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Resumo

A morte slbita e inesperada na epilepsia (SUDEP) constitui uma das maiores
preocupacoes nestes doentes, sobretudo quando a epilepsia é refrataria, sen-
do a principal causa de morte diretamente relacionada com a mesma.

Numa tentativa de esclarecer os mecanismos da SUDEP, pretendeu-se estudar
as alteragdes cardiacas que possam ocorrer durante a crise epilética, em doentes
com epilepsia farmacologicamente intratavel.

Essas alteragbes podem ser avaliadas através de multiplos biomarcadores,
quer analiticos, quer do ritmo cardiaco, quer imagioldgicos.

Analiticamente, as crises epiléticas podem induzir elevagdo da Troponina |
(cTnl), do Peptideo Natriurético do tipo B (BNP) e da Proteina C Reativa (PCR),
o que pode refletir lesGes cardiacas, possivelmente associadas a SUDEP.

Por outro lado, estdo também descritas alteragdes autondmicas em doentes
com epilepsia, sobretudo refratéria, objetivadas numa diminuicédo da variabili-
dade da frequéncia cardiaca (VFC). Esta diminuigdo estd ja relacionada, noutras
patologias, com um risco aumentado de morte subita. No contexto da epilepsia
e, particularmente, da SUDEP, poderia ter um papel idéntico.

Quanto a vertente imagioldgica, ndo existe qualquer estudo publicado que
avalie a perfusdo do miocardio durante as crises epiléticas e tentou-se, nesta
tese, preencher essa lacuna.

Com o nosso objetivo em vista, realizdmos estudos prospetivos, dos quais
resultaram quatro publicagdes.

No primeiro artigo, pretendemos documentar o perfil analitico da hs-cTnl, do
BNP e da hs-PCR apés crises epiléticas, em doentes com epilepsia refrataria,
internados na Unidade de Monitorizagéo de Epilepsia (UME) do Centro Hospi-
talar Universitario de Séo Joao, E.P.E., correlacionando-o com varidveis clinicas
e a escala de risco SUDEP-7.

Verificou-se que cerca de um quarto dos doentes teve um aumento significa-
tivo da hs-cTnl ou do BNP (25,9% e 23,3%, respetivamente), mas sem associa-
¢ao significativa a escala de risco SUDEP-7. O aumento da hs-cTnl associou-se
a presenca de crises TCG e outros fatores de risco para SUDEP. Cerca de 5%
dos doentes tiveram uma elevagao da hs-cTnl acima do percentil 99 do limite
superior de referéncia, subindo para 20%, quando se considerou apenas 0s
doentes com crises TCG. De referir, contudo, que também se documentaram
elevagdes da hs-cTnl apds crises ndo-TCG.

Apenas o BNP se associou a presenca de fatores de risco cardiovascular (FRC).

As elevacdes dos diversos biomarcadores foram independentes.
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No segundo e no terceiro artigos, avalidamos parametros de VFC, retirados de
registos de Holter de 48 horas, também em doentes com epilepsia refratéria
internados da UME. Explordmos as alteragdes provocadas pelas crises nesses
paréametros e se o tipo de crise teria algum impacto nessas alteracoes.

Inicialmente, avalidmos a VFC em doentes com crises TCG, e compardmos
com uma populagao sauddvel de referéncia.

Encontrdmos diferencas nos pardmetros da VFC entre os diversos periodos
analisados (interictal, pré-ictal e pds-ictal), especialmente durante o pés-ictal.
Todos os pardmetros, exceto o LF/HF sofreram uma redugéo nesse periodo.

Posteriormente, avalidmos o impacto do tipo da crise na VFC. Verificdmos que
as crises TCG tiveram um maior efeito na funcéo autonémica cardiaca, do que
as crises nao-TCG, provocando uma redugéo significativa no ténus vagal, o
que poderia estar associado a maior risco de SUDEP.

No quarto artigo, apdés um estudo exploratério que também é descrito nesta
tese, quisemos analisar a possibilidade de avaliar a perfusdo do miocardio com
um radiofarmaco tradicionalmente utilizado para mapear a perfusao cerebral
([**mTc]Tc-HMPAO).

Nesse estudo, compardmos imagens cardiacas realizadas, nos mesmos
doentes, com [**"Tc]Tc-HMPAO e com [**"Tc]Tc-Tetrofosmina (o tradicional
radiofdrmaco utilizado na Cintigrafia miocardica de perfusdo).

Os exames foram comparados pixel a pixel, e obtivemos correlagdes tao altas
quanto 0,93.

Este estudo, embora preliminar e com um numero insuficiente de doentes,
propde que a tomografia cardiaca com [*™Tc]Tc-HMPAO possa vir a ser um
método de rastreio de isquemia miocardica, em doentes com epilepsia re-
frataria, com indicacdo para o exame cerebral e suspeitos de terem também
alteragdes cardiacas.

Com base nesse pressuposto, avalidmos a captagéo regional do [*"Tc]Tc-
-HMPAO no miocéardio de doentes com epilepsia refrataria, enviados para a
realizagcdo da SPECT cerebral, nos periodos ictal ou interictal.

Ambos os grupos (ictal e interictal) exibiram um nimero significativo de de-
feitos de captacdo cardiaca do radiofdrmaco, o que aponta para alteracoes
crénicas, uma vez que, entre os dois grupos, ndo encontramos diferencas
estatisticamente significativas nas caracteristicas dos defeitos.

Com esta tese, propomos a introdugao de biomarcadores cardiacos especificos
para uso na pratica clinica, com a intengé@o de reduzir o risco de SUDEP, in-
cluindo uma nova aplicagdo para um radiofdrmaco ja estabelecido na avaliagao
cerebral destes doentes.
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Abstract

Sudden unexpected death in epilepsy (SUDEP) is one of the major concerns
in patients with epilepsy, especially if refractory, being the main cause of death
directly related to epilepsy itself.

In an attempt to clarify the mechanisms of SUDEP, it was intended to study
the cardiac changes that would occur during epileptic seizures in patients with
pharmacologically intractable epilepsy.

These changes can be evaluated through multiple biomarkers, be they ana-
lytical, heart rate related or derived from image examinations.

Analytically, epileptic seizures may induce elevation of Troponin I (cTnl),
natriuretic peptide type B (BNP) and C-Reactive Protein (CRP), which may
reflect cardiac lesions, which may, in turn, be associated with SUDEP.

On the other hand, autonomic changes are also described in patients with epilep-
sy, especially refractory, consisting of a decrease in heart rate variability (HRV).
This decrease is already associated, in other pathologies, with an increased risk
of sudden death. In the context of epilepsy and, particularly, SUDEP it could play
an identical role.

Regarding the imaging aspect, there is no published study evaluating myocardial
perfusion during epileptic seizures and this thesis has attempted to fill that gap.

With our objective in view, we conducted prospective studies, which resulted
in four publications.

In the first article, we intended to document the analytical profile of hs-cTnl, BNP
and hs-PCR after epileptic seizures in patients with refractory epilepsy, admitted to
the Epilepsy Monitoring Unit (EMU) of the Centro Hospitalar Universitério de Sao
Jodo, E.PE, correlating it with clinical variables and the Risk Scale SUDEP-7 inven-
tory. We found that about a quarter of patients had a significant increase in hs-cTnl
or BNP (25.9% and 23.3%, respectively), but without significant association with
the SUDEP-7 risk scale. The increase in hs-cTnl was associated with the presence
of generalized convulsive seizures (GCS) and other risk factors for SUDEP. About
5% of patients had an increase in hs-cTnl above the 99* percentile of the upper
reference limit, rising to 20% when considering only patients with GCS. It should
be noted, however, that hs-cTnl elevations were also documented after non-GCS.
Only increased BNP was associated with the presence of cardiovascular risk fac-
tors (CRF).

The elevation of one biomarker did not compel the elevation of any other.

In the second and third articles, we evaluated HRV parameters, taken from 48-
hour Holter, also in patients with refractory epilepsy hospitalized in the EMU.
We explored the changes caused by epileptic seizures and whether the type of
seizure would have any impact. Initially, we evaluated HRV in patients with GCS
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and compared them with a healthy reference population. We found differences
in HRV parameters between the different periods analyzed (interictal, preictal,
and postictal), especially during the postictal one. All parameters except LF/
HF were reduced during this period. Later, we evaluated the impact of the type
of seizure on HRV. We found that GCS had a greater effect on cardiac auto-
nomic function than non-GCS, causing a significant reduction in vagal tone,
which could be associated with a higher risk of SUDEP.

In the fourth article, after an exploratory study also described in this thesis, we
wanted to analyze the possibility of evaluating myocardial perfusion with a ra-
diopharmaceutical traditionally used to map brain perfusion ([**™Tc]Tc-HMPAO).
In that study, we compared cardiac images performed in the same patients with
[**"Tc]Tc-HMPAO and [**™Tc]Tc-Tetrofosmin (the traditional radiopharmaceutical
used in myocardial perfusion scintigraphy). The tests were compared pixel by
pixel and we obtained correlations as high as 0.93. This study, although prelim-
inary and with an insufficient number of patients, proposes that cardiac SPECT
with [*™Tc]Tc-HMPAO may be a method of screening for myocardial ischemia
in patients with refractory epilepsy with the indication for a brain scan and sus-
pected of also having cardiac changes.

Based on this assumption, we evaluated the regional uptake of [**"Tc]Tc-HM-
PAO in the myocardium of patients with refractory epilepsy sent to perform
brain SPECT, in the ictal or interictal period. Both ictal and interictal groups
exhibited a significant number of uptake defects of [**"Tc]Tc-HMPAO, which
points to chronic alterations since we did not find statistically significant dif-
ferences in the characteristics of the defects between the two groups.

With this thesis, we propose the use in clinical practice of specific cardiac
biomarkers that may reduce the risk of SUDEP, including a novel use for a
radiopharmaceutical already established in the brain evaluation of these
patients.
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s INTRODUCAO

‘The immediate cause of death in epilepsy is a matter which is
not always easily solved, and one which is not often discussed in
works on medicine, most probably from lack of information.

If we read in the Registrar-General's Report for 1864 that 2406
deaths were due to epilepsy, we get no definite idea as to the
real cause of death, and cannot tell whether the patients died
directly from the fit or in quite a different manner. Indeed, the

only proper conclusion to be drawn is that an individual who was
epileptic, amongst other faults, is dead.

Surely we might get a nearer approximation to truth than this!

G. MACKENZIE BACON, in The Lancet, 1868
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Ao longo da Histdria, foi sendo conhecido o risco de uma crise epilética levar a
morte (1, 2) e jd no século XIX encontramos publicacdes cientificas que denotam
preocupagao por nao existir uma causa clara para a morte subita e inesperada
em doentes com epilepsia (SUDEP) (3).

Mais de 150 anos volvidos, a SUDEP mantém-se um motivo global de preocupa-
¢ao, atraindo recursos para esta investigagdo - muita ainda por fazer. Multiplos
doentes morreram j4, sem o beneficio do conhecimento ou conselho acerca dos
riscos associados a epilepsia (2).

Com caminhos trilhados em variadas diregdes e muitas conclusdes diferentes,
continuamos na busca da(s) causa(s) da morte subita em doentes com epilepsia,
sendo provavel que a causa seja multifatorial (4, 5).

Este é o meu contributo para esta procura, explorando diferentes vertentes das
alteragdes cardiacas durante as crises epiléticas.

A. Morte subita e inesperada na epilepsia (SUDEP)

1. Definicao

A necessidade de criar uma definigcdo para a SUDEP adveio da inconsisténcia e
imprecisdo dos certificados de &bito, da falta de definigdes concordantes, e da
existéncia de diferentes terminologias ou interpretacdes distintas das mesmas
terminologias. Existindo uma defini¢cdo Unica e globalmente aceite, seria possivel
uma andlise correta da incidéncia, a comparacéo entre estudos, a monitorizagdo
das tendéncias, em suma: o avanco da investigacéo (4-6).

No inicio dos anos 90 do séc. XX, a Food and Drug Administration (FDA) dos Es-
tados Unidos da América e a Burroughs Wellcome criaram um comité consultivo
para determinar a ocorréncia de SUDEP em ensaios clinicos. Os seus critérios
foram publicados por Annegers (7), em 1997, e estabeleciam que:

A vitima sofria de epilepsia, definida como crises ndo provocadas recorrentes
A vitima morreu inesperadamente, gozando de um estado de satide razodvel
A morte ocorreu repentinamente (em minutos), quando conhecido esse facto
A morte ocorreu durante atividades normais (ex.: na ou perto da cama, em
casa, no trabalho) e em circunstancias benignas

5. Nao foi encontrada uma causa médica obvia para a morte

rwp s

Estes critérios visavam excluir mortes acidentais provocadas por crises
epiléticas, mas incluiam mortes com ou sem evidéncia de uma crise préximo
da hora da morte.

33



A SUDEP era classificada como:

»  SUDEP definitiva: cumpria todos os critérios e com autépsia

«  SUDEP provavel: cumpria todos os critérios, mas sem dados de autépsia

»  SUDEP possivel: ndo podia excluir-se a hipétese de SUDEP, mas a evidéncia
era insuficiente, tendo em conta as circunstancias da morte, e sem dados da
autdpsia

«  SUDEP pouco provavel/ ndo-SUDEP: causa da morte claramente esta-
belecida ou as circunstancias tornavam a hipétese de SUDEP altamente
improvavel

Quase simultaneamente, no Reino Unido, Lina Nashef foi também uma das
primeiras pessoas a definir SUDEP, como sendo a morte subita, inesperada,
testemunhada ou nédo, ndo traumatica e ndo por afogamento, em doentes com
epilepsia, com ou sem evidéncia de crise epilética e excluindo estado de mal
epilético documentado, em que a autdpsia ndo revela uma causa toxicoldgica
ou anatdmica para a morte (6).

Posteriormente, Nashef propds a unificagdo das duas defini¢des (4). Esta Ultima
proposta é globalmente aceite e é a que se encontra atualmente em uso pela
International League Against Epilepsy (ILAE).

Partindo da definigdo publicada por Annegers (7), foram subdivididas algumas
categorias, sendo a alteragdo mais importante o acréscimo da categoria SUDEP
definitiva Plus. Segundo a autora, ha situagdes em que existe evidéncia de que
uma condigdo pré-existente pode ter contribuido para a morte, que, de outro
modo teria sido classificada como SUDEP (ex.: doenga coronéria ou sindrome
do QT longo, em casos de morte sibita associados a uma crise epilética ha-
bitual, mas cuja autépsia nao revela enfarte do miocérdio nem qualquer outra
causa estrutural para a morte). Essas situacdes seriam classificadas nesta nova
categoria, uma vez que as condigdes previamente existentes ndo foram a causa
clara da morte, mas podem ter sido contribuidores essenciais (4).

A investigagdo em doentes com epilepsia, sobretudo sobre SUDEP, tem vindo
a aumentar exponencialmente, como atesta o nimero crescente de artigos
indexados, por exemplo, na Pubmed. Dessa investigagéo, principalmente na
ultima década, verificou-se que existe uma associagao entre a epilepsia refra-
taria de longa duragao e o desenvolvimento de doencgas cardiacas (8-11).

Ao ser criada a categoria SUDEP definitiva Plus, torna-se possivel investigar a
contribuicdo dessas comorbilidades para a SUDEP e saber se é vidvel, com in-
tervengoes terapéuticas, diminuir o risco dessas mortes. A classificagdo nesta
categoria nao implica a presenca de uma crise préxima ao momento da morte.
Nao deverao ser categorizadas como SUDEP definitiva Plus situagdes em que
estd documentado que uma dessas comorbilidades, por si sé, causou a morte,
como por exemplo, uma arritmia ventricular primaria, que teve como base uma
sindrome do QT longo. Este exemplo devera ser categorizado como ndo-SUDEP.
Por outro lado, se uma crise provocar uma arritmia fatal, num individuo com
sindrome do QT longo, essa situacgdo ja deverd ser classificada como SUDEP
definitiva Plus (4).
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Definicéo e classificacdo de SUDEP atualmente aceites (4):

1. SUDEP definitiva®: morte subita, inesperada, testemunhada ou ndo, nédo
traumdtica e ndo por afogamento, ocorrendo em circunstancias benignas,
num individuo com epilepsia, com ou sem evidéncia de crise epilética e
excluindo estado de mal epilético documentado (duragdo da crise 230 min
ou crises sem recuperagdo entre si), em que a autdépsia ndo revela uma
causa para a morte
Ta. SUDEP definitiva Plus®: morte satisfazendo a definicdo de SUDEP definiti-

va, se uma condi¢do concomitante, para além da epilepsia, € identificada
antes ou depois da morte, se a morte pode ter sido causada pelo efeito
combinado das duas condigées, e se a autdpsia ou observacdo direta/
registos do evento terminal ndo provarem que a condigdo concomitante
foi a causa da morte

2. SUDEP provavel/ SUDEP provavel Plus?: o mesmo que SUDEP definitiva, mas

sem autdpsia. A vitima devera ter morrido inesperadamente, enquanto nhum

estado de salde razodvel, durante atividades normais e em circunstancias
benignas, sem uma causa estrutural conhecida para a morte

SUDEP possivel: existe uma causa competidora para a morte

4. Quase SUDEP/ Quase SUDEP Plus: um doente com epilepsia sobrevive a
ressuscitagdo por mais de 1 h, apés uma paragem cardiaca que ndo tem
causa estrutural identificada apds investigagdo

5. Nao-SUDEP: conhece-se uma causa clara para a morte

6. N&o classificada: a informacdo disponivel é incompleta; impossivel de
classificar

w

2. Epidemiologia

A SUDEP é a causa de morte relacionada com epilepsia mais frequente, tanto
em criangas como em adultos. Embora seja uma causa rara de morte na popu-
lagéo de doentes com epilepsia, excede em quase 24 vezes a taxa esperada de
morte subita da populagao geral (12).

De entre outras condi¢des neuroldgicas, surge em segundo lugar, relativamente
ao numero de potenciais anos de vida perdidos, sendo a primeira o acidente
vascular cerebral (AVC) isquémico (13, 14).

E dificil determinar a incidéncia de SUDEP, que é subestimada, sobretudo
devido a pouca consciéncia que ainda se tem relativamente a este tipo de
morte, a dificuldade na identificacdo de casos e a diferentes metodologias
utilizadas nessa identificagao (14-16).

Thurman et al., numa reviséo critica de 2014, estimaram a taxa de incidéncia
anual bruta de SUDEP em 0,81 casos por 100 000 pessoas, ou 1,16 casos por
1000 doentes com epilepsia, assumindo uma prevaléncia global de epilepsia
de 71 por 100 000 pessoas (14).

Segundo os mesmos autores (14), que analisaram 4 estudos populacionais,
sao poucos os casos reportados na primeira década de vida. O nimero mais
elevado de casos ocorre nas terceira e quarta décadas (14, 17, 18), diminuindo
de modo acentuado na sexta década (14, 19).

2Se uma morte é testemunhada, estabeleceu-se um limite arbitrario de 1 h, entre o colapso agudo
e a morte
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Em 2017, a American Academy of Neurology (AAN) e a American Epilepsy Society
(AES) publicaram uma recomendagao sobre SUDEP, incluindo informagao quanto
aincidéncia, a qual reportaram como sendo 1,2 por 1000 doentes-ano [I.C. 95% =
(0,64-2,32)], em adultos, e 0,22 por 1000 doentes-ano [I.C. 95% = (0,16-0,31)], em
criangas (20).

Embora o risco tenha sido estimado como baixo na populagdo pediatrica,
existem estudos mais recentes que reportaram valores mais elevados. Em
Ontdério, no Canad3, Keller et al., em 2018, reportaram valores de incidéncia
global de SUDEP pediatrica de 1,17 [I.C. 95% = (0,68-1,88)] por 1000 doen-
tes-ano, e de SUDEP definitiva/ provavel, também pediatrica, como sendo
111 [I.C. 95% = (0,63-1,79)] por 1000 doentes-ano, valores semelhantes aos
dos adultos (21). Na Suécia, Sveinsson et al., em 2017, obtiveram incidéncias
similares: 1,11 [I.C. 95% = (0,45-2,29)] por 1000 doentes-ano, em criangas de
idade <16 anos, 1,13 [I.C. 95% = (0,76-1,62)], entre os 16 e os 50 anos, e 1,29
[I.C. 95% = (0,88-1,82)], acima dos 50 anos (16).

Nao existem dados publicados relativos a incidéncia de SUDEP em Portugal.
Os mais préximos talvez sejam os dados de Espanha. Num estudo decorrido
em Malaga (22), tendo como populagdo os doentes atendidos numa Unidade
de Epilepsia, estimaram a incidéncia de SUDEP em 0,44 por 1000 doentes-ano.
Quando incluiram os casos de SUDEP provavel/ possivel, a incidéncia subiu
para 0,55 por 1000 doentes-ano. Os autores explicam esta baixa incidéncia com
o facto de, no seu Centro, ndo limitarem a assisténcia em fungdo da gravidade,
atendendo também muitos doentes com formas mais benignas de epilepsia.
Consideraram, portanto, que esta incidéncia estaria mais préxima da dos estudos
gue se baseiam na populagao geral. Num outro estudo, em Barcelona, Sanches-
-Larsen et al. reviram todos os doentes seguidos no seu Centro de Referéncia de
Epilepsia Refrataria e que morreram entre 2010 e 2018, para estudarem as carac-
teristicas da SUDEP. Estes autores estimaram a incidéncia de SUDEP em 1,3 por
1000 doentes-ano, nessa populagdo de epilepsia refrataria (23).

O risco de SUDEP é menor em doentes com epilepsias recentemente diag-
nosticadas, aumentando cerca de 10 vezes em doentes com epilepsias
crénicas (14, 24).

Em doentes livres de crises, a SUDEP é rara, embora possivel, sendo a sua in-
cidéncia inversamente relacionada com o estado de remissao da epilepsia (24,
25). Em populagdes selecionadas, com epilepsias mais graves, algumas com
necessidade de institucionalizagdo em centros especializados, a incidéncia de
SUDEP pode chegar a 6 por 1000 doentes-ano (25). O valor reportado mais
elevado, 9 por 1000 doentes-ano, corresponde ao de candidatos a cirurgia de
epilepsia (25). No entanto, se a cirurgia for bem-sucedida e os doentes ficarem
livres de crises, a incidéncia de SUDEP baixa (26). Também foi calculada a
incidéncia de SUDEP em Unidades de Monitorizagao de Epilepsia (UME) de
adultos, como sendo 5,1 [I.C. 95% = (2,6-9,2)] por 1000 doentes-ano, com um
risco de SUDEP definitiva ou provével de 1,2 [I.C. 95% = (0,6-2,1)] por 10 000
monitorizagdes por video-EEG (VEEG) (27).

A maioria dos estudos aponta para uma incidéncia de SUDEP mais elevada no
sexo masculino (16, 17, 28-33), mas Tomson et al. (25) alertam para um possivel
viés de selegdo, uma vez que nem o estudo populacional de Ficker et al. (12),
nem dois estudos caso-controlo, provavelmente com uma populagdo menos
enviesada de doentes, confirmam essa predominancia (18, 19).
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Sveinsson et al. reportaram uma incidéncia superior de SUDEP, em individuos
com comorbilidades psiquiatricas (16).

Recentemente, Tomson et al. (34) descreveram um facto curioso, para o qual
ainda néo se encontrou explicacdo: no seu estudo, verificaram que a incidéncia
de SUDEP diminuiu significativamente com a duragdo do seguimento, cerca de
7% por ano, uma diminuigdo mais acentuada do que a que verificaram para a
mortalidade por todas as causas. Verificaram, ainda, que a taxa de SUDEP foi
cerca de 25% inferior, nos Ultimos 4 anos de seguimento, quando comparada
com a dos 2 primeiros anos (total de 6 anos de seguimento). Os autores sa-
lientam que este facto deve ser tido em conta quando se avaliam intervengdes
potencialmente terapéuticas, uma vez que a diminui¢gdo no risco de SUDEP
pode dever-se simplesmente a evolugao natural ou a uma combinagéo de dife-
rentes intervencoes a que sdo submetidos os doentes com epilepsia ao longo
do tempo (34). Uma outra possivel explicagdo pode ser a existéncia de diferen-
tes suscetibilidades individuais para SUDEP, sendo possivel que doentes com
essas suscetibilidades morram mais cedo, durante o seguimento (34).

3. Fisiopatologia

Os mecanismos responsaveis pela SUDEP ainda ndo sao claros (27, 28, 35-39).

E provéavel que ndo exista uma sé explicacdo para todas as mortes, estando
envolvidos diferentes mecanismos (24, 35, 38, 40).

Ha evidéncia de alteracdes autonémicas profundas apds crises epiléticas (37,
41) que sugerem existir ligagao causal a alguns casos de SUDEP (36, 38).

A insula, o giro cingulado anterior e o cértex pré-frontal ventromedial afetam a
frequéncia cardiaca (FC), o ritmo e o débito cardiacos. O hipotdlamo controla
respostas autonédmicas relacionadas com a fung¢éo enddcrina (sobretudo cate-
colaminas) e a amigdala é um mediador das respostas autonémicas. Néo é de
surpreender, portanto, que a epilepsia possa afetar a fungado cardiaca (40).

Apos as crises epiléticas, da-se uma intensa libertagdo de catecolaminas que
pode provocar isquemia devido a vasoconstricdo corondria (41), a qual,
quando repetida, pode causar fibrose miocardica (37, 42) e, quando préximo
do sistema condutor, pode dar origem a arritmias fatais (43).

Por outro lado, as bradiarritmias e as taquiarritmias secundarias as crises
epiléticas podem induzir alteragdes isquémicas no miocardio (41). Opeskin
et al. ndo encontraram fibrose perivascular ou intersticial significativa no
exame histolégico do coracdo, tanto em doentes que sofreram SUDEP,
como nos seus controlos, mas nédo excluiram a possibilidade de alteragoes
minor do sistema condutor serem, em parte, responsaveis por alguns casos
de SUDEP (44).

Na sua maioria, a SUDEP ocorre apds uma crise ténico-clénica generalizada
(TCG) (18, 24, 27, 45-47). Através da andlise da FC, da variabilidade da frequéncia
cardiaca (VFC) e da sensibilidade barorreflexa, verificou-se que as crises TCG
induzem maiores alteragdes na fungdo autonémica, quando comparadas com
as crises nao-TCG (48-51).
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Nem todos os doentes com epilepsia sofrem SUDEP, mesmo com epilepsias
crénicas, refratarias, ou com disfungéo autondmica interictal, devendo, por isso,
existir uma predisposicéo individual para a sua ocorréncia. Podera haver pelo
menos mais um fator que possa despertar a cascata de eventos que culminam
na morte. Uma crise TCG (ao provocar estimulagé@o simpatica extrema) poderia
ser um desses fatores. E possivel que uma das crises TCG habituais, num doente
em particular, se torne fatal por levar o doente a um extremo de deterioragdo
autondémica (52, 53). Lhatoo et al. colocaram a hipdtese de que poderia existir
uma anomalia funcional e/ou anatémica no tronco cerebral, possivelmente com
base genética, que poderia ter um papel importante durante a crise (54). Tomson
et al. interrogaram-se se esses fatores seriam extrinsecos e dependentes das
circunstancias em que ocorrem as crises ou se seriam intrinsecos (52). A Figura
1 esquematiza uma proposta de relagéo entre os diferentes fatores que, quando
conjugados, podem levar a SUDEP.

Efeitos de epilepsia
crénica (fungdo
autondmica alterada,
alteragdo estrutural
cardiaca)

Crise precipitadora

Predisposi¢do para SUDEP,
incidental ou relacionada
com a etiologia da
epilepsia (ex: genética)

Fatores

Fatores relacionados

com a medicagdo
(ex.: sem tratamento,
paragem subita,
polimedicagdo)

desconhecidos que
tornam a crise num
evento fatal (falta de
supervisdo ou outros

fatores)

Figura 1. Interagdo entre fatores predisponentes propostos e fatores precipitantes de
SUDEP. Adaptado de Tomson et al., 2008 (52).

Ha, porém, alguns (poucos) relatos de SUDEP que ndo ocorreu em contexto de
crises epiléticas (55). Essas mortes ndo tiveram uma causa primdria cardiaca, mas
ocorreu um compromisso cardiorrespiratério progressivo, seguido de supresséo
do eletroencefalograma (EEG).

