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Abstract:

Drug-resistant epilepsy represents a significant health problem. The ideal therapy, with a high
probability of complete seizure cessation, is epilepsy surgery with a resection of areas responsible
for seizure genesis. Despite numerous studies, resective brain surgery can currently be offered only
to some patients for whom it is possible to formulate a rational hypothesis about the location of the

epileptic generator. Other patients can be implanted with a neurostimulator.

The habilitation thesis is divided into three main parts. The first part is focused on individual
diagnostic steps that are described in more detail. We pay attention to descriptions of magnetic
resonance imaging (MRI) and its post-processing, EEG, and invasive EEG (IEEG), clinical
semiology, neuropsychology, and positron emission tomography (PET). The last section of this
part concerns two relatively common clinical situation: bitemporal epilepsy and MRI-negative

temporal lobe epilepsy (TLE).

The second part discusses neurostimulation methods: vagus nerve stimulation (VNS) and deep
brain stimulation (DBS). A critical portion of this part is devoted to the development of a predictive

algorithm for VNS based on pre-implantation data.

The third part is dedicated to our future research: the evaluation of seizure detectors in real life and

the validation of our statistic classifier for predicting neurostimulator efficacy.
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Introduction

Epilepsy is a multicausal and often devastating chronic disorder characterized by recurrent
spontaneous seizures, affecting around 50 million people worldwide. According to the World
Health Organization (WHO), epilepsy is the most common serious neurological condition in
Europe and a source of significant long-term disability. It is thought to be directly responsible for
about 33,000 deaths in Europe every year, one-third of which could have been avoided if proper
standards of care were available. The burden of epilepsy stems from a multitude of issues, including
pharmacoresistance (30% of patients) and various comorbidities. This global burden translates into
huge socioeconomic costs, estimated at 0.2% of the GDP of developed countries (3 billion euros
in the European Union) (Charlson et al., 2016; Neurological Disorders Collaborator Group, 2017;

Thakur et al., 2016).

Drug-resistant epilepsy is a major health problem. Currently, the most effective treatment for focal
drug-resistant epilepsy is resective surgery. Every year worldwide, thousands of patients with focal
drug-resistant epilepsy undergo resective brain surgery to stop their seizures (Engel, 2008). The
last 15 years have seen a remarkable evolution in the treatment indications for epilepsy surgery.
Notably, the increasing worldwide use of invasive EEG (IEEG) has likely been driven by high
numbers of patients referred with extratemporal lobe epilepsies (ETLE) and magnetic resonance
imaging (MRI)-negative epilepsies; these categories pose particular challenges for presurgical

evaluation (Jehi et al., 2015).

Over the last 50 years, the success rate for surgical interventions in patients with drug-resistant
epilepsy has significantly increased. At the moment, it is possible to achieve long-term seizure

control in 80% of patients with mesial or neocortical temporal lobe epilepsy (TLE) with


https://www.ncbi.nlm.nih.gov/pubmed/?term=GBD%202015%20Neurological%20Disorders%20Collaborator%20Group%5BCorporate%20Author%5D

hippocampal sclerosis (HS) or focal cortical dysplasia (FCD) type 2 and for up to two-thirds of
patients with ETLE. This achievement is obtained with minimal perioperative risks, which have

decreased to approximately 1% (Ryvlin and Rheims, 2016).

Despite this progress in resective surgery and its obvious benefits, surgery has failed to control
seizures for a large number of epileptic patients (Krucoff et al., 2017; T¢éllez-Zenteno et al., 2005).
The reasons for these failures are varied, but are thought to be in large part linked to the suboptimal
identification of the epileptogenic zone responsible for seizure origin and, consequently, the non-
resection or inadequate modulation of the critical nodes and pathways that fundamentally
characterize the epileptogenic network (Harroud et al., 2012; Mcintosh et al., 2004; Ryvlin and
Kahane, 2005; Salanova et al., 2005). Based on these findings, there is still a significant research
gap in identifying ideal surgical candidates and optimizing the methods used in the presurgical

evaluation.

Despite numerous efforts, many patients with drug-resistant epilepsy are still not indicated for
“classical” resective brain surgery. This is attributed to many variables, e.g., epilepsy multifocality,
relevant patient co-morbidities, severe mental retardation, personal options, or previous resective
surgery failure. These patients can be offered implantation of a neurostimulator: vagus nerve
stimulation (VNS), deep brain stimulation (DBS), and responsive neurostimulation (RNS) (Englot
etal., 2017). In general, these methods do not offer a high chance for a complete seizure cessation,
but they can lead to a significant decrease in seizure frequency, severity, and duration with minimal
additional risks (De Herdt et al., 2007; Kuba et al., 2009; Labar, 2004; Renfroe and Wheless, 2002;

Vonck et al., 2004).
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The basic concept of epilepsy surgery

Epilepsy surgery is related to identifying the epileptogenic zone that is responsible for seizure
generation. Complete removal of epileptogenic zone is essential for sustained seizure freedom.
Unfortunately, it is not possible to measure the epileptogenic zone directly by any modality. Its
borders can be demarcated only indirectly based on the localization of the following areas: (1)
epileptogenic lesion, (2) irritative zone, (3) seizure onset zone, (4) symptomatogenic zone, and (5)
functional deficit zone (Rosenow and Liiders, 2001). The organization of the epileptogenic network
can be simple, well-organized, and easily understandable (Figure 1a). However, some patients have

very complex and complicated epileptogenic zone organization (Figure 1b).

Epileptogenic lesion: It is a visible lesion, usually identified by MRI. The epileptogenic lesion can
be easily identified and has clear-cut borders. Lesional cases are more likely to become surgical
candidates and have more satisfying surgical results. Some patients have no clear MRI lesion; these

are called nonlesional.

a Epileptogenic zone Irritative zone

Irritative zone

© Seizure onset Epileptogenic -
zone lesion
_ /

Epileptogenic
lesion
Seizure onset
zone

\\/

Figure 1: Epileptogenic zone organization
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The relation between MRI lesions and the epileptogenic zone is complex. Some visible MRI lesions
are not epileptogenic, i.e., they remain “silent” in terms of epilepsy. For this reason, the results of
all methods must be evaluated in context. There are limited correlations between the extent of MRI
lesions and the borders of the epileptogenic zone. In some cases, partial removal of an epileptogenic
lesion is sufficient for complete seizure cessation. In contrast, complete resection can fail to
terminate seizures in the others. Two possible theories may explain this observation. According to
the first theory, the surrounding tissue is probably responsible for epilepsy. If this surrounding
tissue is not removed together with the epileptogenic lesion, epilepsy will persist even after the
operation. In the second theory, the failure is conditioned by the limits of neuroimaging, i.e., only
“the tip of the iceberg” is visible on MRI and a substantial portion of the epileptogenic lesion

remains hidden.

Irritative zone: This zone is responsible for the generation of interictal epileptiform discharges

(IEDs).

Seizure onset zone: The seizure onset zone is defined as an area delivering epileptic seizures. This
zone can be identified by the results of ictal scalp EEG or IEEG, or by ictal single-photon emission

tomography (SPECT) and ictal SPECT co-registered to MRI (SISCOM).

In terms of epilepsy, there are two more zones, the symptomatogenic zone and the functional

deficit zone, for which relations to the epileptogenic zone are even less clear.

Symptomatogenic zone: The symptomatogenic zone is activated by the ictal activity during
seizure propagation. The anatomical localization of the epileptogenic zone and the

symptomatogenic zone can be remote, which is conditioned by the fact that large parts of the brain
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represent functionally silent areas, and ictal signs appear following the activation of the eloquent

cortex.

Functional deficit zone: The functional deficit zone is the area of the cortex that is functionally
abnormal during the interictal period. This dysfunction may be a direct result of the destructive
effect of an epileptogenic lesion or it may be functionally mediated, i.e., caused by abnormal
neuronal transmission. The functional deficit zone can be identified by neurological examination,

neuropsychological testing, PET, or interictal SPECT.

Epilepsy surgery is a stepwise process in which patients undergo whole batteries of examinations
to precisely identify the epileptogenic zone. These batteries can be divided into three levels. The
basic level, which is compulsory for every patient, usually includes MRI, scalp video EEG, PET,
and neuropsychology. Some advanced evaluation should be done in patients in whom a hypothesis
about the epileptogenic zone cannot be formulated or is unclear based on the results of the previous
examination. This advanced level is represented by SISCOM, high-density EEG (HD-EEG) with
electrical source imaging (ESI), or some other imaging techniques. IEEG represents the third and
highest level, which is reserved only for pre-selected patients with a plausible hypothesis about

epileptogenic zone localization that requires further confirmation before surgery.
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MRI and related methods

MRI is an almost obligatory examination for all patients with epilepsy. Immediately after the first
seizure, i.e., in the acute phase, MRI is not required; the performance of standard non-contrasted
computed tomography (CT) scans is sufficient to exclude acute brain disorder. However, MRI

examinations should be scheduled even in these patients (Bernasconi et al., 2019).

The main goal of MRI is the identification of an epileptogenic lesion; this is essential for further
management of patients. For drug-resistant epilepsy, the chances for lesional cases to become
seizure-free after surgery are apparently higher than for nonlesional cases (T¢éllez-Zenteno et al.,
2010). The International League Against Epilepsy (ILAE) recommended a standard MRI protocol
for epilepsy patients; this protocol includes the use of 3T MRI and involves the following
sequences: isotropic, millimetric 3D T1 and FLAIR images, and high-resolution 2D submillimetric
T2 images. The MRI should be evaluated by an experienced neuroradiologist and an epileptologist

who has access to the patient’s further clinical data (Bernasconi et al., 2019).

Despite all efforts, a significant number of patients remain nonlesional. In the past, nonlesional
MRI was described in up to 40% of reviewed MRI scans (Bien et al., 2009). We expect this number
to be lower now due to technical progress, specifically due to improved MRI quality and the use

of a standard protocol for data acquisition.

Our group is focusing on neuroimaging in nonlesional cases. This focus is connected with a grant
related to the post-processing of MRI data, functional MRI (fMRI), and tractography, which are
evaluated in the context of other clinical data and other results. For this grant, we defined
nonlesional cases as (1) patients without any lesions detected by conventional MRI and (2) patients

with some discrete changes that made it impossible to process them directly to the surgery.
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We work with the structural and functional MRI techniques detailed below. Additional information
is provided by PET, SISCOM, and HD-EEG with ESI; these methods are detailed in individual

sections.

Voxel-based morphometry (VBM)

VBM is an automated MRI technique used to study differences in brain morphometry based on
changes in the volume or concentration of white and gray matter associated with the presence of
FCD or HS. In our research, we focused on the evaluation of T1 voxel-based methods: gray matter
volume, gray matter concentration, and junction maps. Junction maps point out the blurring

between white and gray matter that is present in FCD (Martin et al., 2017).

fMRI

The function of fMRI is based on the fluctuation in the concentration of oxyhemoglobin and
deoxyhemoglobin in the blood (blood oxygenation level dependent [BOLD] signal). IEDs cause
alterations in the blood oxygenation that can be transcribed by fMRI. This knowledge led to the
development of EEG-fMRI, but its use is complicated by several factors, including the necessity
to record EEG during MRI acquisition and the absence of IEDs during a limited time interval. The
discovery of spontaneous neuronal activities helped to overcome these limitations. Spontaneous
neuronal activities are coherent low-frequency fluctuations in BOLD signals. IEDs modify the
amplitudes of these fluctuations; this modification led to the development of amplitude of low-

frequency fluctuations (ALF) as an fMRI technique (Zhang et al., 2010).
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Another novel method working with fMRI is ReHo (regional homogeneity) which explores the
regional coherence of the fMRI time course and is capable of establishing the synchronization of

cerebral activity between different brain regions (Zang et al., 2004).

Arterial spin labeling (ASL)

ASL is a method for evaluating cerebral blood flow noninvasively, without the use of any tracer,
only by magnetic labeling of blood. In epileptology, it seems that ASL will have comparable value

to 18F-FDG-PET or interictal SPECT (Haller et al., 2016).

Diffusion MRI

Epilepsy, like other brain disorders, is a network disease with alterations of connections between
brain areas. These alternations of brain connectivity are evaluated by diffusion tensor imaging
(DTI) and diffusional kurtosis imaging (DKI), which post-proceed diffusion MRI. DTI works on
the macroscopic millimeter scale, which is insufficient for imaging tracks in the areas with high
representation (corona radiata, tractus opticus). In these areas, DKI can be useful because of its

higher resolution (Lee et al., 2014).

The current aim in our research is to identify individual structural and functional characteristics of
individual pathologies and to integrate them in a model individualized to each patient. We
anticipate some structural and functional overlap, which will be helpful in the delineation of the

epileptogenic zone. This approach is illustrated by the case report of our patient (Figure 2).
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Figure 2: The results of advanced MRI techniques, local synchrony, and positron emission
tomography (PET) in a patient
The patient was a 42-year-old female with drug-resistant nonlesional epilepsy. She

underwent a resection in the right parieto-occipital region (the boundaries are marked in



green). Advanced MRI techniques show several regions of interest. However, some overlap
can be found in the operated area. The correlation between arterial spin labeling (ASL) and
statistic parametric mapping of positron emission tomography (SPM-PET) is remarkable in
this patient.

Diffusion tensor imaging (DTI) and diffusional kurtosis imaging (DKI) were not done in this

case.

We recently submitted a paper for publication comparing ASL and 18F-FDG-PET (Kojan et al.,

submitted; Annex 1).

PET with fluorine-18 fluorodeoxyglucose (18F-FDG-PET) used as a tracer is a well-established
method within epilepsy surgery that is helpful in the identification of the epileptogenic zone.
However, its use has several disadvantages, including the higher financial costs, lack of
availability in some areas, and the use of radioactive tracers. ASL is an MRI technique that is
based on magnetic labeling of blood; ASL can be acquired quickly during routine MRI with
minimal data acquisition time and no tracer needs to be applied. It seems that 18F-FDG-PET and
ASL provide similar types of information for the epileptogenic zone based on the localization of
hypometabolism or hypoperfusion (Boscolo Galazzo et al., 2016; Kim et al., 2016; Oner et al.,
2015; Wang et al., 2018). Several studies have compared 18F-FDG-PET and ASL in epilepsy
surgery patients, but to our knowledge this study is the first to confirm its results in nonlesional

patients by a tailored surgical procedure.

The main aim of our work was to compare the utility of 18F-FDG-PET and ASL in nonlesional
patients with drug-resistant epilepsy. We selected 8 patients (7 patients with no lesions, 1 patient
with discrete changes on MRI). All patients underwent 18F-FDG-PET and ASL; these methods

were post-processed using a voxel-based approach, i.e., we determined the level of metabolism for
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18F-FDG-PET or perfusion for ASL in each voxel using statistic parametric mapping (SPM).
Voxels with significant hypometabolism or hypoperfusion were chosen. This process revealed
areas (clusters) with significant hypometabolism or hypoperfusion. The distribution of these
clusters was compared to the resection mask. If a cluster was located within the resection mask, it
was categorized as a true positive. If a cluster was located outside the resection mask, it was
categorized as a false positive. We next calculated the positive predictive value (PPV) of either

18F-FDG-PET or ASL in the individual patient:

PPV — Positive predictive value

PPV ki
= TP — True positive
TP + FP p

FP — False positive

The PPV of 18F-FDG-PET and ASL in all patients were statistically compared.

We revealed the hypometabolic or hypoperfused clusters in each patient. The PPV was higher for
ASL in 5 patients; the PPV was the same for both methods in 1 patient. In the remaining 2 patients,
the PPV value was higher for 18F-FDG-PET. We did not find any statistically significant
differences when comparing the PPV of 18F-FDG-PET and ASL (p=0.89); i.e., 18F-FDG-PET is

not superior to ASL and vice versa.

18F-FDG-PET and ASL provide similar information for localization of the epileptogenic zone.
Considering the benefits of ASL (lower costs, lower acquisition time, and no need for radioactive
tracers), ASL will probably be able to replace 18F-FDG-PET in epilepsy surgery in the future.

However, our results need evaluation in large patient cohorts.
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EEG and its evaluation

Hans Berger recorded the first scalp EEG in 1924 (Kugler, 1991; Reif et al., 2016). In a short time,
EEG was being used for intraoperative monitoring of cerebral activity from the brain surface
(Foerster and Altenburger, 1935). In 1949, Robert Hayne and Russell Meyers reported the first
attempts at signal recording from deep structures using stereotactically implanted electrodes

(Hayne and Meyers, 1950).

EEG provides unique information about cerebral activity; it enables physicians and researchers to
map and assess brain functions, connections, and processes in real time on a millisecond scale.
From this point of view, EEG cannot be replaced by MRI or by other neuroimaging techniques that

can give a detailed high-quality structural perspective.

Figure 3: High-density EEG
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The essential limitation of standard scalp EEG is its low spatial resolution. HD-EEG with higher
numbers of electrodes was initially used to overcome this limitation (Figure 3). The data obtained
by high-density EEG requires the determination of their likely generator within the brain, which
could be mathematically determined by ESI (Nemtsas et al., 2017). We employed HD-EEG in our

project, focusing on neuroimaging of nonlesional epilepsy.

Scalp EEG

Scalp EEG is used in all patients with epilepsy as well as in patients with nonepileptic events. Many
authors have worked on the evaluation of scalp EEG and its contribution to decision-making

processes or prognostication within epilepsy surgery programs.

We used scalp EEG to analyze the prognostic value of IEDs for patients with TLE associated

with HS (HS-TLE) (Dolezalova et al., 2014; Annex 2).

Among patients with TLE, the distribution of IEDs, specifically the lateralization of IEDs between
the hemispheres, has prognostic value for surgical outcome. Patients with strictly unilateral IEDs
have a better prognosis than patients with blateral IEDs (Chung et al., 1991; Radhakrishnan et
al., 1998; Villanueva et al., 2004). This division does not apply for the subgroup of patients with
HS-TLE. Three studies analyzing the distribution of IEDs in patients with HS-TLE proved no
differences in surgical outcomes between patients with strictly unilateral IEDs and patients with
bilateral IEDs (Hardy et al., 2003; Janszky et al., 2005; Krendl et al., 2008). However, some
studies found that unilateral IEDs correlate with better surgical outcome (Aull-Watschinger et al.,

2008; Schulz et al., 2000).
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It was reported that AED reduction does not have any impact on IED frequency or localization,
but the influence of AED reduction on IED distribution in terms of lateralization between the two
hemispheres was not systematically proven (Gotman and Koffler, 1989; Gotman and Marciani,

1985; Marciani and Gotman, 1986; So and Gotman, 1990; Spencer et al., 1981).

Our study focused on HS-TLE patients. We evaluated: (1) whether there is a change in IED
lateralization conditioned by AED reduction, (2) whether there is a change of EEG prognostic

value for surgical outcome between periods with full medication and reduced medication.

We retrospectively analyzed the distribution of IEDs between the two hemispheres in patients with
HS-TLE. The EEG was analyzed in two periods: full medication (hno AED reduction) and reduced
medication period (AED dose reduced). We collected 20 minutes of EEG recording in waking and
sleeping states in each period (four segments of EEG were collected for each patient). The patients
were designated as having unilateral IEDs (more than 90% IEDs on the side with HS) or bilateral
IEDs (less than 90% IEDs on the side with HS). The distribution of IEDs was correlated with

surgical outcome, defined as excellent (Engel 1) or poor (Engel 11-1V).

We identified 43 HS-TLE patients. In the full medication period, 38 out of 43 (88%) patients had
unilaterall IEDs in the waking state, and 37 (86%) patients had unilaterall IEDs in the sleeping
state. In the reduced medication period, the number of patients with unilateral IEDs decreased to
32 (74%) patients in the waking state, and 25 (58%) patients in the sleeping state. We proved a
statistically significant change in IED distribution between the full medication and reduced

medication periods in the sleeping state (p=0.003), but not in the waking state (p=0.114).

The lateralization of IEDs had a predictive value for surgical outcome only in the full medication

period during the sleeping state (p=0.020). There was a borderline statistical significance of IED
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distribution to surgical outcome in the full medication period during the waking state (p=0.073).
We found no relation between IED distribution and surgical outcome in the reduced medication

period in the waking state (p=0.698) or in the sleeping state (p=0.717).

Based on our results, we can summarize that EEG can provide valuable information for surgical
outcomes in HS-TLE patients. This information is present exclusively in the period with full
medication, i.e., before the initiation of AED reduction. It seems that sleeping EEG is crucial for
surgical efficacy prediction. When AEDs are reduced, the EEG predictive value is lost, and there

is no clear-cut relation to the surgical results.
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IEEG

IEEG is used only in carefully selected patients with drug-resistant epilepsy in the presurgical
evaluation. IEEG is used as an “open window” to the brain, enabling the detailed analysis of
physiological and pathological phenomena occurring in the brain tissue. Currently, it represents

the most accurate method for the characterization of the epileptogenic zone.

Many papers have described the pathological, mainly epileptiform, activity of the brain. This is in
contrast with the sparse information about physiological brain rhythms; the majority of such studies
were formulated in a pre-MRI period (Gastaut, 1949; Graf et al., 1984; Jasper and Penfield, 1949;
Petersen et al., 1953); this could be problematic in interpreting intracerebral recordings as the
physiological activity in a given region could be evaluated as pathological and vice versa. Such
misinterpretations could have a negative impact on the tailoring of surgery and potentially on
surgical results. We tried to overcome this limitation with a common project of intracranial EEG

data (Frauscher et al., 2018; Annex 3).

The main aim of this work was to characterize, in detail, physiological awake brain activity in

invasive EEG recording.

IEEG data from both intracerebral and subdural electrodes were retrospectively collected in three
participating institutes. The “normal” contacts for each patient were selected. These were defined
as contacts outside pathological lesion, seizure onset zone, or irritative zone without IEDs or
pathological slow waves. All contacts were localized into stereotactic space, and anatomical
structures were segmented. Subsequently, the power spectral densities for each anatomical
structure were estimated using Welsch’s method. A total of 106 patients, with 1785 contacts, were

included in the study. The positions of contacts are shown in Figure 4.
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Figure 4: The localization of brain contacts over brain surface

Blue — intracerebral electrodes, yellow — subdural electrodes. Republished with permission.

The individual brain lobes were characterized by different peaks of power spectral density (Figure
5.1). The occipital lobe showed a peak in the alpha band (7.75-10.25 Hz), the frontal lobe in the
beta and gamma band (16.75-80 Hz), the parietal lobe in the alpha and beta band (8.75-9.75 Hz,
and 16.75-31.75 Hz), and the temporal lobe in the alpha and delta band (7.25-9.25 Hz, and 0.75-
2.25 Hz). Some brain regions were characterized by a specific signature (peak present in > 60%

of contacts, Figure 5.2). These regions were the precentral gyrus (lateral aspect 20-24 Hz, medial
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aspect 24-31 Hz), the opercular part of the inferior frontal gyrus (20-24 Hz), the cuneus (8 Hz),

and the hippocampus (1 Hz).
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Red line — the median spectral density of all contacts; pink shaded region — the 25th and 75th
percentiles; dotted red lines — the upper and lower bound; vertical black lines — the frequency
band; colored horizontal segments in the upper part of each graph — the presence of peaks
(the color of the line indicates the percentage of contacts with the peak). Republished with

permission

This work is the first comprehensive atlas of physiological intracerebral EEG. It could be used in
surgery planning and for physiological studies of normal brain activity. We plan to continue to
collaborate with the other authors of this study in making a physiological intracranial atlas of
sleep stages. The data for this work will be collected prospectively, and our goal is to describe the

activity of individual brain regions during sleep.

The changes associated with seizure onsets in intracranial EEG have been systematically studied
by many authors because of their significance for our understanding of epileptogenesis (Lee et al.,
2000; Spanedda et al., 1997; Spencer et al., 1992). Some patterns were shown to be associated with
underlying histopathological changes (Bragin et al., 2009; Williamson et al., 1995); others were
associated with the anatomical organization in a given region (Lee et al., 2000; Spencer et al.,
1992). It has been proposed that some patterns at ictal onset have different values for the
localization of seizure onset. It seems that fast ictal activity at seizure onset is associated with
excellent surgical outcomes (Faught et al., 1992; Weinand et al., 1992). The slower frequencies,
mainly from the theta range, at seizure onset indicate the propagation of ictal activity and are

associated with unsatisfactory results (Schiller et al., 1998).

In one study, we focused on the predictive value of seizure onset patterns in IEEG for surgery n

patients with TLE (Dolezalova et al., 2013; Annex 4).
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The main aim of this project was to identify whether there is a correlation between the type of
seizure pattern present in IEEG in patients with unilateral TLE and surgical outcome, localization

of seizure onset zone, or histopathological findings.

We retrospectively identified the patients with TLE who underwent IEEG and subsequent surgery
for drug-resistant epilepsy. We analyzed the frequency at seizure onset using the Fast Fourier
Transform algorithm. Based on this frequency, patients were subdivided into three groups: (1) fast
ictal activity (FIA) — defined by frequency > 8 Hz; (2) slow ictal activity (SIA) — defined by
frequency < 8 Hz; and (3) attenuation of background activity (AT) — defined as a diffuse change of
EEG signal (decrease in amplitude, increase in frequency) with delayed development of clear-cut
rhythmic activity (Figure 6). In the next step, FIA was subdivided into two groups: FIA > 15 Hz

and FIA 8-15 Hz. SIA was subdivided similarly into two groups: SIA <2 Hz and SIA 2 - 8 Hz.

The patients were categorized based on the surgical outcome (Engel | vs. Engel 11-1V), on the
localization of the seizure onset zone (lateral, mesial, polar), and on the histopathological findings

(HS, FCD, negative, or other types).

We managed to identify a total of 51 patients: 34 (67%) patients exhibited FIA, 13 (25%) patients
exhibited SIA, and 4 (8%) patients exhibited AT. We proved the prognostic value of seizure onset
patterns for surgical outcomes. Of the 34 patients with FIA, 29 (85%) had an Engel | outcome, in

comparison with 4 (31%) out of 13 with SIA, and 0 (0%) of the 4 with AT (p<0.001).

When FIA was subdivided into FIA>15 Hz and FIA 8-15 Hz, we did not find any statistical
significance for the surgical outcome (p=0.164). When SIA was subdivided into S/4<2 Hz and SIA
2-8 Hz, we found borderline statistical significance for the surgical outcome (p=0.070); patients

with SIA 2-8 Hz tended to have a worse prognosis than patients with SI4<2 Hz.
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We did not find any relationship between seizure onset pattern and localization of seizure onset

zone (p=0.878) or between seizure onset patterns and histopathological findings (p=0.362).

Based on our work, we can hypothesize that the seizure onset pattern reflects the relation of the
electrode to the localization of the seizure onset zone. If the electrode is directly in the seizure onset
zone or in its close neighborhood, it is possible to record fast ictal activity as the first chance of
the electrical signal. If the electrode is remote to the seizure onset zone and we record a propagated

pattern, the first EEG change is from the slower frequency band.
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Figure 6: The individual seizure onset patterns in invasive EEG (IEEG)

A — electrode position, B — intracranial EEG
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High-frequency oscillations (HFOs)

EEG was traditionally evaluated within Berger’s scale, with cutoff values for the highest
frequencies of about 50 Hz. A critical change in the conventional clinical and research thinking
took place in the early 1990s, when HFOs were described. HFOs were first proven to be present in
the hippocampal CAL region in the rat model (Buzsaki et al., 1992), and subsequently in the area
of seizure onset (Allen et al., 1992; Fisher et al., 1992). This started an entirely new era in
electrophysiology and clinical epileptology, in which attention was transferred to higher

frequencies.

