Autopsy group in quantitative histopathological analysis.

Correlation between clinical variables and hippocampal damage

Univariate analysis

Table 2 shows the univariate analysis of neuronal densities for each hippocampal
subfield in relation to clinical variables (neuropathological category,
presence/absence of an IPI, epilepsy duration; age at surgery, age of seizure onset,
and seizure frequency). As expected, the neuronal densities were associated with the
neuropathological category in all subfields. The neuronal densities also correlated
with epilepsy duration in FDL, CA2, and CA1; with age at surgery in FDL, CA4, CA2,
and CA1; and with age of seizure onset in CA4. There were no correlation between
seizure frequency and the neuronal densities in any subfield of hippocampal
formation. In most subfields, there was a correlation between the neuronal densities
and the presence of an IPI (FDU, FDL, CA4, CA3, CA1, and PRO). Of note, all
patients with severe HS in HS/NNL and FCD1 groups had a positive history of IPI.

Multivariate analysis

Because neuropathological category was associated with neuronal densities and the
presence of an IPl and age at surgery, we performed a multivariate analysis to
control for confounding (General Linear Model-ANCOVA). The independent variables
included in the model were neuropathological category and presence/absence of IPI
as factors; and epilepsy duration and age at surgery as covariables (Table 3).
Because the small sample size in FCD type Il group and the absence of patients with
an IPl'in LGT group, both groups were excluded from the multivariate analysis. The
analysis showed that, in FCD type | and HS/NNL groups, the presence of an IPIl was
independently associated with lower neuronal densities in FD and Sommer’s sector
(CA1 and PRO), even controlling for the neuropathological category, age at surgery,
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and epilepsy duration. When controlled for age at surgery, epilepsy duration was not
correlated with neuronal densities in any hippocampal subfield (see Table 3 for
details). Therefore, multivariate analysis showed that the presence of an IPl was the
most important variable associated with hippocampal damage in both type | FCD and
HS patients.

To illustrate the association between IPI and neuron densities we stratified patients
with type | FCD and HS/NNL in those without or with IPI (Figure 2). The stratification
analysis showed that neuron densities in patients with FCD type | without IPI were
similar to Autopsy in all subfields, except CA3. On the other hand, neuron densities in
FCD type | patients with IPl were very similar to HS/NNL with IPI. In fact, post-hoc
analysis (Games-Howell test) revealed that in FDU, FDL, CA4 and PRO the neuron
densities were lower in type | FCD patients with a history of an IPl when compared
with Autopsy. In CA1, HS/NNL patients with a history of IPl had lower densities when
compared with FCD type | patients with IPI (Figure 2).
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DISCUSSION

Previous studies have shown that hippocampal damage is frequently found in
patients with type | FCD. In mesial temporal lobe epilepsy associated with
hippocampal sclerosis (MTLE-HS), we have shown that hippocampal neuron loss is
probably related to events occurring in infancy and childhood (IPI),' '* 2% put the
mechanisms causing hippocampal damage in children with type | FCD are still not
completely understood. To address this question, we performed a clinical-
pathological study in a series of children with TLE. Our results showed that 50% of
children with type | FCD had significant hippocampal damage and 47% had a history
of an IPI. We also found that lower hippocampal neuron densities were strongly
associated with a history of IPI, even controlling for confounding variables.
Hippocampal neuron loss was not associated with other clinical variables, such as
seizure frequency, age at surgery, and epilepsy duration. Taken together, our results
support the notion that, similar to MTLE-HS patients, the hippocampal damage in
patients with type | FCD is most likely an acquired pathology resulting from an IPI.