As alteragdes autondmicas que os doentes com epilepsia apresentam no
periodo interictal sdo provavelmente o resultado de lesGes crénicas nos
centros autondmicos, provocadas por crises repetitivas (56, 57) que, talvez
possam, num determinado momento, acionar a insuficiéncia respiratéria.

Os casos de SUDEP testemunhados revelam disfungéo cardiorrespiratéria
(24), mas ainda existe controvérsia relativamente ao que ocorre primeiro:
apneia central ou desregulagdo autonémica central (58).

Apesar de muito raras, as SUDEP ocorridas em unidades de monitorizagao

de epilepsia (UME) constituem uma oportunidade Unica para estudar a sua
fisiopatologia (27, 40, 52).
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O estudo MORTEMUS (27), que foi o que despertou em mim a vontade de estudar
as possiveis causas de SUDEP, avaliou 29 mortes subitas ocorridas em diversas
UME, incluindo 16 SUDEP e 9 quase SUDEP.

Estavam disponiveis os dados cardiorrespiratérios de 10 dos casos de SUDEP,
que mostraram um padrdo consistente de respiragédo rapida (18-50 respira-
¢des por minuto) apds crises tonico-clénicas com generalizagdo secundaria,
apés o que ocorreu disfuncdo cardiorrespiratéria, nos 3 minutos seguintes,
juntamente com supressao pés-ictal do EEG. Para 1/3 dos doentes, este colap-
so cardiorrespiratdrio foi terminal. Nos restantes, deu-se um restabelecimento
transitério da fungéo cardiaca, com respiragcdo anormal e ineficaz, que agravou
progressivamente. A apneia terminal precedeu sempre a assistolia terminal,
que ocorreu nos 11 min apds a crise. Estes dados sugerem que o mecanismo
principal que leva a SUDEP se inicie com uma alteracédo central grave, tanto
das fungdes respiratéria como cardiaca apds crises TCG, a que os autores
chamaram colapso neurovegetativo.

No entanto, alguns estudos experimentais da morte por crises epiléticas em
animais apontam para uma causa respiratdria primdria (59-61). Foi reportada
hipoventilagdo grave em ovelhas que morreram apds crises epiléticas, mas
nao nas que sobreviveram, sendo que as alteragdes cardiacas encontradas
foram benignas.

Os autores concluiram que esse foi o0 mecanismo principal da morte (59). Um
outro estudo, em ovelhas traqueostomizadas, revelou apneia central e hipoventi-
lagdo em todos os animais. Cerca de 1/3 dos animais morreram. Um dos animais
morreu de insuficiéncia cardiaca, com evidéncia histolégica de isquemia mio-
cardica. Estas alteragdes foram verificadas em todos os outros animais, embora
de modo menos acentuado (60). Em ratos audiogénicos, preveniu-se a morte
(por crises induzidas pelo som), recorrendo a uma atmosfera enriquecida com
oxigénio (61), o que também sugere que o mecanismo podera ser primariamente
respiratorio.

Num estudo realizado numa UME, o primeiro a investigar os parametros
respiratérios durante as crises, foi detetada apneia em 10 de 17 doentes (20
de 47 crises, incluindo 3 TCG), que foi central em todos os casos, embora
em 3 deles também tivesse um componente obstrutivo (62).

A Figura 2 evidencia os diferentes mecanismos possivelmente implicados na
SUDEP.

Continuamos, portanto, sem conhecer a causa primaria da SUDEP. E provavel
que seja multifatorial, quer seja no sentido de casos diferentes terem causas
distintas, quer no sentido de, em alguns doentes, existir uma conjuncao de fa-
tores que, isoladamente, até ndo seriam fatais, mas que, no seu conjunto e em
determinadas circunstancias, o séo.

A hipétese mecanistica da apneia central peri-ictal como precipitante de SUDEP
é, talvez, a mais bem documentada, tanto em modelos animais como em huma-
nos (64). Cerca de um quinto dos doentes tém apneia central subsequente a uma
crise convulsiva generalizada (65) e a presencga de Supresséo pds-ictal generali-
zada do EEG (PGES) e de posturas ténicas ictais caracteristicas (descerebragao/
descorticacdo), em crises que cursam com apneias centrais e hipoxemias mais
prolongadas no periodo pds-ictal (66), reforca a hipdtese de que alguns doentes
possam ter suscetibilidade aumentada a uma faléncia cardiorrespiratéria mediada
pelo tronco cerebral, como mecanismo subjacente a SUDEP.
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Figura 2. Possiveis mecanismos de SUDEP. PGES: Supressao pés-ictal generalizada
do EEG. Adaptado de Bagnall et al., 2017 (63)

4. Fatores de risco

Embora todos os doentes com epilepsia possam sofrer morte subita e inesperada,
o risco ndo é igual para todos.

A identificag@o dos individuos em maior risco é crucial, na medida em que,
para além de permitir intervir para diminuir o risco e/ou prevenir a SUDEP,
pode ajudar na compreensao dos seus mecanismos fisiopatoldgicos (13).

Foram j& publicados iniimeros estudos, com o intuito de compreender melhor
esses fatores de risco, mas variaram em relagdo a populagdo estudada, a meto-
dologia, ao desenho do estudo e aos resultados (67).

Nao existe nenhum fator de risco isolado que seja comum a todos os casos, o0 que
sugere a existéncia de multiplos mecanismos ou fatores desencadeantes (25).

4.1. Tipo de crises

As crises TCG (quer sejam primdrias ou secunddrias) constituem o fator de
risco para SUDEP mais consistentemente reportado (18-20, 24, 25, 45-47,
67-69), sendo frequente a SUDEP ocorrer em contexto de uma crise desse
tipo (27). Apesar disso, foram descritos casos de SUDEP num doente que
apenas teve uma aura (33) e noutros na auséncia de crises (55, 70), embora
se tratasse de doentes com histdria de crises TCG.
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4.2. Frequéncia de crises

A frequéncia de crises também é considerada um dos fatores de risco mais
significativos para SUDEP, uma vez que o risco aumenta com o nimero de
crises TCG por ano (19, 20, 67). Uma a trés crises TCG por ano sao suficientes
para aumentar o risco de SUDEP (19). Quando o nimero sobe para trés ou
mais crises TCG por ano, o risco de SUDEP aumenta 15 vezes, o que se traduz
num risco absoluto de até 18 mortes por 1000 doentes-ano (20).

Para Nilsson et al.,, a frequéncia de crises foi o fator mais fortemente associado
ao risco de SUDEP. No seu estudo (um dos maiores estudos caso-controlo),
apenas 1,8% dos casos de SUDEP (comparativamente com 31,6% dos controlos)
se encontrava livre de crises, no Ultimo ano de comparagéo. O risco aumentou
com o aumento da frequéncia de crises, sendo mais pronunciado em homens
do que em mulheres (18). Outros estudos também mostraram que a SUDEP é
rara em doentes em remissao (25, 71, 72), tendo sido reportados poucos casos
nesse estado. A recomendagdo da AAN e da AES considerou um fator de risco
o doente nao estar livre de crises por 1a 5 anos (20).

Num estudo conduzido na Noruega, ndo foram encontradas diferengas esta-
tisticamente significativas na frequéncia de crises, entre o grupo SUDEP e o
grupo controlo, constatagé@o que os autores atribuiram ao facto de os doentes
terem sido selecionados com base no mau controlo de crises: doentes com
baixa frequéncia de crises estavam pouco representados nos dois grupos (73).

Relacionado com a frequéncia de crises estd o controlo das mesmas, uma vez
que pode ser um fator que reduz o risco de SUDEP (13, 74). No entanto, alguma
medicagao antiepilética pode, teoricamente, ter o efeito oposto, através de efeitos
cardiacos diretos ou indiretos (seccéo 4.8) (75-78).

4.3. Duragéo da epilepsia

A duragédo da epilepsia ndo € um fator de risco consistente. Enquanto alguns
estudos a consideram como tal (31, 67), outros ndo encontraram diferencas
significativas entre o grupo SUDEP e os controlos (73).

Hesdorffer et al. encontraram uma associagao entre a duracdo da epilepsia
superior a 15 anos e um risco aumentado em 1,95 vezes de ocorrer SUDEP (67),
sendo que a maioria dos estudos reporta uma duragdo média da epilepsia de
15 a 20 anos, nos casos de SUDEP (25).

4.4. Idade de inicio da epilepsia

A idade de inicio da epilepsia é outro dos fatores que tem vindo a ser reportado
como sendo de risco para SUDEP (18, 73). No estudo de Kloster et al,, a idade
de inicio da epilepsia foi significativamente inferior no grupo SUDEP a do grupo
controlo (73). A mesma associagéo entre inicio precoce da epilepsia (infancia/
inicio da adolescéncia) e maior risco de SUDEP foi encontrada por Nilsson et al.,
mas apenas no sexo masculino (18).

Numa andlise combinada de 4 estudos caso-controlo dos Estados Unidos da
América, Suécia, Escécia e Inglaterra, os doentes com inicio da epilepsia antes
dos 16 anos de idade tiveram um aumento estatisticamente significativo de
1,72 vezes, no risco de SUDEP, quando comparados com os que iniciaram a
epilepsia entre 0s 16 e os 60 anos (67).
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4.5, Crises noturnas

As crises noturnas também podem aumentar o risco de SUDEP (79), havendo
uma grande percentagem de casos encontrados na cama (33, 80, 81). Embora
a evidéncia seja baixa de que as crises noturnas alterem o risco de SUDEP
(20), Lamberts et al. consideraram-nas um fator de risco independente (79).
A depressdo respiratéria pds-ictal é frequente em casos de SUDEP. As crises
noturnas nado vigiadas que cursarem com depressao respiratdria poderéo levar
a SUDEP, com maior probabilidade (20).

A supervisdo noturna de doentes com histdria de crises noturnas pode ser uma
opgao, para que a assisténcia seja prestada atempadamente, para prevenir a
paragem respiratdria (20, 79). No entanto, providenciar essa supervisdo noturna
pode ser demasiado pesado para os cuidadores e intrusivo para os doentes (20).

4.6. M adeséo terapéutica

A ma adesdo a medicacao antiepilética tem sido outro dos fatores de risco
propostos para SUDEP, sobretudo com base em relatérios de concentragdes
séricas baixas ou indetetdveis de farmacos anti-crises epiléticas (FACE), post-
-mortem, nos casos de SUDEP (12, 73, 82). Contudo, como as concentrag¢des de
alguns farmacos, como a Fenitoina, sofrem alteragées post-mortem, as baixas
concentragoes devem ser interpretadas com cuidado (83).

Por outro lado, Opeskin et al. ndo encontraram diferengas estatisticamente
significativas nos niveis dos FACE, entre os casos de SUDEP e doentes
com epilepsia que morreram por outras causas (84), e outro estudo caso-
-controlo avaliou a adesédo terapéutica e concluiu que néo era diferente nos
dois grupos (19).

4.7. Nimero de farmacos anti-crises epiléticas

A politerapia (trés ou mais FACE) também tem sido associada a um maior
risco de SUDEP (18, 19, 67), quer isoladamente, quer quando analisada em
conjunto com as crises TCG, tendo sido descrito um maior risco em doen-
tes com crises TCG e politerapia, qguando comparados com os doentes sem
crises TCG e sem politerapia (67). No entanto, num estudo subsequente,
desenhado especificamente para esclarecer esse aspeto, concluiu-se que,
ajustando para o nimero de crises TCG, ndo existia risco aumentado de
SUDERP, relacionado com a politerapia (85).

Apesar de dever ser tido em conta o facto de que o nimero de FACE pode
refletir simplesmente uma epilepsia refrataria, no estudo de Nilsson et al,, o
risco de SUDEP aumentou com o nimero de FACE concomitantemente no
ultimo ano, permanecendo quando se controlou para a frequéncia de crises.
Os autores concluem que esse aumento do risco ndo pode dever-se apenas a
associacdo com a gravidade da doenca (18).

Kloster et al. ndo encontraram qualquer associagéo entre politerapia e risco de
SUDEP. No seu estudo caso controlo, ndo encontraram diferencas estatistica-
mente significativas no ndmero de FACE entre o grupo SUDEP e doentes com
epilepsia que morreram por outras causas (73).
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4.8. Farmacos anti-crises epiléticas especificos

Alguns estudos referem a possibilidade, pelo menos tedrica, de que alguns
FACE especificos possam aumentar o risco de SUDEP (69, 86, 87).

Outros autores, no entanto, ndo encontraram qualquer risco aumentado de
SUDEP relacionado com FACE especificos (18, 19, 67, 84, 85).

As arritmias cardiacas induzidas por FACE sao raras e, numa revisdo de Tomson
et al., ocorreram sobretudo em doentes idosos ou predispostos a arritmias, que
os autores consideraram populagdes diferentes das que tém uma elevada inci-
déncia de SUDEP (75). Sob doses terapéuticas (e nos idosos), predominam as
bradiarritmias, enquanto a taquicardia sinusal é a principal arritmia na presenca
de overdose (75).

Vérios autores referem que a Carbamazepina exerce um efeito depressor no
sistema condutor cardiaco. O mecanismo deste possivel efeito adverso nao é
claro. A Carbamazepina, assim como outros FACE, partilha propriedades de blo-
queio dos canais de sédio com outros farmacos antiarritmicos que também séo
proarritmicos e que tém sido associados a um aumento da mortalidade. Pode
relacionar-se com o prolongamento do intervalo QT induzido por este farmaco
(88), combinado com um efeito pré-arritmico moderado das descargas das cri-
ses epiléticas, provocando instabilidade cardiaca transitéria e levando a morte
por arritmia (69).

Ha estudos que associaram doses elevadas de Carbamazepina a um maior risco
de SUDEP, em doentes em politerapia ou com mudangas frequentes da dose,
mas ressalvam que estes fatores podem simplesmente dever-se a uma epilepsia
grave e instavel (87). Timmings et al. verificaram que a Carbamazepina foi usada
em 85% dos casos de SUDEP, comparado com 38% nos controlos (mortes por
outras causas). No entanto, ndo controlaram outros fatores de risco potencial-
mente confundidores, como a frequéncia de crises, a politerapia ou a duracédo
da epilepsia (69).

Muitos FACE diminuem a variabilidade da frequéncia cardiaca (VFC), es-
pecialmente os bloqueadores dos canais de sédio, contribuindo para um
compromisso da atividade autondmica cardiaca e estando associados a
maior risco de morte sUbita cardiaca (76, 89).

Aurlien et al.,, num estudo realizado na Noruega em 2012, de 26 casos SUDEP,
verificaram que 10 das 11 mulheres que sofreram SUDEP estavam medicadas
com Lamotrigina (86). O mesmo grupo, numa revisao em 2016, refere nao
haver evidéncia de que a Lamotrigina aumente o risco de SUDEP. No entanto,
ressalva o subgrupo de doentes com epilepsia generalizada idiopatica (EGI)
tratados com Lamotrigina, nos quais parece haver risco acrescido, mas que
pode dever-se ao facto de este FACE conferir menor protegdo em doentes com
EGI, quando comparado com o Valproato (90).

Tomson et al. também avaliaram o risco de SUDEP no grupo tratado com
Lamotrigina, comparando com um grupo tratado com placebo, ndo tendo
encontrado diferencas na taxa de SUDEP entre os dois grupos (91).

Num artigo recente (92), a ILAE e a AES contestaram um aviso da FDA no
folheto informativo da Lamotrigina, na qual esta Ultima organizagé@o (com base
num estudo in vitro) chama a atengdo para as possiveis anomalias arritmicas
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e de condugéo do farmaco, pela sua agado nos canais de sédio. O aviso refere
a possibilidade de atrasar a condugéo ventricular (prolongar o QRS) e induzir
proarritmia, incluindo morte subita, em pessoas com alteragdes da conducéo
cardiaca (ex.: bloqueios de segundo ou terceiro graus), arritmias ventriculares
ou outra anomalia/doencga cardiaca (ex.: isquemia miocéardica, insuficiéncia
cardiaca, sindrome de Brugada ou outra canalopatia do ido sédio). Neste arti-
go, a ILAE e a AES, baseando-se nos estudos em humanos, consideraram nao
haver risco aparente de arritmia, provocada pela Lamotrigina, em pessoas sem
doenca cardiaca, visto, nessa populagéo, ndo haver alteragdes do QRS ou do
intervalo QT, e apenas um ligeiro prolongamento do intervalo PR, mesmo em
doses elevadas (93-95). Referem, ainda, que até a data nao foi demonstrado
um risco aumentado de morte subita em doentes sob Lamotrigina, quando
comparados com outros FACE, embora esse hipotético aumento possa teo-
ricamente ndo ser notado, se ocorrer a uma frequéncia muito baixa, quando
comparada com a de SUDEP (92).

Os novos fdrmacos bloqueadores dos canais de sédio, como a Lacosamida,
também tém sido associados a maior risco de morte subita cardiaca e paragem
cardiaca (77, 78).

A Fenitoina endovenosa é outro dos FACE apontado como eventual fator de
risco para SUDEP, na medida em que também pode causar arritmias potencial-
mente fatais (96).

Nas recomendagdes da AAN/AES, foi considerado que a evidéncia é muito
baixa ou contraditéria de que a Carbamazepina, a Fenitoina ou o Valproato
(quer em niveis terapéuticos, quer abaixo ou acima desses niveis) estivessem
associados a alteragédo do risco de SUDEP, bem como o uso de Lamotrigina
em doentes com epilepsia altamente refratéria (20).

4.9, Sexo masculino

Em alguns estudos, foi encontrada uma preponderancia de individuos do sexo
masculino, nos casos de SUDEP, o que levou a que fosse considerado um fator
de risco (67, 69, 97).

Pelo contrério, outros artigos referem néo terem sido encontradas diferengas
estatisticamente significativas, relativamente ao sexo, entre o grupo SUDEP e o
nao-SUDEP (73). Walkzac et al., para além de néo terem encontrado associagdo
entre o sexo masculino e SUDEP, referem que a SUDEP foi mais frequente em
mulheres (19), o que também foi descrito por Ficker et al. (12).

A AAN e a AES, na orientagdo conjunta, consideraram baixa a evidéncia de
gue o sexo masculino aumentasse o risco de SUDEP, ndo fazendo recomenda-
coes relativamente a esta possibilidade (20).

4.10. Atraso mental

O atraso mental é outro fator que tem sido reportado como de risco para SUDEP,
estando presente em 5-45% dos casos (19, 31, 97). No entanto, tal pode dever-se
simplesmente a que é frequente em doentes com epilepsia, sobretudo refratéria.

Este fator também nao é consistente, uma vez que outros autores ndo o
confirmaram (17, 73).
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Teoricamente, o risco aumentado de SUDEP em doentes com atraso mental
poderia ser explicado por um dos possiveis mecanismos fisiopatolégicos de
SUDEP (19). Os estudos em animais (59, 60), a observagéo clinica (31, 81, 98,
99), os casos monitorizados por EEG (27, 100) e video sugerem a presenga
de uma combinagéo de apneia central pds-ictal, decubito ventral e edema
pulmonar neurogénico que provoca a morte. Um estudo mostrou maior vul-
nerabilidade de individuos com atraso mental (ligeiro a moderado) para so-
frerem encefalopatia pds-ictal prolongada (101), o que pode diminuir o drive
respiratério. As alteragdes neuroldgicas que estao frequentemente associa-
das a atraso mental podem impedir os movimentos e os reflexos em doentes
em decubito ventral, apds uma crise TCG. Por tudo o exposto, é possivel que
os doentes com atraso mental possam ter maior suscetibilidade tanto para
apneia central, como para obstrutiva (asfixia posicional), podendo levar a
casos de SUDEP (19).

A evidéncia foi considerada baixa de que o atraso mental constitua um fator de
risco para SUDEP, pela AAN e a AES (20).

411, Circunstancias da morte

Trinta a 50% dos casos de SUDEP sdo encontrados na cama, sendo frequentes
os relatos de posigdo em dectubito ventral (27, 28, 32, 73, 102-104). Akarsu et al.
encontraram uma associagao entre o decubito ventral e fatores de risco inde-
pendentes para SUDEP (105).

E possivel que uma crise terminal, durante o sono, em que o doente fique
em decubito ventral, possa estar associada a maior risco de SUDEP (102).
Um estudo de Lamberts et al. considerou haver evidéncia de que as crises
noturnas constituem um fator de risco independente para SUDEP, uma vez
que os casos de morte subita tiveram mais frequentemente uma histéria de
crises noturnas do que os controlos (doentes vivos, com epilepsia) (79). Estas
circunstancias, acima descritas, podem estar interligadas.

A AAN e a AES também consideraram que a evidéncia é baixa de existir
associagdo entre crises noturnas e maior risco de SUDEP (20).

4,12, Supressao pés-ictal generalizada do EEG (PGES)

A PGES é um fenémeno eletrofisiolégico que pode ser observado apéds as
crises. Foi originalmente definida por Lhatoo et al. (106) como a auséncia
generalizada de atividade eletrografica >10 yV em amplitude, nos 30 s que
se seguem ao fim da crise, tendo em conta os artefactos musculares, de
movimento, respiratérios e dos elétrodos. Tipicamente, ocorre apdés uma
crise TCG.

No sentido de compreender o papel da PGES como fator de risco de SUDEP,
foram comparados 10 doentes que tinham sido internados numa UME e que
mais tarde morreram de SUDEP, com 30 controlos (doentes vivos com epi-
lepsia). A duragdo da PGES foi significativamente superior no grupo SUDEP
do que nos controlos. Uma PGES >50 s pareceu identificar doentes com
epilepsia refratdria com maior risco de SUDEP. Quando a duracéo foi >80 s,
o risco de SUDEP aumentou 4 vezes (106). No entanto, esses achados nao
foram confirmados num outro estudo caso-controlo (107).
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A PGES estéa associada a niveis de saturagao de oxigénio mais baixos, des-
saturagdes mais prolongadas e niveis mais baixos de CO, expirado (108), o
gue sugere que possa levar a hipoxemia apds as crises (um dos possiveis
mecanismos fisiopatoldgicos de SUDEP).

5. Escala de risco SUDEP-7 inventory

Esta escala foi desenvolvida para ajudar a identificar os doentes em risco de
SUDEP.

DeGiorgio et al. e Novak et al. desenvolveram a escala SUDEP-7 (109, 110), a
partir da ponderagao de alguns dos fatores de risco primeiramente identificados
por Walczak et al, num grande estudo coorte (19).

As razbes de chances (odds ratio, OR) para cada um dos 7 fatores de risco
principais do estudo original séo seguidas da aplicacdo do logaritmo natu-
ral (In) e arredondamento ao ndmero inteiro mais préximo, para se obter uma
ponderacdo de 0, 1, 2 ou 3, para cada fator de risco (Tabela 1). Os fatores de
risco com maior peso sdo a duragdo da epilepsia, a frequéncia de crises de
qualquer tipo >50/més e >3 crises TCG no ultimo ano, bem como a deficiéncia
do desenvolvimento.

Escala de risco SUDEP-7 (versao 2.0) OR TR
In(OR)

Mais do que 3 crises TCG no ultimo ano 8] Oor2
Uma ou mais crises TCG no ultimo ano (se estiver

. 2,4 Oor1l
presente o fator 1, valorizar 0)
Uma ou mais crises de qualquer tipo nos ultl.mos 22 3,8 46 0ori
12 meses (se estiver presente o fator 4, valorizar 0)
Mqls do que 50 crises de qualquer tipo por més, no 15 Oor2
ultimo ano
Duracéo da epilepsia> 30 anos 13,9 Oor3
Uso de 3 ou mais FACE 4,0 Oor1
Deficiéncia do desenvolvimento, Q.l.< 70 50 Oor2

ou compromisso demasiado grave para testar

Tabela 1. Escala de risco SUDEP-7, versao 2.0. Adaptado de Novak et al., 2015 (110). OR:
razédo de odds.

*OR muiltiplas refletem as seguintes frequéncias médias de quaisquer crises no ultimo
més, durante um periodo de 12 meses: <1, >1 a <15, >15 a <50.

Esta escala tem sido utilizada por vérios autores, correlacionando-a com bio-
marcadores de risco de SUDEP. No entanto, ainda carece de validagdo externa
em populagdes independentes (102).

6. Alteracoes genéticas e SUDEP

E reconhecido que cerca de 35% de todas as mortes stbitas e 15% de todas
as sindromes de morte subita na infancia (<1 ano de idade) tém subjacente
uma mutagdo em um dos genes conhecidos associados as canalopatias, o que
poderia explicar a causa de morte em alguns doentes (111). Por outro lado, ha
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evidéncia crescente de que as canalopatias cardiacas e as neuronais se sobre-
pdem (90). O cérebro e o coragdo partilham alguns genes relacionados tanto
com a epilepsia como com um risco arritmico aumentado (112, 113).

As canalopatias sdo doengas provocadas por mutagdes nos genes que codi-
ficam os canais idnicos. Sdo geralmente heterogéneas, tanto genotipica como
fenotipicamente, sendo que a mesma condigdo genética pode ser provocada
por mutagdes diferentes e uma dada mutacédo pode causar fendtipos diferentes,
ainda que na mesma familia (114, 115).

As epilepsias genéticas tém sido associadas a mutagdes em genes que codi-
ficam os canais de sddio, potdssio, célcio e cloro, assim como aos recetores
nicotinérgicos da acetilcolina do acido gama-aminobutirico (GABA). De entre
todas, as mais comuns sé@o as mutagdes dos canais de sodio (116, 117).

Certas sindromes genéticas de epilepsia também estao associadas a um maior
risco de SUDEP (13). A sindrome de Dravet é a forma de epilepsia genética
mais estudada (118). Esta sindrome é uma encefalopatia epilética de inicio na
infancia, a maioria das vezes secundaria a mutagées no gene SCN1A (13, 118,
119). O fenétipo principal é caracterizado por crises epiléticas intrataveis (sobre-
tudo clénicas), precipitadas por aumento da temperatura corporal, com inicio no
primeiro ano de vida, e pelo aparecimento subsequente de multiplos tipos de
crises, também, mas néo sé, precipitadas por hipertermia. Quando a sindrome
completa se manifesta, 0 compromisso cognitivo também esta presente (118,
120). Os individuos com sindrome de Dravet tém risco aumentado de SUDEP e
mortalidade prematura (120-123). A SUDEP é responsavel por até 59% das mor-
tes em doentes com Sindrome de Dravet (122, 123).

Outros exemplos de genes relacionados tanto com epilepsia, como com arritmias
cardiacas sao os genes KCNQ1 e KCNH2 (sindrome do QT longo 1 e 2, respeti-
vamente), RYR2 (taquicardia ventricular polimérfica catecolaminérgica) e SCN5A
(sindrome de Brugada e sindrome do QT longo 3) (63, 119, 124). Cerca de 20% dos
individuos com sindrome do QT longo tipo 1 e de 39% com tipo 2 também tém um
fenétipo de epilepsia (119, 124).

A sindrome congénita do QT longo é causada por genes que codificam canais
iénicos cardiacos, sobretudo do potassio e, numa propor¢do menor, do sédio,
estando associada a prolongamento do intervalo QT, no ECG, e a uma propen-
sdo para sincope, torsade de pointes e fibrilhacdo ventricular (125).

Bagnall et al. encontraram variantes genéticas patogénicas de novo ou previa-
mente descritas, em 28 de 61 casos de SUDEP (119). Numa revisao sistematica
recente, foram analisados 8 estudos sobre SUDEP (161 individuos) que repor-
taram variantes patogénicas ou provavelmente patogénicas em 11% dos casos,
sobretudo relacionadas com as subunidades dos canais iénicos de sdédio e
potassio (126).

Individuos com mutacdes no gene SCN8A apresentam uma encefalopatia
de inicio na infancia, caracterizada por atraso no desenvolvimento, inicio de
crises epiléticas nos primeiros 18 meses de vida e epilepsia intratdvel, com
multiplos tipos de crises, e também podem ter risco aumentado de SUDEP
(127). No entanto, Johannesen et al. ndo encontraram aumento desse risco
nestes doentes, quando comparados com doentes com outras encefalopa-
tias epiléticas e do desenvolvimento (128).
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Em modelos animais, verificou-se que a epilepsia e a disfungdo autonémica
cronica, com consequente toxicidade catecolaminérgica miocardica crénica,
podem potencialmente alterar as expressoes epigenética e fenotipica dos ca-
nais iénicos miocardicos, ou seja, uma forma adquirida de canalopatias (112, 129)

O blogueio de canais i6nicos é o mecanismo de agédo mais importante da maioria
dos FACE. Muitos deles sdo bloqueadores dos canais de sédio, podendo ser me-
nos eficazes e até agravar as epilepsias genéticas (90).

