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To my family

‘Everything should be made as simple as possible, but not simpler. ‘

Albert Einstein





ABSTRACT

Epilepsy is a disorder of the brain characterized by an enduring predisposition to
generate epileptic seizures, which are transient disorders of cerebral function due to
abnormal excessive or synchronous neural activity to varying extents in different
anatomic brain regions. Even though there are around 30 available antiepileptic
therapeutic products, a significant minority, approximately 30 % of patients suffer
from refractory epilepsy with recurrent seizures. Focal refractory epilepsy with
temporal lobe origin has been widely studied. During the last two decades,
increasing interest in experimental and clinical studies has been focused on
clarifying inflammatory seizure-related factors which are related to refractory
epilepsy.

The purpose of this thesis was to investigate seizure-related inflammatory
factors in refractory epilepsy patients in a well-controlled video-
electroencephalographic (VEEG) environment.  Seventy-eight consecutive patients
with refractory focal epilepsy admitted to the VEEG monitoring unit of the
Tampere University Hospital were included in the study, and of these, 51 patients
experienced at least one epileptic seizure during the recording period. Plasma
samples were collected for the analysis of the inflammatory markers at the
beginning of the four-day recordings, on the subsequent mornings until the patient
exhibited a seizure, and at 3, 6, 12 and 24 hours after the first verified seizure.

Cytokines are proteins that are involved in inter-cellular communication; they
are involved in immune responses as well as regulating cell growth, tissue
homeostasis and repair. In the first pilot study with 20 patients, interleukin (IL)-6
levels increased and peaked at 6 h postictally only in temporal lobe epilepsy (TLE).
In experimental studies, IL-6 and IL-1β are thought to be proconvulsive, whereas
interleukin-1 receptor antagonist (IL-1Ra) has shown anticonvulsive effects.
Analyses of cytokines in the blood can provide information about seizure-related
inflammation. Postictal plasma levels of IL-1Ra and IL-1β did not significantly
differ from baseline samples, but IL-1Ra showed a decreasing trend during 12-24 h
postictally.

In the final cytokine study with 49 patients IL-6 levels were increased at all time
points between 3 h and 24 h. The levels of IL-6 were significantly higher at the 3 h



and 6 h time points after focal to bilateral tonic-clonic seizures (TCS) in
comparison to patients with focal aware or impaired awareness seizures.  The
plasma level of IL-6 was significantly elevated in patients with TLE in comparison
with those having extratemporal lobe epilepsy (XLE). The following characteristics
were associated with an increase in IL-6 concentrations during 24 h after the index
seizure; 1) a duration of the index seizure longer than 100 seconds, 2) a low
baseline IL-6 level and 3) fewer than 10 seizures/month in patients with TLE were
associated with an increase in IL-6 concentrations during 24 h after the IS.

In the third part of the study with 31 epilepsy patients the baseline serum levels
of C-reactive protein (CRP) were significantly higher in patients with refractory
epilepsy compared to controls. All five patients with elevated levels of baseline
CRP had TLE vs. none in the XLE group. Seizure type during the recording was
associated with a CRP increase from baseline to maximum level after the seizure.
In tonic-clonic seizures CRP increased, but this did not occur in patients with
focally restricted seizures. Epilepsy type was not associated with any difference in
the CRP levels after the seizure.

In the fourth part of the study, the concentrations of cell-free DNA (cf-DNA)
were measured from 51 epilepsy patients. Cf-DNA in plasma is released from
apoptotic and necrotic cells and has displayed inflammatory properties. The
baseline concentrations of cf-DNA were dependent on epilepsy type. The mean
baseline concentration of cf-DNA was lower in patients with XLE as compared to
control subjects. There was no significant difference in the concentration of cf-
DNA between patients with TLE and control subjects. The maximum
concentration of cf-DNA after baseline measurement was lower in patients with
the duration of epilepsy ≥ 18 years compared to those with the duration of
epilepsy < 18 years. The maximum concentration of cf-DNA after the seizure was
higher in patients with body mass index (BMI) ≥ 25 compared to those with BMI
< 25.

The present thesis provides evidence that in patients with human refractory
epilepsy, immunological changes are related to the seizure. TLE differs from many
other epilepsies in the immunological responses occurring after acute seizure. This
is the first time that it has been demonstrated that only in TLE a low baseline IL-6
level and a smaller amount of seizures (≤10/month) during the last year associated
with an increase in IL-6 after the single seizure. If the levels of IL-6 were elevated
or there had been many more seizures (>10/month) during the last year, a single
seizure exerted no effect on IL-6 levels in TLE. More severe seizure types and
longer seizures evoke a greater inflammatory response with higher IL-6 and CRP



levels after the seizure. Cf-DNA may be involved in refractory epilepsy; the levels
after seizure are lower, if epilepsy has lasted longer. In conclusion, the immune
system seems to be involved in the long-term changes such as cell loss or damage
to brain networks   in patients with refractory epilepsy. Inflammatory responses
may either confer protection or increase the severity of the injury.





TIIVISTELMÄ (ABSTRACT IN FINNISH)

Epilepsialla tarkoitetaan taipumusta saada ilman altistavaa tekijää poikkeavan
purkauksellisen aivosähkötoiminnan seurauksena ilmeneviä ohimeneviä
aivotoiminnan häiriöitä eli epilepsiakohtauksia. Vaikka epilepsialääkkeitä on jo lähes
30 valmistetta, 30 prosentilla epilepsia on vaikeahoitoinen, eli lääkityksestä
huolimatta kohtauksettomuutta ei ole saavutettu. Paikallisalkuinen kohtaus alkaa
usein ohimolohkon alueelta, ja vaikeahoitoista ohimolohkoepilepsiaa on tutkittu
runsaasti. Viimeisen 20 vuoden aikana on kiinnostuttu lisääntyvästi epilepsian
vaikeahoitoisuuteen liittyvistä tulehduksellisista tekijöistä, joita on osoitettu liittyvän
kohtauksiin kokeellisissa ja kliinisissä tutkimuksissa.

Tämän tutkimuksen tarkoituksena oli selvittää erilaisiin kohtauksiin liittyviä
tulehdusreaktiota ja niihin vaikuttavia tekijöitä luotettavasti analysoidussa
kohtauksessa neljän vuorokauden video-EEG -tutkimuksen aikana vaikeahoitoisilla
epilepsiapotilailla. Tutkimukseen osallistui 78 potilasta, joista 51 sai yhden tai
useampia epilepsiakohtauksia rekisteröinnin aikana. Heiltä otettiin verinäyte
tulehdusmarkkerien analysointia varten rekisteröintiin tulopäivänä, sekä seuraavina
aamuina, kunnes he saivat ensimmäisen epilepsiakohtauksen sekä 3, 6, 12 ja 24 h
kuluttua kohtauksesta.

Sytokiinit ovat proteiinirakenteisia solujen viestinnän välittäjäaineita, jotka
tunnetaan tulehdusreaktiota säätelevistä vaikutuksistaan. Kokeellisissa malleissa
interleukiini(IL)-6 ja IL-1β ovat vaikuttaneet kohtauksia lisäävästi, ja IL-1
reseptoriantagonistilla(Ra) on ollut kohtauksia estävää vaikutusta. Sytokiinien
määritys verestä voi antaa tietoa potilaiden kohtauksiin liittyvästä tulehduksesta.
Ensimmäisessä osatyössä määritettiin sytokiinianalyysit ensin pilottityössä
ensimmäisistä 20 potilaasta, ja verrattiin kohtauksen jälkeisiä pitoisuuksia ennen
kohtausta otettuihin näytteisiin kullakin potilaalla. Epilepsiapotilaista vain
ohimolohkopotilaiden ryhmässä tapahtui IL-6:n nousua ollen korkeimmillaan
kuuden tunnin kohdalla kohtauksesta. Sytokiinien IL-1Ra:n ja IL-1β:n pitoisuudet
eivät eronneet merkittävästi lähtötilanteen pitoisuuksiin. IL-1Ra -pitoisuudessa oli
laskeva trendi ohimolohkopotilailla 12 ja 24 h kohdalla.

Ensimmäistä työtä jatkettiin määrittämällä IL-6 -pitoisuudet 49 kohtauksen
saaneelta potilaalta. Todettiin, että IL-6 kohosi kaikissa aikapisteissä kohtauksen



jälkeen. IL-6:n nousu oli suurempi 3 h ja 6 h paikallisesta yleistyneen kohtauksen
jälkeen verrattuna paikalliseksi jääneen kohtauksen jälkeen.
Ohimolohkoepilepsiassa IL-6:n maksimimuutos oli merkitsevästi korkeampi
muihin epilepsiaryhmiin verrattuna. Ohimolohkoepilepsiassa kohtaus nosti IL-6:n
pitoisuuksia tilanteissa, joissa kohtaus kesti yli 100 sekuntia, IL-6 pitoisuus oli
matalampi ennen kohtausta ja mikäli kohtauksia oli edeltävästi vähemmän kuin 10
kuukaudessa.

Kolmannessa osatyössä 31 vaikeahoitoisen epilepsiapotilaan analyysissa
todettiin lähtötilanteessa CRP:n pitoisuuden olevan merkitsevästi korkeampi kuin
verrokkien CRP-pitoisuus. Kaikilla viidellä epilepsiapotilaalla, joilla CRP oli
lähtötilanteessa koholla, oli ohimolohkoepilepsia, mutta ei yhdelläkään muiden
aivolohkojen epilepsiaa sairastavilla. Epilepsiakohtauksen tyyppi vaikutti
kohtauksen jälkeiseen nousuun siten, että yleistyneet kohtaukset nostivat CRP:n
pitoisuutta, mutta paikalliseksi jäävät kohtaukset eivät. Epilepsiatyypillä ei ollut
vaikutusta nousuun.

Neljännessä osatyössä 51 kohtauksen saaneesta potilaan verinäytteistä
määritettiin Cell-free DNA (cf-DNA) eli tulehduksen ja solukuoleman markkerin
pitoisuudet. Lähtötilanteen muista kuin ohimolohkoista alkaneissa kohtauksissa cf-
DNA oli matalampi verrattuna terveiden verrokkien pitoisuuteen,
ohimolohkoepilepsia ei eronnut verrokeista. Yli 18 vuotta epilepsiaa sairastaneiden
cf-DNA:n pitoisuudet olivat kohtauksen jälkeen matalampia kuin alle 18 vuotta
sairastaneiden. Cf-DNA:n pitoisuus oli kohtauksen jälkeen korkeampi potilailla,
joilla ylipainoa kuvaava ns. body mass index (BMI) oli ≥ 25 verrattuna potilaisiin,
joilla BMI oli <25.

Tehdyt tutkimukset osoittavat, että vaikeahoitoisilla epilepsiapotilailla tapahtuu
kohtaukseen liittyviä tulehdusreaktioita. Ohimolohkoepilepsiassa tulehdusvasteet
eroavat muista lohkoista alkavista epilepsioista yksittäisen kohtauksen jälkeen, ja
uutena löydöksenä oli ohimolohkoepilepsiassa IL-6:n nousu, jos IL-6 -pitoisuus oli
matala tai kohtauksia oli vähemmän edeltäneen vuoden aikana. Jos kohtauksia oli
enemmän tai IL-6 -pitoisuus oli korkeampi,  ei yksittäinen kohtaus nostanut    IL-6
-pitoisuutta. Yleistyneet ja pidempään kestäneet kohtaukset nostavat yksittäisen
kohtauksen jälkeen IL-6:n ja CRP:n pitoisuuksia. Tulokset viittaavat myös cf-
DNA:n osallisuuteen vaikeahoitoisessa epilepsiassa; jos sairaus on kestänyt
pidempään, reaktio yksittäisen kohtauksen jälkeen on heikompi. Voidaan todeta,
että tulehdusreaktioilla voi olla merkitystä vaikeahoitoisessa epilepsiassa tapahtuviin
pitkäkestoisiin muutoksiin, kuten solukatoon tai aivojen eri osien väliseen
toiminnan koordinaatioon. Tulehdusreaktiot voivat suojata vaurioilta tai lisätä niitä.
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1 INTRODUCTION

Epilepsy is one of the most common serious neurological disorders; the etiology of
epilepsy can be divided into genetic, structural, metabolic, immunological,
infectious or unknown origin. Younger patients may often have a genetic cause or
some malformation of cortical development (Abdijadid et al 2015, Barkovich et al
2012) behind the epilepsy; new-onset epilepsy in the elderly is mainly caused by
brain diseases, e.g. acquired causes like stroke, head trauma, or neurodegenerative
diseases (Liu, Yu, Lu 2016). Despite appropriately chosen and adminstered
antiepileptic medications, approximately 30 % of patients have refractory epilepsy
with recurrent seizures.

The average annual cumulative incidence of epilepsy is 67.8 per 100 000
persons (Fiest et al. 2017), and one in 26 people will develop epilepsy during their
lifetime (Hesdorffer et al. 2011). The incidence curve is j-shaped with a high
incidence in children under 1 year of age (124/100 000) (Gaily et al. 2016),
remaining at 20/100 000 in the age range 20-60 (Hesdorffer et al. 2011), then
climbing even to 610/100 000 by the age 85 (Ip et al. 2017).  The lifetime risk of
epilepsy is 1.7 % until the age 50 but elevates to 3.4 % at the age 80. The median
lifetime prevalence of epilepsy is 5.8 per 1000 in the developed countries compared
to 15.4 in rural and 10.3 per 1000 in urban population in developing countries
(Ngugi et al. 2010), where the higher incidence of birth trauma, traumatic brain
injury (TBI) and central nervous system (CNS) infections increase the risk (Ba-
Diop et al. 2014). Epilepsies of unknown etiology have the highest prevalence
(Fiest et al. 2017).

Epilepsy is not only a personal burden to the individual, but it is also an
economic burden due to direct costs like antiepileptic drugs (AEDs) and surgery,
hospitalization for seizures, comorbidities, and also indirect costs attributable to
reduced school attendance, employment and productivity losses, and caregiver
burden (Allers et al. 2015). In a newly diagnosed Finnish patient with epilepsy, the
long-term mortality varies from two-fold in aged 70-74 years to five-fold in 10-49
years old when compared to the general population, and both an infectious
etiology of epilepsy and a higher seizure frequency increases the mortality risk
(Nevalainen et al. 2012). Refractory epilepsy increases the risk for sudden
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unexpected death in epilepsy (SUDEP), which is the most common in young
adults aged 20-40 (Holst et al. 2013; Devinsky et al. 2016). In addition, the seizure
type influences the mortality risk with tonic-clonic seizures (TCS) conferring higher
risk for SUDEP than focally restricted seizures (Hesdorffer et al 2012; Ryvlin et al.
2013; Lhatoo et al. 2016).  Long duration of epilepsy (>15 years) was also one risk
factor for SUDEP (Hesdorffer et al 2012).

It is important to study the seizure-related factors which are related to
refractory epilepsy; furthermore, it would be beneficial to unravel the relatively
complicated mechanisms explaining why epilepsy may be a progressive disease
with recurrent seizures, cognitive decline, brain atrophy and predispose SUDEP
(Pitkänen and Sutula 2002, Vezzani et al 2011). In epilepsy there are different
neuronal networks interacting within the epileptogenic structure (hippocampal or
neuronal networks) and between the cortico-thalamic and basal ganglia networks
(Moshé et al. 2015), and different components including inflammation may confer
plasticity on these networks. The etiology of epilepsy is considered as a major risk
factor for refractory epilepsy, but in some patients with drug resistant epilepsy
there may be an ongoing process based on unknown mechanisms (secondary
epileptogenesis) (Shorvon and Luciano 2016). There is also evidence that
mechanism of epileptogenesis may be different in various etiologies (Dixit et al.
2016).  There is convincing data that inflammation is involved not only in
development of epilepsy, but also in the course of those epilepsies that do not
respond to seizure-preventive medications (Pitkänen and Sutula 2002; Vezzani et
al. 2011; Vezzani et al. 2016). The present studies were undertaken to investigate
inflammatory factors comparing the situation before and 24 hours after a seizure in
different refractory epilepsy types monitored under carefully supervised
circumstances, with an emphasis on differences between temporal lobe epilepsy
(TLE) and extratemporal lobe epilepsy (XLE).
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2 REVIEW OF THE LITERATURE

2.1 Definition of the epilepsy

An epileptic seizure is defined as a transient disorder of the brain function due to
abnormal excessive or synchronous neural activity to varying degrees in different
anatomic brain regions (Fisher et al. 2005; Fisher et al. 2014). Seizures can affect
sensory, motor, and autonomic function; consciousness; emotional state; memory;
cognition; or behavior (Fisher et al. 2005).

Epilepsy is a disorder of the brain characterized by an enduring predisposition
to generate epileptic seizures; it displays variable neurobiologic, cognitive,
psychological, and social consequences (Fisher et al. 2005). The epilepsy syndrome
is an identifiable entity with different etiologies; consists of symptoms related to
epilepsy (e.g. seizure type), seizure onset and findings in the investigations (e.g.
electroencephalogram). Recently epilepsy has been redefined by the International
League Against Epilepsy (ILAE) to be in essence a condition where there are at
least two unprovoked (or reflex) seizures occurring >24 hours part, or it can
include a single unprovoked seizure if the probability of recurrence is at least 60 %
over the following ten years, or if the patient has received a diagnosis of epilepsy
syndrome (Fisher et al. 2014). Seizure freedom is achieved when the patient does
not experience any type of seizures for 12 months or there is three times the
preintervention interseizure interval, whichever is longer (Kwan et al. 2010).

Acute symptomatic seizures occur within the first week after a brain insult (e.g.
stroke, TBI, infection); the risk of developing epilepsy during the next 10 years
varies from 13-33 % based on the etiology of the acute seizure, although on
average, it seems to be under 20 % (Beleza 2012; Hesdorffer et al. 2009). After
virus encephalitis with acute seizures, there is as much as a 22-fold elevated risk for
late unprovoked seizures (Misra, Tan, Kalita 2008). Patients with late unprovoked
seizures, which occur often months or years after the insult, are diagnosed as
having acquired epilepsy (Vezzani et al. 2016).

Epilepsy is resolved in an individual who has an age-dependent epilepsy
syndrome, but is now past the applicable age or in a patient who has remained
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seizure-free for the last 10 years or with no AED for the last five years (Fisher et al.
2014).

2.2 Classification of epilepsies

2.2.1 Epilepsy types and syndromes

Epilepsies can be classified according to the age, etiology, seizure type,
electroencephalogram (EEG) abnormality, neuroimaging findings and concomitant
diseases. In 1981 and 1989 the Commission on Classification and Terminology
ILAE developed a widespread classification of seizures and epilepsy (Anonymous
1981); they were divided based on partial and generalized onset, simple and
complex partial seizures and various specific generalized seizure types and
epilepsies. Since then, there have been proposals that the classification should be
revised (Berg et al. 2010; Berg and Scheffer 2011; Engel and International League
Against Epilepsy (ILAE) 2001). The new proposal has emphasized that genetic,
structural-metabolic and unknown etiology should replace the term idiopathic
(presumed genetic), symptomatic (secondary to a known disorder of the brain) and
cryptogenic (probable symptomatic) background of epilepsy, and to simplify all
partial onset seizures under one term of "focal seizures".

In 2017, ILAE updated the classification of epilepsies for clinical diagnosis
based on three levels of diagnosis: seizure type (focal, generalized or unknown
onset), epilepsy type (focal, generalized, combined generalized and focal, unknown)
and epilepsy syndrome (Scheffer et al. 2017). At the first level, the seizure type, an
EEG finding may increase the accuracy of the diagnosis. The second level, the
epilepsy type, is based on a diagnosis made according to the 2014 definition (Fisher
et al. 2014). Several epilepsy types have multiple types of seizures. Ictal or interictal
EEG recordings and brain magnetic resonance imaging (MRI) findings help to
distinguish between the focal and generalized epilepsy types. The third level, an
epilepsy syndrome, is possible to diagnose; if specific seizure types, EEG, and the
imaging findings occur, and it may display a typical age at onset and remission,
seizure triggers, diurnal variations, even prognosis, and mental or cognitive
comorbidities.
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2.2.2 Etiologies of epilepsies

The new classification of epilepsies includes the etiology at each level of diagnosis.
In 2010, ILAE characterized epilepsies based on the etiologies behind the epilepsy
into genetic, structural/metabolic, unknown cause, (Berg et al. 2010), and further in
2017, according to pathogenesis into six categories: structural, genetic, infectious,
metabolic, immune and unknown (Scheffer et al. 2017). These groups may have an
influence on the treatment of epilepsy, and they replace the earlier terms of
idiopathic, symptomatic and cryptogenic epilepsy.

Structural etiology may be acquired if the patient has a brain tumor, stroke, TBI,
and infection. In mesial TLE, hippocampal sclerosis (HS) is a common
neuroimaging finding. If there is structural etiology, then surgery may be needed.
The etiology can be multiple e.g. both structural and genetic as in tuberosis
sclerosis caused by mutation in the genes TSC1 and TSC2 may produce a structural
lesion in the brain (Scheffer et al. 2017). There are many known genetic mutations
in which seizures are a major symptom, but in most cases, the genetic etiology is
unknown. The genetic epilepsy is not always inherited as there may be a new
mutation, which can be inherited by the patient’s children by variable penetrance
(Claes et al. 2001; Weckhuysen et al. 2012). Infectious or postinfectious etiology is
the most common worldwide type, e.g. encephalitis evoked by different viruses,
bacteria or parasites etiologies (e.g. herpes simplex virus, HIV, congenital
infections such as Zika virus) (Vezzani et al. 2016). Cerebral folate deficiency is an
example of a metabolic or genetic etiology of epilepsy, and epilepsy with prominent
myoclonic seizures is a common feature of several mitochondrial disorders.

Autoimmune epilepsies are immunologically (antibody) mediated disorders in
which seizures are the dominant clinical symptom with neural autoantibodies and
possibly inflammatory findings in cerebrospinal fluid (CSF) or MRI (Spatola and
Dalmau 2017), but autoimmune epilepsies may also be structural with hippocampal
sclerosis detected in MRI (Bauer et al. 2017, Fang et al. 2017). An unknown
etiology of epilepsy means that the cause of the epilepsy is still unknown, although
it may be found in the EEG that the seizures may originate e.g. from the frontal
lobe.
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2.3 Classification of seizures

In 2017, ILAE published a new classification of seizure types (Figure 1) in order to
focus on either focal onset or generalized seizure onset which has been based on
1981 classification (Fisher 2017; Fisher et al. 2017a; Fisher et al. 2017b), and also
extended in 2010, and also classify seizures with unknown onset (Berg et al. 2010;

Figure 1. The ILAE 2017 operational classification of seizure types, modified from Fischer et
al 2017a.
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Berg and Scheffer 2011; Engel and International League Against Epilepsy (ILAE)
2001). The new classification of seizures is the basis for definition of epilepsy types
and epilepsy syndromes, and etiology of epilepsy is also taken into account.  There
have been major changes in many terms: 1) all former “partial” onset seizures are
simplified to be called "focal seizures"; 2) awareness is used to classify focal
seizures to focal aware (earlier simple partial), focal impaired awareness (earlier
complex partial); 3) focal to bilateral TCS  replaces the former term of secondarily
generalized seizure; 4) atonic, clonic, epileptic spasms, myoclonic, and tonic
seizures can be classified with either a focal or generalized onset, 5) new
generalized seizure types are absence with eyelid myoclonia, myoclonic absence,
myoclonic-atonic, myoclonic-tonic-clonic; 6) seizures with an unknown onset may
have features to still to be classified (Fisher et al. 2017a; Fisher et al. 2017b).
Seizures are now divided into focal, generalized or unknown onset. The
classification of seizure types is an important part of the classification of epilepsy
and influences which AED should be administered to the patient.

Previous classifications have been based on anatomic region of seizure onset:
temporal, frontal, parietal, occipital, dienchephalic or brainstem seizures. Seizures
can be evaluated also according to the anatomic origin of the seizure.

2.4 Refractory epilepsy

2.4.1 The definition of refractory epilepsy

Despite the major developments in AEDs during the past two decades (Bialer
2011), for unknown reasons, approximately 30 % of epilepsy patients continue to
experience seizures even with optimal pharmacological treatment (Kwan and
Brodie 2000; Mohanraj and Brodie 2006; Sillanpää et al. 1999; Schuele and Lüders
2008). There have been many concepts used to describe refractoriness towards
epilepsy treatment, and drug resistant epilepsy can be defined as a situation with
the basic elements: absence of response to two AEDs tolerated at reasonable doses
(whether as monotherapies or in combination); a minimum frequency of seizures
(e.g. one seizure per month) or the duration of maximum seizure relapse (e.g. 6–12
months) (Beleza 2009; Kwan and Brodie 2010; Mohanraj and Brodie 2006). The
ILAE published the first consensus definition of drug-resistant epilepsy; it was
defined as failure to achieve sustained seizure freedom by adequate trial of two
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tolerated and appropriately chosen and used AED schedules (whether as
monotherapies or in combination) (Kwan and Brodie 2010; Kwan et al. 2010).

The risk for refractoriness after the failure of two AEDs has been similar
between AEDs acting through different mechanisms (Kwan and Brodie 2000;
Mohanraj and Brodie 2006). HS is found in 60-70 % of patients with refractory
TLE, and 70 % of patients with mesial TLE suffer intractable epilepsy (He et al.
2016; Schmidt and Löscher 2005).

2.4.2 Definition of epileptogenesis

Epileptogenesis is defined as the development and extension of brain tissue
capable of generating spontaneous seizures, resulting in the development of an
epileptic condition and/or progression of the epilepsy after it is established
(Pitkänen and Engel 2014; Terrone et al. 2016). Epileptogenesis can be caused by
congenital, genetic or acquired events. The epileptogenesis in the focal epilepsy is
the phenomenon of neurobiological changes which are initiated after the trigger
events such as traumatic brain injury, stroke or infectious disease of the brain, or
for other reasons like genetic or inflammatory factors; after a latency period, they
lead to increased excitability and spontaneous epileptic seizures and the diagnosis
of epilepsy (Alyu and Dikmen 2016; Pitkänen and Sutula 2002). The immune
system is involved in the epileptogenesis; in particular the development of focal
epilepsy in mesial temporal lobe includes complex neurobiological changes not
only in neuronal networks but also at the molecular level; apoptosis, plasticity
changes in neural axons and dendrites, gliosis and changes in receptors modifying
neuronal activity (Figure 2). The role of inflammation may vary in various
etiologies of epilepsies. In childhood epilepsy with an etiology of cortical dysplasia
(CD), there are several proposed non-inflammatory mechanisms involved in the
epileptogenesis in the different subtypes; e.g. in CD type I, immature and
hypertrophic pyramidal neurons may lead to hyperexcitable interneuronal activity,
whereas in CD type II the dysplastic neurons may provoke an ictal discharge
(Abdijadid et al. 2015).

The blood brain barrier (BBB) is viewed a defence mechanism that protects the
brain against many toxic molecules. The BBB is composed of endothelial cells
which form a diffusion barrier, based on the presence of tight junctions that firmly
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connect endothelial cells (Abbott et al. 2010). A breakdown of the BBB has been
implicated in both the consequence of seizures and in the progression to epilepsy.

The currently available 30 AEDs suppress acute seizures, but they do not
prevent epileptogenesis or the development of epilepsy. Disease-modifying
therapies for preventing epileptogenesis are still lacking (Vezzani et al. 2015a).

Figure 2. Pathophysiological events leading from inflammation to focal epilepsy. The brain
epileptogenic injury occurring during birth or later in life in the CNS may evoke a
cascade of inflammation and progressive neuronal, molecular, and network
alterations leading to seizures and epilepsy. The initial epileptogenic event may
originate within peripheral lymphoid tissue, such as in prolonged febrile seizures,
systemic infections or autoimmune disease. Recurrent seizures can maintain
inflammation or vice versa. From Vezzani et al 2014, with permission of Epilepsy
Currents. BBB, blood brain barrier; CNS, central nervous system; GABA, gamma-
aminobutyric acid
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Recurrent seizures not only cause harm e.g. the actual seizure event can interrupt
some task being done, but they also include risk for accidents, may limit education,
working, and may lead to cognitive decline. Uncontrolled seizures elevate the risk
of both morbidity and mortality (Nevalainen et al. 2012).

Focal epilepsy with a temporal lobe origin has been a widely studied refractory
epilepsy. The neuropathological changes in patients with epilepsy were first noted
nearly 200 years ago as sclerosis of the hippocampus (Thom 2014), and especially
during the last decades, significant experimental and clinical evidence has been
found to account for the secondary neuronal damage caused by seizures. Kainic
acid-induced seizures or kindling models have revealed that seizures may alter
hippocampal structures and that these may cause increased excitability with
recurrent seizures and hippocampal neuronal loss. Seizure-associated neuronal
damage may be reflected in volume loss, especially in the ipsilateral temporal,
parietal, frontal and occipital regions, and also in contralateral regions as detected
in both MRI and post-mortem studies (Blanc et al. 2011; Briellmann et al. 2002;
Thom et al. 2005).

2.4.3 Treatment of refractory epilepsy

The ILAE consensus emphasises the importance of avoiding any delay in the
evaluation of surgical treatment after failure of two AEDs (Kwan and Brodie
2010). Unfortunately resective surgery is not an option for all patients, or if it has
failed to achieve seizure-freedom, then neurostimulation surgery, anterior thalamic
deep brain stimulation (DBS) or vagus nerve stimulator (VNS), may be considered
(Cukiert and Lehtimäki 2017; Nune, DeGiorgio, Heck 2015). It is also important to
minimize the adverse effects of AEDs and search for new treatment options in
drug-resistant patients; by continuing active treatment, seizure remission was
achieved in 15 % of patients by additional AED and in 4.5 % of patients after
epilepsy surgery (Callaghan et al. 2007). Appropriate and individual counselling of
patients is also an extremely important part of the treatment. The inconsistent use
AEDs has a greater risk for SUDEP than polytherapy (Esen Melez et al. 2017). It
is also essential to exclude false refractoriness due to nonepileptic seizures or false
diagnosis of epilepsy syndrome, and VEEG monitoring has proved to be an
excellent tool in this process.
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2.4.4 Video-EEG

Interictal EEG lasting about 30 minutes, can be normal even in patients with
refractory epilepsy, or there may only be minor changes that do not help with
seizure localisation. During video-EEG (VEEG) monitoring, the synchronous
recording of the ictal symptoms and signs and as well as the ictal scalp EEG
pattern can be used to confirm the diagnosis of a seizure disorder, to help classify
seizure type(s) (Figure 3), to assess seizure frequency and identifying precipitating
factors, as well as being of assistance in surgical localization (Cascino 2002; Tatum
2012). In VEEG, seizures can be more reliably registered; there may be some
frontal lobe seizures that require recording with depth elctrodes. VEEG
monitoring helps also to distinguish other non-epileptic disorders from epilepsy,
e.g. pseudoepileptic seizures, and sometimes even cardiac arrhythmic symptoms
behind the paroxysmal events. VEEG monitoring includes also the
electrocardiogram, heart rate, electro-oculogram, electromyogram, and respiratory
function.

A.
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B.

C.

Figure 3. Ictal epileptic activity visible in a middle of seizure in the form of discharges is shown on
EEG in focal frontal seizure (A), focal temporal seizure (B) and generalized tonic-clonic
seizure (C). Some muscle and movement artefacts related to motor symptoms are also
present (A and C).
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2.5 Anatomical origin of focal seizures

Although the new ILAE classification is not based on anatomical brain regions, in
research or in the evaluation of epilepsy surgery, there can be beneficial for
classifying focal epilepsy into groups according to the anatomic origin of seizures.