HFOs are the category of brain activity between 80 and 500 Hz, subdivided into ripples (80-250
Hz) and fast ripples (250-500 Hz) (Bragin et al., 1999). In the beginning, HFOs were regarded as
the “holy grail” of epilepsy surgery. Several authors showed that resection of areas with high HFO
rates is associated with better surgical outcome than resection of areas with low HFO rates
(Fujiwara et al., 2012; Haegelen et al., 2013; Jacobs et al., 2009; Usui et al., 2011; van 't Klooster
et al., 2011). Importantly, it was shown that the HFO rates present in presurgical
electrocorticography do not correlate with surgical outcome, but the HFO rates in postsurgical
electrocorticography do correlate, i.e., if there is a high number of remaining HFOs after resection,
the patients tend to have worse outcomes (van 't Klooster et al., 2015; van 't Klooster et al., 2017).
However, it is not possible to reliably state whether a patient becomes seizure-free in case of HFO
high-resection rate (Frauscher et al., 2017). The occurrence of physiological HFOs in several brain
regions even complicates the situation (Axmacher et al., 2008; Melani et al., 2013; Nagasawa et
al., 2012). Physiological HFOs play an essential role in some processes, such as memory
consolidation (Buzsaki et al., 1992; Curio et al., 1997). The frequency of HFOs is not sufficient for

clear-cut delineation between physiological and pathological ones (Bragin et al., 2007).
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In our study, we tried to determine the existence of other frequency-independent parameters of
HFOs, namely rates, duration, and amplitude. This could help differentiate between seizure onset

zone, irritative zone, and other areas (Pail et al., 2017; Annex 5).

The study sample size included 31 patients who underwent IEEG for drug-resistant epilepsy. The
HFOs were automatically detected in all these patients and divided into three groups based on
their localization: (1) HFOs within the seizure onset zone, (2) HFOs within the irritative zone, and
(3) HFOs outside both the seizure onset zone and the irritative zone (the outer zone). The duration
and amplitude of HFOs were estimated. Subsequently, the three zones were compared with respect

to HFO rates, duration, and amplitude.

The rates of HFOs within the seizure onset zone were significantly higher in the seizure onset zone
than in areas outside (p=0.038 for ripples, p=0.018 for fast ripples). When analyzing the duration
of HFOs, the ripples had shorter duration in the seizure onset zone than in the irritative zone and
in the outer zone (p<0.001). The duration of fast ripples in the seizure onset zone was also shorter
in the irritative zone (p<0.001) and in the outer zone (p<0.001). The amplitude of ripples was
higher in the seizure onset zone than in the irritative zone and the outer zone (p<0.001). When
focusing on fast ripple amplitude, we did not find any differences in amplitude between the three

Zzones.

To conclude, frequency-independent characteristics of HFOs can be helpful in differentiating
between physiological and pathological HFOs. The higher rates of both ripples and fast ripples
are present in the seizure onset zone. Moreover, both ripples and fast ripples have a shorter
duration in the seizure onset zone. The ripples within the seizure onset zone also have a higher

amplitude.
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Most studies have considered the topic of “classical” HFOs, determined by 500 Hz cut-off value.
Descriptions of activities and processes above the 500 Hz limit are rare in the literature and remain
beyond the main research stream. Usui et al. (2010) reported the existence of very high-frequency
oscillations (VHFOs) defined as the activity above 1000 Hz (Usui et al., 2010). In a later study,
they managed to find a correlation between the presence of vHFOs and surgical outcomes in a
group of 12 patients with drug-resistant epilepsy (Usui et al., 2015). Our group has also succeeded
in describing VHFOs (500-1000 Hz); moreover, we identified a novel electrophysiological
biomarker of epilepsy called ultrafast high-frequency oscillations (ufHFOs, 1000-2000 Hz, Figure

7) (Brazdil et al., 2017). These were identified in an interictal state in the hippocampus, amygdala,
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Figure 7: Very fast (500-1000 Hz) and ultrafast (1000-2000 Hz) high-frequency oscillation
(VHFOs, ufHFOs)

Examples of different types of oscillations recorded from standard depth macroelectrodes
(A) at high frequencies. vVHFOs and ufHFOs strongly correlate with positive resection
outcome (B). The correlation coefficient was 0.19 in ripples, 0.44 in fast ripples, 0.70 in
VHFOs, and 0.90 in ufHFOs.
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and entorhinal cortex. Based on the article by Usui et al (2015), we suggest that their group and
our group opened an utterly new research field within electrophysiology and epileptology. This
field concerns the topic of vHFOs/ufHFOs and their clinical application. We hope we will be able

to expand this topic in the near future.
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Clinical semiology

The evaluation of clinical semiology is an indisputable part of standard video EEG monitoring.
The assessment is essential for both the differentiation between epileptic seizures and nonepileptic

events and for the categorization of epilepsy.

Clinical semiology in nonepileptic seizures

The fundamental question is the distinction between psychogenic nonepileptic seizures (PNES)
and epilepsy. Certain signs are typical of PNES: long duration, fluctuating course, asynchronous
movements, pelvic thrusting, side-to-side head or body movements, forced eye closure, ictal
crying, and memory recall (Avbersek and Sisodiya, 2010). PNES and epileptic seizures cannot be
reliably distinguished based on tongue biting and urinary incontinence (Brigo et al., 2013). Abrupt
onset, ictal eye-opening, and postictal confusion or sleep are highly associated with epileptic

seizures (Syed et al., 2011).

The differentiation between other types of nonepileptic attacks and epileptic seizures is less
frequent in video EEG monitoring but can be extremely important, even life-saving, in patients
with cardiac arrhythmias. The correct diagnosis of syncope can be straightforward in patients with
typical signs (sudden loss of consciousness without any additional movements, ECG abnormality).
However, the presence of convulsions in “convulsive syncopes” is challenging and leads to
misinterpretations. The incidence of convulsive syncope is highly variable in the literature; it
ranges from 12% in blood donors experiencing vasovagal syncope to 45% in patients with
malignant cardiac arrhythmia (Aminoff et al., 1988; Lin et al., 1982). The movements associated

with syncopes are usually described as arrhythmic jerks of the extremities, generalized myoclonus,
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and some additional movements (head turns, oral automatisms, and righting movements)

(Crompton and Berkovic, 2009).

We described a patient with atypical syncopal manifestation with the most prominent signs of

abdominal/thoracoabdominal contractions (Dolezalova et al., 2013; Annex 6).

We published a case report of a 71-year-old female patient who developed attacks of
unconsciousness at the age of 70 years. Their frequency was approximately 1 per month in the
beginning. The attacks were categorized as epileptic seizures based on motor signs and
unremarkable results of an internal examination, including 24-hour ECG. After approximately one
year, the frequency dramatically increased to 1 per day. The patient was admitted to our hospital
for video EEG monitoring. We recorded several attacks accompanied by asystoles ranging from

20 to 30 seconds. A pacemaker was quickly implanted in the patient.

The attacks were triggered by cardiac asystole; head and eye deviation appeared in the beginning,
followed by brief jerks of the upper and lower extremities. However, the most prominent feature
was contractions of the abdominal or thoracoabdominal wall. We recorded one attack, in which
these abdominal/thoracoabdominal contractions were the only noticeable feature (Figure 8). The
patient regained consciousness spontaneously after the restoration of heart activity; it was

sometimes accompanied by nausea and vomiting.

The precise mechanism of convulsive movements in syncopes is not fully understood. The most
probable hypothesis is that the central pattern generators are responsible for their origin. The
central pattern generators are distributed on the subcortical level, mainly the brain stem and spinal
cord. They provide the rhythmic behavior, but normally they are inhibited by neocortical control.

They can manifest only in cases of cortical control suppression; this situation leads to the
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disinhibition of central pattern generators and subsequent rhythmic movements (Tassinari et al.,

2009).

Figure 8: Atypical clinical manifestation of convulsive syncope triggered by heart asystole
The most prominent clinical feature was contraction of the abdominal/thoracoabdominal
wall. The movements are marked by red circles.
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Clinical semiology in epileptic seizures

Seizure semiology is helpful in distinguishing the type of epilepsy (generalized vs. focal, temporal
vs. extratemporal). Semiology was described in detail in patients with TLE. Temporal seizures
usually have a longer duration and are characterized by a typical sequence of ictal signs. A patient
usually reports an aura (epigastric, déja vu) at the seizure beginning, followed by loss of
consciousness. Afterward, patients develop oroalimentary automatisms, hand automatisms,
dystonic posturing, and head version with a possible transition to a bilateral tonic-clonic seizure.
Some signs have high lateralizing value (e.g., dystonic posture lateralizes seizure onset to the
contralateral hemisphere; perseveration of ictal speech lateralizes seizure onset to the non-

dominant hemisphere) (Maillard et al., 2004).

Frontal lobe seizures are characterized by shorter duration; the semiology is more diverse than with
TLE. However, semiological categorization is possible and correlates with the anatomic

organization along the rostrocaudal axis (Bonini et al., 2014).

When differentiating between ETLE and TLE, it necessary to remember “pseudo-temporal”
epilepsy. Pseudo-temporal epilepsy is epilepsy with seizures electrophysiologically starting in
extratemporal areas but spreading to the temporal lobe, typically with temporal-like semiology
(Andermann, 2003). Orbito-frontal, insular, and parieto-occipital, especially posterior cingulate,
epilepsies can manifest as pseudo-temporal (Alkawadri et al., 2013; Enatsu et al., 2014; Isnard et
al., 2000; Liava et al., 2014; Palmini et al., 1993; Shihabuddin et al., 2001; Williamson et al., 1992).
The differentiation in nonlesional cases between temporal and pseudo-temporal epilepsy represents
a diagnostic challenge. The distribution of IEDs seems to be helpful. Extratemporal IEDs represent

a relevant red flag because they are atypical for pure TLE (Rémi et al., 2011).
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We published a case report of a 33-year-old female patient who developed epilepsy at the age of
14 (Dolezalova et al., 2017, Annex 7). The patient reported epigastric constriction or gustatory
hallucination as an aura. Subsequently, temporal-like seizures developed; early oroalimentary
automatisms, upper limb automatisms (mainly left-sided), non-lateralizing nose-wiping, and
face-rubbing were present. IEDs were mainly over the left fronto-temporal region, but
independent right and left frontal IEDs were also recorded. The ictal pattern slightly differed
between individual seizures, but usually the ictal activity appeared over the left anterior
fronto-temporal area, then it spread over the left hemisphere and to the contralateral side.
MRI was described as normal, with an exception for left-sided thalamic infarct.
Neuropsychological testing showed bilateral temporal functional impairment (verbal and
visual encoding difficulties). 18F-FDG-PET revealed bitemporal hypometabolism (left-

sided involvement was more pronounced).

Based on the inconsistent results of non-invasive investigations, IEEG was suggested as
an inevitable further step. An extensive exploration of the temporal areas was performed;
the extratemporal regions known for spreading ictal activity to the temporal lobe were also
covered, namely the fronto-orbital cortex, insula, and posterior cingulate gyrus. IEDs were
independently present in mesial temporal structures and in the posterior cingulate gyrus. The
ictal onsets were recorded in all seizures in the posterior cingulate gyrus. The MRI was
reviewed, and an inconspicuous change in the gray matter was revealed in the posterior
cingulate gyrus in the proximity of the recorded seizure onset. The patient underwent surgery; a
limited cortectomy was performed in the left posterior cingulate gyrus (Figure 9). The patient has

been seizure-free since surgery.
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This case report highlights the problematic differential diagnosis in nonlesional TLE. These

patients should be referred for IEEG, which has to cover both temporal and extratemporal areas.

This approach has to allow the differential between pseudo-temporal and temporal seizure onset.

Figure 9: The resection in posterior cingulate gyrus

This figure illustrates the borders of confined resection in the left posterior cingulate gyrus
(yellow circle). The red circle represents the area where low-voltage fast ictal activity was
recorded.

Republished with permission.
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Neuropsychology

Neuropsychological testing is a standard procedure within epilepsy surgery programs.
Neuropsychological deficits can be conditioned by structural lesions and by the functional
derangement of different brain networks (Baxendale et al., 1998; Durwen et al., 1989; Jokeit et al.,

2000).

Historically, the most information is available about functional deficits associated with TLE
because TLE patients have formed the majority of surgical candidates. TLE affects mainly memory
networks. The relation between left-sided TLE with verbal memory impairment is indisputable.
The association between right TLE and figural or visuospatial memory is weaker because patients
with left-sided TLE also exhibit very often falsely-lateralizing figural or visuospatial memory
difficulties (Helmstaedter et al., 1994; Helmstaedter et al., 1995; Loring et al., 1999). TLE patients

also have naming difficulties (Malow et al., 1996).

The knowledge about neuropsychological deficits associated with extratemporal epilepsies is less
extensive. Patients with frontal lobe epilepsy often have problems with executive functions,
working memory, choice of appropriate behavior, the establishment of emotional valences, and
evaluating and balancing consequences (Bechara et al., 2000; Rolls, 2000; Sarazin et al., 1998).
There is even less information about deficits in insular, parietal, and occipital epilepsies. These
“posterior” epilepsies can manifest with aphasia, alexia, agraphia, acalculia, agnosia, or neglect
syndrome, but these are not very common and usually well-compensated. They often mimic frontal
epilepsies or TLE with their types of dysfunction, depending on the pattern of the spread of ictal

activity (Kasowski et al., 2003) .
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We know that early-onset epilepsy can alter brain networks and condition the significant
redistribution of brain functions. We pursued this topic in our study (Dolezalova et al., 2017;

Annex 8)

There are significant differences between the function of the left (dominant) and right (non-
dominant) hemispheres. The left hemisphere is responsible for language, verbal, and motor
(handedness) function. The clinical variable conditioning this hemispheric shift is the age of
insult, i.e., lower age means a higher likelihood of functional reorganization. We know that early-
onset epilepsy can condition such a critical shift and cause the redistribution of brain functions. It
was demonstrated that left-sided mesial TLE is associated with atypical lateralization of verbal
memory and language function (Adcock et al., 2003; Alessio et al., 2013; Powell et al., 2007;
Richardson et al., 2003). However, we had no specific information on whether the “pure”
temporal lesion as present in mesial TLE is sufficient to cause atypical handedness because of the
core function of the frontal lobe for motor functions. In our study, we investigated the occurrence

of left-handedness in mesial TLE and clinical variables associated with this left-handedness,

We investigated 73 patients with mesial TLE associated with hippocampal sclerosis. The patients
underwent the Edinburgh Handedness Inventory for handedness lateralization. Patients with
laterality index from O to 100 were categorized as right-handed; patients with laterality index

from -100 to O were categorized as left-handed.
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Figure 10: The percent representation of left-handedness and right-handedness in patients
with left-sided and right-sided mesial TLE

Republished with permission.

There were 32 (43.8%) patients with right-sided mesial TLE and 42 (56.2%) patients with left-
sided mesial TLE. Fifty-four (74%) patients were right-handed. The other 19 (26%) patients were
left-handed. The representation of left-handed patients was significantly higher among patients

with left-sided mesial TLE (p=0.030, Figure 10).

When assessing the clinical variable correlating with the change of handedness in left-sided mesial
TLE, we found that left-handed patients had an earlier epilepsy onset (median 8 years of age, min-
max 0.5-17 years) compared to right-handed patients (median 15 years of age, min-max 3-30

years; p<0.001, Figure 11).

43



30

25

20

10

Age at epilepsy onset
&
|

Left-handers Right-handers

O Median I! 25% - 75% INon-Outlier Range
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Republished with permission

Even a confined lesion like hippocampal sclerosis can alter remote brain function and cause a

change of handedness. The probability of this change is age-dependent.



Positron emission tomography (PET)

PET is a functional neuroimaging method that is essential for tailoring surgical procedures. 18F-
FDG-PET is routinely performed in an interictal state with a glucose analog. 18F-FDG-PET is an
indirect marker of neuronal activity and allows the absolute quantification of cerebral glucose
metabolism. Ictal 18F-FDG-PET is not routinely performed because of the short half-life of the

tracer.

The seizure onset zone is characterized by a decrease in glucose metabolism in the interictal state.
18F-FDG-PET can be evaluated by both visual (qualitative) and mathematical (quantitative)
analysis. Qualitative analysis was found to be reliable in both lateralization of the seizure onset
zone and prediction of postoperative outcome in patients with temporal lobe epilepsy (Delbeke et
al., 1996; Radtke et al., 1993), but its proper interpretation is influenced by high levels of variability
among investigators. To overcome this limitation, methods of mathematical, i.e., quantitative, PET
analysis have been developed (Signorini et al., 1999; Takahashi et al., 2012; Van Bogaert et al.,

2000).

We tried to establish the benefits of quantitative analysis for epilepsy surgery in our work (Kojan

etal., 2018; Annex 9).

In this work, we compared 18F-FDG-PET using SPM SPM-PET in patients with HS-TLE and
control groups in order to assess the differences in the distribution of glucose hypometabolism. In

the next step, we tried to identify the differences between HS-TLE subgroups.

We identified a group of 49 HS-TLE patients and 24 control individuals who underwent 18F-FDG-

PET. Statistical parametric maps were calculated for each subject. First, SPM-PET was
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mathematically compared between patients and controls. Next, we tried to identify the differences
in the HS-TLE group in terms of epilepsy duration, HS side, histopathological findings, history of

insult, and surgical outcome.

When comparing HS-TLE patients to controls, we found profound bilateral hypometabolism in HS-

TLE patients. On the HS side, the hypometabolism was present over both temporal areas (pole,

Figure 12: The difference in hypometabolism between patients with temporal lobe epilepsy
associated with hippocampal sclerosis (HS-TLE) and a control group using statistic
parametric mapping of positron emission tomography (SPM-PET). Republished with

permission.
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amygdala, hippocampus, parahippocampal gyrus) and extratemporal areas (orbitofrontal cortex,
insula, thalamus, posterior cingulate gyrus). On the contralateral side, the hypometabolism was

present in the thalamus, anterior cingulate gyrus, and middle cingulate gyrus (Figure 12).

When comparing individual subgroups within HS-TLE, we observed differences between patient
subcategories: (1) HS class I and Il versus HS class Il and 1V, (2) excellent surgical outcome
(Engel I and 11) versus poor surgical outcome (Engel 111 and 1V), and (3) presence versus absence
of potential insults (encephalitis, meningitis, febrile seizure). We did not find any significant

differences between patients with respect to the HS side and to FCD in the temporal pole.

There are significant differences between HS-TLE patients and controls regarding glucose
metabolism. Hypometabolism is bilateral and more widespread on the HS side. There are
differences in the hypometabolism distribution even among HS-TLE patients depending on the HS

type, surgical outcome, and potential insult.

In general, the sensitivity of 18F-FDG-PET depends on the localization of epileptogenic zone. It is
higher for TLE than for ETLE (70-85% for TLE in comparison to 30-60% for ETLE) (Arnold et
al., 1996; Drzezga et al., 1999; Juhasz et al., 2001; Ryvlin et al., 1998; Won et al., 1999). PET is
essential in patients with clinical and electrophysiological characteristics of TLE but without any
suspected lesion on MRI. The well-expressed hypometabolism over the temporal lobe could be
found in some patients who form MRI-negative, PET-positive TLE groups (Bell et al., 2009; Carne

et al., 2004; Carne et al., 2007a; Carne et al., 2007b; Kuba et al., 2011).
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Interictal/ictal SPECT and SISCOM

Interictal/ictal SPECT and SISCOM are other functional techniques widely applied within the
epilepsy surgery program. They use tracers marked by radioactive technetium (**™Tc-HMPAO)
that are applied interictally for interictal SPECT or ictally for ictal SPECT. SISCOM is obtained

by mathematical postprocessing of interictal and ictal SPECT; the results are displayed on MRI.

The highest limitation of ictal SPECT is the necessity of applying a radioactive tracer early during
the seizure evolution to visualize the seizure onset rather than the propagation of seizure activity
to different brain areas (Lee et al., 2006b; Patil et al., 2007). SPECT/SISCOM are mentioned here

only briefly because we paid only marginal attention to it.
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The decision-making process within epilepsy surgery

Clinicians focusing on epilepsy surgery have to address several questions when managing a patient
to find an optimal therapeutical approach. The fundamental problem concerns the localization of
the epileptogenic zone. First, a rational hypothesis about its localization and its extent must be
formulated. This hypothesis must be based on the results of all the methods used in the presurgical

evaluation and on the localization of zones involved in seizure genesis.

There is currently no widely accepted “tool” for precise epileptogenic zone delineation. Some
methods for epileptogenic zone characterization have been proposed in the literature, including the
epileptogenic index (Bartolomei et al., 2008). The epileptogenic index is a semi-automated method
for quantifying the epileptogenicity of different brain areas. This index is based on two variables:
(1) the ability of individual brain structures to generate fast discharges, and (2) the time delay
between seizure onset and the development of fast discharges in a given structure. A high
epileptogenicity index is present in structures that generate fast rhythms early in the onset, meaning
that the structure is highly epileptogenic. The epileptogenic index has been used in several studies,

but there are doubts about its usefulness (Aubert et al., 2009; Neal et al., 2020; Pizzo et al., 2017).

In our research, we focused on two clinicaly relevant situations: MRI-negative TLE epilepsy

(Dolezalova et al., 2016a; Annex 10), and bitemporal epilepsy (Rehulka et al., 2014; Annex 11).
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Clinical situation: MRI-negative TLE - differences between mesial and

neocortical types

In MRI-negative TLE patients, it is essential to differentiate between those with mesial seizure
onsets and those with neocortical seizure onsets for precise seizure tailoring and minimization of
adverse events. In most cases, the differentiation can be made based on chronic intracerebral
recording. We tried to delineate these two groups, i.e., mesial and neocortical MRI-negative TLE,

based on a non-invasive analysis.

Our retrospective study included a total of 20 patients with MRI-negative TLE who underwent
intracerebral recording before surgery. According to the localization of the seizure onset zone in
IEEG, the patients were subdivided into mesial (amygdala, hippocampus, parahippocampal gyrus)
and neocortical MRI-negative TLE groups. We tried to find differences between the following
variables: demographic data, FDG-PET findings, interictal and ictal semi-invasive EEG, seizure

semiology, results of surgery, and histopathological findings.

Within 20 MRI-negative TLE patients, 13 (65%) patients had mesial seizure onset zones and 7
(35%) patients had neocortical seizure onset zones. The statistically significant differences
between mesial and neocortical MRI-negative TLE patients were present in the IED distribution
(neocortical MRI-negative TLE patients exhibit extratemporal IEDs more often, p=0.031) and
seizure lateralization (all neocortical MRI-negative TLE patients had at least one non-lateralized
or falsely lateralized seizure, p=0.044). When analyzing seizure semiology, we managed to identify
some trends, but a statistical comparison was not possible because of the low numbers in each

group. No differences were found between other variables.
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In conclusion, two-thirds of patients with MRI-negative TLE have mesial seizure onset zones and
one-third of patients with MRI-negative TLE have neocortical seizure onset zones. Differentiation
based on non-invasive data is challenging despite some distinctions in IED distribution and seizure
lateralization. However, the surgical results are satisfactory in both groups, comparable to MRI-

positive TLE cases.

Clinical situation: Bitemporal epilepsy

Our next study focused on the analysis of bitemporal epilepsy (Rehulka et al., 2014; Annex 11).
It is necessary to clarify the definition of bitemporal epilepsy. The definition differs substantially
among publications. In some publications, the definition of bitemporal is based on independent
seizures arising from both temporal lobes in scalp EEG (Holmes et al., 2003). Some authors have
used various combinations of different criteria (scalp or sphenoidal EEG, MRI, and
neuropsychological) (Spanedda et al., 1997). We adapted the definition of Hirsh et al. (1991),
who defined bitemporal epilepsy as independent seizures originating from both temporal lobes
based on IEEG analysis (Hirsch et al., 1991). We also included patients in whom habitual
seizures were recorded from one temporal lobe and elicited by electrical stimulation from the
contralateral side. In our study, we tried to characterize the bitemporal group in more detail and to

establish differences when comparing to strictly unitemporal ones.

We retrospectively identified a group of patients with bitemporal epilepsy; these patients were
matched to the patients with unilateral temporal lobe epilepsy. We then compared bitemporal and
unitemporal patients in terms of demographic data, scalp EEG findings, and ictal semiology. From
the electrophysiological point of view, we evaluated the presence or the absence of early rhythmic

theta/delta activity, time to development of rhythmic theta/alpha activity, bitemporal propagation

51



time, and ictal activity duration. We evaluated the presence of ictal signs: early oroalimentary
automatisms, ictal motor signs (early nonversive head-turning, lateralized ictal immobility of the
upper limb, ictal dystonia, rhythmic ictal nonclonic hand motions [RINCH], peri-ictal vegetative
symptoms (retching with/without vomiting, cough, urinary urge, and water drinking), peri-ictal
motor signs (peri-ictal nose-wiping, peri-ictal bed leaving), and duration of peri-ictal
unresponsiveness (short <3 min, medium 3-5 min, long > 5 min), defined as the period from the

end of EEG ictal activity to the restitution of both fluent speech and orientation.

We found statistically significant differences between bitemporal and unitemporal epilepsy when
analyzing seizure semiology in the presence of ictal motor signs and the duration of postictal
unresponsiveness. At least one ictal motor sign was observed in 18 (20.7%) out of 87 seizures in
bitemporal epilepsy vs. in 47 (61%) out of 77 seizures in unitemporal epilepsy (p<0.001). Patients
with bitemporal epilepsy tend to have a longer duration of postictal unresponsiveness (p=0.002).
Patients with bitemporal epilepsy had postictal unresponsiveness < 3 min in 18 (28.6%) seizures
and > 5 min in 27 (42.9%) out of 63 seizures; patients with unitemporal epilepsy had postictal
unresponsiveness < 3 min in 34 (57.6%) and > 5 min in 11 (18.6%) out of 59 seizures. No other

statistically significant differences were found when analyzing other variables.

In our study, we managed to demonstrate differences in ictal semiology between patients with
unitemporal and bitemporal epilepsy. Patients with bitemporal epilepsy have poorer ictal

semiology in terms of ictal motor signs and need a longer time to reach complete recovery.
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Neurostimulation methods

In patients who could not be offered “classical” resective surgery or in whom epilepsy surgery
failed to abolish seizures, neurostimulation methods represent a possible therapeutic option.
Although complete seizure cessation after implantation is relatively rare, neurostimulation can
bring significant seizure reduction and improvement of QOL (Fisher et al., 2010; Harroud et al.,
2012; Ma and Rao, 2018; Mclntosh et al., 2004; Orosz et al., 2014; Ryvlin et al., 2014; Ryvlin and

Kahane, 2005; Salanova et al., 2005).

The efficacy can be measured by average seizure reduction or responder rate. The responder rate
is traditionally defined as a percentage representation of patients with at least 50% seizure reduction
(>50% seizure reduction). The responder rate of all neurostimulation methods is approximately
50% in the first year after implantation with subsequent increases (Fisher et al., 2010; Harroud et
al., 2012; Ma and Rao, 2018; Mclntosh et al., 2004; Orosz et al., 2014; Ryvlin et al., 2014; Ryvlin

and Kahane, 2005; Salanova et al., 2005).

At the moment, three neurostimulators are approved for the treatment of drug-resistant epilepsy:

(1) VNS, (2) DBS, and (3) RNS (not approved in Europe).

The precise antiepileptic mechanism of neurostimulation methods is not fully understood. It is
based on the historical observation that the modulation of some cortical or subcortical structures
can influence brain excitability and subsequently lead to seizure reduction. The following
structures were chosen as possible stimulation targets: cerebellum, caudate nucleus, thalamus
(centromedian, anterior, subthalamic nuclei), vagus nerve, and the cortical area of the seizure onset

itself (Theodore and Fisher, 2004).
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The first attempts with neurostimulation in the treatment of drug-resistant epilepsy were made with
the cerebellum (Cooper et al., 1973; Reimer et al., 1967). Despite the promising results of
preliminary and uncontrolled studies, the outcomes of a controlled randomized study were
disappointing (Davis and Emmonds, 1992; Van Buren et al., 1978; Wright et al., 1984). The
efficacy of cerebellar stimulation was not proven. Despite the apparent limitations, specifically the
small patient sample (only 12 patients were included), the idea of cerebellar stimulation in the
treatment of epilepsy treatment was abandoned and attention was focused on the identification of
novel targets. In 1990, preliminary results with stimulation of the vagus nerve were introduced
(Penry and Dean, 1990; Uthman et al., 1990; Uthman et al., 1993). The efficacy and safety of this
method were subsequently proven (Ben-Menachem et al., 1994; Handforth et al., 1998), and VNS

became the first authorized neurostimulation system for the treatment of drug-resistant epilepsy.
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Vagus nerve stimulation (VNS)

VNS is the most widespread neurostimulation method for the treatment of drug-resistant epilepsy;
it has been implanted in over 100,000 people, a third of which are children, around the world (Ben-

Menachem, 2002; Englot et al., 2017).