Interpretation of study’s results

Our results are in line with other studies showing that type | FCD occur frequently in
the TL in association of hippocampal damage (dual pathology), while type Il FCD is
rarely found exclusively in the TL.% "% 2 The frequent localization of type | FCD
lesions within the TL is one of the postulated theories for the development of
hippocampal damage in such patients. Because of its proximity to the hippocampus,
chronic and frequent limbic seizures could result in neuronal loss, while seizures

arising from extratemporal lesions would not.?°

This could explain, for example, why
dual pathology is less frequent in type Il FCD patients, since it is rarely found
exclusively in the TL. However, contradicting this theory, patients with LGT localized
in the TL rarely had MRI or histopathological evidence of hippocampal damage (27%)
in our series, as previously reported by other studies.® In addition, previous studies
have shown that malformations of cortical development are associated with
hippocampal atrophy independent of the distance of the lesion from the hippocampal
formation.*® Finally, hippocampal neuron densities in our series did not correlate with
seizure frequency or epilepsy duration, suggesting other mechanisms for the

neuronal loss other than an exclusive kindling-like mechanism.
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Our study is in agreement with other studies showing the common occurrence of
perinatal and postnatal events in patients with mild type | FCD.® Using quantitative
methods to evaluate hippocampal neuronal loss, we found that in TLE patients with
type | FCD a history of IPl was associated with decreased hippocampal neuronal
densities in FD and Sommer’s sector (CA1 and PRO). On the other hand, LGT
patients had no history of an IPI and hippocampal damage revealed by MRI and
histopathology was uncommon (27% and 20%, respectively). Moreover, while type |
FCD patients without a history of IPI had hippocampal neuron densities similar to
autopsy cases without neurological disease, type | FCD patients with a history of IPI
had a neuron loss pattern very similar to classical HS patients with a history of IPI
(Figure 2). Taken together, our data suggest that the mechanism of hippocampal
neuron loss in patients with type | FCD was related to the IPI, which was confirmed
by multivariate analysis that controlled for confounding. In other words, our data
support the idea that a pre-existing lesion (type | FCD) may predispose late events in
childhood (prolonged seizures or status epilepticus), which may result in hippocampal
damage.”’

We cannot exclude, however, that the same pathogenic mechanism responsible for
the development of type | FCD might have contributed for the development of
hippocampal damage. As stressed before, mild type | FCDs are believed to be
secondary to late events during brain development, which might alter local cell
maturation and result in abnormal cortical organization and giant, dysplastic cells.*
This idea is supported by previous descriptions of cytoarchitectural disorganization,
abnormal arrangement of neurons, and hypertrophic neurons in primarily undamaged
cortex of children with perinatal brain damage (acquired cortical dysplasia).*
Therefore, it is possible that events occurring in late periods of brain development
could result in both acquired FCDs and hippocampal damage. This could predispose
children to a second insult occurring late in life (IP1), resulting in additional
hippocampal damage. Then, after a latent period when changes in the brain that
involve neuroplasticy in response to both events occur, resulting in excess excitability
and late TLE. Supporting this idea is the fact that, in our series, classic HS was found
in patients without a history of an IPI, but all patients with severe HS revealed by
qualitative histopathological analysis had a history of an IPI.

In relation to patients in the HS/NNL group, our study showed that the prevalence of
an IPl was as high as in adult series.'? It also confirmed our previous findings that
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children with TLE had neuron losses in an amount and pattern similar to adults with
TLE, with greatest cell loss in Sommer’s sector (CA1 and PRO) and CA4, and
relative sparing of CA2.'® As the mean age at surgery of HS/NNL patients in our
series was only 13 years, our study supports the notion that, although some
additional damage can be a result of chronic limbic seizures, most hippocampal

damage is already present in early stages of the disease, as suggested previously.'

Study limitations

Limitations of the study are the fact that this is a pediatric cohort, with a different
clinical profile compared with adult series (lower age of seizure onset and age at
surgery, higher seizure frequency, and smaller latent periods). In addition, although
we combined the series of two institutions to increase sample size, we still had a
small size for subgroup analysis. Finally, as we performed a clinical pathological
study evaluating hippocampal tissue, we included only TLE patients, which limited
our ability to make inferences about FCDs localized in other brain regions. Further
studies using volumetric neuroimaging techniques can confirm the concept proposed
in this study and evaluate the role of the localization of FCDs in the development of
hippocampal damage.