2.5.1 Temporal lobe epilepsy

The temporal lobe has been widely studied in epilepsy comprising an anatomic-
functional electrophysiological network that includes the amygdalo-hippocampal
cortex and the entorhinal cortex close to the hypothalamus-pituitary regions
(Tatum 2012). The temporal lobe is also the area most commonly damaged in
infectious and autoimmune encephalitis. The hippocampal area consists of the
dentate gyrus, hippocampus, and subiculum. The hippocampus is divided into
cornu amnions (CA1-CA4), which have rich connections to other temporal and the
extratemporal areas. This medial structure has a crucial role in memory.

Focal epilepsy in the temporal lobe, TLE, is a common epilepsy type in adults
(Asadi-Pooya et al. 2017) and is categorised as having either a mesial or a lateral
(neocortical) onset. In mesial TLE, the most common finding is HS, which is a
combination of atrophy and astrogliosis in the amygdala, hippocampus,
parahippocampal gyrus, and the enterorhinal cortex, and is viewd both a
consequence and a cause of seizures in patients with TLE. HS is the most common
finding in patients with epilepsy surgery and with drug-resistant TLE (Thom 2014).
Both children and adults manifest TLE with HS; in one retrospective study in
adults, as many as half of the patients were found to have definitive or possible
limbic encephalitis (LE) based on histopathology, unilateral or bilateral
hippocampal swelling or FLAIR/T2 signal increase in MRI, and antibody-findings
(Bien et al. 2007). Focal CD is the most common co-existing neuropathological
finding with HS in mesial TLE (Gales and Prayson 2017), and HS and focal CD
can be classified to subtypes according to ILAE (Blümcke et al. 2013).

In mesial TLE, the seizures commonly start with what were previously called
auras, which can be a psychic sensation (déjà vu), or a gastric sign, or a feeling of
fear or an olfactory sensation (Skidmore 2016). Then typically, the dominant
seizure spreads with a loss of consciousness with oral and manual automatisms,
whereas a nondominant seizure may preserve awareness. ILAE has also classified
HS into three types (Blumcke et al. 2013). Lateral dominant TLE seizure foci often
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cause aphasia and auditory auras, and if the seizure spreads to the mesial area, the
clinical symptoms are similar as described above. The seizure may also activate the
motor cortex and generalize with tonic-clonic convulsion.

Multiple radiological changes have been described in patients with refractory
epilepsy in mesial TLE. Progressive grey matter atrophy has been found in patients
with or without HS also in seizure free patients (Alvim et al. 2016).

In temporal lobe seizures associated with loss of consciousness ictal cerebral
blood flow (CBF) increases in the temporal lobe on the side of seizure onset
followed by bilateral midline subcortical structures (e.g. mediodorsal thalamus),
whereas blood flow decreases in fronto-parietal association cortices more
prominently on the side of seizure onset (Blumenfeld et al. 2004). In the early post-
ictal period, the temporal lobe is no longer activated, but there are marked
increases in the blood flow of subcortical structures with known limbic
connections: the bilateral medial thalamus, hypothalamus, subthalamus (midbrain–
diencephalic junction), midbrain, and upper pons. In addition, the bilateral
cerebellar vermis becomes activated. It has been reported that there was increased
delta-range 1–2 Hz slow wave activity in the bilateral frontal and parietal
neocortices during focal impaired awareness (FIAS) compared with focal aware
seizures (FAS) (Englot et al. 2010).

2.5.2 Extratemporal epilepsy

2.5.2.1 Frontal lobe epilepsy

Frontal lobe epilepsy (FLE) is the second most common form of epilepsy and
involves one third of the human brain (Lee and Worrel 2012). The frontal lobe can
be anatomically subdivided into dorsolateral, medial and inferior orbital areas.
Seizure foci have different clinical features based on their location. Dorsolateral
frontal lobe can be further subdivided into primary motor cortex, premotor cortex
and prefrontal cortex. Seizures originating from the primary motor cortex
(Brodmann’s area 4 of the precentral cyrus) and postcentral gyrus cause muscle
twitches in the contralateral side of the body. The premotor cortex can be
functionally divided into the secondary motor cortex (active during motor
learning), the frontal eye field and Brocas’s area (responsible for speech). The
seizure focus in the frontal eye fields produces contralateral conjugated, saccadic
eye movement and head version. The seizure focus in dorsolateral prefrontal
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cortex causes problems in working memory, emotion processing and executive
functions. In mesial frontal epilepsy, the seizure focus is located in the primary
sensory or motor cortex in the lower limb, the supplementary sensorimotor area,
the anterior cingulate cortex or the prefrontal cortex (Beleza and Pinho 2011). The
seizure focus in the supplementary sensomotor area causes focal asymmetric tonic
posturing, versive movements of head and eyes, speech arrest; in orbitofrontal
area, they evoke complex motor automatisms, olfactory hallucinations; in the
opercular area, the seizure causes salivation, swallowing, fear, facial clonic activity;
in the cingulate area, they are associated with fear, vocalization emotional changes,
complex motor automatisms (Bagla and Skidmore 2011; Beleza and Pinho 2011).
Frontal lobe seizures are often shorter, have a very brief post-ictal state and start
more often during sleep than temporal lobe seizures (Lee and Worrell 2012).

2.5.2.2 Parietal and occipital lobe epilepsy

Parietal lobe epilepsy (PLE) often involves somatosensory symptoms contralateral
to the seizure foci, followed tendency by other features with a rapid ictal discharge
spreading to the motor, premotor or temporo-occipital regions (Ristić et al. 2012).
Seizure foci in the parietal lobe are easily mislocalized, because ictal and interital
scalp EEG evaluation has shown a lower localization accuracy in PLE compared to
TLE and FLE. The parietal lobe is located at the centre of multisensory integration
with effective frontal and temporal neuronal network, explaining why clinical
symptoms in parietal lobe seizure foci may mimic TLE or FLE. Seizure onset in
the occipital area typically causes visual symptoms including hallucination, ictal
blindness, blinking, nystgmus, and more complex visual scenes (Harward et al.
2017).

2.5.3 Multilobar seizures

In refractory focal epilepsy, the patient may have epileptogenic zones in more than
one lobe of the brain, and often it is not possible to pinpoint where the seizure has
begun. In that case, if seizure types and correlation to seizure source are not easily
classified with the VEEG monitoring, sometimes depth electrode monitoring may
be needed. Curative surgery may also be possible. (Jadhav and Cross 2012; Skoch
et al. 2017).
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2.6 Inflammation in epilepsy

There is evidence that inflammatory processes within the brain contribute to
epileptogenesis and the recurrence of seizures (Bauer et al. 2017; Pitkänen and
Sutula 2002; Vezzani et al. 2013). The precipitating factor, e.g. a brain insult, can
activate glial cells to release proinflammatory mediators, and initiate a cascade of
inflammatory processes leading to seizures and epilepsy. A disruption of the BBB
may be involved in both the induction of seizures and in the progression to
epilepsy, and inflammatory molecules and immune cells may pass from brain to
blood and vice versa (Abbott et al. 2010). In experimental SE, seizures have been
shown to evoke the induction of vascular adhesion molecules, intracellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1),
and enhanced numbers of leukocytes in the brain vessels (Fabene et al. 2008).
Seizures were inhibited by blockade of leukocyte-vascular adhesion e.g. linking
leukocyte-vascular interactions with BBB-damage and seizures.  After acute TCS in
humans it was found that there were also elevated numbers of leukocytes in
peripheral blood and CSF (Peltola et al. 2002).  Inflammatory mediators in the
brain may influence peripheral immune cells via hypothalamus- pituitary-adrenal
axis (Esch and Stefano 2002).

Patients with epilepsy have also a more than a 2.5-fold increased risk of
systemic autoimmune disease (Lin, Si, Xiaoyi 2016).  Seizures are common in
autoimmune or paraneoplastic limbic encephalitis (Toledano and Pittock 2015).
Anti-inflammatory drugs have been shown to reduce seizures in selected epilepsy
syndromes (Bauer et al. 2017) and immunomodulatory treatment (corticosteroids,
plasma exchange, intravenous immunoglobulin) is one tool which has been utilized
in refractory and super-refractory status epilepticus, especially when autoimmune
encephalitis has been diagnosed or suspected (Bauer et al. 2017; Zeiler et al. 2016;
Zeiler et al. 2017). Seizure control with immunomodulatory treatment has
displayed restricted and unconfirmed results in observational studies (Zeiler et al.
2017). However, there is no difference in intravenous immunoglobulin (IVIG)
responders between patients with antibody-mediated encephalitis or non-specific
encephalitis (Zeiler et al. 2016). More specific targeted immunomodulatory
therapies have been evaluated as a means of controlling seizures (Bauer et al. 2017).
There are some epileptic disorders which include features of inflammation;
furthermore Rasmussen’s encephalitis (RE) is a rare progressive neurological
disorder with refractory epilepsy; the pathogenesis of RE has been characterized by
progressive neurological dysfunction and unilateral focal atrophy, inflammation in
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microglia and immunological reactions (Alyu and Dikmen 2016; Varadkar et al.
2014; Venkatesan and Benavides 2015).  Immunomodulatory treatment only slows,
but cannot halt, the progression of RE.

There is evidence that activation of the innate and adaptive immune system and
epilepsy are linked together in some human epilepsies (Vezzani et al. 2015a).
Specific autoimmune diseases associated with autoantibodies have been described
with seizures. In a large retrospective population-based study, the risk of epilepsy
was increased among patients with autoimmune diseases; in children it was
elevated by five-fold and in adults ≤ 65 years of age by four-fold compared
patients without autoimmune diseases (Ong et al. 2014). Patients with the
antiphospholipid syndrome had the highest risk for epilepsy i.e. a nine-fold risk
elevation, patients with SLE had a seven-fold risk, in patients with type 1 diabetes
or myasthenia gravis, the risk was five-fold. Slightly under every fifth TLE patient
(17.5 %) with epilepsy had an autoimmune disease. In patients with both refractory
and controlled epilepsies 86 % of patients with high glutamic acid decarboxylase
(GAD) titers had TLE (Liimatainen et al. 2010).  In a study with 105 refractory
epilepsy patients, those subjects with recent seizures had a greater prevalence of
IgG class anticardiolipin antibodies (29 %) compared with patients with no recent
seizures (11 %) and healthy controls (13 %) (Liimatainen et al. 2009b).

There is also convincing evidence that there are inflammatory processes in the
brain in neurodegenerative diseases, such as multiple sclerosis, Parkinson’s disease
and Alzheimer’s disease (Fakhouri et al. 2015). In the CNS, cytokines may
participate in repair processes of damaged tissue; however, overproduction of
cytokines may lead to cell death (Kempuraj et al. 2017). Mast cells and α-synuclein
are assumed to represent the link between neurons and microglia, and the release
of signal molecules e.g. cytokines, may represent a bridge between BBB breakdown
and neuroinflammation (Kempuraj et al. 2017). Future research should be aimed at
elucidating the specific immunological mechanisms of each disease since this could
possibly be beneficial in the development of specific therapies.

2.6.1 Cytokines in epilepsy

It is over 50 years ago that scientists first identified novel proteins, now called
cytokines, that mediate communication between cells; they modulate immune
responses, regulating cell growth and tissue homeostasis and repair (Spulber and
Schultzberg 2010). Today, almost 200 cytokines have been discovered, and they are
present in the circulation at picomolar concentrations. The cytokine network
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influences the CNS under physiological conditions, and there is an interaction
between brain and periphery via the hypothalamic-pituitary-adrenal axis (Irwin and
Cole 2011).

Cytokines are involved both in the innate and adaptive immune system, and
they can exert a systemic influence, e.g. fever, or they can have an effect on the
same cells from which they were produced or they can act on other neighbouring
cells by binding to specific receptors (Dinarello 2000). In the CNS cytokines are
released as an innate immune response from the activation of astrocytes, neurons
and microglia. Cytokines have multiple features in different situations; they can
synergize or antagonize each other or the target cell by influencing the expression
of cytokine receptors and thus they can initiate a cascade-type response
(Benveniste 1992). The immune responses depend on the differentiation of T
helper (Th) cells, i.e. either proinflammatory Th1 and Th17 cells or anti-
inflammatory Th2 cells (Sims and Smith 2010) (Figure 4). Inflammatory cytokines
are also released from the central nervous system in several diseases, such as
ischemic stroke (Zhao et al. 2017), nervous tissue trauma (McKee and Lukens
2016), and Alzheimer’s disease (Wang et al. 2015).  The term “cytokine storm” has
been used to describe hyperinflammation in sepsis or fatal influenza (Gerlach
2016).

2.6.1.1 Interleukin-1 family of cytokines

Interleukin(IL)-1 family is the largest family of interleukins; IL-1 has been the most
extensively studied highly pro-inflammatory cytokine (Dinarello 1996; Dinarello
2009).  IL-1 is secreted by antigen presenting cells, mainly macrophages and
dendritic cells. The biological activity of IL-1 is mediated by its receptors IL-1R1
and IL-1R2 (Vasilyev, Silkov, Sennikov 2015).  Initially, the IL-1 family of
cytokines included two isoforms IL-1α and IL-1β which are able to affect nearly
every cell type in the body, but nowadays there are at least eleven members of the
IL-1 the receptor family known capable of interacting with IL-1 receptor proteins
(Kwak et al. 2016; Spulber and Schultzberg 2010). IL-1 receptor antagonist (IL-
1Ra) is a specific antagonist for IL-1β and IL-1α receptor, and for example, by
blocking the proconvulsive cytokine, IL-1β, IL-1Ra has demonstrated
anticonvulsant effects (Figure 5) (Vezzani et al. 2000; Vezzani, Balosso, Ravizza
2008) An increase in the IL-1β levels induces the production of other
proinflammatory cytokines IL-6 and IL-8, but also IL-1Ra (Gallentine et al. 2017).
A low ratio of IL-1Ra/IL-1β increases the likelihood to seizures; in human febrile
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status epilepticus (FSE), the disrupted balance toward higher IL-1β and lower IL-
1Ra values decreases the seizure threshold.

Figure 4. The effect of interleukin(IL)-1 family members on T17 helper cells, IL-1 helps
proliferation of naive T-cells and development of the T17 helper cell by co-operating
with signal transcuder and activation of transcription 3(STAT3)- inducing cytokines.
R, receptor; TGFβ, transforming growth factor-β. Modified and adapted from Sims
and Smith 2010.

IL-1

IL-1R

IL-18R

ST2

Plus STAT3 inducer
(IL-6, IL-21 or IL-23)

IL-1

IL-1R

IL-1R

TReg cell



38

Figure 5. The biological activity of interleukin(IL)-1α and IL-1β is formed from their mRNAs
with the processing enzymes, and then mediated by binding to their receptor IL-1
R1, which is expressed in the neurons in the hippocampus and other regions
sensitive to seizures. There are regulating molecules that modify the final outcome.
R, receptor; Ra, receptor antagonist; AP, accessory protein, SIGIRR, single
immunoglobulin IL-1 receptor related molecule. Reprinted and adapted from Sims
and Smith 2010 by permission of Copyright Clearance center’s RightLink®.

There are some experimental findings that brain injury can activate microglia
and astrocytes to release various proinflammatory mediators which may change
neuronal excitability and functions of glia, thus decreasing the seizure threshold
(Figure 6) (Vezzani et al. 2013). An increased production of IL-1β in glia has been
shown in human TLE with HS epileptogenic tissue and in the acute phase during
and shortly after SE in in experimental models (Ravizza et al 2008b) and on the
other hand, by the selective blockade of IL-1β prevented kindled seizures in rats
(Ravizza et al. 2008a). IL-1β has been considered to play an important role in
seizure susceptibility in febrile seizures (FS): IL-1R1 deficient mice were resistant
to experimental FS and exogenous IL-1β induced seizures in IL-1R1 expressing
mice, but not in non-expressing animals (Dubé et al. 2005).
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Figure 6. After a precipitating event, the activation of interleukin(IL)-1β signalling may include
the cascade with rapid effects on neuronal excitability mediated by changes in ion
channels, and this may generate the first seizure (ictogenesis) or it may initiate the
epileptogenetic process. Long term effects may occur e.g. via the activation NFKB;
these can result in changes in glia and neural netwok and lead to epileptogenesis.
Modified from Vezzani et al 2008. BDNF, brain-derived neurotrophic factor; COX,
cyclooxygenase-2; IL-1R1, IL-1 receptor; iNOS, inhibited nitric oxide synthase; NO,
nitric oxide; PGE2, prostaglandin E2.
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Anti-inflammatory:
Activation of STAT e.g.
leading to inhibition of
apoptosis

2.6.1.2 IL-6 family of cytokines

Interleukin-6 (IL-6) is considered to be proconvulsant cytokine (Kalueff et al.
2004), but also neuroprotective properties have been reported (Penkowa et al.
2001) (Figure 7). IL-6 cytokine is present in low concentrations in healthy brain
(Alyu and Dikmen 2016; Lehtimäki et al. 2003). Macrophages are the main source
of IL-6, but IL-6 is also produced by other cells such as endothelial cells, activated
T-lymphocytes, and in CNS microglia is the main source of IL-6 (Benveniste 1992;
Commins, Borish, Steinke 2010). IL-6 synthesis can be induced by other cytokines
like IL-1, tumor necrosis factor-α (TNF-α) and interferon-γ (INF-γ) (Benveniste
1992). IL-6 signals through a ligand-binding IL-6 receptor α chain and the signal-
transducing b-receptor glycoprotein(gp)130 which transduces also signals from
several other cytokines in the IL-6 family (Wolf, Rose-John, Garbers 2014; Wolf et
al. 2016).

Figure 7. Pro-and anti-inflammatory properties of interleukin(IL)-6. IL-6 stimulate target cells via
membrane bound IL-6 receptor(R) with anti-inflammatory consequences, but the activity of
IL-6 bound to soluble IL-6R results in inflammation. IL-6R neutralization with tocilizumab has
been used to treat rheumatoid arthritis. STAT, signal transducer and activator of transcription
Adapted and modified from Scheller et al. 2011.
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They activate target genes involved in differentiation, survival, apoptosis and
proliferation (Commins, Borish, Steinke 2010). The soluble form of IL-6R can
make a complex with circulating IL-6 and then activate Gp130 and affect distal
cells (Muller-Newen et al. 1998; Rothaug et al. 2016). The family of IL-6-type
cytokines contains IL-6 but also cytokines IL-11, leukaemia inhibitory factor,
oncostatin M, ciliary neurotrophic factor, cardiotrophin-1 and cardiotrophin-like
cytokine (Heinrich et al. 2003).  IL-6 is the most prominent inducer of an acute
phase pentraxin protein, CRP, and fever (Mantovani et al 2008). An increase in the
serum levels of IL-6 has been linked to the total brain volume loss detected both in
dementia patients (Engelhart et al. 2004) and in the general population (Jefferson et
al. 2007). In the Rotterdam study which involved a population-based prospective
cohort, it was observed that the elevated IL-6 levels in plasma were associated with
an increased risk to develop dementia, although the levels of increased CRP
associated to a lesser extent (Engelhart et al. 2004). The source of the elevated
inflammatory proteins may be either peripheral stimulation or cerebral leakage
through the BBB.  IL-6 serum levels are elevated also in patients with an
intellectual disability and active epilepsy, and IL-6 concentrations correlate with
seizure severity (Lehtimäki et al. 2011).

2.6.1.3 Expression of cytokines after seizures in experimental models

Several experimental studies have demonstrated interictal and postictal (SE and
single seizure) elevated levels of cytokines in the brain. After kainic acid-induced
seizures, IL-6 mRNA and its signalling transducer protein Gp130 are induced in
the hippocampus, amygdala and meninges, but IL-1β expression is restricted to the
temporal lobe cortex and thalamus in rats (Lehtimäki et al. 2003). Cytokines and
their receptor mRNA concentrations are very low before the induction of seizures.
There is experimental data describing the overexpression cytokines in the brain of
epileptogenic area. According to these experimental studies, IL-6 is considered as a
proconvulsant mediator. Transgenic mice overexpressing IL-6 in astrocytes
displayed increased sensitivity to the seizures and lethality induced by glutaminergic
agonists (Samland et al. 2003). It was reported that exogenously administered IL-6
increased the severity of pentylenetetrazole (PTZ) induced seizures in rats (Kalueff
et al. 2004). Kainic acid-injected IL-6 knockout mice experienced more seizures
and more severe hippocampal damage and neuronal death than controls (Penkowa
et al. 2001).   IL-1Ra and IL-1β were induced within hours in the rodent
hippocampus after seizures and the presence of IL-1β worsened seizures (Vezzani
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et al. 1999; Vezzani et al. 2000; Vezzani et al. 2002; Heida et al. 2009). FSE
increased hippocampal levels of IL-1β in rats, but the levels were chronically
elevated only in rats experiencing spontaneous limbic seizures after FSE (Dubé et
al. 2010). Pilocapine-induced status epilepticus (SE) increased the levels of IL-6
and CRP in plasma, but unlike previous studies, did not elevate the concentrations
of IL-1β during epileptogenesis (Holtman et al. 2013). Both intacerebrally injected
IL-1Ra and its overexpression exerted a significant anticonvulsant effect (Vezzani
et al. 2000; Heida et al. 2009).

There is evidence that there are several immunologically mediated alterations in
BBB integrity in epilepsy, e.g. pilocarpine induced a BBB disruption and seizures
were reduced with leukocyte endothelial adhesion blockade in mice (Fabene et al.
2008). By injecting fluorescent tracers that do not enter the brain under normal
circumstances, the BBB was to be found permeable in the rat limbic regions for
several days in a SE rat model for TLE, and this was also observed in the latent
and chronic epileptic phase (van Vliet et al. 2007). A higher seizure frequency was
related to a more permeable BBB. It has been postulated that the repair of the
damaged BBB could be evaluated a therapeutic target for reducing the seizures
frequency (Marchi et al. 2012). BBB damage can be studied by MRI diffusion or
gadolinium-enhanced techniques, vasogenic oedema is a consequence of BBB
damage (Armitage et al. 2011).

2.6.1.4 Levels of cytokines after seizures in humans

There are reports of overexpression of certain cytokines in human epilepsy. In an
ER setting in a trial conducted mainly in patients with acute symptomatic seizures,
IL-6 levels, but not those of IL-1β or IL-1Ra, were increased in CSF in patients
with TCS compared to controls (Peltola et al. 1998; Peltola et al. 2000). The plasma
concentrations were lower but still reflected the elevated CSF levels indicative of
intrathecal production. In a subsequent ER study IL-6 levels correlated with the
seizure severity; IL-6 were clearly elevated after recurrent TCS in serum and CSF,
whereas after single tonic-clonic or prolonged focal seizures (simple or complex),
the levels increased to a lesser extent (Lehtimäki et al. 2004; Lehtimäki et al. 2010).
CSF levels of IL-Ra increased after more severe seizures, and IL-1β decreased
compared with controls (Lehtimäki et al. 2010).

The effects of single seizures in patients with chronic refractory epilepsy have
been investigated in a few studies. The levels of IL-1β, IL-1Ra, IL-6 and soluble
IL-6 receptors (sIL-6R and Gp130) were investigated in plasma after single seizures
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during VEEG recordings in 11 patients with chronic localization-related epilepsy
(Lehtimäki et al. 2007). The levels of IL-1Ra and IL-6 were elevated after seizures,
whereas those of IL-1β and IL-6 cytokine receptors remained unchanged. In the
second study, 25 TLE patients with FIAS or TCS levels of IL-6 increased by 51 %
at 1 h postictally and remained elevated for 24 h, the levels were higher after right-
sided than left-sided seizures, but there was no change in serum levels of IL-1β or
TNFα (Bauer et al. 2009). In the third study investigating patients with refractory
epilepsy, postictal levels of IL-6 and IL-1R were increased in all patients at 12 h,
the patients were diagnosed as having TLE (n=6), XLE (n=8) and idiopathic
generalized epilepsy (IGE) (n=9), but IL-1β remained unchanged (Uludag et al.
2013). In the fourth trial in which VEEG was applied to monitor twelve refractory
patients, IL-6 increased postictally peaking at 12 h and remaining elevated at 24 h
(Ishikawa et al. 2015). After a single febrile seizure in children, levels of IL-1β were
not elevated in blood or CSF when compared to controls (Lahat et al. 1997).

 IL-1β has been associated with seizure susceptibility in FS also in humans. An
increased frequency of the IL-1β-511 allele 2 has been found in FS in children
(Virta et al. 2002) and also in patients with TLE with HS as compared to TLE
without HS, controls and patients with systemic lupus erythematosus (Kanemoto
et al. 2003). After FSE, a lower ratio of IL-1Ra/IL-6 predicted mesial temporal
changes in MRI, and with lower ratios of both IL-1Ra/IL-β or IL-1Ra/IL-6, the
seizure threshold was lowered with an increased risk of FSE (Gallentine et al.
2017).

2.6.1.5 Levels of cytokines in chronic epilepsy

One cross-sectional study investigated 86 patients with refractory focal epilepsy;
IL-6 concentrations were chronically increased in serum samples from the patients
(by 11%) when compared against healthy controls (0%) (p=0.007) (Liimatainen et
al. 2009a). In active focal and generalized epilepsy, interictal plasma IL-6 levels
were reported to be elevated as much as 100% in comparison to controls (Nowak
et al. 2011). Chronic refractory patients with epilepsy have displayed a
proinflammatory cytokine profile in plasma (high IL-6, low IL1Ra and low
IL1Ra/IL-1β ratio) (Hulkkonen et al. 2004).

There is evidence that the type of epilepsy influences chronic cytokine
responses; increased IL-6 interictal serum levels were more common and more
highly elevated in patients with TLE than in those with XLE, but concentrations of
IL-1Ra were not significantly different in these patients as compared with controls	
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Table 1. Levels of interleukin(IL)-6 without bacterial infection or fever in patients with temporal epilepsy in humans
Authors Design Material Patients (n) Controls (n) Results of IL-6 and other results
Hulkkonen
et al. 2004

Patient vs control Serum Refractory
temporal or frontal
lobe epilepsy (10)

Healthy controls (400) Highly pro-inflammatory cytokine profile in
patients with epilepsy vs controls (high IL-6, low
IL-1Ra and low IL-1Ra/IL-1 ratio

Lehtimäki et
al. 2007

Patient vs control,
postictal vs baseline

Serum Refractory TLE,
FLE or MLE (12)

Healthy controls (8) The levels of IL-1Ra and IL-6 were increased
after single seizures, whereas IL-1β and IL-6
cytokine receptors remained unchanged

Bauer et al.
2009

Postictal vs
baseline

Serum TLE (25) - After GTCS IL-6 increased by 51% immediately
after the seizure (p < 0.01) and remained
elevated for 24 h. This increase lacked in patients
with HS; n = 16. IL-6 levels were higher after
right-sided seizures as compared to left-sided
seizures 24 h after the seizure (8.7 pg/mL vs. 3.4
pg/mL, p < 0.05). In patients taking valproate
(VPA, n = 9), the levels of IL-1β were higher

Liimatainen
et al. 2009

Patient vs control
Interictal

Serum Refractory TLE
and XLE (91)

Healthy controls (63) IL-6 was chronically increased in epilepsy
patients (11%) compared with healthy controls
(0%) (P = 0.007). Increased IL-6 prevalent in TLE
compared to XLE (P = 0.028). The mean and the
median serum levels of IL-6 were higher in TLE
than in XLE (P = 0.042). IL-1Ra: no difference

Nowak et
al. 2011

Patient vs control Serum TLE (51), TLE
with HS (24), XLE
(17), GE (26)

Healthy controls (36) IL-6 was increased in all patients with epilepsy
compared to controls, no difference between
epilepsy types. Focal epilepsy but not GE
showed a decrease in B lymphocyts



45

Kan et al.
2012

Patient vs control Tissue TLE with or
without HS (32)

Autopsy patients
without epilepsy or
hippocampal
aberrations (13)

IL-6, IL-1β or TNF-α did not show cortical or
hippocampal expression. IL-10 and IL-25 were
upregulated in TLE+HS patients compared to
mTLE-HS and autopsy controls. CCL4 and IL-7
were upregulated in both mTLE patient groups (+
and –HS) compared to controls

Fiala et al.
2013

Patient vs control Tissue Refractory TLE
(13)

Trauma, brain tumor,
postmortem non-
epilepsy (5)

Expression of IL-6 on endothelial
cells in vessels. CC-chemokines and apoptotic
markers (caspase-3, -8, -9) were expressed in
lateral temporal cortical and hippocampal
neurons of TLE patients, but not in neurons of
control cases

Uludag et
al. 2013

Postictal vs
baseline

Serum TLE (6), XLE (8),
GE (9)

- Increased IL-6 and IL-1Ra that peaked at 12 h
postictally (p < 0.05). IL-1β: no difference.

Aalbers et
al. 2014

Patient vs control Tissue TLE with HS (9) TLE without HS (4) IL-6, IL-1α, IL-1β, IL-1Ra, IL-8, IL-10, TNF-α,
CCL2, CCL3: no difference

Strauss and
Elisecich
2016

Patient vs control Tissue Refractory TLE
(58)

Non-epileptic
neurosurgical
subjects with resected
hippocampus,
entorhinal cortex, and
temporal cortex (4)

Brain IL-6 levels were highest in the temporal
cortex both in epileptic and non-epileptic patients,
hippocampal IL-6 was greater in non-epileptic vs.
epileptic patients

AED, antiepileptic drug; hs-CRP, high-sensitivity C-reactive protein; GE, generalized epilepsy; GTCS, generalized tonic-clonic seizures; HS, hippocampus sclerosis; IL,
interleukin; IL-1Ra, interleukin-1 receptor antagonist; ICAM-1, intracellular adhesion molecule-1; GE, generalized epilepsy; mTLE, mesial temporal lobe epilepsy; PTX3,
plasma pentraxin 3; TLE, temporal lobe epilepsy; TNF-α, serum tumor necrosis factor α; XLE, extratemporal lobe epilepsy
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(Liimatainen	et	al.	2009a). A recent meta-analysis also demonstrated elevated serum
IL-6 levels in TLE patients (de Vries et al. 2016), suggesting that the anatomical
onset of epilepsy is important in determining whether there will be any
overproduction of cytokines in refractory focal epilepsy (Table 1).

In TLE patients with histopathologically-confirmed HS, tissue cytokine levels
(IL-1β, IL-1α, IL-6, IL-8, IL-10, IL-1Ra, or TNF-α) were not elevated when
compared with the corresponding values in patients without HS, and no difference
was found between the lateralization of seizure focus (Aalbers et al. 2014).

On the other hand, inflammatory changes in microglia have been found in the
seizure focus when evaluated by positron emission tomography (PET) in frontal
human epilepsy, and inflammation increased after the seizure (Butler et al. 2016).
In summary, it seems that inflammatory changes in epilepsy can be complex and
influenced by many factors.

2.6.2 C-reactive protein (CRP)

An acute phase short pentraxin protein, CRP, is mainly produced in the liver in
response to inflammatory signals, most prominently to IL-6 (Mantovani et al.
2008). One very important property of CRP is its ability to bind C1q in order to
activate the classical complement cascade. Activation of complement is a crucial
factor in the killing of microorganisms, i.e. CRP is involved in the reactions
conferring protection from pathogenic bacteria (Marnell, Mold, Du Clos 2005).