VNS was approved for the treatment of drug-resistant focal epilepsy based on the results of two
randomized, double-blind controlled trials, EO3 (multicenter international) and EO5 (multicenter
USA) (Ben-Menachem et al., 1994; Handforth et al., 1998). These studies compared the efficacy
and safety of high-level stimulation (therapeutic; the stimulation frequency ranged between 20 and
50 Hz) and low-level stimulation (sham; the stimulation frequency was 1 or 2 Hz). The mean
reduction in seizure frequency in EO3 was 24.5% for active (high-frequency) stimulation and 6.1%
for sham (low-frequency) stimulation; in EO5 it was 24.5% for active stimulation and 15% for

sham stimulation (Ben-Menachem et al., 1994; Handforth et al., 1998).

VNS efficacy

Further studies focused on the long-term effect of VNS; they proved an increase in VNS
effectiveness over time. R¥8z et al. (2018) observed 130 consecutive patients with epilepsy. They
found significant seizure reduction; the responder rate increased from 22.1% in the first year to
43.8% in the fifth year regardless of changes in AEDs (R¥sz et al., 2018). However, there is still
limited information about patient responses to VNS with more than a 10-year perspective (Elliott

etal., 2011; R¥éz et al., 2018; Serdaroglu et al., 2016).

We tried to address this limitation in our study (Chrastina et al., 2018b; Annex 12).
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The main aim of this study was to evaluate our long-term (10-17 years) experience with VNS in a
group of drug-resistant epilepsy patients. The second aim of this study was to find the predictors

for long-term VNS response based on clinical data analysis.

We retrospectively analyzed the response to VNS in patients who were implanted at least 10 years
ago. Based on this response, patients were categorized as follows: non-responder (seizure

reduction < 50%), responder (seizure reduction >50%), and 90% responders (reduction > 90%).

We found 74 patients who were implanted with VNS for at least 10 years; their response to VNS is
summarized in Figure 13. The responders’ rates were as follows: 38.4% in year 1, 51.4% in year
2,63.6% in year 10, and 77.8% in year 17. The 90% responders’ rates were: 1.4% in year 1, 5.6%
in year 2, 15.1% in year 10, and 11.1% in year 17. Changes were made in AEDs in most patients.

We did not find any statistical predictors for long-term patient responses to VNS.

Based on our results, we can summarize that VNS is a safe treatment option in patients with drug-
resistant epilepsy with long-term efficacy. In our study, we proved an excellent response to VNS,

even in patients treated for 17 years.
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Figure 13: Temporal changes in representation of responders (R) and 90% responders (90%
R) in year 1-9 and year 10-17
Republished with permission.



Based on improved surgical care, the low risk of complications, and accessibility, VNS is also
indicated for older patients with chronic internal disease, and patients with severe intellectual
disability are referred for palliative surgery such as VNS (Andriola and Vitale, 2001; Danielsson

et al., 2008).

The main aim of our further work was to assess whether even these older patients and patients
with severe intellectual disability can profit from VNS implantation (Chrastina et al., 2018a;

Annex 13).

We retrospectively collected data about patients implanted with VNS. The patients were
categorized as responders (> 50% seizure reduction), 90% responders (> 90% seizure reduction),
and non-responders (< 50% seizure reduction). The patients were evaluated 1 year after surgery
and at their most recent visit after at least 2 years of follow-up care. The patients were divided into
groups depending on age (< 40 years versus >40 years; < 50 years versus > 50 years; respectively),
epilepsy duration (< 20 years versus > 20 years; < 30 years versus > 30 years; < 40 years versus

> 40 years; respectively), and presence of intellectual disability (present versus absent).

We identified 103 patients with VNS who had at least one follow-up visit, and 94 patients treated
with VNS longer than 2 years. When analyzing the response to VNS therapy, we did not prove
significant statistical differences with respect to patient age, epilepsy duration, or presence of
intellectual disability, with only two exceptions. First, the patients with epilepsy duration > 20
years tended to be classified more often as responders than patients with epilepsy duration < 20
years at the last follow-up visit (p=0.046). Second, the patients with epilepsy duration > 30 years

were more often 90% responders than patients with epilepsy duration < 30 years at the follow-up
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visit 1 year after implantation (p=026). Nevertheless, this difference was lost at the last follow-up

visit.

It is possible to claim than VNS can be used as a method of therapeutical choice even in patients
with higher age, longer epilepsy duration, and severe intellectual disability because all these

groups can profit from this treatment.

Limitations of VNS therapy

There are limitations associated with VNS therapy, namely (1) adverse events of VNS therapy, and

(2) inability to predict efficacy at the individual patient level.

Adverse events of VNS therapy

In general, adverse events conditioned by VNS are moderate and can be divided into two groups:

(a) adverse events related to surgery, and (b) adverse events associated with long-term use.

Adverse events related to surgery include common infections, vocal-cord palsy, lower facial
weakness, and bradycardia or systole in the operating room in 0.1% cases. The reason for this rare
heart rhythm abnormality is not fully understood; it can be conditioned by abnormal electrode
placement, indirect stimulation of the cervical cardiac nerves, technical malfunction, or an

idiosyncratic reaction (Ben-Menachem, 2002; Handforth et al., 1998).

The adverse events associated with long-term use include coughing, throat pain, and hoarseness;
they tend to improve over time (Handforth et al., 1998; Morris et al., 1999). VNS does not influence
blood counts or blood chemistry, including liver function, which is essential information for many

patients (Ben-Menachem, 2002).
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VNS was implanted in more than 100,000 people around the world in all age groups (Ben-
Menachem, 2002; Englot et al., 2017). These 100,000 patients include women of child-bearing age,
and there are anecdotal reports about pregnancies, deliveries, and further child development in

these patients.

VNS may influence gravidity in both its afferent and efferent fibers. Afferent fibers (forming 80%
of the vagus nerve) have connections with cortical and subcortical structures. These fibers, among
other things, influence the functioning of the central autonomic system and excretion of
neuroendocrine hormones with particular importance of oxytocin for gravidity and child-bearing.
Efferent fibers (forming 20% of the vagus nerve) influence mainly the heart functioning, but a
small portion projects to the uterus. These fibers may have an impact on uterus functioning during
pregnancy and delivery (Sabers et al., 2018; Sato et al., 1996). However, it is necessary to highlight
that gravidity, child-development, and delivery are not influenced only by VNS. AEDs, usually in
polytherapy, seizures, and concomitant medication play essential roles, and it is impossible to

separate their influence.

We collected data about gravidity in patients treated with VNS for drug-resistant

epilepsy (Chrastina, submitted; Annex 14).

From a group of 71 women of child-bearing age who were implanted with VNS in the Brno Epilepsy
Center between 1999 and 2018, we identified 4 patients who gave birth. The individual cases are

presented below.
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Patient 1:

Patient 1, treated for bitemporal epilepsy, with a history of IEEG and temporal lobe resection,
became pregnant at the age of 26 years. She was treated with lamotrigine, levetiracetam,
carbamazepine, and perampanel. The VNS was implanted 81 months before pregnancy; the patient
was a non-responder with a 40% seizure reduction. She reported a mild decrease in seizure
frequency during gravidity (no changes were made to AEDs or stimulation parameters). The birth
was induced because of epilepsy; she delivered a healthy son (49 cm, 3500 g) at the 39" gestational
week. The post-birth adaptation was without any problems. Breastfeeding lasted for 6 months. At

the moment, the boy is 2 years old and developmentally normal.

Patient 2:

Patient 2 (33 years) was treated by levetiracetam and lamotrigine for focal epilepsy with high
seizure frequency (several seizures per day) not accompanied by any falls or bilateral tonic-clonic
seizures. The patient had a history of 4 spontaneous abortions due to cervical insufficiency. VNS
was implanted 10 months before conception. Pregnancy was uneventful with no change of AEDs
or VNS parameters. A cesarean section was indicated because of epilepsy at the 34" gestation
week. The patient gave birth to a son (47 centimeters, 2150 g) who spent 1 week in an incubator
for worse post-birth adaptation. Breastfeeding was not initiated. The patient spontaneously
reported a week-long seizure-free period after birth (the most prolonged seizure-free period in her
life since epilepsy development). Now, the boy is 10 years, treated with Attention Deficit
Hyperactivity Disorder (ADHD). He is in elementary school, requiring an assistant because of

ADHD.
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Patient 3

Patient 3, 38 years old, was treated for focal epilepsy. She had a history of an uncomplicated
pregnancy, which led to the birth of a healthy child before VNS implantation. VNS was implanted
63 months before the second pregnancy and had no impact on seizure frequency (VNS was
explanted later). The patient took 4 AEDs: valproic acid, primidone, zonisamide, and clonazepam.
She reported a slight increase in seizure frequency. However, a placental separation developed in
the 31 week of gravidity, which led to an acute cesarean section. A boy (33 cm, 1315 g) spent 2
months in an incubator. Breastfeeding was not initiated. At the moment, he is 2 years old

developmentally normal for his age.

Patient 4:

Patient 4 was 22 years old at the time of pregnancy. She had focal epilepsy treated by
carbamazepine, lamotrigine, and valproic acid. VNS was implanted 23 months before conception,
and seizure reduction was 60%. The gravidity was uneventful with a decrease of seizure frequency
(no change of VNS parameters or AEDs) terminated by spontaneous vaginal birth. A son was
delivered at the 39" gestational week (48 cm, 2700 g), post-birth adaptation was without any
problems. At the moment, the boy is 10 years old, diagnosed with mental retardation with an

autistic spectrum disorder; he attends a special school with assistant support.

To our knowledge, this is the second-largest single-center report about the influence of VNS on
pregnancy. We documented high numbers of obstetric interventions in our patients. The
pregnancies in our patients led to the delivery of 4 children; 2 of them require special schooling.

This number is relatively high, which deserves particular attention in the future.
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Prediction of VNS efficacy

The most significant problem associated with VNS therapy is the inability to predict VNS efficacy
at the individual patient level. At the moment, it is possible to recognize which patient groups can
profit more from VNS treatment. Englot et al., in a meta-analysis of more than 3,321 patients,
found that patients with generalized epilepsy and children, especially children younger than six
years, exhibit the highest seizure reduction. Regarding etiology, patients with posttraumatic

epilepsy and tuberous sclerosis profit the most from VNS (Englot et al., 2011).

However, it is not possible to reliably predict VNS efficacy at the individual level, i.e., based on
pre-implantation data. The pre-implantation identification of patients profiting from VNS is crucial
for several reasons. Importantly, it can decrease the need for ineffective surgery, improving the
allocation of financial costs. Moreover, it can increase the confidence of physicians and patients in

neurostimulation.

At the moment, four studies have dealt with pre-implantation VNS efficacy prediction (Babajani-

Feremi et al., 2018; Ibrahim et al., 2017; Mithani et al., 2019).

Ibrahim et al. (2017) published a prediction model based on the analysis of resting-state fMRI in a
group of 21 children with drug-resistant epilepsy. They demonstrated that thalamocortical
connectivity to the anterior cingulate and insular cortices is stronger in responders than in non-
responders. They reached an accuracy of 86% in their study. When validating their model on an

external dataset of 8 children, the accuracy was almost 90% (lbrahim et al., 2017).

The study by Babajani-Feremi et al. (2018) predicts VNS efficacy by analyzing resting-state

magnetoencephalography (MEG). Resting-state MEG can be used to study and quantify the impact
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of epilepsy on the brain networks and the changes of brain networks conditioned by different
therapeutical interventions. In this study, the authors made calculations on recorded resting-state
MEG using three global graph measures: modularity, transitivity, and characteristic path length, in
which they found statistically significant differences between responders and non-responders.
Subsequently, they formulated a classifier that was able to predict VNS response with an accuracy

of 87% (Babajani-Feremi et al., 2018).

The study by Mithani et al. (2019) proved the differences in white matter microstructures in DTI
between responders and non-responders; these differences were subsequently used for the

construction of a classifier for VNS response prediction (Mithani et al., 2019).

In our study, we tried to develop a statistical classifier for prediction of VNS response based on the

EEG reactivity to external stimuli (Brazdilet al., 2019; Annex 15).

Our work is based on the finding that synchronization and desynchronization of EEG are
responsible for VNS efficacy (Jaseja, 2010; Marrosu et al., 2005). We presumed that inter-
individual variability in the EEG ability to synchronize/desynchronize in response to external
stimuli conditions a type of response to VNS (responders vs. non-responders). As the next step, we
tried to formulate a statistical classifier for predicting response to VNS in an individual patient

based on pre-implantation EEG.

We collected data in a group of patients treated with VNS for drug-resistant epilepsy. Patients were

categorized as responders or non—responders based on the criteria by McHugh et al. (2007).

In each patient, a standard pre-implantation EEG with photic stimulation and hyperventilation

was identified. The EEG was segmented to several time-intervals and filtered to the individual
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frequency bands (theta, alpha, beta, gamma). A Hilbert transform was employed to estimate the
envelopes of pre-defined pass-band frequency oscillations as a function of time. Subsequently,
absolute and relative mean powers were calculated in time intervals for each frequency band. The
responders and non-responders were compared using these relative mean powers. Based on the
data obtained in the previous steps, we developed a statistical classifier for prediction of VNS

efficacy. This model was validated on an independent patient dataset.

BASELINE

Theta

4-75Hz

Alpha
8-12Hz

Beta
14-30Hz

31-45Hz

Gamma

PHOTIC HYPERVENTI-
STIMULATION LATION

L 2 min 10s 10s 2.5 min =4 min

Total Time 20 min

Figure 14: Differences in relative mean powers between responders and non-responders
The differences between responders and non-responders were present mainly in the alpha
and gamma frequency during photic stimulation and hyperventilation (white dots). Black
dots represent individual electrodes.

Republished with permission.
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The study included a total of 60 patients treated with VNS: 35 (58%) responders and 25 (42%)
non-responders. When relative mean powers were calculated, the differences between responders
and non-responders were revealed. These differences were present mainly in the alpha and gamma

frequency ranges during photic stimulation and hyperventilation (Figure 14).

In the next step, the statistic classifiers based on the relative mean power changes in (1) areas
defined by a group of electrodes or (2) a single electrode were created using automatic machine
learning. By this approach, we managed to achieve 86.7% accuracy (88.6% sensitivity and 84%

specificity). We then validated this statistical model on the independent patient data (25 patients),

Groups of electrodes

A 1 Fp2 P Fpl  Fp2
A A ALY A N

Individual electrodes

Fpl  Fp2 Fp1  Fp2 Fpl  Fp2 Fpl  Fp2
- T Y

OPEN EYES PHOTIC HYPERVENTI- OPEN EYES
REST1 CLOSE EYES REST 2 STIMULATION LATION CLOSE EYES REST 3 REST 4
2min 10s 10s 2.5 min =4 min 10s 10s 2min I

0

Total Time 20 min

l. Theta 4 -7.5 Hz @ Aphag-12Hz @ Beta14-30Hz D Gamma31-45Hz|

Figure 15: The individual areas (a) and electrodes (b) used for statistic classifiers in each time
interval for individual frequency bands

Republished with permission.

66



where we confirmed our results with 86.4% accuracy (83.3% sensitivity, 90% specificity). The
groups of electrodes and the individual electrodes chosen for the development of a statistical

classifier are shown in Figure 15.

We found differences in the cerebral reactivity to external stimuli between responders and non-
responders. These differences were present mainly in photic stimulation and hyperventilation. In
the next step, a statistical classifier for predicting VNS efficacy was developed. The accuracy of
the classifier was confirmed in an independent patient dataset. We plan to validate our results in

another project (see the Future directions section).

Our previous work concerned VNS response prediction based on EEG analysis. However, there
are also reports about links between VNS efficacy and heart-rate variability (HRV) based on ECG
analysis. Liu et al. (2017) demonstrated that non-responders to VNS have more pronounced

impairment of cardiac autonomic functions (Liu et al., 2017).
We tried to confirm this theory in our manuscript (Plesinger et al., submitted; Annex 16).

The patients were recruited from our previous study based on the availability of quality ECG
accompanying EEG recording. The study was done in the following steps: (1) an individual EEG
was sub-segmented into 9 time intervals: Rest 1, Eyes-opening 1, Rest 2, Photic stimulation,
Hyperventilation by mouth, Hyperventilation by nose, Rest 4, Eyes-opening 2; (2) the individual
heartbeats were detected, and heartbeat intervals (RR intervals) were estimated; (3) median RR
(MRR) were counted in each time interval; (4) MRRs were normalized to baseline at Rest 4, which
led to the estimation of normalized MRR (NMRR); and (5) statistical differences in MRR and in
NMRR between responders and non-responders were counted; the Area Under The Receiver-

Operator Curve (AUC) was determined.
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We included a total of 66 patients from the source study. We did not find any statistical differences
between the responders and non-responders in MRR. However, when normalization was
performed, the differences in NMRR were present in 5 time intervals: Rest 1, Rest 3,

Hyperventilation by nose, Hyperventilation by mouth, and Eyes-opening 2 (Figure 16).
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AUC 0.627 0.578 0.603 0.588 0.659 0.631 0.637 0.644

Figure 16. The separation of responders and non-responders based on normalization of
median RR (NMRR) interval
- 15t and 3" quartile of specific boxplots marked by blue and orange stripes

- significant features marked in gray

ECG can provide additional information in the prediction of VNS efficacy. It will probably be
helpful in the construction of a statistical classifier. We plan to employ this method in our future

research.



Deep brain stimulation of the anterior nucleus of the thalamus (ANT-DBS) in
epilepsy

DBS is a common and effective therapeutic method for patients with movement disorders,
particularly Parkinson’s disease. Despite the extensive experience with DBS in this field, there is
substantially less knowledge about DBS as a treatment for refractory epilepsy. ANT-DBS is
currently approved as a therapeutic option for the treatment of drug-resistant epilepsy in Europe,

the USA, Canada, and Australia (Li and Cook, 2018).

The ANT was chosen as a suitable target for its anatomical and functional position. The ANT is
part of the “Papez circuit” and has dense afferent connections from the hippocampus both directly
via the fornix and indirectly via the mammillothalamic tract. There are other afferent fibers to the
ANT from the anterior cingulate cortex, posterior cingulate cortex, retrosplenial cortex, and inferior
parietal lobule. The efferent fibers project mainly to the hippocampus (Child and Benarroch, 2013).
Despite this detailed information about ANT anatomy and function, the precise mechanism of

action of ANT-DBS is not fully understood (Child and Benarroch, 2013).

The first ideas of thalamic stimulation as a suitable treatment for neurological diseases, including
epilepsy, were introduced in the 1970s and 1980s (Cooper, et al., 1980). The importance of ANT
for seizure genesis/suppression was first proven in experimental animal studies (Mirski and
Ferrendelli, 1984, 1986; Mirski et al., 1986; Mirski et al., 1997). This led to pilot studies in humans
(Andrade et al., 2006; Hodaie et al., 2002; Kerrigan et al., 2004; Lee et al., 2006a; Lim et al., 2007;

Osorio et al., 2007).
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DBS — efficacy and adverse events

Hodaie et al. (2002) implanted a group of 5 patients with ANT-DBS, which caused significant
seizure reduction (the seizure reduction ranged from 33% to 89%; mean seizure reduction was
54%), the implantation and stimulation did not elicit any significant adverse events or any
behavioral changes (Hodaie et al., 2002). Other preliminary studies also had satisfying results
(Andrade et al., 2006; Kerrigan et al., 2004; Lee et al., 2006a; Lim et al., 2007; Osorio et al., 2007).
Based on this, the study of Stimulation of the Anterior Nuclei of Thalamus (SANTE study) was

initiated (Fisher et al., 2010).

The SANTE study was a multicenter, double-blind, randomized trial of bilateral ANT stimulation
for focal epilepsy. The SANTE study was divided into two phases: the blinded phase (the first three
months) and the unblinded phase (subsequent 21 months). In the blinded phase, patients were
randomized into a stimulated group and a non-stimulated group. In the next phase, all patients
received stimulation. At the end of the blinded phase, the stimulated group reported significantly
higher seizure reduction than the control group: a 29% greater reduction in seizure frequency in
the stimulated group. During the two years of follow-up care, the authors proved the long-term
efficacy of ANT-DBS (there was a 56% median reduction in seizure frequency, 54% patients were
responders [>50% seizure reduction], and 12% patients were seizure-free for at least six months)

[30].

The follow-up care of patients within the SANTE study continued, and Salanova et al. (2015)
reported about the ANT-DBS efficacy in 5 years (Salanova et al., 2015). Seventy-five (68%)
patients out of the 110 initially implanted patients remained in the study. In the 5th year, the median

seizure reduction was 69%, the responder rate was 68%, and 16% of patients were seizure-free at
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least for six months. A similar trend is present with VNS; the percent representation of patients
with favorable responses to stimulation increases over time, though the precise reason for this

phenomenon remains still speculative.

The most common adverse events of ANT-DBS during the first year of the SANTE study were as
follows: paresthesias (18% patients), pain in the implant site (10.9% patients), and infection in

implant site (9.1% patients) (Fisher et al., 2010).

During the five years of follow-up care, device-related adverse events and other adverse events
were reported (Salanova et al., 2015). The device-related adverse events were pain in the implant
site (23.6% patients), paresthesias in the implant site (22.7% patients), implant site infection
(12.7% patients), therapeutic product ineffective (10% patients), discomfort (9.1% patients),
lead(s) not within target (8.2% patients), sensory disturbance (8.2% patients), memory impairment
(7.3% patients), implant site inflammation (7.3% patients), dizziness (6.4% of patients),
postprocedural pain (6.4% patients), extension fracture (5.5% of patients), and neurostimulator
migration (5.5% patients). Infection led to the explantation of the system in nine patients (five

patients experienced complete system explantation, four had partial explantation).

Depression, memory impairment, suicidal ideation, and deaths ranked among other adverse events.
Depression was present in 37.3% of patients (3 events in 3 subjects were considered to be device-
related). Memory impairment was present in 27.3% patients (approximately a third of memory
impairment was confirmed by neuropsychological examination). Suicidal ideation was reported by
11.8% (1 subject committed suicide; the suicide was not believed to be device-related). Seven
patients died during the study — 1 probable sudden unexpected death in epilepsy (SUDEP), 2

definite SUDEP, and 1 possible SUDEP.

71



The explanation for psychiatric side effects is supported by the role of the ANT in the “Ppe
awif” which is crucial for emotional and cognitive control. In general, there are no reliable data
regarding psychiatric side effects. Jivenpaet al. (2018) reported remarkable results when
analyzing a group of 22 patients with ANT-DBS (Jévenpét al., 2018). The authors did not find
any changes in psychological tests at the whole group level. However, transient mood disorders
were present in four patients — two patients reported sudden-onset depressive and melancholic
symptoms, and the other two reported slowly-progressive psychiatric symptoms, including
irritation, sleep disturbances, anxiety, fear, and paranoid symptoms. All previously mentioned
symptoms disappeared after adjusting the stimulation current or changing the stimulation
parameters. Novais et al. (2019) reported that ANT-DBS is associated with impaired psychological
functions after surgery, as well as a bilateral epileptogenic zone and a lack of remission of disabling

seizures (Novais et al., 2019).

In our center, ve have experience with the development of d novo psychopathology related to

ANT-DBS (Dolezalovaet al., 2019; Annex 17).

The patient is a female born in 1970 with a family history of mesial temporal lobe epilepsy. The
epilepsy was characterized as focal bitemporal based on scalp EEG. There was a right-sided HS
on MRI, but the Wada test showed the crucial role of the right-sided hippocampus for memory. The
patient was implanted with VNS, which was inefficient and was explanted. The patient was offered
ANT-DBS implantation at the age of 41 years. She was not treated for psychiatric illness, which
was confirmed by neuropsychological examination. However, psychology tests revealed echolalia,
perseveration, and the global deterioration of cognitive function (IQ 72, the most severe alteration
in execution and memory). After implantation, the monopolar stimulation of the most proximal

contacts (contact 3 on the left and contact 11 on the right, Figure 17) was initialized. After
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implantation, the patient did not report the decrease of seizure frequency, but ANT-DBS influenced

seizure severity and duration positively.

The PSEs started to appear 3 months after stimulation initialization. The patient’s family started
to complain about irritability, hostility, and aggressiveness, which were accompanied by paranoid
production. The patient reported that ANT-DBS influenced her behavior and forced her to walk
backward. The situation worsened when anyone was speaking about DBS. The psychological and

psychiatric examinations confirmed incoherent thoughts, behavioral and emotional alteration, and

disordered personality and behavior. The stimulation was discontinued, but the patient has not yet

Figure 17: The relation between the ANT and DBS electrodes

Panel a shows the relation between the ANT (violet) and electrodes in a coronal section.
Panel b illustrates the estimated distribution of the electrical field (yellow) during stimulation
and its links to the ANT (blue). We chose a correct contact on the right, but a more distal
contact would be in a more suitable position on the left.

L — left, R — right; SureTune software (Medtronic, Minneapolis, MN, USA).

Republished with permission.
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returned to her pre-implantation level, as supported by repeated psychiatric hospitalizations. In
this patient, we suspect that the implantation of DBS electrodes caused some alteration in thalamic

circuits that had long-term consequences.

DBS — electrophysiological aspects

From the electrophysiological point of view, it is remarkable to record the changes of scalp EEG
in association with DBS or the intracerebral activity recorded directly from the ANT via
intracerebral electrodes. Kerrigan et al. (2004) reported the presence of changes, so-called driving
response, of scalp EEG conditioned by the stimulation of the ANT. This response was time and

frequency locked to ANT stimulation (Kerrigan et al., 2004b).

We recorded the cerebral signal from electrodes implanted in the ANT (Rektor et al., 2016, Annex

18).

We reported the interictal and ictal recordings from the ANT in six patients. The recordings from
ANT-DBS was obtained in a similar way as recordings from DBS in patients with Parkinson’s
disease, i.e., DBS was implanted and the electrodes were left externalized for recording. After

several days, the internalization was performed.

Interictal recording

No IEDs were found in the ANT. However, HFOs up to 240 Hz. were recorded in all patients. We

even recorded HFOs up to 500 Hz in one patient. The interictal HFOs are shown in Figure 18.

74



Ictal recording

We recorded ictally an early broadband increase of power in all seizures (Figure 19). Moreover,
a specific ictal activity was present in one seizure; this ictal activity preceded the clinical onset in

a given seizure (Figure 20).

To our knowledge, this is the first described occurrence of HFOs in subcortical structures.

10 ms 9 9 -ms
ms
= 20 ms - 26 ms
R1 |:| R1
L3 | — :
R2 50 ms R2 R2

Figure 18: The High-frequency oscillations (HFOs) recorded in nucleus anterior thalami
(ANT)

The figure demonstrates HFOs recorded in ANT, raw signal, sampling frequency 5kHz. Two
types of HFOs are shown: (1) periodical HFOs — longer rectangle (lasting >20 ms, R1); (2)
single peaks (burst) — shorten rectangle (lasting <10 ms, R2).

Republished with permission.
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Figure 19: Preictal recording in the ANT — preictal broadband increase in all power spectra
A: Enlargement of raw signal from 30 ms to 22 ms before seizure onset

B: Raw signal — time window 90 ms before and 50 ms after seizure onset

C: Normalized Time Frequency Maps with preictal broadband increase in all power spectra.
Yellow vertical line — clinical seizure onset

Republished with permission.
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Figure 20: The clinical seizure onset (vertical yellow line) was preceded by clear-cut rhythmic
activity in the left ANT, contacts L2-L.3

Upper panel: The rhythmic activity could be seen first in the left ANT (red arrow); it then
spreads to the right ANT.

Bottom panel: Normalized Time Frequency Maps.