7. Alteragdes cardiacas morfofuncionais

71. Sindrome de Takotsubo

A sindrome de Takotsubo é caracterizada pelo inicio subito de dor toracica e disp-
neia, acompanhadas por alteragdes eletrocardiogréficas semelhantes as da sin-
drome corondria aguda, elevagao das enzimas cardiacas e alteragdes transitérias
da contractilidade do miocéardio, sem causa aparente (130-132). Os mecanismos
fisiopatoldgicos também nao estdo completamente clarificados, sendo possivel
que ocorra vasospasmo coronario, disfungdo da microcirculagéo e obstrugéo tran-
sitdria a ejecdo do ventriculo esquerdo. Um aumento excessivo da libertagéo de
catecolaminas parece ter um papel crucial no desenvolvimento da doenca, uma
vez que o fator precipitante é, muitas vezes, um stress subito e inesperado, que
pode ser fisico ou emocional (130). Entre esses possiveis fatores precipitantes,
estdo as crises epiléticas (130), existindo descritos, até recentemente, mais de 100
casos (133-141). A sindrome de Takotsubo induzida por crises epiléticas pode ocor-
rer imediatamente apds uma crise ou horas apéds (131).

Esta sindrome tem sido considerada como relativamente benigna com répida
recuperacdo da funcdo do ventriculo esquerdo. No entanto, ha evidéncia cres-
cente de que é uma doenga cardiaca mais séria e com variadas complicagdes
em cerca de 52% dos doentes, incluindo insuficiéncia cardiaca aguda, obstrugao
a ejecdo do ventriculo esquerdo, regurgitagao mitral, choque cardiogénico, ar-
ritmias, formagéo de trombos, derrame pericardico, rotura da parede ventricular
e envolvimento do ventriculo direito (130). A mortalidade em doentes internados
é de 2-5%, sobretudo causada por choque cardiogénico refratario ou fibrilha-
¢do ventricular (130). Uma vez que a morte é uma das complicagdes possiveis,
hé casos descritos de SUDEP que podem ser atribuidos a esta sindrome. No
entanto, esses casos sdo raros e Finsterer et al. consideraram que a sindrome
de Takotsubo desencadeada por crises epiléticas ndo parece desempenhar um
papel importante na patogénese da SUDEP (133).

7.2. Coracao Epilético - The epileptic heart
A morte subita cardiaca ocorre 2,8 vezes mais frequentemente em doentes com

epilepsia e 5,8 vezes mais frequentemente em doentes com epilepsia refrataria,
guando comparamos com a populagdo em geral (142).

Em 1997, quando definiu SUDEP, Lina Nashef excluiu dessa definicdo as mor-
tes que ocorrem apds crises epiléticas habituais, mas cuja autépsia demonstrou
doencga cardiorrespiratéria significativa, embora a crise epilética devesse ser
considerada uma causa contribuidora (6).

No entanto, a prépria investigadora antecipou que muitos dos mecanismos fisio-
l6gicos e moleculares da SUDEP seriam descobertos no futuro, e que esse facto
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nao deveria impedir que essas mortes fossem consideradas SUDEP. Explica que
0 mais importante € focarmos os nossos esforgos de investigagdo na diminuigao
da mortalidade, através da corre¢édo de mecanismos causais, a medida que cada
um for sendo identificado, em vez de ‘perseguirmos’ um cada vez mais estreito
grupo de mortes inexplicadas (4).

Nesse sentido, Verrier et al. propuseram o conceito de Coragao epilético (Epi-
leptic heart), como sendo um ‘coragdo e uma vasculatura corondria lesionados
por epilepsia crénica, como resultado de ondas repetidas de catecolaminas e
hipoxemia, levando a disfuncéo elétrica e mecénica’ (143). Uma vez que séo en-
contradas lesdes potencialmente fatais em muitos dos casos, estes ‘fogem’ da
definicdo de SUDEP de Nashef, mas podem corresponder a casos que seriam
considerados SUDEP ha alguns anos e para os quais j& se encontrou a causa.
Para os autores, esta nova definicdo tem importantes implicagdes em aborda-
gens potencialmente preventivas de morte subita em doentes com epilepsia.

Com base em:

« dados de autépsia de doentes com epilepsia

«  modelos pré-clinicos de patologia cardiaca induzida por crises epiléticas

» evidéncia clinica de morbimortalidade cardiaca em doentes com epilepsia
crénica

« evidéncia de patologia cardiaca no ECG de doentes com epilepsia,

os autores sugerem que a epilepsia cronica exerca um impacto negativo na in-
tegridade estrutural do coragdo e da sua vasculatura. Essas alteragdes levariam
a instabilidade elétrica cardiaca, vulnerabilidade para arritmias potencialmente
fatais e funcé@o autondémica alterada. A suscetibilidade para arritmia e a instabili-
dade elétrica cardiaca podem ainda ser agravadas por FACE que bloqueiam os
canais de sddio e por efeitos laterais dos FACE nos perfis lipidicos. Esta propos-
ta de mecanismos fisiopatolégicos esta ilustrada na Figura 3.

Epilepsia crénica
* Hipoxemia e isquemia miocardica repetidas
* Efeitos cardiotéxicos do excesso de catecolaminas
* Farmacos anti-crises epiléticas

Vacuolizagdo dos midcitos
e fibrose intersticial

} \ @

Stunning miocardico Aterosclerose acelerada

pelaidade
Instabilidade elétrica EEEEE
cardiaca L i
T-wave alternans Arritmias auriculares e ventriculares

Figura 3. Possivel ligacdo entre epilepsia e progressdo aumentada de doenca cardio-
vascular. Adaptado de Verrier et al., 2020 (143)
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Os dados que reviram sugerem multiplos mecanismos fisiopatolédgicos e mo-
delos de morte prematura em doentes com epilepsia. Consideram, portanto,
importante revisitar a definicdo tradicional de SUDEP, que exclui causas de
mortalidade identificadas, incluindo causas cardiacas, para incluir o ‘coracdo
epilético!

A figura 4 mostra a inter-relagé@o proposta pelos autores, entre SUDEP e morte
slbita cardiaca em doentes com epilepsia.

Mortalidade cardiaca na epilepsia: além da SUDEP

Modulagdo autonémica

M atividade parassimpatica

{ atividade simpatica

J crises

M estabilidade elétrica cardiaca

Morte subita
cardiaca no
‘coragdo epilético’

SUDEP

3600/ano
20-40 anos d
idade

16 100/ano

>40 anos de idade

FACE:
{ crises

M lipidos (indutores enzimaticos)

/M risco morte subita cardiaca (blog. Na*)

Historia natural (envelhecimento, progressdo da doenga cardiaca)

Figura 4. Diagrama de Venn da inter-relacdo entre SUDEP e morte subita cardiaca em
doentes com epilepsia. Adaptado de Verrier et al., 2020 (143)

Contudo, o seguimento clinico dos doentes com epilepsia crénica ainda nao
inclui, por rotina, avaliagdes cardiacas. A incidéncia elevada de doenga cardiaca
em doentes com epilepsia, incluindo angina e enfarte do miocardio, sublinha a
necessidade de incorporar a avaliagéo cardiaca como parte essencial do segui-
mento de doentes com epilepsias de longa duracao.

8. Biomarcadores

Existe uma necessidade premente de identificar biomarcadores, que ajudem
a distinguir doentes com maior risco de sofrer SUDEP, para que possam ser
sujeitos a uma vigilancia mais apertada.

Ao longo do tempo, foram surgindo mudltiplos candidatos, mas, infelizmente,
nenhum provou ser um biomarcador inequivoco de SUDEP. E fundamental
prosseguir com a investigagdo nesta area, que se tem focado mais nos po-
tenciais marcadores eletrocardiogréficos, eletroencefalograficos, séricos e de
imagem [Ressonéancia magnética nuclear (RMN) e RMN funcional] (102).

Cada uma destas areas tem contribuido para se conhecer melhor o risco
individual de SUDEP, podendo ser utilizada para identificar os candidatos
apropriados para determinadas intervengdes para reduzir o risco (102).
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Neste projeto de doutoramento, que se foca nas alteragdes cardiacas ictais,
em doentes com epilepsia refrataria, foram investigados possiveis biomarca-
dores cardiacos de SUDEP, que passo a desenvolver.

8.1 Biomarcadores séricos

Apbs crises epiléticas, estdo descritos aumentos de diferentes marcadores
séricos, muitos deles de lesdo/disfungdo miocéardica, podendo refletir lesdes
cardiacas, possivelmente associadas a SUDEP.

Até ao momento, a maioria dos estudos nesta area usou metodologias diferentes,
de natureza retrospetiva (144-146) e/ou incluia apenas doentes admitidos em sa-
las de emergéncia (144, 147-150).

8.1.1 Troponina |

As Troponinas | (cTnl) e T (cTnT) sdo biomarcadores de lesdo miocdardica com
sensibilidade e especificidade elevadas (151, 152) e as orientagdes mais recentes
recomendam o uso clinico, por rotina, dos kits de ensaio de elevada sensibili-
dade (hs) (151). Baker et al. consideram que, para ser vélida, é necessdria uma
alteracé@o de 50-60%, quando o valor de base se encontra abaixo do percentil 99
do limite superior de referéncia (153).

Em algumas doencas neurolégicas, como a hemorragia subaracnoideia, a cTnl
estd ja estabelecida como um marcador altamente sensivel e especifico de
disfungéo cardiaca (154). No entanto, a presenca de Troponina elevada, por si
s6, nao identifica os mecanismos fisiopatolégicos de lesdo miocardica subja-
centes. Pode ser provocada por stress fisioldégico ou estiramento relacionado
com a pré-carga, em coragdes normais (151). A isquemia miocdrdica pode ser
causada ndo s6 por lesbes vasculares, mas também por um desajuste entre
o fornecimento e a necessidade de oxigénio no miocardio (151), o que é mais
provével que aconteca apds crises epiléticas (146-150).

Estd igualmente descrito que as crises epiléticas, sobretudo as crises TCG
(155), podem induzir aumentos da cTnl ou da cTnT (41, 144-147, 155, 157, 158).

Em doentes com crises ndo complicadas, alguns autores ndo encontraram alte-
ragoes apds as crises (156, 159). Eskandarian et al. encontraram valores normais
de cTnl, dias apds tanto crises complicadas como nao complicadas (embora os
valores tivessem sido mais elevados apéds as crises complicadas) (160).

8.1.2 Peptideos natriuréticos

As crises epiléticas também podem provocar elevagéo do peptideo natriurético
do tipo B (BNP) (148, 155, 161, 162).

As lesdes cardiacas tém o potencial de causar disfungdo miocardica (163), a
qual é passivel de ser detetada através de aumento no valor de BNP (148).

O BNP é secretado tanto pelo coragdo como pelo cérebro e, que saibamos,

nenhum estudo demonstrou, até agora, a origem deste fator natriurético apés
as crises epiléticas.
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O stress associado as crises epiléticas e a libertacdo secundéria de nora-
drenalina podem acionar a produgéo cardiaca de BNP (148, 162). Por outro
lado, a atividade epilética cerebral pode ativar a secrecdo de BNP, tanto no
cérebro, como no coragéo (148).

Até agora, poucos estudos abordam os niveis de BNP apds crises epiléticas
e, apesar de serem prospetivos, incluem apenas doentes com crises TCG
(158), doentes admitidos em salas/centros de emergéncia (148, 150) ou crian-
¢as (148, 164). Dentre estes estudos, Kyung-Il Park ndo demonstrou qualquer
diferenca no valor de NT-proBNP, entre os grupos com crises epiléticas e
com sincope vasovagal, mas o seu estudo incluiu apenas 12 doentes com
sincope e 15 com crises epiléticas, para além de que os doseamentos foram
feitos em diferentes pontos temporais até 24 h apdés cada episédio (150).
Rauchenzauner et al. encontraram niveis mais elevados de BNP em criancas
com crises TCG e convulsdes febris (148), tal como foi descrito num estudo
mais recente, relativamente ao NT-proBNP (164).

8.1.3 Proteina C reativa

A proteina C reativa (PCR) também pode sofrer elevagao apds crises epiléticas
(149, 164-166).

A inflamagéo tem sido reconhecida na epilepsia, mas, contrariamente a outras
condigdes neuroldgicas nao-inflamatdrias, ainda faltam estudos da PCR, neste
contexto (165).

Os poucos artigos publicados sobre este tema sugerem elevagdes da PCR, tanto
crénicas (165, 167) como agudas (149, 164-166), em doentes com epilepsia.

Nestes doentes, ha a considerar, ainda, o facto de que alguns FACE alteram os
niveis de PCR, sendo que o Valproato, a Lamotrigina e o Levetiracetam estao as-
sociados a niveis mais baixos de PCR, enquanto a Fenitoina e a Carbamazepina
estdo associadas a niveis mais altos (168).

8.2 Variabilidade da frequéncia cardiaca

A andlise da variabilidade da frequéncia cardiaca (VFC) permite a avaliagédo da
atividade autondémica cardiaca (169). Uma VFC baixa foi associada a um maior
risco de morte subita em enfartes do miocardio (170, 171), a um pior progndstico
em muitas condicdes clinicas diferentes (172), e independentemente associada
a maior risco de morte subita cardiaca, na populagéo geral (173).

As crises epiléticas, sobretudo em doentes com epilepsia refratdria, geralmen-
te afetam a FC e a sua variabilidade (174, 175), com uma possivel ligagdo a
SUDEP (175). Alguns FACE podem, também, influenciar a fungéo do sistema
nervoso auténomo (89).

As conclusdes dos diferentes estudos sobre esta matéria variam. Alguns consi-
deram que uma VFC diminuida constitui um fator de risco potencial para SUDEP
(56, 176), relacionada com aumento da mortalidade cardiaca e da morte subita
arritmica. Outros ndo encontraram diferengas significativas na VFC, entre grupos
de doentes que morreram de SUDEP e controlos vivos (177, 178).
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Estes resultados confusos, parcialmente relacionados com diferentes meto-
dologias, encorajam a investigacdo nesta area, para perceber se e como os
parametros da VFC devem ser incluidos na prética clinica, nomeadamente na
avaliacdo prognéstica do risco de SUDEP, em doentes com epilepsia refrataria.

9. Intervengoes preventivas

As intervengdes preventivas podem passar por medidas que visem o controlo
das crises, a detecdo de crises ou de apneia, a supervisao noturna, almofadas
anti-asfixia, a alteracdo da posicdo de sono, a corregao da posigao corporal, a
estimulagdo apds a crise e diferentes intervengdes farmacoldgicas (102, 179-182).

A cirurgia ressetiva é globalmente aceite como um fator que reduz o risco de
mortalidade relacionada com epilepsia, incluindo a SUDEP, sobretudo se os
doentes ficarem sem crises. Mdltiplas séries cirlrgicas demonstraram uma re-
dugao das mortes por todas as causas, apds a cirurgia, sobretudo relacionada
com a diminuigdo do niimero de crises (183-185). No entanto, Almeida et al. ndo
encontraram diferengas estatisticamente significativas na incidéncia de SUDEP
entre doentes com epilepsia refrataria operados e nao operados (186).

A estimulacgdo do nervo vago (ENV), que consiste na estimulacao elétrica do
nervo vago esquerdo, é uma terapéutica auxiliar bem aceite para a epilepsia
refratdria. Um estudo avaliou o impacto da ENV na fungdo autonémica car-
diaca em 9 doentes com epilepsia refrataria, analisando a VFC antes e apds
neuroestimulagéo. Descobriram que, ap6s a estimulagao, ocorreu uma melho-
ria no balango simpéatico/parassimpatico, colocando a hipétese de um efeito
cardioprotetor (187).

Outra medida preventiva pode ser o uso de aparelhos de detecao de crises
(102, 188, 189) ou de detecao de apneia/hipoxemia (28, 102), mas a maioria dos
aparelhos de detegao de crises tem sensibilidade e especificidades baixas (102),
e até 87-90% das dessaturagdes detetadas pelos oximetros de pulso podem ser
falsas ou secundérias a movimento do doente (190).
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B. Imagem funcional: avaliacdo da perfusdo regional cerebral (e
também da cardiaca?)

Um dos possiveis mecanismos de SUDEP ¢ a presenca de isquemia cardiaca,
estando descritos alguns casos de sindrome coronaria aguda relacionada com
crises epiléticas (41, 43, 191). No entanto, ndo ha casos documentados por ima-
gem funcional, como por exemplo por cintigrafia miocardica de perfusdo com
[**™Tc]Tc-Tetrofosmina ictal, ou seja, com a inje¢do do radiofarmaco durante a
crise epilética.

O [*"Tc]Tc-hexametilpropilenoaminoxima ([*™Tc]Tc-HMPAQO) é um outro
radiofarmaco, desenvolvido nos anos 80 do século XX, para estudar o fluxo
regional cerebral (192-195). Desde entdo, tem sido amplamente utilizado em
doentes com epilepsia, para localizar a zona epileptogénica, sendo injetado o
mais precocemente apés o inicio da crise epilética. E uma técnica bem esta-
belecida, na qual tenho vasta experiéncia. A Figura 5 mostra a localizagéo da
zona epileptogénica por tomografia computorizada de emissao de fotao Unico
(SPECT) cerebral com [*"Tc]Tc-HMPAO, num dos nossos doentes.

Figura 5. Localizacdo da zona epileptogénica parieto-occipital esquerda, por cintigrafia
de perfusao cerebral ictal com [*"Tc]Tc-HMPAO. Cortesia do Servigo de Medicina Nu-
clear do Centro Hospitalar Universitario de Sdo Jodo, E.PE..

Embora a biodistribuicdo deste radiofdrmaco inclua o coragdo (195), nunca foi
usado para estuda-lo. A razao principal, para além das alternativas excelentes,
pode ser a proximidade do coragé@o a érgaos com captagao elevada de [**"Tc]
Tc-HMPAO, como os pulmoes e o figado (195, 196), potencialmente interferindo
com a qualidade da imagem cardiaca. A Figura 6 ilustra a biodistribuicdo normal
deste radiofarmaco.
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Figura 6. Biodistribuicdo normal do [*"Tc]Tc-HMPAO: vista
anterior de corpo inteiro, evidenciando elevada captagao ce-
rebral e hepatica, assim como captacdo no miocdardio e nos
pulmoes. In Sharp et al., 1986 (195).

Sendo um radiofdrmaco para avaliar a perfusdo cerebral e exibindo captagao
cardiaca, parece possivel que também possa mapear a perfusdo miocardica,
permitindo o uso de apenas um radiofdrmaco para avaliar os dois érgaos, em
doentes com epilepsia (que, como descrito previamente, tém maior suscetibi-
lidade para alteragbes cardiacas), com menor exposicédo a radiagéo. Foi nesta
hipdtese que se baseou a segunda parte desta investigagao.
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OBJETIVOS E QUESTOES
s DE PESQUISA






Tendo em conta:

= aimportancia das alteragcdes cardiacas em doentes com epilepsia,

« 0 desconhecimento que ainda existe, relativamente aos mecanismos
fisiopatolégicos de SUDEP,

= a possibilidade de avaliar os doentes em condi¢des controladas, estando
internados numa UME, numa instituicdo com recurso a diferentes metodo-
logias diagndsticas,

pretendemos avaliar possiveis biomarcadores séricos, eletrocardiogréficos e
imagioldgicos, que possam acrescentar informagéo, as inimeras dudvidas e in-
congruéncias que ainda persistem, relativamente a uma possivel implicagdo
primdria do coragao na SUDEP.

Assim, o objetivo principal desta tese foi documentar as alteragdes cardiacas
durante as crises epiléticas, em doentes com epilepsia refratdria, candidatos a
cirurgia ressetiva da zona epileptogénica, internados na UME do Centro Hospi-
talar Universitario de S&o Jodo, E.P.E. (CHUS)).

Questdes 1e 2:

Podemos documentar isquemia e/ou disfungdo miocdrdicas, provocadas por
crises epiléticas, em doentes com epilepsia refratdria, através do doseamento
de biomarcadores de leséo e disfungao miocardicas, bem como de inflamagao?
Qual a relagao dessas alteragcoes com a escala de risco SUDEP-77? (Artigo 1)

Questdo 3:

Qual o impacto das crises TCG na fungéo autondmica cardiaca (avaliada através
da VFC), em doentes com epilepsia refrataria? (Artigo 2)

Questao 4:

A disfungao autonémica (avaliada através da VFC) relacionada com as crises
epiléticas depende do tipo de crise? (Artigo 3)

Como objetivo secundario, pretendeu-se validar o [*"Tc]Tc-HMPAO como
agente de perfusdo do miocdrdio, no sentido de, com um sé agente e uma sé
dose de radiacao, ser possivel localizar a zona epileptogénica e avaliar a perfu-
sdo e funcgao do ventriculo esquerdo.

Questao 5:

Qual o melhor intervalo de tempo, entre a inje¢do do radiofdarmaco e a aqui-
sicdo das imagens cardiacas com [**"Tc]Tc-HMPAO? (**"Tc-HMPAO and the
heart - a new way for an old molecule? - trabalho apresentado na International
Conference on Nuclear Cardiology and Cardiac CT, em maio de 2017, em Viena).
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Questao 6:

E possivel avaliar a perfusdo regional do ventriculo esquerdo e a sua fungéo
com [*"Tc]Tc-HMPAO? (Artigo 4)

Questao 7:

Como é a distribuicdo do [*™Tc]Tc-HMPAO no ventriculo esquerdo de doentes
com epilepsia refrataria? ([**™Tc]Tc-HMPAO cardiac SPECT: a method to de-
tect ischemia in patients with refractory epilepsy? - trabalho apresentado
na International Conference on Nuclear Cardiology and Cardiac CT, em maio
de 2019, em Lisboa).
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197. Fisher RS, Cross JH, French JA,
Higurashi N, Hirsch E, Jansen FE,
et al. Operational classification of
seizure types by the International
League Against Epilepsy: Position
Paper of the ILAE Commission for
Classification and Terminology.

198. Unger T, Borghi C, Charchar F,
Khan NA, Poulter NR, Prabhakaran
D, et al. 2020 International Society
of Hypertension Global Hyperten-
sion Practice Guidelines.

Participantes

Artigos1,2e 3

Foram avaliados, de modo prospetivo, 121 doentes com epilepsia refratéria,
internados consecutivamente, na UME do CHUSJ, entre janeiro de 2015 e julho
de 2018, como parte da sua avaliagao pré-cirtrgica. Todos os doentes foram
avaliados clinicamente por epileptologistas experientes. O diagndstico foi feito
com base nos critérios da ILAE (197) e confirmado por video-eletroencefalo-
grama (VEEG) e imagem (todos realizaram RMN cerebral com um protocolo
especifico para epilepsia e alguns doentes selecionados realizaram imagem
funcional com SPECT cerebral com [*"Tc]Tc-HMPAO e/ou tomografia por
emissao de positrdes - PET - com ["®F]Fluorodesoxiglicose - FDG).

Por questbes logisticas, os doseamentos analiticos sé foram iniciados em
maio de 2016. A Figura 7 ilustra a integragé@o das amostras dos artigos 1, 2 e 3,
na populagéo total avaliada.

n =121 doentes
avaliados com Holter
de 48 horas

janeiro maio ljulho

2015 2016 2018

Figura 7. Diagrama representando a interligacdo das amostras estudadas nos artigos 1, 2
e 3. Crises TCG: crises tdnico-cldnicas generalizadas.

Foram recolhidos dados demogréficos e clinicos, incluindo idade, sexo, duragdo
da epilepsia, etiologia provavel, frequéncia e semiologia das crises (duragao, clas-
sificacéo, localizagao da zona de inicio ictal, ocorréncia de PGES), medicagdo em
curso (particularmente FACE), presenca de fatores de risco cardiovasculares [ha-
bitos tabagicos, hipertensado arterial (tensdo arterial sistdlica 2140 mmHg e/ou
diastdlica 290 mm Hg (198)], dislipidemia (definida como colesterol total 2190 mg/
dL e/ou triglicerideos 2150 mg/dL), ou sob terapéutica especifica para controlar
estes fatores de risco, e obesidade [definida como um indice de massa corporal
230 - Organizagdo Mundial de Saude (OMS)].
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Nenhum doente tinha diagnéstico prévio de doenga cardiovascular ou evidéncia
clinica de doenga inflamatdria ou infeciosa.

Estudo preparatdrio, realizado previamente ao Artigo 4 (“*"Tc-HMPAO and
the heart - a new way for an old molecule?’)

Foram avaliados 10 voluntdrios saudaveis, 5 mulheres e 5 homens, pertencentes
a ou relacionados com a equipa de investigagao deste projeto de doutoramento.

Recolheram-se dados demogréficos, incluindo idade e habitos tabdgicos.

Artigo 4

Foram selecionados 3 doentes internados no Servico de Angiologia e Cirurgia
Vascular do CHUSJ, que necessitavam ou tinham ja realizado uma cintigrafia
de perfusé@o do miocardio com [*"Tc]Tc-Tetrofosmina, como parte da avaliagdo
clinica da sua prépria doenca.

Foram, também, recolhidos dados demogréficos e clinicos, incluindo idade,
sexo e habitos tabdgicos.

Estudo de avaliagéo da distribuicdo do [*Tc]Tc-HMPAO no ventriculo esquerdo
de doentes com epilepsia (‘(HMPAO-Tc-99m cardiac SPECT - a method to detect
ischemia in patients with refractory epilepsy?’)

Foram avaliados prospetivamente 88 doentes com epilepsia refratéria, interna-
dos na UME do CHUS]J, entre junho de 2014 e agosto de 2018, que realizaram
tomografia de perfusado cerebral com [*™Tc]Tc-HMPAO ictal e/ou interictal. A
Figura 8. ilustra o nimero de doentes avaliados no periodo ictal e no periodo
interictal.

n = 46 doentes
avaliados no
periodo ictal

= 1 doente avaliado em ambos os periodos

n = 43 doentes
avaliados no
periodo interictal

junho Iagosto

2014 2018

Figura 8. Representacdo do numero de doentes com avaliagdo da distribuigdo do [*™Tc]
Tc-HMPAO no ventriculo esquerdo nos periodos ictal e interictal.

Recolheram-se dados demogréficos e clinicos.
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Metodologia

As metodologias especificas de cada artigo e de cada estudo estédo descritas
Nos mesmos.

Aprovacao Etica
A Comissdo de Etica para a Satide do CHUSJ aprovou este projeto.

Financiamento/ subsidio

Este projeto de investigacdo recebeu um subsidio da Fundagédo Calouste
Gulbenkian.
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ARTICLE INFO ABSTRACT

Keywords: Purpose: To profile serum levels of high sensitivity Troponin I (hs-cTnl), B-Type Natriuretic Peptide (BNP), and
SUDEP high sensitivity C Reactive Protein (hs-CRP), after epileptic seizures in patients with focal drug-resistant epi-
Troponin lepsy, relating the results to the revised SUDEP-7 inventory.

BNP Methods: We prospectively evaluated patients admitted to our Epilepsy Monitoring Unit. hs-cTnI, BNP, and hs-
(S:fizpures CRP were measured at admission and after the first seizure. The revised SUDEP-7 Risk Inventory was calculated.
SUDEP-7 The statistical significance level was set at 0.05.

Results: Fifty-eight patients were included (53.4 % female). The index seizure was a focal to bilateral tonic-clonic
seizure (FBTCS) in 25.9 % of the patients, and 17.5 % had post-ictal generalized EEG suppression (PGES). After
the seizure, 25.9 % had a significant (above 50 %) increase in hs-cTnl, 23.3 % in BNP, and 4.3 % in hs-CRP.
About 40 % had cardiovascular risk factors (CRF), without known cardiac disease. The elevation of one bio-
marker did not compel the elevation of another. hs-cTnl increase was associated with FBTCS, PGES, longer
seizures, maximal ictal heart rate, and HR change. Increases in BNP were associated with CRF. hs-CRP increase
was associated with PGES. We found no significant association between SUDEP-7 and any biomarker increase.
Significance: Several patients had increases in biomarkers of myocardial necrosis/dysfunction after seizures,
without significant association with the SUDEP-7 inventory. Different patterns of biomarkers’ elevations point to
multifactorial pathophysiologies hypothetically associated with incipient myocardial lesions. A larger cohort
with follow-up data could help to clarify the clinical relevance of these findings.
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1. Introduction

Epileptic seizures may induce elevations of serum cardiac Troponin
I (cTnl) or T (cTnT) [1-8], B-Type Natriuretic Peptide (BNP) [1,9-11],
and C reactive protein (CRP) [12-14], which could reflect cardiac in-
juries, possibly associated with Sudden Unexpected Death in Epilepsy
(SUDEP).