An elevated CRP level is an established biomarker of an individual’s risk of
developing atherosclerotic cardiovascular disease (Ballantyne et al. 2005), but it is
also found in neurodegenerative diseases such as dementia (Engelhart et al. 2004),
in children with Down syndrome (DS) and later onset of dementia (Dziedzic 2006;
Licastro et al. 2005; Schmidt et al. 2002). In experimental models, it has been
suggested that the elevated CRP level even contributes to memory loss and to the
early phase of pathogenesis of Alzheimer’s disease (AD) (Lin et al. 2009). In the
general population, baseline CRP levels have been higher in women (Kushner,
Rzewnicki, Samols 2006), but the difference has disappeared after exclusion of
women receiving hormone treatment (Hung et al. 2008). Weight-associated
regulators have been found to influence the concentrations of CRP. Central
adiposity has been noted most strongly to associate with CRP in women, whereas
percent body fat was the strongest predictor of systemic inflammation in men and
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the negative association between fitness and CRP levels was stronger in men
(Valentine et al. 2009). On the other hand, plasma levels of CRP and TNF-α have
not differed between lean and overweight patients nor is there any difference
between men and women who gained weight due to valproic acid (VPA) treatment
of epilepsy (El-Khatib et al. 2007). Large studies in the general population have
revealed that CRP is higher in older people (Donato et al. 2008), and in the elderly,
an elevated high sensitive CRP (hsCRP) concentration has been associated with the
prediction of general mortality (Elkind et al. 2009). The Finnish Diabetes
Prevention Study showed that lifestyle interventions could reduce the circulating
levels of CRP and IL-6 in persons at high cardiometabolic risk (Herder et al. 2009).

2.6.2.1 C-reactive protein and epilepsy

In an ER setting in patients with acute TCS, plasma IL-6 concentrations correlated
with peripheral blood leukocyte counts and CRP (Table 2) (Peltola et al. 2002).
Patients with daily motor TCS exhibited higher CRP and IL-6 levels postictally in
serum or plasma than patients with intermittent seizures or controls, there were no
changes in pentraxin-related protein 3 (PTX3), TNF-α or IL-1β (Ishikawa et al.
2015). In patients with epilepsy surgery, CRP levels were lower in the temporal
cortex than in the hippocampus or entorhinal cortex, but it was in the
hippocampus where the majority of interregional associations with 25 measured
inflammatory mediators were detected (Strauss and Elisevich 2016).

It has been reported that AEDs may influence the levels of inflammatory
markers. In a previous study, higher CRP concentrations were associated with
enzyme-inducing AEDs in patients with well controlled epilepsy, and there were
induced CRP levels in those switching to lamotrigine or levetiracetam (Mintzer et
al. 2009), to topiramate (Mintzer et al. 2012) or to zonisamide (Mintzer et al. 2016)
lowered CRP. A recent study claimed that elevated CRP levels and increased intima
media thickness at the wall of the common carotid artery could be measured in
patients with epilepsy (Tan et al. 2009), i.e. there may be an increased risk of
atherosclerosis either caused by the AEDs or by epilepsy itself.
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Table 2. Levels of CRP without fever or bacterial infection after seizures or in patients with epilepsy in humans
Authors Number of patients

(Male/Female)
Age, mean
(range)

Duration of
epilepsy, mean
(years) (range)

Antiepileptic drugs
mentioned

Results

Peltola et
al. 2002

37 patients with TCS or
FBTCS <72 hour, 40
healthy controls

35.6
(16–60) vs
40.3 (16.67)

Previously
undiagnosed
epilepsy

Previously untreated
epilepsy

Mean blood and CSF leukocyte count was
increased after seizure compared to controls,
correlation between plasma IL-6 and B-
leucocyte count and CRP was found, CRP had
positive correlation with time after seizure

Woernle et
al 2013

87 patients with RTLE
(73 with HS), who
underwent anteromesial
temporal lobe resection,
44 surgery controls with
supratentorial tumor

33.7±12.9,
(5–67) 23.83

(2–53)

Preoperatively: 32 with
one AED, 48 with 2 AEDs,
7 with 3 AEDs.
Postoperatively:
17 with 0 AED, 48 with
one AED, 18 with 2 AEDs,
2 with 3 AEDs, 2 with 4
AEDs

Postoperative mean peak CRP in blood was
higher in RTLE than controls in the absence of
bacterial inflammation (median peak 2nd

postoperative day)

Ishikawa et
al 2015

12 Patients with daily
seizures (DS) (7/5) , 17
intermittent seizures (IS;
less than one seizure
/month) (7/10) and 15
controls (7/8)

4.5 ± 2.6
(DS),
6.4 ± 2.5 (IS),
5.5 ± 3.6
(controls)

3.9± 2.5 (DS) 3.1
± 1.9 (IS)

Interictal hs-CRP and IL-6 increased in plasma
in the DS group, not increase in IS and control
group. No difference in IL-1β, PTX3 and TNF-α

Talaat et
al. 2015

40 patients with IGE
(seizure type not
described) vs 20 healthy
controls

27.2 ± 7.51
vs 29.95 ±
6.01

hs-CRP and HDL higher in patients than
controls, higher hs-CRP in patients on CBZ and
PHT compared to VPA

Farhang et 40 patients with epilepsy 30.48± 2.03 Interictal ICAM, VCAM and CRP increased in
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al. 2016 (20/20), 20 non-epileptic
controls (12/8)

vs. 27.35±
3.42

patients with epilepsy cs controls, no difference
in IL-1β

Strauss
and
Elisecich
2016

58 RTLE and 4 non-
epileptic neurosurgical
subjects with resected
hippocampus, entorhinal
cortex, and temporal
cortex

39±1 vs
65±3

Brain CRP levels were lower in the temporal
cortex than in hippocampus or entorhinal cortex,
CRP levels were higher in 4 non-epileptic
hippocampus and entorhinal cortex inpatients
with emergent neurosurgery. Eotaxin, interferon-
γ, IL-2, IL-4, IL-12p70, IL-17A, TNF-α, and
ICAM-1 levels were highest in the hippocampus.
IL-β ans IL-1α were lowest in hippocampus. IL-
1β, and IL-8 levels were highest in the temporal
cortex

Liguori et
al. 2017

37 patients with IGE, 20
healthy controls

26.6 ± 9.49,
24.6 ± 8.16

Interictal serum C3, C4 and fibrinogen serum
levels decreased in IGE, CRP increase in IGE
vs controls

AED, antiepileptic drug; CBZ, carbamazepine; hs-CRP, high-sensitivity C-reactive protein; FBTCS, focal to bilateral tonic-clonic seizure HDL, high density lipoprotein; HS,
hippocampus sclerosis; IL, interleukin; ICAM-1, intracellular adhesion molecule-1; IGE, idiopathic generalized epilepsy; PHT, phenytoin; PTX3, plasma pentraxin 3; RTLE,
refratory temporal epilepsy; TCS, tonic-clonic seizures; TNF-α serum tumor necrosis factor α; VCAM-1, vascular cell adhesion molecule-1; VPA, valproic acid
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2.6.3 Cell-free DNA

After tissue and cell damage, cells release cell-free nucleic acids into the circulation,
although the exact mechanism is unknown. Experimental studies have shown that
cell-free DNA (cf-DNA) in plasma is released from apoptotic and necrotic cells
(Xia et al. 2016b). Cf-DNA has been shown to possess inflammatory and
degenerative properties in several diseases associated with cell death and tissue
damage (Butt and Swaminathan 2008). Cf-DNA was first studied in fetal medicine
and oncology, but subsequently increased cf-DNA concentrations have been found
in sepsis, myocardial infarction (Chang et al. 2003; Lippi, Sanchis-Gomar, Cervellin
2015), transplantation and diabetes mellitus (Butt and Swaminathan 2008; Mittra,
Nair, Mishra 2012b), as well as in neurological disorders such as stroke (Rainer et
al. 2003), TBI and Friedrich’s ataxia (Cambello Yurkel et al. 2007; Tsai et al. 2011).

Although the origin of cf-DNA is not known, cf-DNA levels in peripheral
blood correlate with the severity and outcome of TBI, stroke (Campello Yurgel et
al. 2007; Tsai et al. 2011), and any disruption of the BBB may contribute to
neuronal damage as well as causing cf-DNA leakage to blood. Cf-DNA levels have
been claimed to predict mortality in patients with shock in intensive care unit
(ICU), suggesting that cf-DNA might be used as a prognostic biomarker
(Saukkonen et al. 2008; Xia et al. 2016a). On the other hand, cf-DNA has been
reported to activate the innate immune system and serum levels of cf-DNA
correlate with those of IL-6 and TNFα (Mittra, Nair, Mishra 2012b). In
nonagenarians, plasma levels of total cf-DNA and unmethylated-DNA were higher
than in young controls, and the increased levels also correlated directly with
elevations in the concentrations of two inflammatory markers, CRP and IL-6,
suggesting that aging and frailty are associated with immunoinflammatory
activation (Jylhävä et al. 2013). When cellular damage was assessed in cancer
patients, it was noted that the increase in the cf-DNA levels either caused by acute
or chronic damage correlated with the degree of cellular injury (Jung,
Fleischhacker, Rabien 2010). Cf-DNA has not been studied extensively in patients
experiencing seizures or in those with epilepsy. In one study of patients with focal
symptomatic epilepsy, 75% of patients had higher cf-DNA levels than control
group (Liimatainen et al. 2013). A definite symptomatic etiology was better
associated with an increased cf-DNA concentration in comparison with cf-DNA
levels in cases with only a probable symptomatic etiology.
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2.6.4 Putative clinical relevance of the markers of inflammation in human
epilepsy

The data of pathogenesis of epileptogenesis and developing of refractory epilepsy
in the experimental studies has been accompanied with human studies.   Analyses
of resected tissue during surgery of epilepsy patients have produced data from
epilepsies with different etiologies. Different mechanisms to account for the loss of
gamma-aminobutyric acid (GABA)ergic inhibition have been detected in tissue of
mesial TLE and CD patients (Dixit et al. 2016), and on the other hand, an
increased GABA receptor activity has been reported in severe CD but not in non-
CD or mild CD (André et al. 2008). Glutamate receptor mediated excitabilitity of
neurons has been found to be induced by a mutation in the gene coding for a
NMDA receptor subunit in patients with idiopathic generalized epilepsy of
unknown origin (Endele et al. 2010) and by upregulation of another receptors
subunit i.g. GluN2B in pyramidal neurons in TLE with HS (Mathern et el. 1998).
In TLE with HS, there is evidence of hippocampal neuronal and glial activation of
IL-1β (Ravizza et al. 2008b). Pathophysiological levels of IL-1β in hippocampal
and cortical tissue in humans may be involved in GABA-mediated
neurotransmission both in TLE with or without HS, but not in non-epileptic
controls (Roseti et al. 2015).  IL-1β is released locally in the brain but this release is
not reflected to plasma (Lehtimäki 2003).

In children, plasma samples were collected within 72 hours after FSE, and
lower ratios of IL-1Ra/IL-1β, IL-1Ra/IL-6 and IL-1Ra/IL-8 were found
compared to controls, but only a low ratio of IL-1Ra/IL-6 was strongly predictive
of hippocampal T2 hyperintensity after FSE (Gallentine et al. 2017). The plasma
IL-1Ra/IL-6 ratio may be a potential biomarker of acute hippocampal damage
after FSE. Increased levels of IL-6, IL-8 and CXCL10 have also been detected in
CSF in pediatric patients with refractory SE with febrile infection-related epilepsy
syndrome in comparison with CFS samples from patients with other inflammatory
neurological disease (Sakuma et al. 2015). In human FS, the increased levels of IL-
1β suggest point to a specific role of IL-1β-mediated excitability in CNS (Yu et al.
2012).

High-mobility group box 1 (HMGB1) is a mediator of sterile
neuroinflammation, and a pathologic disulfide HMGB1 isoform has progressively
increased in blood before epilepsy onset in experimental models as well as in
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patients with newly diagnosed epilepsy (Walker et al 2017). Patients with refractory
epilepsy exhibited higher levels of total HMGB1 than in healthy controls or in
those subjects with well-controlled epilepsy (Walker et al 2017). HMGB1 is known
to induce the release of cytokines (IL-1β, IL-6 and TNF-α) in microglia in an
experimental model (Weber et al.2015). The modulation of HMGB1 related
inflammatory responses has been considered as a potential means to prevent
epileptogenesis (Ravizza et al 2017.)

There are no large randomized controlled studies of inflammatory markers in
human epilepsy.
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3 AIMS OF THE STUDY

The purpose of this study with VEEG was to determine seizure-induced
inflammatory changes in humans in a well-controlled environment. The specific
aims were

1. to evaluate the production of cytokines, IL-6, IL-1Ra, IL-β, after different types
of acute seizures in patients with refractory epilepsy.

2. to investigate the association of epilepsy type, e.g. TLE, and epilepsy syndrome
with the inflammatory responses.

3. to search for factors during acute seizure, which might induce production of IL-
6 in a larger group of patients with epilepsy.
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4 MATERIALS AND METHODS

4.1 Study patients

4.1.1 Total study population

Seventy-eight consecutive patients with refractory focal epilepsy admitted to the
VEEG monitoring unit of the Tampere University Hospital during November
2004 to September 2007 were included in the study.  Only a few patients refused to
participate in the study. Of these, 51 patients experienced epileptic seizure during
recording. The study protocol was approved by the Ethics Committee of the
Tampere University Hospital, and all patients provided a written informed consent.
Analyses were conducted in the final cytokine and cf-DNA studies whereas the
pilot cytokine and CRP studies were undertaken when enrolment was on-going,
explaining the variable numbers of patients in these studies.

4.1.2 Patient populations included in the cytokine studies

In the pilot cytokine study, the first twenty consecutive patients with seizures
during recording were enrolled. Patients were divided into two groups: those with
temporal lobe epilepsy (TLE; n=11) and those with extratemporal lobe epilepsy
(XLE; n=9) (Table 3). The mean ages of the patients in the TLE and XLE groups
were 41.3 years (range 20-58) and 28.1 years (range 16-52), respectively.  The mean
duration of epilepsy in the TLE group was 26.4 years (range 2-52) whereas in the
XLE group it was 18.6 years (range 1-52). The number of documented seizures
during the last year before the monitoring was taken from patients’ diaries and
medical records. The mean seizure frequency per month during the previous year
in the TLE group was 9.1 seizures (range 1-45), compared to 52.5 in the XLE
group (range 1-200). The mean duration of the index seizure (IS) was 117 seconds
in the XLE group and 69 seconds in the TLE group. The seizure burden was
measured by the total duration of seizures recorded during the 24 h sampling
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Table 3. Clinical characteristics of patients in pilot cytokine study
Patients with temporal lobe epilepsy

Epilepsy
syndrome /
lateralization

Age
(F/M)

Duration of
epilepsy
years MRI findings Medication/ Treatment

Recorded index
seizure type and
lateralization

Seizures before index
seizure during the
previous 24 hours

Number of seizures after
index seizure during next 24
hours

1* TLE / right 36/F 17 HS OXC 1200mg, CZP 1 mg /
VNS

FIAS right No No

2 TLE / right 58/F 42 HS CBZ 1400 mg, TGB 45 mg FIAS right No No
3* TLE / left 33/F 22 HS LTG 400 mg, TPM 400 mg FIAS left No 8 FIAS left
4* TLE / left 43/M 2 Normal OXC 1500 mg FBTCS left No FBTCS left
5 TLE / left 39/M 12 Normal CBZ 1200mg, VPA

2500mg
FIAS left No No

6* TLE / left 30/M 25 Hippocampal
hamartoma

VPA 1500 mg, LTG 200
mg, TPM 50 mg

FIAS left 1 FIAS left 1 FIAS left

7 TLE / left 52/M 52 HS CBZ 600 mg, LEV 2000
mg, LTG 500 mg

FIAS left No 3 FIAS left

8 TLE / right 58/F 32 Normal CBZ 800 mg, GBP 3600
mg, CZP 1mg

FIAS right No 4 FIAS right

9* TLE / left 28/M 16 HS OXC 600mg, TPM 500 mg FBTCS left No 2 FBTCS left
10* TLE / left 57/F 56 HS CBZ 1000mg FIAS left 1 FIAS left 2 FIAS left
11* TLE /

unknown
20 F 14 CD OXC 1200mg, GBP

3600mg, CLB 10 mg /
VNS

FAS unknown No 2 FAS left
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Patient with extratemporal lobe epilepsy
1* PLE / right 26/M 22 Vascular lesion LTG 300 mg, LEV 1500 mg FIAS right 3 FIAS right 5  FIAS  right,  1  FBTCS

right
2 FLE / right 22/F 3 Normal No FBTCS right No No
3 PLE / left 52/F 52 CD TPM 400 mg, LTG 300 mg FIAS left No 8 FIAS left, 2 FAS left
4 FLE / left and

right
16/F 1 Normal CBZ 1500 mg, LEV 4000mg,

GBP 2400 mg
FIAS right No 1 FIAS left, 1 FBTCS right

5* FLE / right 26/M 9 Vascular lesion CBZ 1500 mg, LEV 4000mg,
GBP 2400 mg

FAS right 1 FIAS right 5 FAS right, 1 FIAS right

6 FLE /
unknown

41/F 31 Normal PHT 250 mg, CZP 1 mg/
VNS

FIAS multifocal No 180 FIAS seizures

7 FLE / left 31/F 31 Normal LTG 400 mg, CBZ 1600 mg,
LEV 1500 mg

FIAS left 2 FIAS left 1 FIAS left

8 FLE / left 17/F 1 CD OXC 1200mg, TPM 300mg,
LEV 3000mg

FIAS left 3 FIAS left 4 FAS left, 1 FIAS left

9 FLE / right 22/F 17 CD OXC 1500mg, TPM 500 mg,
LEV 2500 mg

FIAS right 3 FIAS right, 1
FAS right

3 FIAS right

Abbreviations: CBZ, carbamazepine; CD, cortical dysplasia; CLB, clobazam; CZP, clonazepam;; GBP, gabapentin; FAS, focal aware seizure, FBTCS, focal
to bilateral tonic-clonic seizure; FIAS, focal impaired awareness seizure; FLE, frontal lobe epilepsy; HS, hippocampal sclerosis; LEV, levetiracetam; LTG,
lamotrigine; OXC, oxcarbazepine; PLE, parietal lobe epilepsy; PHT, phenytoin; TLE, temporal lobe epilepsy; TGB, tiagabine; TPM, topiramate; VGB,
vigabatrin; VNS, vagus nerve stimulator; VPA, valproic acid. * = IL6 level increase after the index seizure



58

period.
For the final cytokine study 51 patients were included for analysis of IL-6 levels

before and after seizure. Samples of two patients were not available for this
analysis. Based on the findings in the VEEG recordings and MRI, 23 patients had
TLE, 22 patients had XLE (20 frontal lobe and two parietal lobe epilepsy) and four
patients had generalized epilepsy (GE). Seven patients were receiving
monotherapy, 41 had polytherapy (the mean number of medications was 2.24), and
one XLE patient had no medication. In addition to AEDs, four patients were
treated with vagus nerve stimulation. One female patient with right HS was
monitored twice over an interval of 23 months. Clinical data of these three groups
of patients are shown in Table 4. The mean number of seizures (including the IS)
during the sample collection was 2.6 (range: 1-9) in the TLE group and 1.25 (range:
1-2) in the IGE group. In the XLE group, one patient had 180 and another 420
seizures during the 24 h; excluding these patients, the mean seizure number in this
group was 5.4 (range: 1-18). Seven patients experienced only brief seizures during
the sampling period.

4.1.3 CRP study population

In this study, the first thirty-one patients with refractory focal epilepsy were
included in the second study analysing changes in their CRP levels. Based on the
findings in the VEEG recordings and MRI, 15 of the patients had TLE and 16
patients had XLE (14 frontal lobe and two parietal lobe epilepsy). Six patients were
on monotherapy, 24 on polytherapy (the mean number of medications 2.3), and
one patient had no medication. Three patients were being treated in addition to
AEDs with vagus nerve stimulator (VNS). AEDs were classified into three
different categories based on their enzyme-inducing properties: non-inducing,
weak-inducer, and strong enzyme-inducer. In XLE, one patient was being
administered oral contraception hormone therapy, one transdermal hormone
replacement therapy (HRT), and two had a levonorgestrel intrauterine device
(LNG-IUD). In TLE one patient was using transdermal HRT, and one had LNG-
IUD. There were three smokers in the TLE, and five in the XLE group. None of
the patients were receiving statin therapy. There was no substantial difference in
values of the body mass index (BMI) between the groups (TLE: mean 25.4± 3.5
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Table 4. Clinical characteristics of analyzed patients in final cytokine study

Temporal
lobe epilepsy

Extratemporal
lobe epilepsy

Generalized
epilepsy

No. of patients 23 22 4
Male/female 12/11 11/11 0/4
Age, mean (range) 40.0 (20–58) 30.0 (16–52) 32 (27–45)
BMI, mean (±S.D.) 25.9±3.96 25.0±4.59 26.2±3.51
Mean duration of epilepsy, years (range) 23.2 (2-56) 19.6 (1-52) 18.3 (6-32)
Mean seizure frequency/montha (range) 8.5 (0.5-30) 59.5 (0.5-240) 1.9 (9.5-4)
Mean number of AEDs 2.17 2.50 2.25
Patient on mono-/polytherapy 4/19 2/19 1/3
MRI findings

Normal 4 11 3
HS 13 0 Not applicable
Cortical dysplasia 3 5 Not applicable
Other 3 6 1 (vascular

lesion)
PET

Hypometabolic area 2 right, 1 left 1 right, 1
bilateral

Normal 1
Index seizure type

FAS 1 3 (1 FASE) Not applicable
FIAS 19 15 Not applicable
FBTCS 3 3 Not applicable
GTCS - - 4

Lateralization
Right 4 11 Not applicable
Left 18 5 Not applicable
Right and left or unknown 1 6 Not applicable

VNS/ earlier epilepsy surgery 2/0 1/1 -/-
Duration of the IS (seconds)

mean±S.D. 405±149 58.6±76 66±4.0
median 77 26 66

Seizure burden during sampling period
(seconds±S.D.)

549±1575 1585±5661 81±31

AED, Antiepileptic drug; BMI, Body mass index =weight kg/height m2; FAS, focal aware seizure;
FASE, Focal aware status epilepticus; FBTCS, tonic-clonic seizure; FIAS, focal impaired awareness
seizure; GTCS, generalized tonic-clonic seizure; HS, Hippocampal sclerosis; IS, index seizure; MRI,
magnetic resonance imaging; PET, positron emission tomography; VNS, Vagus nerve stimulator,

a During the last year
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Table 5. Clinical characteristics of patients in the CRP study

Epilepsy
syndrome

No of
patients

Male/
female

Age,
mean
(range)

Mean
duration
of
epilepsy,
years
(range)

Mean
seizure
frequency/
month*
(range)

Patients
on
mono-
/poly-
therapy

BMI
kg/m2

mean

MRI findings Index seizure type

(median) Normal HS CD Other FAS FIAS FBTCS

TLE 15 8/7
40.3

(20-58)
24.2

(2-56)
7.4

(0.5-26)
3/12

25.4± 3.5
(26.0) 4 10  1 1 1 11 3

XLE 16 7/9
28.3

(16-52)
16.2

(1-52)
40.8

(0.5-200)
3/12

25.3±4.0 (25.4)
8 -  4 4 4 10 2

BMI, body mass index; CD, cortical dysplasia; FAS= focal aware seizure; FIAS= focal impaired awareness seizure; FBTCS: focal to bilateral tonic-clonic
seizure; HS, hippocampal sclerosis; TLE, temporal lobe epilepsy; XLE, extratemporal lobe epilepsy
*During the last year
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kg/m2, median 26.0 kg/m2; XLE: 25.3±4.0 kg/m2, median 25.4 kg/m2). Baseline
characteristics of the patients are presented in Table 5.

4.1.4 Cell-free DNA study population

In the cf-DNA study, 51 patients with refractory epilepsy were analyzed to observe
if changes occurred in their cf-DNA levels. Based on the findings in the VEEG
recordings and MRI, 23 patients had TLE, 24 patients had XLE (21 frontal lobe,
two parietal lobe and one multilobar epilepsy) and four patients had IGE. Seven
patients were receiving monotherapy, 43 were administered polytherapy (the mean
number of medications was 2.37), and one patient had no medication. In addition
to AEDs, four patients were treated with VNS. One female patient with right HS
was monitored twice over an interval of 23 months. The clinical data of these three
groups of patients are shown in Table 6.

4.2 Control subjects

In the CRP study, 80 healthy volunteers served as healthy controls (66 women and
14 men; mean age 30 years, range 19-55). They have been described in more detail
in a previous study (Laihia et al. 2005). In the cf-DNA study from the LASERI
cohort, 141 healthy females and 109 males who were randomly selected served as
control subjects (Jylhävä et al. 2012).

4.3 Methods

4.3.1 Video-EEG and classification of seizures and epilepsy

All the patients underwent continuous VEEG monitoring lasting for four days in
order to acquire an electroclinical characterization of their seizures as part of the
routine clinical evaluation for possible epilepsy surgery. Ictal scalp recordings were
obtained using synchronous digital video and a 24-channel standard bipolar EEG.
Electrodes were placed according to the International 10-20 System with additional
mastoid and anterior cheek electrodes. Localization of the seizure focus was
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Table 6. Clinical characteristics of patients in cf-DNA study.
Temporal lobe
epilepsy

Extratemporal
lobe epilepsy

Generalized
epilepsy

No. of patients 23 24 4
Male/female 12/11 11/13 0/4
Age, mean (range) 40.0 (20-58) 30.0 (16-52) 32 (27-45)
BMI, mean (±S.D.) 25.9±3.96 25.0±4.39 26.2±3.51
Mean duration of epilepsy, years
(range)

23.2 (2-56) 19.3 (1-52) 18.3 (6-32)

Mean seizure frequency/montha

(range)
8.5 (0.5-30) 56.4 (0.5-240) 1.9 (9.5-4)

Mean number of AEDs 2.17 2.58 2.25
Patient on mono-/polytherapy 4/19 2/21 1/3
MRI findings

Normal 4 12 3
HS 13 -
Cortical dysplasia 3 6
Other 3 6 1

PET
Hypometabolic area 2 right, 1 left 1 right, 1 bilateral
Normal 1

Index seizure type
FAS 1 3 (1 FASE)
FIAS 19 17
FBTCS 3 3
GTCS - - 4

VNS/earlier epilepsy surgery 2/0 2/1 -/-
Duration of the IS (seconds)

mean±S.D. 405±149 57.4±73 66±4.0
median 77 26 66

Seizure burden during sampling
period (seconds±S.D.)

549±1575 1609±5429 81±31

AED, antiepileptic drug; BMI, body mass index =weight kg/height m2; FAS, focal aware seizure; FASE,
Focal aware status epilepticus; FBTCS, focal to bilateral tonic-clonic seizure; FIAS, focal impaired
awareness seizure; GTCS, generalized tonic-clonic seizure; HS, hippocampal sclerosis; IS, index
seizure; MRI, magnetic resonance imaging; PET, positron emission tomography; VNS, vagus nerve
stimulator.
a During the last year



63

recorded, and seizures were categorized as focal aware, focal impaired awareness,
generalized tonic-clonic or focal to bilateral tonic-clonic seizures. The first
unequivocally verified seizure during the VEEG monitoring was considered as the
IS. All other seizures after the IS during the next 24 h were also registered.

All patients underwent a diagnostic brain MRI examination on a 1.5 (General
Electric, Sigma HD, Milwaukee, Wisconsin, USA) or 3.0 (Siemens Healthcare,
Magnetom Trio A Tim system 3T, Erlangen, Germany) Tesla device. Seizures and
epileptic syndromes were classified according to the ILAE diagnostic criteria
(Commission on Classification and Terminology of the International League
Against Epilepsy, 1981) (Anonymous 1981). Anticonvulsant medications were
discontinued in a stepwise fashion during the monitoring according to the
evaluation of the staff epileptologist.

4.3.2 Processing of the samples

Plasma samples were collected at the beginning of the four-day recordings, on
following mornings until the patient experienced seizure, and at 3, 6, 12 and 24 h
after the first verified seizure (IS; index seizure). The serum samples were stored at
-70 oC until analyzed. The last sample before the IS was used as the baseline
sample.

4.3.3 Measurements of IL-6, IL-1Ra and IL-1β

Commercial ELISA kits were used according to the manufacturer’s instructions to
detect levels of IL-1Ra (Quantikine® Human IL-1Ra Immunoassay, R&D
Systems, Minneapolis, MN, USA) and IL-6 (PeliKine® Compact Human IL-6,
CLB, Amsterdam, The Netherlands) in pilot cytokine study.

Absorbance values were read in a Multiskan MS version 4.0 spectrophotometer
at a wavelength of 450 nm. IL-1b levels were measured with a Luminex kit (High
sensitivity Human cytokine Lincoplex Kit, St. Missouri, USA) using the Bio-Plex
suspension array system (Bio-Rad laboratories Hercules, CA, USA).  IL-1β data
were collected and analysed using Bio-Plex ManagerÔ software 4.1 (Bio-Rad
Laboratories) and a 5-parameter regression formula was used to calculate the
sample concentrations from standard curve. The detection limits of the assays were
22 pg/ml for IL-1Ra, 0.4 pg/ml for IL-6, and 0.06 pg/ml for IL-1β. The intra-
assay and inter-assay precisions were 6.2 % and 6.7 % for IL-1Ra, 3.11 % and 2.16
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% for IL-1β, and for IL-6 the manufacturer provided an estimate for both
parameters as being between 5 and 10 %. In the final cytokine study, plasma
concentrations of IL-6 were determined by enzyme immunoassay (EIA) with
commercial reagents (PeliPair ELISA, Sanquin, Amsterdam, The Netherlands).

4.3.4 High sensitivity measurement of CRP

High sensitivity measurement of CRP was performed in the Department of
Virology, University of Turku, Finland, as described earlier (Koskinen et al. 2004).
High sensitivity measurement of CRP, also referred to as hsCRP, was used to
detect lower concentrations of the protein more accurately than possible with the
standard test, which measures a much wider range of CRP levels but is less
sensitive in the lower range.

4.3.5 Cell-free DNA measurement

The concentration of circulating cf-DNA was measured directly in serum using a
Quant-iTTM DNA High-Sensitivity Assay kit and a Qubit® fluorometer
(Invitrogen, Carlsbad, CA, USA) following the standard protocol according to the
manufacturer’s instructions. All the samples were analyzed in duplicate, and the
mean of the two replicates was taken as the final value. A third sample was
analyzed if the difference between the two values was more than 20%.

4.3.6 Statistical methods

In the first cytokine pilot study, Friedman analysis of variance (ANOVA) with post
hoc comparisons (Wilcoxon matched pairs test) and Mann-Whitney U-test were
used to compare concentrations of circulating IL-6 and IL-1Ra.  Fisher´s exact test
was used for comparison of dichotomous variables. Findings were considered
statistically significant at P values less than 0.05. Statistical calculations were carried
out using Statistica (ver. Win 5.1D, Statsoft Inc., Tulsa, OK, USA). The sample
taken on the first day of the recording was used as the baseline sample.

In the final cytokine study, descriptive statistics (frequencies or means and
standard deviations (SD)) were derived to summarize the patients’ characteristics.
Medians, means and standard error of the means (SEM) were calculated in the
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comparison of differences between maximum IL-6 value after IS and the baseline
concentration of IL-6. First, the difference between the IL-6 variables was
calculated (maximum minus baseline concentration), and due to the positive
skewed distribution, Mann-Whitney U test or Kruskal-Wallis test was applied to
evaluate the difference between the maximum and baseline IL-6 concentration.
Linear regression analysis was used examine the relationship between log-
transformed baseline IL-6 levels and age (≤32, >32), epilepsy syndrome, TLE with
or without HS, etiology, index seizure type, lateralization, AEDs, and duration of
index seizure (<100, ≥100) on log-transformed baseline IL-6 levels. Each model
was adjusted for age and sex excluding an examination of age (≤32, >32) which
was adjusted only for sex. Geometric mean ratios from linear regression models
were calculated by taking the exponential value of the coefficients. Analysis of
variance (ANOVA) for repeated measures was used to investigate between- and
within-groups changes in the log-transformed IL-6 level over five time points
(from baseline to 3, 6, 12, and 24 hours). All analyses were conducted using Stata
statistical software version 13.1 (StataCorp, College Station, Texas, USA) and IBM
SPSS Statistics for Windows, version 22. In all of the statistical tests, p-values
<0.05 were considered significant.