Assumed from Rektor et al., 2016; published with permission.
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Responsive neurostimulation (RNS)

RNS was approved for clinical use in the US in 2013. This method differs widely from VNS and
DBS, which are based on an open-loop approach, i.e., they derive pulses on a fixed schedule. RNS

derives stimulation only in the presence of ictal discharges, i.e., it works as a closed loop.

RNS is surgically implanted in the cranium and is connected to the skull. The device contains leads
(subdural strips or depth electrodes) for monitoring brain activity. These leads are implanted

through the burr holes or craniotomy to the proximity of the presumed seizure onset zone.

The unequivocal condition for implantation of RNS is a hypothesis about seizure onset zone
localization. For successful resective surgery, it is necessary to have a precise delineation of the
epileptogenic zone. The hypothesis for RNS can be weaker; it is sufficient to implant RNS

somewhere in the epileptogenic network to obtain a sufficient clinical response (Geller, 2018).
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Benefits of surgery

Impact on seizure frequency

With classical resective surgery, the best modality for measuring success is seizure freedom. The
seizure freedom rates are the highest in TLE; approximately 70% of patients are seizure-free after
surgery. There are differences between lesional and nonlesional TLE: in patients with lesional TLE,
75% of cases are seizure-free; the representation of seizure-free patients decreases to 51% in

nonlesional cases.

The numbers of seizure-free patients in ETLE are lower than in TLE; in this group, 46% of patients
report complete seizure freedom after surgery. In these ETLE, the difference between lesional and
nonlesional cases is high. The number of seizure-free patients is almost comparable to TLE in
lesional cases (seizure freedom in 60% of lesional ETLE). However, the reported numbers in
nonlesional ETLE are much lower; only one-third of patients experienced complete seizure

cessation in this subgroup (Téllez-Zenteno et al., 2010).

The use of any neurostimulation methods only rarely leads to seizure freedom. The efficacy of
these methods can be measured by responder rates (patients experiencing> 50% seizure reduction).
The responder rates are comparable among all neurostimulation methods; approximately 50% of
patients are classified as responders after the first year of stimulation (a more detailed description
is provided in the relevant chapters) (Ben-Menachem et al., 1994; Fisher et al., 2010; Handforth et

al., 1998; Salanova et al., 2015).
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Impact on the quality of life, employment status, and other variables

Importantly, successful neurosurgery constitutes an effective therapy for epileptic seizures and may
also reduce comorbidities (e.g., depression and cognitive deficits), improve quality of life (QOL),
and increase social reinsertion, including employment; moreover, it reduces long-term morbidity

and mortality (Picot et al., 2016).

For the impact of epilepsy surgery on QOL, Seiam et al. (2011) identified 32 studies published
between 1950 and 2008 focusing on this topic. Twenty-nine (90.6%) out of these 32 reports
described a significant positive effect. The remaining three studies did not prove an association of
surgery with the improvement of QOL. Seiam et al. (2011) identified some methodological
insufficiencies in those studies, such as an inappropriate choice of a questionnaire or a small sample
size. The determinants predicting the improvement of QOL were both preoperative and
postoperative. Preoperative anxiety and depression or poor baseline psychological functions are
associated with lower postoperative QOL. The increase of QOL can also be attributed to seizure
control, a robust surgical placebo effect, or the reduction of adverse events related to AEDs in cases
with daily dose reduction. The complete cessation of “disabhig” seizures is crucial for the

improvement of QOL. The patients with “only seizure reduction reported five times less

improvement of QOL than seizure-free patients. On the other hand, the persistence of auras did not

condition worse QOL (Seiam et al., 2011).

In our study, we tried to determine the impact of surgery on daily life, including QOL

(Dolezalova et al., 2016b; Annex 19).

We designed a questionnaire with 13 items. The items were divided into four main topics: (1)

demographic data, (2) information regarding surgery, (3) social issues (employment status and



driving license), (4) subjective evaluation of surgery benefits. The questionnaires were sent to 137

patients who underwent surgery in our center with at least one year of follow-up care.

We included 91 respondents who correctly completed the questionnaire (56 men, 35 women). Of
those, 59 (64.8%) were seizure-free after surgery. After surgery, there was a slight increase in the
number of employed patients (46 [50.5%] patients were employed before surgery in comparison
to 50 [54.9%] patients after surgery). This increase was dependent on gender, i.e., present only in
the male subgroup. Nineteen (20.9%) patients obtained driving permission after surgery
(p<0.001). Forty-nine (53.8%) patients reported an increase of QOL after surgery. The only
variable that was related to the increment of QOL after surgery was employment status (the

patients who were employed after surgery reported a higher QOL, p=0.037).

To conclude our results, the surgery can bring a chance for seizure cessation and improvement of
QOL, but in general, it has a low impact on employment status. This fact offers an opportunity for

social interventions or occupational therapy with the goal of employment status improvement.
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Future directions

In our future research, we would like to extend our attention in two directions. The first direction
is related to the development of the prediction paradigm for neurostimulation (VNS, DBS). The

second direction concerns seizure detectors and proof of their clinical utility.

The development of the prediction paradigm for neurostimulation

Neurostimulation methods offer a high probability of substantial seizure reduction (Fisher et al.,
2010; Harroud et al., 2012; Ma and Rao, 2018; Mclntosh et al., 2004; Orosz et al., 2014; Ryvlin et
al., 2014; Ryvlin and Kahane, 2005; Salanova et al., 2005). Despite large groups of implanted
patients and many attempts, it is not possible to predict the effectiveness or benefits for an
individual patient (Englot et al., 2011; Englot et al., 2016). This fact brings uncertainty into the
patient decision-making and may decrease the credibility of neurostimulation as a treatment for

drug-resistant epilepsy.

We have developed a statistical classifier that can predict the benefit of VNS treatment with high
accuracy (sensitivity and specificity) (Brazdil et al., 2019). Despite this success, we have to
challenge the limitations of our previous work. The gaps in our previous work could be summarized
as follows: (1) the age-limited validity; (2) the absence of confirmation in independent datasets;
and (3) the absence of prospective study. We want to close these gaps using a grant already started

in 2019 (Ministry of Health of the Czech Republic, grant 19-04-00343).

First, we based the statistical model on data recorded only in adult patients. It means that this model
could be applied only for predictions in adults, which contrasts with current praxis when one-third

of all implanted patients are children. Moreover, children seem to be better candidates for VNS
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therapy because they have higher responder rates than adults (Englot et al., 2011; Soleman et al.,
2018). Based on these findings, we want to try to develop a similar prediction algorithm that could
be applied even to children. We expect that this work will be more challenging because of the

higher variability of children’s EEG conditioned by brain maturation (Benninger et al., 1984).

Second, the absence of current model validation on an external independent patient dataset is
presumably the most significant limitation of our study. We want to overcome this limitation
through international collaboration with a foreign epilepsy center, where we plan to retrospectively

recruit patients already treated with VNS.

Third, we plan to design and conduct a prospective multicenter study for the prediction of VNS
efficacy. We want to initiate a study called PRECISE (Prediction of vagus nerve stimulation
EfficaCy In drug-reSistant Epilepsy, Figure 21). The principal aim of PRECISE is to verify the
predictability of VNS efficacy by analyzing the pre-implantation routine EEG. Patients will be
classified according to their predicted outcome (predicted responders versus predicted non-
responders). After the first and the second year of the study, the real-life outcomes (real-life
responder versus real-life non-responder) will be determined. The predicted outcomes and real-life
outcomes will be compared in terms of accuracy, specificity, and sensitivity. In the meantime, the
patients will be managed according to the best clinical practice to obtain the best therapeutical

response.

Fourth, we would like to verify whether it is possible to extrapolate our experience with VNS to
ANT-DBS. It seems feasible based on neuroanatomical, experimental, and clinical knowledge. A
vagus nerve consists of 80% afferent fibers that transmit information from visceral organs to the

nucleus tractus solitarius. There are dense connections between the nucleus tractus solitarius and
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other higher centers, namely, the hypothalamus, dorsal raphe, nucleus ambigus, dorsal motor

nucleus of the vagus nerve, amygdala, and thalamus (Rutecki, 1990). The influence of VNS on

Patients indicated to VNS therapy

EEG -> predicted outcome
- predicted responder
- predicted non-responder

The best clinical practice

Real-life outcome - 1 year
- real-life responder
- Real-life non-
responder

Comparison of predicted outcome
vs. real-life outcome - 1 and 2 year
- Accuracy
- Sensitivity
- Specificity

Real-life outcome - 2 year
- real-life responder
- Real-life non-
responder

Figure 21: Design of prospective study PRECISE (Prediction of vagal nerve stimulation

EfficaCy In drug-reSistant Epilepsy

The figure represent patient flow within planned prospective study PRECISE

higher brain structures was demonstrated by both PET and fMRI (Ko et al., 1996; Rutecki, 1990).

PET studies showed increased perfusion in the inferior cerebellum, hypothalamus, and thalamus;

the decreased perfusion was present in the hippocampus, amygdala, and posterior cingulate gyrus.

In subsequent studies, the authors proved the increased bilateral thalamic cerebral blood flow,
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which correlated with decreased seizure frequency. To conclude, it seems that thalamus and limbic
structures are actively involved in VNS therapy, i.e., we can expect the involvement of similar
circuits as during ANT-DBS (Ben-Menachem et al., 1994). These theories could be supported by
a recently published clinical study that proved a similar pattern of response in VNS and DBS
treatment (Kulju et al., 2018). Based on these statements, we can expect that a similar algorithm
for efficacy prediction can be postulated even for ANT-DBS. The work with ANT-DBS will be
influenced by relatively low numbers of implanted patients in each center, so international

collaboration will be needed.

Seizure detectors

The next area of our future interest is real-life seizure detection. We want to center our attention
on commercial detection systems and test them in ordinary patient environments, i.e., outside of
the video EEG monitoring units. Our goal is to examine their utility and their benefits for patients

and their families.

The seizure detection systems could be divided into EEG-based detectors and non-EEG-based

detectors (van Andel et al., 2016).

EEG-based detectors

EEG-based detectors are not routinely used, and at the moment there is no commercial EEG-based
detector. This fact is conditioned mainly by technical limitations (van Andel et al., 2016). In the
case of “classic” scalp EEG, the limitations are associated with the presence of electrodes on the
patients’ heads; the electrodes are thought to be non-aesthetic and bothersome during long-term
use. This restraint could be at least partially overcome by the reduction of electrode size, e.g., by

ear electrodes (Looney et al., 2012), which seem to be suitable for recording epileptic activity
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(Mikkelsen et al., 2015; Zibrandtsen et al., 2017). Earlier studies had to combat the disruption of
EEG signals with artifacts, mainly from movements (Pauri et al., 1992); more recently developed
algorithms for artifact rejection has improved the accuracy of these detections (Duun-Henriksen et
al., 2012; Hopfengartner et al., 2014; Ramgopal et al., 2014). This progress increases the chance

of developing commercial EEG-based detectors in the future.

Non-EEG-based detectors

Non-EEG-based detectors are currently used in daily praxis. These detectors analyze the
physiological parameters that change at the beginning of seizures. They work as sensors analyzing
movements (accelerometers, gyroscopes, magnetometers, electromyography [EMG], mattress-
based sensors, or cameras), electrocardiography (ECG; changes of heart rate or heart-rate
variability), and electrodermal activity. It seems that mainly the combination of individual sensors

enables them to reach high accuracy (Osorio and Schachter, 2011).

Figure 22: Bracelet-like detector Embrace 2 produced by Empatica

The detectors, except mattress-based sensors and cameras, are bracelet-like or watch-like, so they

are suitable for daily wear and are not intrusive (Figure 22). The mechanism of the detector function
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is illustrated in Figure 23. The detector analyzes physiological parameters. If there is a relevant
change indicating a seizure onset, the detector sends a signal to the patient’s mobile phone via
wireless technology. The mobile phone then transmits a message to the patient’s family members
or caregivers. The patient can personally stop the warning message at several levels to reduce the

number of incorrect reports.

Deactivation of the
system

The change of The detection of seizure by sensor: Activation of patient’s A warning message to

physiological :) - Movements :> mobile phone via Blue :> patient’s family or

parameters - Accelerometer tooth caregiver
conditioned by - Gyroscope

seizure - Magnetometer
Heart activity
ECG

Electrodermal activity

Figure 23: The mechanism of EEG-based detector functions

The figure illustrates the mechanism of functions of non-EEG detectors in several steps.

The information about detector accuracy is valuable for both physicians and patients. The accuracy
of detectors is described in terms of sensitivity (the percent representation of correctly detected
seizures) and by false alarm/false detection rates (the number of false detections during a defined
time interval, usually 8 or 24 hours). High detection accuracy is required; patients and their families

do not want to be disturbed by false messages.

In the most recent review of literature focusing on the accuracy of seizure detection, the authors
identified five studies reporting data about the accuracy of seizure detectors (Leijten and Dutch

TeleEpilepsy Consortium, 2018). Almost all the studies took place in the environment of a video
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EEG monitoring unit. At the moment, there is very little data about seizure detector efficacy in a
“normal” real-life environment. The best results were published by Onorati et al. (2017), who
reported a 95% sensitivity and a false alarm rate of 0.07 per 8 hours (Onorati et al., 2017), which

seems to be promising.

Benefits of seizure detectors

We believe that seizure detectors can benefit patients and everyone involved in their care, including

caregivers, physicians, researchers, and pharmaceutical companies.

Seizure detectors can decrease the risk of sudden unexpected death in epilepsy (SUDEP) or status

epilepticus, which are rare but dreaded complications of epilepsy. The lifelong risk of SUDEP in a

patient treated with drug-resistant epilepsy is around 10% (Thurman et al., 2014). SUDEP is most
often sleep-related and unwitnessed. Nocturnal supervision is recommended in high risk patients
(Ryvlin et al., 2013; Shorvon and Tomson, 2011). However, whole-night supervision means the
loss of privacy for both patients and their families. Moreover, it can be exhausting. It is possible
that seizure detectors represent an acceptable form of nocturnal supervision for patients at risk for
SUDEP (van Andel et al., 2016). The risk of status epilepticus correlates negatively with
intervention time-lag between seizure onset and interventions, i.e., patients who are quickly given
rescue medication are at a lower risk of status epilepticus than patients whose treatment is delayed
or not treated (Neligan and Shorvon, 2011). Seizure detectors can shorten this time lag, which could
have a positive impact on the status of epilepticus incidence. We cannot expect the decline of
injuries associated with seizure, because injuries are usually time-related to seizure onset. They
happen immediately after a seizure starts and probably cannot be prevented (Nguyen and T¢llez-

Zenteno, 2009).
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Seizures, status epilepticus, and SUDEP mean stress for the patients and their families and
caregivers. This stress increases anxiety and has a negative influence on the quality of life. The
detectors could potentially decrease the fear of ongoing seizures, and subsequently improve the

quality of life (van Andel et al., 2009).

Moreover, the quality of patient lives can be negatively influenced by the attitude of some
professional care providers. Epilepsy is, in some individuals, associated with mental retardation,
which implies the necessity of whole day professional care and institutionalization. Some social
institutes refuse people with active epilepsy because of their fear of seizures, associated injuries,
SUDEP, and legal consequences. At the moment, there are no standards for surveillance in patients
in social and nursing institutions. We anticipate that the detectors will represent a tool or an

alternative for surveillance in these institutionalized patients (van Andel et al., 2016).

Finally, the detectors can provide precise information about seizure frequency, severity, and
duration. This information could be helpful for physicians in tailoring medication or for
pharmaceutical companies developing medication. It is currently necessary to rely on the

information in patient seizure diaries, which can be misinterpreted (van Andel et al., 2016).

We plan to initiate a prospective study in which patients will be equipped with seizure detectors
for a defined period. At the beginning and the end of the study, patients will be given a
questionnaire regarding seizure frequency, quality of life, and depression. The patient responses

will be compared, and the impact of detectors on patient lives will be evaluated.
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Conclusion

Epileptology is an exciting branch of clinical neurology. It has been undergoing a revolution since
the late 20th century. This revolution is conditioned by the shift from therapy with sodium bromide
to the use of modern AEDs, MRI scanners, IEEG, MRI post-processing methods, and other
techniques. I believe that we can still anticipate a significant paradigmatic shift towards the broader
use of genetic therapy, individualized virtual brains for tailoring surgical procedures, optogenetics,
and other methods that are currently limited to research laboratories. It may sound like science
fiction today, but the future holds possibilities that will make our work even more remarkable and

will improve the level of care for our patients.
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Objective: This study aimed to identify the usefulness of arterial spin labeling (ASL) for
presurgical evaluation in pharmacoresistant nonlesional epilepsy as compared with statistical

parametric mapping of interictal [*®F] fluorodeoxyglucose PET (FDG-PET).

Methods: ASL was compared with FDG-PET in eight epilepsy surgery candidates (4 female,
4 male; aged 22 to 53 years, median 25 years; 7 MRI-negative epilepsy and one suspected
lesion) who underwent a complete presurgical evaluation followed by resective surgery.

We compared the results of presurgical FDG-PET and ASL scans with their resection masks.
For this purpose, we used asymmetry index (Al) maps for both modalities. From Al map
values, we calculated the 95" percentile and created clusters from the whole brain which were
separated into two groups — clusters with intersection with resection mask which were
considered as true positive (TP), and clusters outside the resection mask marked as false
positive (FP). From the number of TP and FP, we calculated the positive predictive value
(PPV). PPV results from both the PET and ASL methods were compared using the non-

parametric two-sided Wilcoxon signed rank test.

Results: The comparison of the PPV values in each subject between ASL and PET showed
better PPV in 5 out of 8 patients using the ASL method. In 2 out of 8 patients, a better PPV
value was obtained by PET. In one patient, both methods showed the same value. According
to the results of the Wilcoxon signed rank test p=0.89, we cannot reject the null hypothesis

and assume that these methods have the same predictive power.

Conclusion: We conclude that ASL is a useful method for presurgical evaluation also in

nonlesional epilepsy.
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Abbreviations

ASL — arterial spin labeling; PET — positron emission tomography, SPM — statistical
parametric mapping; CBF — cerebral blood flow; TLE — temporal lobe epilepsy; ROI — region

of interest
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Introduction

This aim of this study is to explore the clinical utility of the arterial spin labeling (ASL) MRI
technique. ASL is a generally accessible non-invasive technique measuring brain perfusion
using magnetically labeled blood as a tracer. To explore its clinical utility for presurgical
exploration in pharmacoresistant epilepsy, ASL was compared with [*8F]fluorodeoxyglucose
(FDG) PET in patients in whom the location of the seizure onset zone was confirmed by the
subsequent resective surgery.

FDG-PET is a well-established method in the presurgical evaluation of patients with
pharmacoresistant epilepsy*. FDG-PET is used in combination with other imaging,
electrophysiological, and clinical methods. It is of particular interest in patients with MR
negative (nonlesional) focal epilepsy?. It can lead to surgery or can help in targeting

intracranial EEG®. We chose to compare ASL with PET because although PET is frequently

used in presurgical evaluations, there are several limitations to this method that are not present

when using ASL. The main drawbacks of FDG-PET are radiation exposure for patients, high

costs, and limited availability in some centers®.

Methods

Voxel-based approaches such as statistical parametric mapping (SPM) and the asymmetry
index (Al)® used as a control/healthy group comparison are methods of quantitative analysis
and do not depend on the selection and size of the ROI. The SPM method assesses the null
hypothesis at each voxel with univariate statistics and constructs an image from its results.

SPM does not require a priori hypotheses about the location and extent of effects.

We conducted this study in order to compare perfusion measured by MR scanner with
interictal FDG-PET using SPM analysis. For this purpose, we used the pseudo-continuous

arterial spin labeling (pCASL) technique. The perfusion-weighted image (PWI) is computed

98



from differences between magnetically labelled images and control images acquired without
labeling of the blood. In addition to the labeled and control images, there is usually a
calibration scan (MO0), which is used for quantification of the perfusion in order to obtain a

cerebral blood flow (CBF) map.

Patient population

Eight epilepsy surgery candidates (4 female, 4 male; aged 22 to 53 years, median 25 years; 7
MRI-negative epilepsy and one suspected lesion) who underwent a complete presurgical
evaluation followed by resective surgery at the Brno Epilepsy Center were examined.
Anatomical and PCASL MR scans and FDG-PET scans were performed. An anatomical MR
scan performed after the surgery identified the location and extension of the resection. This
was used to create the mask of the resection. Patient data, including epilepsy zone location

and histopathology, are shown in Table 1.

FDG-PET image acquisition and preprocessing

Patients were imaged as outpatients in the interictal state. Subjects prepared by fasting for six
hours before the scan and resting in a quiet, darkened room for 50-60 minutes after FDG
administration. EEG monitoring was not performed during the scan and patients were asked
to report any seizures experienced on the day of the scan. The dose of FDG administered was
170-200 MBq per subject with no weight differentiation. The PET images were acquired

using a Siemens mCT Flow PET/CT scanner in 3-D mode using the “Brain” protocol.

Spatial pre-processing was performed using SPM12 (Wellcome Department of Cognitive
Neurology, Institute of Neurology, University College London, UK) and MATLAB version
2011b (MathWorks Inc., Natick, MA, USA). All FDG-PET images were spatially normalized

into the standardized stereotactic Montreal Neurological Institute space using our in-house
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FDG-PET template described in our previous study®. A three-dimensional isotropic Gaussian

kernel with 8 mm FWHM was used for smoothing all spatially normalized images.
MRI data acquisition and preprocessing

We used the 3.0 T Siemens Prisma MR machine (MAGNETOM Prisma, Siemens Healthcare,
Erlangen, Germany) for the image acquisition. The patients had no seizures within the 24 h

period prior to the examination, and no seizures were observed during the scanning.

We acquired 41 pairs of control/label images with pCASL using single band EPI readout

sequence’. We acquired MO scans for CBF quantification purposes.

Preprocessing of pCASL data consisted of motion correction, registration to MNI space, and

quantification of CBF maps based on the approach published by Alsop®.
Comparison of metabolic/perfusion abnormalities using the asymmetry index

The normalization of PET and ASL datasets into a common space enabled a voxelwise
comparison between modalities. In order to identify left/right asymmetries in metabolism and

perfusion, we calculated the Al for both modalities following °

Al = 100*(Right - Left) / (Right + Left)

Statistical comparison of the methods and visualization

The patient group consisted of successful surgery patients with positive histological finding in
the resected area. From Al map values, we calculated the 95 percentile and used it as a
threshold value. Subsequently we chose only clusters with volumes larger than 2cm®. These
clusters from the whole brain were separated into two groups — clusters with intersection with

resection mask which were considered as true positive (TP), and clusters outside the resection
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mask marked as false positive (FP). From the number of TP and FP, we calculated the

positive predictive value (PPV) using following formula:

ppy = £ .
TP+FP

Finally, PPV results from both the PET and ASL methods were compared using the non-

parametric two-sided Wilcoxon signed rank test.
Results

In terms of sensitivity to metabolic and perfusion changes, both methods showed lower
metabolism and lower perfusion in all 8 patients on the FDG and ASL Al maps. Numbers of
significant clusters from thresholded Al maps with volume larger than 2cm? for each method
and each patient with individual values of PPV and FDR are shown in Table 2. Overall
numbers of PPV are low because the calculation and evaluation were performed on the whole
brain for comparison purposes. The direct comparison of the PPV values in each subject
between ASL and PET showed better PPV in 5 out of 8 patients using the ASL method. In 2
out of 8 patients, a better PPV value was obtained by PET. In patient number 3, both methods
showed the same value. According to the results of the Wilcoxon signed rank test p=0.89, we
cannot reject the null hypothesis and assume that these methods have the same predictive

power. A visualization of significant clusters is shown on the supplementary images 1a-h.
Discussion

In this study we compared regional distributions of FDG-PET and ASL in patients with drug
resistant epilepsy. Several studies reported ASL as a method that could be useful for
localizing the epileptogenic zone® L. This study is the first in which the localization is
confirmed by the resective surgery. ASL is a non-invasive method with only one disadvantage

as compared to FDG-PET, which is lower SNR. The results show decreased Al values of
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glucose metabolism in FDG-PET and perfusion in ASL in resected areas. It appears that the
sensitivity of both methods is high. It was possible to find a TP cluster in every patient in at
least one method. In one patient, the ASL method did not find any TP cluster. The specificity
is lower with similar numbers of FP results as the two methods display also regions of the
spread of the interictal activity*?. The two methods show two different processes — the CBF in
ASL and glucose metabolism in PET — and it is not expected that the distributions will
overlap exactly*?. In concordance with recent studies that reported the usefulness of ASL in
both TLE*® and extratemporal focal epilepsy®'4 we proved that ASL is also effective in

localizing the SOZ in nonlesional epilepsy.

Recent studies comparing simultaneous PET and ASL acquisitions on hybrid PET/MR
scanners®!! where the acquisitions occur under the same conditions reported high
concordance (r = 0.49, p < 0.0005) between them; our results are in agreement with these

findings.

One recent study®® employed the SEEG technique to assess the effectiveness of ASL in
lateralizing the SOZ in MTLE with significant correlation between the Al values from PET
and ASL (r=0.72, p <0.05). The authors analyzed only one region; the hippocampus was the

only ROl in this study.

The FDG-PET method for measuring brain metabolism does not have the wide clinical
application that one might expect, partly because of its high cost and the complexity of the

quantification procedure.

The main benefits of ASL over PET are that it avoids radiation exposure for patients, and it
offers lower costs, higher availability, and better time efficiency®®. Due to shorter acquisition

time, it should be possible to include it in the clinical MRI protocol. The limitation of our
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study is the small sample size of patients with epilepsy after resection surgery with favorable

outcome.
Conclusion

We conclude that ASL is a useful method for presurgical evaluation also in nonlesional
epilepsy. Larger studies are needed to establish whether it could be used as a complementary

procedure to FDG-PET or could replace FDG-PET in the future.

Statement: The work described in this article is consistent with the Journal’s guidelines for

ethical publication
Disclosure of Conflicts of Interest: None of the authors has any conflict of interest to disclose.

The authors: We confirm that we have read the Journal’s position on issues involved in ethical

publication and affirm that this report is consistent with those guidelines.”
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Table 1

Patients — clinical description ASL PET

Surgery Histology Sex Age TP FP PPV TP FP PPV
R FLE FCD IIB M 25 1 5 017 |1 10 0.09
LTLE FCD I F 22 1 4 020 |1 9 0.10
RTLE FCD IIA M 25 2 10 017 |1 5 0.17
L TLE HS | F 24 1 8 011 |1 3 0.25
L TLE HS | M 53 2 8 020 |1 10 0.09
RTLE Gliosis M 33 1 3 025 |1 ) 0.17
R parietal Gliosis F 44 1 7 013 |1 10 0.09
L TLE HS | F 24 0 7 0.00 |1 3 0.25

Table 1: Patient population with both ASL and PET results. Description of the calculation of

TP (true positive), FP (false positive), and PPV (positive predictive value) parameters is in the

methodology section.
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KEYWORDS Summary

Epilepsy; Objective: To assess changes in the relative lateralization of interictal epileptiform discharges
Hippocampal (IEDs) and interictal EEG prognostic value in terms of surgical outcome between periods with
sclerosis; full medication (FMP) and reduced medication (RMP) in patients with temporal lobe epilepsy
Outcome; (TLE) associated with hippocampal sclerosis (HS).

Interictal Methods: Interictal scalp EEGs of 43 patients were evaluated for the presence of IEDs separately
epileptiform in a waking state (WS) and sleeping state (SS) during FMP and RMP. In each period, patients were
discharges (IEDs); categorized as having unitemporal or bitemporal IEDs. Surgical outcome was classified at year 1
Unitemporal IEDs; after surgery and at last follow-up visit as Engel | or Engel [I-IV; and alternatively as completely
Bitemporal IEDs seizure-free or not seizure-free.