On the other hand, we should note that, by including only pediatric epilepsy patients,
we had the opportunity to evaluate and test pathogenic hypothesis in very early
stages of the disease, which enabled us to confirm concepts generated by studies
performed mostly in adults. Finally, as we included patients from two sites, we
believe that we increased the external validity and, consequently, the generalizability
of our findings.

In conclusion, our results support the view that, similar to MTLE-HS patients, the
mechanism of hippocampal damage frequently seen in type | FCD patients is related
to an IPIl. From the perspective of presurgical evaluation, our study showed that
patients with type | FCD have a much higher seizure frequency than patients with
MTLE-HS. Therefore, in patients with hippocampal atrophy on MRI, an unusually
high seizure frequency should suggest the presence of dual pathology. In patients
with MRI evidence of FCD, dual pathology is more likely if a history of an IPI is
identified. In both situations, a careful assessment of the extent of the epileptogenic

zone is warranted.
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Table 1. Clinical characteristics of participants divided by neuropathological category.

Autopsy LGT FCD2 FCD1 HS/NNL P-value
N=10 N=20 N=5 N=32 N=41

Age of seizure onset (mean + SD) NA 48+3.7 3.3+3.5 45+3.7 49+34 P=0.820°
Age at surgery (mean + SD) 9.7+6.3 9.9+45" 8.2 +£3.5* 11.2+4.9 13.2 +3.5* =0.014°
Epilepsy duration (mean + SD) NA 5.0 £3.6* 49+23 6.7+4.2 8.3+3.9* =0.013"

. 170 + .
Seizure frequency (mean + SD) NA 51.8+77 290" 201 + 221 61.4 £132 =0.002"
Gender (female) — n (%) 5 (50%) 11 (55%) 3 (60%) 13 (41%) 20 (49%) P=0.848°
IPI (Yes) — n (%) NA 0 (0%) 2 (40%) 15 (47%) 33 (80%) P<0.0071°
Complex partial seizures —n (%) NA 17 (94.4%) 5 (100%) 31 (97%) 41 (100%) P=0.550"
:':/i’)’p“ampa' abnormality MRI—n | \ 4 (27%) 2 (40%) 16 (50%) 38 (93%) P<0.001°

10/10 15/18 . 11/29 .
No-HS (100%) (80%) 213 67%) | (agon) 2/36 (6%)
Qualitative
; . . 11/29 22/36
e\_laluatlon of Classical HS 0 2/18 (13%) 0 (38%) (61%) P<0.001°
hippocampal
damage Severe HS 0 1718 (7%) 0 1729 (3%) 7/36 (19%)
Undetermined 0 0 1/3 (33%) | 6/29 (21%) 5/36(14%)

) . 14/15 . 25/31 28/39 3 b
Seizure-free after surgery — n (%) NA (93%) 4/5 (80%) (81%) (72%) P=0.360

Table 2. Univariate analysis of the association between neuronal densities and clinical

variables.

. Neuropathological IPI Epilepsy Age at Age of seizure Seizure
Subfields .
category? (yes/no)® duration® surgery® onsetc frequency®

FDU P=0.011 P=0.003 P=0.469 P=0.700  P=0.994 P=0.109

FDL P=0.012 P<0.001 P=0.034 P=0.024  P=0.769 P=0.728

CA4 P=0.002 P=0.028 P=0.066 P=0.004 P=0.031 P=0.799

CA3 P<0.001 P=0.031 P=0.295 P=0.078  P=0.062 P=0.800

CA2 P=0.018 P=0.214 P=0.001 P=0.008  P=0.508 P=0.941

CA1 P<0.001 P<0.001 P=0.007 P=0.018  P=0.790 P=0.614

PRO P=0.011 P=0.006 P=0.136 P=0.113  P=0.765 P=0.393

SuB P=0.018 P=0.448 P=0.544 P=0.074 P=0.435 P=0.745

IPl is initial precipitating injury, FDU upper fascia dentate, FDL lower fascia dentate, CA1 to CA4 the subfields of cornu
Ammonis, PRO prosubiculum, and SUB subiculum.
a = One-way ANOVA; b = Student t-test; c = Spearmann correlation test.
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Table 3. General Linear Model multivariate analysis (ANCOVA) for FCD type | and