In the CRP study, due to the positive skewness in the distribution of CRP
levels, log-transformation was applied in almost all of the analyses. The P value and
geometric mean ratio from log-transformed linear regression analysis of CRP level
(adjusted for age and sex) were calculated using Stata software, 8th version. CRP
levels were also categorized into normal and elevated by cut-off of the mean CRP
level plus two standard deviations in the controls (5.8 mg/l). Logistic regression
was used for binomial CRP seropositivity data analysis. When logistic regression
analysis was not applicable due to zero cells, Fisher’s exact test was performed.
Log-transformed repeated measures analysis of variance (ANOVA) was
performed, using MedCalc software version 10.4.0.0, to assess the change in CRP
levels from baseline to 3, 6, 12, and 24 h after the IS. Linear and quadratic trend
analyses were performed to identify if there were any trends in the CRP values
after the IS. Variables such as age, duration of epilepsy, duration of IS, number of
AEDs etc. were used as continuous variables in the analyses when applicable. For
illustration purposes and for assessing between-groups and -within-group effects,
they were categorized into two groups based on their mean or median depending
on their distribution.

In the cf-DNA study, a descriptive analysis was used to outline the
characteristics of the participants via scatterograms, frequencies, means and
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standard deviations. Due to the small sample size ordered logistic regression
models (also known as proportional odds models) were used to test if there was
any association between the concentration of cf-DNA at baseline (dependent
variable) and the patient’s age, etiology of epilepsy, duration of epilepsy, seizure
frequency, or BMI (independent variables). We used the median as a cut point to
divide patients’ ages, duration of epilepsy, seizure frequencies, and BMI values into
two groups. In order to use ordered logistic regression models continuous cf-DNA
was categorized into quartiles. Each model was adjusted for age and gender, and
the assumption of proportional odds (i.e. that regression coefficients would be
constant across levels of the dependent variable) were tested for all models by the
test of parallel lines. The difference between the baseline and maximum
concentration of cf-DNA after the baseline was calculated. Mann-Whitney U-test
was used to compare the distributions of these differences with respect to patients’
age, duration of epilepsy, seizure frequencies and BMI values. Kruskal-Wallis test
was used in assessing the in etiology of epilepsy. The significance of all tests was
set at 0.05 and data analysis was performed using IBM SPSS Statistics version 19.
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5 RESULTS

5.1 Cytokine production in video-EEG patients with refractory
epilepsy in serum

5.1.1 Levels of IL-6, IL-1β and IL-1Ra in the pilot cytokine study

In the pilot cytokine study, the TLE group showed a significant increase in plasma
IL-6 levels, peaking at 6 hours postictally (Table 7). On the contrary, there was no
change between baseline and postictal IL-6 levels in the XLE patients. Postictal
plasma levels of IL-1Ra and IL-1β did not significantly differ from the baseline
levels in either of the patient groups. IL-1Ra showed a decreasing trend (p=0.059)
in the TLE patients during 12 to 24 hours postictally. No correlation was found
between the production of IL-6 and IL-1Ra and the etiology of epilepsy (Data not
shown. Concentrations of IL-6 in the individual patients before and after the index
seizure are shown in Figure 8. When only maximum concentrations of individual
patients during the sampling period were considered, the mean IL-6 concentration
in focal seizures were 1.44 pg/ml in the TLE group; 0.58 pg/ml in the XLE group;
6.80 pg/ml in TCS in TLE and 1.07 pg/ml in XLE.

5.1.2 Levels of IL-6 in the final cytokine study

Based on results of the pilot study, investigations into IL-6 were extended to the
entire patient data. Postictal plasma levels of IL-1Ra and IL-1β had not
significantly differed from the baseline levels in the pilot study, so they were not
examined in this part of the work.
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Table 7. Circulating concentrations of IL-6, IL-1Ra and IL-1β and IL-1Ra/ IL-1β ratio in the
pilot cytokine study after the onset of seizure in temporal (n=11) and extratemporal
epilepsy (n=9), values are mean ± SD.

a P (Mann-Whitney U-test, Temporal vs. Extratemporal) p=0.016
b P (Post hoc, Wilcoxon matched pairs test, df=1) 0 hr < 6 hr, p=0.028, 3 hr < 6 hr, p=0.028, 3 hr < 12
hr, p=0.043, 6 hr > 24 hr, p=0.018
c P (Post hoc, Wilcoxon matched pairs test, df=1) 0, 3, 6 hr<24 hr, p=0.109
d P (Post hoc, Wilcoxon matched pairs test, df=1) 12 hr > 24 hr, p=0.059
e P (Post hoc, Wilcoxon matched pairs test, df=1 3 hr < 24 hr, p=0.043
df = degrees of freedom

Epilepsy
syndrome

0 hr 3 hr 6 hr 12 hr 24 hr P(Friedman
ANOVA,
df=4)

IL-6 pg/ml Temporal 0.127±
0.422

0.546±
1.46

1.89±
2.49

1.55±
2.87

0.691±
0.919

0.008b

Extratemporal 0 0 0a 0.067±
0.200

0.411±
0.756

0.031c

IL-1Ra
pg/ml

Temporal 490±
461

510±
443

532±
481

555±
368

425±
257

0.042d

Extratemporal 313±
96.8

325±
133

331±
81.1

365±
133

334±
90.2 NS

IL-1β
pg/ml

Temporal 1.75±
1.51

1.78±
1.51

1.40±
1.12

2.45±
3.67

1.71±
1.86 NS

Extratemporal 1.58±
2.18

1.76±
2.81

1.66±
2.18

1.94±
2.46

2.06±
2.78 NS

IL-1Ra/
IL-1β

Temporal 479±
408

467±
460

704±
689

716±
994

947±
1046 NS

Extratemporal 477±
5512

650±
518

749±
724

935±
909

659±
742 NSe
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Figure 8. Concentrations of IL-6 (pg/ml) in the individual patients before (0 hour) and after the
index seizure in the pilot cytokine study. TLE, temporal lobe epilepsy; XLE,
extratemporal lobe epilepsy.

5.1.2.1 The baseline levels of IL-6

The baseline levels of IL-6 were not significantly different between epilepsy types
(Table 8). In patients with a FAS or FIAS as the IS, the IL-6 baseline concentration
was significantly higher compared to patients with TCS (focal to bilateral or
generalized) as the IS (6.65 vs. 2.85 pg/ml, unadjusted model p=0.024 and sex- and
age-adjusted model p=0.022). There was no effect of pre-VEEG seizure
frequency, patient’s age, etiology, the use of enzyme-inducing AED, duration of
epilepsy, duration of IS or lateralization on the baseline IL-6 concentrations.

5.1.2.2 Postictal serum levels of IL-6

In the final cytokine study with forty-nine patients the levels of IL-6 were
significantly increased at all time points between 3 h and 24 h after the IS
compared to the baseline when all seizures were analyzed (p=0.032 3 h, p=0.019 6
h, p < 0,001 12 h and 24 h; Wilcoxon signed ranks test).  Levels of IL-6 were
significantly higher
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Table 8. IL6 level at baseline, and repeated measurements at 3, 6, 12, and 24 hours after the index seizure in the
final cytokine study. The significant parameters are highlighted with bold characters.

Baseline IL6 (pg/l) Measurements
0-24h

n Median Mean SD GMRadj PLTLR PANOVA PQuadratic

Patients with epilepsy 49 4.22 5.87 7.05 0.025 W 0.12
Age (mean 40, range 20–58) 0.070 B

≤32 Ref 25 4.22 6.94 8.94 1.00 0.12 W 0.15
>32 24 4.27 4.76 4.22 0.79 0.42 0.077 W 0.55

Epilepsy type 0.52 B

XLE (male/female 11/13) Ref 22 4.80 5.60 4.08 1.00 0.14 W 0.84
TLE (male/female 12/11) 23 4.33 6.76 9.43 0.98 0.95 0.14 W 0.30
IGE (male/female 0/4) 4 2.41 2.22 1.46 0.47 0.20 0.22 W 0.20
Hippocampal sclerosis (HS) 0.99 B

TLE without HS Ref 9 4.56 9.69 14.2 1.00 0.67 W 0.98
TLE with HS 14 4.27 4.88 4.13 0.70 0.51 0.054 W 0.19

Etiology 0.81 B

Unknown Ref 18 4.80 5.56 4.01 1.00 0.24 W 0.30
Hippocampal sclerosis 14 4.27 4.88 4.13 0.81 0.57 0.054 W 0.19
Cortical dysplasia 7 4.22 6.82 6.27 1.20 0.69 0.57 W 0.56
Other 10 2.20 7.16 13.4 0.65 0.31 0.27 W 0.47

Index seizure type 0.27 B

FBTCS / GTCS Ref 10 2.80 2.85 2.23 1.00 0.052 W 0.096
Focal (FAS, FIAS, FASE) 39 4.44 6.65 7.66 2.30 0.022 0.058 W 0.52

Lateralization 0.81 B

Right Ref 14 4.39 4.73 2.95 1.00 0.11 W 0.40
Left 21 4.21 6.92 9.84 0.90 0.77 0.33 W 0.35
Right and left or unknown 14 3.43 5.44 4.77 0.80 0.59 0.21 W 0.15

Using enzyme-inducing AED 0.29 B

No Ref 15 3.33 6.12 5.82 1.00 0.27 W 0.17
Weak (OXC) 13 4.56 8.09 11.5 1.19 0.66 0.21 W 0.15
Strong (CBZ /PHN) 21 3.53 4.32 3.30 0.87 0.73 0.057 W 0.23

Duration of index seizure
  (median 1 min, range 5s-5min) 0.98 B

<100s Ref 37 4.22 6.40 7.86 1.00 0.53 W 0.65
≥100s 12 3.64 4.25 3.33 0.83 0.60 0.019 W 0.070

Low baseline IL6 (<5 pg/ml) 0.60 B

XLE Ref 12 2.21 2.52 1.40 1.00 0.28 W 0.76
TLE 15 1.98 2.50 1.55 0.96 0.90 0.007 W 0.039

High baseline IL6 (≥5 pg/ml) 0.79 B

XLE Ref 10 8.91 9.30 2.94 1.00 0.35 W 0.74
TLE 8 10.1 14.8 12.8 1.58 0.16 0.33 W 0.12
≤10 seizures/montha 0.91 B

XLE Ref 5 4.84 4.62 3.54 1.00 0.28 W 0.26
TLE 17 3.18 6.16 10.5 0.93 0.92 0.020 W 0.083

>10 seizures/montha 0.70 B

XLE Ref 17 4.75 5.89 4.28 1.00 0.50 W 0.85
TLE 6 7.35 8.47 5.95 1.81 0.21 0.51 W 0.34

a,during last year, Adj GMR: Geometric mean ratio [geometric mean in a group divided by mean in the reference (Ref.) group]
adjusted for age and sex, LTLR: log-transformed linear regression adjusted for age and sex, ANOVA: Log-transformed repeated
measures analysis of variance (B: Test of between-groups effects, W: Test of within-groups effects); Quadratic: Quadratic trend
analysis, H0 to max: Difference between baseline IL6 value and maximum value after seizure, MWT: Mann-Whitney test or
Kruskal-Wallis test if three or more groups,; AED: Antiepileptic drug; CBZ: carbamazepine, FAS: focal aware seizure; FASE:
Focal aware status epilepticus; FBTCS: focal to bilateral tonic-clonic seizure; FIAS: focal impaired awareness seizure; OXC:
oxcarbazepine, PHN: phenytoin, GTCS: generalized tonic-clonic seizure, SD: Standard deviation
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at the 3 h (p=0.007) and 6 h (p=0.053) time points after tonic-clonic seizures
including both focal onset and primary generalized seizures   in comparison to FAS
and FIAS (Figure 9).  Postictal levels of IL-6 were higher at the 3h time point after
FBTCS (P=0.019) and GS (P=0.040) when compared to FIAS. Levels of IL-6 were
significantly higher at the 6h time point after focal to bilateral tonic-clonic seizures
(FBTCS) and generalized tonic-clonic seizures (GTCS) compared to those after
FAS at the same time; corresponding P values were 0.028 and 0.050 (Table 8).

There was a significant difference between TLE and XLE with an elevated
plasma level of IL-6 in patients with TLE (Table 9). The TLE patients with
frequent seizures displayed a smaller increase after single seizures compared with
those with infrequent seizures (Figure 9). The higher the total seizure burden
during the recording, the greater the IL-6 response.

No correlation was found between the production of IL-6 and the duration of
epilepsy or BMI in any patient or any of the in seizure type subgroups.
Lateralization of epilepsy exerted no influence on the absolute change of IL-6
levels, in patients with left lateralization, the relative change was higher than in
patients with right lateralization (mean 1.17 vs. 0.44; median 0.28 vs. 0.17), but the
difference was not statistically significant (Mann-Whitney test p= 0.47 and 0.84).

The following characteristics were associated with an increase in the IL-6
concentrations during 24 h after the IS; 1) a duration of the index seizure longer
than 100 seconds (Table 9), 2) a low baseline IL-6 (Figure 10) and 3) fewer than 10
seizures/month in patients with TLE were associated with an increase in the IL-6
concentrations during 24 h after the IS (Figure 9). There was also an increasing
tendency for elevated IL-6 levels between repeated measurements of IL-6 levels
after the IS in older patients (p= 0.077), as well as in TLE patients with HS (p=
0.054) and in patients using strong enzyme-including AEDs (p= 0.057).
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Figure 9. IL-6 levels before (0 hours) and 3, 6, 12, and 24 hours after the index seizure in the final
cytokine study  A. in patients with TLE with HS; in patients with TLE ≤ 10 seizures/month
during last year; in patients being treted with strong enzyme-inducing AED
(carbamazepine/phenytoin); in patients with age over 32 years of age; and in patients with
TLE, low baseline IL-6 (< 5 pg/ml) B. in patients with FIAS, FAS, or FASE; in patients with
duration of the IS ≥ 100seconds, and in patients with TCS.
AED, Antiepileptic drug; CPS, Complex partial seizure; IS, index seizure; FAS, focal aware
seizure, FIAS, focal impaired awareness seizure; HS, hippocampal sclerosis; TCS, tonic-
clonic seizure; TLE, temporal epilepsy
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Table 9. Difference between maximum and baseline concentration of IL-6 in the final
cytokine study. The significant parameters are highlighted with bold
characters.

Table 10.

n Median Mean Std. error P 1

Patients with epilepsy 49 0.94 1.81 0.53
Age 0.38
≤32 25 1.21 2.49 0.71
>32 24 0.87 1.11 0.79
Epilepsy type 0.035
XLE 22 0.69 0.93 0.20
TLE 23 1.47 2.19 0.97

Lateralization of seizure 0.41
Left 21 1.14 1.85 1.04
Right 14 0.71 1.57 0.44

IS type 0.32
Tonic-clonic 10 1.74 3.48 1.49
Focally restricted 39 0.93 1.38 0.54
Duration of epilepsy 0.93
≤18 24 0.86 2.71 0.81
>18 24 1.10 0.91 0.70

Seizures per month last year 0.020
≤10 26 1.52 3.02 0.73
>10 23 0.61 0.44 0.69

Duration of index seizure (sec) 0.16
≤65 25 0.81 1.02 0.83
>65 24 1.52 2.63 0.63

Seizure burdena (sec) 0.030
0-99 17 0.60 0.11 0.91
100+ 32 1.33 2.71 0.61

BMI (kg/m2) 0.78
<25 22 1.11 1.37 0.26
≥25 27 0.93 2.17 0.95

XLE = extra-temporal lobe epilepsy; TLE = temporal lobe epilepsy; IGE = idiopathic generalized
epilepsy; IS = index seizure; BMI = body mass index.
1 Mann-Whitney test
a all seizures during the sampling period (including IS)
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5.1.3 The association of baseline IL-6 concentration on the seizure induced
production in TLE and XLE in the final cytokine study

If the baseline level of IL-6 was low (under 5pg/ml), the IS induced a significantly
greater elevation in both absolute and relative IL-6 concentrations in patients with
TLE but not in those with XLE (median relative change 1.10 vs. 0.28, p =0.006
Independent Samples Median Test; median absolute change 3.01 vs. 0.52; Mann-
Whitney U test p=0.004) (Figures 9 and 10). In terms of the maximum increase
from the baseline IL-6 level (i.e. the highest IL-6 level assayed in the four
measurements after the IS minus the baseline level), Mann-Whitney U test also
confirmed the difference between TLE and XLE patients with a low baseline IL-6
concentration (<5 pg/ml) (p=0.003) (Table 10). The trend analysis also showed a
significant quadratic trend (downward U-shape) for patients with TLE and low
baseline IL-6 levels (Table 10, p=0.039). This trend was not evident if the TLE or
the XLE patients exhibited a high baseline IL-6 concentration (median absolute
change 0.59 vs. 0.86, NS; median relative change 0.07 vs. 0.52; NS). In XLE, the
baseline level had no influence on IL-6 concentrations after the IS.

Figure 10. The effect of baseline IL-6 concentration on the seizure induced maximum
production in TLE and XLE in the final cytokine study. XLE = extratemporal lobe
epilepsy; TLE = temporal lobe epilepsy
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Table 11. The effect of baseline IL-6 concentration on the seizure induced production in temporal epilepsy (TLE) and extratemporal epilepsy (XLE).

TLE XLE
N Mean (sem) Med (min / max) N Mean (sem) Med (min / max)

Mean relative change in patients with low baseline
IL-6 (<5)

15 2.06 (0.61) 1.10 (-0.01 / 8.62) 12 0.39 (0.15) 0.28 (-0.28 / 1.58)

Mean relative change in patients with high baseline
IL-6 (5+)

8 -0.01 (0.10) 0.07 (-0.73 / 0.23) 10 0.14 (0.05) 0.10 (0.03 / 0.60)

Mean absolute change in patients with low baseline
IL-6 (<5)

15 3.34 (0.76) 3.01 (-0.01 / 9.74) 12 0.68 (0.19) 0.52 (-0.59 / 1.90)

Mean absolute change in patients with high
baseline IL-6 (5+)

8 0.04 (2.30) 0.59 (-13.7 / 10.2) 10 1.23 (0.37) 0.86 (0.22 / 4.19)
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5.2 Plasma levels of CRP in refractory epilepsy patients before
and after the seizure

The baseline serum levels of CRP (CRP-0h) were significantly higher in patients
with refractory epilepsy compared to controls (3.5 vs. 0.7 mg/ml, p<0.001). All
patients with epilepsy had a CRP-0h level higher than 0.1 mg/l (Figure 11). The
mean CRP-0h was higher in TLE group than in XLE but not significantly (sex-
and age-adjusted geometric mean ratio: 1.5, 95% CI: 0.6-3.9). When CRP-0h levels
were converted into a binomial variable, all five patients with elevated CRP-0h
[>5.8 mg/l (mean+2SD in controls)] had TLE and only one control had an
elevated CRP-0h level (TLE vs. none in XLE, p=0.018; cases vs. control p=0.006;
TLE vs. control, p<0.001; TLE+HS vs. TLE-HS, p=0.600).

In patients whose epilepsy was being treated with strong enzyme-inductors
(carbamazepine or phenytoin) the mean CRP-0h levels were twice as high as in
patients receiving non-inducing drugs, but this did not reach statistical significance
(p=0.084). Higher CRP-0h levels were associated with a lower number of AED
(p<0.001). Higher CRP-0h levels were also detected in those subjects with an older
age at diagnosis (or shorter duration; p=0.058) (Table 11).

The baseline CRP level did not show any significant association with sex,
etiology, seizures frequency during the year before index video-EEG, index seizure
type, or duration of the IS. Older subjects (patients + controls) had higher CRP-0h
levels (p=0.021). There was no significant difference between men and women in
terms of their BMI values (26.5 and 24.3, respectively; p=0.100).

CRP levels increased significantly during the 24 hours after the IS in four out of
five patients with FBTCS particularly after three hours (ANOVA; p=0.030; Figures
11 and 12). The overall pattern of CRP change after the IS was U-shaped with an
initial decrease in the first three hours which then increased subsequently mainly
after 12 hours (Figure 12). In general, the trend analysis showed a significant
quadratic trend when all 31 patients were analyzed together (p=0.029; Table 11).
The quadratic trend was statistically significant in some subgroups of patients such
as TLE syndrome and duration of index seizure ≥1min.
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Figure 11. C-reactive protein (CRP) level in healthy controls and patients by syndrome (TLE:
Temporal lobe epilepsy, XLE: Extratemporal lobe epilepsy; +++ = median, - - - =
interquartile range)

Figure 12. Geometric mean trend of C-reactive protein level at baseline (0h) and 3, 6, 12, and 24
h after index seizure. TCS:  focal onset tonic-clonic seizure, TLE: Temporal lobe
epilepsy, XLE: Extratemporal lobe epilepsy, VNS: Vagus nerve stimulator
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Table 12. C-reactive protein level at baseline, and repeated measurements at 3, 6, 12, and 24
hours after index seizure in the CRP study

Baseline C-reactive protein
(mg/l)

Measurements
0-24 h

H0 to
max

n Median Mean SD
Adj

GMR
P

LTLR
P

ANOVA
P

Quadratic  P MWT
All 111 0.3 1.5 3.3 <0.001

Healthy controlsRef. 80 0.3 0.7 2.6 1.0
Epileptic patients 31 2.0 3.5 4.0 10.1 0.224W 0.029

Sex 0.770B 0.036
FemaleRef. 16 2.0 3.5 4.0 1.0 0.120W 0.120
Male 15 1.5 3.5 4.2 1.4 0.047W 0.024

Age (mean 34, range 16-58) 1.04 0.033* 0.003B 0.451
≤34 Ref. 17 1.2 2.6 2.9 0.522W 0.522
>34 14 2.4 4.7 5.0 0.369W 0.369

Epilepsy type 0.378 0.060B 0.874
XLERef. 16 1.2 2.0 1.7 1.0 0.888W 0.518
TLE 15 2.8 5.2 5.1 1.5 0.222W 0.035

HS 0.786 0.920B 0.953
TLE without HSRef. 5 2.8 4.9 5.4 1.0 0.366W 0.196
TLE with HS 10 2.8 5.3 5.3 0.8 0.391W 0.125

Etiology 0.191B 0.574
UnknownRef. 11 2.0 3.5 4.0 1.0 0.387W 0.122
HS 10 2.8 5.3 5.3 1.2 0.797 0.391W 0.125
Cortical dysplasia 5 1.0 1.2 1.0 0.4 0.112 0.356W 0.224
Other 5 2.0 2.4 1.4 1.6 0.448 0.377W 0.394

Lateralization 0.512B 0.364
LeftRef. 16 1.2 3.4 4.3 1.0 0.086W 0.032
Right 9 3.5 4.8 4.6 2.2 0.052 0.144W 0.850
Left and right 2 1.4 1.4 0.3 1.3 0.593 0.649W 0.597
Unknown 4 2.8 2.2 1.3 1.39 0.674 0.738W 0.813

Index seizure type 0.317 0.884B 0.005
Tonic-clonic (FBTCS/GTCS)Ref. 5 1.2 2.0 2.1 1.0 0.030W 0.073
Focal (FAS, FIAS,FASE) 26 2.0 3.8 4.3 1.7 0.157W 0.202
Duration of index seizure (median 1min, range 5s-5min) 0.8 0.267* 0.160B 0.081
<1 minRef. 12 1.6 2.1 1.7 0.033W 0.739
≥1 min 19 2.0 4.4 4.8 0.132W 0.029

Using enzyme-inducing AED 0.458B 0.287
NoRef. 8 1.4 2.4 2.4 1.0 0.820W 0.937
Weak (oxcarbazepine) 10 1.9 2.4 2.1 1.1 0.875 0.179W 0.107
Strong (CBZ/PHN) 13 2.0 5.1 5.4 1.6 0.385 0.246W 0.084

* The variable was used as continuous in the analysis; Adj GMR: Geometric mean ratio [geometric mean in a group divided by
mean in the reference (Ref.) group] adjusted for age and sex; LTLR: Log-transformed linear regression adjusted for age and
sex; ANOVA: Log-transformed repeated measures analysis of variance (B: Test of between-groups effects, W: Test of within-
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groups effects); Quadratic: Quadratic trend analysis; H0 to max: Difference between baseline CRP value and maximum value
after seizure; MWT:  Mann-Whitney test; AED: Antiepileptic drug; CBZ: Carbamazepine; CPS: complex partial seizure; FAS:
focal aware seizure; FASE: Focal aware status epilepticus; FBTCS: focal to bilateral tonic-clonic seizure; FIAS: focal impaired
awareness seizure; GTCS: generalized tonic-clonic seizure, HS: Hippocampal sclerosis; PHN: Phenytoin; SD: Standard
deviation

Since the IS type displayed a significant interaction in log-transformed repeated
measures analyses of variance, the analyses were repeated stratified for each seizure
type (test of within-groups effects in Table 11. Mann-Whitney (rank sum) test also
confirmed the difference between index seizure type (p=0.005) in terms of the
maximum difference with baseline CRP level (maximum CRP level among four
measurements after the IS minus baseline level). In line with the baseline CRP
level, older patients (p=0.003) had a significantly higher mean of all five CRP
measurements during the baseline and 24 h measurements after the IS (in
logarithmic scale; test of between-groups effects in Table 11). In patients with
VNS, the CRP level was not higher than in other patients with epilepsy.

5.3 Cell-free DNA concentrations in patients with seizures

The baseline concentrations of cf-DNA were dependent on the type of epilepsy.
The mean baseline concentrations of cf-DNA were lower in patients with XLE
compared to control subjects (0.72 μg/ml vs. 0.80 μg/ml; p = 0.001) (Figure 13,
Table 12). There was no significant difference in the concentration of cf-DNA
between patients with TLE and control subjects. The concentration of cf-DNA
was lower in female patients (0.71 μg/ml) compared to male patients (0.83 μg/ml;
p=0.022). A similar difference was observed in control subjects; female controls
had a lower concentration of cf-DNA (0.76 μg/ml) than males (0.86 μg/ml;
p<0.001). The baseline concentration of cf-DNA did not differ between patients
with BMI fewer than 25 and those with BMI ≥ 25.  Other clinical determinants
such as patient’s age, etiology of epilepsy, duration of epilepsy, or seizure frequency
did not have any effect on the baseline concentration of cf-DNA.

The effect of seizure on the concentration of cf-DNA was influenced by the
duration of epilepsy and the BMI value (Table 13). When the maximal difference
between the baseline and the peak level after IS was analyzed, there was no
significant difference in all patients with epilepsy (Figure 14). The maximum
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Table 13. Cell-free DNA at baseline.
Baseline

n Median Mean Std. error PLTLR

All 300 0.79 0.79 0.008
Healthy controls Ref 250 0.80 0.80 0.008
Patients with epilepsy 50 0.75 0.77 0.025 0.019 *

Age (mean 32, range 16-58)
≤32 Ref 25 0.73 0.75 0.034
>32 25 0.75 0.78 0.036 0.60 *
Epilepsy type
XLE Ref 23 0.69 0.72 0.027
TLE 23 0.78 0.82 0.040 0.087
Generalized epilepsy 4 0.78 0.75 0.119 0.46

Lateralization
Left Ref 21 0.76 0.77 0.044
Right 14 0.78 0.80 0.035 0.23
Other 15 0.69 0.73 0.043 0.84

Index seizure type
FBTCS Ref 6 0.71 0.77 0.101
Focal (FAS,FIAS,FASE) 44 0.75 0.77 0.025 0.61

Duration of epilepsy
≤18 Ref 24 0.75 0.78 0.035
>18 25 0.72 0.75 0.036 0.47

Seizures per month last year
≤10 Ref 26 0.77 0.80 0.040
>10 24 0.71 0.74 0.027 0.36

Duration of index seizure (sec)
≤65 Ref 26 0.71 0.75 0.034
>65 27 0.76 0.79 0.035 0.40

FAS: focal aware seizure; FASE: Focal aware status epilepticus, FIAS: focal impaired awareness seizure; GS:
generalized tonic-clonic seizure, FBTCS: focal to bilateral tonic-clonic seizure. LTRL = linear regression models
adjusted for age and gender (* adjusted only for gender); outcome = log-transformed cf-DNA
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concentration of cf-DNA after baseline measurement was significantly lower in
patients whose duration of epilepsy was ≥ 18 years compared to those with a
duration of epilepsy < 18 years (0.022 μg/ml vs. 0.031 μg/ml; p = 0.044). The
maximum concentration of cf-DNA was higher in patients with a BMI ≥ 25
compared to those with BMI < 25 (0.041 μg/ml vs. 0.004 μg/ml; p = 0.006). The
patient’s age, epilepsy syndrome, duration of epilepsy, or seizure frequency did not
explain the changes of the concentrations of cf-DNA at different time points after
IS. The effect of seizure burden on the changes of the concentrations of cf-DNA
was not significant.

Figure 13. Baseline and mean concentration of cf-DNA in patients with extratemporal lobe
epilepsy (XLE), patients with temporal lobe epilepsy (TLE) and control subjects
(μg/ml).
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Table 14. Difference between maximum and baseline concentration of cell-free DNA
n Median Mean Std. error P

Patients with epilepsy 50 0.007 0.025 0.021
Age 0.79 1

≤32 25 0.005 0.036 0.040
>32 25 0.010 0.014 0.013
Epilepsy syndrome 0.73 2

XLE 23 0.010 0.046 0.038
TLE 23 0.001 0.004 0.018
GE 4 0.009 0.026 0.110

Lateralization of seizure 0.43 2

Left 21 0.002 0.009 0.013
Right 14 -0.004 -0.008 0.022
Other 15 0.040 0.078 0.064

IS type 0.49 1

FBTCS 6 0.014 0.023 0.048
Focal (FAS, FIAS, FASE) 44 0.003 0.025 0.023

Duration of epilepsy 0.044 1

≤18 24 0.027 0.031 0.021
>18 25 -0.005 0.022 0.037

Seizures per month last year 0.13 1

≤10 26 -0.005 0.004 0.022
>10 24 0.019 0.047 0.036

Duration of index seizure (sec) 0.077 1

≤65 26 0.019 0.061 0.034
>65 24 -0.005 -0.014 0.021

Seizure burdena (sec) 0.50 2

10-99 17 0.005 0.011 0.025
100-249 17 0.010 -0.013 0.019
250+ 16 0.003 0.080 0.055

BMI (kg/m2) 0.006 1

<25 22 -0.009 0.004 0.043
≥25 28 0.021 0.041 0.016

BMI = body mass index; FAS= focal aware seizure; FASE=Focal aware status epilepticus, FIAS= focal impaired awareness
seizure; GE = generalized epilepsy; IS = index seizure; FAS= focal aware seizure, FASE=Focal aware status epilepticus,
FIAS=focal impaired awareness seizure; FBTCS: focal to bilateral tonic-clonic seizure; TLE = temporal lobe epilepsy; XLE =
extratemporal lobe epilepsy, 1 Mann-Whitney test; 2 Kruskal-Wallis test. aDuring sampling period (Including IS)
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Figure 14. Maximal and mean difference between the baseline and peak concentration of cf-
DNA after index seizure (IS) (μg/ml) in study patients.
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6 DISCUSSION

The present dissertation provides evidence of seizure-related inflammatory changes
in human epilepsy in a well-controlled environment in VEEG monitoring which
provides exact information about the extent, localization and duration of seizures.
In VEEG, also subclinical seizures that might influence how the inflammatory
marker responses are registered (Wang et al. 2017). With this monitoring, it was
also possible to exclude acute causes of seizures, e.g. trauma, infections, stroke,
which may themselves also induce the production of inflammatory mediators.
Drug-resistant epilepsy exerts an enormous influence on an individual’s life, and
more work will be needed to clarify the related mechanisms. The present
dissertation provides evidence from human patients that inflammatory modulators
are produced related to seizures in patients with refractory epilepsy evaluated
undergoing VEEG monitoring, and furthermore, that the epilepsy type can
influence the inflammatory mediators IL-6 and hsCRP, but does not alter the
release of cf-DNA related to a single seizure. We were also able to demonstrate
that the response to a single seizure in TLE was dependent on the previous seizure
frequency and IL-6 concentration. Unfortunately, it was not possible to collect
CSF samples. IL-1Ra is markedly, nearly nine times higher, in healthy individuals in
plasma than in CSF, and it has been reported that IL-6 is released after seizures,
there being as much as five times higher concentrations in CSF than in plasma
(Peltola et al. 2000).  Despite these limitations, this dissertation attempts to clarify
the immunological differences in epilepsy types in well-controlled circumstances.
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6.1 The association of baseline characteristics with the
seizure response

6.1.1 The assessment of baseline levels of inflammatory markers in
epilepsy patients

In patients with focally restricted seizure as the IS, the IL6 baseline concentration
was significantly higher compared to patients in whom the IS was a tonic-clonic
seizure.  The frequency of TCS is much less than FIAS and FAS, thus explaining
this difference.