Until now, most studies in this field have used different methodol-
ogies, were mainly retrospective [4,5,7], and/or included only patients
admitted to emergency rooms [4,6,7,10,14,15].

In patients with uncomplicated seizures, some authors found no
changes in troponin after seizures [16,17]. Eskandarian et al. [18]
found normal cTnl values days after both complicated and un-
complicated seizures (although values were higher after complicated
seizures).

In patients admitted to the emergency room, Rauchenzauner et al.
[10] reported elevated plasma NT-proBNP levels after seizures in chil-
dren with tonic-clonic seizures or febrile convulsions, but not in those
with partial motor seizures or syncope, while Park et al. [15] reported
similar levels of pro-BNP in patients with syncope and patients with
seizures.

Both significant [12] and not significant [13,14] increases in CRP
have been found after seizures. Ishikawa et al. [19] reported higher
baseline levels of high sensitivity (hs) CRP in children with daily gen-
eralized motor seizures compared to those with intermittent seizures or
to control subjects.

In this study, we aimed to profile serum hs-cTnl, BNP and hs-CRP
after epileptic seizures in patients with focal refractory epilepsy, during
video-electroencephalography monitoring, and to correlate the results
with clinical variables and the revised SUDEP-7 risk inventory.

2. Methods
2.1. Study population

We prospectively evaluated consecutive patients admitted to our
Institution’s Epilepsy Monitoring Unit (EMU) with focal drug-resistant
epilepsy, from May 2016 to July 2018. Patients with only psychogenic
nonepileptic seizures and those without seizures during monitoring
were excluded.

Demographic and clinical data were collected, including index sei-
zure’s semiology and duration, the occurrence of post-ictal generalized
EEG suppression (PGES), and cardiovascular risk factors. No patient
had previously known cardiovascular disease or clinical evidence of
infectious or inflammatory diseases.

2.2. EEG

Scalp recordings were obtained placing gold cup electrodes (with
conductive paste and collodium), according to the 10-20 system, with
additional 10—10 locations, namely to cover the anteroinferior tem-
poral regions, for a total of 35-44 electrodes. Polygraphic derivations
included an EKG channel (as standard on EEG recordings) and an op-
tional EMG one. The signal was sampled at 512 Hz and recordings were
visually analyzed using standard bipolar and referential montages.
Anti-epileptic drugs were maintained, reduced, or discontinued, fol-
lowing the EMU protocol (which depends mainly on baseline seizure
types and frequency), under the supervision of an epileptologist.

2.3. Seizure characteristics

The index seizure was considered the first unequivocally observed
and was classified according to the semiological seizure classification
[20] and the International League Against Epilepsy (ILAE) classification
[21]. The index seizure ought to have clear motor features and/or loss
of consciousness; auras were included, only if accompanied by
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unequivocal electrographic seizure patterns; subclinical seizures, sub-
jective symptoms without EEG correlation, and very brief clinical sei-
zures (< 5s) were excluded. Experienced clinical neurophysiologists
determined temporal clinical and EEG ictal onsets and offsets, the lobar
regions of ictal onset (first unequivocal location of the ictal pattern), as
well as the presence and duration of PGES (determined by visual ana-
lyses of the EEG trace, using the original definition by Lhatoo et al.
[22], as the generalized absence of electrographic activity > 10 pV in
amplitude, within the 30 s following seizure termination, allowing for
muscle, movement, breathing and electrode artifacts).

All seizures had focal EEG onset with variable initial ictal phe-
nomenology; those that evolved to prominent tonic and/or clonic
manifestations of both arms, both legs, the trunk and head (i.e, ‘gen-
eralized’ motor involvement), were classified as ‘focal to bilateral tonic-
clonic seizures’ (FBTCS), according to ILAE’s position paper [21]. In
SUDEP-related literature, these seizures are often designated as ‘gen-
eralized convulsive’, ‘generalized tonic-clonic’, or ‘secondarily gen-
eralized tonic-clonic’. We subclassified FBTCS according to Alexandre
V. et al. [23] into: type 1 — tonic-clonic generalized convulsive seizure
with bilateral symmetric tonic arm extension; type 2 — clonic general-
ized convulsive seizure without tonic arm extension or flexion; type 3 —
generalized convulsive seizure with unilateral or asymmetric tonic arm
extension or flexion.

2.4. Serum biomarkers

All patients were evaluated as follows: at admission (basal) — hs-
cTnl, BNP, and hs-CRP; 6 h after the index seizure — hs-cTnl and hs-CRP;
12—18h after the index seizure — hs-cTnl, BNP and hs-CRP. This
timeline was established to detect acute changes in the levels of the
biomarkers. Given the analytical and biological variabilities, only in-
creases above 50 % of each basal level were considered significant
[24-271], even if still below the reference values (BNP and hs-CRP) or
below the 99th percentile upper reference limit which defines myo-
cardial lesion (hs-cTnI) [28].

All serum samples were collected to 3mL lithium heparinized
plastic tubes (BD Vacutainer™ LH PST ™ II), kept at 2—8°C, and ana-
lyzed in 12 h.

2.4.1. hs-cTnl

We used the autoanalyzer Architect 12000 SR System® from Abbott
Laboratories Diagnostic Division Abbott Park with the last version of
the High Sensitive Troponin I immunoassay (Abbott Laboratories, IL),
which uses the Chemoluminescent Microparticle Immuno Assay (CMIA)
method for quantitative determination. This assay has a 26 ng/L con-
centration at the 99th percentile of the reference population with < 5
% Variation Coefficient (VC), a detection limit of 1.9ng/L, a limit of
blank of 1.3 ng/L, and a quantification limit of 4.7 ng/L at 10 % VC. The
assay measurement interval is between 1.9 and 50 000 ng/L.

2.4.2. BNP

Analysed using the CMIA method in the Architect i2000 SR System®
from Abbott Laboratories. The Architect BNP assay has an imprecision
<12 % of the VC at the 95 % upper limit of the confidence interval, an
analytic sensitivity of 10 pg/mL, and a measurement interval between
10 and 5000 pg/mL.

2.4.3. hs-CRP

Analysed using Immunonephelometry with the BN™ II/BN ProSpec®
Systems (Siemens). The analytical sensitivity is 0.175 mg/L. The assay
has a concentration of 2.87 mg/L at the 99th percentile of the reference
population with a VC < 3.1 %. The reference value is considered
<3 mg/L.
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Table 1
The SUDEP Risk Inventory (SUDEP-7, version 2.0).
Adapted, with permission, from Novak et al. 2015. Frontiers in Neurology [27].
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SUDEP Risk Inventory (version 2.0) Odds ratio Weighting Log. x odds ratio
1. More than three tonic-clonic seizures in last year 8.1 Oor2
2. One or more tonic-clonic seizures in last year (if factor 1 is present, score as 0) 2.4 Oorl
3. One or more seizures of any type over the last 12 months (if factor 4 is present, score as 0) 2.2, 3.8, 4.6 Oor1l
4. More than 50 seizures of any type per month over the last 12 months 11.5 Oor2
5. Duration of epilepsy > 30 years 13.9 Oor3
6. Use of three or more AEDs 4.0 Oorl
7. Developmental disability, .Q. < 70 or too impaired to test 5.0 0or2
2.5. The SUDEP-7 inventory Table 2
Demographic and clinical data.
For each patient, we calculated the revised SUDEP-7 Risk Inventory Characteristics of Patients
[29,30], according to what is stated in Table 1, which includes the
weighing of some of the original SUDEP risk factors by Walczak et al. Total number of patients 58
[31] Age (years), median (range) 40 (16;73)
Gender, n (%)
Female 31 (53.4)
2.6. Statistical analysis Male 27 (46.6)
Duration of epilepsy (years), median (range) 12 (1;67)
Quantitative variables were described as median (range) in the ta- Etiology of epilepsy, n (%)"
. . . . . . Hippocampal Sclerosis 11 (19.0)
bles and median (inter-quartile range) in the graphical representations. Malformations of Cortical Development 6(10.3)
Categorical variables were described through absolute and relative Tumor 5 (8.6)
frequencies. The statistical association between categorical variables Vascular Malformations 2(3.4)
was evaluated through Chi-square or Fisher’s exact tests, whereas the Other” ) 8(13.7)
association between quantitative and categorical variables was assessed Indeterminate 25 (43
i R L L Frequency of seizures per month, n (%)
using the Mann-Whitney statistical test. The significance level was set at -8 39 (67.2)
0.05. Statistical analysis of the results was performed using the com- 9-25 5 (8.6)
mercially available software SPSS version 25 (IBM Corp., Armonk, NY, = 26 14 (24.1)
USA). Cardiovascular Risk Factors, n (%) 23 (39.7)
Smoking 10 (17.2)
Arterial Hypertension 2349
2.7. Standard protocol approvals, registrations, and patient consents Dyslipidemia® 7 (12.1)
Obesity* 3(5.2)
We confirm that we have read the Journal’s position on issues in- Dyslipidemia’, Arterial Hypertension, and Obesity" 1a.7
. . . . . . . . None 35 (60.3)
volved in ethical publication and affirm that this report is consistent Number of Antiepileptic Drugs, mean (SD) 2,75 (0.939)
with those gUidelines- Use of Sodium Channel Blockers, n (%) 48 (82.8)
Also, the study was approved by our Institution’s Ethics Committee Use of antiepileptic drugs associated with lower CRP, n (%)° 45 (77.6)
and all patients gave their written informed consent. Use of antiepileptic drugs associated with higher CRP, n (%)’ 9 (15.5)

2.8. Data availability statement

The data generated and/or analyzed during this study are available
from the corresponding author on reasonable request.

3. Results

Fifty-eight patients (53.4 % female) were enrolled (Table 2), with a
median age of 40 years. The median duration of epilepsy was 12 years
(min;max, 1;67). Most patients had a low frequency of seizures (till 8
seizures per month) and needed 2 or 3 antiepileptic drugs (AED), with a
mean of 2.75 ( = 0.939). More than 75 % of the patients were on anti-
epileptic drugs (AED) known to be associated with lower CRP values
[32], at the time of the admission to the EMU.

Hippocampal Sclerosis was the most commonly identified etiology
for our patients’ epilepsy (19 %), but we could not determine the cause
in 25 (43 %) of them.

Cardiovascular risk factors (CRF) were present in 40 % of the pa-
tients, mainly smoking and dyslipidemia. None of the patients had
known cardiac disease.

Regarding the index seizure (Table 3), 25.9 % were Focal to bi-
lateral Tonic-clonic Seizures (FBTCS), the majority of which belonged
to Type 3 (60.0 %). The median duration exceeded 1 min and 17.5 %
had PGES (all patients with Type 1 FBTCS, half of the patients with type
3 FBTCS, and 1 patient with focal seizure without evolution to bilateral
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# 1 missing.

> Other: Meningitis, Hypoxic-ischemic lesions, Hydrocephalia.

¢ Defined as total cholesterol = 190 mg/dL and/or triglycerides = 150 mg/
dL.

4 Defined as body mass index = 30 (WHO).

¢ Valproate, lamotrigine, levetiracetam.

f Phenytoin, carbamazepine.

tonic-clonic - FS). The majority of seizures was Temporal (80.4 %) and
occurred during wakefulness (67.2 %). The ictal onset site was mainly
right-sided (50 %). The mean maximal (max) ictal heart rate (HR) was
106.6 bpm ( + 27.3) and the median HR change [difference between
maxHR and mean basal HR (AHR)] was 60.8 (min;max, — 3;106).

Table 4 shows the number of patients presenting with each SUDEP-7
score, which ranged from 1 to 9, out of a possible maximum of 10.

In 25.9 % of the patients (n = 15, 12 with FBTCS and 3 with FS), we
found significant increases of hs-cTnl, 6 h after the index seizure, or
12—18h after, or on both moments. hs-cTnl increase was associated
with the presence of FBTCS (p < 0.001), PGES (p = 0.001), longer
seizure duration (p = 0.002), higher maxHR (p = 0.001), and higher
AHR (p = 0.003). From the 12 patients with FBTCS and hs-cTnl in-
crease, 8 belonged to type 3, and 4 belonged to type 1.

Three of the patients (5.2 %) presented elevations above the 99th
percentile upper reference limit, compatible with myocardial lesion,
but none had chest pain or EKG abnormalities suggesting an acute
coronary syndrome [28]. All three performed a Myocardial Perfusion

73



M.T. Faria, et al.

Table 3
Index Seizure Characteristics.

Index Seizure Characteristics

Semiology, n (%)

Focal to bilateral tonic-clonic seizure 15 (25.9)
Type 1 5 (33.3)
Type 2 1(6.7)
Type 3 9 (60.0)

Focal seizure without evolution to bilateral tonic-clonic 43 (74.1)

Duration (seconds), median (range)” 69.0 (5;171)

Postictal Generalized EEG suppression, n (%)" 10 (17.5)

While awake, n (%) 39 (67.2)

Ictal onset side, n (%)°

Right 28 (50.0)

Left 16 (28.6)

Bilateral 6 (10.7)

Central 1(1.8)

Indeterminate 5 (8.9)

Ictal onset localization, n (%)°

Temporal 45 (80.4)

Extra-temporal 10 (17.9)

Indeterminate 1(1.8)

Maximal ictal Heart Rate (bpm), mean (SD)" 106.6 (27.3)

A Heart Rate (bpm), median (range)” 60.8 (-3;216)

A Heart Rate, n (%)

<50 % 25 (43.9)

50—99% 11 (19.3)

100—149% 18 (31.6)

=150 % 3(5.3)

® 6 missing.

1 missing.

¢ 2 missing.

Table 4

Distribution of patients according to the SUDEP-7 score.

SUDEP-7 score n %

1 11 19.0
2 19 32.8
3 6 10.3
4 7 12.1
5 5 8.6
6 3 5.2
7 5 8.6
8 1 1.7
9 1 1.7

Scintigraphy afterward, which showed no perfusion defects in two of
them. The third had a small septal perfusion defect, without significant
reversibility, and with normal function. That patient does not have
cardiovascular risk factors.

Their clinical data are summarized in Table 5.

All of the above-mentioned patients are part of the ones having
FBTCS, accounting for 20 % raises above the 99th percentile upper
reference limit in that group.

3 patients with FS also had hs-cTnl elevation. Table 6 summarizes
their clinical data.

Significant increases in BNP occurred in 23.3 % of the patients, from
baseline to 12—18h after the index seizure, and those patients had
more CRF (p = 0.019). We did not find any significant association be-
tween BNP increases and seizure type, PGES, seizure duration, maxHR
or AHR (p = 1.000, p = 0.558, p = 0.973, 0.570, and p = 0.236 re-
spectively).

hs-CRP increased from baseline to 6 h or 12—18h after the index
seizure only in 4.3 % of the patients. hs-CRP increases were associated
with the presence of PGES (p = 0.028), and there is a trend favouring
an association with FBTCS (p = 0.088). We did not find any association
between hs-CRP elevations and seizure duration, maxHR, or AHR
(p = 0.498, p = 0.139, and p = 0.591). We also found no significant

Table 5

Clinical data from the patients with hs-cTnI above the 99th percentile upper reference limit.

SUDEP-7

Seizure onset

side

Max HR
(bpm)

PGES

Duration of seizure

(seconds)

Seizure onset
localization

Seizure Type of

Frequency of seizures/

month

Duration of epilepsy

(years)

Sex Cardiovascular risk

Age (years)

(seconds)

FBTCS

semiology

factors

Left
Left

115
1

90
101

Temporal
Temporal
Temporal

FBTCS
FBTCS
FBTCS

No

16
50
44

44

126
30

v

Yes

Right

156

152

35

No

Seizure: European Journal of Epilepsy 80 (2020) 100-108

FBTCS: Focal to bilateral tonic-clonic seizure; PGES: Postictal Generalized EEG Suppression; MaxHR: maximal ictal heart rate.
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Table 6

Clinical data from the patients with elevation in hs-cTnlI following a Focal seizure without evolution to bilateral tonic-clonic.

SUDEP-7

Seizure onset

side

max HR
(bpm)

PGES

Duration of seizure

(seconds)

Seizure onset
localization

Duration of epilepsy ~ Frequency of seizures/ Seizure Type of seizure

Sex Cardiovascular risk

Age (years)

(seconds)

semiology

month

(years)

factors

Right
Right
Ind.

90

Ind.
88

Vegetative aura Temporal

FS

26

Yes

45

100
107

Temporal

Automotor
Automotor

FS

vi

No

24
73

Ind.

Extra-Temporal

FS

67

No

FS: Focal seizure without evolution to bilateral tonic-clonic; Ind.: indeterminate; PGES: Postictal Generalized EEG Suppression; maxHR: maximal ictal Heart Rate.

Seizure: European Journal of Epilepsy 80 (2020) 100-108

association between hs-CRP elevations and the use of AED reported to
lower (valproate, lamotrigine, levetiracetam) or probably raise (phe-
nytoin, carbamazepine) CRP [12,19,32] (p = 0.357 and p = 1.000,
respectively).

One patient had increases in both hs-cTnI and BNP, and 2 patients in
hs-cTnI and hs-CRP.

No significant association could be found between CRF and eleva-
tions of hs-cTnl (p = 0.519) or hs-CRP (p = 0.524).

Age, sex, seizure frequency, ictal onset localization (temporal/extra-
temporal), onset side (right or left hemisphere), or seizure during sleep/
wakefulness did not show any association with biomarkers increases.

We also found no significant differences in SUDEP-7 inventory
scores between patients with and without either biomarker increase — p
values of 0.326, 0.173, and 0.464, for hs-cTnl, BNP, and hs-CRP, re-
spectively.

Fig. 1 shows the evolution of each biomarker after index seizure,
related to the different clinical variables (CRF, FBTCS, PGES, seizure
duration, and seizure onset — TLE vs extra-TLE).

Maximal ictal HR was significantly higher both in patients with
FBTCS and in patients with PGES (p < 0.001 for both), the same oc-
curring for AHR (p < 0.001 and p = 0.01, respectively).

4. Discussion

Our main finding was a significant increase in hs-cTnl or BNP after
seizures in a considerable percentage of patients (25.9 % and 23.3 %,
respectively), with no significant associations with the SUDEP-7 in-
ventory scores.

4.1. Biomarkers and seizures’ characteristics

4.1.1. Troponins

cTnl and cTnT are high sensitivity and specificity biomarkers of
myocardial injury [28,33], and the newest guidelines recommend the
routine clinical use of high-sensitivity (hs) assays [28]. Baker et al. [34]
consider that a change of 50-60 % is needed for clinical situations when
the baseline value is below the 99th percentile upper reference limit,
and our study followed that rule.

In some neurologic diseases, such as in subarachnoid hemorrhage,
troponin I is already established as a highly sensitive and specific
marker of cardiac dysfunction [35]. However, the presence of elevated
troponins by itself does not identify the underlying pathophysiological
mechanisms of myocardial injury. It may be caused by physiological
stresses or preload-related stretch in normal hearts [28]. Myocardial
ischemia may be caused not only by vascular lesions but also by a
mismatch of oxygen supply and demand in the myocardium [28],
which, following seizures, is more likely to happen [1,7,16].

Troponin I elevation occurs more frequently after GTCS [1], one of
the most consistent risk factors for SUDEP [36-39]. Stollberger and
Finsterer [40] postulated that myocardial injury might occur only in
severe and prolonged seizures, a finding that was also suggested by our
results: hs-cTnl increases were associated with FBTCS, the presence of
PGES, longer seizure duration, maxHR, and AHR. These elevations
could be related to the physical exertion due to this type of crisis, as
some studies report troponin elevations after physical activity [34,41].
Shave et al. [41] report cTnl elevations in healthy humans after a 30-
minute high-intensity run, but the type and duration of exercise are
much different from muscle contractions in FBTCS. A meta-analysis also
indicated that hs-cTnl raises 32-72 % in non-ischemic individuals, after
exercise stress testing, with considerable overlap with the values seen in
patients with myocardial ischemia [42].

Although there is controversy about the mechanisms implicated in
cTnl elevations after exercise, some kind of alteration at the cardio-
myocyte level probably occurs [34]. Some of the proposed mechanisms,
like the formation of blebs at the cardiomyocyte membrane, may lead
to cell necrosis if the ischemia is sustained [43].
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Fig. 1. Evolution of hs-cTnlI (first column), BNP (second column) and hs-CRP (third column): basal, 6 h and 12-18 h after index seizure, related to CRF (first row),
FBTCS (second row), PGES (third row), seizure duration (< 1 min or > = 1 min, fourth row) and seizure onset (TLE or extra-TLE, fifth row). Data are presented in
the form of median + (inter-quartile range/2). CRF: cardiovascular risk factors; FBTCS: Focal to bilateral tonic-clonic seizure; FS: focal seizure without evolution to
bilateral tonic-clonic; PGES: postictal generalized EEG suppression; TLE: Temporal Lobe Epilepsy.

Contrarily to c¢TnT, there are no reports of rises in cTnl with origin
in non-cardiac tissues [28].

Minor, repetitive changes, that might not cause death by them-
selves, could affect the conduction system and cause fatal arrhythmias
[7,44]. Despite there is no evidence of short-term increased risk of
cardiac events in individuals with troponin elevation after exercise
[34], some cases of true acute coronary syndrome following seizures
were reported [3,4,44,45].

In our study, 3 patients (5.2 %) had hs-cTnl elevations above the
99th percentile upper reference limit, a value similar to the one re-
ported by Sieweke et al. [5], but that percentage rose to 20 in the group
with FBTCS, which parallels the recently published paper by Nass et al.
[8], who found 26 % of patients with GTCS having an elevation of hs-
cTnT above the normal upper limit. None of our patients had signs or
symptoms of an acute coronary syndrome, as also reported by other
authors [5,7,[8]. Nevertheless, in a subsequent myocardial perfusion
scintigraphy, the patient with longer duration of epilepsy had a small
fixed septal perfusion defect, which could be due to repetitive seizures,
as pointed out by Akrawinthawong et al. [45].

The number of patients with FBTCS and hs-cTnl increase (n = 12) is
not enough to perform a formal statistics regarding the types of FBTCS,
nor to perform a multivariable analysis regarding the presence of PGES.
Eight patients corresponded to type 3, half of which with PGES. Four
patients belonged to type 1, all of which with PGES (Alexandre et al.
[23] found a strong association between PGES and type 1). None of
them corresponded to type 2, the only type without arm tonic extension
or flexion.

Sieweke et al. [5] found an association between troponin elevation
and CRF, and other authors [7,8,40] add that myocardial damage is
more probable to occur in elderly patients, as cardiovascular disease
increases with age.

However, in our work, we found no difference in age, between the
groups with or without each biomarker increase, and hs-cTnl increases
were not related to CRF. Particularly, one of the three patients that had
hs-cTnl elevation above the 99th percentile upper reference limit was
only 16 years old and had no CRF. In this setting, attention to younger

patients and those without CRF seems also advised. Contrarily to other
reports [16,17], our study showed an hs-cTnl increase after focal sei-
zures without evolution to bilateral tonic-clonic (FS) in some patients
(n = 3; about 5 % of all patients, 7 % of FS), but previous works in-
cluded smaller samples and their measurement timelines were different
from ours. This particular issue should be explored in future in-
vestigations. Interestingly, none of those 3 patients had PGES, and one
of the seizures associated with hs-cTnl elevation was a vegetative aura.

HR is an easy non-invasive way to detect autonomic activity [46].
Ictal tachycardia is common especially after generalized convulsive
seizures, which are associated with ictal tachycardia and or significant
increases in HR in 48 %-100 % of seizures [46]. The fact that it is also
documented in otherwise subclinical epileptic seizures supports that it
is not merely a physical or psychological stress response [47].

In our study, patients with hs-cTnl elevation had higher maxHR, and
higher AHR compared to those without, indicating changes in the au-
tonomic nervous system. We did not find any association between the
other biomarkers (BNP and hsCRP) and maxHR or AHR. It would have
been interesting to perform a multivariable analysis, once maxHR or
AHR were also associated with FBTCS and PGES, but we did not have a
sufficient number of patients. Nass et al. [8] found a correlation be-
tween troponin elevations and postictal dopamine levels, reflecting
catecholaminergic overdrive, which is in line with our findings of
stronger autonomic activation in seizures that elicit hs-cTnl elevation.

4.1.2. Natriuretic peptides

Heart lesions can equally cause cardiac dysfunction [40], which can
be detected by BNP elevations [10].

BNP might be secreted both by the heart or the brain and, to our
knowledge, no study previously demonstrated the origin of this na-
triuretic factor after seizures.

The stress associated with seizures and the secondary noradrenaline
release might trigger BNP cardiac production [10,11]. On the other
hand, the epileptic activity in the brain can activate BNP secretion in
both the heart and the brain [10].

Until now, few studies addressed BNP levels after epileptic seizures,
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and, although being prospective, they included only patients with GTCS
[8], patients admitted to the emergency room/center [10,15], or only
children [10]. In these studies, Kyung-Il Park [15] failed to show any
differences in NT-proBNP between the seizure and the vasovagal syn-
cope groups, but his study comprised merely 12 patients with syncope
and 15 with seizures, and measurements were made up to 24 h after
each episode. Rauchenzauner et al. [10] found higher levels of BNP in
children with GTCS and febrile convulsions.

In our patients, BNP elevations after seizures were only significantly
associated with the presence of CRF, corroborating the hypothesis that
cardiac dysfunction and/or BNP cardiac secretion may occur acutely in
patients with higher cardiovascular risk. No significant changes in BNP
were found after FBTCS, a similar result to that obtained by Nass et al.

[8]

4.1.3. CRP

Inflammation is being recognized in epilepsy, but contrarily to other
noninflammatory neurologic conditions, a study of CRP in this context
is still lacking [12].

The few published studies on this subject suggest both chronic
[12,19] and acute [12-14] CRP elevations in patients with refractory
epilepsy.

In our study, only 2 patients (4.3 %) had an elevation of hs-CRP
after the seizure. We thought the fact that more than 75 % of our pa-
tients were taking AED that lower CRP could account for this result, but
could not find any significant association between being on that med-
ication and having or not an elevation of hs-CRP. Nevertheless, that
medication could have prevented hs-CRP rises in patients in whom they
would otherwise happen.

Also, more than 15 % were on medication that could raise CRP, and
we could not find any association either. Within the patients who were
on AED reported to lower CRP, 15.6 % were also taking AED that could
raise CRP. That could explain the fact that the differences did not reach
statistical significance.

The 2 patients that had an hs-CRP elevation were not taking AED
that could raise CRP levels, and so, those should correspond to true
elevations.

Alapirtti et al. [12] found a significant association between GTCS
and hs-CRP elevations, — patients being monitored in the EMU -, but it
could not be proved by Sohn et al. [14] - patients admitted to the
emergency room, in whom they found CRP elevations regardless of
seizure type. In our study, the number with FBTCS and hs-CRP eleva-
tions were not enough to reach statistical significance, though there is a
trend favouring that association. The first authors measured CRP for
24h after the index seizure and found that CRP values follow a ‘U’
shaped curve, decreasing for the first 3h and increasing afterward.

According to this, if we had measured hs-CRP past 12—18h after
the seizure, we could have found more patients with hs-CRP increases.

Assadpour Piranfar [48] found a significant relation between hs-
CRP levels and coronary atherosclerosis severity. Our patients with hs-
CRP elevations also had hs-cTnl elevations, suggesting a cardiovascular
origin for those increases. The elevation of hs-CRP was significantly
associated with PGES, pointing to a possible association with postictal
autonomic dysregulation [49].

4.2. Cardiac biomarkers and SUDEP

SUDEP’s pathophysiology is still unknown [37,39,49-52]. In many
cases, no structural lesion can be perceived [37,53], and different cases
probably have different causes/mechanisms [37,51]. Patients with an
elevation of one biomarker did not necessarily have the elevation of
another, which could reflect different mechanisms for the cardiac al-
terations secondary to epileptic seizures.