Results: There were significant changes in relative IED lateralization between FMP and RMP
during SS. The representation of patients with unitemporal IEDs declined from 37 (86%) in FMP
during SS to 25 (58%) in RMP during SS (p=0.003). At year 1 after surgery, the relative IED
lateralization is a predictive factor for surgical outcome defined as Engel | vs. Engel II—IV in
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both FMP during WS (p=0.037) and during SS (p=0.007), and for surgical outcome defined as
completely seizure-free vs. not seizure-free in FMP during SS (p=0.042). At last follow up visit,
the relative IED lateralization is a predictor for outcome defined as Engel | vs. Engel II—IV in FMP
during SS (p=0.020), and for outcome defined as completely seizure-free vs. not seizure-free in
both FMP during WS (p=0.043) and in FMP during SS (p=0.015). When stepwise logistic regression
analysis was applied, only FMP during SS was found to be an independent predictor for surgical
outcome at year 1 after surgery (completely seizure-free vs. not seizure-free p=0.032, Engel
| vs. Engel II-IV p=0.006) and at last follow-up visit (completely seizure-free vs. not seizure-
free p=0.024, Engel | vs. Engel II-IV p=0.017). Gender was found to be independent predictor
for surgical efficacy at year 1 if the outcome was defined as completely seizure-free vs. not
seizure-free (p=0.036).

Conclusion: The predictive value of relative IED lateralization with respect to surgical outcome
in interictal EEG is present only during FMP; the predictive value decreases with the reduction
of AEDs caused by the change of relative IED lateralization.

© 2014 Elsevier B.V. All rights reserved.

Introduction

Temporal lobe epilepsy (TLE) is the most common form of
drug-resistant epilepsy (Wiebe et al., 2001). Surgery was
proved to be an effective therapeutic method in cases
where pharmacological treatment failed (Williamson, 1998).
In approximately two-thirds of patients, surgery leads to
seizure freedom (Engel, 1996; Janszky et al., 2005a).

Many investigators focused on the evaluation of inter-
ictal EEG and its significance in predicting post-surgical
outcome. In general, in patients with TLE, the relative
lateralization of interictal epileptiform discharges (IEDs),
i.e. the lateralization ratio of interictal spikes between
the two hemispheres (unitemporal or bitemporal), appears
to have prognostic value. Unitemporal IEDs are thought
to be a favorable prognostic factor, while bitemporal IEDs
are associated with worse outcomes (Chung et al., 1991;
Radhakrishnan et al., 1998; Villanueva et al., 2004). This
division fails in the subgroup of patients with mesial TLE
associated with unilateral HS proved by histopathological
examination or unilateral hippocampal atrophy on mag-
netic resonance imaging (MRI). Three studies focused on
this subgroup proved no differences in surgical outcome
between patients with unitemporal and bitemporal IEDs
(Hardy et al., 2003; Janszky et al., 2005b; Krendl et al.,
2008). Schulz et al. (2000) proved significant differences in
outcome between these two groups, but their study included
both mesial TLE associated with HS and non-lesional cases.
Aull-Watschinger et al. (2008) found the relative IED lateral-
ization to be a predictive factor for short-term (at year 1 and
2 after surgery) outcomes where an excellent outcome was
defined as no seizures, with or without nondisabling auras,
during the 12 month-period prior to the assessment, but
there were no statistically significant differences between
patients with unitemporal and bitemporal IED if the excel-
lent outcome was defined as complete seizure freedom at
any time after surgery.

Antiepileptic drug (AED) reduction influences neither the
frequency of IEDs nor the localization of seizure origin,
but the influence of AED reduction on relative IED later-
alization has not yet been systematically studied (Gotman
and Marciani, 1985; Gotman and Koffler, 1989; Marciani and
Gotman, 1986; So and Gotman, 1990; Spencer et al., 1981).

The main goal of our study was to determine if there is
a change in relative IED lateralization and/or interictal EEG
prognostic value related to the surgical outcome caused by
AED reduction and the effect of sleep in patients with mesial
TLE associated with unilateral HS.

Methods

Patient selection

This retrospective study included all the patients with uni-
lateral HS who had surgery at the Brno Epilepsy Center of
St. Anne’s University Hospital between 2005 and 2011 and
who reached at least 1 year follow-up after the surgery.
All included patients had unilateral HS on MRI, the pres-
ence of which was subsequently proven by histopathological
evaluation. We excluded patients with other possible epilep-
togenic lesion than HS present on MRI, except blurring of
border between gray and white matter in temporal pole
and subsequently detected focal cortical dysplasia (FCD) in
histopathological specimen of resected tissue of temporal
pole. These criteria were applied because it seems that FCD
in the temporal pole does not influence surgical outcome and
because standard anteromedial temporal lobe resection was
performed in all patients (Kuba et al., 2012)

We analyzed interictal EEG during semi-invasive video-
EEG monitoring (scalp EEG +sphenoidal electrodes) in both
waking state (WS) and sleeping state (SS). The SS analysis
was performed in the non-rapid eye movement (non-REM)
sleep stage II-lll in two periods. These two periods were
defined by AED daily dosage, as a full medication period
(FMP) and a reduced medication period (RMP). Only patients
with both WS and SS recordings during FMP as well as during
RMP were included in this study (see below—EEG criteria)
(Fig. 1).

Patient demographic data (age at seizure onset, epilepsy
duration, age at time of surgery, time after surgery), other
characteristics [number of habitual seizures per month,
occurrence of habitual generalized tonic—clonic seizures
(GTCS) in two years preceding surgery], and data describ-
ing semi-invasive EEG monitoring (duration and number of
seizures) were assessed by reviewing patient charts.
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Full Medication
Period (FMP)

b

Reduced Medication
Period (RMP)

|

20 min 20 min 20 min 20 min
Waking Sleeping waking Sleeping
State (Ws) State (SS) State (WS) State (SS)
Fig.1  Theschema of interictal EEG evaluation during FMP and

RMP. (FMP—full medication period, RMP—reduced medication
period.)

We included a total of 43 patients who fulfilled these
criteria. All patients gave their informed consent. The study
was approved by the ethics committee of St. Anne’s Univer-
sity Hospital.

Presurgical evaluation

All 43 patients underwent a comprehensive evaluation,
including detailed history and neurological examina-
tion, neuropsychological testing, MRI, and semi-invasive
video-EEG  monitoring with sphenoidal electrodes.
Fluorodeoxyglucose-positron emission tomography (FDG-
PET) was performed in all patients; other functional
neuroimaging techniques such as ictal SPECT and sub-
traction ictal SPECT co-registered to MRI (SISCOM) were
performed in 15 patients out of 43 (35%) patients. Inva-
sive EEG was additionally performed in 4 out of 43 (9%)
patients, because their non-invasive data were found to be
insufficiently conclusive to proceed directly to surgery.

EEG analysis

All patients were investigated using semi-invasive video-
EEG monitoring. Semi-invasive EEG was recorded with the
international 10—20 system with anterotemporal (T1, T2),
supraorbital (SO1, SO2), and sphenoidal electrodes (Sp1,
Sp2). The EEG recording was performed on the 64-channel
Alien Deymed system. Monopolar recordings (a reference
electrode on the mastoid process) and special bipolar mon-
tages were used to evaluate the EEG activity. EEG was
amplified with a bandwidth of 0.4—70Hz at a sampling rate
of 128 Hz. The EEG was analyzed independently for the pres-
ence of IEDs by two authors of this study (ID and RK) both
authors were blinded and discrepancies were resolved by
consensus. IEDs were considered to be spikes, sharp waves,
and spike-wave complexes. A spike or sharp wave had dura-
tion of <200 ms, was distinguished by its morphology and/or
amplitude from normal background activity, and was usually
followed by a slow wave.

Both FMP and RMP were characterized by the analysis
of a 20-min WS and a 20-min SS interictal EEG recording
sample (Fig. 1). These EEG samples were chosen from our
archive, where interictal EEG specimens blindly selected
by our technical staff from 24-h recordings are stored
longterm (we do not store whole 24-h samples), on the

basis of several criteria. First, interictal EEG analysis in
FMP was always made without any antiepileptic drug (AEDs)
reduction. Second, interictal EEG analysis in RMP was
always made after at least 48h after AED reduction ini-
tialization. The AED reduction velocity was individualized
to the patient (depending on the frequency of habitual
seizures, presence/absence of GTCS, etc.) on the basis of
physician decision. We excluded the patients, in whom the
AED reduction was not made. Third, the SS analysis was
performed during non-REM sleep stages II—Ill; the minimal
representation of stage Ill as the most important inductor
of IED was 30% in a single SS recording (Malow et al., 1997;
Sammaritano et al., 1991). The sleep stages were scored
using the American Academy of Sleep Medicine Manual (Iber
et al., 2007). Fourth, we did not include the EEG trace if
(1) the recording was made 5 min before the seizure and/or
60 min after the seizure, (2) analysis was prevented by arti-
fact, or (3) the recording duration was shorter than 20 min.
The 5-min pre-seizure limit was chosen because no changes
in spiking prior to seizures were found in previously pub-
lished studies (Gotman and Marciani, 1985; Gotman and
Koffler, 1989; Katz et al., 1992). The 60-min post-seizure
limit was selected as sufficient for practical purposes, even
though the changes following seizures can persist for hours
and even days (Gotman and Marciani, 1985; Gotman and
Koffler, 1989). Fifth, if more than one interictal EEG sam-
ple was available for analysis, we always chose the first one
which fulfilled previously described criteria.

We described the relative lateralization of IEDs between
the temporal lobe with HS (HS side) and the contralateral
temporal lobe (non-HS side) by laterality index (LI). LI was
defined as:

B IEDS on HS side — IEDS on non HS side
" IEDS on HS side + IEDS on non HS side

LI can range from 1 to —1. If the IEDs are all localized on
the HS side, LI equals 1. If the IEDs are equally distributed
between the HS side and non-HS side, LI equals 0. If the IEDs
are all localized on the non-HS side, LI equals —1.

According to LI value, we divided our patients into two
groups:

- unitemporal IEDs (LI>0.8)—the group of patients with
strictly or predominantly unitemporal IEDs, i.e. more than
90% of IEDs localized on HS side

- bitemporal IEDs (LI<0.8)—the group of patients with
independent bitemporal IEDs, i.e. less than 90% of IEDs
localized on HS side.

The 90% cut-off value was based on the results of Chung
et al. (1991), who proved that the patients with more than
90% of IEDs lateralized to the operated temporal lobe have
comparable surgical results to the patients with strictly
unitemporal IEDs.

Surgical procedure and outcome

Anteromedial temporal lobe resection was performed on
all patients. Surgical efficacy was evaluated at regularly
scheduled visits usually every 3 months, only in minority
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Table 1 Patient demographic data and characteristics.

Demographic data

Age at epilepsy onset in years (mean =+ SD, ranges from-to)

Duration of epilepsy in years (mean =+ SD, ranges from-to)

Age at time of surgery in years (mean =+ SD, ranges from-to)
Patients’ characteristics

The number of habitual seizures in a patient per month

(median, ranges from-to)

The number of seizures in a patient during semi-invasive

EEG (median, ranges from-to)

FCD in the temporal pole in histopathological specimen in

number (%) of patients

12.6 +10.6 0.5—42

26.3+12.5 4—44

38.9+9.4 19—-56
5 1-30
4 1-10
7 (16)

FCD—focal cortical dysplasia.

of patients the efficacy was reported by their neurologist
in their place residence, and it was categorized accord-
ing to Engel classification (Engel, 1987) and simultaneously
according to the classification proposed by the International
League Against Epilepsy (ILAE) (Wieser et al., 2001). Patients
were categorized as Engel | (no seizures, with or without
nondisabling auras, during the 12-month period prior to
the assessment) or as Engel II-IV (Engel, 1987). They were
then categorized as completely seizure-free (i.e. complete
seizure freedom and absence of nondisabling auras at any
time after surgery; correlates class la according to ILAE clas-
sification) or not seizure-free. For further analysis, two time
milestones — year 1 after surgery, and last follow-up visit —
was chosen because of the change of surgical responsiveness
over time (Janszky et al., 2005b; Salanova et al., 1996).

Neuropathological examination

Evaluable formalin-fixed paraffin-embedded tissues of
anterior temporal resection specimens including the hip-
pocampal complex were available from all patients.
The paraffin-embedded tissue specimens, slides, and
histopathology reports were retrieved from the files of the
First Department of Pathological Anatomy of St. Anne’s
University Hospital and re-evaluated by a histopathologist
experienced in the evaluation of specimens obtained from
epilepsy surgery patients (MH). All examined resected tis-
sues were identically treated, fixed in 10% neutral buffered
formalin, grossly inspected, carefully oriented, and mea-
sured. Temporal pole resection specimens were cut so as
to obtain 2—3 mm thick tissue slices perpendicular to the
cortical surface. Hippocampal en block resections were
dissected into 2—3 mm thick tissue slices along the anterior-
posterior axis. Representative tissue samples were routinely
processed and paraffin embedded. Five pm thick tissue sec-
tions were stained by hematoxylin and eosin, evaluated
under light microscope, and reported. NeuN immunohis-
tochemistry (using mouse monoclonal anti-NeuN antibody,
dilution 1:100, clone A-60, Millipore), was performed on
preselected tissue sections if there was an inconclusive pic-
ture in hematoxylin and eosin. The classification system for
HS reported by Blimcke et al. (2007) was applied. If FCD
was present in the temporo-polar region, the classification
system reported by Blimcke et al. (2011) was used.

Statistics

McNemar’s test was used to test the LI change between FMP
and RMP during both WS and SS. Fisher’s exact test was
applied to analyze the relation between LI and surgical out-
come. The Mann—Whitney or Fisher’s exact tests were used
to analyze the relation between LI and patient demographic
data and characteristics or data describing semi-invasive
EEG monitoring. A univariate logistic regression analysis was
applied to assess the influence of other variables (age at
time of surgery, age at epilepsy onset, duration of epilepsy,
time from surgery, sex, side of surgery, presence of FCD, fre-
quency of habitual seizures, presence of habitual GTCS) on
surgical outcome. Moreover, a stepwise logistic regression
analysis using a forward selection procedure was performed
to assess the independent influence of relative IED lateral-
ization in FMP and RMP during WS and SS, and of patients’
demographic data and characteristics on surgical outcome.
The odds ratios were calculated and the Wald statistics
applied to test whether the regression coefficients were
statistically significantly different from zero. In all statis-
tical tests, p-value <0.05 was considered to be statistically
significant.

Results

Demographic data, surgery and outcome

The study included 43 patients: 21 females and 22 males.
Patient demographic data and characteristics are summa-
rized in Table 1.

Surgery was performed on the right side in 21 out of 43
(49%) patients and on the left side in 22 out of 43 (51%)
patients. The duration of follow-up ranged from 1 to 8 years
(with an average 4.5+2.0 years). At year 1 after surgery,
35 out of 43 (81%) patients were classified as Engel | and
8 out of 43 (19%) as Engel II-IV (2 as Engel Il, 2 as Engel
lll, and 4 as Engel IV). At this time milestone, 31 out of 43
(72%) were classified as completely seizure-free and 12 (28%)
as not seizure-free. At the last follow-up visit using Engel’s
classification, 33 out of 43 (77%) patients were classified as
Engel | and 10 out of 43 (23%) patients as Engel [I-IV (3
as Engel Il, 4 as Engel Ill, and 4 as Engel IV). At the last
follow-up visit, 28 out of 43 (65%) patients were classified
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Table 2 The relative IED distribution between HS side and non-HS side and its relation to surgical outcome at year 1 after
surgery classified as Engel | or Engel II-IV during FMP and RMP for different LI values.

FMP RMP

WS SS WS SS

uni IEDs bi IEDs uni IEDs bi IEDs uni IEDs bi IEDs uni [EDs bi IEDs
Engel | n (%) 33 (87) 2 (40) 33 (89) 2(33) 27 (84) 8(73) 21 (84) 14 (78)
Engel II-IV n (%) 5(13) 3 (60) 4 (11) 4(67) 5 (16) 3(27) 4 (16) 4(22)
Total number 38 5 37 6 32 11 25 18
p-Value p=0.037 p=0.007 p=0.401 p=0.701

bi IEDs—bitemporal interictal epileptiform discharges, FMP—full medication period, uni IEDs—unitemporal interictal epileptiform dis-

charges, RMP—reduced medication period, SS—sleeping state, WS—waking state.

as completely seizure-free and 15 out of 43 (35%) patients
as not seizure-free.

AEDs treatment

At the time of semi-invasive EEG monitoring, monotherapy
was used in 3 out of 43 (7%) patients; the other 40 out of 43
(93%) patients were treated with combinations of AEDs: 30
(70%) patients with a combination of two AEDs and 10 (23%)
with a combination of three AEDs.

Interictal EEG during FMP was analyzed in all patients
before the occurrence of seizures; 12 out of 43 (28%)
patients exhibited seizures before EEG analysis in RMP. The
other 31 out of 43 (82%) patients had seizures after the
analysis of interictal EEG in RMP.

The relative IED lateralization between HS side and
non-HS side

During FMP, 38 out of 43 (88%) patients had unitemporal
IEDs in WS, the number of patients with unitemporal IEDs
decreased to 37 (86%) in SS. During RMP, 32 out of 43 (74%)
patients had unitemporal IEDs in WS in contrast to only 25
(58%) in SS. In all evaluated periods, 24 out of 43 (56%)
patients had exclusively unitemporal IEDs, the other 19 out
of 43 (44%) patients had bitemporal IEDs in at least one
period. No patient had unitemporal IEDs in SS and simul-
taneously bitemporal IEDs in WS during either FMP or RMP.

When we evaluated the change in the relative IED later-
alization between FMP and RMP, a significant difference was
present in SS (p=0.003) but not in WS (p=0.114).

The change in relative IED lateralization during SS
between FMP and RMP could have been caused in 12 patients
with the occurrence of seizures preceding EEG analysis in
RMP, therefore we also tested separately the change in rel-
ative IED lateralization between FMP and RMP in patients
in whom the EEG analysis during RMP was not preceded by
seizures (n=31). In this smaller group, 27 out of 31 (87%)
patients had unitemporal IEDs in FMP during WS, and 24 out
of 31 (77%) patients in FMP during SS. During RMP, 27 out of
31 (87%) patients had unitemporal IEDs in WS, in contrast to
20 (65%) in SS. The difference in SS between FMP and RMP
was significant even in this smaller group (p=0.023).

Three out of 43 (7%) patients had independent extratem-
poral IEDs—the IEDs were present over ipsilateral central
region in 1 patient, over ipsilateral frontal region in 1
patient, and over both frontal regions in 1 patient. Other
analysis was not performed with extratemporal spikes
because of small sample-size.

To conclude, there was a significant decrease in the num-
ber of patients with unitemporal IEDs in relation to AED
reduction. This decline is present during sleep, but not in
wakefulness, and is caused by activation of IEDs on the non-
HS side.

Relative IED lateralization between HS side and non-HS
side and surgical outcome at year 1 after surgery

At year 1 after surgery, relative IED lateralization has
a predictive value for surgical outcome defined as
Engel | vs. Engel II-IV in FMP during both WS and SS
(Table 2). In FMP during WS, respectively, during SS,
33 out of 38 (87%), respectively, 33 out of 37 (89%)
patients with unitemporal IEDs were classified as Engel
| in comparison to 2 out of 5 (40%), respectively, 2
out of 6 (33%) patients with bitemporal IEDs (p=0.037,
respectively, p=0.007). There were no differences in
surgical outcome between patients with unitemporal IEDs
and bitemporal IEDs in RMP during both WS and SS (p=0.401;
p=0.701).

When patients were categorized according to ILAE clas-
sification as completely seizure-free and not seizure-free at
year 1 after surgery, the statistical significant differences
were found only in FMP during SS (Table 3). In FMP during SS,
29 out of 38 (78%) patients with unitemporal IEDs were cate-
gorized as completely seizure-free in comparison to 2 out of
6 (33%) patients with bitemporal IEDs (p = 0.042). There were
no significant differences between patients with unitempo-
ral IEDs and bitemporal IEDs in FMP during WS, and in RMP
during both WS and SS (p=0.123; p=1.000; p=0.516).

Relative IED lateralization between HS side and non-HS
side and surgical outcome at last follow-up visit

Relative IED lateralization has a predictive value for surgi-
cal outcome defined as Engel | or Engel II-IV in FMP during
SS (Table 4). During SS, 31 out of 38 (82%) patients with
unitemporal IEDs were classified as Engel | in comparison to
2 out of 5 (33%) patients with bitemporal IEDs (p=0.020).
In FMP during WS, the results were borderline statistical
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Table 3 The relative IED distribution between HS side and non-HS side and its relation to surgical outcome at year 1 after
surgery classified as completely seizure-free or not seizure-free after surgery during FMP and RMP.

FMP RMP

WS SS WS SS

uni IEDs bi IEDs uni IEDs bi IEDs uni IEDs bi IEDs uni IEDs bi IEDs
CSF n (%) 29 (76) 2 (40) 29 (79) 2 (33) 23 (72) 8(73) 19 (76) 12 (67)
NSF n (%) 9 (24) 3(60) 8 (22) 4(67) 9 (28) 3(27) 6 (24) 6(33)
Total number 38 5 37 32 11 25 18
p-Value p=0.123 p=0.042 p=1.000 p=0.516

bi IEDs—bitemporal interictal epileptiform discharges, CSF—completely seizure-free, FMP—full medication period, NSF—not seizure-
free, RMP—reduced medication period, uni IEDs—unitemporal interictal epileptiform discharges, SS—sleeping state, WS—waking state.

Table 4 The relative IED distribution between HS side and non-HS side and its relation to surgical outcome at last follow-up

visit classified as Engel | or Engel II-IV during FMP and RMP.

FMP RMP

WS SS WS SS

uni IEDs bi IEDs uni IEDs bi IEDs uni IEDs bi IEDs uni IEDs bi IEDs
Engel | n (%) 31 (82) 2 (40) 31 (84) 2 (33) 25 (78) 8(73) 20 (80) 13 (72)
Engel 11V n (%) 7 (18) 3 (60) 6 (16) 4 (67) 7 (22) 3(27) 5 (20) 5(28)
Total number 38 5 37 32 11 25 18
p-Value p=0.073 p=0.020 p=0.698 p=0.717

bi IEDs—bitemporal interictal epileptiform discharges, FMP—full medication period, uni IEDs—unitemporal interictal epileptiform dis-
charges, RMP—reduced medication period, SS—sleeping state, WS—waking state.

non-significant (p =0.073). There were no differences in sur-
gical outcome between patients with unitemporal IEDs and
bitemporal IEDs in RMP during both WS and SS (p=0.698;
p=0.717).

When patients were classified as completely seizure-free
or not seizure-free after surgery, we found a significant dif-
ference in relative IED lateralization in FMP during both WS
and SS (Table 5). In FMP during WS, 27 out of 38 (71%)
patients with unitemporal |IEDs were categorized as com-
pletely seizure-free after surgery in comparison to 1 out
of 5 (20%) patients with bitemporal IEDs (p=0.043). Sim-
ilarly, in FMP during SS, 27 out of 37 (73%) patients with
unitemporal IEDs were completely seizure-free after surgery
in comparison to 1 patient out of 6 (17%) with bitemporal
IEDs (p=0.015). We did not find any differences between
these two groups in RMP during WS or SS.

Relative IED lateralization between HS side and non-HS
side and other variables

No statistically significant differences were found according
to relative IED lateralization in patient demographic data
and characteristics or in data describing semi-invasive EEG
(Table 6).

Surgical outcome and other variables

A univariate logistic regression analysis was performed to
assess the influence of patients’ demographic data or char-
acteristics (age at time of surgery, age at epilepsy onset,

duration of epilepsy, time from surgery, gender, side of
surgery, presence of FCD, frequency of habitual seizures,
presence of habitual GTCS), and relative IED lateralization
in FMP and RMP during WS and SS on surgical outcome at year
1 after surgery (Table 7) and at last follow-up visit (Table 8).
To assess the independent influence of the previously
mentioned variables on surgical outcome, a stepwise logistic
regression was performed. According this stepwise logis-
tic regression, only the relative IED lateralization in FMP
during SS was found to be an independent predictor for sur-
gical outcome at either year 1 after surgery (completely
seizure-free vs. not seizure-free p=0.032, Engel | vs. Engel
II—1V p=0.006) or at last follow-up visit (completely seizure-
free vs. not seizure-free p=0.024, Engel | vs. Engel 11—V
p=0.017). Gender was found to be independent predictor
for surgical efficacy at year 1 if the outcome was defined as
completely seizure-free vs. not seizure-free (p=0.036).

Discussion

In our study, 44% of patients with TLE associated with HS
exhibit bitemporal IEDs, defined by LI<0.8, during semi-
invasive video-EEG monitoring. These findings correlate well
with results of previously published works. In studies focus-
ing on the whole group of TLE, approximately 20—30% of
patients were reported to have bitemporal IEDs (Chung
et al., 1991; Radhakrishnan et al., 1998; Villanueva et al.,
2004). In studies focusing on TLE associated with HS or uni-
lateral hippocampal atrophy, the representation of patients
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Table 5 The relative IED distribution between HS side and non-HS side and its relation to surgical outcome at last follow-up
visit classified as completely seizure-free or not seizure-free after surgery during FMP and RMP.

FMP RMP

WS SS WS SS

uni [EDs bi IEDs uni IEDs bi IEDs uni IEDs bi IEDs uni IEDs bi IEDs
CSF n (%) 27 (71) 1(20) 27 (73) 1(17) 20 (63) 8(73) 17 (68) 11 (61)
NSF n (%) 11 (29) 4 (80) 10 (27) 5(83) 12 (37) 3(27) 8 (32) 7(39)
Total number 38 5 37 6 32 11 25 18
p-Value p=0.043 p=0.015 p=0.719 p=0.750

bi IEDs—bitemporal interictal epileptiform discharges, CSF—completely seizure-free, FMP—full medication period, NSF—not seizure-
free, RMP—reduced medication period, uni IEDs—unitemporal interictal epileptiform discharges, SS—sleeping state, WS—waking state.

with bitemporal IEDs was higher; approximately 40% (Aull-
Watschinger et al., 2008; Hardy et al., 2003; Krendl et al.,
2008). The highest representation of bitemporal IEDs was
reported by Ergene et al. (2000), who found them in
approximately 60% of patients with non-lesional TLE dur-
ing long-term EEG monitoring, although all patients in this
study had only unitemporal IEDs on serial routine EEGs.

In our work, we found a change in relative IED lateraliza-
tion during semi-invasive EEG monitoring that has not been
previously described. The representation of patients with
unitemporal IEDs declined between FMP and RMP from 88%
to 74% in WS, and from 86% to 58% in SS, but only the dif-
ference in SS reached statistical significance. In our opinion,
the change of relative IED lateralization between FMP and
RMP in our study could be potentially conditioned by two
factors: AED reduction and/or seizure occurrence. As we
managed to prove significant changes in relative IED lateral-
ization between FMP and RMP even in a subgroup of patients
without seizures preceding RMP EEG analysis, we can assume
that AED reduction could be sufficient to cause a relative IED
lateralization change, but it seems that it needs the added
effect of sleeping, which is generally accepted as a strong
inductor of IEDs (Malow et al., 1997; Sammaritano et al.,
1991).

As mentioned above, there are no studies focusing on
the change of relative IED lateralization with respect to
fast AEDs withdrawal during long-term EEG monitoring or
seizure occurrence. Only two studies of the impact of fast
AED reduction on IEDs have thus far been published, and both
of them focused only on the change in IED frequency. AED
reduction was found not to have any impact on IED frequency
(Gotman and Marciani, 1985; Gotman and Koffler, 1989). IED
frequency increase was related only to seizure occurrence
followed them in hours and days in regions showing pre-
ictally the presence of IEDs and contemporary involved in
seizure generation or propagation (Gotman and Marciani,
1985; Gotman and Koffler, 1989). It is necessary to point out
that almost all the patients in these two studies had TLE;
however, both studies used only invasive EEG and therefore
their results may not apply for scalp or semi-invasive EEG.
Moreover, minor IED frequency changes can cause signifi-
cant changes in IED lateralization, and significant changes
in IEDs frequency may not have any impact on IED later-
alization. The incidence of patients with bitemporal IEDs
increased during semi-invasive EEG monitoring; this change

is substantial mainly during sleep, and even AED reduction
is a sufficient causative factor.