The baseline serum levels of CRP were significantly higher in patients with
refractory epilepsy compared to controls. In epilepsy patients increased levels of
CRP also correlate with poor visuospatial ability and immediate memory (Hermann
et al. 2017) pointing to an association between seizures and the inflammatory load.
Epilepsy type may have some influence on CRP, because all five patients with
elevated CRP at baseline had TLE, but none of the XLE had elevated values. IL-6
induces CRP and in patients with chronic TLE have higher serum IL-6 levels than
patients with XLE (Liimatainen et al. 2009b).

Based on previous large studies from the general population, it is a well-known
fact is that the plasma concentrations of CRP and IL-6 are higher in older people
(Donato et al., 2008). In our CRP study, older patients and controls had higher
CRP baseline levels (p=0.021). In line with the baseline CRP level, older patients
had a significantly higher mean of all five CRP measurements during the baseline
and 24 h measurements after the IS. Higher baseline CRP levels were also detected
in those of an older age at diagnosis. Patients with TLE were older than patients
with XLE, but there was no difference in baseline CRP levels between the groups.

In patients with epilepsy with strong enzyme-inductors (carbamazepine or
phenytoin) the mean CRP baseline levels were twice as high as in patients with
non-inducing drugs, but it did not reach statistical significance. Higher CRP
baseline levels were associated with lower number of AED. There is not much
evidence supporting the assumption that AEDs influence IL-6, CRP or cf-DNA
levels. AEDs and their combination may have still an unknown impact on
cytokines. Valproic acid or topiramate had no impact on IL-6 or IL-1β serum
levels (Sonmez et al. 2013).
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Higher CRP baseline levels were also detected in those with an older age at
diagnosis. Older patients had higher CRP during baseline and after IS serial
measurements. The CRP concentration is known to increase during aging. The
baseline CRP level did not show any significant association with sex, etiology,
seizures frequency during the year before the VEEG nor with the index seizure
type or the duration of the index seizure.

6.1.2 The effect of epilepsy type on baseline cf-DNA levels

Cf-DNA is considered as a marker of inflammation, cell death and degeneration,
and increased levels have been found in refractory epilepsy patients as compared to
healthy individuals (Liimatainen et al. 2013). The levels of cf-DNA have been
found to be elevated in acute neurological conditions such as stroke and TBI and
they have also correlated with the severity of the disease and prognosis (Mittra,
Nair, Mishra 2012b). Neither the origin nor the exact mechanism is fully
understood to explain how cell derived nucleic acids gain access to the circulation
but there is accumulating data to suggest that they are released during cell death or
they represent an active metabolic released by the cells. In this thesis in patients
with refractory patients, the epilepsy type exerted an influence on cf-DNA
interictally; levels of baseline cf-DNA were lower in patients with XLE, but not in
TLE, in comparison to the levels in nonepileptic controls. A previous study in
subjects with refractory focal epilepsy did not report a similar finding; the majority
of patients had elevated interictal levels of cf-DNA in TLE with or without HS and
XLE (Liimatainen et al. 2013). There is no detailed explanation for our findings of
lower levels after IS in XLE. The TLE patients were older than the XLE patients
(40 vs 30 years), and there might be excessive consumption of cf-DNA either
based on epilepsy type or younger age. In older patients with TLE, there may be
already apoptosis and atrophy; for that reason, a single seizure does not release cf-
DNA into the circulation. In cases of sepsis, higher plasma cf-DNA levels have
been associated with a poor outcome (Huttunen et al. 2011).   Inflammation is also
important for tissue repair, and cf-DNA can activate the innate immune system
and a strong correlation exists between the level of circulating nucleosomes, IL-6
and TNF-α (Mittra, Nair, and Mishra 2012a).

The baseline concentration of cf-DNA was lower in female patients (0.71
μg/ml) compared to male patients (0.83 μg/ml; p=0.022). A similar difference was
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observed in control subjects; female controls had a lower concentration of cf-DNA
(0.76 μg/ml) than males (0.86 μg/ml; p<0.001).  In this study, the epilepsy
syndrome, patient’s age, duration of epilepsy, or seizure frequency during the last
year had no influence on the changes of the concentration of cf-DNA at different
time points after IS.

6.2 Seizure-induced production of inflammatory markers

6.2.1 The association of seizure type with inflammatory response

In earlier studies investigating IL-6, it has been claimed that a low concentration of
this cytokine can be found in a healthy brain (Alyu and Dikmen 2016; Lehtimäki et
al. 2003), and after tonic-clonic seizures, its levels are known to increase in CSF
and blood serum (Lehtimäki et al. 2004; Lehtimäki et al. 2010; Peltola et al. 1998;
Peltola et al. 2000). There is also a clear correlation between the IL-6 concentration
in CSF and plasma. When compared to controls, there are higher IL-6
concentrations in CSF in patients with acute symptomatic seizure in comparison
with plasma concentrations; the plasma levels of IL-6 are most likely originated in
the central nervous system via venous drainage (Peltola et al. 1998; Peltola et al.
2000).

IL-6 is a cytokine which is known to be rapidly upregulated as a response to
tissue trauma and inflammation. Experimental results originating from a variety of
animal models have established that there is an acute temporal release of IL-6, with
initial detection at 1 h, followed by a peak concentration between 2 and 8 h after
the injury (Morganti-Kossmann et al. 2007). The significance of the IL-6 activation
in epilepsy has been less extensively studied than the IL-1 family of cytokines. IL-6
is considered to be a proconvulsant cytokine (Kalueff et al. 2004), but also
neuroprotective properties have been reported (Penkowa et al. 2001). There is
experimental evidence from rodent models for a rapid inflammatory response in
glia after a seizure (De Simoni et al. 2000; Vezzani et al. 2015b).

A previously published study with a smaller patient group has revealed that
plasma IL-6 levels were increased more often after secondary generalized seizures
than after focal seizures with impaired awareness in VEEG (Lehtimäki et al., 2007);
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and in emergency room studies, IL-6 levels were strongly elevated after recurrent
tonic-clonic seizures in serum and CSF, whereas after single tonic-clonic or
prolonged focal seizures (aware or impaired awareness), the levels were increased
to a lesser extent (Lehtimäki et al. 2004; Lehtimäki et al. 2010). The results
emerging from this dissertation are in line with those reports; the present study
with a larger patient population detected increased levels of IL-6 at all time points
between 3h and 24h after the IS compared to the baseline. The increase in the IL-6
levels was more prominent after the more severe seizure types, tonic-clonic
seizures, at the 3 h and 6 h time points compared to only focally limited minor
seizures, which is in line with experimental TBI results. Uludag et al 2013 reported
no difference in the postictal IL-6 levels between seizure types, but in that study,
most of the patients, i.e. 17 patients, had TCS, whereas only six patients had focally
limited impaired awareness seizures (Uludag et al. 2013).

The CRP study found that after a single seizure, the most important predictor
of an increase in the CRP level was that the seizure had been of the tonic-clonic
seizure type. IL-6 may be one of inducers of CRP. The present dissertation
detected increased levels of IL-6 at all time points between 3h and 24h after the IS
as compared to the baseline. There were not such prominent findings in CRP
levels, but more severe seizures, i.e. FBTCS, increased the levels significantly after
the IS, particularly after 3 h. The increase of IL-6 levels was also more prominent
after the more severe seizure types at the 3h and 6h time points.

In TCS, the seizure activity spreads throughout the brain, whereas in FAS and
FIAS, the epileptic activity is restricted to the seizure focus and associated
structures, and there may be less leakage through the BBB into plasma. Unlike
previous reports (Lehtimäki et al. 2007), in the present study, the postictally
elevated IL-6 levels had still not returned to the baseline level within 24 hours.
Postictal IL-6 levels remained elevated also in another VEEG study (Bauer et al.
2009; Lehtimäki et al. 2011). Uludag et al examined patients with a predominantly
TCS type; they reported higher plasma IL-6 and IL-1Ra levels at 12 h than at
baseline (Uludag et al. 2013). Bauer et al 2009 observed non-significantly slightly
higher IL-6 levels after TCS than in focal-restricted seizures, and also detected
higher levels after right-sided seizures as compared to their left-sided counterparts
(Bauer et al. 2009); in contrast in our study, there was no difference between the
lateralization of the seizure focus and furthermore we did not find any difference
which could be attributable to lateralization.
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In the present thesis the increase of IL-6 and CRP levels was more prominent
after the more severe seizure types suggesting higher inflammatory response in
these seizure types.

6.2.2 The association of epilepsy type with the inflammatory responses

The effects of single reliably analyzed seizures on IL-6 in patients with chronic
refractory epilepsy have been investigated earlier in a few studies with a relatively
small number of study patients; IL-6 levels increased after a seizure without there
being any difference between TLE and XLE (Bauer et al. 2009; Ishikawa et al.
2015; Lehtimäki et al. 2007; Uludag et al. 2013). In our final cytokine study with 49
patients, the major finding was an increased production of IL-6; its levels were
significantly increased at all time points between 3 h and 24 h after the IS
compared to the baseline when all seizures were analyzed, in confirmation of
earlier results. In the previous study with 11 patients with chronic localization-
related epilepsy, the levels IL-6 and IL-1Ra were increased after seizures, whereas
those of soluble IL-6 receptors (sIL-6R and Gp130) and IL-1β remained
unchanged in plasma after single seizures during VEEG recordings (Lehtimäki et
al. 2007). That small study demonstrated that single seizures can evoke a significant
change in IL-6 and IL-1Ra plasma levels, but because of the limited sample size,
the importance of the epilepsy or seizure type could not be addressed.

The present thesis provides additional data to highlight the differences between
TLE and XLE in seizure-related responses on cytokine inflammatory markers.  In
our pilot cytokine study and in the other previous study with smaller patient
groups, increased plasma IL-6 levels were measured at the 6 h time point after the
IS (Lehtimäki et al. 2007). We found evidence to support the concept that the
epilepsy type would determine the response; an increase in plasma levels of
proinflammatory IL-6 was observed only in the TLE group. Bauer et al found that
the levels of IL-6 increased 1 h postictally and remained elevated for 24 h, all of the
25 patients in that trial had TLE with FIAS or FBTCS (Bauer et al. 2009). In two
other VEEG studies (one with 23 and the other with 12 refractory epilepsy
patients), levels of IL-6 were increased in both patients with TLE and XLE.
Furthermore, in a substantially larger number of patients in our final cytokine
study, the maximum elevation in the serum IL-6 levels after IS was significantly
greater in TLE than in XLE (Ishikawa et al. 2015; Uludag et al. 2013). The findings
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in our cytokine studies i.e. elevated levels IL-6 and the trend of IL-1Ra to decrease
after the seizure in refractory TLE support the previous finding after FSE that a
lower ratio of IL-1Ra/IL-6 is associated with acute hippocampal injury (Gallentine
et al. 2017).   There have been no large-scale studies conducted under well-
documented circumstances investigating these seizure-related changes in patients
with refractory epilepsy.

 In our subsequent pilot VEEG study with 20 patients, postictal levels of IL-
1Ra and IL-1β did not significantly differ from baseline levels in either of the
patient groups; but there was a decreasing trend from 12 to 24 hours. In the
experimental study in a mouse model of pediatric brain injury, IL-1Ra treatment
mice showed reduced seizure susceptibility and a reduction in HS during the
subacute period, and after a latency period IL-1Ra treated mice suffered fewer
seizures compared to controls, and they had also greater preservation of cortical
tissue (Semple et al. 2017). In the previous studies, patients with chronic refractory
epilepsy have shown a proinflammatory cytokine profile in plasma (high IL-6, low
IL-1Ra and low IL-1Ra/IL-1β ratio) (Hulkkonen et al. 2004; Liimatainen et al.
2009a). Uludag et al 2013 reported that the IL-1β/IL-1Ra ratio decreased 3 h
postictally and IL-1Ra increased at 12 h, but there was no correlation between
epilepsy type with the levels of IL-6, IL-1Ra, IL-β or with the IL-1β/IL-1Ra
seizure-related response (Uludag et al. 2013). In the other VEEG studies with
chronic epilepsy, the levels of IL-1Ra were increased after seizures whereas those
of IL-1β remained unchanged in plasma after single seizures during VEEG
recordings (Ishikawa et al. 2015; Lehtimäki et al. 2007; Uludag et al. 2013). In the
thesis, the finding that IL-1Ra decreased from 12-24 h in TLE but not XLE,
differs from earlier reports.

The production of IL-1Ra is mainly activated by IL-1β, so it is possible that
upregulation of IL-1Ra reflects the activation of the IL-1 system.  On the other
hand, IL-1β is one of the main inducers of IL-6 (Dinarello 1996), but there are
experimental findings that it is released only locally in the brain (Lehtimäki et al.
2003; Ravizza et al. 2008b).  IL-1β is proconvulsant and causes neuronal damage,
whereas IL-1Ra counteracts the IL-1 system and it has been suggested that IL-1Ra
could act as an anticonvulsive and neuroprotective agent (Vezzani et al. 2000). IL-
1β is upregulated after experimental seizures, but similar to the results of this
thesis, previous clinical studies have not been detected any differences in IL-1β
concentrations after the seizures (Peltola et al. 1998; Peltola et al. 2000). This is
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most likely explained by the findings that the increased expression of IL-1β takes
place mainly in the hippocampal area which does not have any appreciable effect
on the levels of soluble cytokines either in the CSF or blood circulation.

The epilepsy type influenced the CRP responses. A quadratic trend was found
in CRP after IS in TLE, whereas there were no changes in XLE. FBTCS evoked
increased IL-6 levels, which is known to be one of the major inducers of CRP, so
these results are consistent. In one report, interictal CRP was higher in IGE
compared to healthy controls, but there was no difference between patients with
AED and untreated patients (Liguori et al. 2017); in that study, GTCS was also the
dominant seizure type.

 Mesial TLE is the most commonly studied focal epilepsy type, and the
temporal lobe is vulnerable in many conditions affecting the brain. There is
convincing evidence to suggest that TLE may be a progressive disease and lead to
hippocampal atrophy (Pitkänen and Sutula 2002).  Peripheral IL-6 activation may
be involved in this insidious pathology. In a cross-sectional study, the serum levels
of IL-6 were chronically elevated in epilepsy patients compared to healthy controls,
and serum levels of IL-6 were higher in patients with TLE compared to those with
XLE (Liimatainen et al. 2009b).  In this thesis, new data is that the IL-6 response
to a single seizure is different in TLE in comparison with XLE; there was no
difference between TLE with or without HS. In human tissue, HS was not
associated with the elevation in the levels of increased pro-inflammatory cytokines
including IL-6 (Aalbers et al. 2014), thus there may be mechanisms other than HS
explaining the peripheral inflammatory profile in TLE. If in TLE, the IL-6
concentration is constantly elevated, the levels of this cytokine cannot be further
augmented by a single seizure. If the IL-6 level is low, the seizure induces IL-6
production in TLE but not in XLE, and it may be attributable to the ongoing
active inflammation process in TLE.

DNA release following cell death and active secretion of DNA from cells are
major sources of cf-DNA (Mittra, Nair, and Mishra 2012b). Nevertheless, in our
study, the cf-DNA levels in TLE did not differ from XLE after the seizure.

6.2.3 The effect of seizure duration on inflammatory response

A longer duration of seizure (≥1 min) increased CRP concentrations postictally.
Patients experiencing longer seizures lasting at least 100 seconds had also elevated
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IL-6 levels postictally compared with the patients whose seizures were shorter than
100 seconds. CRP is produced in response to inflammatory signals, most
prominently to IL-6 (Mantovani et al. 2008), thus the findings in this thesis support
the published literature. The higher the total seizure burden during the recording,
the greater was the IL-6 response. This supports the putative pro-inflammatory
feature of IL-6. The seizure burden exerted no significant effect on the changes in
the concentrations of cf-DNA.

6.2.4 The association of pre-seizure seizure frequency with inflammatory
response

In this thesis, the major new finding was that the response to a single seizure in
TLE was dependent on the previous seizure frequency and on IL-6 interictal
concentration. There was no elevation in IL-6 levels after a single seizure in
patients with frequent seizures; instead these patients displayed chronically elevated
IL-6 concentrations. In contrast, patients with infrequent seizures and who
displayed low baseline IL-6 levels exhibited a significant elevation in this cytokine’s
level after a single seizure.

6.2.5 The association of baseline IL-6 concentration with seizure-related IL-
6 response

In an earlier cross-sectional study, there was a subgroup of patients with TLE, who
had IL-6 levels over 5 pg/ml, but all of the patients with XLE or healthy controls
had levels below 5 pg/ml (Liimatainen et al. 2009b). In this dissertation, in patients
with a low baseline IL-6 level (under 5 pg/ml), seizures induced a higher maximum
elevation in both absolute and relative values of IL-6 in TLE patients but not in
those with XLE. This was not the case if the TLE or XLE patient had a high
baseline IL-6 concentration. As far as we are aware, this is the first study to
demonstrate that lower chronic IL-6 levels in TLE are associated with a more
profound IL-6 response after a single seizure. In contrast, if the baseline IL-6 level
was already high, there was no dramatic IL-6 response after the seizure. One
possible explanation for these results may be that the chronic high inflammatory
load does not undergo a prominent response after a single seizure, and conversely,
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a low chronic level induces immunological reactions postictally, and this may mean
that TLE has a different immunological background in TLE from XLE.

6.2.6 Other factors influencing on seizure-induced inflammatory markers

Refractory epilepsy patients with a longer duration of disease had lower postictal
cf-DNA levels. There may be changes in the neuronal network that influence the
response to a single seizure in the long term. The patients with a shorter duration
of epilepsy (≤ 18 years) were younger than the patients with a longer duration (>18
years) (28±9 vs. 41±10 years); in addition to the age-related changes there might be
modulation of the activation of acute phase reaction, and furthermore, it is possible
that a seizure might induce rapid consumption and down-regulation of harmful
mediators. While levels of IL-6 appear to be clearly increased both in serum and
CSF after GTCS in humans, levels of soluble receptor IL-6R decreased (Lehtimäki
et al. 2004).

The effect of the seizure on the concentration of cf-DNA was influenced also
by BMI. The maximum concentration of cf-DNA was higher in patients with body
mass index (BMI) ≥ 25 compared to those with BMI < 25. This may reflect a
higher risk of cardiovascular disease.

6.3 The clinical significance of seizure-dependent immunoactivation in
refractory epilepsy

In experimental studies, SE has increased the expression of inflammatory cytokines
in the brain. These experimental studies have indicated IL-6 to be a proconvulsant
compound (Kalueff et al. 2004). In addition, IL-6 has been postulated to exert
neuromodulatory properties which lead to alterations in neuronal network
excitability (Vezzani and Viviani 2015). A chronic low-grade proinflammatory state
may reflect the severity of the disease in epilepsy patients. Increased CRP and IL-6
levels have been associated with increased mortality in elderly patients (Jylhävä et
al. 2012; Hermann et al. 2017). A higher GTCS frequency increases greatly the risk
for SUDEP (Hesdorffer et al. 2012). In a small neuropathology study of SUDEP,
there were no signs of greater inflammatory reactions or BBB leakage in SUDEP
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subjects as compared to controls (Michalak et al. 2017); thus the mechanism of
SUDEP is still unclear.

IL-6 may be one of the general markers of local and systemic immune system
activation in specific subtypes of patients with epilepsy, and therefore it is
important to clarify in more detail the diverse factors that influence IL-6 responses.
There was no difference in interictal or ictal CRP or IL-6 levels between patients
with HS and other etiologies. This finding is supported by an earlier human study
from Aalbers et al. with surgically resected hippocampi from patients with
medically refractory TLE (Aalbers et al. 2014), i.e. there was no difference in the
levels of IL-6, IL-1α, IL-1β, IL-1Ra or IL-10 in hippocampal expression in HS and
non-HS. Thus, it seems that HS does not account for the difference in immune
responses between TLE and other epilepsies. However, this dissertation would
have been more relevant if a wider range of cytokines could have been explored.

AEDs are used to prevent seizures, but they do not prevent the underlying
epileptic pathology (Moshé et al. 2015), and therefore a better understanding of
complex and multifaceted factors underlying epileptic disorders will be necessary
for developing strategies for more successful treatment of medically refractory
epilepsy. By switching enzyme-inducing AEDs to levetiracetam, lamotrigine,
topiramate or zonisamide, it was possible to reduce the CRP-levels of epileptic
patients in serum (Mintzer et al. 2009, Mintzer et al. 2012, Mintzer et al. 2016).
After levetiracetam treatment, serum levels of hsCRP and S100B protein were
lower (Chen et al. 2015), patients treated with levetiracetam displayed decreased
CD8+ cell counts (Nowak et al. 2010), i.g. one could speculate that levetiracetam
may have anti-inflammatory properties. In patients taking valproate, increased
numbers CD4+ T lymphocytes have been observed (Nowak et al 2010), but also
lower levels of CRP have been reported (Yuen et a. 2010). In our study, there was
no statistically significant difference between patients taking enzyme inducing
drugs and controls, perhaps due to the small sample size. The influences of other
AEDs were not studied.

 The present data support a role for inflammation in human epilepsy. In this
thesis, the major new finding was that the response to a single seizure in TLE was
dependent on the previous seizure frequency and also on the interictal IL-6
concentration. We confirmed a previous finding that seizures elevated the IL-6
concentration postictally. It was observed that the maximum change in the IL-6
level after the IS was significantly greater in TLE than in XLE. We also noted that
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the seizure type exerted an effect on baseline IL-6 levels, i.e. IL-6 levels were
higher in patients with tonic-clonic seizures. IL-1β is one of the main inducers of
IL-6 (Dinarello 1996), and IL-1β has been associated with seizure susceptibility in
FS both in rats (Dubé et al. 2010) and in humans (Virta et al. 2002, Yu et al. 2012).

The potential role of cf-DNA in neurological diseases and especially in epilepsy
is not well established. After a seizure cell damage may be reversible, consequently
cf-DNA is not released. This may be similar to the situation in myocardial
infarction which begins with reversible ischemia; it is only prolonged ischemia that
leads to infarction and necrosis (Chang et al. 2003). It would be interesting to study
cf-DNA levels after status epilepticus. Earlier studies have demonstrated that a
high lifetime seizure number and a longer duration of focal epilepsy contribute to
more severe cumulative neuronal damage (Briellmann et al. 2002).  We did not find
any correlation between the duration of epilepsy and the increase in the
concentrations of IL-6 and CRP. A longer duration of epilepsy was associated with
lower levels of cf-DNA after IS pointing to an irreversible change in the
inflammatory profile.

6.4 Possibilities for therapeutic application in inflammatory-
related epilepsy

Immunomodulatory therapies (corticosteroids, plasma exchange, intravenous
immunoglobulin) have been used in the treatment of refractory and super-
refractory status epilepticus, especially when autoimmune encephalitis has been
diagnosed or suspected (Bauer et al. 2017; Zeiler et al. 2016; Zeiler et al. 2017).
There are experimental studies which have targetted specific parts of the
inflammatory system (Vezzani et al. 2015b). An injection of IL-1Ra, a drug used in
autoimmune disorders, reduced both the incidence and the severity of SE in rats,
and the onset of SE was delayed (Marchi et al. 2009). A pharmacological blockade
of the IL-1β by human recombinant IL-1RA (anakinra) was able to reduce cell loss
in the forebrain areas after SE (Noé et al. 2013). In pediatric patients
glucocorticosteroids decreased the seizure frequency by at least 50 % or
interrupted SE (Marchi et al. 2011). MicroRNAs are gene regulators which may
have a potential role in the regulation of the inflammatory pathways in epilepsy,
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e.g. they may target IL-1Ra, IL-6, IL-1β, or the adhesion molecule ICAM-1
(Srivastava et al. 2016). Recurrent seizures have also been shown to lead to chronic
expression of VCAM-1 with a subsequent change in BBB permeability (Fabene et
al. 2008). In one case report of a patient with multiple sclerosis and focal epilepsy,
inhibition of leukocyte adhesion by administration of natalizumab, reduced both
seizure frequency and seizure severity (Sotgiu et al. 2010).

Effective therapies for preventing epileptogenesis or treating drug-resistance
epilepsy are still lacking, which emphasizes the need to acquire more knowledge
also from human studies.  The development of specific biomarkers for different
epilepsies, seizure types and syndromes as well markers for the progression of
epileptogenesis could help in clinical diagnosis and practice.

6.5 Limitations of the study

Our study and conclusions are confounded by several factors. Our results are
based on a rather large population and the study design required about four years
for collecting samples, but in statistical terms this is still a small patient group. It is,
however, important to identify and examine a well-defined group of epilepsy
patients with such an information-intensive technique as VEEG.

The classification of patients and the localization of the seizure focus were
based on careful clinical, scalp EEG and radiological assessment, but depth
recordings were not available. A different distribution of left- and right-sided foci
as well as varying etiologies of epilepsy in our two patient populations could
contribute to the variance in the findings between the TLE and XLE. One
limitation of our study is that we recruited only a few patients in the idiopathic
generalized epilepsy group, making it more difficult to draw definitive conclusions
concerning that epilepsy type. There was a misclassification of focal and GTCS
seizure types in cf-DNA study but this had no impact on the results. In future
studies, larger groups of patients will be needed within the different epileptic
syndromes and types to assess whether the induction of IL-6 and IL-1Ra is
associated with distinctive etiological forms of epilepsy. Moreover, it remains to be
elucidated whether genetic factors such as genetic polymorphisms have any effect
on the varying kinetics of circulating IL-6, IL-1Ra and IL-1β in TLE and XLE.
There also may be different cytokine gene polymorphisms influencing different
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inflammatory responses, but genes were not studied in this thesis. Genetic
polymorphisms have been reported to be associated with a higher basal CRP level
(Delongui et al. 2017; Soydas et al. 2016), and an analysis of specific gene
polymorphisms in our epilepsy patients would have been enlightening and possibly
revealed differences between controls and epilepsy patients, but unfortunately it
was not able to extend this research project to incorporate genetic testing.

Increased CRP has been a risk factor for in-hospital mortality in patients with
cardiovascular disease (Yoshinaga et al. 2017) and in acutely hospitalized
multimorbid elderly patients (Nouvenne et al. 2016). In this thesis, the patients
were not followed-up to assess the prognosis.

Anticonvulsant medication was reduced in an individual stepwise fashion during
the EEG-monitoring. It was not possible to evaluate the effects of the individually
reduced AEDs on the levels of the cytokines, more studies are needed to answer
this question.

Circadian rhythm of IL-6 has also been noticed, with plasma peaks at 4 a.m. and
4 p.m. (Agorastos et al. 2014), and this may influence serum IL-6 levels, but on the
other hand, we collected samples for 24 h, and naturally patients had their seizure
different times, both during day and night.

Analysis of CSF would have added some more data to the present studies, but
unfortunately, it was not possible to collect CSF samples during VEEG
monitoring.

6.6 Future implications

Futures studies both in animals and in humans should be conducted in order to
acquire a better understanding about both the transient and the chronic
neuroinflammation associated with seizures and different epilepsies types with
various etiologies. The present study was unable to address the effect of distinct
AEDs due to the large number of patients on polytherapy, making any analysis
unfeasible. Futhermore, we did not perform genetic studies, which would have
been able to add a new dimension to the interpretation of the immunological
responses. In addition to the inflammatory parameters studied in the present thesis,
a large and increasing number of potentially interesting other immunological
markers, such as IL-10 and IL-17 should be examined in the future. Another
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interesting approach would be to conduct a network analysis on the relationships
and regulatory factors impacting on the measured inflammatory parameters. In the
future, the inflammatory mediators in epilepsy should be investigated from a wider
perspective to reveal new therapeutic targets in the devastating disease.



99

7 SUMMARY

Epilepsy is a chronic disease with differing phenotypes with physical,
psychological, emotional and social consequences for affected individuals and their
families. The mechanisms involved in the pathogenesis of epilepsy are not fully
recognized. Early prevention of epileptogenic conditions is a research goal for the
future, but this will require a more accurate understanding of the pathological
processes underlying these epilepsies. This thesis with VEEG is valuable, because
in humans, the short- and long-term influences on the brain are more difficult to
quantify than in animal studies, where tissue analysis are more easily available.
Inflammatory changes may have a crucial role.  It is likely challenging to clarify the
circumstances when the proinflammatory cytokine load is high and prolonged. It is
unclear what role inflammatory mediators play in the mechanisms underpinning
pharmacoresistance.

The present study provides evidence in human patients about seizure-related
changes in serum IL-6, IL-1β, IL-1Ra, CRP and cf-DNA levels. The study was
implemented in a well-controlled environment and seizure type was reliably
evaluated. The data emerging from this thesis is that patients with frequent seizures
displayed a smaller increase of IL-6 after single seizures compared with those with
infrequent seizures. Thus, the response to a single seizure may be dependent on the
previous seizure frequency and IL-6 interictal levels in patients with refractory
epilepsy in TLE but this is not the case in XLE, in which there are usually more
frequent seizures. The findings of the present series of studies support the
hypotheses that there are immunological seizure-related changes in refractory
epilepsy, and furthermore, in TLE and XLE, the immunological pattern is
different, which may have an influence on the treatment of epilepsy.  TLE differs
from XLE in several ways: the mesial temporal lobe is a most vulnerable structure
considering the risk of epileptogenesis, and in addition, limbic and autoimmune
encephalitis injuries especially affect the temporal lobe, and finally in
superrefractory status epilepticus, there are pathological changes more often in the
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temporal lobe area observed in MRI. There were no differences in the measured
inflammatory markers between TLE with or without HS in this thesis. It is also
possible for a TLE patient to have HS although there are no signs of HS in MRI,
and in future with advancing techniques, it is likely that the the accuracy of the
diagnosis of HS will improve.  Nowadays AEDs are used based on epilepsy
syndrome, etiology of epilepsy and seizure types, but perhaps in the future, the
optimal treatment decision will also need to take into account whether the epilepsy
is TLE or XLE. One can also speculate that in the future also inflammatory
process will receive more attention in treatment strategies for intractable epilepsy.