There is evidence of profound changes in the autonomic nervous
system following seizures [50] hinting to its role in some SUDEP cases
[49,51]. Massive catecholamine release elicited by epileptic seizures

Seizure: European Journal of Epilepsy 80 (2020) 100-108

can cause myocardial ischemia due to coronary artery vasoconstriction
[3], which when repeated may provoke myocardial fibrosis [50,54],
and if near to the conductive system can cause potentially fatal ar-
rhythmias [44]. Bradiarrhythmias and prolonged tachyarrhythmias
secondary to epileptic seizures may, in turn, prompt myocardial is-
chemic changes [3]. Opeskin et al. [53] did not find significant peri-
vascular or interstitial fibrosis on histological examination of both
SUDEP and control groups, but they do not rule out the possibility of
minor abnormalities of the conduction system being partly responsible
for some SUDEP cases.

GTCS are a consistent risk factor for SUDEP [37,38], and, in the
MORTEMUS study [39], preceded every monitored SUDEP case.

DeGiorgio et al. [30] created a 7-item inventory (the SUDEP-7 in-
ventory) intending to estimate the SUDEP risk from risk factors ori-
ginally identified and validated by Walczak et al. [31] (Table 1).

The fact that many patients with risk factors for SUDEP do not die
raises the suspicion that other important mechanism should be the ul-
timate cause [37].

To our knowledge, the possible association between the SUDEP-7
inventory and serum biomarkers was not previously explored by others.

Our results do not show an association between hs-cTnl, BNP, or hs-
CRP elevations with the SUDEP-7 inventory, but the majority of our
patients (75 %) have a risk score <4 and more than 50 % scored one or
2 in the inventory. From this inventory point of view, our patients,
though having refractory epilepsy, do not present a severe risk for
SUDEP, which may explain the lack of a significant association.
Nevertheless, one of the patients with an hs-cTnl elevation above the
99th percentile upper reference limit, and the only one with a perfusion
defect in the myocardial scintigraphy had a SUDEP-7 score of 7. That
patient had a more prolonged seizure and PGES, conditions associated
with hs-cTnl elevation, but whose contribution to SUDEP is con-
troversial and are not included in the SUDEP-7 inventory.

4.3. Limitations

Our major limitation is the relatively small number of patients with
FBTCS in our cohort.

Concerning hs-CRP, we could have measured it at 24 h after index
seizure as well, given a study found that CRP values initially decrease
(till 3h after the seizure), increasing afterward (till 24 h after the sei-
zure) [12]. Maybe, if we did so, we could find more patients with hs-
CRP elevations, and reach a significant association with FBTCS.

Although patients with FBTCS had oxygen saturation evaluated
during the postictal phase, this was made on separate cardiopulmonary
monitors and not systematically recorded. We did not measure con-
tinuous oxygen saturation throughout the video-EEG monitoring pro-
cess. Mosely et al. [55] found that ictal hypoxemia was significantly
associated with generalized tonic-clonic seizures (either primary or
secondary) and prolonged seizure duration, variables we found to be
associated with rises in hs-cTnl. According to some authors [23,56,571,
oxygen saturation might be related to PGES. It would have been in-
teresting to explore any relationship between oxygen saturation and
cardiac biomarkers.

Tonic-clonic seizures induce acute metabolic effects that can inter-
fere with cardiac function and excitability, as reported by Nass [58]. In
this setting, we could have measured biomarkers like lactate and am-
monia, as well as glucose, creatinine, and electrolytes.

We did not measure catecholamines as well, and it would add
complementary information, knowing that the catecholamine release
after seizures can cause coronary artery vasoconstriction [3] and is
related to elevated levels of cardiac injury markers [8].

5. Conclusions

Mechanistically, it is known that SUDEP likely involves a combi-
nation of postictal respiratory dysfunction, arousal failure, and cardiac
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dysfunction [59]. Our data expand the characterization of the last
component of this triad: we documented that a significant number of
patients have increases in well-established biomarkers of myocardial
necrosis/dysfunction after seizures (hs-cTnl, BNP), without any sign or
symptom of cardiac disease. Patients with an elevation of one bio-
marker do not necessarily have the elevation of another, which could
reflect different mechanisms involved in cardiovascular response to
seizures and point to multifactorial pathways of myocardial damage
potentially related to SUDEP.

We did not find any association between the biomarkers increases
and the SUDEP-7 inventory. Nevertheless, taking into account the as-
sociations between biomarkers and seizures characteristics, we consider
that seizure duration, PGES, and measurements of hs-cTnl after sei-
zures, particularly after FBTCS, should be weighted in future studies
exploring clinical predictors of SUDEP, in order to assess if it is worthy
to include them in revisions of the SUDEP-7 inventory.
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ARTICLE INFO ABSTRACT

Keywords: Objective: Patients with epilepsy, mainly drug-resistant, have reduced heart rate variability (HRV), linked to an
Refractory epi}epy increased risk of sudden death in various other diseases. In this context, it could play a role in SUDEP. Gener-
Healrt rate variability alized convulsive seizures (GCS) are one of the most consensual risk factors for SUDEP. Our objective was to
ISCltJEIi)EP assess the influence of GCS in HRV parameters in patients with drug-resistant epilepsy.

Methods: We prospectively evaluated 121 patients with refractory epilepsy admitted to our Epilepsy Monitoring
Unit. All patients underwent a 48-hour Holter recording. Only patients with GCS were included (n = 23), and we
selected the first as the index seizure. We evaluated HRV (AVNN, SDNN, RMSSD, pNN50, LF, HF, and LF/HF) in
5-min epochs (diurnal and nocturnal baselines; preictal — 5 min before the seizure; ictal; postictal — 5 min after
the seizure; and late postictal — >5 h after the seizure). These data were also compared with normative values
from a healthy population (controlling for age and gender).

Results: We included 23 patients, with a median age of 36 (min-max, 16-55) years and 65% were female. Thirty
percent had cardiovascular risk factors, but no previously known cardiac disease. HRV parameters AVNN,
RMSSD, pNN50, and HF were significantly lower in the diurnal than in the nocturnal baseline, whereas the
opposite occurred with LF/HF and HR. Diurnal baseline parameters were inferior to the normative population
values (which includes only diurnal values). We found significant differences in HRV parameters between the
analyzed periods, especially during the postictal period. All parameters but LF/HF suffered a reduction in that
period. LF/HF increased in that period but did not reach statistical significance. Visually, there was a tendency
for a global reduction in our patients’ HRV parameters, namely AVNN, RMSSD, and pNN50, in each period,
comparing with those from a normative healthy population. No significant differences were found in HRV be-
tween diurnal and nocturnal seizures, between temporal lobe and extra-temporal-lobe seizures, between seizures

Generalized convulsive seizures

Abbreviations: GCS, generalized convulsive seizure; HRV, heart rate variability; SUDEP, sudden unexpected death in epilepsy; EMU, epilepsy monitoring unit;
ASMs, anti-seizure medications; FBTCS, focal to bilateral tonic-clonic seizure; TL, temporal lobe; ETL, extra-temporal lobe; PGES, Postictal generalized EEG sup-
pression; PNES, psychogenic nonepileptic seizures; CPS, complex partial seizures; GTCS, generalized tonic-clonic seizures; VNS, vagus nerve stimulation; WHO,
World Health Organization; SCB, sodium channel blockers; MRI, magnetic resonance imaging; [*°™Tc]Tc-HMPAO SPECT, single photon emission computed to-
mography with [**™Tc]Tc-HMPAO; ['®F]FDG PET, positron emission tomography with ['®F]FDG.
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with and without postictal generalized EEG suppression, or between seizures of patients with and without car-

diovascular risk factors.

Significance/conclusion: Our work reinforces the evidence of autonomic cardiac dysfunction in patients with re-
fractory epilepsy, at baseline and mainly in the postictal phase of a GCS. Those changes may have a role in some
SUDEP cases. By identifying patients with worse autonomic cardiac function, HRV could fill the gap of a lacking

SUDEP risk biomarker.

1. Introduction

Heart rate variability (HRV) measurements allow the assessment of
cardiac autonomic activity (Malik et al., 1996). A low HRV has been
associated with an increased risk of sudden death in myocardial
infarction (Kleiger et al., 1987; La Rovere et al., 1998), with a worse
prognosis in many different clinical conditions (Dekker et al., 2000), and
independently associated with increased risk of sudden cardiac death in
the general population (Maheshwari et al., 2016).

Seizures, mainly in drug-resistant epilepsy, commonly affect the
heart rate (HR) and its variability (Moridani and Farhadi, 2017; Myers
et al., 2018b), with a possible connection to sudden unexpected death in
epilepsy (SUDEP) (Myers et al., 2018a). Also, some anti-seizure medi-
cations (ASMs) may influence the autonomic nervous system function
(Persson et al., 2003).

SUDEP is one of the major causes of death directly related to epilepsy
(DeGiorgio et al., 2019), particularly in refractory patients (Tomson
et al., 2008), which account for 25-30% of all patients with epilepsy
(EUCARE, 2003). Generalized convulsive seizures (GCS) are reported as
the most consistent risk factor for SUDEP (DeGiorgio et al., 2017; Lan-
gan et al., 2005; Nilsson et al., 1999; Ryvlin et al., 2019).

Different studies’ conclusions vary from considering decreased HRV
a potential risk factor for SUDEP (Lotufo et al., 2012; Sevcencu and
Struijk, 2010), related to increased cardiac mortality and sudden
arrhythmic death, to devaluate HRV parameters as no significant dif-
ferences were found between groups of patients who died from SUDEP

and living controls (Odom and Bateman, 2018; Surges et al., 2009).

These mixed results, partially related to methodologic issues,
encourage the research in this field to understand if and how HRV pa-
rameters should be included in clinical practice, namely in the prog-
nostic assessment of SUDEP risk in patients with refractory epilepsy.

This study aims to evaluate the impact of GCS in the HRV of patients
with refractory epilepsy, in the preictal, ictal, postictal, late postictal,
and baseline periods.

2. Material and methods

Our research method was based on the Guidelines for Reporting
Articles in Psychiatry and Heart Rate Variability (GRAPH) (Quintana
et al., 2016). It fits the four domains proposed by those guidelines:
participant selection, interbeat interval collection, data preparation, and
HRV calculation. Fig. 1 illustrates it in general.

2.1. Participants

From January 2015 to July 2018, we prospectively evaluated 121
patients with refractory epilepsy, admitted to our institution’s Epilepsy
Monitoring Unit (EMU) as part of their pre-surgical evaluation. All pa-
tients were clinically evaluated by experienced epileptologists and un-
derwent MRI with a dedicated epilepsy protocol. Selected patients
performed functional imaging ([°°™T¢]Tc-HMPAO SPECT and/or [*8F]
FDG PET).

Demographics
Inclusion criteria

Health status characteristics

N
“ Participant selection >
J
~
W EKG data collection >
J

EKG data
pre-processing

HRV computation and
analysis

[ 9

48-hour Holter

Acquired during hospital admission
EEG records evaluated by experienced
neurophysiologists

First recorded GCS

s N
e Movement data analysis exclusion
e  Filtering and RR interval computation
®  RRto NN artifact filtering
e Data loss analysis
\ J

\

Liner HRV computation in 5-min blocks
Selection of 1 block of 5 min for each period
of analysis
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J

Fig. 1. Study method illustration based on Guidelines for Reporting Articles in Psychiatry and Heart Rate Variability (Quintana et al., 2016). Detailed descriptions of

each domain are provided below in the following sections.
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We collected demographic and clinical data, including age, duration
of epilepsy, probable etiology, seizure frequency and semiology (dura-
tion, type of GCS, localization of the ictal onset zone), medication at the
time of HRV evaluation (particularly ASMs), cardiovascular risk factors,
such as smoking habits, arterial hypertension [systolic blood pressure
> 140 mmHg and/or diastolic blood pressure > 90 mmHg (Unger et al.,
2020)], dyslipidemia (defined as total cholesterol > 190 mg/dL and/or
triglycerides > 150 mg/dL), or under targeted therapy to control these
risk factors, and obesity (defined as body mass index > 30 — WHO).
None of the patients had previously known cardiovascular disease.

We selected patients who had GCS and chose the first recorded GCS
as the index seizure (23 patients).

2.2. Data collection procedure

2.2.1. Seizgures characterization using EEG

We obtained scalp recordings by placing gold cup electrodes (with
conductive paste and collodium), according to the 10-20 system.
Additional 10-10 locations were recorded, to include the specific re-
gions of interest (total of 35-44 electrodes). Polygraphic derivations
included an EKG channel (as standard on EEG recordings) and an
optional EMG one. The signal was sampled at 512 Hz and recordings
were visually analyzed using standard bipolar and referential montages.
We maintained, reduced, or discontinued ASMs, following the EMU
protocol (depending mainly on baseline seizure types and frequency),
under the supervision of an epileptologist.

Based on the EEG and video examination and imaging, the seizures
were classified according to the semiological seizure classification
(Luders et al., 1998) and the International League Against Epilepsy
(ILAE) classification (Fisher et al., 2017). Experienced clinical neuro-
physiologists determined temporal clinical and EEG ictal onsets and
offsets, as well as the lobar regions of ictal onset and the presence and
duration of postictal generalized EEG suppression, according to the
definition by Lhatoo et al. (general absence of electrographic activity >
10 uV in amplitude, within the 30 s following seizure termination,
allowing for muscle, movement, breathing and electrode artifacts
(Lhatoo et al., 2010)). GCS were further subclassified according to
Alexandre V. et al.: type 1 — tonic-clonic GCS with bilateral symmetric
tonic arm extension; type 2 — clonic GCS without tonic arm extension or
flexion; type 3 — GCS with unilateral or asymmetric tonic arm extension
or flexion (Alexandre et al., 2015).

2.2.2. EKG recording and HRV analysis

All patients underwent a 48-hour Holter recording in the EMU, using
the Philips Zymed DigiTrak-Plus 48 recorder, model 3100A, and the
Philips Zymed Holter 1810 series software. This software was used to
extract the RR intervals based on its proprietary algorithm which detects
the ‘R’ points of the EKG waveform.

We used the extracted RR interval and used the INESC TEC pro-
prietary and validated HRV analysis system, named VJ Assembly,
already used in previous studies (Pimentel et al., 2019). Before
computing the HRV parameters a simple verification according to the
literature was made to verify if all the RR intervals detected by the
Philips software were physiologically valid (Clifford et al., 2006) — this
procedure eliminates any possible mistakes made by the RR interval
detection algorithm that can occur in the case of a noisy EKG signal. The
RR intervals physiologically valid are called normal-to-normal (NN)
intervals.

For the HRV analysis, we followed the guidelines presented by the
Task Force of the European Society of Cardiology and the North Amer-
ican Society of Pacing and Electrophysiology (Malik et al., 1996), having
considered the parameters AVNN, SDNN, RMSSD, pNN50, LF, HF, and
LF/HF. Table 1 summarizes the HRV parameters analyzed and their
purpose.

We evaluated HRV parameters by analyzing 5-min-EKG epochs
during interictal, preictal, ictal, and postictal periods: baseline (diurnal

Epilepsy Research 178 (2021) 106796

Table 1
Description of the HRV parameters analyzed in this study.
Domain Measure  Description
Time-domain AVNN Average of NN intervals (ms)
SDNN Standard Deviation of all NN intervals (ms)
RMSSD Root Mean Square of the Successive Differences
between NN intervals (ms)
PNN50 NN variations above 50 ms (%)
Frequency- LF Power in the Low-Frequency range 0.04-0.15 Hz
domain (ms?)
HF Power in the High-Frequency range 0.15-0.40 Hz
(ms?)
LF/HF Describes the ratio between the LF and HF frequency

power bands

and nocturnal), preictal (5 min before the GCS), ictal, postictal (5 min
after the seizure), and late postictal (> 5 h after the seizure).

The diurnal baseline period corresponded to the first 5 min of EKG
data following wake-up, without noise or artifacts. The nocturnal
baseline was selected during stage 2 of sleep for all patients, in a period
without seizures nor movement, therefore without the influence of noise
or artifacts.

Additional 1-min epoch analyses were performed in the preictal
period, to clarify eventual changes in shorter periods. These periods
were annotated by the clinicians involved in this study during patients’
stay at the EMU.

Ictal data were influenced by muscle artifacts, varying in extent and
severity in each patient. That situation made the R-peak detection un-
reliable at least in some part of the analyzed period. We opted to include
those results in the Results section, but we do not discuss them further.

We also compared HRV data from these patients with normative
values from a healthy population (Voss et al., 2015), controlling for age
and gender (Fig. 4).

2.3. Statistical analysis

Quantitative variables were described using median (inter-quartile
range or min-max) or mean (standard deviation) depending on the
symmetry of the variable distribution, while categorical variables were
described through absolute and relative frequencies. The statistical as-
sociation between quantitative and categorical variables was assessed
using the Wilcoxon or Mann-Whitney statistical tests for the comparison
of two paired or independent samples, respectively. In the comparison of
three or more paired groups, the Friedman test (for non-parametric
data) was used and the Wilcoxon test for the post hoc pairwise com-
parisons. The significance level was set at 0.05, and the Bonferroni
correction was applied to each analyzed parameter in the comparison of
three or more periods, to account for multiple testing (i.e., the signifi-
cance level of 0.05 was divided by the number of hypotheses tested).
Statistical analysis was performed using the commercially available
software IBM SPSS Statistics for Windows software, Version 27.0
(Armonk, NY: IBM Corp).

2.4. Protocol approval and patient consents

The study was approved by our Institution’s Ethics Committee and
all patients gave written informed consent.

3. Results
3.1. Characterization of the patients and index seizures

Twenty-three patients were included, with a median age of 36 (min-
max, 16-55) years, and 65% were female (Table 2). Thirty percent

presented cardiovascular risk factors without known cardiac disease.
The median duration of epilepsy was 13 (min-max, 2-49) years. Eighty-
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Table 2
Demographic and clinical data.

Characteristics of patients (n = 23)

Age (years), median (range) 36 (16-55)
Gender, n (%)

Female 15 (65.2)
Male 8(34.8)
Duration of epilepsy (years), median (range) 13 (2-49)

Etiology of epilepsy (presumed), n (%)
Hippocampal Sclerosis 6 (26.1)
Malformations of Cortical Development 4 (17.4)
Hypoxic-ischemic lesion 1(4.3)
Idiopathic generalized epilepsy 14.3)
Indeterminate 11 (47.8)
Frequency of seizures per month, n (%)
<8 18 (78.3)
9-25 2(8.7)
> 26 3(13.0)
Cardiovascular risk factors, n (%)
Smoking (isolated) 1(4.3)
Dyslipidemia (isolated) 3(13.0)
Obesity (isolated) 2(8.7)
Arterial Hypertension (isolated) 0 (0.0)
Dyslipidemia, Arterial Hypertension and Obesity 14.3)

None 16 (69.6)
Number of Anti-Seizure Medication, mean (SD) 2.4 (0.8)
Use of Sodium Channel Blockers, n (%) 20 (87.0)

seven percent were under sodium channel blockers (SCB) to control
their epilepsy. At admission, 16 patients (69.6%) suspended all ASMs, 6
patients (26%) reduced ASMs, with the suspension of SCB, whereas only
one patient (4.3%) could not suspend any medication (including SCB),
but reduced all of them.

Concerning the index seizure characteristics, only one seizure had a
generalized onset, while the remaining 22 were focal to bilateral tonic-
clonic seizures (FBTCS). The majority corresponded to a type 3 (61%),
including the one with generalized onset. Ten patients (43.5%) had
temporal lobe (TL) seizures, 61% had Postictal Generalized EEG Sup-
pression (PGES) and 65% of the seizures occurred during sleep (Table 3).

3.2. Individual HRV parameters evolution and baseline analysis

The evolution of the considered HRV parameters for each patient
throughout the six studied periods is presented in Fig. 2. Overall, the
individual profile is similar within each HRV parameter. Diurnal and
nocturnal values are connected through a distinct line (dashed) to
highlight that the sequence of these two recorded periods was not the
same for all patients.

Diurnal baseline values of AVNN, RMSSD, pNN50, and HF were
significantly lower than nocturnal baseline values, which reflects a

Table 3
Index seizure characteristics.

Index seizure characteristics of the 23 patients

Type of GCS, n (%)

Type 1 8(34.8)
Type 2 1(4.3)
Type 3 14 (60.9)
Duration (seconds), median (range) 97 (55-171)
Postictal generalized EEG suppression, n (%) 14 (60.9)
Awake, n (%) 8(34.8)
Ictal onset side, n (%)
Right 8(34.8)
Left 9(39.1)
Bilateral 5(21.7)
Generalized 1(4.3)
Ictal onset localization, n (%)
Temporal 10 (43.5)
Extra-temporal 12 (52.2)
Generalized 1(4.3)
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global lower HRV during the day (Table 4), whereas LF/HF and basal HR
were significantly higher during this period.

3.3. HRV from baseline to peri-ictal periods and comparison with a
normative population

Fig. 3 is an overall representation of each parameter in each time
point. Figs. 4 and 5 show significant differences between the analyzed
periods for all HRV parameters and HR (Friedman test, p < 0.003, two-
tailed). Specifically, during the postictal period, we found a significant
reduction of AVNN, SDNN, RMSSD, LF, and HF, comparing with the
diurnal baseline (Wilcoxon test, p < 0.003; two-tailed). LF/HF was
increased during this period, but the changes were not statistically
significant.

We did not find any significant difference between the preictal
period and the diurnal baseline. In a more detailed analysis performed in
the preictal period (1-min epochs), there were no changes either.
Considering the variations from preictal to postictal periods, we found
statistically significant reductions in AVNN, RMSSD, pNN50, and HF, as
well as a rise in LF/HF (Wilcoxon test, p < 0.003; two-tailed).

There is an overall tendency for a reduction in HRV in our patients
when compared with normative healthy population values (Voss et al.,
2015) (Fig. 4). In particular, controlling for age and gender (Fig. 4), and
excluding nocturnal values, AVNN, RMSSD, and pNN50 were lower, in
each time point, whereas LF/HF was always higher.

3.4. Additional analyses

We did not find significant differences in HR or any of the HRV
evaluated parameters within the non-baseline period, between seizures
in awake and sleep periods, between seizures with and without PGES,
between seizures with temporal and extra-temporal onset, or between
seizures of patients with and without cardiovascular risk factors.

4. Discussion

In our work, we found significant changes in autonomic function
parameters in patients with refractory epilepsy and GCS, particularly
during the postictal period. This is of particular relevance since wit-
nessed SUDEP cases occur during the early postictal period (Kloster and
Engelskjon, 1999; Nashef et al., 1998; Ryvlin et al., 2013).

4.1. Diurnal and nocturnal baselines

HRV baseline values of AVNN, RMSSD, pNN50, and HF were
significantly lower during the day. LF/HF and basal HR were signifi-
cantly higher in the same period, denoting a higher sympatho-vagal
balance during the day.

In normal populations, HRV circadian variation has long been
known, globally with higher values during the night (Malpas and Purdie,
1990), but with LF/HF and HR increased during daytime (Nakagawa
et al.,, 1998), indicating a shift toward sympathetic dominance. In pa-
tients with epilepsy, both diurnal and nocturnal HRV values are lower
than healthy controls, but the amplitude of the variation is shorter,
mainly due to even lower nocturnal values (Persson et al., 2007; Ron-
kainen et al., 2005; Yang et al., 2018). This might contribute to the lack
of significance we found in SDNN and LF when comparing diurnal and
nocturnal HRV parameters.

The reasons underlying altered HRV in patients with epilepsy are
unknown. One hypothesis is that the mechanisms of epileptogenesis may
also induce disrupted functioning of autonomic centers. Alternatively,
repetitive seizures may cause structural brain damage (Dingledine et al.,
2014), and if that damage occurs in autonomic centers, it might be
responsible for interictal HRV changes (Lotufo et al., 2012; Wasterlain
et al., 1993), as observed in our patients’ baseline HRV.

We could only visually compare our data to HRV normative values




M.T. Faria et al.

Epilepsy Research 178 (2021) 106796

)

N
o
o

Nocturnal

Postictal
Late postictal

Fig. 2. Individual evolution of HR (bpm), AVNN (ms), SDNN (ms), RMSSD (ms), pNN50 (%), LF (ms?), HF (ms?), and LF/HF throughout the six studied periods:
diurnal (baseline), nocturnal (baseline), preictal, ictal, postictal, and late postictal. The baseline periods are connected through dashed lines because the recording

sequence diurnal-nocturnal was not the same for all individuals.
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Table 4

HR (bpm), AVNN (ms), SDNN (ms), RMSSD (ms), pNN50 (%), LF (msz), HF
(msz), and LF/HF in the diurnal and nocturnal periods. Data are presented as
median (inter-quartile range).

HRV parameter Diurnal baseline Nocturnal baseline p-value
HR 72.3 (8.8) 62.9 (15.9) < 0.001
AVNN 829.6 (102.3) 954.1 (222.7) < 0.001
SDNN 56.7 (40.2) 62.4 (60.0) 0.784
RMSSD 25.8(9.7) 31.4 (39.4) 0.036
PNN50 6.2 (9.7) 12.9 (34.8) 0.008
LF 803.6 (762.7) 976.9 (1303.2) 0.627
HF 215.1 (306.6) 293.5 (1078.6) 0.045
LF/HF 2.7 (4.6) 2.3(2.3) 0.021

from a healthy population that does not have specific nocturnal data
(Voss et al., 2015). Our patients’ diurnal baseline values of AVNN,
RMSSD, and pNN50 were lower, and baseline LF/HF was higher, which
is in line with published literature (Baysal-Kirac et al., 2017; Lotufo
et al., 2012). In addition, higher LF (sympathetic tone) and lower HF
(vagal tone) are predictors of cardiovascular morbidity and mortality
(Lotufo et al., 2012), and so, there might be a connection to SUDEP risk.

That would be in line with some studies that showed an inversely and
significant association between HRV (RMSSD) and a SUDEP risk score
(the SUDEP-7 inventory), with subjects with the highest SUDEP-7 score
having changes in the autonomic function similar to those seen in pa-
tients with high risk for heart failure (DeGiorgio et al., 2010; Novak
et al., 2015). A more recent study failed to show any significant asso-
ciation in time domain HRV parameters and the SUDEP-7 score (Bay-
sal-Kirac et al., 2017), but the mean seizure frequency of their cohort
was inferior to that of the previously reported study.

Regarding the possible interference of ASMs, a high percentage
(87%) of our patients were medicated with sodium channel blockers,
and all but one discontinued them at admission. Nonetheless, Stefani
et al. did not find any change in HRV in patients with refractory epilepsy
undergoing video-EEG monitoring, after reduction/cessation of ASMs
(HRV was assessed at admission and on the day of minimal, or nil,
medication), even in the subgroup of patients treated with sodium
channel blockers (Stefani et al., 2013).

Another study assessed the effects of ASMs on night versus daytime
HRV in patients with newly diagnosed and refractory epilepsy (Persson
et al., 2007), and found no significant differences from controls in the
night/day HRYV ratios, whether before or after initiation of treatment
with carbamazepine. Nevertheless, when patients served as their own
controls, night/day HRV ratios were significantly lower after initiating
carbamazepine.

In the systematic review and meta-analysis by Lotufo et al., they

Epilepsy Research 178 (2021) 106796

found no significant differences in HF and LF, between treated and un-
treated groups of patients. There was only a trend for a lower LF in the
treated group, which they interpreted as a possible suppressed sympa-
thetic activity during pharmacotherapy, but they could not conclude
there were detrimental effects from ASMs on HRV. They did not consider
the type of ASMs, the dosage, or the period of use (Lotufo et al., 2012).

In a study by Ponnusamy et al. which compared HRV (SDNN,
RMSSD, LF, HF, and other parameters that we did not evaluate) in pa-
tients with epilepsy, patients with psychogenic nonepileptic seizures
(PNES), and healthy volunteers, the only resting HRV parameter that
was affected by ASMs (including sodium channel blockers) was the
SDNN (Ponnusamy et al., 2011).

In light of the above-reported evidence, we cannot exclude the pos-
sibility of a contribution of ASMs to further lower HRV diurnal baseline
parameters in our patients, comparing to the normal population, but this
pharmacological interference seems to not critically affect the obtained
results.

4.2. Impact of index seizures on HRV parameters

In our study, no HRV parameters in the preictal period were signif-
icantly different from their respective diurnal baselines, as found by
other authors (Toth et al., 2010). Contrarily, another study found
diminished parasympathetic activity starting before the seizure (Novak
et al., 1999), which we could not find even in 1-min epochs. That study
comprised only 12 patients, and the methodology was different from
ours, including the timings and parameters evaluated. There is also
evidence of altered preictal HRV parameters in a study comprising only
14 patients exclusively with temporal lobe epilepsy, newly diagnosed
and untreated (Romigi et al., 2016). Methodological issues may be
responsible for the differences observed.