Patients with unitemporal IEDs tend to have excellent
prognosis within the whole group of TLE, i.e. within the
group of TLE associated with different etiology (Chung et al.,
1991; Radhakrishnan et al., 1998; Villanueva et al., 2004).
In a study by Chung et al. (1991), 89% of patients with
more than 90% of IEDs localized to the side of operation had
good surgical outcomes (seizure free, or significant improve-
ment), in comparison with 35% of patients with less than
90% of IEDs localized to the operated side. In a study by
Radhakrishnan et al. (1998), patients with 100% of IEDs on
the operated side had excellent outcomes (seizure free-
dom, or only no disabling seizures) in 74%, compared with
44% in those who had less than 100% of IEDs on operated
side. In spite of these convincing findings within the group
of TLE as a whole, the results about the prognostic value
of IED lateralization in the subgroup of mesial TLE are
more diverse (Aull-Watschinger et al., 2008; Hardy et al.,
2003; Krendl et al., 2008; Schulz et al., 2000). Only Aull-
Watschinger et al. (2008) and Schulz et al. (2000) proved
significant differences in relation to relative IED lateraliza-
tion. Aull-Watschinger et al. (2008) found unilateral IEDs to
be associated with excellent short-term (i.e. at year 1 and 2
after surgery) outcome where this outcome was defined on
the basis of Engel classification as no seizures, with or with-
out nondisabling auras, during a 12 month-period prior to the
assessment. The difference between patients with unitem-
poral and bitemporal IEDs was lost in long-term (i.e. at year
5 after surgery) follow-up, and when the definition of com-
plete seizure-freedom (i.e. no seizures plus no auras at any
time after surgery), which seems to be a more appropriate
indicator of patient quality of life, was applied. In the study
of Schulz et al. (2000), almost 85% of patients with strictly
unilateral temporal IEDs are postoperatively categorized as
completely seizure free, compared with 52% of patients with
bilateral or ipsilateral extratemporal IEDs, but they included
mesial TLE associated with HS and non-lesional cases. Hardy
et al. (2003) found no significant difference in surgical out-
come in 118 patients with HS in relation to IED lateralization.
In their study, 65% of patients with ipsilateral temporal IEDs,
50% with ipsilateral temporal and simultaneous extratempo-
ral IEDs, and 61% with bilateral IEDs were postoperatively
seizure free. Janszky et al. (2005b) proved no statistically
significant differences in short-term or in long-term surgical
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Table 7 The influence of demographic data and LI index on surgical outcome at year 1 after surgery defined as Engel | or Engel
II-1V and as completely seizure-free or not seizure-free - results of the univariate logistic regression analysis.

Variable Risk category/baseline Outcome—CSF vs. NSF Outcome—Engel | vs. Engel II-IV
category

OR (95% Cl) p-Value OR (95% Cl) p-Value
Gender Male/female 4.75 (1.07-21.14) 0.041 4.00 (0.71—22.67) 0.117
Age at epilepsy onset — 1.01 (0.95—1.08) 0.695 1.02 (0.96—1.10) 0.514
Duration of epilepsy — 1.00 (0.95—1.06) 0.950 0.99 (0.93—1.05) 0.713
Age at surgery = 1.02 (0.95—1.10) 0.601 1.01 (0.93—1.10) 0.803
Side of surgery Right/left 1.07 (0.28—4.04) 0.924 1.06 (0.23—4.92) 0.942
FCD Yes/no 1.04 (0.17—6.26) 0.966 0.69 (0.07—6.70) 0.749
Habitual seizure frequency = <5/month/>5/month 1.74 (0.31-9.69) 0.528 0.89 (0.15—5.29) 0.897
Habitual GTCS Yes/no 0.76 (0.20—2.93) 0.692 1.19 (0.26—5.52) 0.827
FMP—WS bi IEDs/uni IEDs 4.83 (0.70—33.61) 0.111 9.90 (1.31-74.73) 0.026
FMP—SS bi IEDs/uni IEDs 7.25 (1.12—47.00) 0.038 16.50 (2.26—120.64) 0.006
RMP—WS bi IEDs/uni IEDs 0.96 (0.21—4.45) 0.957 2.02 (0.40—10.38) 0.397
RMP—SS bi IEDs/uni IEDs 1.58 (0.41—6.06) 0.502 1.50 (0.32—7.01) 0.606

bi IED—bitemporal interictal epileptiform discharges, CSF—completely seizure-free, FCD—focal cortical dysplasia, FMP—full medication
period, GTCS—generalized tonic clonic seizure, NSF—not seizure-free, RAP—reduced medication period, SS—sleeping state, WS—waking

state, uni IED—unitemporal interictal epileptiform discharges.

outcomes (i.e. at year 0.5, 2, 3, and 5) related to relative
IED lateralization in their study of 171 patients with HS. In
the study by Krendl et al. (2008) focusing on mesial TLE
associated with unilateral hippocampal atrophy, the relative
lateralization of IEDs was not found to be surgical predictor;
71% of patients with unitemporal IEDs and 60% of patients
with bitemporal IEDs were postoperatively seizure free. In
our study, the relation between relative IED lateralization
and excellent surgical outcome defined as both Engel | and
completely seizure-free exists, but is present only in FMP;
moreover, only FMP in SS was an independent outcome pre-
dictor when stepwise logistic regression model was applied.

The contradictory results of our study and studies
by Aull-Watschinger et al. (2008), Hardy et al. (2003),
Janszky et al. (2005b) and Krendl et al. (2008) could be
explained by different study design. We analyzed sepa-
rately 20min of waking and 20 min of sleeping interictal
EEG recordings during two periods defined by relative AED
level withdrawal. Aull-Watschinger et al. (2008), Janszky
et al. (2005b), and Krendl et al. (2008) evaluated 10, 2,
and 5min samples, respectively, every hour. Hardy et al.
(2003) assessed long-term EEG monitoring, but did not
specify the evaluation method more precisely in their
article.

Table 8 The influence of demographic data and LI index on surgical outcome at last follow-up visit defined as Engel | or Engel
II-1V and as completely seizure-free or not seizure-free—results of the univariate logistic regression analysis.

Variable Risk Outcome—CSF vs. NSF Outcome—Engel | vs. Engel II-IV

category/baseline

category OR (95% CI) p-Value OR (95% Cl) p-Value
Gender Male/female 2.00 (0.56—7.16) 0.287 3.17 (0.69—14.46) 0.137
Age at epilepsy onset — 1.01 (0.95—1.07) 0.686 1.02 (0.95—1.08) 0.647
Duration of epilepsy — 1.00 (0.95—1.05) 0.989 1.01 (0.96—1.08) 0.624
Age at surgery — 1.01 (0.95—1.07) 0.663 1.05 (0.97—1.14) 0.251
Time from surgery in years — 1.08 (0.79—1.47) 0.639 1.12 (0.79—1.60) 0.518
Side of surgery Right/left 1.32 (0.38—4.64) 0.666 1.80 (0.43—7.59) 0.423
FCD Yes/no 0.71 (0.12—4.18) 0.703 1.40 (0.23—8.63) 0.717
Habitual seizure frequency  <5/month/>5/month 1.33 (0.29—-6.14) 0.712 0.63 (0.13—3.08) 0.566
Habitual GTCS Yes/no 1.01 (0.29—3.55) 0.988 1.20 (0.29—4.95) 0.801
FMP—WS bi IEDs/uni IEDs 9.82 (1.01—98.00) 0.049 6.64 (0.93—47.55) 0.059
FMP—SS bi IEDs/uni IEDs 13.50 (1.40—130.19) 0.024 10.33 (1.53—-69.73) 0.017
RMP—WS bi IEDs/uni IEDs 0.63 (0.14—2.82) 0.541 1.34 (0.28—6.43) 0.715
RMP—SS bi IEDs/uni IEDs 1.35 (0.38—4.80) 0.640 1.54 (0.37—6.38) 0.553

bi IED—bitemporal interictal epileptiform discharges CSF—completely seizure-free, FCD—focal cortical dysplasia, FMP—full medication
period, GTCS—generalized tonic clonic seizure, NSF—not seizure-free, RAP—reduced medication period, SS—sleeping state, WS—waking

state, uni IED—unitemporal interictal epileptiform discharges.

116



Effect of partial drug withdrawal on the lateralization of interictal epileptiform discharges

1415

The interictal EEG evaluation seems to be the most reli-
able in sleeping, when AED reduction has not yet been
initiated. During RMP, the differences between individual LI
groups with respect to surgical outcome are lost because of
the changes in relative IED lateralization described in the
previous part of discussion.

In the literature, there are some discrepancies in the
value of sleeping recordings. Sammaritano et al. (1991)
believed that evaluating interictal EEG during waking or
rapid eye movement (REM) sleep is more reliable than eval-
uating slow wave sleep. In contrast, Adachi et al. (1996)
proved that sleep never produced new misleading (i.e.
incorrectly lateralizing) information, which is in concur-
rence with the results of our study during FMP. In this
period, only 1 patient with LI > 0.8 in the waking state devel-
oped LI<0.8 in the sleeping state, and in this patient, the
change probably reflected bitemporal impairment, because
the patient was postoperatively categorized as Engel lll. Dur-
ing RMP, the situation was rather different: 22% of patients
categorized as having waking state LI > 0.8 developed sleep-
ing state LI < 0.8. We could hypothesize that results of Adachi
et al. (1996) reflect FMP rather than RMP, because they
evaluated initial sleeping EEG, and at the beginning of EEG
monitoring the AED reduction, if already started, is generally
minimal.

Adachi et al. (1996) also published that IEDs during sleep
could lead to correct lateralization in patients with bitem-
poral IEDs in waking state. In our study, there was no patient
with bitemporal IEDs in WS and simultaneously unitemporal
IEDs in SS. This difference is caused by a different cut-off
value for defining bitemporal IEDs; we used a 90% cut-off
value, and Adachi et al. (1996) used a 75% cut-off value.

Ergene et al. (2000) found that patients with bitempo-
ral IEDs tend to have longer epilepsy duration, but this
difference did not reach statistical significance. Janszky
et al. (2003) published that patients with bitemporal IEDs
have higher seizure frequency and later epilepsy onset.
In our study, no dissimilarities between patients with
unitemporal and bitemporal IEDs with respect to epilepsy
duration, seizure frequency, age at epilepsy onset, or other
demographic data, patient characteristics, or video EEG
monitoring characteristics were present.

When focusing on other factors except LI which could be
supposed to influence surgical outcome, we found only gen-
der to be statistically significant predictor at year 1 after
if the excellent outcome was defined on the basis of com-
plete seizure-freedom. It is interesting that similar results
were present in study of Aull-Watschinger et al. (2008), they
found male gender to be the only predictor of postopera-
tively complete seizure-freedom at year 2 after surgery. The
suggestion of male gender as a positive predictor for short-
term outcome is difficult to interpret and should be tested
in larger series of patients. A study by Janszky et al. (2005a)
identified several distinct predictors for outcome at years 2,
3, and 5 after surgery. The following factors were associated
with worse surgical outcome in an individual year: the pres-
ence of sGTCS and ictal dystonia at year 2, longer epilepsy
duration and ictal dystonia at year 3, and longer epilepsy
duration at year 5.

We see three basic limitations of our work. First, we
described AED reduction only on the basis of relative daily
dose reduction, not by serum levels. Second, only relatively

short and preselected periods (80min) were analyzed in
each patient, which could influence our results. Third, we
did not use EEG polysomnography, which would enable us to
more precisely identify sleeping stages. On the other hand,
neither AED serum level measuring nor EEG polysomno-
graphy are methods common in the daily praxis of epilepsy
centers during video-EEG monitoring, and the main purpose
of this work was to provide a helpful tool for clinicians,
both epileptologists and neurophysiologists, in patient eval-
uation. It is a challenge to perform an analogous prospective
study with more detailed patient investigations, including
AED serum levels, and 5 or 10 min samples every hour, or may
be better continuous 24-h lasting interictal EEG evaluation.
With respect to our conclusions, it would be meaningful to
establish a cut-off value of AED reduction determining the
change in relative IED lateralization. We were not able to
find such cut-off value because in each individual patient
we used only two recordings—one with full AED medication
and one with marked AED reduction.

Conclusion

The relative IED lateralization in interictal EEG in patients
with TLE with HS could be a predictor for surgical outcome,
defined as both Engel | or Engel II—1V, and seizure-free or not
seizure-free, only before initialization of AED reduction. Its
predictive value is diminished with AED reduction because
of changes in relative IED lateralization.
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Atlas of the normal intracranial
electroencephalogram: neurophysiological
awake activity in different cortical areas

Birgit Fr'auscher,"2 Nicolas von EIIem'ieder,I Rina Zelmann,"3 Irena Doleialové,4
Lorella Minotti,5 André Olivier,I Jeffery HaII,I Dominique Hoffmann,S Dang Khoa Nguyen,6
Philippe Kahane,® Francois Dubeau' and Jean Gotman'

In contrast to scalp EEG, our knowledge of the normal physiological intracranial EEG activity is scarce. This multicentre study
provides an atlas of normal intracranial EEG of the human brain during wakefulness. Here we present the results of power spectra
analysis during wakefulness. Intracranial electrodes are placed in or on the brain of epilepsy patients when candidates for surgical
treatment and non-invasive approaches failed to sufficiently localize the epileptic focus. Electrode contacts are usually in cortical
regions showing epileptic activity, but some are placed in normal regions, at distance from the epileptogenic zone or lesion.
Intracranial EEG channels defined using strict criteria as very likely to be in healthy brain regions were selected from three tertiary
epilepsy centres. All contacts were localized in a common stereotactic space allowing the accumulation and superposition of results
from many subjects. Sixty-second artefact-free sections during wakefulness were selected. Power spectra were calculated for 38
brain regions, and compared to a set of channels with no spectral peaks in order to identify significant peaks in the different
regions. A total of 1785 channels with normal brain activity from 106 patients were identified. There were on average 2.7 channels
per cm® of cortical grey matter. The number of contacts per brain region averaged 47 (range 6-178). We found significant
differences in the spectral density distributions across the different brain lobes, with beta activity in the frontal lobe (20-24 Hz),
a clear alpha peak in the occipital lobe (9.25-10.25 Hz), intermediate alpha (8.25-9.25 Hz) and beta (17-20 Hz) frequencies in the
parietal lobe, and lower alpha (7.75-8.25 Hz) and delta (0.75-2.25 Hz) peaks in the temporal lobe. Some cortical regions showed a
specific electrophysiological signature: peaks present in >60% of channels were found in the precentral gyrus (lateral: peak
frequency range, 20-24 Hz; mesial: 24-30Hz), opercular part of the inferior frontal gyrus (20-24 Hz), cuneus (7.75-8.75 Hz),
and hippocampus (0.75-1.25 Hz). Eight per cent of all analysed channels had more than one spectral peak; these channels were
mostly recording from sensory and motor regions. Alpha activity was not present throughout the occipital lobe, and some cortical
regions showed peaks in delta activity during wakefulness. This is the first atlas of normal intracranial EEG activity; it includes
dense coverage of all cortical regions in a common stereotactic space, enabling direct comparisons of EEG across subjects. This
atlas provides a normative baseline against which clinical EEGs and experimental results can be compared. It is provided as an
open web resource (https://mni-open-ieegatlas.research.mcgill.ca).
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Introduction

The scalp EEG during wakefulness in healthy individuals is
well defined (Chang et al., 2011), but the knowledge accu-
mulated on normal physiological intracranial EEG activity
outside of the context of intracranial event-related poten-
tials, task-related responses or intracranial stimulation
(Jerbi et al., 2009; David et al., 2013; Matsumoto et al.,
2017) is surprisingly scarce. This contrasts with the vast
literature on epileptic activity in intracranial EEG (for a
review see Frauscher and Dubeau, 2018). The knowledge
of physiological intracranial EEG activity is based mainly
on studies performed in the pre-MRI era using visual ana-
lysis of the recorded signals (Gastaut 1949; Jasper and
Penfield, 1949; Petersen et al., 1953; Sem-Jacobsen et al.,
1953, 1955, 1956; Chatrian et al., 1960 a, b; Ribstein,
1960; Perez-Borja et al., 1962; Graf et al., 1984).
Evidence suggests that normal alpha, beta and gamma
rhythms, and slow wave activity in the theta and delta
range are observed in the intracranial EEG following a spa-
tially distributed pattern. For instance, alpha rhythm was
described in the occipital lobe, the parietal lobe just poster-
ior to the postcentral gyrus, and the posterior temporal
neocortex (Gastaut, 1949; Jasper and Penfield, 1949;
Sem-Jacobsen et al., 1953, 1956; Chatrian et al., 1960a;
Perez-Borja et al., 1962), and non-reactive alpha activity
was found in the frontal lateral neocortex (Jasper and
Penfield, 1949). Beta rhythm is most frequently seen over
the anterior head regions. In particular, well sustained beta
frequencies of ~25Hz are described in the precentral and
postcentral gyri with lower frequencies present in the post-
central region (Jasper and Penfield, 1949). Other normal
activities such as mu rhythm (Graf er al., 1984) and
lambda waves (Chatrian et al., 1960a, b; Perez-Borja
et al., 1962; Chatrian, 1976) have also been described.
Location-related differences in the occurrence of these
rhythms and patterns remain purely descriptive without at-
tempts to determine the exact localization of the positions
of the electrode contacts in a common space. Furthermore,
quantitative studies of normal activity during resting wake-
fulness are either lacking or are restricted to certain brain
areas, often with small patient numbers. The best evidence
exists for the hippocampus where an activity in the theta
delta range has been described in quiet wakefulness
(Brazier, 1968; Huh et al., 1990; Meador et al., 1991;
Nishida et al., 2004; Moroni et al., 2012). In an attempt
to create an atlas of normal human brain activity during
wakefulness, Kahane (1993) described the quantitative EEG

distribution across several cortical areas using intracranial
EEG performed in epilepsy patients during presurgical epi-
lepsy work-up. Coordinates of the individual electrode pos-
itions were given in Talairach space. In this work, the
author already highlighted the methodological difficulties
to determine normality in an epileptic brain.

Patients with refractory focal epilepsies are the only
human subjects where extensive intracranial cortical EEG
studies are undertaken, and thus allow access not only to
pathological but also to normal brain neurophysiology. We
have a poor knowledge of the normative electrophysiolo-
gical data of brain activity. This is explained by the rela-
tively rare placement of electrodes in healthy brain tissue
and the challenge in identifying healthy brain regions, and
by the difficulty of standardization of the electrode place-
ment compared to scalp EEG, resulting in problems per-
forming interindividual comparisons of EEG patterns (each
patient has at most a few contacts in healthy brain, with
great variability in electrode location from patient to pa-
tient). Moreover, even in large tertiary epilepsy centres,
only a small proportion of patients (~15-25 patients) are
explored each year with intracranial electrodes.

The current work is a multicentre study aiming to pro-
vide an atlas of normal intracranial EEG activity recorded
with both stereo-EEG electrodes and cortical grids/strips.
These data are provided as an open web resource
(https://mni-open-ieegatlas.research.mcgill.ca) developed
the LORIS framework (Das et al., 2016).
Localization of the contacts in a common stereotactic
space allows the accumulation and superposition of results
from a large number of subjects and a direct comparison of
EEG activity across subjects. The results of power spectra
analysis during wakefulness are presented in this paper.

under

Materials and methods

Selection of intracranial EEG
recordings

Charts and recordings of patients who underwent intracranial
EEG investigation as part of their clinical evaluation for epi-
lepsy surgery at the Montreal Neurological Institute and
Hospital (MNI), Centre Hospitalier de [IUniversité de
Montréal (CHUM), and Grenoble-Alpes University Hospital
(CHUGA) were screened, starting with the most recent patients
at time of data collection (September 2015 for MNI and
CHUM, April 2016 for CHUGA), and moving consecutively
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backward to January 2010 or earlier, to identify cases with
<40 recordings fulfilling selection criteria.

Recordings of patients included for this study had to fulfil
the following four inclusion criteria:

(i) presence of at least one channel with normal activity. Such chan-
nels are not common (on average 11% of channels per patient as
shown in one of our previous studies) (Frauscher et al., 2015). A
channel with normal activity is defined as a channel localized in
normal tissue as assessed by MRI, is located outside the seizure
onset zone, does not show at any time of the circadian cycle
interictal epileptic discharges (according to the clinical report of
the complete implantation and to a careful investigation of one
night of sleep by a board-certified electrophysiologist), and shows
the absence of overt slow-wave anomaly;

(ii) presence of peri-implantation imaging (CT or MRI) for exact
localization of individual electrode contacts (contacts located in
the white matter were excluded);

(iti) availability of a controlled intracranial EEG recording obtained
after a minimum of 72 h after insertion of stereo-EEG electrodes
or 1 week after placement of subdural grids or strips (medica-
tions are usually not yet lowered), and at least 12 h after a gen-
eralized tonic-clonic seizure, 6 h in case of focal clinical seizures,
or 2h in case of purely electrographic seizures, and not after
electrical stimulation, as done in our previous work (Frauscher
et al., 2015); and

(iv) sampling frequency of a minimum of 200Hz. This minimum
sampling frequency was chosen to include as many patients as
possible for the analysis of frequencies in the classical Berger
frequency bands (0.3-70 Hz).

The data collected in the three centres complemented each
other well, as different implantation strategies are used (stereo-
EEG electrodes versus subdural grids/strips, and frame-assisted
versus frameless electrode placement), and provide a broad
coverage of different cortical regions. Ethical approval was
granted at the MNI as lead ethics organization (REB vote:
MUHC-15-950).

Co-registration and anatomical
localization of electrodes and
electrode contacts

Registration to stereotaxic space and anatomical localization of
electrodes was performed using minctools (www.bic.mni.mcgill.
calServicesSoftware/Services SoftwareMincToolKit) and the IBIS
framework (Drouin et al., 2017). Peri-implantation CT/MRI
images showing electrode positions were linearly registered to
pre-implantation MRI images (preMRI) of each patient. In
turn, preMRIs were non-linearly registered to the ICBM152
2009¢ non-linear symmetric brain model (Mazziotta et al.,
2001; Fonov et al., 2011). The combined transformation allowed
estimation of the electrode positions in a common stereotaxic
space in order to visualize the standardized atlas of normal
EEG activity.

Anatomical structures were fully automatically segmented.
We used an atlas created with an unbiased method (Fonov
et al., 2011) from manually segmented data of 20 normal
subjects (Landman and Warfield, 2012). It consists of 132
grey matter labels (66 per hemisphere after excluding basal
ganglia, cerebellum, midbrain and brainstem). We chose this
atlas because it was detailed and contains deep as well as
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surface cortical regions. The preMRI was non-linearly regis-
tered to the atlas’ averaged MRI and then the inverse trans-
formation was applied to warp the labels back to the patient’s
space. In case of lesional epilepsy, segmentations were checked
visually by an epileptologist in order to ensure that selected
electrode contacts are indeed outside of lesional tissue. Patients
with large cortical malformations such as extended polymicro-
gyria, hemimegalencephaly, agenesis of corpus callosum, or
extended encephalomalacic lesions were excluded.

Each bipolar channel was represented by a volume made of
a cylinder of length equal to the distance between its two
electrode contacts, 10 mm diameter and one half sphere at
each end. The anatomical localization of each channel was
estimated by assessing in which segmented grey matter
region laid the majority of its volume. The findings were
grouped according to the topographical localization of the
channels and plotted onto the standard ICBM152 template.

Selection of EEG sections

We visually selected 60's sections (either continuous or consecu-
tive discontinuous >35s segments after artefact exclusion; 5s
were chosen as a compromise between minimizing the number
of segments and obtaining the 60s sections) of resting wake-
fulness EEG with eyes closed recorded during standardized con-
ditions. The controlled ‘eyes closed and eyes opened’ recordings
were part of the controlled intracranial EEG evaluation at the
three participating sites. Analysis of EEG activity of the non-
epileptic physiological channels was performed using Matlab
(Mathworks). The signals were bandpass filtered at 0.5-80 Hz
and downsampled to 200 samples per second if the original
sampling rate was higher (original sampling rates were 200,
256, 512, 1000, 1024, and 2000 samples per second).

Analysis of the oscillatory component
of the signal

The spectral density in each channel was estimated with
Welch’s method, i.e. averaging the magnitude of the discrete
time Fourier transform of 59 overlapping blocks of 2s dur-
ation and 1s step, weighted by a Hamming window. In each
channel the resulting spectral density was normalized to a total
power equal to one, making it independent of the EEG signal
amplitude.

To determine the presence of peaks in the spectrum, we first
defined the ‘no-peak set’ as a set of channels with no peak in
their spectrum. We defined this set in a data-driven procedure.
The normalized spectra were classified into k-groups using the
k-means algorithm, with 160 features given by the values at
each frequency step (0.5Hz steps between 0.5 and 80Hz),
Euclidean distance, and 100 repetitions. This separated chan-
nels according to their most prominent peaks in their spec-
trum. By repeating the classification with increasing number
of groups k, eventually a group without peaks was found.
We determined the presence of this group by requiring that
its mean normalized spectrum be lower than the maximum
among the other groups. From this group, we took the 50%
of the channels closest to its mean to define the no-peak set.

Because as the frequency increases, the spectrum becomes
more correlated between equally spaced frequency steps, we
defined a set of unequal frequency intervals in which to test
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for the presence of peaks in the spectrum. The intervals were
selected so that each of them had at least 4% of the power of
the average normalized spectrum of all the studied channels.
This resulted in 22 frequency intervals (0.5-0.75-1.25-1.75-
2.25-3.25-3.75-4.25-5.25-6.25-6.75-7.75-8.25-9.25-10.25~
11.75-13.25-15.25-17.25-20.25-24.25-31.75-80 Hz). The pres-
ence of a peak at a given frequency interval in any particular
brain region was determined by comparing the distribution of the
normalized spectra of all the channels in the region at the desired
frequency interval, to the distribution of the no-peak set at the
same frequency interval. A one-sided two-sample Kolmogorov-
Smirnov test was used, at 5% significance level with Dunnett’s
correction for multiple comparisons (for the number of tested
anatomical regions times the number of frequency intervals).
The two-sample Kolmogorov-Smirnov test is sensitive to differ-
ences in location and shape of the empirical cumulative distribu-
tion functions. A second test was performed for brain regions
and frequency intervals in which significant differences were
found, to determine the percentage of channels in the brain
region of interest that had a significantly higher relative power
than the no-peak set at the given frequency interval. We per-
formed an uncorrected one-sided Wilcoxon rank-sum test (at
5% significance level), comparing the distribution of the no-
peak set to the spectral density of each individual channel.

Analysis of the non-oscillatory
component of the signal

To investigate the non-oscillatory component of the spectrum,
we explored the scale-free dynamics of the brain activity by
fitting a 1/f* model to the high frequency end of the spectrum.
We adapted the methodology used in previous studies
(Yamamoto and Hughson, 1993; He et al., 2010). We used
non-overlapping Hamming windows of 1s duration for the
computation of the spectrum of the scale-free activity, and
fitted the B coefficient in the 10-40 Hz range. We adopted a
low end of 10Hz instead of 1Hz as in He et al. (2010), be-
cause we observed that in most of the channels the scale-free
component of the spectrum had a shoulder between 1 and
10Hz. The upper end of the range (40Hz) is limited by the
sampling rate of our data (the highest frequency not affected
by the antialiasing down sampling filters is 80Hz, but
the computation of the scale-free component of the spectrum
is correct only up to half this frequency). To determine if
some regions had a different B coefficient, we computed the
median value of B and performed a permutation test (100 000
permutations of region labels, Bonferroni corrected for 38
regions).

For exploring the nested frequencies in the brain activity, we
performed a phase-amplitude coupling analysis. We computed
the modulation index (Tort et al., 2008) for phases at frequen-
cies between 0.5 and 12 Hz, with 0.5 Hz steps. We explored
the coupling to amplitude in 17 frequency bands (4-5-6-7-8—
10-12-14-16-20-24-30-36-42-48, 52-58, 62-70-80Hz).
For computation of the modulation index we used eight
phase bins. The Hilbert transform was implemented between
0.5 and 80 Hz, with an FIR filter of order 200. The bandpass
filters were elliptic IIR filters of order 6 applied in two passes
to achieve zero-phase. To determine the statistical significance
of the observed modulation index, a set of 1000 surrogate
amplitude signals were analysed for each channel, by
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partitioning the original time series in eight sections of
random length and shuffling them. The mean and standard
deviation (SD) of these surrogate data were used to determine
the z-score of the modulation index. The proportion of chan-
nels with significant modulation index at different phase-fre-
quency bins was computed, and a permutation test was
performed to determine regional differences (100000 permu-
tations of region labels, Bonferroni corrected for 24 x 17
phase-frequency bins).