One major challenge will be to define inflammatory biomarkers which could
help the clinician to prescribe a specific immune-modulatory treatment. In
refractory epilepsy, there seem to be differences in temporal and extra-temporal
epilepsies also in the peripheral inflammatory responses, but further studies will be
needed before clinicians can rely on inflammatory markers for diagnostic,
prognostic, and therapeutic purposes. A better understanding of the immunological
mechanisms of pharmacoresistant epilepsy may help to target the anti-
inflammatory treatment in epileptogenesis. In patients treated with
immunotherapeutic interventions, those displaying GAD-TLE experienced a worse
outcome and more poor seizure response than patients with antibodies to voltage
gated potassium channel (VGKC) (Malter et al. 2015), so there may be different
immunological mechanisms and responses in different epilepsies. In an earlier
cross-sectional study with chronic epilepsy patients, elevated levels of IL-6 were
more prevalent in patients with TLE compared to patients with XLE (Liimatainen
et al. 2009b). A recent meta-analysis also demonstrated elevated serum IL-6 levels
in TLE patients (de Vries et al. 2016), suggesting that the epilepsy type is important
in determining whether or not there is overproduction of cytokines in refractory
focal epilepsy. In addition, IL-6 has been postulated to possess neuromodulatory
properties which lead to alterations in neuronal network excitability (Vezzani and
Viviani 2015). In this thesis, it was observed that the maximum change in the IL-6
level after IS was significantly greater in TLE than in XLE. TLE seems to be a key
determinant in the IL-6 response. IL-6 may be one of the general markers of local
and systemic immune system activation in specific subtypes of patients with
epilepsy, and therefore it is important to clarify in more detail the diverse factors
that influence IL-6 responses. However, this dissertation would have been more
relevant if a wider range of cytokines had been explored.
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In the future, a combination of several biomarkers together with advanced
imaging techniques and genetic testing might help to predict epileptogenesis and
progression of epilepsy although sufficient sensitivity and specificity will be needed.
EEG, combined with functional MRI, could also identify seizure-related networks
and help to identify target-specific treatments. The current AEDs are evidently not
satisfactory in the treatment of refractory epilepsy; more extensive efforts should
be expended to target the treatments more accurately so that therapy can be
tailored to the underlying pathological epileptic network.

Considering the complexity of the pathogenesis of epilepsy, it is unlikely that a
single biomarker could alone predict the outcome. In the future, it may be
interesting to examine whether the responses of the cytokines differ in antibody-
related refractory epilepsies and clarify the backgrounds to various responses and
thus to find the best optimal immunotherapies for different epilepsies.
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8 CONCLUSIONS

· In this thesis, a major new finding was that the response to a single

seizure in TLE was dependent on the previous seizure frequency and

on the IL-6 interictal concentration.

· The present study, with a large patient population, detected increased

levels of IL-6 at all time points between 3 h and 24 h after the IS

compared to the baseline in patients with refractory epilepsy.

· The increase of IL-6 and CRP levels after the seizure was more

prominent after the more severe seizure types.

· Furthermore, this detailed characterization of IL-6 responses may open

new avenues for immunomodulatory interventions in the future.

· The CRP study, with a larger patient population, detected increased

levels of IL-6 at all time points between 3 h and 24 h after the seizure

in comparison to the baseline.

· The baseline serum levels of CRP were higher in patients with

refractory epilepsy as compared to controls.

· Taken together, both the IL-6 and CRP data strengthen the concept

that chronic seizures induce peripheral and presumably also CNS

inflammation highlighting the need for further studies to clarify this

evolving field.
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udies have shown that prolonged seizures result in increased cytokine production
in the central nervous system. The purpose of this studywas to examine plasma concentrations of interleukin-6
(IL-6), interleukin-1 receptor antagonist (IL-1Ra), and interleukin-1 beta (IL-1β) in 20 patients with epilepsy
undergoing a video–EEG study. Plasma samples were obtained at the onset of the recordings and 3, 6, 12 and
24 h after the index seizure. Localization of the seizure focus and classification of epilepsy was based on
concordant electroclinicalfindings in the video–EEG study, and onMRI examination. Patientswere divided into
two groups: temporal lobe epilepsy (TLE) (n=11), and extratemporal lobe epilepsy (XLE) (n=9).
Results: Only the TLE group showed significant increase in plasma levels of IL-6 peaking at 6 h postictally.
Postictal plasma levels of IL-1RA and IL-1β did not significantly differ from baseline levels in either of the
patient groups. IL-1RA showed a decreasing trend (pN0.059) in TLE patients during 12 to 24 postictal hours.
Conclusions: This study further supports the role of focal seizures in regulation of cytokine responses.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
There is ample experimental and clinical evidence demonstrating an
increased production of inflammatory cytokines in association with
epileptic seizures [1]. In experimental models interleukin-1beta (IL-1β)
appears to be proconvulsant and neurotoxic whereas interleukin-1
receptor antagonist (IL-1Ra) is anticonvulsant and neuroprotective [2].
The role of IL-6 is less well defined, but there are some data suggesting
that IL-6 acts more as a proconvulsant [3].

In humans, the levels of IL-6 and IL-1Ra were increased after
epileptic seizures both in cerebrospinal fluid (CSF) and plasma within
24 h after secondarily generalized tonic–clonic [4,5] and focal seizures
[5,6]. In epileptic patients the production of IL-6 is dependent on the
extent of spread and duration of the seizure [5]. There were no
significant changes in IL-1β concentrations [4,6].These studies
demonstrated that both focal and generalized seizures in humans
cause changes in IL-6 levels in CSF which are reflected accordingly in
peripheral blood.

Accumulating experimental data suggest the importance of
specific brain regions and hemispheric lateralization with regard to
inflammatory responses in the central nervous system. The effect of
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injection of exogenous IL-1βwas dependent on the site of application
with neurodegeneration observed only in the dentate gyrus of the
hippocampus but not in the cortex, substantia nigra or striatum [7]. In
the kindling model of temporal lobe seizures, kindling on the left but
not the right side induced a hyper-responsive immune state [8]. This is
consistent with previous data suggesting that under physiological
conditions the right neocortex depresses immune functions whereas
the left hemisphere enhances them [9].

The purpose of this study is to evaluate cytokine responses inwell-
characterized patients with focal seizures. video–EEG is an excellent
tool for this evaluation since it offers a possibility of exactly defining
the extent, localization and duration of seizures in a controlled
environment. Therefore we assessed whether the epilepsy or seizure
type has an impact on seizure-related production of three cytokines,
IL-6, IL-1Ra and IL-1β.

2. Materials and methods

2.1. The classification of patients

Twenty patients with refractory localization-related epilepsy
admitted to the video–EEG monitoring unit of the Tampere University
Hospital were included in the study. The study was approved by the
EthicsCommitteeof theTampereUniversityHospital, andall thepatients
gave their written informed consent. The study group comprised 7 men
and 13 women.
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Table 1
Clinical characteristics of patients with temporal epilepsy.

Epilepsy
syndrome/
lateralization

Age
(F/M)

Duration of
epilepsy
years

MRI findings Seizures/
month during
last year

Medication/Treatment Recorded index
seizure type and
lateralization

Seizures before index
seizure during the
previous 24 h

Number of seizures after
index seizure during next
24 h

1a TLE/right 36/F 17 Hippocampal
sclerosis

13–19 OXC 1200 mg, CZP 1 mg/VNS CPS right No No

2 TLE/right 58/F 42 Hippocampal
sclerosis

10–25 CBZ 1400 mg, TGB 45 mg CPS right No No

3a TLE/left 33/F 22 Hippocampal
sclerosis

4 LTG 400 mg, TPM 400 mg CPS left No 8 CPS left

4a TLE/left 43/M 2 Normal 1 OXC 1500 mg SGTCS left No SGTCS left
5 TLE/left 39/M 12 Normal 15 CBZ 1200 mg, VPA 2500 mg CPS left No No
6a TLE/left 30/M 25 Hippocampal

hamartoma
1–4 VPA 1500 mg, LTG 200 mg,

TPM 50 mg
CPS left 1 CPS left 1 CPS left

7 TLE/left 52/M 52 Hippocampal
sclerosis

4–6 CBZ 600 mg, LEV 2000 mg,
LTG 500 mg

CPS left No 3 CPS left

8 TLE/right 58/F 32 Normal 2–17 CBZ 800 mg, GBP 3600 mg,
CZP 1 mg

CPS right No 4 CPS right

9a TLE/left 28/M 16 Hippocampal
sclerosis

1 OXC 600 mg, TPM 500 mg SGTCS left No 2 SGTCS left

10a TLE/left 57/F 56 Hippocampal
sclerosis

3 CBZ 1000 mg CPS left 1 CPS left 2 CPS left

11a TLE/unknown 20/F 14 Cortical dysplasia 7–45 OXC 1200 mg, GBP 3600 mg,
CLB 10 mg/VNS

SPS unknown No 2 SPS left

Abbreviations: CBZ, carbamazepine; CLB, clobazam; CZP, clonazepam; CPS, complex partial seizure; GBP, gapapentin; LEV, levetiracetam; LTG, lamotrigine; OXC, oxcarbazepine; TLE,
temporal lobe epilepsy; SGTCS, secondary generalized tonic–clonic seizure; SPS, simple partial seizure, TGB, tiagabine; TPM, topiramate; VNS, vagus nerve stimulator; VPA, valproic acid.

a IL6 level increase after the index seizure.
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All the patients underwent continuous video–EEG monitoring
lasting for four days for electroclinical characterization of their seizures
as part of routine clinical evaluation for possible epilepsy surgery. Ictal
scalp recordings were obtained using synchronous digital video and 22
channel standard bipolar EEG. Electrodes were placed according to the
International 10–20 Systemwith additional mastoid and anterior cheek
electrodes. All patients underwent a diagnostic brain MRI examination
on a 1.5 Tmachine (General Electric Sigma Easyvision,Wisconsin, USA).

Patients were divided into two groups: those with temporal lobe
epilepsy (TLE; Table 1) (n=11) and those with extratemporal lobe
Table 2
Clinical characteristics of patients with extratemporal epilepsy.

Epilepsy
syndrome/
lateralization

Age
(F/M)

Duration of
epilepsy
years

MRI
findings

Seizures/month
during last year

Medication/
Treatment

1a PLE/right 26/M 22 Vascular lesion 12–16 LTG 300 mg
LEV 1500 m

2 FLE/right 22/F 3 Normal 1 No
3 PLE/left 52/F 52 Cortical dysplasia 35–60 TPM 400 m

LTG 300 mg
4 FLE/left

and right
16/F 1 Normal 30–40 CBZ 1500 m

LEV 4000 m
GBP 2400 m

5a FLE/right 26/M 9 Vascular lesion 200 CBZ 1500 m
LEV 4000 m
GBP 2400 m

6 FLE/unknown 41/F 31 Normal N30 PHT 250 mg
CZP 1 mg/V

7 FLE/left 31/F 31 Normal 60–90 LTG 400 mg
CBZ 1600 m
LEV 1500 m

8 FLE/left 17/F 1 Cortical dysplasia 4–20 OXC 1200 m
TPM 300 m
LEV 3000 m

9 FLE/right 22/F 17 Cortical dysplasia 30–90 OXC 1500 m
TPM 500 m
LEV 2500 m

Abbreviations: CZP, clonazepam; CPS, complex partial seizure; FLE, frontal lobe epilepsy
oxcarbazepine; PLE, parietal lobe epilepsy; PHT, phenytoin; SGTCS, secondary generalized t
vagus nerve stimulator; VPA, valproic acid; VGB, vigabatrin.
aIL6 level increased after the index seizure.
epilepsy (XLE; Table 2) (n=9). The mean ages of the patients in the
TLE and XLE groups were 41.3 years (range 20–58) and 28.1 years
(range 16–52), respectively. The mean duration of epilepsy in the TLE
group was 26.4 years (range 2–52), and in the XLE group it was
18.6 years (range 1–52). The mean seizure frequency per month
during the previous year in the TLE group was 9.1 seizures (range 1–
45), and in the XLE group 52.5 (range 1–200). The mean duration of
the index seizure was 117 s in the XLE group and 69 s in the TLE group.
Seizure burden was measured by total duration of seizures recorded
during the 24 h sampling period.
Recorded index seizure
type and lateralization

Seizures before index
seizure during the previous
24 h

Number seizures after
index seizure during next
24 h

,
g

CPS right 3 CPS right 5 CPS right, 1 SGTCS right

SGTCS right No No
g, CPS left No 8 CPS left, 2 SPS left

g,
g,
g

CPS right No 1 CPS left, 1 SGTCS right

g,
g,
g

SPS right 1 SPS right 5 SPS right, 1 CPS right

,
NS

CPS multifocal No 180 CPS seizures

,
g,
g

CPS left 2 CPS left 1 CPS left

g,
g,
g

CPS left 3 CPS left 4 SPS left, 1CPS left

g,
g,
g

CPS right 3 CPS right, 1 SPS right 3 CPS right

; GBP, gapapentin; CBZ, carbamazepine; LEV, levetiracetam; LTG, lamotrigine; OXC,
onic–clonic seizure; SPS, simple partial seizure, TGB, tiagabine; TPM, topiramate; VNS,



Table 3
Circulating concentrations of IL-6, IL-1Ra and IL-1β and IL-1Ra/IL-1β ratio after the onset of seizure in temporal (n=11) and extratemporal epilepsy (n=9), values are mean±SD.

Epilepsy syndrome 0 h 3 h 6 h 12 h 24 h P(Friedman ANOVA, df=4)

IL-6 pg/ml Temporal 0.127±0.422 0.546±1.46 1.89±2.49 1.55±2.87 0.691±0.919 0.008a

Extratemporal 0 0 0b 0.067±0.200 0.411±0.756 0.031c

IL-1Ra pg/ml Temporal 490±461 510±443 532±481 555±368 425±257 0.042d

Extratemporal 313±96.8 325±133 331±81.1 365±133 334±90.2 NS
IL-1β pg/ml Temporal 1.75±1.51 1.78±1.51 1.40±1.12 2.45±3.67 1.71±1.86 NS

Extratemporal 1.58±2.18 1.76±2.81 1.66±2.18 1.94±2.46 2.06±2.78 NS
IL-1Ra/IL-1β Temporal 479±408 467±460 704±689 716±994 947±1046 NS

Extratemporal 477±5512 650±518 749±724 935±909 659±742 NSe

df=degrees of freedom.
a Post hoc, Wilcoxon matched pairs test, df=1) 0 hb6 h, p=0.028, 3 hb6 h, p=0.028, 3 hb12 h, p=0.043, 6 hN24 h, p=0.018.
b Mann–Whitney U-test, temporal vs. extratemporal) p=0.016.
c Post hoc, Wilcoxon matched pairs test, df=1) 0, 3, 6 hb24 h, p=0.109.
d Post hoc, Wilcoxon matched pairs test, df=1) 12 hN24 h, p=0.059.
e Post hoc, Wilcoxon matched pairs test, df=1 3 hb24 h, p=0.043.
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2.2. IL-6, IL-1Ra and IL-1β measurements

Plasma samples were collected at the beginning of the four-day
recordings, and at 3, 6, 12 and 24 h after the index seizure. Only
seizures with unequivocally verified localized onset were considered
as index seizure. Localization of the seizure focus was recorded, and
seizures were categorized as simple partial, complex partial or
secondarily generalized seizures. All other seizures after the index
seizure during the next 24 h were also registered.

Commercial ELISA kits were used according to the manufacturer's
instructions to detect levels of IL-1Ra (Quantikine® Human IL-1RA
Immunoassay, R&D Systems, Minneapolis, MN, USA)and IL-6 (PeliKine®

Compact Human IL-6, CLB, Amsterdam, The Netherlands). Absorbancies
were read with Multiskan MS version 4.0 spectrophotometer at
wavelength 450 nm. IL-1β levels were measured by Luminex kit (High
sensitivity Human cytokine Lincoplex Kit, St. Missouri, USA) using Bio-
Plex suspension array system (Bio-Rad laboratories Hercules, CA, USA).
IL-1β data were collected and analyzed using Bio-Plex Manager™

software 4.1 (Bio-Rad Laboratories) and 5-parameter regression formula
was used to calculate the sample concentrations from standard curve.
Thedetection limits of the assayswere 22 pg/ml for IL-1Ra, 0.4 pg/ml for
IL-6, and 0.06 pg/ml for IL-1β. The intra-assay and inter-assay precisions
were 6.2% and 6.7% for IL-1RA, 3.11% and 2.16% for IL-1β, and for IL-6 the
manufacturer provided an estimate for both parameters between 5 and
10%.

2.3. Statistical analysis

Friedman analysis of variance (ANOVA)with post hoc comparisons
(Wilcoxon matched pairs test), Mann–Whitney U-test were used to
Fig. 1. Concentrations of IL-6 (pg/ml) in the individual patients before (0 h) and after
the index seizure.
compare concentrations of circulating IL-6 and IL-1RA. Fisher's exact
test was used for comparison of dichotomous variables. Findings were
considered statistically significant at P values less than 0.05. Statistical
calculations were carried out using Statistica (ver. Win 5.1D, Statsoft
Inc., Tulsa, OK, USA).

3. Results

The TLE group showed significant increase in plasma levels of IL-6,
peaking at 6 h postictally (Table 3). On the contrary, no change in IL-6
levels was seen in the XLE patients. Postictal plasma levels of IL-1Ra
and IL-1β did not significantly differ from the baseline levels in either
of the patient groups. IL-1Ra showed a decreasing trend (pN0.059) in
the TLE patients during 12 to 24 h postictally. No correlation between
the production of IL-6 and IL-1Ra and the etiology of epilepsy was
found (Data not shown). Concentrations of IL-6 in the individual
patients before and after the index seizure are shown in Fig. 1.

There was no major variance in clinical parameters between the
TLE and XLE groups which could explain the difference in cytokine
production in the patient groups. Two out of 11 patients with TLE and
3 out of 9 patients with XLE experienced secondarily generalized
tonic–clonic seizures (a non-significant difference, Fisher's exact test).
Increase in the IL-6 levels with this seizure type was observed in both
of the TLE patients and 1 out of the 3 XLE patients (p=NS). In patients
without secondarily generalized seizures increased IL6 concentration
was observed in 5 out of 9 patients with TLE and 1 out of 6 patients
with XLE (p=0.17). In patients with elevated IL-6 levels the median
number of seizures during the 24-hour sampling period was 3 in the
TLE group, and 7 in the XLE group. In patients without elevated IL-6
levels themedian number of seizures during the corresponding period
was 2.5 in the TLE group and 4 in the XLE group. In one of the patients
with XLE more than 180 seizures were recorded without any changes
in IL-6, IL-1Ra or IL-1β concentrations.

In order to asses the significance of the number, total duration and
seizure type (focal vs. secondarily generalized), we perform the
following analysis. During the sampling period the mean number of
seizures in the TLE group was 3.1 (range 1–9). In the XLE group one
patient had 180 seizures during the 24 h; excluding this patient the
mean number in this group was 3.3 (range 1–11). The mean seizure
burden (seconds±S.D.) in TLE was 213±209 and in XLE 679±1141.
Themedianwas in TLE 140 s and 232 s in XLE. Five patients (two in the
TLE and three in the XLE) had a SGTCS during the sampling period.
When onlymaximum concentrations of individual patients during the
sampling period was considered, the mean IL-6 concentration in focal
seizures was 1.44 pg/ml in TLE group and 0.58 pg/ml in XLE group,
and in SGTCS 6.80 pg/ml in TLE and 1.07 pg/ml in XLE. The mean
levels of IL-6, IL-1Ra and IL-1β were not significantly increased
between the subgroups of patients based on different etiologies of
epilepsy.
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4. Discussion

Our study is a preliminary report in studying immune functions in
focal epilepsies. The major finding in our study was an increased
production of IL-6 after focal seizures. The IL-6 concentrations after
seizures with temporal lobe onset were significantly elevated both
after complex partial and secondarily generalized seizures with peak
concentrations at 6 to 12 h postictally, whereas in seizures with
extratemporal onset there was only a minor increase in two patients,
and no changes were noted after complex partial seizures even in a
patient with more than 100 seizures. The mean number or duration of
seizures (=seizure burden) or seizure type did not explain the
differences between TLE and XLE. Seizures originated in temporal
lobes have different extent and pattern of spread comparedwith those
of extratemporal, especially frontal lobe seizures [10]. Temporal lobe
seizures probably project to and have effects on the hypothalamus —
pituitary axis, which may relate to their immunological responses.
However, due to a limited sample size, no definitive conclusions
regarding the importance of specific brain region controlling cytokine
responses can bemade. In futuremore patients with both TLE and XLE
are needed to evaluate the significance of seizure and epilepsy type.

Several experimental studies demonstrate the role of the IL-1
system in seizures. In our study the elevation of IL-1Ra was modest
and non-significant, peaking at 12 h both in TLE and XLE. The
production of IL-1Ra is mainly activated by IL-1β, so it is possible that
upregulation of IL-1Ra reflects the activation of the IL-1 system. On the
other hand IL-1β is one of the main inducers of IL-6 [11]. IL-1β is
proconvulsant and causes neuronal damage, whereas IL-1Ra counter-
acts the IL-1 system and it has been suggested that IL-1Ra acts as an
anticonvulsive and neuroprotective agent [2]. Although IL-1β did not
show a change during the seizure in plasma in our study, it's possible
that IL-1β is produced in low quantities locally in the brain and has a
role in seizures. IL-1β did not rise after tonic–clonic seizures even in
the CSF [4]. IL-1β is upregulated after experimental seizures, but in
clinical studies there have not been observable differences in IL-1β
concentrations after the seizures [4,12]. This is most likely explained
by the findings that the increased expression of IL-1β is observed
mainly in the hippocampal area which does not have any effect on the
levels of soluble cytokines either in the cerebrospinal fluid or blood
circulation.

The significance of the IL-6 activation in epilepsy is less well
established. IL-6 is a cytokine known to be rapidly upregulated
following different kinds of tissue trauma and inflammation. Experi-
mental results have established an acute temporal release of IL-6
employing a variety of animal models, with detection at 1 h, followed
by a peak concentration between 2 and 8 h after injury [13]. IL-6 may
act as an activation signal for other cytokines in the brain tissue. These
studies also suggest that IL-6 may increase the seizure duration and
may cause neurodegeneration. In clinical studies the extent of
upregulation in IL-6 levels is determined by seizure spread and
duration [5]. There is a clear correlation between cerebrospinal fluid
and plasma concentrations of this cytokine, and plasma levels of IL-6
are most likely originated in the central nervous system via venous
drainage [4,12].

Temporal lobe epilepsy is at least sometimes a progressive disorder
associated with cognitive decline and increasing hippocampal atrophy
[14]. Interestingly, IL-1β-mediated neurodegeneration was observed
in an experimental study in the dentate gyrus of the hippocampus but
not in other brain regions [5]. There is also evidence of generalized
brain atrophy as well as cerebellar atrophy in the TLE [15]. In
experimental settings, cytokine inductionwas sometimes observed in
the contralateral side and in regions distant from the site of injection
[5]. This raises a possibility that cytokine-mediated changes may be
responsible for these MRI changes in human patients. There is much
less evidence of progressive damage in the extratemporal epilepsy.

Our study and conclusions are confounded by a number of factors.
Our results are based on a small patient group. It is, however, difficult
to identify and examine a well-defined group of patients with such an
information-intensive method as video–EEG. Classification of patients
and localization of the seizure focus were based on careful clinical,
scalp EEG and radiological assessment, but depth recordings were not
available. A different distribution of left- and right-sided foci as well as
varying etiologies of epilepsy in our two patient populations could
contribute to the variance in the findings between the temporal lobe
and extratemporal lobe epilepsies. In future studies larger groups of
patients are needed within epileptic syndromes to assess whether the
induction of IL-6 and IL-1Ra is associated with various etiological
forms of epilepsy such as hippocampal sclerosis, cryptogenic epilepsy
or cortical dysplasia. Moreover, it remains to be elucidated whether
genetic factors such as genetic polymorphism have an effect on
varying kinetics of circulating IL-6, IL-1Ra and IL-1β in TLE and XLE.
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A B S T R A C T

Experimental and clinical reports highlight the role of cytokines in pathophysiological processes in underpinning
epilepsy, but the clinical data remains somewhat limited. The levels of Interleukin (IL)-6 were measured in
serum from 49 patients with refractory epilepsy [temporal lobe epilepsy (TLE, n = 23), extratemporal lobe
epilepsy (XLE, n = 22), and idiopathic generalized epilepsy (IGE, n = 4)] before and after the first verified
seizure (IS; index seizure) during inpatient video-electroencephalographic (VEEG) monitoring. The levels of IL-6
increased significantly at all time points between 3 h and 24 h after the IS compared to the baseline. IL-6
concentrations were significantly higher at the 3 h and 6 h time point after tonic-clonic seizures (TCS) compared
to the situation with simple partial and complex partial seizures. An IS duration longer than 100 s, low baseline
IL-6 level and< 10 seizures/month in patients with TLE were associated with an increase in IL-6 concentrations
during the 24 h after the IS. In patients with TLE, the maximum change in IL-6 levels after IS was significantly
higher than in XLE. If the baseline level of IL-6 was low (under 5 pg/ml), seizures induced a significant elevation
in both absolute and relative values in TLE patients but not in XLE. In patients with ≤10 seizures per month
during the last year, the maximum change was higher than in patients with> 10 seizures. If the total seizure
burden during registration was ≥100 s, the IL-6 increase was significantly higher than if it were under 100 s.
The results of this study highlight the complexity of factors involved in the seizure induced production of the
inflammatory cytokine, IL-6. The major factor is the epilepsy type i.e. increased production of IL-6 in TLE
compared to XLE. The response to a single seizure in TLE is dependent on the previous seizure frequency and the
baseline IL-6 concentration.

1. Introduction

Previous studies in patients with epilepsy have addressed both
chronic and seizure-induced production of cytokines, especially inter-
leukin-6 (IL-6). In an emergency room (ER) setting mainly in patients
with acute symptomatic seizures, IL-6 levels, but not those of IL-1beta
(IL-1β) or IL-1 receptor antagonist (IL-1RA), were increased in cere-
brospinal fluid (CSF) in patients with tonic-clonic seizures. The plasma
concentrations were lower but still reflected the CSF-levels (Peltola
et al., 1998; Peltola et al., 2000). In a subsequent ER study IL-6 levels
were strongly elevated after recurrent tonic-clonic seizures, whereas
after single tonic-clonic or prolonged focal seizures (simple or com-
plex), the levels were increased to a lesser extent (Lehtimäki et al.,

2004).
The effects of single seizures in patients with chronic refractory

epilepsy have been investigated in a few studies. The levels of IL-1β, IL-
1RA, IL-6 and soluble IL-6 receptors (sIL-6R and Gp130) were in-
vestigated in plasma after single seizures during video-EEG (VEEG)
recordings in 11 patients with chronic localization-related epilepsy
(Lehtimäki et al., 2007). The levels of IL-1RA and IL-6 were increased
after seizures, whereas those of IL-1β and IL-6 cytokine receptors re-
mained unchanged. That pilot study demonstrated that single seizures
can evoke a significant change in IL-6 and IL-1RA plasma levels, but
because of the limited sample size, the importance of the epilepsy or
seizure type could not be addressed. A subsequent VEEG study with 20
patients further demonstrated that only the temporal lobe epilepsy
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(TLE) group displayed a significant increase in plasma levels of IL-6,
with concentrations peaking at 6 h postictally (Alapirtti et al., 2009).
Postictal levels of IL-1RA and IL-1β did not significantly differ from
baseline levels in either of the patients groups.

In a cross-sectional study investigating 86 patients with refractory
focal epilepsy, IL-6 concentrations were chronically increased in serum
samples from patients (by 11%) compared with healthy controls (0%)
(p = 0.007) (Liimatainen et al., 2009). Elevated levels of IL-6 were
more prevalent in patients with TLE compared to patients with extra-
temporal lobe epilepsies (XLE) (p = 0.028). Furthermore, the mean and
the medium levels of IL-6 were higher in patients with TLE than XLE
(p = 0.042). In contrast, there were no significant differences in the
concentrations of IL-1RA between patients and controls.

A recent meta-analysis also demonstrated elevated serum IL-6 levels
in TLE patients (de Vries et al., 2016), suggesting that the epilepsy type
is important in determining whether or not there is overproduction of
cytokines in refractory focal epilepsy. In addition, IL-6 has been pos-
tulated to exert neuromodulatory properties which lead to alterations in
neuronal network excitability (Vezzani and Viviani, 2015). IL-6 may be
one of the general markers of local and systemic immune system acti-
vation in specific subtypes of patients with epilepsy, and therefore it is
important to clarify in more detail the diverse factors that influence IL-6
responses.

These previous studies had revealed that IL-6 is the most con-
sistently affected cytokine in patients with epilepsy. Multiple factors
influence IL-6 production in epilepsy: seizure type and duration, epi-
lepsy type (especially TLE vs XLE) and seizure frequency. However, the
relative significance of these factors has remained unknown. In the
present study, we have investigated a sufficiently large patient popu-
lation in order to address this important question.

2. Materials and methods

2.1. The classification of patients

Forty-nine consecutive patients with refractory focal epilepsy ad-
mitted to the video-EEG monitoring unit of the Tampere University
Hospital were included in the study. The study protocol was approved
by the Ethics Committee of the Tampere University Hospital and all the
patients signed a written informed consent.

All the patients underwent continuous VEEG monitoring lasting for
four days in the electro-clinical characterization of their seizures as part
of the routine clinical evaluation before possible epilepsy surgery. Ictal
scalp recordings were obtained using synchronous digital video and 24
channel standard bipolar EEG. The electrodes were placed according to
the International 10–20 System with additional mastoid and anterior
cheek electrodes. All patients underwent a diagnostic brain MRI ex-
amination on either a 1.5 (General Electric, Sigma HD, Milwaukee,
Wisconsin, USA) or 3.0 (Siemens Healthcare, Magnetom Trio A Tim
system 3T, Erlangen, Germany) Tesla machine. Seizures and epileptic
syndromes were classified according to the ILAE diagnostic criteria
(Commission on Classification and Terminology of the International
League Against Epilepsy, 1981). Anticonvulsant medication was dis-
continued in a stepwise fashion during the monitoring under the su-
pervision of the staff epileptologist.

Localization of the seizure focus was recorded and seizures were
categorized as simple partial (SPS), complex partial (CPS) and tonic-
clonic seizures (TCS) (including both secondarily and primary gen-
eralized tonic-clonic seizures). The first unequivocally verified seizure
during the VEEG monitoring was considered as the index seizure (IS).
All other seizures after the index seizure during the next 24 h were also
registered. Based on the findings in the VEEG recordings and MRI, 23
patients were diagnosed as having TLE, 22 patients had XLE (20 frontal
lobe and two parietal lobe epilepsy) and four patients were found to be
suffering from idiopathic generalized epilepsy (IGE). Seven patients
were on monotherapy, 41 on polytherapy (the mean number of

medications was 2.24), and one XLE patient was not being administered
any medication. In addition to antiepileptic drugs (AEDs), three pa-
tients were being treated with vagus nerve stimulation. One female
patient with right hippocampal sclerosis was in the monitoring twice
over an interval of 23 months. Clinical data of these three groups of
patients are shown in Table 1. The seizure burden was calculated as the
total duration of seizures recorded during the 24 h sampling period.