Our major finding was a global significant decrease in HRV in the
postictal period, following a GCS. Other authors found similar results, in
different types of seizures, including GCS (Pernice et al., 2019; Toth
et al., 2010). Furthermore, those authors also found rises in LF/HF in the
postictal period, as we did.

All our HRV parameters returned to basal values at the late postictal
period, which is contrary to the study by Toth et al. (2010), in which
HRYV changes persisted 5-6 h after the seizure. They hypothesized that
there is a long-lasting risk of death, after a seizure, which we could not
corroborate.

HR increases from preictal to postictal periods in our patients, as we
can see in other studies (Nass et al., 2019; Toth et al., 2010). In our
patients, late postictal HR returned to baseline, which could also be seen
in the study by Toth et al. This physiologic response to stress indicates an
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Fig. 4. Comparison of the HRV parameters AVNN, SDNN, RMSSD, pNN50, and LF/HF in the diurnal (baseline), nocturnal (baseline), preictal, ictal, postictal, and late
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mean; dashed horizontal lines — standard deviation; (Voss et al., 2015; n = 1906, controlling for age and gender)]. The p-values next to the brackets correspond to the
comparison between the postictal period and the other periods for which their difference was statistically significant.

increased sympathetic activity immediately after the seizure, which is
not persistent. Novak et al. (1999) found a marked ictal tachycardia, the
HR returning to baseline 1 min after the seizure, but they excluded GCS
and evaluated only 12 patients with TL epilepsy.

It is known that patients with epilepsy have interictal autonomic
dysfunction, as we could also verify and discuss in Section 4.1, since our
patients’ diurnal baseline HRV was globally lower than the values of a
healthy population. As a result of GCS, HRV parameters were further
altered in our patients, compared with the same healthy population.
Some authors link interictal autonomic dysfunction with an increase in
SUDEP (Myers et al., 2018a), or with risk factors for SUDEP (DeGiorgio
et al.,, 2010), but the exact mechanism by which these patients die

suddenly remains unknown. Other authors did not find significant dif-
ferences in HRV parameters between patients who died from SUDEP and
living patients with epilepsy (Odom and Bateman, 2018; Surges et al.,
2009). Their cohorts were relatively small (16 SUDEP and 48 controls, 7
SUDEP and 7 controls, respectively), and the fact that they used living
patients as controls is another limitation since those controls might die
from SUDEP. Szurhaj et al., also using matched living controls, had
similar results to the above-mentioned studies, regarding resting HRV
parameters. But they went further and evaluated the cardiac autonomic
response to hyperventilation (using HR and HRV parameters) in a larger
group of SUDEP cases (n = 20) and controls. They found differences in
HR between the end of hyperventilation and 4 min later, which were
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able to distinguish both groups. RMSSD decreased more significantly in
the control group (Szurhaj et al., 2021). Their findings express an
abnormal autonomic response only evident after sympathetic stimula-
tion by hyperventilation.

Not all patients with interictal autonomic dysfunction suffer SUDEP.
There might be a second factor or even more that can ignite the cascade
of events terminating in death. As we can see from our work, a GCS
(which may prompt extreme sympathetic stimulation) could be one of
those factors. Maybe one of the usual GCS of a particular patient be-
comes fatal because it pushes the patient toward an extreme autonomic
deterioration, which could develop terminal (Myers et al., 2018a).
Lhatoo et al. hypothesized that there might be anatomical and/or
functional abnormalities in the brainstem, possibly with a genetic basis,
which altogether could have an important role during the seizure
(Lhatoo et al., 2015).

Although that could be a possible explanation, there are a few reports
of SUDEP not following seizures (Lhatoo et al., 2016). Those deaths did
not have a primary cardiac cause, instead, there was a progressive
cardiorespiratory compromise, followed by EEG suppression.

The autonomic changes during the interictal period are probably the
result of chronic insults in autonomic centers by repetitive seizures
(Sevcencu and Struijk, 2010; Wasterlain et al., 1993), and maybe, at
some point, those lesions trigger a cardiorespiratory failure.

4.3. Additional analyses

We found no statistically significant differences in all parameters
within the non-baseline period between seizures occurring during

wakefulness and sleep, including HR. There is a study that found that
patients who later died from SUDEP had a more pronounced HR increase
when seizures occurred during sleep than when awake (Nei et al., 2004),
including complex partial seizures (CPS), generalized tonic-clonic sei-
zures (GTCS), and absence seizures. They hypothesized that when sei-
zures occur during sleep, there is an abrupt shift from a predominant
vagal to an utmost sympathetic tone, possibly precipitating fatal cardiac
arrhythmias. Apart from HR, they did not analyze other HRV parameters
as we did, and although we have seen some authors pointing that they
should have considered the circadian rhythm when analyzing HRV in
seizures while in sleep and awake periods (Behbahani et al., 2018), we
could not find any significant difference in HRV between seizures in
both periods.

PGES is one of the features proposed as a potential biomarker of
SUDEP, being significantly more prolonged in patients suffering SUDEP,
when compared with living refractory patients with epilepsy (Lhatoo
etal., 2010). A study demonstrated that after GTCS there is a correlation
between the degree of sympathetic activation and parasympathetic
suppression, with the duration of PGES. They concluded that there is a
particularly critical postictal period of autonomic dysregulation which
might be pertinent to SUDEP (Poh et al., 2012). Some other studies tried
to identify clinical and physiological conditions that might distinguish
patients with epilepsy susceptible to PGES. Although there are reports of
changes in HRV parameters prior to and after GCS with and without
PGES, at greater extent when followed by PGES, in children (Okanari
etal., 2020) as well as in adults (Sivathamboo et al., 2020), that finding
could not be reproduced in our patients, as we did not find any signifi-
cant differences between GCS with and without PGES, in any of the
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evaluated parameters and in each time point (preictal, postictal, and late
postictal).

In general, as we discussed above, there is evidence of sympathetic
dominance during seizures (irrespective of type or onset site). There are
studies analyzing HRV parameters exclusively in the temporal lobe (TL)
epilepsies (Ansakorpi et al., 2004; Novak et al., 1999; Romigi et al.,
2016; Ronkainen et al., 2005), because they are relatively common, but
also with the assumption that temporal lobe structures have plenty
autonomic connections. In the HRV context, few studies compare TL
seizures with extra-TL (ETL) seizures, and they only compare HR. A
study found that in TL seizures, the HR variation was greater and
lengthened than in frontal lobe seizures (Son et al., 2016). Another one,
comparing HR increase in otherwise subclinical seizures, found signifi-
cant tachycardia in 8 out of 13 TL seizures, yet in only 1 out of 9 ETL
seizures (Weil et al., 2005). Both refer to a potential role of the amygdala
and the insular cortex, given their autonomic regulation function in
epilepsy. In our study, we went further and analyzed other HRV pa-
rameters beyond HR, and we could not find any significant difference
between seizures with TL onset and ETL onset, in each period (preictal,
ictal, postictal, and late postictal).

There are reports that cardiovascular risk factors may influence HRV
(Kubota etal., 2017; Pope et al., 2001), but in our cohort, we did not find
any significant differences between seizures in patients with and
without cardiovascular risk factors.

We must state, however, that the lack of significant differences might
be related to the size of our cohort. Since we did not find any association
with other specific conditions, it seems advised in future studies with
larger cohorts, to analyze HRV parameters in every patient with epilepsy
(at least with GCS), to be able to get more robust data.

4.4. Clinical implications

In our study, we found changes in baseline HRV parameters
compared with a normal population and particularly in the postictal
period.

These autonomic dysfunctions, shifting the autonomic balance to-
ward parasympathetic withdrawal and sympathetic dominance, may
have clinical relevance, not only because they can lower the thresholds
for life-threatening arrhythmias (Pernice et al., 2019), but because they
might have influence when deciding which therapy best suits a patient
with refractory epilepsy, and maybe in predicting the response to certain
therapies.

Vagus nerve stimulation (VNS) consisting of electrical stimulation of
the left vagus nerve is a well-accepted ancillary therapy for refractory
epilepsy. A study evaluated the impact of VNS on cardiovascular auto-
nomic function in nine patients with refractory epilepsy, by performing
HRV analysis before and after neurostimulation. They found decreases
in LF and LF/HF, after stimulation, reflecting a better sympathetic/
parasympathetic balance, which they hypothesize having a car-
dioprotective effect (Schomer et al., 2014).

Prognostic biomarkers are lacking to predict responders to this
therapy (Hodl et al., 2021; Liu et al., 2018). Liu et al. reported that
patients that experienced a reduction of at least 50% of seizures with
VNS had less impaired preoperative interictal HRV linear parameters
than those who did not respond (Liu et al., 2018). Hodl et al. studied
HRV parameters preictally and found that non-responders had a sig-
nificant decline in preictal HRV. They attributed the abrupt autonomic
imbalance to defective central autonomic function, which makes them
unlikely to respond to this therapy (Hodl et al., 2021). This might be of
importance to avoid needless VNS surgeries.

Although it is likely that successful epilepsy surgery reduces the risk
of SUDEP, published data are conflicting, and SUDEP has occurred in
patients not known to have postoperative seizures (Almeida et al., 2010;
Seymour et al., 2012).

Epilepsy surgery seems not to affect HRV (Dericioglu et al., 2013;
Persson et al., 2006). Another study evaluated the impact of epilepsy
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surgery on the night/day ratios, and they did not find significant
changes from the ratios before surgery (Persson et al., 2007).

Many ASMs decrease HRV, especially sodium channel blockers,
contributing to impaired autonomic cardiac activity and being associ-
ated with a higher risk for sudden cardiac death (Pang et al., 2019;
Persson et al., 2007). Treatment with carbamazepine was associated
with lowering night/day ratios (Persson et al., 2007). Close monitoring
with HRV evaluation in these patients might be of importance whether
to consider another treatment option.

Another clinical possible application of HRV analysis is the devel-
opment of seizure detection devices. There are already studies exploring
this possibility. A study found no significant differences in the detection
sensitivity between convulsive and nonconvulsive seizures, or between
temporal and frontal lobe seizures, or even between left and right onset
seizures. Although none of those characteristics were associated with
better seizure detection, they found that patients with pronounced
autonomic changes during seizures were the ones who had their seizures
more frequently detected (Jeppesen et al., 2019). Another recent study
found HRV changes in more than 53% of seizures preictally (40-0 min)
and encourage new investigation to find out which kind(s) of seizures
exhibit those changes (Leal et al., 2021).

The absence of standardized protocols to evaluate and report HRV in
patients with epilepsy is a limitation to its use in clinical practice (Myers
et al., 2018b).

4.5. Limitations

A major limitation of the present work may be considered the small
number of patients in our cohort, which might explain the lack of sta-
tistical significance in some of the studied situations.

We did not analyze possible HRV differences between seizures with
right and left onset, although there are reports of decreased interictal
vagal tone in patients with left-sided newly diagnosed TL epilepsy
(Romigi et al., 2016). Nonetheless, Nei et al. did not find any association
between a specific epileptic zone (laterality or lobe) with SUDEP,
including various types of seizures: CPS, GTCS, and absence seizures
(Nei et al., 2004). In a systematic review and meta-analysis, Lotufo et al.
also did not support the hypothesis of lateralization (Lotufo et al., 2012).

We did not analyze the possible influence of gender, which is re-
ported in various studies (Behbahani et al., 2018; Koenig and Thayer,
2016; Voss et al., 2015), but there are also reports that gender differ-
ences are relatively subtle (Lotufo et al., 2012). Kuo et al. found that the
largest differences occurred between 40 and 59 years, but there were no
differences between genders when the age was equal to or over 60 years
(Kuo et al., 1999). Our small sample did not allow us to stratify age to
make a formal analysis.

Another limitation is that we did not compare seizures occurring
during the night with nocturnal data from a healthy population, because
we could not find those values to compare. The normative values that we
used included only diurnal data.

Oxygen saturation was not measured continuously. We measured it
postictally, but on separate cardiopulmonary monitors. Controversy still
exists concerning which comes first: central apnea or central autonomic
deregulation (Behbahani et al., 2018). It would be interesting to inves-
tigate any possible relation between the HRV patterns in our patients
and oxygen saturation.

5. Conclusion

The evaluation of HRV parameters has not yet become integrated
into the clinical practice by epileptologists, in part due to the lack of
standardized protocols, which may justify some contradictory results in
published literature (Myers et al., 2018b).

Of course, after the initial exploratory studies to identify the most
significant changes in epileptic patients, as our work is an example,
future methodological standardization of protocols should take into
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account not only the relative importance of each parameter but also the
development of the simplest methods (using portable or wearable de-
vices) that could be integrated in daily clinical practice. In an attempt to
make our results comparable to others, we used the Guidelines for
Reporting Articles on Psychiatry and Heart rate variability (GRAPH):
recommendations to advance research communication (Quintana et al.,
2016). Although we have adopted an HRV group analysis in specific
moments, HRV time series analysis might be considered in future studies
to analyze eventual patterns not visible in HRV group analysis.

Our work supports other studies’ findings demonstrating autonomic
cardiac dysfunction in patients with refractory epilepsy, both in the
interictal period and after GCS.

This autonomic imbalance, associated with cardiovascular risk,
might be responsible for some of the SUDEP cases. The fatal risk might
be related to structural abnormalities produced by repetitive seizures
(justifying the interictal changes in HRV), which might per se trigger a
cardiovascular failure, or might be worsened by another GCS. In that
context, HRV measurements could eventually be clinical biomarkers of
SUDEP risk.
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ARTICLE INFO ABSTRACT
Article history: Objective: Heart rate variability (HRV), an index of the autonomic cardiac activity, is decreased in patients
Received 6 September 2021 with epilepsy, and a low HRV is associated with a higher risk of sudden death. Generalized tonic-clonic
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seizures are one of the most consistent risk factors for SUDEP, but the influence (and relative risk) of each
Accepted 16 November 2021

type of seizure on cardiac function is still unknown. Our objective was to assess the impact of the type of
seizure (focal to bilateral tonic-clonic seizure — FBTCS - versus non-FBTCS) on periictal HRV, in a group of
patients with refractory epilepsy and both types of seizures.

Methods: We performed a 48-hour Holter recording on 121 patients consecutively admitted to our
Epilepsy Monitoring Unit. We only included patients with both FBTCS and non-FBTCS on the Holter

Keywords:
Refractory epilepsy
Heart rate variability

SUDEP recording and selected the first seizure of each type to analyze. To evaluate HRV parameters (AVNN,
Focal to bilateral tonic-clonic seizures SDNN, RMSSD, pNN20, LF, HF, and LF/HF), we chose 5-min epochs pre- and postictally.
Generalized tonic-clonic seizures Results: We included 14 patients, with a median age of 36 (min-max, 16-55) years and 64% were female.

Thirty-six percent had cardiovascular risk factors, but no previously known cardiac disease.

In the preictal period, there were no statistically significant differences in HRV parameters, between
FBTCS and non-FBTCS. In the postictal period, AVNN, RMSSD, pNN20, LF, and HF were significantly lower,
and LF/HF and HR were significantly higher in FBTCS.

From preictal to postictal periods, FBTCS elicited a statistically significant rise in HR and LF/HF, and a
statistically significant fall in AVNN, RMSSD, pNN20, and HF. Non-FBTCS only caused statistically signif-
icant changes in HR (decrease) and AVNN (increase).

Significance/conclusion: This work emphasizes the greater effect of FBTCS in autonomic cardiac function
in patients with refractory epilepsy, compared to other types of seizures, with a significant reduction in
vagal tonus, which may be associated with an increased risk of SUDEP.

© 2021 Elsevier Inc. All rights reserved.

Abbreviations: HRV, heart rate variability; SUDEP, sudden unexpected death in
epilepsy; EMU, epilepsy monitoring unit; FBTCS, focal to bilateral tonic-clonic
seizure; TL, temporal lobe; PGES, Postictal generalized EEG suppression; GTCS,
generalized tonic-clonic seizures. Heart rate variability (HRV) is an indicator of the autonomic
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known to be related to cardiovascular mortality in many other dis-
eases [6,7].

It is consistent across different studies that generalized tonic-
clonic seizures (GTCS) are one of the risk factors for SUDEP [8-
11]. Some researchers found that focal to bilateral tonic-clonic sei-
zures (FBTCS) induce greater changes in the autonomic function
(HR, HRV, baroreflex sensitivity) [12-15], compared to non-
FBTCS, but the magnitude of the changes (and the SUDEP relative
risk) induced by each type of seizure on cardiac function is still
uncertain [16,17]. As a specific biomarker for SUDEP risk is still
lacking, HRV could be a candidate. Some authors compared periic-
tal HRV parameters in different types of seizures, with diverse
results [13-15,18]. Most of the comparative studies evaluated
two groups of patients with different seizure types, not considering
the inter-individual variation in the autonomic response.

This study aimed to evaluate the influence of seizure type
(FBTCS vs non-FBTCS) on periictal HRV in a group of patients with
focal refractory epilepsy and both types of seizures.

2. Material and methods
2.1. Participants

We prospectively evaluated 121 consecutive patients with focal
refractory epilepsy, admitted to our institution’s Epilepsy Monitor-
ing Unit (EMU), diagnosed using the criteria of the International
League Against Epilepsy (ILAE) [19], and confirmed by video elec-
troencephalogram examination and imaging.

Demographic and clinical data were collected and we selected
patients who had both FBTCS and non-FBTCS (focal seizures of dif-
ferent types/classifications, but without secondary generalization)
during the recording period, to avoid possible bias due to different
individual autonomic responses. We chose the first seizure of each
type to analyze. We excluded patients with previously known car-
diovascular disease, as well as subclinical paroxysms and auras
without electroencephalogram (EEG) correlation, resulting in the
inclusion of 14 patients.

2.2. Data collection procedure

2.2.1. Electroencephalogram

Scalp recordings were collected by placing gold cup electrodes
(with conductive paste and collodium), according to the 10-20 sys-
tem. We recorded additional 10-10 locations, to cover the specific
regions of interest (35 to 44 electrodes). Polygraphic derivations
included EKG and EMG channels. The signal was sampled at
512 Hz and recordings were visually analyzed using standard bipo-
lar and referential montages. Antiepileptic drugs were maintained,
reduced, or discontinued, following the EMU protocol, under the
supervision of an Epileptologist.

We classified seizures according to the semiological seizure
classification [20] and the ILAE classification [19]. Clinical and
EEG ictal onsets and offsets, as well as the lobar regions of ictal
onset, and the presence and duration of postictal generalized EEG
suppression (PGES) were determined by experienced neurophysi-
ologists. They applied the definition by Lhatoo et al. to confirm
PGES (general absence of electrographic activity >10 pV in ampli-
tude, within the 30 s following seizure termination, allowing for
muscle, movement, breathing, and electrode artifacts) [21]. FBTCS
were further subclassified into: type 1 - tonic-clonic generalized
convulsive seizure with bilateral symmetric tonic arm extension;
type 2 - clonic generalized convulsive seizure without tonic arm
extension or flexion; type 3 - generalized convulsive seizure with
unilateral or asymmetric tonic arm extension or flexion [22].
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2.2.2. EKG recording and HRV analysis

A 48-hour Holter recording was acquired for all patients in the
EMU. We used the Zymed DigiTrak - Plus 48 recorder, model
3100A, and the Philips Zymed Holter 1810 series software to
extract the RR intervals (its algorithm detects the ‘R’ points of
the EKG waveform).

Those extracted RR intervals were analyzed by the INESC TEC
proprietary validated HRV analysis system, already used in pub-
lished studies [23].

A simple verification was done to verify if all the RR intervals
detected by the Philips software were physiologically valid [24],
to eliminate any mistakes by the RR interval detection algorithm
that might occur in case of a noisy EKG signal. The physiologically
valid RR intervals are called normal-to-normal (NN) intervals.

We analyzed the HRV parameters AVNN, SDNN, RMSSD, pNN20,
LF, HF, and LF/HF, following the guidelines by the Task Force of the
European Society of Cardiology and the North American Society of
Pacing and Electrophysiology [1].

To have a balanced number of blocks, we analyzed a 5-min-EKG
epoch for each period, starting 5 min before (preictal period) and
20 min after the identification of the seizures.

2.3. Statistical analysis

Quantitative variables were described using median (inter-
quartile range or min-max). Categorical variables were described
through absolute and relative frequencies. We assessed the statis-
tical association between quantitative and categorical variables
with the Wilcoxon statistical test, for the comparison of two paired
samples. The statistical significance of the association between cat-
egorical variables and the type of seizure was evaluated through
the McNemar test. The significance level was set at 0.05. The statis-
tical analysis was performed using the IBM SPSS Statistics for Win-
dows software version 27.0 (Armonk, NY: IBM Corp).

2.4. Protocol approval and patient consents

The study was approved by our Institution’s Ethics Committee
and all patients gave written informed consent.

3. Results

The 14 patients included had a median age of 36 (min-max, 16-
55) years, and 64% were female. The median duration of epilepsy
was 9 (min-max, 2-49) years. Five patients (36%) had cardiovascu-
lar risk factors, but without manifest cardiac disease (Table 1).

As Table 2 shows, half of the FBTCS were type 3. FBTCS were sig-
nificantly longer than non-FBTCS (p = 0.010). Half of the FBTCS had
PGES, but none of the non-FBTCS did. The majority of FBTCS
occurred during sleep (57.1%), but only 35.7% of non-FBTCS did
so. Even so, there was no significant change between the time of
occurrence of seizures (sleep or awake) between FBTCS and non-
FBTCS (p = 0.453, McNemar test). Regarding the hemisphere of sei-
zure onset (right, left, bilateral), there were no statistically signifi-
cant differences between both types of seizures either (p = 0.392,
McNemar-Bowker test). Six seizures of each type were temporal;
lateralization was possible but the lobe of seizure onset could
not be determined on one of the non-FBTCS. There was no statisti-
cally significant difference in the lobe of seizure onset between
both types of seizures (p = 1.000, McNemar test).

No statistically significant difference was found in HRV param-
eters, in the preictal period, between FBTCS and non-FBTCS. Most
of the HRV parameters (AVNN, RMSSD, pNN20, LF, HF) were signif-
icantly inferior in the postictal period of FBTCS when compared to
non-FBTCS (Table 3). LF/HF and HR were significantly higher in that
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Table 1
Demographic and clinical data.

Characteristics of patients (n=14)

Age (years), median (range) 36 (16-55)
Gender, n (%)
Female 9(64.3)
Male 5(35.7)
Duration of epilepsy (years), median (range) 9 (2-49)

Etiology of epilepsy (presumed), n (%)
Hippocampal Sclerosis 3(
Malformations of Cortical Development 3(214)
Hypoxic-ischemic lesion 1¢(
Indeterminate 7(

Frequency of seizures per month, n (%)
<8 10 (71.4)
9-25 2(14.3)
>26 2(14.3)

Cardiovascular Risk Factors, n (%) 5(
Smoking (isolated) 1¢(
Dyslipidemia (isolated) 2(14.3)
Obesity (isolated) 1¢(
Arterial Hypertension (isolated) 0(
Dyslipidemia, Arterial Hypertension and Obesity 1(7.1)

Number of Antiepileptic Drugs, median (range) 2.5(1-4)
Use of Sodium Channel Blockers, n (%) 12 (85.7)
Table 2
Seizures’ characteristics.
Seizure Semiology FBTCS Non-FBTCS
Type of FBTCS, n (%)

Type 1 6 (42.9) -

Type 2 1(7.1) -

Type 3 7 (50.0) -
Duration (seconds), median (range) 99.50 (59-164) 42 (3-209)*
PGES, n (%) 7 (50.0) 0(0.0)
Awake, n (%) 6(42.9) 9(64.3)
Ictal onset side, n (%)

Right 5(35.7) 6 (42.9)

Left 7 (50.0) 4(28.6)

Bilateral 2(143) 3(214)

Indeterminate 0 (0.0) 1(7.1)
Ictal onset localization, n (%)

Temporal 6(42.9) 6(42.9)

Extra-temporal 8(57.1) 7 (50.0)

Indeterminate 0 (0.0) 1(7.1)

FBTCS - focal to bilateral tonic-clonic seizure; PGES - postictal generalized EEG
suppression.
¢ 1 missing (imprecise).

period, and there were no statistically significant differences in
SDNN (Table 3).

When analyzing the differences between the preictal and the
postictal HRV parameters in each type of seizure (Table 4), we
found that in FBTCS there was a statistically significant increase

Table 3
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in HR and LF/HF, and statistically significant decreases in AVNN,
RMSSD, pNN20, and HF. In non-FBTCS, we found a statistically sig-
nificant decrease in HR and an expected increase in AVNN, since
these two variables are inversely related. No other statistically sig-
nificant differences were found in non-FBTCS.

4. Discussion

Our results highlight the impact of FBTCS in HRV parameters
compared to non-FBTCS in patients with refractory epilepsy,
stressing the importance of avoiding/being aware of that type of
seizure.

In our patients, there was a significant increase in postictal HR
after FBTCS, and a significant decrease after non-FBTCS, which
denotes a higher sympathetic activation after FBTCS. Other authors
also report that convulsive seizures have higher postictal HR eleva-
tion compared with nonconvulsive seizures [14,15,18].

Concerning HRV parameters, we did not find significant differ-
ences in HRV parameters between FBTCS and non-FBTCS in the
preictal period, which was also reported by Sivathamboo et al.,
who compared convulsive with non-convulsive seizures [18].
Another study, however, reported that parasympathetic activity
was higher in the preictal period of GTCS compared to other sei-
zure types [25], evaluating the index of cardiac parasympathetic
activity (CIPA). From the measures we evaluated, HF is the one that
best reflects parasympathetic activity. Although it is higher before
FBTCS than before non-FBTCS, the difference is not statistically sig-
nificant, as seen in Table 3. Toth et al. had a result similar to ours
[14].

Postictally, we found that, after FBTCS, AVNN, RMSSD, pNN20,
LF, and HF were significantly lower, and LF/HF was significantly
higher than after non-FBTCS, indicating a higher sympatho-vagal
balance after FBTCS. Also, from the preictal to the postictal periods,
we found significant variations in almost all parameters (except
SDNN and LF) induced by FBTCS, which show a shift toward sym-
pathetic dominance. Those changes were not seen after non-FBTCS.
A higher sympathetic tone and a lower vagal tone predict cardio-
vascular morbidity and mortality [16], with a possible link to
SUDEP risk.

Other studies, with fewer evaluated parameters, also showed a
more prominent postictal lowering of RMSSD and HF in GTCS than
non-GTCS [14,15]. Most of them did not perform an intraindividual
comparison. We did it, in an attempt to take into consideration the
individual autonomic responses. Surges et al. had an approach
identical to ours, in that they evaluated a GTCS and a non-GTCS
in each patient, but their cohort comprised only refractory tempo-
ral lobe epilepsies and they evaluated 30-sec epochs. They
included one Complex Partial Seizure (CPS) and one secondary
GTCS per patient [13]. In their study, HR was also higher during
secondary GTCS and SDNN (the only HRV parameter evaluated)
was decreased after secondary GTCS [13]. In our work, although

Differences in periictal HRV parameters between FBTCS and non-FBTCS. Data are presented in the form of median (interquartile range). p-values in bold correspond to statistically

significant differences.

Preictal Postictal

FBTCS Non-FBTCS p-value FBTCS Non-FBTCS p-value
HR (bpm) 76 (18) 77 (20) 0.470 100 (26) 76 (17) 0.002
AVNN (ms) 787 (196) 779 (190) 0.510 598 (173) 793 (179) 0.002
SDNN (ms) 43 (36) 67 (44) 0.074 25 (37) 42 (40) 0.158
RMSSD (ms) 26 (19) 22 (10) 0.245 10 (12) 22 (15) 0.011
PNN20 (%) 44 (34) 34 (23) 0.177 8(27) 39 (31) 0.004
LF (ms?) 458 (788) 462 (394) 0.826 113 (545) 469 (828) 0.030
HF (ms?) 236 (392) 140 (136) 0397 12 (125) 185 (282) 0.019
LE/HF 2.7 (3.6) 47 (4.6) 0.109 6 (6) 3.2 (5.0) 0.019

FBTCS: focal to bilateral tonic-clonic seizure.
3
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Table 4
Comparison of preictal and postictal HRV parameters in both types of seizures (FBTCS
and non-FBTCS).