Results

Here we report on the cortical coverage for this project, the
different electrode types used, as well as the automatic clas-
sification of the no-peak set, which is used subsequently to
test for the presence of peaks in the spectrum of channels
from different brain regions. We then describe the lobar
differences in spectral density distribution, highlight the
intracranial EEG signature of some cortical brain regions,
stress unexpected findings, and analyse the non-oscillatory
component of the signal.

Demographical information of the
study sample

The study sample consisted of 106 patients (54 males;
CHUGA: 49 patients, MNI: 40, CHUM: 17) with ther-
apy-refractory focal epilepsy who underwent invasive
intracranial EEG investigation during presurgical epilepsy
work-up. The mean age was 33.1 + 10.8 years. Eighty-
nine patients (84%) were investigated with stereo-EEG elec-
trodes, and 17 (16%) with grids/strips. Of the patients who
were explored with grids/strips, all but two had additional
stereo-EEG electrodes for exploring deep structures such as
the insula or the mesiotemporal lobe.

Number and density of cortical
channels with normal EEG activity

A total of 1785 intracranial EEG channels (left hemisphere,
1066; right hemisphere, 719) recording presumably normal
physiological brain activity were identified. The positions of
the investigated channels after co-registration in stereotaxic
space are given in Fig. 1. There were on average 0.9 chan-
nels per cm? of cortical surface, and 2.7 channels per cm®
of cortical grey matter volume. Restricting the channels to
have an equal number of channels per region in both hemi-
spheres (695 channels), we found no differences in the
distribution of normalized spectral density between the
channels from homologous regions of both hemispheres
(two-sided two-sample Kolmogorov-Smirnov test with
Dunnett’s correction for 22 comparisons for the tested fre-
quency intervals). Therefore, we grouped left and right
hemisphere channels together. The figures show all channel
positions flipped to one of the hemispheres of the symmet-
ric atlas.
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Figure | Localization of the 1785 EEG channels with normal physiological activity analysed for this study. The 1520 channels from
stereo-EEG electrodes are visualized in blue, and the 265 channels from cortical grids and strips are in yellow. Note that for the ‘inflated’ brain
display at the bottom, the electrodes are projected on the cortical surface.

The spectral density is similar in
stereo-EEG electrodes and cortical
grids/strips

Eighty-five per cent of the 1785 channels (1520) were from
stereo-EEG electrodes, and 15% (265) from cortical grids
and strips (Fig. 1). To compare the spatial coverage achieved
with intracerebral electrodes and with cortical grids and
strips we classified the cortical surface according to curva-
ture, and compared regions with convex curvature (likely
gyri) to regions of concave curvature (likely sulci). We
found that grid channels were 5.3-times more frequent in
the former, and stereo-EEG electrode channels 1.6-times
more frequent in the latter (180 versus 34 and 412 versus
673 in convex versus concave regions, respectively; the re-
maining channels were in regions with no clear dominant
curvature). This indicates that channels from cortical grids/
strips are typically placed atop of gyri, and that stereo-EEG
electrodes record not only from the sulci, but also from a
significant fraction of the gyri. The normalized spectral dens-
ity of the neocortical channels recorded with stereo-EEG
(commercial DIXI electrodes, home-made MNI electrodes,
or Ad-Tech electrodes) or cortical grids/strips (Ad-Tech elec-
trodes) is similar across electrode types (Fig. 2A).

Interestingly, there is a ~2-fold increase in absolute amp-
litude (root mean square) in channels from cortical grids/
strips compared to stereo-EEG electrodes (Fig. 2B). The
difference is maintained when only neocortical channels
are analysed (i.e. excluding mesiotemporal lobe structures).
This difference does not affect subsequent results, as
normalized spectra are used.

Automatic classification of channels
and no-peak set

The procedure to separate a set of channels with no peaks in
the spectrum from sets of channels with various peaks re-
sulted in eight channel groups (no peak, one group and vari-
ous peaks, seven groups). The median normalized spectral
density of the groups can be observed in Fig. 3A, and the
groups with spectral peaks correspond to peaks in the low
delta band, high delta band, theta band, alpha band, low beta
band, high beta band, and gamma band. Channels with delta
or gamma activity usually do not show sustained rhythms,
but simply an increase in the low or high frequency activity.
The spectral density of what we define as ‘the no-peak set’,
derived from the group of channels with no peak in their
spectrum, is shown in Fig. 3B. This no-peak set is used in
subsequent sections to test for the presence of peaks in the
spectrum of channels from different brain regions. Figure 3C
and D shows the distribution of the groups in the inflated
cortex. Note that even though the frequency resolution of this
unsupervised classification is poor, it shows a frequency in-
crease from the posterior to the anterior cortical regions.

Lobar frequency differences in intra-
cranial EEG

Figure 4 shows the difference in the spectral density of the
standard EEG frequencies across the different brain lobes
(758 frontal channels, 415 temporal, 355 parietal, and 105
occipital). The occipital lobe shows, as expected, a clear
peak in alpha activity (significant in the 7.75-10.25Hz, in
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47% of the channels at ~10Hz), whereas faster activity
peaks in the beta and gamma band were recorded in the
frontal lobe (16.75-80Hz, in 48% of the channels at
~24 Hz). The parietal lobe shows peaks at intermediate fre-
quencies in the alpha (8.75-9.75Hz, in 21% of the chan-
nels) as well as in the beta band (16.75-31.75 Hz, in 24% of
the channels at ~20 and 31.5 Hz). The temporal lobe shows
a borderline alpha peak (7.25-9.25Hz, in 30% of the chan-
nels at ~8 Hz), and some channels show a peak in delta
activity (0.75-2.25Hz, in 24% of the channels at ~1Hz).
Figure 4B shows the difference in the distribution for some
of these cases, in which the difference is not clearly appre-
ciated by looking at the median spectral density in Fig. 4A.

Some cortical brain regions have a
specific EEG signature

We analysed the spectrum of channels in different anatomical
brain regions. Some neighbouring anatomical regions of the
MICCAI atlas were joined in order to attain at least five
channels per analysed region. We formed eight regions joining
channels from 20 regions (the entorhinal cortex had no elec-
trodes): (i) superior and middle occipital gyri; (ii) inferior oc-
cipital gyrus and occipital pole; (iii) lingual gyrus and
occipital-fusiform gyrus; (iv) postcentral gyrus and its medial
segment; (v) gyrus rectus and anterior, medial, and posterior
orbital gyri; (vi) superior frontal gyrus and frontal pole; (vii)
temporal pole and planum tempolare; and (viii) fusiform and
parahippocampal gyri. We analysed 38 cortical regions
(median 40.5 channels per region, range 6-178 channels).
Thus, the total number of analysed regions used in the mul-
tiple comparison correction was 42, the 38 cortical regions,
plus the four lobes presented in the previous subsection.

Power spectra of all investigated cortical regions are pro-
vided in the Supplementary material. Brain regions such as
the posterior insula, the anterior cingulate, and others did not
show deviations from the no-peak set. In contrast, other brain
regions demonstrated a specific signature: significant peaks
present in more than 60% of the channels within a given
region were found in the precentral gyrus (lateral segment:
64% of 123 channels at ~20-24 Hz; medial segment: 72% of
18 channels at ~24-31.5 Hz), the opercular part of the infer-
ior frontal gyrus (72% of 39 channels at ~20-24 Hz), the
cuneus (68% of 19 channels at ~8 Hz), and the hippocampus
(72% of 36 channels at ~1Hz) (Fig. 3).

Some cortical areas have more than
one spectral peak within the same
channel

From all analysed channels, 141 (7.9%) had more than one
peak in the spectrum (comparing each channel to the
no-peak set, without correcting for multiple comparisons).
The percentage of channels with two or more peaks was
significantly higher than the average of 7.9% in eight brain
regions (cumulative binomial distribution with parameters

BRAIN 2018: 141; 1130-1144 | 1137

theta = 0.079 and k = number of channels in the region,
uncorrected). Most of these regions are sensory/motor re-
gions: medial segment of the precentral gyrus (5/18 or 28%
of channels), mid-cingulate region (8/40 or 20%), supple-
mentary motor cortex (11/47 or 23%) and the cortex an-
terior to the supplementary motor cortex (3/16 or 19%),
transverse temporal gyrus (3/14 or 21%), inferior occipital
gyrus (4/20 or 20%), precentral gyrus (23/123 or 19%),
and postcentral gyrus (11/65 or 17%).

In one-third of these channels (48/141) the second peak is
at twice the frequency of the first (second harmonic), and in
8% (11 channels) there was a significant peak at the
third harmonic. Half of the channels with second harmonics
(24/48) correspond to the precentral gyrus, its medial seg-
ment, or the postcentral gyrus. Nine of the 11 channels with
significant third harmonic belong to these regions.

The statistical test to determine if there are two signifi-
cant peaks at different frequencies requires a multiple-
comparison correction for a high number of 231 frequency
pairs; therefore the results are not significant for the avail-
able number of channels.

Unexpected findings

In this section, we present some highlights of the findings
for a few brain regions. For findings from all 38 brain
regions, see the Supplementary material as well as the
raw data, which are made available through our webpage
(https://mni-open-ieegatlas.research.mcgill.ca).

The anterior insula cortex shows a beta peak

The insula cortex did not show a significant difference
compared to the no-peak set. When subdividing the
insula into an anterior and posterior portion, we found a
peak in beta activity for the anterior insula in 34% of 71
channels (~20Hz). There was no significant difference in
the spectral power density between the posterior insula and
the no-peak set (Supplementary material).

The middle cingulate gyrus shows a beta peak

The middle cingulate gyrus showed a beta peak (40% of 40
channels ~24 Hz, range: 19.75-24.25Hz), but there was
no difference of the power spectral density compared to
the no-peak set for the anterior and posterior cingulate
gyrus (Supplementary material).

Generation of alpha activity in occipital, parietal and
temporal lobes

Alpha activity was present in a large portion, but not all re-
gions of the occipital lobe (Fig. 6). The cuneus was the region
with the highest number of channels showing a clear alpha
peak (68% of 19 channels ~8 Hz, range: 7.75-9.75 Hz). This
was even more expressed than in the calcarine cortex (58% of
12 channels ~9Hz, not significantly different than the no-
peak set, presumably because of the relatively low number
of channels in the region). There was no significant alpha
peak in the inferior occipital gyrus.
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Figure 5 Spectral density plots of cortical regions showing a significant spectral density peak in > 60% of investigated channels.

Apart from the occipital lobe, alpha activity was present,
albeit in a lesser degree, in the superior parietal lobule (38%
of 53 channels ~9Hz, range: 8.25-9.25Hz) and in some
temporal regions, but at a lower frequency and at the limit
of the traditional theta and alpha bands. These findings
were significant for the superior temporal gyrus (35% of
79 channels ~8 Hz, range: 6.75-9.25Hz) and the fusiform
and parahippocampal gyri (49% of 45 channels ~8 Hz,
range: 6.75-9.25Hz) (Fig. 6). No significant peak in alpha
activity was seen in the middle and inferior temporal gyrus,
the temporal pole and planum temporale, the transverse
temporal gyrus and the mesial temporal lobe structures, or
in the angular gyrus, supramarginal gyrus, the pars opercu-
laris, precuneus and posterior cingulate gyrus.

Some regions show significant peaks in delta activity
during wakefulness

The most expressed peak in the delta range was found
for the hippocampus (72% of 38 channels ~1Hz, range:
0.5-3.25Hz). Other regions with a delta peak were the
inferior occipital gyrus and occipital pole (48% of 23 chan-
nels ~1.5 Hz, range: 1.25-3.25 Hz), the angular gyrus (38%
of 53 channels ~1 Hz, range: 0.5-1.25 Hz), the medial fron-
tal cortex (42% of 19 channels ~1 Hz, range: 0.5-1.25 Hz),
the gyrus rectus/orbital cortex (42% of 45 channels ~1 Hz,
range: 0.5-1.75Hz), and the middle temporal gyrus
(31% of 129 channels ~1Hz, range: 0.5-1.75Hz) (Fig. 7).

Analysis of the non-oscillatory
component of the signal
We explored the scale-free brain activity by fitting a 1/f*

model to the high frequency end of the spectrum
(1040 Hz). We observed a median value of the B coefficient

of 2.29 (range 0.68-4.26; mean 2.35; SD 0.52). We found
different median B coefficients at a 5% significance level for
the following regions: the B coefficient was higher (steeper
decrease of the spectrum for increasing frequency) in the
fusiform and parahippocampal gyri (45 channels, median
B =2.84, corrected P =0.0004) and in the inferior occipital
gyrus and occipital pole (23 channels, median f = 2.78, cor-
rected P = 0.024), whereas it was lower in the middle frontal
gyrus (178 channels, median f =2.11, corrected P = 0.001).
Figure 8A shows the distribution of the B coefficient in the
different brain regions.

Regarding the nested-frequencies analysis, we found a
low proportion of channels with significant phase-fre-
quency coupling, likely because of the limited duration of
the recordings. Figure 8B shows the proportion of channels
with statistical significance at 5% without correcting for
multiple comparisons (330 phase-amplitude bins), and
Fig. 8C corrected for false discovery rate of 5%. In both
cases the highest proportion is found between low delta
(0.5 Hz) and low alpha band (8-10 Hz). But the proportion
of channels in which this coupling was significant is low
after correcting for multiple comparisons (28 channels,
1.5% of the 1785 available channels). We found no signifi-
cant differences between regions.

Discussion

This is the first atlas of normal intracranial EEG of the
adult human brain. Data from physiological channels of
many patients with epilepsy were collected to overcome
the limited sampling of the brain with intracranial
electrodes and the unusual recording from presumably
normal brain regions. Furthermore, to superimpose the
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Figure 6 Presence of peaks in alpha activity across the brain. (A) Power spectral density plots of brain regions in the occipital lobe. (B)
Power spectral density plots of brain regions outside the occipital lobe with significant alpha activity.

results from all subjects on one brain, intracranial electrode
positions were standardized in a common 3D environment
using a stereotactic template providing the exact coordin-
ates of each recording contact. This atlas of normal brain
activity will aid in the better differentiation between physio-
logical and pathological brain activity for clinical work and
research in humans. In this paper, results of the quantita-
tive analysis obtained from a large population of human
subjects are illustrated. This atlas will be an open resource
available for consultation on the web developed under the
LORIS framework (Das et al., 2016).

Selection of channels from presum-
ably normal brain regions

We are aware that selecting ‘true’ normal healthy cortex
represents an inaccurate task, since we essentially analyse
EEGs from the brains of epileptic patients. In most of these
patients, however, some electrodes are placed in non-epi-
leptogenic zones devoid of structural or physiological
anomalies. These electrodes are necessary for comparison
of cortical physiology and help to define the limits of the

eventual surgical resection. Some presumably normal super-
ficial neocortical regions are also recorded as a result of the
need to reach a deep structure with a multi-contact
electrode. Selecting the most normal brain regions in
these patients is as close as we can ever get to a ‘true’
atlas of the normal brain. To ensure as much as possible
the selection of channels with normal physiological EEG
activity, we followed a strict protocol that involved the
consensus of two epileptologists for selection of all the
imaging and neurophysiological data for each subject
(see ‘Materials and methods’ section). Even if a few chan-
nels from pathological regions might have slipped through
our careful screening process, it is unlikely to have occurred
for many, and the large number of channels in each region
makes it likely that our average results are representative of
the healthy brain.

Intracranial EEG data from different
brain regions

This atlas extends our knowledge on cortical neurophysi-
ology in humans by providing quantitative and accurate
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Figure 7 Power spectral density plots of brain regions with significant delta activity.
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Figure 8 Analysis of the non-oscillatory component of the signal. (A) Distribution of the [ coefficient of the |/f model of the scale free
component of the spectrum (10—40 Hz), i.e. the spectrum after removing peaks associated to oscillatory activity. The asterisks indicate regions
with coefficient significantly different from the rest. (B) Percentage of channels showing statistically significant phase-amplitude coupling at
different frequencies (uncorrected). (C) Percentage of channels showing statistically significant phase-amplitude coupling at different frequencies
(corrected for false discovery rate of 5%).
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EEG data for 38 different brain regions. In each region, an
average of 2.7 channels per cm® of cortical grey matter was
used for EEG recording. The best coverage was obtained in
the areas most frequently explored during epilepsy surgery
evaluation, the fronto-temporo-parietal regions. Less fre-
quently explored areas such as the occipital cortex were,
however, sufficiently covered. We were also able to identify
channels with physiological activity in the mesiotemporal
lobe structures, an area often explored, but usually showing
epileptic activity.

Superimposition of all channels in a
common stereotactic 3D
environment

The lack of standardization in electrodes insertion and
placement results in problems performing inter individual
comparisons of EEG patterns and, hence, obtaining norma-
tive electrophysiological data. To overcome this problem,
we used a common 3D environment (IBIS) for semi-auto-
matic co-registration and superimposition of the results
from all electrodes from all subjects on one brain template
(Mazziotta et al., 2001). To avoid potential bias by a
human scorer in the assignment of electrode contacts to
anatomical regions, anatomical structures were automatic-
ally segmented using an atlas created with an unbiased
method (Fonov et al., 2011). This atlas provided detailed
volumetric tissue classification of cortical and deep struc-
tures (e.g. hippocampus, amygdala). Full brain volume
coverage with 66 labels per hemisphere allowed proper
assignment of electrode contacts to the anatomical region
from which they most likely record.

Comparison of stereo-EEG electro-
des and cortical grids or strips

Compared to scalp EEG, intracranial recordings are not
standardized and may show interindividual variations.
Stereo-EEG electrodes are in direct contact with the neur-
onal generators, with a spatial organization that is highly
variable and does not follow a standardized electrode pos-
itioning like for the 10-20 or 10-10 International EEG
System (Jasper, 1958; Nuwer et al., 1998). In contrast,
grids/strips have the same distance to the cortical surface
and are therefore in the same position with respect to the
cellular organization of the cortex.

Our study demonstrated that there was no difference in
the spectral power distribution between EEG recordings
performed with stereo-EEG and cortical grids/strips. The
absolute amplitude was two times higher using cortical
grids/strips as compared to stereo-EEG. This might be be-
cause of the location and orientation of the electrodes with
respect to the cortical sources. In case of grids/strips the
electrode contacts are always localized atop of the cortex,
whereas there are different orientations in stereo-EEG
regarding the cellular organization of the cortex.

BRAIN 2018: 141; 11301144 | 1141

Region-specific EEG signatures as
assessed with spectral power analysis

After discussing methodological issues we now discuss the
main findings. The present work aimed at identifying
rhythms characteristic for the different brain regions. To
do so we calculated spectral density plots for the different
regions investigated. Significances in spectral frequencies
were calculated by performing a comparison with a
group of automatically selected channels exhibiting no
spectral peaks (‘no-peak’ channels). This is a first step in
analysing the available data and identifying region-specific
characteristics to improve our knowledge on the cortical
structural-functional interrelations. Indeed, different meth-
ods could have been used. The availability of the present
data will allow others to apply different methods and pro-
vide further characterization of the human normal iEEG.

Distribution of rhythmic activity
across different brain regions

Current evidence suggests that rhythms are important for
the communication between different brain regions
(Steriade, 2006; Buzsaki and Schomburg, 2015). To study
such rhythms and interactions systematically, it is import-
ant to have knowledge of the basic rhythms of each brain
region at rest, which is provided by the current atlas. A
recent study using MEG in 22 healthy subjects investigated
whether rhythmic brain activity is characteristic for differ-
ent cortical areas. The authors found that individual human
brain areas can be identified from their characteristic spec-
tral activation patterns. Moreover, clustering of brain areas
according to similarity of spectral profiles reveals known
brain networks (Keitel and Gross, 2016). Data of the pre-
sent atlas could be used to validate these results, and
extend them because of the difficulty of MEG to assess
deep sources. Another recent study examined brain
rhythms of the sensorimotor region in 20 healthy subjects
using 64-channel scalp EEG. This study is interesting, al-
though limited to the central region only, as it is a first step
towards the identification of cortical areas based on neur-
onal dynamics rather than on cytoarchitectural features
(Cottone et al., 2017). An extension of this work could
be to apply this methodology to the intracranial atlas.

Focal generation of alpha activity

Early work in the canine model demonstrated that the
alpha rhythm is generated in the cerebral cortex (Lopes
da Silva and Storm Van Leeuwen, 1979). These data ob-
tained by invasive EEG are complemented by more recent
non-invasive studies using source analysis showing that the
alpha rhythm is due to more than one generator in the
posterior cortex. Moreover, a thalamic modulating influ-
ence has been suggested (Tyvaert et al., 2008; Chang
et al., 2011). Findings from electrocorticography and intra-
cerebral depth EEG studies described alpha activity in the
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occipital lobe, the parietal lobe just posterior to the post-
central gyrus, and in the posterior temporal neocortex
(Frauscher and Dubeau, 2018). Our present work con-
firmed in part these findings. Interestingly and in contrast
to what we initially suspected, a clear peak in alpha activity
was not found in all occipital lobe structures; it was most
prominent in the mesio-occipital lobe and in particular in
the cuneus. Alpha activity was further seen in the superior
parietal lobe, as well as the temporal lobe. In the latter,
alpha activity was of a lower frequency compared to the
occipital lobe. Moreover, there was a peak in alpha activity
in the postcentral gyrus. We did not find alpha activity in
the frontal lobe, as previously described (Jasper and
Penfield, 1949).

Peak in beta activity in motor
function-related cortical areas

In the motor system, oscillations in the beta frequency band
have been suggested to play a role in sensorimotor integra-
tion (Baker, 2007). Of note, a vast majority of motor
function-related eloquent neocortical areas such as the pre-
central gyrus, the supplementary motor cortex, the mid-cin-
gulate, the anterior insula, the pars triangularis of the
inferior frontal gyrus, and the operculum showed a signifi-
cant peak in the beta frequency band during resting state.
This beta peak was most evident in the precentral gyrus, as
suggested by previous work during acute electrocorticogra-
phy (Jasper and Penfield, 1949). In line with our findings,
studies examining the execution of voluntary movements
showed, in primary sensorimotor areas, a desynchron-
ization of beta activity with the motor response, followed
by the appearance of an event-related synchronization in
the gamma range between 40 and 60 Hz, and reappearance
of beta activity (Sem-Jacobsen et al., 1956; Pfurtscheller
and Lopes da Silva, 1999; Szurhaj and Derambure, 2006).

Presence of frequency peaks in the
different bands depends on the brain
region

A new finding of this study is that there is more than one
peak in certain brain regions, even within the same EEG
channel. One example is the precentral gyrus. All channels
in this cortical region showed more than one peak in the
delta, theta and high beta range. Previous work using acute
electrocorticography showed a fast beta rhythm of 25Hz
similar to that in our study in the precentral area (Jasper
and Penfield, 1949), but did not refer to underlying slower
frequency bands. We further confirmed peaks in alpha and
beta activity in the postcentral gyrus. This finding is in line
with the notion that there is less beta activity in the post-
central gyrus when performing a direct comparison to the
precentral gyrus (Jasper and Penfield, 1949).

It is noteworthy that there are certain brain regions,
particularly in the temporal lobe or in deep structures

B. Frauscher et al.

such as the anterior and posterior cingulate gyrus as well
as the posterior insula, which did not show any difference
(statistically significant or perceptible visually) with the set
of channels with no identifiable spectral peaks. For other
regions, such as the calcarine cortex, there was a clear peak
in certain frequency bands, which, however, was not sig-
nificant, most likely because of the relatively small number
of investigated channels.

Presence of focal cortical peaks in the
delta band in the awake brain

Slower frequencies in the theta delta range were found in
frontobasal, as well as frontomesial and temporomesial
structures. Delta activity in the ventral medial frontal
brain portions was already suggested by Sem-Jacobsen
et al. (1955) and for the orbitofrontal cortex by Nishida
et al. (2004). Slow wave activity in the hippocampus,
consisting of irregular slow waves in the delta and theta
frequency range was also already reported in the past
(Jasper and Penfield, 1949; Brazier, 1968). Interestingly,
previous studies showed that the EEG activity in the hippo-
campus is task-dependent (Bodizs et al., 2001; Cantero
et al., 2003; Clemens et al., 2009; Lega et al., 2012;
Moroni et al., 2012; Watrous et al., 2013; Billeke et al.,
2017). Findings of the present study are in line with the
described ‘large irregular activity’ characterized by hippo-
campal sharp waves occurring during immobility. In this
context, it is noteworthy to stress that in humans, this
slow wave activity is in the delta range; in animals it was
shown to be in the theta range (Bodizs et al., 2001;
Clemens et al., 2009; Watrous et al., 2013).

Analysis of the non-oscillatory
component of the signal

The classical frequency bands in EEG are described based
on the various oscillatory rhythms that appear in the EEG.
Apart from this oscillatory component, the EEG has a sig-
nificant, if not major, component of non-oscillatory or scale
free activity. We analysed both components and observed
differences in the non-oscillatory EEG signal in different
brain regions, with higher values in the fusiform and para-
hippocampal gyri, as well as the inferior occipital gyrus and
occipital pole. All these regions are involved in visual pro-
cessing. Interestingly, this is in keeping with a study analys-
ing scale free activity with functional MRI that showed
increased values for the visual cortex (He et al., 2010).
We further analysed our data for nested frequencies. We
found the strongest phase amplitude coupling between the
phase of very low frequency activity at 0.5 Hz and the low
alpha band amplitude. The low proportion of channels
with significant coupling compared e.g. to He et al
(2010), might be explained by the short length of the
recordings in the awake/eyes closed condition.
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Conclusion and future
prospects

This is the first atlas of normal intracranial EEG activity in
a common stereotactic space that allows the accumulation
of small amounts of data from each of a large group of
subjects, to obtain an atlas covering well most cortical re-
gions. It will aid the neurophysiologist to understand the
EEG frequency distributions across the different cortical
regions of the human brain better. This atlas provides a
normative baseline against which clinical EEGs and experi-
mental results can be compared. It will be an open resource
available for augmentation and consultation on the web
(https://mni-open-ieegatlas.research.mcgill.ca). We are cur-
rently preparing an atlas on sleep, as sleep data are avail-
able from most of the subjects and we will be able to
compare wake and sleep across the different investigated
regions. Also, we still have some regions that are not
fully covered, but we intend to allow the atlas to grow
by inclusion of data from the original centres as well as
from other qualified centres, and to continue the current
project in a prospective way. This will also allow to collect
longer segments of controlled awake/eyes closed condition
for different types of analysis, such as that of nested
frequencies.
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Predictive factors

o Very early seizure onset frequencies in invasive EEG in patient with temporal lobe epilepsy could be
predictive factor for their outcome.

o Higher frequencies (=8 Hz) could indicate better surgical outcome.

o Slower frequencies (<8 Hz) could imply worse surgical outcome.