2.2. Seizures

The mean number of seizures (including the IS) was 2.6 (range: 1–9)
in the TLE group and 1.25 (range: 1–2) in the IGE group. In the XLE
group, one patient had 180 and another 420 seizures during the 24 h;
excluding these patients, the mean number in this group was 5.4 (range:
1–18). Seven patients had only brief seizures during the sampling
period. The mean (seconds ± S.D.) duration of the IS in TLE was
405 ± 1491 (median 77), in XLE 58.6 ± 76 (median 26) and in IGE
66 ± 4.0 (median 66). The mean seizure burden (seconds ± S.D.) in
the TLE group was 549 ± 1575, in the XLE group it was 1585 ± 5661
and in the IGE group, the mean burden was 81 ± 31.

2.3. Plasma sampling and biochemical analyses

Plasma samples were collected at the onset of video-EEG recording
and daily in the morning until patients had their IS and then at 3, 6, 12
and 24 h after the IS. The last sample before the seizure was considered
as the baseline sample. The samples were stored at −70 °C until ana-
lyzed. Plasma concentrations of IL-6 were determined by enzyme im-
munoassay (EIA) with commercial reagents (PeliPair ELISA, Sanquin,
Amsterdam, The Netherlands).

Table 1
Clinical characteristics of patients in video-EEG.

Temporal lobe
epilepsy

Extratemporal
lobe epilepsy

Generalized
epilepsy

No. of patients 23 22 4
Male/female 12/11 11/11 0/4
Age, mean (range) 40.0 (258) 30.0 (16–52) 32 (27–45)
BMI, mean (± S.D.) 25.9 ± 3.96 25.0 ± 4.59 26.2 ± 3.51
Mean duration of epilepsy,

years (range)
23.2 (2–56) 19.6 (1–52) 18.3 (6–32)

Mean seizure frequency/
montha (range)

8.5 (0.5–30) 59.5 (0.5–240) 1.9 (9.5–4)

Mean number of AEDs 2.17 2.50 2.25
Patient on mono-/

polytherapy
4/19 2/19 1/3

MRI findings
Normal 4 11 3
HS 13 0 Not applicable
Cortical dysplasia 3 5 Not applicable
Other 3 6 1 (vascular

lesion)
Index seizure type
SPS 1 3 (1 SPSE) Not applicable
CPS 19 15 Not applicable
TCS 3 3 4

Lateralization
Right 4 11 Not applicable
Left 18 5 Not applicable
Right and left or
unknown

1 6 Not applicable

VNS/earlier epilepsy
surgery

2/0 1/1 −/−

AED, Antiepileptic drug; CPS, Complex partial seizure; BMI, Body mass in-
dex = weight kg/height m2; HS, Hippocampal sclerosis; TCS, tonic-clonic seizure; SPS,
Simple partial seizure; SPSE, Simple partial status epilepticus; VNS, Vagus nerve stimu-
lator.

a During the last year.
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3. Statistical analysis

Descriptive statistics (frequencies or means and standard deviations
(SD)) were reported to the summarize patients' characteristics.
Medians, means and standard error of the means (SEM) were calculated
in the comparison of differences between maximum IL-6 value after IS
and the baseline concentration of IL-6. Due to the positive skewed
distribution, Mann-Whitney U test or Kruskal-Wallis test was applied to
evaluate the difference between the maximum and baseline IL-6 con-
centration.

Linear regression analysis was used to assess the difference between
age (≤32,> 32), epilepsy syndrome, TLE with and without HS,
etiology, index seizure type, lateralization, AEDs, and duration of index
seizure (< 100, ≥100) on log-transformed baseline IL-6 levels. Each
model was adjusted for age and sex. Geometric mean ratios from linear

regression models were achieved by taking the exponential value of the
coefficients. Analysis of variance (ANOVA) for repeated measures was
used to investigate between- and within-groups changes in log-trans-
formed IL-6 level over five time points (from baseline to 3, 6, 12, and
24 h).

All analyses were conducted using Stata statistical software version
13.1 (StataCorp, College Station, Texas, USA) and IBM SPSS Statistics
for Windows, version 22. In all of the statistical tests, p-values < 0.05
were considered significant.

4. Results

4.1. The baseline levels of IL-6

The baseline levels of IL-6 were not significantly different in the

Table 2
IL6 level at baseline, and repeated measurements at 3, 6, 12, and 24 h after index seizure.

n Baseline IL6 (pg/l) Measurements 0–24

Median Mean SD GMRadj PLTLR PANOVA PQuadratic

Epileptic patients 49 4.22 5.87 7.05 0.025W 0.12
Age (mean 40, range 20–58) 0.070B

≤ 32Ref 25 4.22 6.94 8.94 1.00 0.12W 0.15
> 32 24 4.27 4.76 4.22 0.79 0.42 0.077W 0.55

Syndrome 0.52B

XLE (male/female 11/13)Ref 22 4.80 5.60 4.08 1.00 0.14W 0.84
TLE (male/female 12/11) 23 4.33 6.76 9.43 0.98 0.95 0.14W 0.30
IGE (male/female 0/4) 4 2.41 2.22 1.46 0.47 0.20 0.22W 0.20
Hippocampal sclerosis (HS) 0.99B

TLE without HSRef 9 4.56 9.69 14.2 1.00 0.67W 0.98
TLE with HS 14 4.27 4.88 4.13 0.70 0.51 0.054W 0.19

Etiology 0.81B

CryptogenicRef 18 4.80 5.56 4.01 1.00 0.24W 0.30
Hippocampal sclerosis 14 4.27 4.88 4.13 0.81 0.57 0.054W 0.19
Cortical dysplasia 7 4.22 6.82 6.27 1.20 0.69 0.57W 0.56
Other 10 2.20 7.16 13.4 0.65 0.31 0.27W 0.47

Index seizure type 0.27B

TCSRef 10 2.80 2.85 2.23 1.00 0.052W 0.096
CPS, SPS, or SPSE 39 4.44 6.65 7.66 2.30 0.022 0.058W 0.52

Lateralization 0.81B

RightRef 14 4.39 4.73 2.95 1.00 0.11W 0.40
Left 21 4.21 6.92 9.84 0.90 0.77 0.33W 0.35
Right and left or unknown 14 3.43 5.44 4.77 0.80 0.59 0.21W 0.15

Using enzyme-including AED 0.29B

NoRef 15 3.33 6.12 5.82 1.00 0.27W 0.17
Weak (oxcarbazepine) 13 4.56 8.09 11.5 1.19 0.66 0.21W 0.15
Strong (carbamazepine/phenytoin) 21 3.53 4.32 3.30 0.87 0.73 0.057W 0.23

Duration of index seizure (median 1 min, range 5 s–5 min) 0.98B

< 100 sRef 37 4.22 6.40 7.86 1.00 0.53W 0.65
≥ 100 s 12 3.64 4.25 3.33 0.83 0.60 0.019W 0.070

Low baseline IL6 (< 5 pg/ml) 0.60B

XLERef 12 2.21 2.52 1.40 1.00 0.28W 0.76
TLE 15 1.98 2.50 1.55 0.96 0.90 0.007W 0.039

High baseline IL6 (≥5 pg/ml) 0.79B

XLERef 10 8.91 9.30 2.94 1.00 0.35W 0.74
TLE 8 10.1 14.8 12.8 1.58 0.16 0.33W 0.12

≤ 10 seizures/month during last year 0.91B

XLERef 5 4.84 4.62 3.54 1.00 0.28W 0.26
TLE 17 3.18 6.16 10.5 0.93 0.92 0.020W 0.083

> 10 seizures/month during last year 0.70B

XLERef 17 4.75 5.89 4.28 1.00 0.50W 0.85
TLE 6 7.35 8.47 5.95 1.81 0.21 0.51W 0.34

Adj GMR: Geometric mean ratio [geometric mean in a group divided by mean in the reference (Ref.) group] adjusted for age and sex.
LTLR: log-transformed linear regression adjusted for age and sex.
ANOVA: Log-transformed repeated measures analysis of variance (B: Test of between-groups effects, W: Test of within-groups effects); Quadratic: Quadratic trend analysis.
H0 to max: Difference between baseline IL6 value and maximum value after seizure.
MWT: Mann-Whitney test or Kruskal-Wallis test if three or more groups.
AED: Antiepileptic drug.
SD: Standard deviation.
AED: Antiepileptic drug, CPS: Complex partial seizure, IGE: Idiopathic generalized epilepsy, SPS: Simple partial seizure, SPSE: Simple partial status epilepticus, TCS: tonic-clonic seizure,
TLE: temporal lobe epilepsy; XLE: extra-temporal lobe epilepsy.
The significant parameters are highlighted with bold characteristics.
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patients with the three distinctive types of epilepsy (Table 2). There was
no effect of pre-VEEG seizure frequency on baseline IL-6 concentra-
tions. No associations were detected between the baseline levels IL-6
and the patient's age, etiology, the use of enzyme-including AED,
duration of epilepsy, duration of index seizure or lateralization. In pa-
tients with focal simple or complex partial seizure as the IS, the IL-6
baseline concentration was significantly higher compared to patients
with TCS as their IS (6.65 vs. 2.85 pg/ml, unadjusted model p = 0.024
and sex- and age-adjusted model p = 0.022).

4.2. Seizure induced production of IL-6

4.2.1. The postictal levels of IL-6 in the time sequence with reference to
seizure types

The levels of IL-6 were significantly increased at all time points
between 3 h and 24 h after the IS compared to the baseline when all
seizures were analyzed (p = 0.032 3 h, p = 0.019 6 h, p < 0,001 12 h
and 24 h; Wilcoxon signed ranks test).

Levels of IL-6 were significantly higher at the 3 h (p = 0.007) and
6 h (p = 0.053) time points after TCS in comparison to SPS and CPS.
Postictal levels of IL-6 were higher at the 3 h time point after focal onset
TCS (P = 0.019) and primary generalized TCS (P = 0.040) when
compared to CPS. Levels of IL-6 were significantly higher at the 6 h time
point after TCS compared to those after SPS at the same time; respective
P values 0.028 and 0.050.

4.2.2. Difference between maximum and baseline concentrations of IL-6
There was a significant difference between TLE and XLE with an

elevated plasma level of IL-6 in patients with TLE (Table 3). The pa-
tients with frequent seizures displayed a smaller increase after single
seizures compared with those with infrequent seizures (Fig. 1). The

higher the total seizure burden during the registration, the greater the
IL-6 response.

No correlation was found between the production of IL-6 and the
duration of epilepsy or BMI in any patient or in seizure type subgroups.
Lateralization of epilepsy exerted no influence on the absolute change
of IL-6 levels, in patients with left lateralization, the relative change
was higher than in patients with right lateralization (mean 1.17 vs 0.44;
median 0.28 vs 0.17), but the difference was not statistically significant
(Mann-Whitney test p = 0.47 and 0.84).

The following characteristics were associated with an increase in IL-
6 concentrations during 24 h after the IS (Fig. 1); 1) a duration of the
index seizure longer than 100 s, 2) a low baseline IL-6 and 3) fewer than
10 seizures/month in patients with TLE were associated with an in-
crease in IL-6 concentrations during 24 h after the IS (Table 2). There
was also an increasing tendency for elevated IL-6 levels between re-
peated measurements of IL-6 levels after the IS in older patients
(p = 0.077), as well as in TLE patients with hippocampal sclerosis
(p = 0.054) and in patients using strong enzyme-including AEDs
(p = 0.057).

4.2.3. The effect of baseline IL-6 concentration on the seizure induced
production in TLE and XLE

If the baseline level of IL-6 was low (under 5 pg/ml), the IS induced
a significantly greater elevation in both absolute and relative IL-6
concentrations in patients with TLE but not in those with XLE (median
relative change 1.10 vs 0.28, p = 0.006 Independent Samples Median
Test; median absolute change 3.01 vs 0.52; Mann-Whitney U test

Table 3
Difference between maximum and baseline concentration of IL-6.

n Median Mean Std. error Pa

Patients with epilepsy 49 0.94 1.81 0.53
Age 0.38
≤32 25 1.21 2.49 0.71
> 32 24 0.87 1.11 0.79
Epilepsy syndrome 0.035

XLE 22 0.69 0.93 0.20
TLE 23 1.47 2.19 0.97

Lateralization of seizure 0.41
Left 21 1.14 1.85 1.04
Right 14 0.71 1.57 0.44

IS type 0.32
TCS 10 1.74 3.48 1.49
SPS/CPS 39 0.93 1.38 0.54

Duration of epilepsy 0.93
≤18 24 0.86 2.71 0.81
> 18 24 1.10 0.91 0.70

Seizures per month last year 0.020
≤10 26 1.52 3.02 0.73
> 10 23 0.61 0.44 0.69

Duration of index seizure (sec) 0.16
≤65 25 0.81 1.02 0.83

> 65 24 1.52 2.63 0.63
Seizure burden, all seizures
(including IS, sec)

0.030

0–99 17 0.60 0.11 0.91
100+ 32 1.33 2.71 0.61

BMI (kg/m2) 0.78
< 25 22 1.11 1.37 0.26
≥25 27 0.93 2.17 0.95

BMI = body mass index, CPS = Complex partial seizure, IS = index seizure;
TLE = temporal lobe epilepsy; SPS = Simple partial seizure, XLE = extra-temporal lobe
epilepsy.
The significant parameters are highlighted with bold characters.

a Mann-Whitney test.

Fig. 1. IL-6 levels before (0 h) and 3, 6, 12, and 24 h after the index seizure A. in patients
with TLE with HS; in patients with TLE ≤ 10 seizures/month during last year; in patients
using strong enzyme-inducing AED (carbamazepine/phenytoin); in patients with age over
32 years of age; and in patients with TLE, low baseline IL-6 (< 5 pg/ml) B. in patients
with SPS, CPS, or SPSE; in patients with duration of the IS ≥ 100 s, and in patients with
TCS. AED, Antiepileptic drug; CPS, Complex partial seizure; IS, index seizure; HS,
Hippocampal sclerosis; SPS, Simple partial seizure; SPSE, Simple partial status epi-
lepticus, TCS, tonic-clonic seizure; TLE, Temporal lobe epilepsy.
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p = 0.004) (Fig. 2). In terms of the maximum increase from the base-
line IL-6 level (i.e. the highest IL-6 level assayed in the four measure-
ments after IS minus the baseline level), Mann-Whitney U test also
confirmed the difference between TLE and XLE patients with a low
baseline IL-6 concentration (< 5 pg/ml) (p = 0.003). The trend ana-
lysis also showed a significant quadratic trend (downward U-shape) for
patients with TLE and low baseline IL-6 levels (Table 2, p = 0.039).
There were no similar results if the TLE or the XLE patients exhibited a
high baseline IL-6 concentration (median absolute change 0.59 vs 0.86,
NS; median relative change 0.07 vs 0.52; NS). In XLE, the baseline level
had no influence on IL-6 concentrations after the IS (Table 4).

5. Discussion

This study provides new information about the regulation of IL-6
levels in patients with refractory epilepsy. The most important new
finding in the present study is that seizure related serum IL-6 produc-
tion is dependent on the baseline IL-6 levels in patients with TLE. On
the other hand, high baseline levels are related to the seizure frequency.

Patients who had experienced fewer than 10 monthly seizures
during the previous year showed a significant increase in IL-6 level after
the IS. In a subgroup analysis, it was found that patients with TLE and
infrequent seizures exhibited a significant increase in IL-6 level after the
IS, but there was no similar effect in XLE. There has been reported to be

some patients with TLE who have chronically elevated IL-6 con-
centrations (Liimatainen et al., 2009). In our study the patients with
low levels of IL-6 responded to single seizures with a significant IL-6
raise. These findings seem to be specific to TLE, since patients with XLE
do not show similar findings. Patients experiencing longer seizures
lasting at least 100 s, had elevated IL-6 levels postictally compared with
the patients with shorter seizures. We also confirmed a previous finding
that seizures elevate IL-6 concentration postictally. We also noted that
seizure type exerted an effect on baseline IL-6 levels, i.e. IL-6 levels
were higher in patients with TCS. Finally it was observed that the
maximum change in the IL-6 level after IS was significantly greater in
TLE than in XLE.

The present study provides additional data to highlight the differ-
ences between TLE and XLE. In a previous study only in the TLE group
was an increase in plasma levels of IL-6 observed (Alapirtti et al., 2009).
Here, in a substantially larger number of patients, the maximum ele-
vation in the serum IL-6 levels after IS was significantly greater in TLE
than in XLE. In another study, the serum levels of IL-6 were chronically
elevated in epilepsy patients compared to healthy controls, and serum
levels of IL-6 were higher in patients with TLE compared to XLE
(Liimatainen et al., 2009). In that study, there was a subgroup of pa-
tients with TLE, who had IL-6 levels over 5 pg/ml, but all of the patients
with XLE or healthy controls had levels below 5 pg/ml. In our study in
patients with a low baseline IL-6 level (under 5 pg/ml), seizures in-
duced a higher maximum elevation in both absolute and relative values
of IL-6 in patients with TLE but not in those with XLE. This was not the
case if TLE or XLE patient had a high baseline IL-6 concentration. As far
as we are aware, this is the first study to demonstrate that lower chronic
IL-6 levels in TLE are associated with a more profound IL-6 response
after a single seizure. In contrast, if the baseline IL-6 level was already
high, there was no major IL-6 response after the seizure.

TLE is the most common focal epilepsy type, and the temporal lobe
is vulnerable in many conditions affecting the brain. There is ample
evidence to suggest that TLE may be a progressive disease and lead to
hippocampal atrophy (Pitkänen and Sutula, 2002). Peripheral IL-6 ac-
tivation may reflect this insidious pathology. If in the TLE IL-6 con-
centration is constantly elevated, the levels of this cytokine are not
elevated by a seizure, which may be attributable to the ongoing active
inflammation process. In a previous study in VEEG settings, all patients
with elevated CRP had TLE vs. none in XLE (Alapirtti et al., 2012).
There is another study reporting elevated concentrations of two mar-
kers of brain damage, neuron-specific enolase and S-100b protein
postictally in TLE but not in XLE patients, supporting also the hypoth-
esis that seizures may cause neuronal damage in TLE and this damage is
reflected in peripheral blood and CSF measurements of these bio-
markers (Palmio et al., 2008). According to experimental studies, IL-6 is
considered as a proconvulsant compound (Kalueff et al., 2004). In TLE,
there may be subgroups of patients, with some having more intense
chronic inflammation with higher levels of IL-6 without any observable
incremental effects after a single seizure. This immunological response
in TLE also correlates with the seizure frequency noted here; in patients
with< 10 seizures per month during the last year, the maximum
change after a single seizure was higher than in patients with more
frequent seizures.

The results from the present study also confirm previous findings on

Fig. 2. The effect of baseline IL-6 concentration on the seizure induced maximum pro-
duction in TLE and XLE. Box and whisker plot legend: midline = median, dot = mean,
box = 25th and 75th percentiles, whiskers = min and max values.

Table 4
The effect of baseline IL-6 concentration on the seizure induced production in TLE and XLE.

TLE XLE

N Mean (sem) Med (min/max) N Mean (sem) Med (min/max)

Mean relative change in patients with low baseline IL-6 (< 5) 15 2.06 (0.61) 1.10 (−0.01/8.62) 12 0.39 (0.15) 0.28 (−0.28/1.58)
Mean relative change in patients with high baseline IL-6 (5+) 8 −0.01 (0.10) 0.07 (−0.73/0.23) 10 0.14 (0.05) 0.10 (0.03/0.60)
Mean absolute change in patients with low baseline IL-6 (< 5) 15 3.34 (0.76) 3.01 (−0.01/9.74) 12 0.68 (0.19) 0.52 (−0.59/1.90)
Mean absolute change in patients with high baseline IL-6 (5+) 8 0.04 (2.30) 0.59 (−13.7/10.2) 10 1.23 (0.37) 0.86 (0.22/4.19)
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IL-6 reactions after epileptic seizures. These published studies with
smaller patient groups have revealed increased plasma IL-6 levels more
often after TCS than after complex partial seizures in video-EEG
(Lehtimäki et al., 2007). The present study with a larger patient po-
pulation detected increased levels of IL-6 at all time points between 3 h
and 24 h after the IS compared to the baseline. The increase of IL-6
levels was more prominent after the more severe seizure types at the 3 h
and 6 h time points In TCS, the seizure activity spreads throughout the
brain, whereas in SPS and CPS, the epileptic activity is restricted to the
seizure focus and associated structures, and there may be less leakage
through the BBB to plasma. Unlike in previous reports (Alapirtti et al.,
2009; Lehtimäki et al., 2007), in the present study, postictally increased
IL-6 levels had still not returned to the baseline level within 24 h.
Postictal IL-6 levels remained elevated also in another video-EEG study
(Bauer et al., 2009). After TCSs Uludag et al. (2013) reported higher
plasma IL-6 levels at 24 h than at baseline (Uludag et al., 2013). Bauer
et al. (Bauer et al., 2009) measured higher levels after right-sided sei-
zures as compared to left-sided, but in our study there was no difference
between the lateralization of the seizure focus. A previous study re-
ported that the C-reactive protein (CRP) concentration was significantly
higher in patients with refractory focal epilepsy than in controls, and
after a single seizure, the most important predictor of an increase in
CRP level was that the seizure was tonic-clonic type (Alapirtti et al.,
2012). Analysis of CSF would have been interesting in our present
evaluation, but unfortunately, it was not possible to collect these
samples during video-EEG monitoring.

The strength of our study is that video-EEG provides opportunity of
exactly defining in detail the extent, localization and duration of sei-
zures in a controlled environment. By examining patients with chronic
epilepsy, it was also possible to exclude acute causes of seizures, e.g.
trauma, infections, stroke, which may themselves also induce cytokine
production. On the other hand as a limitation to our study we have only
a few patients in the idiopathic generalized epilepsy group making it
more difficult to draw definitive conclusions concerning that epilepsy
type. The results of this study highlight the complexity of factors in-
volved in the seizure induced production of the inflammatory cytokine,
IL-6. The major factor is the epilepsy type of the focal epilepsies, with
increased production of IL-6 in TLE compared to XLE. The response to a
single seizure in TLE is dependent on the previous seizure frequency
and IL-6 concentration. There is no elevation in IL-6 levels after a single
seizure in patients with frequent seizures, instead these patients display
a chronically elevated IL-6 concentration. In contrast, patients with
infrequent seizures and who have low baseline IL-6 levels exhibit a
significant elevation in this cytokine's level after a single seizure. All
patients suffering TCS (both focal and generalized) show an augmented
response in comparison to patients with other seizure types.
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SUMMARY

Purpose: C-reactive protein (CRP) has been studied

extensively in many noninflammatory neurologic condi-

tions, but there has been little study of CRP in the context

of seizures or epilepsy. The purpose of this study was to

examine CRP concentrations in patients with refractory

focal epilepsy who were undergoing video-electroenceph-

alography (EEG) monitoring compared with healthy con-

trols, and CRP change during 24 h after a seizure.

Methods: CRP levels were measured in serum at the

onset of video-EEG recording (CRP-0h) and at 3, 6, 12,

and 24 h after index seizure (the first verified localized-

onset seizure) in 31 patients during inpatient video-EEG

monitoring by using high sensitivity measurement of CRP

concentration. The patients were categorized into two

groups: temporal lobe epilepsy (TLE; n = 15) and extra-

temporal lobe epilepsy (XLE; n = 16). Eighty healthy vol-

unteers served as controls.

Key Findings: CRP-0h concentration was significantly

higher in patients with refractory focal epilepsy than in

controls (3.5 vs. 0.7 mg/ml, p < 0.001). All five patients

with elevated CRP-0h (>mean + 2 standard deviations in

controls) had TLE (vs. none in XLE; p = 0.018). Index sei-

zure type was associated with CRP increase from baseline

to maximum level after index seizure (p = 0.005). The

most important predictor of increase in CRP level was

secondarily generalized tonic–clonic seizure (SGTCS;

p = 0.030).

Significance: The higher baseline levels in patients with

epilepsy compared with healthy controls demonstrates

that CRP concentrations are also affected in refractory

epilepsy. Our data suggest that SGTCS stimulates CRP

production. These results emphasize the association

between inflammation and refractory epilepsy.

KEY WORDS: Refractory epilepsy, Temporal lobe epilepsy,

Video-EEG, C-Reactive protein, Seizure, Interleukin-6.

C-reactive protein (CRP) is an acute-phase short pentrax-
in protein that is produced mainly in the liver in response to
inflammatory signals, most prominently interleukin-6
(IL-6) (Mantovani et al., 2008). CRP was recognized initially
as an inflammatory marker, but recently it has been studied
extensively in many noninflammatory neurologic condi-
tions; however, there has been little study of CRP in the con-
text of seizures or epilepsy.

Elevated CRP level is a well-known biomarker of athero-
sclerotic cardiovascular disease risk (Ballantyne et al.,
2005). In addition, CRP appears to play a role in neurode-
generative diseases. In dementia, higher levels of markers
of inflammation such as CRP (Engelhart et al., 2004) and
IL-6 have been reported (Dziedzic, 2006). High CRP con-

centrations are also detected in patients with mild cognitive
impairment, which seems to predict the development of
dementia years later (Xu et al., 2009). The same phenome-
non is also observed in children with Down syndrome and
later onset of dementia (Licastro et al., 2005). In experimen-
tal models it has been suggested that elevated CRP level
even contributes to memory loss and early phase of patho-
genesis of Alzheimer’s disease (Lin et al., 2009).

There is accumulating evidence of inflammation in epi-
lepsy. Increased IL-6 (Hulkkonen et al., 2004) and CRP
(Peltola et al., 2002) concentrations have been measured in
patients with previously undiagnosed and untreated tonic–
clonic seizures without any evidence of systemic or central
nervous system infections. IL-6 concentration was also
chronically increased in patients with epilepsy compared
with healthy controls, more prevalently in patients with tem-
poral lobe epilepsy (TLE) compared with extratemporal lobe
epilepsy (XLE) (Liimatainen et al., 2009). TLE with recur-
ring seizures may be a progressive disorder leading to neuro-
pathologic changes with increasing severity of epilepsy and
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cognitive decline (Pitk�nen & Sutula, 2002). In our previous
study, patients with refractory TLE had increased plasma IL-
6 concentrations after seizures, whereas in XLE patients
there was no change (Alapirtti et al., 2009).

According to a recent study, antiepileptic drugs (AEDs)
influence CRP concentrations depending on their liver
enzyme–inducing properties. In patients with epilepsy on a
monotherapy regimen, switch from either phenytoin or car-
bamazepine to noninducing AEDs produces significant
declines in CRP ()31.4%; p = 0.027) (Mintzer et al.,
2009). The association between CRP level and use of
enzyme-inducing drugs in patients with refractory epilepsy,
however, remains unknown.

The aims of this study were (1) to ascertain whether CRP
levels change after an acute seizure in patients with refrac-
tory epilepsy; (2) to evaluate the difference in baseline CRP
levels between patients and healthy controls; and (3) to
assess whether elevated CRP levels or change in levels is
associated with epilepsy syndrome, etiology, epilepsy dura-
tion, seizure type, seizure duration, seizure frequency prior
to the seizure, or current use of enzyme-inducing AEDs
such as phenytoin or carbamazepine.

Methods

Classification of patients
Thirty-one patients with refractory focal epilepsy admit-

ted to the video-electroencephalography (EEG) monitoring
unit of the Tampere University Hospital were included in
the study. All patients provided written informed consent.
The study protocol was approved by the ethics committee of
the Tampere University Hospital.

All the patients underwent continuous video-EEG moni-
toring for 4 days for electroclinical characterization of their
seizures as part of the routine clinical evaluation for possible
epilepsy surgery. Ictal scalp recordings were obtained using
synchronous digital video and 24-channel standard bipolar
EEG. Electrodes were placed according to the International
10–20 System with additional mastoid and anterior cheek
electrodes. All patients underwent a diagnostic brain mag-
netic resonance imaging (MRI) examination on a 1.5 Tesla
machine (General Electric Signa HD, Milwaukee, WI,

U.S.A.). Seizures and epileptic syndromes were classified
according to the International League Against Epilepsy
(ILAE) diagnostic criteria (Commission on Classification
and Terminology of the International League Against Epi-
lepsy, 1981). An anticonvulsant medication was discontin-
ued in a stepwise fashion during the monitoring by
evaluation of the staff epileptologist.

Localization of the seizure focus was recorded, and sei-
zures were categorized as simple partial (SPS), complex
partial (CPS), or secondarily generalized tonic–clonic sei-
zure (SGTCS). The first unequivocally verified localized
onset seizure during the video-EEG monitoring was consid-
ered as the index seizure. All other seizures after the index
seizure during the next 24 h were also registered. Baseline
characteristics of patients are presented in Table 1.

Controls
Eighty healthy volunteers served as controls (66 women

and 14 men; mean age 30 years, range 19–55 years). Data
on volunteers were presented in more detail in a previous
study (Laihia et al., 2005).

Blood sampling and biochemical analyses
Blood samples were collected at the beginning of the

4-day recordings, and at 3, 6, 12, and 24 h after the index sei-
zure. The serum samples were stored at )70�C prior to analysis.
High sensitivity measurement of CRP was performed in
Department of Virology, University of Turku, Finland, as
described earlier (Koskinen et al., 2004). High sensitivity
measurement of CRP, also referred as hsCRP, was used to
detect lower concentrations of the protein more accurately
than the standard test, which measures a much wider range
of CRP levels but is less sensitive in the lower range.

Statistical analysis
Because of a positive skewness in the distribution of CRP

levels, log-transformation was applied to almost all of the
analyses. The p-value and geometric mean ratio from log-
transformed linear regression analysis of CRP level
(adjusted for age and sex) were calculated using STATA
software, version 8 (StataCorp LP, College Station, Texas,
U.S.A.). CRP levels were also categorized into normal and

Table 1. Clinical characteristics of patients

Epilepsy

syndrome

No of

patients

Male/

female

Age, mean

(range)

Mean

duration

of epilepsy,

years (range)

Mean seizure

frequency/

month*

(range)

Patients

receiving

monotherapy/

polytherapy

MRI findings Index seizure type

Normal HS

Cortical

dysplasia Other SPS CPS SGTCS

Temporal

lobe epilepsy

15 8/7 40.3 (20–58) 24.2 (2–56) 7.4 (0.5–26) 3/12 4 10 1 1 1 11 3

Extratemporal

epilepsy

16 7/9 28.3 (16–52) 16.2 (1–52) 40.8 (0.5–200) 3/12 8 – 4 4 4 10 2

HS, hippocampal sclerosis; SPS, simple partial seizure; CPS, complex partial seizure; SGTCS, secondary generalized tonic–clonic seizure.
*During the last year.
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elevated by cutoff of mean CRP level plus two standard
deviations (SDs) in controls (5.8 mg/l). Logistic regression
was used for binomial CRP seropositivity data analysis.
When logistic regression analysis was not applicable due to
zero cells, Fisher’s exact test was performed. Log-trans-
formed repeated-measures analysis of variance (ANOVA)
was performed, using MedCalc software version 10.4.0.0
(MedCalc Software, Mariakerke, Belgium), to assess the
change in CRP levels from baseline to 3, 6, 12, and 24 h
after index seizure. Linear and quadratic trend analyses
were performed to identify trend of CRP values after index
seizure. Variables such as age, duration of epilepsy, dura-
tion of index seizure, and number of AEDs were used as
continuous variables in the analyses when applicable. For
illustration purposes and analyzing between-groups and
within-group effects these variables were categorized into
two groups based on their mean or median depending on
their distribution.