Preictal — Postictal

FBTCS Non-FBTCS
Variation p-value Variation p-value
HR (bpm) 1 0.002 ! 0.004
AVNN (ms) ! 0.004 1 0.005
SDNN (ms) - 0.245 - 0.272
RMSSD (ms) ! 0.048 - 0.198
pNNZO (%) 1 0.005 - 0.109
LF (ms?) - 0.158 - 0.594
HF (ms?) ! 0.041 - 0.056
LF/HF T 0.006 - 0.221

FBTCS: focal to bilateral tonic-clonic seizure.
1 - increase; | - decrease.

we did not find any statistically significant difference regarding
SDNN between both types of seizures (preictally, postictally, or
in the variation preictally to postictally), we found a trend to
higher SDNN in non-FBTCS in the preictal period (p=0.074).
Sivathamboo et al. only found differences in HRV parameters (be-
tween convulsive and non-convulsive seizures) in the ictal period
(higher SDNN and RMSSD in convulsive seizures), but no differ-
ences in the postictal period [18].

Our results show a higher sympatho-vagal balance after FBTCS
independently of temporal or extra-temporal seizure onset.

4.1. Limitations

The major limitation of this work is the small number of
patients in our cohort, which did not allow a multivariate analysis
(necessary to evaluate the impact of PGES and the duration of sei-
zures, for example, in HRV parameters).

We only measured oxygen saturation postictally after seizures,
on separate cardiopulmonary monitors. It is not yet clear if apnea
precedes central autonomic deregulation [26]. Ictal hypoxemia
was significantly associated with GTCS and with lengthened sei-
zures [27], and it would be worthy to evaluate any differences in
oxygen saturation between FBTCS and non-FBTCS.

As we assessed HRV parameters 20 min after the seizures, there
might have been changes in the immediate postictal period that
we overlooked, both after FBTCS and after non-FBTCS. Neverthe-
less. we can say that changes persisted at least 20 min after FBTCS,
which did not happen after non-FBTCS.

Other limitations were minimized, since we controlled for dif-
ferent patients’ characteristics, by comparing both types of sei-
zures intraindividually.

5. Conclusion

FBTCS have a greater impact on HRV than other types of sei-
zures in patients with focal refractory epilepsy, with a significant
reduction in the vagal tonus, indicating greater autonomic cardiac
dysfunction. These changes could be associated with a higher risk
of SUDEP.

Epileptologists have not incorporated HRV in decision-making
processes, as it is not yet a biomarker of SUDEP risk. Studies in lar-
ger cohorts are still lacking, but our work is a step forward in that
direction.
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[**"Tc]Tc-HMPAO and the heart - a new way for an old molecule?

Apresentado na International Conference on Nuclear Cardiology and Cardiac CT (ICNC)
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Introducgéo

O [*™Tc]Tc-HMPAO nunca foi usado para estudar o coragdo. A principal razdo, para além da
existéncia de excelentes alternativas, pode ser o facto de este 6rgao ser vizinho de outros com
captacéo do radiofarmaco, como os pulmdes e o figado (195, 196), o que pode interferir com a quali-
dade da imagem cardiaca.

Sendo um radiofdrmaco utilizado para avaliar a perfusao cerebral, pareceu-nos possivel que pudesse
mapear a perfusdo miocardica, o que permitiria o uso de um sé radiofarmaco e uma sé dose de radia-
¢do (menor exposigdo a radiagdo), em doentes com epilepsia, sabendo-se que sdo mais suscetiveis
de sofrerem alteragdes cardiacas.

Objetivos

Com este trabalho, o nosso objetivo foi o de estabelecer o intervalo de tempo 6timo, entre a adminis-
tracéo do radiofdrmaco e a aquisicdo das imagens cardiacas, bem como avaliar a reprodutibilidade
das imagens ao longo do tempo.

Acreditamos que este seja o primeiro estudo a avaliar a possibilidade de analisar a perfusdo do
miocardio com [*™Tc]Tc-HMPAO.

Material e Métodos

Adquirimos tomografias computorizadas de emissao de fotao Unico (SPECT) cardiacas, em modo
gated (sincronizadas com o eletrocardiograma - ECG), apés a administragéo de [*"Tc]Tc-HMPAO,
em 10 voluntdrios sdos. As imagens foram adquiridas 30 min, 1 h, 1h30 e 2 h apds a administragéo
endovenosa (e.v.) de 555 MBq (15 mCi) do radiofarmaco.

A partir das imagens coronais da reconstrucdo das SPECT, somamos todas as que tinham represen-
tacdo do coragado. Posteriormente, desenhamos regides de interesse (regions of interest - ROI) sobre
a parede anterior do ventriculo esquerdo (VE), o pulméo esquerdo e o figado (com representagao de
ambos os lobos na ROI), como evidenciado na Figura 9, e calculdmos as razdes coragdo/ pulméo
(C/P) e coragao/ figado (C/F). As razdes foram calculadas usando as contagens médias por pixel das
ROl acima descritas.
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Contagens 30 min Contagens 1 h

1363 667

Contagens 1h30 Contagens 2h

Figura 9. Localizagdo das ROI no somatdrio dos cortes coronais com representagdo do coragdo, aos 30 min, 1h,1h30e 2 h
apés a administragdo ewv. de [*mTc]Tc-HMPAO, para calcular as razdes coragado/ pulmao e coracéo/ figado.

Todas as imagens foram também analisadas com software cardiaco dedicado (QGS/ QPS), ob-
tendo-se a quantificacdo das contagens no VE, expressas como percentagem das contagens por
parede, relativas ao pixel com as contagens maximas (Figura 10).

Figura 10. Bullseye com a segmentagdo por paredes e exemplo de quantificagdo das contagens do ventriculo esquerdo
(percentagem das contagens por parede relativas ao pixel com maiores contagens).
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Foi usado o Coeficiente de Variagcdo de Pearson (199) para analisar a variabilidade das razées C/P
e C/F ao longo do tempo.

Atribuimos uma ordem a cada parede do VE, baseada na percentagem relativa de contagens, e
testdmos se essa ordem se mantinha ao longo do tempo para cada individuo, usando o teste de
Kruskal-Wallis (200).

O nivel de significancia foi estabelecido em 0,05.

Resultados

Dos 10 voluntarios saudaveis, 5 eram homens. A idade média foi de 47 anos (min-max, 32-64). O
Coeficiente de Variacédo de Pearson foi 0,04, tanto para a razdo C/P, como para a C/F, significando
gue apenas encontramos uma variabilidade de 4% entre os resultados nos diferentes momentos
de aquisigao.

Nao obtivemos evidéncia estatistica de que as ‘ordens’ variassem (p>0,05) e calculdmos, entao, o
valor preditivo de uma ‘ordem se manter ao longo do tempo, que foi de 72,5%. A Figura 11 mostra
a comparagao intraindividual das contagens por parede ao longo do tempo e a posicgao relativa de
cada ‘ordem:
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Figura 11. Representacdo gréfica da comparacgao intraindividual das contagens por parede (percentagem relativa ao pixel
com as contagens méximas), ao longo do tempo.
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Os trés voluntarios fumadores tiveram captacdo pulmonar significativa de [*™Tc]Tc-HMPAO, o que
interferiu com o processamento das imagens (Figura 12).

Voluntdrio n25 — Fumador — elevada Voluntdrio n28 — Fumador — elevada
captacdo pulmonar de [*°™Tc]TcHMPAO captagdo pulmonar de [*°™Tc]TcHMPAO

Voluntario n22 — Fumador — elevada Voluntario n21 — Nao-fumador — sem
captacdo pulmonar de [*°™Tc]TcHMPAO captagdo pulmonar significativa de
[®*™Tc]TcHMPAO

Figura 12. Captacado pulmonar de [*™Tc]Tc-HMPAO em fumadores, comparativamente com um voluntario nao
fumador.

Discussao e Conclusao

O mecanismo de localizagdo do [*"Tc]Tc-HMPAO no cérebro é relacionado com a sua natureza
lipofilica, que permite a passagem através da barreira hemato-encefélica intacta. Uma vez dentro
da célula, é crucial a conversao para a forma hidrofilica, para que ocorra retengéo intracelular (201-
205).
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Nao existe consenso relativamente ao papel do conteldo intracelular de glutationa (206), apontado
por alguns autores como um fator importante na conversao de [*™Tc]Tc-HMPAO para a forma hi-
drofilica (207, 208). Jacquier-Sarlin et al., no seu estudo in vitro, reportaram que a retengéo de [*™Tc]
Tc-HMPAO dentro da célula é muito mais dependente da atividade de redugdo do que do contetido
de glutationa na célula (204). EI-Shirbiny et al. também chegaram a conclusdo de que a retengéo
de [*"Tc]Tc-HMPAO néao estava relacionada com o contetido intracelular de glutationa (209).

Estudos em humanos também mostraram que a captagao regional de [*"Tc]Tc-HMPAO, pelo
cérebro, refletia a perfusdo regional cerebral (195, 202, 210, 211). A perfusdo cerebral pode, pois,
ser efetivamente avaliada por este radiofadrmaco.

No coragéo, ainda ndo sabemos quais os mecanismos de captacdo e de reten¢édo do [*Tc]Tc-HMPAO
nos midcitos, no entanto, neste trabalho, mostramos que a captagéo pode refletir a perfusdo regional
do miocardio.

Que saibamos, este é o primeiro estudo a avaliar a possibilidade de avaliar a perfusdo do miocardio
por imagem funcional com [*™Tc]Tc-HMPAO.

O nosso achado principal é o de que a captacgao de [*"Tc]Tc-HMPAO pelo coragéo é estdvel nas 2 horas
que se seguem a administragao e.v. do radiofarmaco, assim como o € a sua distribuicéo cardiaca; assim,
uma imagem pode ser adquirida de modo satisfatdrio a qualquer hora, dentro desse intervalo de tempo.

Trés dos voluntarios eram fumadores e exibiram captagdo pulmonar significativa de [*™Tc]Tc-HM-
PAO. Essa captagao foi tdo intensa que interferiu com o processamento das imagens. Shih et al.
ja tinham demonstrado que a captagéo pulmonar de [*"Tc]Tc-HMPAO estava relacionada com os
habitos tabagicos, e colocaram a hipdtese de que fosse dependente de permeabilidade vascular
aumentada nesses individuos (212). O nosso estudo corrobora esse achado.

Estamos confiantes de que estamos perante uma oportunidade para estudar adicionalmente o
coracao de doentes que tenham de realizar SPECT cerebral com [**"Tc]Tc-HMPAO - tais como os
doentes com epilepsia -, desde que ndo sejam fumadores.
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Introduction

[**™Tc] Tc-HMPAO is a radiotracer developed in the 1980s
to study regional cerebral blood flow [1-4]. It has been widely
used since then, in patients with epilepsy, to localize the epilep-
togenic zone.

Although this radiotracer’s biodistribution includes the heart
[4], to the best of our knowledge, it has never been used to
study that organ. The main reason, aside from the excellent ex-
istent alternatives, maybe the proximity of the heart to organs
with high [*™Tc] Tc-HMPAO uptake (lungs and liver) [4,5], po-
tentially interfering with cardiac imaging quality.

Being a brain perfusion radiotracer, mapping of myocardial
perfusion seemed also possible, permitting the use of a single
radiotracer in patients with epilepsy (known to be prone to car-
diac alterations) with less radioactive exposure.

Our aim was to compare myocardial gated SPECT images
made with both [*™Tc] Tc-HMPAO and [*™Tc] Tc-Tetrofosmin,
using imaging techniques.

Several authors have compared different radiotracers for
myocardial imaging, using varying methodologies [6-12].

We believe this is the first study not only evaluating the pos-
sibility of imaging myocardial perfusion with [**™Tc] Tc-HMPAO,
but also comparing myocardial images with different radiotrac-
ers, quantifying the similarities.

Material and methods

We selected 3 inpatients from the Vascular Surgery ward,
who already had to perform a myocardial perfusion scintigraphy
(MPS) with [*™Tc] Tc-Tetrofosmin, as part of their clinical evalu-
ation [one-day protocol, stress/rest, 370 MBq (10 mCi)/1110
MBq (30 mCi), i.v., respectively], and additionally acquired
myocardial stress/rest SPECT images with stabilized [*™Tc] Tc-
HMPAO [two-day protocol, 555 MBq (15 mCi), i. v., each]. The
stress agent was adenosine for both studies and images were
acquired in gated mode, 40 min after the i.v. injections.

The interval between each radiotracer scintigraphy varied
between 4 months and 1 year, and no major cardiac event was
registered in that period, except for patient 3, who developed
heart failure.

All studies were processed with a cardiac dedicated software
(QGS/QPS), providing three reconstructed planes (short axis —
SA —, vertical long axis — VLA —, and horizontal long axis — HLA)
and exported into DICOM files.

Due to the inexistence of a heart model on which to calcu-
late normally used clinical parameters, a quantitative analysis
of [*™Tc] Tc-Tetrofosmin and [*™Tc] Tc-HMPAO image similarity
is proposed here.

Processing algorithms were developed in MATLAB R2016 to
compare the [*™Tc] Tc-Tetrofosmin and [*™Tc] Tc-HMPAO im-
ages of each reconstructed plane (SA, VLA, and HLA).

For image pre-processing, the first and last two slices of the
reconstructed images were removed, since no important heart
structures were clearly visible. Then, we applied a 2-dimen-

sional median filter, which replaces each pixel by the median
value of its 1 by 1 neighbourhood. Due to low image resolution,
higher window sizes lead to a significant distortion of the image
shape, so we found 1 by 1 value to be optimal for the available
dataset.

Afterwards, images were aligned, applying the affine trans-
formation that maximized the mutual information [13] between
[**™Tc] Tc-HMPAO and [**™Tc] Tc-Tetrofosmin. Figure 1 exempli-
fies the initial and final results.

. =\

?

- [*™Tc]TcTetrofosmin

Figure 1: Image alignment algorithm example. On the left, images
not aligned; on the right, images aligned after an affine transfor-
| mation with maximum mutual information.

/
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Then, we thresholded the images by selecting all pixels
above an intensity of 0 as the region of interest, and identi-
fied the bounding box (minimum rectangle on which all image
points are included. The purpose was to calculate image corre-
lation metrics corresponding only to this region. We calculated
a pixel-wise correlation for every slice, using Pearson’s Correla-
tion Coefficient.

Reversibility of the defects was also evaluated (correlation
of the rest-stress subtraction with each radiotracer), as were
the polar maps.

We analyzed the LV ejection fraction (EF) and volumes (end
diastolic and end systolic) with QGS, in every patient, with both
radiotracers.

Ethical approval

This study was approved by our Institution Ethics Commit-
tee, as it was in accordance with their ethical standards and
with the 1964 Helsinki declaration and its later amendments.
All participants gave their informed consent.

Data availability

All datasets generated during and/or analysed during the
current study are available from the corresponding author on
reasonable request.

Results

We evaluated 3 patients with stress/rest images with both
[*™Tc] Te-HMPAO and [*™Tc] Tc-Tetrofosmin.

All of them had high correlations for perfusion images (Fig-
ure 2), better in the VLA: 0.88 to 0.93 (stress), and 0.88 to 0.90
(rest). Reversibility correlations (Table 1, Figure 3) varied be-
tween 0.46 and 0.80 (3 axes).
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Figure 2: Correlation between [*™Tc] Tc-HMPAO and [**™Tc] Tc-Tetrofosmin on the 3 axes, for all patients.
SA: short axis; VLA: vertical long axis; HLA: horizontal long axis.
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Figure 3: Correlation of reversibility (3 axes) between [*™Tc] Tc-HMPAO and [*™Tc] Tc-Tetrofosmin images, for patients 1, 2 (smoker) and 3.
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Figure 4: Gated images correlations of each slice, between [*™Tc] Tc-HMPAO and [*™Tc] Tc-Tetrofosmin.

Gated images correlations between each slice of each gate
were also better in VLA [mean values: 0.78-0.89 (stress), 0.78-

Table 1: Correlation of reversibility (3 axes) between [*™Tc] Tc- \
HMPAO and [*™Tc] Tc-Tetrofosmin images, for patients 1, 2 (smok-

0.84 (rest)]. Figure 4 shows the correlations of gated images for | €f)and3.
all patients.
Correlation Mean (SD)
Patient
Short Axis Vertical Long Axis | Horizontal Long Axis

1 0.76 (0.08) 0.80 (0.06) 0.79 (0.08)

2 0.46 (0.20) 0.54 (0.07) 0.47 (0.069)

3 0.63 (0.06) 0.68 (0.10) 0.71(0.12)
www.jcimcr.org Page 3
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Table 2: Correlation of [*™Tc] Tc-HMPAO and [*™Tc] Tc-Tetro- |
‘osmin polar maps: stress, rest, and reversibility, for patients 1-3

Patient
Stress/Stress
1 0.93
2 0.95
3 0.94

Polar Maps Correlation

Rest/Rest

0.95

0.93

0.94

Reversibility
0.82
0.62

0.90

The LV ejection fraction (EF) with both radiotracers was
equivalent in almost all patients (Table 3). The exception is
Patient 3, whose EF calculated with [**"Tc] Tc-Tetrofosmin was
significantly lower (severely compromised) when compared to
the one calculated with [*™Tc] Tc-HMPAO (normal). Patient 2
had only one value significantly different from the others, which
was the rest EF evaluated with [*™Tc] Tc-HMPAO (mildly com-
promised compared to normal).

LV volumes with [**™Tc] Tc-HMPAO were generally inferior to
the ones calculated with [*™Tc] Tc-Tetrofosmin.

[ Tc] Te-HMPAO

[*mT]Te-HMPAO

[*™Tc]Te-Tetrofosmin

Figure 5: Reconstructed slices in the three axes (SA — short axis; VLA — vertical long axis;

HLA - horizontal long axis), with both radiotracers ([*™Tc]Tc-HMPAO and [*™Tc] Tc-Tetro-
| fosmin), for each patient (a. Patient 1; b. Patient 2; c. Patient 3).
N

J
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| EF: Ejection Fraction; ESV: End systolic volume; EDV: End diastolic volume.

(Table 3: Left Ventricle Ejection Fraction and volume values for each patient with [*™Tc] Tc-HMPAO and [**™Tc] Tc-Tetrofosmin. J

Subject Stress Rest
) Evaluated Parameter
(Age in years) [*™Tc]Tc-HMPAO [**™Tc]Tc-Tetrofosmin [*™Tc]Tc-HMPAO [**™Tc]Tc-Tetrofosmin
EF (%) 23 20 20 23
P1(63) ESV (mL) 113 183 124 159
EDV (mL) 147 230 156 207
EF (%) 51 51 40 50
P2 (76) ESV (mL) 32 55 55 56
EDV (mL) 65 112 91 111
EF (%) 53 27 55 30
P3 (75) ESV (mL) 35 62 47 67
EDV (mL) 74 84 105 9%
Discussion SPECT with ECG-Gated Rubidium-82 PET was made [9].

[®*™Tc] Tc-HMPAO mechanism of localization in the brain
is related to its lipophilic nature, which allows the passage
through the intact blood brain barrier. Once into the cell, the
conversion to a hydrophilic form is crucial for intracellular re-
tention [14-18]. Debate exists about the role of intracellular
glutathione content [19], pointed by some authors as an im-
portant factor for the conversion of the [*™Tc] Tc-HMPAO to the
hydrophilic form [20,21]. Jacquier-Sarlin et al., in their in vitro
study, reported that [**™Tc] Tc-HMPAO retention inside the cell
is far more dependent on the redox activity than on the glutath-
ione content in the cell [17]. EI-Shirbiny et al. also reached the
conclusion that [*™Tc] Tc-HMPAO retention was not related to
the intracellular glutathione content [22].

Regional [*™Tc] Tc-HMPAO uptake by the brain reflects re-
gional cerebral blood flow [4,15,23,24]. Brain perfusion can
thus be effectively evaluated by this radiotracer.

In the heart, the mechanism of [**™Tc] Tc-HMPAO uptake/re-
tention in the myocytes remains unknown. However, we show
that this uptake may also reflect regional myocardial blood flow.

To the best of our knowledge, this is the first study evaluat-
ing the possibility of imaging myocardial perfusion with [*™Tc]
Tc-HMPAO.

Overall, we obtained high correlations for cardiac studies
with [*™Tc] Tc-HMPAO and [*™Tc] Tc-Tetrofosmin, especially in
VLA. Patient 2 was a smoker and, probably because of that, had
poorer correlations due to lung [*™Tc] Tc-HMPAO uptake. Shih
et al. had already demonstrated that lung [**™Tc] Tc-HMPAO up-
take was related to smoking habits, and they hypothesized that
it was dependent on increased vascular permeability [25].

Other methodologies have been previously used for compar-
ing different radiotracers for myocardial imaging. Maddahi et
al [6] compared [*™Tc] Tc-Sestamibi and Thallium-201 SPECTs,
presenting only the final patient’s diagnosis characteristics.
Other authors [7,8] compared the same radioisotopes, us-
ing different patients and different times. Image quality, final
patient’s diagnosis, ‘normalcy’ rate, sensitivity and specificity,
were presented for detecting stenosis. Functional parameters
were compared by unpaired t-test comparison of several pa-
rameters (mean stress EF, mean rest EF, and AEF) computed
by SPECT software — semi-quantitative analysis 8. In another
paper, a comparison between ECG-Gated [*™Tc] Tc-Sestamibi

Declerck et al [10] and Gilardi et al [11] used methods simi-
lar to ours to compare cardiac studies, but none quantified the
similarities, which became our major input.

In our study, we used for the first time imaging techniques
to compare myocardial images obtained with different radio-
tracers. We opted to use a simple approach in this preliminary
work. We filtered, aligned, selected the regions of interest using
a bounding box, and then correlated the images. Our algorithm
worked better for the central sections, where the difference be-
tween the background noise and the heart was more visible,
compared with the initial or final sections, which had a lot more
background noise due to the high radiotracer uptake by the sur-
rounding organs. Therefore, we excluded the initial and the final
frames.

We obtained high correlations for cardiac studies between
[**™Tc] Tc-HMPAO and [#™Tc] Tc-Tetrofosmin, especially in VLA,
in non-smoking patients.

The LV EF was similar with both radiotracers in the majority of
patients. Patient 3, showed a normal EF with [*™Tc] Tc-HMPAO
but had a severely compromised EF with [**™Tc] Tc-Tetrofosmin
(4 months later). Two weeks before the latter, the patient was
admitted to the hospital with a severe respiratory infection and
decompensated heart failure, which could justify the EF drop.
Patient 2 had only one significantly altered value (rest EF evalu-
ated with [*™Tc] Tc-HMPAO). This is the smoker patient, whose
lung [**™Tc] Tc-HMPAO uptake was significant.

LV volumes with [*™Tc] Tc-HMPAO were inferior to the ones
with [**mTc] Tc-Tetrofosmin, so this method might not be useful
to evaluate them.

Limitations

Our major limitation is the reduced number of cases, not al-
lowing a formal statistical analysis. With these promising pre-
liminary results of myocardial perfusion SPECTs with [*™Tc] Tc-
HMPAO, we now intend to increase the sample.

The second limitation is the extended time gap between
both radiotracers’ scintigraphies. Our Institution Ethics Commit-
tee limited our patient recruitment to inpatients that already
had performed (or would need) a MPS, posing difficulties in
performing both scintigraphies in a lesser time interval.
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New knowledge gained

With our work, we describe a potential new application for
an old radiotracer, which might allow the simultaneous evalu-
ation of two organs in a selected population, with less radioac-
tive exposure.

Conclusion

Myocardial SPECT with [*™Tc] Tc-HMPAO might be a screen-
ing method for myocardial ischemia in non-smoking patients
already performing a [*"Tc] Tc-HMPAO brain perfusion SPECT.
It might serve as a gateway to MPS, in a subset of patients with
epilepsy that are prone to have heart changes (e.g. those with
rises in ictal Troponin I).

Although promising, these preliminary results must be con-
firmed with a larger cohort.

Meanwhile, our group is also trying different approaches to
improve the image quality with [*™Tc] Tc-HMPAO.
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[**"Tc]Tc-HMPAO cardiac SPECT - a method to detect ischemia in patients with refractory
epilepsy?

Apresentado na International Conference on Nuclear Cardiology and Cardiac CT (ICNC)
Lisboa, maio de 2019

Introdugéo

O nosso trabalho ja desenvolvido mostra uma elevada correlagdo entre o SPECT cardiaco com
[*™Tc]Tc-HMPAO e a cintigrafia de perfusdo do miocardio (CPM) com [*™Tc]Tc-Tetrofosmina.

Assim, parece ser possivel avaliar a perfusdo miocardica com [*"Tc]Tc-HMPAO.

Um subgrupo de doentes com epilepsia refrataria cronica tem elevagdes da troponina e alteracoes
ST-T com as crises (41, 144, 145, 147, 155, 157), significando, possivelmente, isquemia miocérdica.

Nenhum estudo prévio avaliou a perfusdo do miocdrdio durante as crises epiléticas, através de
técnicas de Medicina Nuclear.

Objetivo
Avaliar a distribui¢édo do [*™Tc]Tc-HMPAO no miocéardio do VE de doentes com epilepsia refratéria.

Métodos

Avaliamos, de modo prospetivo, doentes com epilepsia refrataria, admitidos na UME do CHUS]J,
entre junho de 2014 e agosto de 2018, referenciados para realizagdo de SPECT cerebral ictal e/ou
interictal.

Adquiriram-se imagens cardiacas imediatamente apds a aquisi¢do da SPECT cerebral, com 555
MBq de [*™Tc]Tc-HMPAO, e.v.. As imagens obtidas foram processadas com um software cardiaco
dedicado.

Foram recolhidos dados demogréficos e clinicos.

A um subgrupo de doentes, avalidmos os niveis séricos de troponina | de elevada sensibilidade
(hs-cTnl), antes da primeira crise reconhecida (nivel basal), bem como 6 h e 12h-18 h apés a crise.
Foram considerados significativos aumentos superiores a 50% do nivel basal (153).

A significancia estatistica foi estabelecida em 0,05.

O estudo foi aprovado pela Comissdo de Etica para a Satide do CHUSJ. Todos os doentes deram o
seu consentimento informado.
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Resultados

Foram avaliados 89 SPECT cardiacos com [*"Tc]Tc-HMPAO (46 ictais e 43 interictais) em 88 doentes.
A idade mediana foi de 42 anos (min-max, 17-63) no grupo ictal e de 36 anos (min-méx,16-73) no grupo
interictal. O nimero de SPECT interpretaveis foi de 36 ictais e 28 interictais.

Comparando ambos os grupos (ictal e interictal): no grupo ictal, 30,6% dos doentes tinham fatores
de risco cardiovasculares (sem doencga cardiovascular conhecida), enquanto no grupo interictal,
21,4% dos doentes tinham esses fatores de risco; 34% dos doentes do grupo ictal teve defeitos na
captagdo miocdrdica de [*"Tc]Tc-HMPAO, enquanto no grupo interictal foram 25% os que tiveram
defeitos. Estas diferengas nao foram estatisticamente significativas (p=0,469), assim como nao
o foram as diferengas no nimero (p=0,405) - (Figura 13) e na extensao dos defeitos (p=0,915). A
maioria dos defeitos correspondeu a extensoes ligeiras, em ambos os grupos.

80% Grupo

. ictal
. interictal

60%

40%

Percentagem

20%

0%

0 1 2

NuUmero de defeitos no SPECT

Figura 13. Comparacdo do nimero de defeitos entre os grupos ictal e interictal (p=0,405).

O numero/ extensdo dos defeitos ndo tiveram associacéo significativa com o sexo, idade, fatores de
risco cardiovascular, duragao da epilepsia ou frequéncia de crises em qualquer dos grupos (Figuras
14, 15, 16).
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Numero de defeitos no SPECT ictal p=0,731 Ndmero de defeitos no SPECT interictal p=0,313

Figura 14. Avaliacdo da associacdo entre o nimero de defeitos e a idade.
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Figura 15. Avaliacdo da associacdo entre o nimero de defeitos e a duragdo da epilepsia.

25

20

15

10

Frequéncia de crises por més

Frequéncia de crises por més

0 1 2 0 i
NUmero de defeitos no SPECT ictal p=0,550 Numero de defeitos no SPECT interictal p=0,189

Figura 16. Avaliagdo da associagao entre o nimero de defeitos e a frequéncia de crises.

No grupo ictal, ndo foi encontrada associagdo estatisticamente significativa entre o nimero/ extensao
dos defeitos e a semiologia da crise, PGES ou duragéao da crise.

Doentes com inicio de crise extratemporal, no grupo ictal, tiveram uma associacdo desse parametro
com defeitos mais extensos (p=0,047) e uma tendéncia para terem mais defeitos (p=0,143).