HS/NNL groups.
. Neuropathological Presence Epilepsy Age at Interactiona Corrected
Subfields -

category of IPI duration surgery Model
FDU P=0.011 P=0.042 P=0.401 P=0.173 P=0.099 P=0.004
FDL P=0.059 P=0.003 P=0.419 P=0.804 P=0.226 P<0.011
CA4 P=0.669 P=0.172 P=0.481 P=0.014 P=0.669 P=0.019
CA3 P=0.958 P=0.142 P=0.825 P=0.187 P=0.998 P=0.278
CA2 P=0.973 P=0.765 P=0.249 P=0.110 P=0.126 P=0.015
CA1 P=0.037 P=0.025 P=0.413 P=0.461 P=0.899 P<0.001
PRO P=0.952 P=0.012 P=0.143 P=0.413 P=0.461 P=0.012
SUB P=0.144 P=0.389 P=0.948 P=0.814 P=0.884 P=0.532

IPl'is initial precipitating injury, FDU upper fascia dentate, FDL lower fascia dentate, CA1 to CA4 the subfields of cornu
Ammonis, PRO prosubiculum, and SUB subiculum.

a = Interaction between the 2 factors (neuropathological category and presence of IPI);
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(P<0.001). In SUB, type |

P=0.002, and P=0.013, respectively).

Post-hoc analysis revealed that in FDU and CA1, the
the neuronal densities in HS/NNL were lower than Autopsy

P=0.018

(

’

ANOVA).

-0.077).

(P

but similar to other etiologies
densities were lower in HS/NNL and Type | FCD in comparison with Autopsy

Figure 1 - The bar graphs show the neuronal densities (mean + SEM) in specific subfields of
hippocampal formation between the neuropathological categories. The ANOVA P-values are shown
above each subfield and significant post-hoc differences are shown in asterisks (ANOVA Games-
Howell test). The neuronal densities were different between groups in all subfields (P<0.001 to 0.013;
ANOVA), except SUB (P=0.077;

neuronal densities were lower in HS/NNL than all other categories (P=0.008 and P<0.001,

FCD neuronal densities had a tendency to be lower than Autopsy and FCD type Il cases, but not

respectively). In FDL, CA2 and PRO

significantly

group,
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Figure 2 - Bar graphs comparing the neuronal densities (mean + SEM) in specific subfields of
hippocampal formation between Autopsy group and type | FCD patients with or without a history of an
IP1 (FCDI - IPI and FCDI + IPl) and HS/NNL with or without a history of an IPI (HS/NNL - IPl and
HS/NNL + IPI). The pattern and amount of hippocampal neuron loss in type | FCD patients with a
history of IPI is similar to the pattern observed in HS/NNL group.

The ANOVA P-values are shown above each subfield and significant post-hoc differences are shown
in asterisks (ANOVA Games-Howell test). In FDU, the cell densities in both HS/NNL groups and in
FCDI plus IPI group were lower than in FCDI without IPI, but similar to Autopsy. In FDL, the densities
were lower in FCDI plus IPl and HS/NNL plus IPl when compared with Autopsy and FCDI without IPI,
but similar to HS/NNL without IPI. In CA4, the neuronal densities in FCDI plus IPI group and both
HS/NNL groups were lower than Autopsy and similar to FCDI without IPI patients. In CA3, all patients
had similar neuronal densities, all lower than Autopsy cases. In CA2, the neuronal densities were
lower in HS/NNL plus IPI than Autopsy, but similar to FCD without IPI, FCDI plus IPl and HS/NNL
groups. In CA1, the neuronal densities were lower in HS/NNL plus IPI than Autopsy and FCDI without
IPl, FCDI plus IPI had lower densities than Autopsy group. In prosubiculum (PRO), FCD plus IPI and
HS/NNL plus IPI had lower neuronal densities when compared with Autopsy.
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