Results

Based on the findings in the video-EEG recordings and
MRI, 15 of the patients had TLE and 16 patients had XLE
(14 frontal lobe and 2 parietal lobe epilepsy). Six patients
were receiving monotherapy, 24 were receiving polytherapy
(the mean number of medications 2.3), and one patient had
no medication. Three patients were treated in addition to
AEDs with vagus nerve stimulation. AEDs were classified
into three categories based on their enzyme-inducing prop-
erties: noninducing, weak, and strong enzyme inducer. One
of the patients with XLE was taking oral contraception hor-
mone therapy, one had transdermal hormone replacement
therapy, and two had levonorgestrel intrauterine device. In
the TLE group, one patient had transdermal hormone
replacement therapy and one had levonorgestrel intrauterine
device. Three of the patients with TLE were smokers; five
of the patients with XLE were smokers. None of the patients
were receiving statin therapy. There was no substantial dif-
ference in body mass index between the groups (TLE: mean
25.4 € 3.5 kg/m2, median 26.0 kg/m2; XLE: mean 25.3 €
4.0 kg/m2, median 25.4 kg/m2).

Cases versus controls at baseline
The baseline serum level of CRP (CRP-0h) was signifi-

cantly higher in patients with refractory epilepsy compared
with controls (3.5 vs. 0.7 mg/ml, p < 0.001). All patients
with epilepsy had CRP-0h level higher than 0.1 mg/L
(Fig. 1). Mean CRP-0h was higher in the TLE group than in
the XLE group, but this difference was not statistically sig-
nificant (sex- and age-adjusted geometric mean ratio: 1.5,
95% CI 0.6–3.9). When CRP-0h levels were converted to a
binomial variable, all five patients with elevated CRP-0h
(>5.8 mg/L [mean + 2 SD in controls] had TLE, and only
one control had elevated CRP-0h (TLE vs. none in XLE,
p = 0.018; cases vs. control p = 0.006; TLE vs. control,

p < 0.001; TLE + hippocampal sclerosis [HS] vs. TLE-HS,
p = 0.600; Fig. 1).

In patients with epilepsy with strong enzyme inducers
(carbamazepine or phenytoin) the mean CRP-0h levels were
twice as high as in patients with noninducing drugs, but this
difference did not reach statistical significance (p = 0.084).

Higher CRP-0h levels were associated with lower num-
bers of AEDs (p < 0.001). Higher CRP-0h levels were also
detected in patients with older age at diagnosis (or shorter
duration; p = 0.058) (Table 2). In our sample, baseline CRP
level did not show any significant association with sex, eti-
ology, seizure frequency during the year before index
video-EEG, index seizure type, or duration of index seizure.
Older subjects (patients + controls) had higher CRP-0h
levels (p = 0.021). There was no statistically significant
difference between men and women in terms of body mass
index (26.5 and 24.3, respectively; p = 0.100).

Seizure-related changes
CRP level also increased significantly during 24 h after

the index seizure in four out of five patients with SGTCS as
index seizure, particularly after 3 h (ANOVA; p = 0.030;
Figs. 2 and 3). The overall pattern of CRP change after
index seizure was U shaped with an initial decrease in the
first 3 h and an increase afterward, mainly after 12 h
(Fig. 2). In general, the trend analysis showed a significant
quadratic trend when all 31 patients were analyzed together
(p = 0.029; Table 2). Quadratic trend was significant in
some subgroups of patients such as TLE syndrome and
duration of index seizure ‡1 min (Table 2).

Because index seizure type had significant interaction in
log-transformed repeated measures analyses of variance, the
analyses were repeated for each seizure type strata (test of
within-groups effects in Table 2). Mann-Whitney (rank-
sum) test also confirmed the difference between index

Figure 1.

C-reactive protein level in healthy controls and patients by syn-

drome (TLE, temporal lobe epilepsy; XLE, extra-TLE;

+++ = median, ) ) ) = interquartile range).
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seizure type (p = 0.005) in terms of maximum difference
with baseline CRP level (maximum CRP level among four
measurements after index seizure minus baseline level).

In line with baseline CRP level, older patients (p = 0.003)
had a significantly higher mean of all five CRP measure-
ments during the baseline and 24 h measurements after the
index seizure (in logarithmic scale; test of between-groups

effects in Table 2). In patients with vagus nerve stimulation,
CRP was not higher than in other patients with epilepsy.

Discussion

The major findings in our study are related to seizure-
induced differences in CRP levels as well as to the baseline

Table 2. C-reactive protein level at baseline and repeated measurements at 3, 6, 12, and 24 h after index seizure

n

Baseline (0 h) C-reactive protein (mg/L) Measurements 0–24 0 h to max

Median Mean SD Adj GMR P LTLR P ANOVA P Quadratic P MWT

All 111 0.3 1.5 3.3 <0.001

Healthy controlsRef 80 0.3 0.7 2.6 1.0

Patients with epilepsy 31 2.0 3.5 4.0 10.1 0.224W 0.029

Age (mean 34, range 16–58) 1.04 0.033a 0.003B 0.451

£34Ref 17 1.2 2.6 2.9 0.522W 0.522

>34 14 2.4 4.7 5.0 0.369W 0.369

Syndrome 0.378 0.060B 0.874

XLERef 16 1.2 2.0 1.7 1.0 0.888W 0.518

TLE 15 2.8 5.2 5.1 1.5 0.222W 0.035

Hippocampal sclerosis (HS) 0.786 0.920B 0.953

TLE without HSRef 5 2.8 4.9 5.4 1.0 0.366W 0.196

TLE with HS 10 2.8 5.3 5.3 0.8 0.391W 0.125

Etiology 0.191B 0.574

CryptogenicRef 11 2.0 3.5 4.0 1.0 0.387W 0.122

Hippocampal sclerosis 10 2.8 5.3 5.3 1.2 0.797 0.391W 0.125

Cortical dysplasia 5 1.0 1.2 1.0 0.4 0.112 0.356W 0.224

Other 5 2.0 2.4 1.4 1.6 0.448 0.377W 0.394

Index seizure type 0.317 0.884B 0.005

Generalized (SGTCS)Ref 5 1.2 2.0 2.1 1.0 0.030W 0.073

Partial (CPS, SPS, or SPSE) 26 2.0 3.8 4.3 1.7 0.157W 0.202

Duration of index seizure (median

1 min, range 5 s to 5 min)

0.8 0.267* 0.160B 0.081

<1 minRef 12 1.6 2.1 1.7 0.033W 0.739

‡1 min 19 2.0 4.4 4.8 0.132W 0.029

Using enzyme-inducing AED 0.458B 0.287

NoRef 8 1.4 2.4 2.4 1.0 0.820W 0.937

Weak (oxcarbazepine) 10 1.9 2.4 2.1 1.1 0.875 0.179W 0.107

Strong (carbamazepine/phenytoin) 13 2.0 5.1 5.4 1.6 0.385 0.246W 0.084

*The variable was used as continuous in the analysis. Adj GMR, geometric mean ratio [geometric mean in a group divided by mean in the reference (Ref) group]
adjusted for age and sex; LTLR, log-transformed linear regression adjusted for age and sex. ANOVA, log-transformed repeated-measures analysis of variance (B:
test of between-groups effects; W, test of within-groups effects); quadratic, quadratic trend analysis; 0 h to max, difference between baseline CRP value and maxi-
mum value after seizure; MWT: Mann-Whitney test; AED, antiepileptic drug; SD, standard deviation; SGTCS, secondarily generalized tonic–clonic seizure; SPS,
simple partial seizure, CPS, complex partial seizure, and SPSE, simple partial status epilepticus.

Figure 2.

Geometric mean trend of C-reac-

tive protein level at baseline (0h)

and 3, 6, 12, and 24 h after index

seizure (SGTCS, secondarily gener-

alized tonic–clonic seizure, TLE,

temporal lobe epilepsy; XLE, extra-

TLE; VNS, vagus nerve stimulation).
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differences. SGTCS caused a significant increase in CRP
levels, whereas SPS or CPS did not. Moreover, the baseline
levels in patients with refractory epilepsy are sixfold higher
compared with healthy controls, demonstrating that CRP
concentrations are also affected in refractory epilepsy.

There is an increasing interest in AED-related inflamma-
tory changes. The duration of AED therapy has been associ-
ated with the acceleration of atherosclerosis in patients with
epilepsy (70% refractory and polytherapy, no classification
of the syndrome), along with independent contributions of
age, gender, and oxidative stress to the atherosclerotic pro-
cess (Tan et al., 2009). The mean CRP concentration in
patients who were taking enzyme-inducing drugs was twice
as high as in patients taking noninducing drugs and probably
because of the small sample size the difference was not sta-
tistically significant. The baseline concentrations were
higher in patients with refractory epilepsy compared with
healthy controls. In a previous study, mean levels between
patients with epilepsy and controls were not different
(Mintzer et al., 2009), but in the present study, the patients
with XLE had fourfold and with TLE a ninefold increase
compared with controls.

The epilepsy type was significantly associated with CRP
concentrations; all five patients with elevated CRP-0h had
TLE compared with none with XLE. Mesial TLE (MTLE) is
the most commonly studied focal epilepsy. Refractory MTLE
is also the most common indication for epilepsy surgery, and
hippocampal atrophy seems to develop in the course of time
(Salmenper� et al., 2005); the hippocampal volume loss can
correlate with the number of generalized seizures, suggesting
seizure-associated hippocampal damage (Briellmann et al.,
2002). There is accumulating evidence from EEG, posi-

tron emission tomography, and magnetic resonance spectros-
copy that MTLE is a network disease affecting also
extrahippocampal structures (Wieser & ILAE Commission
on Neurosurgery of Epilepsy, 2004). Patients with TLE have
increased prevalence of generalized brain atrophy as well as
cerebellar atrophy (Seidenberg et al., 2005). There is much
less evidence of progressive damage in the extratemporal epi-
lepsy. There are also data on seizure-induced (Alapirtti et al.,
2009) and chronically increased production of IL-6 in ther-
apy-resistant TLE (Liimatainen et al., 2009). In addition,
highly proinflammatory plasma cytokine profile (high IL-6,
low IL-1Ra, and low IL-1Ra/IL-1b ratio) was found without
any evidence of increased production from peripheral blood
mononuclear cells (Hulkkonen et al., 2004). However, the
exact role of immune activation in disease progression in rela-
tion to TLE remains undetermined.

The seizure type was a major determinant of the CRP
responses after the index seizure. In four of five patients
with SGTCS, the index seizure CRP level increased, partic-
ularly after 3 h, whereas in partial seizures there was no
change after index seizure. IL-6 is a major inducer of CRP
(Mantovani et al., 2008). We have ample evidence suggest-
ing the activation of IL-6 system after epileptic seizures in
our previous studies, according to which the duration and
extent of the seizures is associated with a more pronounced
IL-6 response (Lehtim�ki et al., 2004). In a previous study
in patients with recent generalized tonic–clonic seizures,
plasma IL-6 concentrations correlated with peripheral blood
leukocyte counts and CRP; there was also evidence of acti-
vation of indicators of inflammation including CRP (Peltola
et al., 2002). Our data suggest that generalized tonic–clonic
seizures stimulate CRP production.

Figure 3.

Individual change in C-reactive

protein level at baseline (0 h), and 3,

6, 12, and 24 h after index seizure

type (SGTCS, secondarily

generalized tonic–clonic seizure;

SPS, simple partial seizure; CPS,

complex partial seizure; SPSE,

simple partial status epilepticus).
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In line with baseline CRP level, older patients had signifi-
cantly higher mean of all five CRP measurements during
the baseline and 24 h measurements after the index seizure.
Higher baseline CRP levels were also detected in those with
older age at diagnosis. In addition, CRP level was higher in
older controls than in younger controls. This is in line with
results of previous large studies from general population as
a well-known fact that CRP is higher in older people
(Donato et al., 2008).

Experimental and human studies have shown that chronic
inflammation may play a role also in the neurodegenerative
process. There are data that link activation of inflammatory
biomarkers such as IL-6 and total brain volume loss in
patients with dementia (Engelhart et al., 2004) and in the
general population (Jefferson et al., 2007). In nondemented
children with Down syndrome, plasma levels of IL-6, CRP,
soluble IL-6 receptor, soluble intercellular adhesion mole-
cule-3, and soluble vascular cell adhesion molecule-1 were
significantly higher than in control children as a possible
early sign of central nervous system alterations leading
many years later to cognitive deterioration and dementia
(Licastro et al., 2005). The increase of IL-6 and CRP from
children was Down syndrome was similar to that found in
elderly patients with clinical Alzheimer’s disease. As in a
recent study, elevated CRP was noted in patients with epi-
lepsy and at the same time increased intima media thickness
at the wall of the common carotid artery (Tan et al., 2009);
there may be increased risk of atherosclerosis either caused
by AEDs or epilepsy itself. In refractory epilepsy, especially
TLE, there is an increased risk of cognitive impairment
(Nearing et al., 2007), and the frequency of SGTCS was the
strongest predictor of decline (Thompson & Duncan, 2005);
complex partial seizure frequency was associated with a
decline in memory and executive skills but not in IQ. In
future studies the role of CRP as a predictor of subsequent
cognitive change should be evaluated also in patients with
epilepsy.

There are several limitations to our study. Because our
main focus was to evaluate seizure related changes, we have
not gathered all potentially relevant information about the
patients regarding all possible associations. A variety of fac-
tors have been recognized that are associated with minor
elevation of CRP such as high blood pressure, or hypertri-
glyceridemia, exposure to air pollution, periodontitis or
other low-grade inflammatory process, and poor physical
conditioning (Kushner et al., 2006). We have no patient
data about, for example, cholesterol level, blood pressure,
or exercise habits. However, our patients showed no signs
of clinical infections during registration.

The CRP levels in patients with refractory epilepsy higher
than in healthy controls emphasize the association between
inflammation and epilepsy. Our results suggest that the
more severe seizure type (SGTCS) shows a stronger inflam-
matory response after an acute seizure. The usefulness and
meaning of serial measurements of individual CRP

responses in different epilepsy syndromes requires a larger
study population.
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Abstract  

Objective: Cell-free DNA (cf-DNA) is a marker of inflammation and cell death. The purpose of the 

present study was to analyse the role of cf-DNA as a putative biomarker in refractory epilepsy. 

Methods: Baseline concentration of cf-DNA was measured in the serum of 51 carefully evaluated 

refractory epilepsy patients undergoing video-EEG monitoring. Epilepsy was classified based on 

seizure semiology, patient history and imaging findings. Majority of the patients (47) had focal 

epilepsy. The association of the concentration cf-DNA with different clinical determinants was 

analyzed. 250 healthy individuals served as control subjects. 

Results: The mean baseline concentration of cf-DNA was lower in patients with extra temporal 

lobe epilepsy (XTLE) compared to control subjects (0.72 μg/ml vs. 0.80 μg/ml; p = 0.001). The 

concentration of cf-DNA between patients with temporal lobe epilepsy (TLE) and control subjects 

was not significant. The maximum concentration of cf-DNA after baseline measurement was 

significantly lower in patients with duration of epilepsy ≥ 18 years compared to those with duration 

of epilepsy < 18 years (0.022 μg/ml vs. 0.031 μg/ml; p = 0.044). The maximum concentration of cf-

DNA was higher in patients with body mass index (BMI) ≥ 25 compared to those with BMI < 25 

(0.004 μg/ml vs. 0.041 μg/ml; p = 0.006). 

Discussion: The difference between the concentration of cf-DNA in patients with XTLE and 

control subjects strengthens the previous observations of the importance of epilepsy type with 

regard of different biomarkers.  

 

 



Introduction 

Focal epilepsies can be progressive disorders leading to permanent neuronal damage, worsening 

seizures, and cognitive decline.1 Biomarkers for neuronal damage could be useful in identifying 

patients in danger of progressive neuronal damage in an earlier state. Cell-free (circulating) nucleic 

acids are compounds which are dispersed in body fluids. Cell-free DNA (cf-DNA) has shown 

inflammatory and degenerative properties in a variety of medical conditions. The concentration of 

cf-DNA increases in trauma, sepsis, myocardial infarction, transplantation, and diabetes mellitus 

among other.2 Cf-DNA can activate the innate immune system and a strong correlation exists 

between the level of circulating nucleosomes, interleukin-6 (IL-6) and tumor necrosis factor α 

(TNF-α).2 DNA release following cell death and active secretion of DNA from cells are theoretical 

major sources of cf-DNA.2 Increased levels of cf-DNA have been measured in stroke and traumatic 

brain injury. 3,4 We have previously studied cf-DNA in epilepsy and observed increased 

concentration in focal epilepsy, especially in symptomatic epilepsy.5 In the acute setting, cf-DNA 

levels correlated with the severity of the disease and the outcome in patients with traumatic brain 

injury and stroke.3,4 The potential role of cf-DNA in neurological diseases is, however, not well 

established. 

 

We have previously studied various markers of inflammation and neuronal damage in refractory 

epilepsy patients undergoing video-EEG evaluation.6-9 The benefit of video-EEG is the possibility 

to exactly classify and evaluate the pre- and postictal effects of different seizure types and the 

duration of seizures on specific markers. In the present study we wanted to evaluate the baseline 

concentrations as well as the effect of acute seizures on the concentration of cf-DNA to better 

understand the significance of this specific marker and the association with various clinical 

determinants. Moreover, our aim was to increase the understanding of the complicated interplay 

between inflammatory and neurodegenerative processes in refractory epilepsy. 



 

Material and methods 

Fifty-one consecutive patients with refractory epilepsy admitted to the video-EEG monitoring unit 

of the Tampere University Hospital were included in the study. The study protocol was approved by 

the Ethics Committee of the Tampere University Hospital, and all the patients signed a written 

informed consent. The study protocol followed the guideline of Declaration of Helsinki and 

Uniform Requirements for manuscripts submitted to Biomedical journals. 

All patients underwent continuous video-EEG monitoring lasting for four days for electroclinical 

characterization of their seizures as part of the routine clinical evaluation for possible epilepsy 

surgery. Ictal scalp recordings were obtained using synchronous digital video and 24 channel 

standard bipolar EEG. Electrodes were placed according to the International 10-20 System with 

additional mastoid and anterior cheek electrodes. All patients underwent a diagnostic brain MRI 

examination on a 1.5 (General Electric, Sigma HD, Milwaukee, Wisconsin, USA) or 3.0 (Siemens 

Healthcare, Magnetom Trio A Tim system 3T, Erlangen, Germany) Tesla machine. Seizures and 

epileptic syndromes were classified according to the International League Against Epilepsy (ILAE) 

diagnostic criteria.10 Anticonvulsant medication was discontinued in a stepwise fashion during the 

monitoring by the evaluation of the staff epileptologist.  

Localization of the seizure focus was recorded and seizures were categorized as simple partial 

(SPS), complex partial (CPS), secondarily generalized tonic-clonic seizures (SGTCS), or primary 

generalized tonic-clonic seizures (PGTCS). The first unequivocally verified seizure during the 

video-EEG monitoring was considered as the index seizure (IS). All other seizures after IS during 

the next 24 hours were also registered. Based on the findings in the video-EEG recordings and MRI, 

23 patients had temporal lobe epilepsy (TLE), 24 patients had extratemporal lobe epilepsy (XTLE) 

(21 patients with frontal lobe, two with parietal lobe, and one with multilobar epilepsy), and four 



patients had idiopathic generalized epilepsy (IGE). Seven patients were on monotherapy, 43 on 

polytherapy (the mean number of medications 2.4), and one patient had no medication. In addition 

to antiepileptic drugs, 4 patients were treated with vagus nerve stimulation. One female patient with 

right hippocampal sclerosis was monitored twice over an interval of 23 months. Seizure burden was 

measured by the total duration of seizures recorded during the 24h sampling period. Body mass 

index (BMI) was recorded. 

 

Blood samples were collected at the onset of video-EEG recording and then daily in the morning 

until patients had their IS and at 3, 6, 12 and 24 hours after the IS. Last sample before the IS was the 

baseline sample. The samples were stored at -70 oC until analyzed. The concentration of circulating 

cf-DNA was measured directly in serum using a Quant-iTTM DNA High-Sensitivity Assay kit and a 

Qubit® fluorometer (Invitrogen, Carlsbad, CA, USA) following the standard protocol according to 

the manufacturer’s instructions. All the samples were analyzed in duplicate, and the mean of the 

two replicates was used as the final value. The third sample was analyzed if the difference between 

two values was more than 20%. 141 healthy female and 109 male served as control subjects.11 

 

Statistical analyses 

Descriptive analysis was used to outline the characteristics of the participants by scatterograms, 

frequencies, means and standard deviations. Due to the small sample size ordered logistic 

regression models (also known as proportional odds models) were used to test an association 

between concentration of cf-DNA at baseline (dependent variable) and patients’ age, etiology of 

epilepsy, duration of epilepsy, seizure frequency, or BMI (independent variables). We used median 

as a cut point to divide patients’ age, duration of epilepsy, seizure frequency, and BMI into two 

groups. In order to use ordered logistic regression models continuous cf-DNA was categorized into 



quartiles. Each model was adjusted for age and gender, and the assumption of proportional odds 

(i.e. that regression coefficients are constant across levels of dependent variable) were tested for all 

models by the test of parallel lines. 

The difference between the baseline and maximum concentration of cf-DNA after the baseline was 

calculated. Mann-Whitney U-test was used to compare the distributions of difference in patients’ 

age, duration of epilepsy, seizure frequency and BMI. Kruskal-Wallis test was used in etiology of 

epilepsy.  

The significance of all tests was set at 0.05 and data analysis was performed using IBM SPSS 

Statistics version 19. 

 

Results 

Clinical characteristics of the study population are presented in Table 1. The baseline concentrations 

of cf-DNA were dependent on the epilepsy syndrome. The mean concentration in the control 

population was 0.80 μg/ml, whereas in the patients with TLE the mean concentration was 0.82 

μg/ml and in patients with XTLE 0.72 μg/ml.  The difference between the patients with XTLE and 

control subjects was statistically significant (p=0.001) (Figure 1). In the ordered logistic regression 

subgroup analyses, other clinical determinants such as patients´ age, etiology of epilepsy, duration 

of epilepsy, or seizure frequency did not have an effect on the baseline concentration of cf-DNA. 

The concentration of cf-DNA was lower in female patients (0.71 μg/ml) compared to male patients 

(0.83 μg/ml; p=0.022). Similar difference was observed in control subjects; female controls had 

lower concentration of cf-DNA (0.76 μg/ml) compared to males (0.86 μg/ml; p<0.001). 

Insert Table 1 about here 

Insert Figure 1 about here 



 

The effect of seizure on the concentration of cf-DNA was influenced by the duration of epilepsy 

and BMI (Table 2). When the maximal difference between the baseline and the peak concentration 

after IS was determined, there was no significant difference in all epilepsy patients (Figure 2). 

However, when different clinical determinants were included in the analysis, there was a significant 

difference (p=0.044) between patients with the duration of epilepsy less than 18 years (0.031 μg/ml) 

and those patients with ≥ 18 years of duration (0.022 μg/ml). The difference was also significant 

(p=0.006) in patients with BMI ≥ 25 (0.041 μg/ml) compared with those with BMI under 25 (0.004 

μg/ml).  The baseline concentration of cf-DNA did not differ between patients with BMI under 25 

and those with BMI ≥ 25. Patients´ age, epilepsy syndrome, duration of epilepsy, or seizure 

frequency did not explain the changes of the concentration of cf-DNA at different time points after 

IS. The effect of seizure burden on the changes of the concentration of cf-DNA was not significant.   

Insert Table 2 about here 

Insert Figure 2 about here 

  

Discussion 

This study has two major findings. First, the mean baseline concentration of cf-DNA was lower in 

patients with XTLE compared to controls whereas there was no difference between patients with 

TLE and control subjects. The second finding addresses the duration of epilepsy and BMI as 

modifiers of the seizure related effects. In the present study, there was some indication of a 

difference between TLE and XTLE groups, although in the direct comparison the difference was 

not statistically significant. The inherent problem of acquiring large enough study population in this 

demanding setting further compromises the statistical analysis. The chronic epileptic process 

includes complex neuronal pathways leading to neurodegeneration, which is supported by the 

present finding of minor changes of cf-DNA in the patients with a long duration of the disease.1  



 

Cf-DNA is associated with inflammation and neurodegeneration in a variety of human and 

experimental conditions.2 The exact function of cf-DNA with regard to clinical disorders is not yet 

fully understood. It may either activate or reflect neuronal damage and inflammation, but on the 

other hand it has been suggested that it could also be involved with neuronal repair.2 

 

The duration of epilepsy was a significant determinant on the seizure associated increase of the 

concentration of cf-DNA.7-9,12  Patients with a shorter duration of epilepsy demonstrated a positive 

change, whereas practically no change was observed in patients with a longer history of epilepsy. 

This finding may be explained by the dynamic nature of the evolution of epilepsies. The fine 

intrinsic balance between the activation of neurodegeneration and restoration may change into a 

more indolent phase.13 

 

BMI was a critical modulator of acute production of cf-DNA in epilepsy. There is some clinical 

data suggesting a role for BMI in association with cf-DNA production. In a recent study there was a 

positive correlation between BMI and cf-DNA in women indicating an increased risk of 

cardiovascular diseases.14 According to the previous findings, it is probable that the increased cf-

DNA in overweight patients is associated with excess cardiovascular morbidity.14 The present 

findings may suggest the similar prognosis profile in overweight patients with refractory epilepsy, 

although there was no difference in the baseline concentration of cf-DNA with regard to BMI.     

 

In our previous study, majority of patients with focal epilepsy had increased concentration of cf-

DNA suggesting the active inflammatory and possible degenerative process in the epileptic brain.5 

CRP concentration changes were evaluated in a separate study with same video-EEG patient 

population. The results demonstrated increased CRP levels in patients with secondarily generalized 



tonic clonic seizures emphasising the significance of the severity of the seizure in producing 

inflammatory acute phase reactions.9 Although the seizure induced changes in the present study 

were not comparable to the previously studied markers (CRP, IL-6 and S-100), some interesting 

findings emerged.  

 

 

The significance and the pathophysiological role of the decreased level of cf-DNA in epilepsy 

remain unclear. All the previous studies suggest the increased concentration of cf-DNA in acute 

neurological disorders and in patients with chronic epilepsy.3-5 In addition, the majority of studies in 

patients with acute seizures suggest activation of inflammatory mediators. Seizures also increase the 

levels of leucocytes both in cerebrospinal fluid and blood.15 It is possible that this activation of acute 

phase reaction might activate rapid consumption and downregulation of harmful mediators.6 This 

theory might be supported by the previous observation in patients with recent seizures, in which - in 

addition to an increase of IL-6 after seizure - the levels of soluble IL-6 receptors (IL-6R) decreased 

postictally.6 However, inflammatory pathways and effects of single inflammatory mediators are 

complex. For example IL-6 levels increase after seizures but on the other hand IL-6 may also exert 

proconvulsive effects.16  

 

The limitation of this study includes the relatively small study population especially in terms of 

subgroup analysis. However, taken into consideration the practical difficulties performing a study in 

video-EEG settings the number of patients is comparable to other similar studies.  

 

To conclude, the study demonstrated a significant difference on the concentration of cf-DNA in 

patients with XTLE compared to control subjects emphasizing the clinical significance of epilepsy 

syndrome on the production of this marker. Longer duration of epilepsy was associated with lower 



increase of cf-DNA values after IS suggesting irreversible inflammatory profile in these patients. 

High BMI was associated with increased concentration of cf-DNA paralleling previous findings and 

possible poorer prognosis in overweight epilepsy patients. 

 

Considering the complexity of the pathogenesis of epilepsy, it is unlikely that a single biomarker 

could solve the problems of predicting the final outcome. On the other hand, it is important to 

describe the individual features of a given biomarker with regard to seizure types, epileptic 

syndromes and different etiologies. In the future we need to address a group of biomarkers 

representing different brain and body compartments in the same way as has been demonstrated in 

patients with mild traumatic brain injury.17 The pathophysiological explanation of the decrease and 

increase of the levels of cf-DNA remains unclear but neurodegenerative, pro- or anti-inflammatory 

and neuromodulative effects are possible.  
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Table 1. Clinical characteristics of patients in video-EEG 
 
 TLE  XTLE IGE 
No. of patients 23 24 4 
Male/female 12/11 11/13 0/4 
Age, mean (range) 40.0 (20-58) 30.0 (16-52) 32 (27-45) 
BMI, mean (±S.D.) 25.9±3.96 25.0±4.39 26.2±3.51 
Mean duration of epilepsy, years 
(range) 

23.2 (2-56) 19.3 (1-52) 18.3 (6-32) 

Mean seizure frequency/montha 

(range) 
8.5 (0.5-30) 56.4 (0.5-240) 1.9 (9.5-4) 

Mean number of AEDs 2.17 2.58 2.25 
Patient on mono-/polytherapy 4/19 2/21 1/3 
MRI findings    

Normal 4 12 3 
HS 13 -   
Cortical dysplasia 3 6  
Other 3 6 1 

Index seizure type    
SPS 1 3 (1 SPSE)  
CPS 19 17  
SGTCS 3 3  
PGS -  -  4 

VNS/earlier epilepsy surgery 2/0 2/1 -/- 
 
TLE = temporal lobe epilepsy; XTLE = extratemporal lobe epilepsy; IGE = idiopathic generalized 
epilepsy; AED = antiepileptic drug; CPS= complex partial seizure; BMI = body mass index 
=weight kg/height m2; HS = hippocampal sclerosis; PGS = primary generalized tonic-clonic 
seizure; SGTCS = secondary generalized tonic-clonic seizure; SPS = simple partial seizure; SPSE = 
simple partial status epilepticus; VNS = vagus nerve stimulation. 
 
a During the last year 

 

 

 

 

 

 

 

 

 

 



Table 2. Difference between maximum and baseline concentration of cf-DNA  
 

 n Median Mean Std. 
error 

P 

Patients with epilepsy 50 0.007 0.025 0.021  
  Age     0.79 1 
  ≤32 25 0.005 0.036 0.040  
  >32 25 0.010 0.014 0.013  
  Epilepsy syndrome     0.73 2 
    XTLE 23 0.010 0.046 0.038  
    TLE 23 0.001 0.004 0.018  
    IGE 4 0.009 0.026 0.110  
  Lateralization of seizure     0.43 2 
    Left 21 0.002 0.009 0.013  
    Right 14 -0.004 -0.008 0.022  
    Other 15 0.040 0.078 0.064  
  IS type     0.49 1 
    Generalized  6 0.014 0.023 0.048  
    Partial 44 0.003 0.025 0.023  
  Duration of epilepsy     0.044 1 
    ≤18 24 0.027 0.031 0.021  
    >18 25 -0.005 0.022 0.037  
  Seizures per month last year     0.13 1 
    ≤10 26 -0.005 0.004 0.022  
    >10 24 0.019 0.047 0.036  
  Duration of index seizure (sec)     0.077 1 
    ≤65 26 0.019 0.061 0.034  
    >65 24 -0.005 -0.014 0.021  
  Seizure burden, all seizures (including IS, 
sec) 

    0.50 2 

    10-99 17 0.005 0.011 0.025  
    100-249 17 0.010 -0.013 0.019  
    250+ 16 0.003 0.080 0.055  
  BMI (kg/m2)     0.006 1 
    <25 22 -0.009 0.004 0.043  
    ≥25 28 0.021 0.041 0.016  
 
Notes: XTLE = extratemporal lobe epilepsy; TLE = temporal lobe epilepsy; IGE = idiopathic 
generalized epilepsy; IS = index seizure; BMI = body mass index. 
1 Mann-Whitney test. 
2 Kruskal-Wallis test. 
 
 

 

 



Figure 1  

Baseline and mean concentration of cf-DNA in patients with extra-temporal lobe epilepsy (XTLE), 

patients with temporal lobe epilepsy (TLE) and control subjects (μg/ml)  

 

 

Figure 2  

Maximal and mean difference between the baseline and peak concentration of cf-DNA after index 

seizure (IS) (μg/ml) in study patients  
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