N&o encontrdmos associacdo entre os valores de hs-cTnl (n=22) e o nimero/extenséo dos defeitos
(p=0,282 e p=0,181, respetivamente).

Conclusao

Tanto os grupos ictal como o interictal exibiram um nidmero significativo de defeitos de captagdo do
[**mTc]Tc-HMPAO. Estes resultados apontam para alteragdes crénicas, uma vez que ndo encontra-
mos diferengas estatisticamente significativas, nas caracteristicas dos defeitos, entre os dois grupos.
A hipétese de perfusao do miocardio anormal em doentes com epilepsia refrataria, que pode ser mais
grave em doentes com inicio de crise extratemporal, deve ser confirmada com outras metodologias.
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5. CONSIDERACOES FINAIS






Cada artigo integrante desta tese apresenta uma discussdo aprofundada do
respetivo tema tratado, nomeadamente no que diz respeito aos biomarcado-
res séricos, a variabilidade da frequéncia cardiaca e a imagem funcional com
[*"Tc]Tc-HMPAO, no dmbito das alteragdes cardiacas provocadas por crises
epiléticas.

Neste capitulo, pretende-se apenas englobar os estudos realizados, num
resumo Unico.

Os achados principais desta tese podem ser sintetizados como se segue:

Biomarcadores séricos

1. Apbs as crises, verificou-se um aumento estatisticamente significativo da
hs-cTnl e do BNP, numa percentagem consideravel de doentes com epilep-
sia refratdria (25,9% e 23,3%, respetivamente), sem associacao significativa
a escala de risco SUDEP-7.

2. O aumento da hs-cTnl esteve associado a presenca de crises TCG (p
<0,001), PGES (p=0,001), crises mais prolongadas (p=0,002), FC maxima
mais elevada (p=0,001) e maior intervalo entre a FC maxima e a basal
(p=0,003).

3. Nao se verificou associagdo entre os aumentos da hs-cTnl e a presenga
de fatores de risco cardiovascular (p=0,519).

4. 5,2% dos doentes apresentaram elevagdes da hs-cTnl acima do percentil
99 do limite superior de referéncia, compativel com lesdo miocardica
(sem evidéncia de sindrome corondria aguda); esse valor subiu para 20%,
se considerarmos apenas os doentes com crises TCG.

5. Trés doentes com crises ndo-TCG também tiveram elevagédo da hs-cTnl
apos a crise.

6. Os doentes com aumento do BNP tinham mais fatores de risco cardio-
vascular (p=0,019) do que os que nao tiveram aumento desse biomarcador.

7. A hs-PCR aumentou apenas em 4,3% dos doentes, apds crises epiléticas.

8. A alteragdo de um biomarcador ndo implicou a alteragéo de outro. Apenas
um doente sofreu aumento tanto na hs-cTnl como no BNP, e dois na hs-cTnl
e na hs-PCR.

Variabilidade da frequéncia cardiaca (VFC)

Encontrdmos alteragoes significativas em pardmetros da fung¢édo autono-
mica em doentes com epilepsia refratéria e crises TCG, particularmente no
periodo pos-ictal.
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Verificou-se um maior balango simpatovagal basal diurno, comparativa-
mente com o periodo basal noturno, expresso em valores basais diurnos de
AVNN, RMSSD, pNN50 e HF significativamente mais baixos e de LF/HF e
FC basal mais elevados.

Foi evidente uma diminuigao significativa da VFC, no periodo pés-ictal
de crises TCG, comparativamente com os valores basais, os do periodo
pré-ictal e os da populacdo normal de referéncia.

A FC aumentou, do periodo pré-ictal para o pds-ictal.

Nao encontramos diferencas significativas nos parametros de VFC analisa-
dos (em qualquer dos tempos - pré-ictal, pds-ictal e pds-ictal tardio), entre:
- crises TCG com e sem PGES; - crises temporais e extratemporais; - crises
em doentes com e sem fatores de risco cardiovascular.

As crises TCG tiveram um impacto maior na VFC (maior balanco simpatova-
gal) do que as crises ndo-TCG, em doentes com epilepsia refrataria.

5.

Verificou-se uma ativagcdo simpatica maior apds crises TCG, quando
comparamos com as crises nao-TCG, objetivada por um aumento signi-
ficativo da FC apds as crises TCG (p=0,002) e por uma diminui¢cdo apds
crises ndo-TCG (p=0,004).

As variagOes nos parametros de VFC que se constataram entre os periodos
pré-ictal e pds-ictal de crises TCG denotam uma transicdo em direcéo a
uma dominancia simpatica. Essas alteragdes nao foram observadas apds
crises nao-TCG.

Imagem funcional com [*™Tc]Tc-HMPAO:

1
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A captagao de [*"Tc]Tc-HMPAO pelo coracéo é estavel nas 2 horas que
se seguem a administragéo ev. do radiofdrmaco, assim como o é a sua
distribuicdo cardiaca regional.

No geral, obtivemos correlagdes elevadas entre as SPECT cardiacas com
[*™Tc]Tc-HMPAO e [**"Tc]Tc-Tetrofosmina (radiofarmaco utilizado para
avaliar a perfusdo miocéardica), sobretudo nos cortes de eixo longo vertical
(VLA).

Na maioria dos doentes, a fracdo de ejecdo (FE) do ventriculo esquerdo
calculada com os dois radiofarmacos foi semelhante.

Os fumadores exibiram captagéo pulmonar significativa de [*"Tc]Tc-HMPAO,
gue interferiu com o processamento das imagens.

Na comparagéo entre as distribui¢des cardiacas ictal e interictal do [*™Tc]
Tc-HMPAO, nédo houve diferencas estatisticamente significativas, sendo
que tiveram defeitos de captagé@o do radiofarmaco 34% dos doentes do
grupo ictal e 25% dos do grupo interictal (p=0,469).

Néo se verificaram diferencas significativas no nimero (p=0,405), nem na
extensdo dos defeitos (p=0,915), entre os dois grupos (ictal e interictal).

A maioria dos defeitos teve extensoes ligeiras, tanto no grupo ictal, como
no interictal.

Crises extratemporais, no grupo ictal, foram associadas a defeitos mais
extensos (p=0,047) e observou-se uma tendéncia para terem mais de-
feitos (p=0,143).
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Respostas as questdes de pesquisa

Questdes 1 e 2: Podemos documentar isquemia e/ou disfungdo miocardicas,
provocadas por crises epiléticas, em doentes com epilepsia refrataria, através do
doseamento de biomarcadores de leséo e disfungdo miocardicas, bem como de
inflamacao? Qual a relagéo dessas alteragbes com a escala de risco SUDEP-7?

Nesta populagao de doentes com epilepsia refratéria, documentamos elevagoes
da hs-cTnl em 25,9% dos doentes e do BNP em 23,3%, apds crises epiléticas.

Relativamente a hs-cTnl, embora ndo tenhamos encontrado associacdo a
escala de risco SUDEP-7, esse aumento foi associado as crises TCG, a pre-
sencga de PGES e a crises mais prolongadas, fatores considerados como de
risco para SUDEP.

Nao estao descritos aumentos da cTnl com origem em tecidos nao cardiacos (ao
contrdrio da cTnT) e € muito provavel que este aumento da hs-cTnl corresponda
a lesdo miocdrdica, embora ndo necessariamente isquémica. Estas elevagdes
da hs-cTnl podem estar relacionadas com o esforco fisico provocado por este
tipo de crises, uma vez que ha estudos que documentam elevagdes da Tropo-
nina apds atividade fisica (153, 213), embora o tipo de exercicio descrito seja
de um tipo e duracédo diferentes daqueles evidenciados numa crise TCG. Uma
meta-andlise encontrou aumentos de 32-72% na hs-cTnl, em individuos nao is-
quémicos apds provas de esforgo, com sobreposigcdo com valores observados
em doentes com isquemia miocdrdica (214). Existe controvérsia acerca dos me-
canismos implicados na elevagédo da cTnl apds exercicio, mas deverd ocorrer
alguma alteragéo ao nivel do cardiomidcito (153). Apesar de ndo haver evidéncia
de risco aumentado de eventos cardiacos a curto prazo, em individuos com ele-
vagdo da Troponina apds exercicio (153), alguns casos de verdadeira sindrome
corondria aguda ocorreram apds crises epiléticas (41, 43, 144, 191).

Um resultado particular deste estudo, contrario ao que tem sido reportado por
outros autores (156, 159), foi o facto de documentarmos elevagéo da hs-cTnl
também apds crises nao-TCG, incluindo uma aura vegetativa (5% de todos os
doentes e 7% dos doentes com crises nao-TCG). Nestes casos, a elevagao da
hs-cTnl ndo pode atribuir-se ao esforgo fisico.

Trés doentes (5,2%) tiveram elevagéo da hs-cTnl acima do percentil 99 do limite
superior de referéncia, semelhante ao valor encontrado por Sieweke et al. (145),
mas a percentagem subiu para 20%, no grupo com crises TCG, valor da mesma
ordem de grandeza do referido por Nass et al. (158), que foi de 26%. Nenhum dos
nossos doentes teve sinais ou sintomas de sindrome corondria aguda.

N&o encontramos associacgdo entre a elevagédo da hs-cTnl e FRC, ao contrario
de Sieweke et al. (145). Outros autores referiram que é mais provavel que as le-
sdes miocardicas ocorram em doentes mais idosos, dado que a doenca cardio-
vascular aumenta com a idade (146, 158, 163), mas nao encontramos qualquer
diferencga significativa na idade de doentes com e sem elevagao da Troponina.
Inclusivamente, um dos 3 doentes que tiveram elevagao da Troponina acima do
percentil 99 do limite superior de referéncia tinha apenas 16 anos de idade.

Outro facto que nos leva a crer que a elevacdo da Troponina néo esta apenas re-
lacionada com o esforgo fisico é a sua relagdo com a FC, uma vez que para além
de a taquicardia ictal estar associada a crises TCG, também estd documentada
em crises epiléticas subclinicas (215).
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Quanto ao BNP, o stress associado as crises e a libertagdo secundaria de
adrenalina podem provocar a produgao de BNP (148, 162). Por outro lado, a
atividade epilética pode ativar a secrecdo de BNP, tanto no coragdo, como no
cérebro.

Nos nossos doentes, as elevacdes no BNP associaram-se significativamente
apenas com a presenca de FRC, o que corrobora a hipétese de a disfungao car-
diaca poder ocorrer de forma aguda em doentes com maior risco cardiovascular.

A hs-PCR s6 sofreu aumento em 2 doentes, neste estudo, o que poderia dever-se
ao facto de que 75% dos nossos doentes se encontravam sob FACE que diminuem
a PCR. No entanto, ndo encontramos qualquer associagéao significativa entre estar
sob essa medicacéo e verificar-se ou nao elevagéao da PCR. Por outro lado, esses
FACE podem ter impedido elevagoes da PCR em doentes que poderiam vir a té-los.

Doentes com elevagdo num biomarcador ndo tiveram necessariamente elevacéo
noutro, o que pode refletir diferentes mecanismos para as alteragdes cardiacas
secunddrias as crises epiléticas.

Para além da hs-cTnl, também nao encontramos associacdo estatistica-
mente significativa entre os aumentos do BNP ou da hs-PCR e a escala
de risco SUDEP-7. No entanto, nessa escala, a maioria dos nossos doentes
(75%) tinha um score de risco <4 e mais de 50% tinham um score de 2. Deste
ponto de vista, embora tivessem epilepsia refrataria, os nossos doentes nao
tinham um risco grave para SUDEP, o que pode explicar a falta de associacao
significativa. No entanto, um dos doentes com elevacdo da hs-cTnl acima do
percentil 99 do limite superior de referéncia tinha um score de 7. Esse doente
teve uma crise mais prolongada e PGES, ambos fatores associados a eleva-
¢oes da hs-cTnl, mas cuja contribuicdo para a SUDEP é controversa e ndo
estdo incluidos nesta escala de risco.

Questdo 3: Qual o impacto das crises TCG na fungdo autonomica cardiaca
(avaliada através da VFC), em doentes com epilepsia refrataria?

Neste estudo, avaliamos o impacto da crise TCG nos periodos pré-ictal, pds-ictal
e pos-ictal tardio.

No periodo pré-ictal, ndo encontramos diferencas estatisticamente significa-
tivas nos parametros de VFC analisados, comparativamente com o periodo
basal diurno, tal como foi descrito por outros autores (50). Contrariamente,
outro estudo refere atividade parassimpatica diminuida, com inicio antes da
crise (216), facto que ndo conseguimos reproduzir, mesmo em blocos de 1 min.
Esse estudo compreendia apenas 12 doentes e a metodologia foi diferente da
nossa, incluindo os tempos e os parametros avaliados. Um outro estudo com
14 doentes também relata pardmetros de VFC alterados no periodo pré-ictal,
em doentes exclusivamente com epilepsia do lobo temporal, recém-diagnos-
ticados e ndo tratados (217). As diferencas observadas também podem estar
relacionadas com questdes metodoldgicas.

O nosso achado mais significativo foi uma diminuigao global e significativa da
VFC no periodo pés-ictal de uma crise TCG, o que também foi descrito nou-
tros estudos (50, 218). Esses autores, tal como nds, descrevem um aumento
no LF/HF no periodo pds-ictal. Todos os nossos parametros retornaram aos
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valores basais no periodo pds-ictal tardio, contrariamente ao referido por Toth
et al. (50) no seu estudo, no qual as alteragoes persistiram 5-6 h apds a crise.
Nado podemos, pois, corroborar a hipétese de existir um risco prolongado de
morte, apds a crise.

A FC aumentou, do periodo pré-ictal para o pds-ictal, o que também é observa-
do noutros estudos (50, 158). Nos nossos doentes, a FC cardiaca pds-ictal voltou
ao valor basal, como no estudo de Toth et al. (50). Esta resposta fisioldgica ao
stress indica uma atividade simpatica aumentada, imediatamente apds a crise,
que ndo é persistente.

E conhecido que os doentes com epilepsia tém disfuncdo autonémica interictal,
facto que também comprovamos neste estudo, uma vez que a VFC basal diurna
dos nossos doentes foi globalmente inferior a de uma populagdo saudavel. Apds a
crise TCG, os parametros sofreram uma diminui¢édo ainda mais marcada, quando
comparados com os da mesma populacédo sauddvel. Alguns autores relacionam a
disfungao autonémica com um aumento do nimero de casos de SUDEP (53), ou
com fatores de risco para SUDEP (109), mas o mecanismo exato pelo qual estes
doentes morrem subitamente permanece desconhecido. Noutros estudos, ndao
foram encontradas diferengas estatisticamente significativas nos parametros de
VFC entre doentes que morreram por SUDEP e doentes vivos com epilepsia (178,
219). As suas coortes eram relativamente pequenas (16 SUDEP/48 controlos e 7
SUDEP/7 controlos, respetivamente), e o facto de que estudaram doentes vivos
como controlos é outra limitagdo, uma vez que nao ha garantia de que os contro-
los ndo venham a morrer por SUDEP.

Nem todos os doentes com disfungdo autondmica interictal sofrem SUDEP.
Devera existir um segundo fator (ou até mais) que provoque o inicio da cas-
cata de eventos que termina na morte. Do nosso trabalho, consideramos que
uma crise TCG (que pode resultar numa estimulagédo simpatica extrema) po-
derd ser um desses fatores.

No entanto, existem algumas (poucas) descri¢gdes de casos de SUDEP nao
diretamente relacionados com crises epiléticas (33, 55, 70). Essas mortes
nao tiveram uma causa primdria cardiaca, mas um compromisso cardiorres-
piratério progressivo, seguido de supressdo do EEG. As alteragdes autoné-
micas no periodo interictal sdo provavelmente o resultado de lesdes crdénicas
nos centros autonémicos, provocadas por crises repetitivas (56, 57) e, talvez,
num dado momento, essas lesdes possam desencadear uma insuficiéncia
cardiorrespiratéria.

Questao 4: A disfuncdo autondmica (avaliada através da VFC) relacionada com
as crises epiléticas depende do tipo de crise?

Os nossos resultados mostram que as crises TCG tém um maior impacto na
VFC do que as crises nao-TCG, em doentes com epilepsia refrataria, realgando
a importéncia de evitar/ ter atencéo a esse tipo de crises.

Nos nossos doentes, verificou-se um aumento significativo da FC apds cri-
ses TCG e uma diminuigao significativa apds crises ndo-TCG, traduzindo uma
maior ativagdo simpética apds as crises TCG. Esse achado também é referido
por outros autores (50, 51, 220).
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Relativamente ao periodo pré-ictal, ndo encontramos diferencas estatisticamente
significativas nos parametros de VFC, entre crises TCG e ndo-TCG, de acordo com
o trabalho de Sivathamboo et al. (220). No entanto, um outro estudo referiu que
a atividade parassimpética foi superior no periodo pré-ictal de crises TCG, com-
parativamente com o de outros tipos de crises (221). Das medidas que avaliamos,
o HF é o que melhor reflete a atividade parassimpética. Embora tenha sido mais
elevado antes de crises TCG do que antes de crises ndo-TCG, a diferenca nao foi
estatisticamente significativa, estando de acordo com o estudo de Toth et al. (50).

As medidas AVNN, RMSSD, pNN20, LF e HF foram significativamente inferiores
e o LF/HF foi significativamente superior, apds crises TCG comparativamente
com as crises ndo-TCG, o que expressa um balango simpatovagal superior apos
as crises TCG.

Do periodo pré-ictal para o pds-ictal, encontramos variagdes significativas,
induzidas por crises TCG, em quase todos os parametros (exceto o SDNN e
o LF), o que mostra uma mudanca em diregdo a uma dominancia simpética.
Essas alteragdes ndo foram observadas apds crises nao-TCG.

Um ténus simpatico mais elevado e um ténus vagal inferior predizem morbi-
-mortalidade cardiovascular (176), com uma possivel ligacéo a risco de SUDEP.
Outros estudos, com menos parametros avaliados, também mostraram uma
diminuicdo pds-ictal mais acentuada do RMSSD e da FC, nas crises TCG,
comparativamente com as crises nao-TCG (50, 51). A maioria nado realizou
uma comparagéo intraindividual, o que foi feito no nosso estudo, no sentido
de levar em consideragéo as respostas autondémicas individuais.

Questéao 5: Qual o melhor intervalo de tempo, entre a injeg¢do do radiofarmaco
e a aquisi¢cdo das imagens cardiacas com [*"Tc]Tc-HMPAO?

Neste estudo, verificamos que a captagao de [*"Tc]Tc-HMPAO pelo coragéao
é estavel nas 2 horas que se seguem a administragédo e.v. do radiofdrmaco,
assim como o é a sua distribuicdo cardiaca; deste modo, uma imagem pode
ser adquirida de modo satisfatério a qualquer hora, dentro desse intervalo
de tempo.

Trés dos voluntarios eram fumadores e exibiram captagéo pulmonar significativa
de [*"Tc]Tc-HMPAO. Essa captagéo foi tdo intensa que interferiu com o pro-
cessamento das imagens. Shih et al. j& tinham demonstrado que a captagao
pulmonar de [*™Tc]Tc-HMPAO estava relacionada com os habitos tabdgicos,
e colocaram a hipdétese de que fosse dependente de permeabilidade vascular
aumentada nesses individuos (212). O nosso estudo corrobora esse achado.

Questdo 6: £ possivel avaliar a perfusdo regional do ventriculo esquerdo e a
sua fungdo com [*"Tc]Tc-HMPAO?

O mecanismo de localizagao do [**"Tc]Tc-HMPAO no cérebro esta relacionado
com a sua natureza lipofilica, que permite a passagem através da barreira he-
mato-encefélica intacta. Uma vez dentro da célula, é crucial a converséo para
a forma hidrofilica, para que ocorra retencéo intracelular (201-205).
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A captacao regional de [*™Tc]Tc-HMPAO pelo cérebro reflete o fluxo sangui-
neo (195, 202, 210, 211), mas ainda é desconhecido o mecanismo de captagao/
retencdo nos midcitos.

Na nossa comparagao entre as imagens cardiacas obtidas com os dois radio-
farmacos ([*"Tc]Tc-HMPAO e [*™Tc]Tc-Tetrofosmina), obtivemos correlagdes
elevadas, sobretudo no eixo curto vertical.

O doente fumador teve piores correlacdes, devido a elevada captacdo pulmonar
de [*"Tc]Tc-HMPAO.

A FE do ventriculo esquerdo foi semelhante com ambos os radiofadrmacos, na
maioria dos doentes. A maior discrepancia ocorreu num doente que sofreu
uma infecdo respiratéria grave, com insuficiéncia cardiaca descompensada,
entre os dois estudos, o que pode justificar a queda na FE.

Assim sendo, uma SPECT miocéardica com [*"Tc]Tc-HMPAO poderd ser um
método de 'rastreio’ de isquemia em doentes nao fumadores que ja tenham
de realizar uma SPECT de perfusao cerebral com [*™Tc]Tc-HMPAO. Podera
servir como referenciadora para uma cintigrafia de perfusdo do miocardio,
num subgrupo de doentes com epilepsia, suscetiveis de sofrerem alteragdes
cardiacas.

Embora promissores, estes resultados preliminares tém de ser confirmados
numa coorte maior.

Questdo 7: Como é a distribuicao do [**"Tc]Tc-HMPAO no ventriculo esquerdo
de doentes com epilepsia refrataria?

Para este estudo, avaliamos a distribuicdo do [*™Tc]Tc-HMPAO, tanto no periodo
ictal, como no interictal. Ambos os grupos tiveram um nidmero significativo de
doentes com defeitos de captacgdo do radiofarmaco (34%, no grupo ictal, e 25%,
no grupo interictal), mas esta diferenga nao foi significativa (p=0,469). O nimero
de defeitos, bem como a sua extensdo também néo foram significativamente di-
ferentes nos dois grupos (p=0,405 e p=0,915, respetivamente). Quanto a extensao
dos defeitos, estes foram maioritariamente ligeiros, nos dois grupos.

Nao se verificou associagdo significativa entre o nimero ou a extenséo dos
defeitos e o sexo, idade, FRC, duracao da epilepsia ou frequéncia de crises, em
qualquer dos grupos.

No grupo ictal, o nimero/ extenséo dos defeitos ndo se associaram significa-
tivamente com a semiologia das crises, a presenca de PGES ou a duracdo das
crises. No entanto, foi evidente uma associacdo entre crise extratemporal e
maior extensao dos defeitos (p=0,047).

Nos doentes que tiveram doseamento da hs-cTnl, na crise estudada com [**™Tc]
Tc-HMPAO (n=22), ndo encontramos associagao entre os valores da hs-cTnl
e o nimero ou a extensado dos defeitos (p=0,282 e p=0,181, respetivamente).

Embora o estudo preliminar de validacéo do [*"Tc]Tc-HMPAO como agente de
perfusao miocardica sé tenha incluido trés doentes, os resultados foram muito
promissores.
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Assim, se partirmos do pressuposto que estamos a mapear a perfusdo do
miocardio com este radiofarmaco, é provavel que estejamos perante altera-
¢Oes associadas a isquemia crénica (ainda que ligeiras), uma vez que nao
encontramos diferencas estatisticamente significativas, nas caracteristicas
dos defeitos, entre os dois grupos. Devera ser confirmada por outras meto-
dologias, esta hipétese de perfusdo do miocardio anormal em doentes com
epilepsia refratéria, que pode ser mais grave em doentes com inicio de crise
extratemporal.

Implicacdes para a pratica clinica

Doseamentos

Nesta tese, ficou documentado que um ndmero significativo de doentes com
epilepsia refrataria tem aumentos em biomarcadores de necrose/disfungao
miocérdica (hs-cTnl, BNP) apés crises, sem sinais ou sintomas de doenga car-
diaca. Doentes com elevagao de um biomarcador néo tiveram necessariamen-
te elevacao de outro, o que pode refletir diferentes mecanismos envolvidos na
resposta cardiovascular as crises e apontar para origens multifatoriais para o
dano miocérdico, potencialmente relacionado com a SUDEP.

Néo foi encontrada associagdo entre os aumentos dos biomarcadores e a es-
cala de risco SUDEP-7. No entanto, tendo em conta as associac¢des entre os
biomarcadores e as caracteristicas das crises, consideramos que a duragédo
da crise, a presenga de PGES e o doseamento da hs-cTnl apds as crises, par-
ticularmente TCG, devem ser ponderados em estudos futuros que explorem
os preditores de SUDEP, para avaliar se é vélida a sua inclusdo em revisoes
da escala SUDEP-7 ou noutras escalas de risco.

VFC

A disfuncédo autondmica corroborada por esta tese, em doentes com epilepsia
refrataria, pode ter relevancia clinica, ndo s6 por diminuir o limiar para arritmias
gue coloquem em risco a vida (218), mas também por poder ter influéncia na
decisdo da melhor terapéutica a instituir (talvez até prevendo a resposta a certas
terapéuticas).

A estimulagé@o do nervo vago (ENV), que consiste na estimulagéo elétrica do
nervo vago esquerdo, € uma terapéutica adjuvante da epilepsia refratéria. Um
estudo avaliou o impacto da ENV na fungao autonémica cardiovascular em nove
doentes, realizando a avaliagdo da VFC antes e apds estimulagéo. Verificaram
uma diminui¢do no LF e no LF/HF, apds estimulagéo, refletindo um balango sim-
patico/ parassimpético melhor, colocando a hipétese de existir um efeito cardio-
protetor (187). Ndo existem biomarcadores progndsticos que possam predizer
os respondedores a esta terapéutica (222, 223). Liu et al. referem que doentes
que tiveram uma diminuigao de, pelo menos, 50% das crises, com a ENV, tinham
uma VFC menos comprometida, no periodo interictal antes de colocarem os
elétrodos, do que aqueles que ndo responderam (223). Hodl et al. verificaram
que os doentes que ndo responderam a estimulagdo sofreram uma queda sig-
nificativa na VFC pré-ictal. A avaliagdo da HRV pode ter importancia para evitar
cirurgias de ENV desnecessdrias.

Muitos FACE diminuem a VFC, especialmente os bloqueadores dos canais de
sddio, contribuindo para uma atividade autondmica cardiaca comprometida
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e estando associados a maior risco de SUDEP (76, 224). A terapéutica com
Carbamazepina foi associada a uma diminui¢é@o das razdes noite/dia da VFC.
Uma monitorizagé@o apertada desses doentes, com avaliagcdo da VFC pode ser
importante, no sentido de avaliar a necessidade de se alterar para outro FACE
ou considerar outra opgéo terapéutica.

Outra possivel aplicagé@o da avaliagcdo da VFC é o desenvolvimento de aparelhos
de detegéao de crises, havendo ja estudos a explorar essa possibilidade (188, 189).

A auséncia de protocolos padronizados para avaliar e relatar a VFC em doentes
com epilepsia é uma limitagé@o para o seu uso na pratica clinica (175).

Imagem cardiaca com [*™Tc]Tc-HMPAO

Nesta tese, descreve-se uma potencial nova aplicagdo para um radiofdrmaco
antigo, que pode permitir a avaliacdo simultanea de dois érgaos, com menor
exposicao radioativa, em doentes com epilepsia.

Em doentes selecionados, com epilepsia refrataria, que tenham de realizar uma
SPECT cerebral para localizar a zona epileptogénica, poder-se-ia adquirir, no se-
guimento, uma SPECT cardiaca, usando o radiofdrmaco j4 injetado previamente,
para avaliar a distribuicdo no coracao.

A comprovar-se, em estudos futuros, que essa distribuicao reflete a perfusdo do
miocardio, esse estudo poderia servir de rastreio para a realizagdo de SPECT de
perfusdo do miocardio com [*™Tc]Tc-Tetrofosmina.

Ao terminar esta tese, afirmo com agrado que, apesar das limitagbes presentes,
p0osso apresentar resultados positivos e propor para a pratica clinica a avaliagao
de pardmetros cardiacos especificos nos doentes com epilepsia refrataria, com
a intengdo de lhes diminuir o risco de morte.

Realgo, por me ser pessoalmente querido, o ter desenvolvido uma nova aplicacdo
para um radiofarmaco da Medicina Nuclear convencional.

No futuro, tenho ainda a perspetiva de explorar a base de dados extensa que

mantenho e obter outros resultados igualmente dteis, para a pratica clinica e
para a vida destes doentes.
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‘Nobody made a greater mistake than he who did nothing
because he could do only a little.

EDMUND BURKE, 1729-97
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