ABSTRACT

Objective: We performed a retrospective study to determine the different types of seizure onset patterns
(SOP) in invasive EEG (IEEG) in patients with temporal lobe epilepsy (TLE).
Methods: We analyzed a group of 51 patients (158 seizures) with TLE who underwent IEEG. We analyzed
the dominant frequency during the first 3 s after the onset of ictal activity. The cut-off value for distin-
guishing between fast and slow frequencies was 8 Hz. We defined three types of SOPs: (1) fast ictal activ-
ity (FIA) - frequency >8 Hz; (2) slow ictal activity (SIA) - frequency <8 Hz; and (3) attenuation of
background activity (AT) - no clear-cut rhythmic activity during the first 3 s associated with changes
of IEEG signal (increase of frequency, decrease of amplitude). We tried to find the relationship between
different SOP types and surgery outcome, histopathological findings, and SOZ localization.
Results: The most frequent SOP was FIA, which was present in 67% of patients. More patients with FIA
were classified postoperatively as Engel | than those with SIA and AT (85% vs. 31% vs. 0) (P < 0.001). There
were no statistically significant differences in the type of SOP, in the histopathological findings, or in the
SOZ localization.
Conclusion: In patients with refractory TLE, seizure onset frequencies >8 Hz during the first 3 s of ictal
activity are associated with a better surgical outcome than frequencies <8 Hz.
Significance: Our study suggests that very early seizure onset frequencies in IEEG in patients with TLE
could be the independent predictive factor for their outcome, regardless of the localization and etiology.
© 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

zone, which is defined as the zone responsible for seizure genera-
tion and which has to be removed completely for seizure freedom,

Temporal lobe epilepsy (TLE) is the most common form of drug
resistant partial epilepsy (Williamson et al., 1998). Epilepsy sur-
gery is a well-established and evidence-based method for treat-
ment in TLE patients (Wiebe et al., 2001). In the context of
epilepsy surgery, the precise identification of the epileptogenic
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St. Anne’s University Hospital, Faculty of Medicine, Masaryk University, Brno,
Pekarska 53, 656 91 Brno, Czech Republic. Tel.: +420 543 182 645; fax: +420 543
182 624.

E-mail address: irena.dolezalova@fnusa.cz (I. DoleZalova).

is crucial (Bancaud et al., 1965; Liiders and Awad, 1992; Rosenow
and Liders, 2001). There is currently no diagnostic modality that
can be used to measure the entire epileptogenic zone directly.
We can deduce the extent of the epileptogenic zone only indirectly
from the seizure onset zone (SOZ) (Rosenow and Liiders, 2001). In
cases where the SOZ cannot be properly identified on the basis of
non-invasive investigations, invasive electroencephalography
(IEEG) monitoring is a well-established method for its localization
(Wyler et al., 1984, 1993; Devinsky et al., 1989; Spencer, 1989;
Sperling and O’Connor, 1989; Spencer et al, 1990, 1993; So,
1992, 1995; Arroyo et al., 1993; Spencer and Lamoureux, 1996).
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The major limitation of IEEG is the recording of cerebral activity
from an extremely confined region; the SOZ can be missed or fal-
sely localized to the regions with propagated electrographic sei-
zure activity (Spencer et al., 1982, 1993; Gloor, 1984; So, 1992,
1995; Arroyo et al., 1993; Spencer and Lamoureux, 1996).

It has been suggested that the different morphologies of intra-
cranial EEG seizure onsets have different degrees of localizing va-
lue (Lieb et al., 1981; Engel et al., 1989; Engel, 1990; Faught
et al., 1992; Weinand et al., 1992; Spencer, 1994; Park et al.,
1996). Published studies with subdural (Weinand et al., 1992)
and epidural (Faught et al., 1992) electrodes in patients with TLE
showed that fast activity at seizure onset can be associated with
seizure freedom after surgery. In some studies, slower ictal onset
frequencies, mainly from the theta range, in intracranial electrodes
in patients with TLE can suggest a “propagated” electrographic pat-
tern (Schiller et al., 1998). Engel et al. (1989) separated patients
with TLE into two groups according to their ictal onset patterns:
hypersynchronous patterns (HYP) and low-voltage fast patterns
(LVF), which are described in 70-80% of patients (Engel, 1990;
Velasco et al., 2000; Ogren et al., 2009). Many investigators focus
on the qualities of these two patterns, mainly in terms of the pre-
dominant localization and histopathological findings (Lieb et al.,
1981; Townsend and Engel, 1991; Spanedda et al., 1997; Spencer
et al., 1992a,b; Velasco et al., 2000; Schiller et al., 1998; Ogren
et al., 2009). Patients who cannot be classified according to these
criteria are not included in most studies of seizure classification
(Bragin et al., 2005), resulting in the loss of important information.

In the present study, patients with medically refractory TLE
were categorized into three groups according to the seizure onset
frequencies recorded in IEEG. These three groups were then corre-
lated according to surgical outcomes, SOZ localizations, and histo-
pathological findings. We hypothesized that this approach would
reveal variations between frequency groups and patient
characteristics.

2. Methods
2.1. Patient selection

In this retrospective study, we included all patients with refrac-
tory TLE who underwent epilepsy surgery at the Brno Epilepsy
Center of Masaryk University Hospital between 1996 and 2011
and who had undergone IEEG prior to the surgery. Other inclusion
criteria were: (1) IEEG showing that SOZ is restricted to unilateral
temporal lobe structures (we excluded patients with bitemporal
independent SOZs and patients with contemporary involvement
of temporal and extratemporal lobe structures); (2) surgery per-
formed according to non-invasive data and IEEG results; and (3)
at least 1 year of follow-up after the surgery. We included a total
of 51 patients who fulfilled these criteria. All patients gave their in-
formed consent. The study was approved by the ethics committee
of St. Anne’s University Hospital.

2.2. Presurgical evaluation

All 51 patients underwent a comprehensive evaluation, includ-
ing detailed history and neurological examination, neuropsycho-
logical testing, magnetic resonance imaging (MRI), and both scalp
and invasive video-EEG monitoring. Fluorodeoxyglucose-positron
emission tomography (FDG-PET) and/or interictal single photon
emission tomography (SPECT) was performed in all patients; other
functional neuroimaging techniques such as ictal SPECT and sub-
traction ictal SPECT co-registered to MRI (SISCOM) were performed
only in patients with incongruent preoperative data. In total, 37
patients had MRI abnormalities prior to surgery. The remaining
14 patients showed no clear MRI abnormalities.

2.3. Invasive EEG procedure

All patients underwent the IEEG procedure. Of the 51 patients,
47 were investigated with chronically stereotactically implanted
intracerebral electrodes. The number of electrodes per patient ran-
ged from 3 to 14 (with an average of 7.9 £ 2.2). In 4 patients, we
used a combination of 1 or 2 stereotactically implanted intracere-
bral electrodes and subdural strip electrodes. In three cases 8-con-
tact strips were used, and in 1 case a combination of 6-contact and
8-contact strips was used. In 20 out of 51 patients (40%), the explo-
ration was limited to temporal lobe structures; in the other 31 pa-
tients (60%), extratemporal structures were explored as well.

The anatomical targeting of intracerebral electrodes and the po-
sition of subdural strips were established in each patient according
to available non-invasive information and hypotheses about the
localization of SOZ. Intracerebral 5-, 10-, and 15-contact platinum
semiflexible Microdeep electrodes DIXI or ALCIS (with an electrode
diameter of 0.8 mm, a contact length of 2 mm, and a 1.5 mm dis-
tance between contacts) and 6- and 8-contact platinum subdural
strip electrodes (Radionics) were used. The invasive video-EEG
recording was performed with the 64-channel Brain Quick system
(Micromed), and the 128-channel Alien Deymed system was used
for intracranial video-EEG recording. Monopolar recordings (with a
reference electrode on the processus mastoideus) and special bipo-
lar montages were used to evaluate the EEG activity. EEG was ampli-
fied with a bandwidth of 0.4-100 Hz at a sampling rate of 128 Hz.

2.4. Invasive EEG analysis

The character and localization of seizure onset (SO) were ana-
lyzed independently by two of the authors (ID & RK) and disagree-
ment was resolved by consensus after review.

SO was assessed visually and defined as a sustained rhythmic
change in the IEEG accompanied by subsequent clinically typical sei-
zure activity, not explained by level of arousal and clearly distinguished
from background IEEG and interictal activity (Spencer et al., 1992b).

We examined only seizures with clinical accompaniment, be-
cause the significance of pure electrographic seizures is not clearly
determined (Sperling and O’Connor, 1990).

We divided the SOs according to their localization, as (1) mesial
(amygdala, hippocampus, parahippocampal gyrus), (2) temporopo-
lar, and (3) laterobasal (laterobasal cortex dorsally from temporal
pole). The temporal pole delineation defined by Chabardés et al.
(2002) was applied. The posterior border of the temporal pole region
was taken as an oblique line joining the rostral ends of the superior
and inferior temporal sulci projected onto another line passing
through the anterior edge of the temporofrontal transitional fold.
On the basal side, the border passed through the rostral end of the
inferior temporal sulcus and terminated at the rhinal sulcus in the
mesial part of the hemisphere (Chabardés et al., 2002).

We analyzed the frequency of SO during the first 3 s of ictal
activity as defined above. The dominant frequency of each SO
was determined based on spectral analysis, using the fast Fourier
transform algorithm, and was defined as a frequency with its max-
imal peak in the given spectrum. The dominant frequency was
measured in the contact where the ictal activity first appeared. If
the simultaneous involvement of two or more contacts was pres-
ent, only the highest dominant frequency was used for analysis.

We conducted the frequency analysis according to the following
principles:

e Some types of initial EEG changes, i.e., brief bursts of spikes and
attenuation of the background activity lasting less than 3s,
were not considered part of seizure onset (Lee et al., 2000). If
they were the initial EEG changes, we used the frequency of
subsequent ictal activity.

137



L. DoleZalovad et al. /Clinical Neurophysiology 124 (2013) 1079-1088 1081

o If there was a rhythmic pattern in some electrodes and attenu-
ation of background activity in others, we classified this SO
according to the frequency of the rhythmic activity, following
a similar principle used by Lee et al. (2000).

o If the first change was an attenuation lasting more than 3 s and
no rhythmic activity was present simultaneously, we defined it
as a unique pattern.

The patients were divided into two groups according to the
dominant SO frequency. The cut-off value to distinguish between
fast and slow frequencies was 8 Hz, which was established as the
lower borderline of the alpha frequency range. When 2 or 3 SOPs
were present, the predominant pattern was used for the analysis;
Lee et al. applied the same concept (Lee et al., 2000). This predom-
inant pattern was defined as the most common pattern (more than
half of all seizures) in an individual. If we were not able to deter-
mine the predominant pattern in a patient, this patient was ex-
cluded from further analysis.

Based on these criteria, we defined three types of seizure onset
patterns (SOP):

Fast ictal activity (FIA) - frequency >than 8 Hz (Fig. 1); slow
ictal activity (SIA) - frequency <than 8 Hz (Fig. 2); attenuation
of background activity (AT) - changes in the IEEG signal
(decrease of amplitude, increase of frequency) preceding the

>
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development of a visible clear-cut rhythm by more than 3 s
(Fig. 3).

Subsequently, the average frequency for each patient pattern
except AT was counted; it was defined as the arithmetical average
of each pattern’s dominant frequencies. If the patients were cate-
gorized on the basis of a predominant pattern, only the dominant
frequencies belonging to this predominant pattern were taken into
account.

FIA and SIA were further subdivided according to average SO
frequency:

(1) FIA was subdivided into 2 bands with a cut-off value of
15Hz, i.e. frequencies between 8 and 15Hz (FIA=8-
15 Hz) and frequencies higher than 15 Hz (FIA > 15 Hz).

(2) Similarly, SIA was subdivided into 2 bands with a cut-off
value of 2 Hz, i.e. frequencies <2 Hz (SIA < 2 Hz) and fre-
quencies >2 Hz (SIA > 2 Hz). This separation was based on
the works of Engel et al. (1989), who designated ictal onset
activity of frequencies <2 Hz as a HYP pattern.

2.5. Surgical procedure

The extent of the resection was based on the results of a presur-
gical evaluation including non-invasive and invasive data. Engel’s
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Fig. 1. Fast ictal activity (FIA). (A) Localization of intracerebral electrodes: electrodes on the left side: A’ - mesial, amygdala, lateral middle temporal gyrus; B’ - mesial
anterior hippocampus, lateral middle temporal gyrus; C' - mesial posterior hippocampus, lateral middle temporal gyrus; D’ - middle temporal gyrus (posterior part); T' -
superior temporal gyrus; Tp’ — temporal pole; I' - frontal operculum; O’ - orbitofrontal cortex. (B) Ictal findings: the arrow indicates the development of FIA in B’ 1-4

(hippocampus on the left side).
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Fig. 2. Slow ictal activity (SIA). (A) Localization of intracerebral electrodes: electrodes on the left side: A’ - mesial amygdala, lateral middle temporal gyrus; B’ - mesial
anterior hippocampus, lateral middle temporal gyrus; C' - mesial posterior hippocampus, lateral middle temporal gyrus; D’ - middle temporal gyrus; P’ - temporal pole, T' -
superior temporal gyrus (posterior part); Z' - superior temporal gyrus (anterior part); Po’ — precuneus; Fo’ - frontal operculum; O’ - orbitofrontal cortex. (B) Ictal findings: the
arrow indicates the development of SIA in Z' 1-4 (left superior temporal gyrus).
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Fig. 3. Attenuation of background activity (AT). (A) Localization of intracerebral electrodes: electrodes on the left side: A’ - mesial amygdala, lateral middle temporal gyrus;
B’ - mesial anterior hippocampus, lateral middle temporal gyrus; C' - mesial posterior hippocampus, lateral middle temporal gyrus; T’ - superior temporal gyrus; Tp' -
temporal pole; O’ - orbitofrontal cortex; G’ - mesial anterior cingulate gyrus, lateral middle frontal gyrus; P’ - mesial medial frontal gyrus, lateral superior frontal gyrus;
Fo' - frontal operculum. Electrodes on the right side: B - mesial anterior hippocampus, lateral middle temporal gyrus; C - mesial posterior hippocampus, lateral middle
temporal gyrus. (B) Ictal findings: AT appears initially in both left-sided and in right-sided electrodes (frame); this is followed, in approximately 5 s, by rhythmic ictal activity.

classification (Engel et al., 1987) was used to evaluate surgical

effectiveness.

2.6. Neuropathological examination

Evaluable formalin-fixed paraffin-embedded tissues of tempo-
ral lobe resection specimens were available from all patients. The

paraffin-embedded tissue specimens, slides, and histopathology
reports were retrieved from the files of the First Department of
Pathological Anatomy of St. Anne’s University Hospital and inde-
pendently re-evaluated by two histopathologists exprerienced in
the evaluation of specimens obtained from epilepsy surgery pa-
tients (MH & IH), and discrepancies were resolved by consensus.
All examined resected tissues were identically treated, fixed in a

139



L. DoleZalovad et al./Clinical Neurophysiology 124 (2013) 1079-1088 1083

10% neutral buffered formalin, grossly inspected, measured, and
cut so as to obtain representative tissue slices perpendicular to
the cortical surface. Representative tissue slices were routinely
processed and paraffin embedded. Five micrometers thick tissue
sections were stained by hematoxylin and eosin, evaluated under
light microscope, and reported. NeuN immunohistochemistry
(using mouse monoclonal anti-NeuN antibody, dilution 1:100,
clone A-60, Millipore), was performed on preselected tissue sec-
tions if there was an inconclusive picture in hematoxylin and eosin.

Focal cortical dysplasias were classified according the classifica-
tion system reported by Bliimcke et al. (2011).

2.7. Statistical analysis

The Kruskal-Wallis test was used to test possible relationships
between individual SOPs and patient demographic data, i.e. age at
epilepsy onset, epilepsy duration, and age at time of surgery. The
Wilcoxon-Mann-Whitney test was used to compare average fre-
quencies between groups of patients with different Engel out-
comes. The chi-square test was used to analyze the relationship
between individual SOPs and surgical outcome, SOZ localization,
and histopathological findings. The chi-square test was also used
to analyze the relationship between surgical outcome and SOZ
localization and histopathological findings. P-value <0.05 was con-
sidered to be statistically significant.

3. Results
3.1. Demographic data

The study included 51 patients: 20 females and 31 males. Pa-
tient age at the time of surgery ranged from 13 to 54 years (with
an average of 31.5 + 6.6 years). The age at epilepsy onset ranged
from O to 42 years (with an average of 13.4 + 7.4 years), and epi-
lepsy duration ranged from 4 to 36 years (with an average of
18.3 £ 7.9 years). All data concerning the whole series of our pa-
tients are summarized in Table 1.

3.2. Surgery and outcome

Surgery was performed on the right side in 26 out of 51 patients
(51%) and on the left side in 25 (49%). Standard anteromesial tem-
poral lobe resection (AMTR) was done in 36 patients (70%), tailored
lesionectomy in 12 patients (24%), AMTR plus tailored topectomy
of the lateral temporal cortex in 2 patients (4%), and temporal pole
resection sparing the hippocampus in 1 patient (2%).

Using Engel’s classification, 33 (65%) patients were classified as
Engel I, 5 (10%) as Engel II, 5 (10%) as Engel III, and 8 (15%) as Engel
IV. Patients were divided into two groups according to outcome:
Engel I (excellent outcome) and Engel II-1V.

The duration of follow-up ranged from 1 to 15 years (with an
average of 8.3 £ 4.6 years).

3.3. Ictal onset frequency and patterns

We recorded 158 seizures in 51 patients. In all patients, the first
detectable changes were present in intracranial electrodes. We
excluded 6 seizures from the analysis (5 for artifacts preventing
proper interpretation of invasive EEG, 1 for damage of electrodes).
The remaining 152 seizures were distributed from 1 to 6 seizures
per patient (with average of 3.0 £1.1).

We found that 43 (84%) of 51 patients had an exclusive SOP
(SIA, FIA, or AT). The other 8 patients were categorized according
to their predominant SOP. FIA was present in 34 (67%) patients,
SIA in 13 (25%), and AT in 4 (8%) (Fig. 4).

There were no statistically significant differences in patients
with different SOPs in terms of age at epilepsy onset, epilepsy
duration, or age at time of surgery (Table 2).

3.4. Relationship of SOPs to outcome

We found a borderline statistically significant difference in
average frequencies between patients with Engel I outcome and
patients with Engel II-IV outcomes. The average frequency was
13.3 £6.0 Hz in patients with Engel I and 9.2 + 7.9 Hz in patients
classified as Engel II-IV (P=0.081).

We found that 29 (85%) of the 34 patients with FIA had an Engel
I outcome, in comparison with 4 (31%) of the 13 with SIA and 0 (0%)
of the 4 AT (P <0.001) (Table 3).

When the FIA patients were subdivided (cut-off value 15 Hz)
into two subgroups, 18 patients (53%) had FIA 8-15Hz and 16
(47%) had FIA>15Hz (Table 4). The patients with FIA 8-15 Hz
had a better prognosis: 17 (94%) had an Engel I outcome; 12 pa-
tients (75%) with FIA > 15 Hz had an Engel [ outcome. The differ-
ence between these two groups was not statistically significant
(P=0.164).

When we subdivided patients with SIA into two subgroups (cut-
off value 2 Hz), we saw that 7 (54%) patients had SIA <2 Hz and 6
(46%) patients had SIA > 2 Hz (Table 4). SIA < 2 Hz was associated
with a better outcome than SIA>2Hz: 4 (57%) patients with
SIA < 2 Hz had an excellent outcome (Engel I), in comparison with
0 (0%) with SIA > 2 Hz, this difference was borderline statistically
significant (P = 0.070).

3.5. Localization of SOZ, histopathological examination and SOP

SO was characterized as mesial in 38 patients (75%), as temp-
oropolar in 7 (13%), and as laterobasal in 6 (12%). There were no
statistical differences in SOZ localization and surgical outcome or
SOP (Tables 5 and 6).

In 31 out of 51 patients (60%), extratemporal electrodes were
used, which enabled us to study the speed of extratemporal prop-
agation. Three patients with FIA exhibited fast involvement (within
2 s) of the frontal lobe structures. In Table 1, they are numbered as
28, 35, and 48. No patient with SIA showed such fast involvement
of the extratemporal structures. In all of the patients with AT,
extratemporal electrodes were used. Three out of 4 patients exhib-
ited early widely-distributed and long-lasting attenuation; in the
remaining patient with AT, the attenuation was limited to the tem-
poral pole area. After that, rhythmic ictal activity developed; this
activity was initially limited to temporal regions and subsequently
spread to the extratemporal regions.

A histopathological examination was performed in all 51 pa-
tients. The most common pathology was hippocampal sclerosis
(HS), which was found in 20 patients (39%); both HS and focal cor-
tical dysplasia (FCD) were found in 2 patients (4%). For further
analysis, we grouped these 22 (43%) patients into one group. In 6
patients (12%), isolated FCD was present; all these cases were clas-
sified as FCD Ila. Other types of lesion were found in 12 cases (23%):
non-specific gliosis in 5, dysembryoplastic neuroepithelial tumor
(DNET) in 4, other benign tumors in 2, and a vascular malformation
was revealed in 1. In the remaining 11 (22%) patients, the histopa-
thological specimen analysis was negative. There were no statisti-
cal differences in histopathological findings and surgical outcome
or SOP (Tables 5 and 6), but 10 patients out of 11 (91%) with neg-
ative histopathology exhibited FIA.

4. Discussion

Our study shows that patients with refractory TLE caused by
different types of lesions exhibit a high grade of SOP uniformity.
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Table 1
Main clinical and EEG features in 51 evaluated patients.

Patient No. ~ Number of seizures ~ AF (Hz)  Side R/L  Localization of SOZ M/TP/LB SOP  MRIP/N  Histopathology HS/FCD/NG/OTH  Engel outcome

1 2 8 R M FIA N NG I
2 4 NA R M AT P HS v
3 4 12 L M FIA P HS I
4 2 10 L TP FIA P OTH I
5 3 2 L M SIA P FCD I
6 4 13 L M FIA P HS 1
7 2 14 R M FIA P HS 1
8 5 6 L LB SIA P OTH v
9 3 2 R M SIA P OTH 1
10 5 NA L TP AT P FCD v
11 4 13 L M FIA P HS I
12 1 18 L M FIA N NG I
13 1 10 L M FIA P OTH 1
14 3 5 L LB SIA N FCD v
15 2 13 L LB FIA P OTH I
16 6 13 R M FIA P HS I
17 3 18 R M FIA P OTH 1
18 4 5 L M SIA P HS 1
19 4 20 L M FIA P HS i
20 3 16 R M FIA N FCD 1
21 7 6 L M SIA P OTH v
22 2 9 L M FIA P HS I
23 1 14 L M FIA P HS 1
24 3 20 R LB FIA P OTH 1
25 2 20 R M FIA N NG 1
26 1 NA R M AT P HS Il
27 1 25 L M FIA P HS 1
28 2 23 R TP FIA N NG 1
29 3 16 R M FIA P HS I
30 3 17 R TP FIA N FCD 11
31 4 2 L M SIA P OTH 1
32 2 20 R M FIA P HS 1
33 2 2 R M SIA P HS I
34 1 4 R M SIA P HS 11
35 3 19 R TP FIA N NG I
36 5 20 R M FIA P HS I
37 2 13 L M FIA N HS I
38 7 NA L TP AT N NG v
39 2 24 R M FIA N NG 11
40 3 10 R M FIA P NG I
41 1 4 R M SIA P OTH v
42 3 2 R M SIA P HS Il
43 3 14 L TP FIA P HS Il
44 1 22 L M FIA P HS Il
45 3 12 R LB FIA N NG I
46 4 11 R LB FIA N NG I
47 4 9 L M FIA P OTH I
48 2 13 R M FIA P OTH I
49 2 18 R M FIA N NG 11
50 6 1 L M FIA P FCD I\%
51 2 2 L M FIA P HS il

AF, average frequency; R, right; L, left; SOZ, seizure onset zone; M, medial; TP, temporopolar; LB, laterobasal; SOP, seizure onset pattern; N, negative; P, positive; HS,
hippocampal sclerosis; FCD, focal cortical dysplasia; NG, negative finding; OTH, other type of lesion; NA, not applicable.

As defined in our study, 84% of all patients had exclusively only one
type of SOP. The literature data show a higher diversity of SOPs in
each individual patient. For example, Park et al. (1996) found 49%
uniformity of SOP, and Lee et al. (2000) showed 70% uniformity of
SOP in an individual patient. This diverse degree of uniformity
could be conditioned by the number of seizures per patient (3.0
in our study vs. 4.6 in Park et al. and 6.6 in Lee et al.).

We did not find any relationship between the type of SOP and
the demographic characteristics of our patients, i.e. age at epilepsy
onset, epilepsy duration, and age at time of surgery. Differences in
seizure onset frequencies regarding demographic data have not
been described in literature.

The most frequent type of SOP in our patients was FIA, which
was present in 67% of patients, followed by SIA (in 25%) and AT
(in 8%). This distribution is indirectly comparable to other studies
Fig. 4. The percentage representation of individual seizure-onset patters (SOPs). in TLE (Park et al., 1996; Schiller et al., 1998).
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Table 2
Relationship of SOP to patient demographic data.

sopP Mean age at epilepsy onset Mean duration of epilepsy Mean age at time of surgery
FIA (N =34) 13.8+79 175+75 30.1+6.7
SIA(N=13) 13.6+7.5 20.2+8.5 33.8+6.3
AT (N=4) 10.5+3.5 17.8+7.6 28373
Statistics P=0.837 P=0.719 P=0432

SOP, seizure onset pattern; FIA, fast ictal activity; SIA, slow ictal activity; AT, attenuation of background activity.

Table 3
Relationship of SOP to surgical outcome.

in 11%. Among seizures with rhythmic activity, 83% occurred in the
alpha or beta range; the remaining 17% were in the theta or delta
range. This result correlates with the representation of FIA and SIA

SOP Outcome in our study.

Engel I Engel II-IV In a study by Schiller et al. (1998), SOPs were distributed in me-
FIA (N =34) 29 (85%) 5 (15%) sial TLE (MTLE) and in neocortical TLE (NTLE) as follows: early beta
SIA (N=13) 4 (31%) 9 (69%) buzz (rhythmic discharges in beta range) in 48% of MTLE and in
AT (N=4) 0 (0%) 4 (100%) 74% of NTLE, rhythmic sharp activity in the alpha-theta range in
Statistics P<0.001

SOP, seizure onset pattern; FIA, fast ictal activity; AT, attenuation of background
activity.

Table 4
More detailed division of FIA and SIA and their relations to surgical outcome.

28% of MTLE and in 15% of NTLE, rhythmic sharp wave activity
in the delta range in 20% of MTLE and in 11% NTLE, and irregular
or semi-rhythmic spikes and sharp waves in 4% of MTLE; this pat-
tern was not found in NTLE. The first two patterns (i.e. early beta
buzz and rhythmic sharp activity in the alpha theta range) reflect
FIA in our study; the second two patterns (i.e. rhythmic sharp wave
activity in the delta range and irregular/semi-rhythmic spikes and

SoP Outcome sharp waves) reflect SIA.

Engel | Engel 111V Most previous studies analyzing SOPs in TLE divide them into

HYP and LVF; these two ictal onsets patterns are defined by their

FIA8-15Hz (N =18) 17.(94%) 1(6%) frequency and amplitude and are present in 70-80% of patients
FIA> 15 Hz (N = 16) 12 (75%) 4 (25%) quency p p e OI p
Statistics P=0.164 (Engel et al., 1989; Engel, 1990; Velasco et al., 2000; Ogren et al.,
SIA<2Hz (N=7) 4 (57%) 3 (43%) 2009). The remaining 20-30% of patients cannot be classified
21A>2 Hz (N=6) 0 (0(;‘4()J o 6 (100%) according to those criteria; for this reason we used different SOP
tatistics P=0.07

SOP, seizure onset pattern; FIA, fast ictal activity; SIA, slow ictal activity.

In a study by Park et al. (1996) characterized SOs of patients
with refractory non-lesional TLE into three patterns (rhythmic
activity, repetitive epileptiform discharges, and attenuation of
background activity), or their combination. In Park et al. (1996),
49% of the patients had a uniform type of SOP: rhythmic activity
was present in 38% of cases and repetitive epileptiform discharges

criteria in our study.

FIA at least partially corresponds with LVF, which is defined as
high-frequency (>10Hz), low amplitude discharges (Spencer,
1998; Velasco et al., 2000). HYP was defined as a preictal phenom-
enon of low frequency (<2 Hz) long-lasting (=5 s) spiking and was
described as the most frequently encountered pattern in MTLE, in
approximately 50% cases (Engel et al., 1989; Velasco et al., 2000). In
our study, HYP can correlate with SIA < 2 Hz, but this pattern was
present in 18% of our patients. This discrepancy in percent repre-
sentation of SIA < 2 Hz can be explained by certain characteristics

Table 5
Relationship of surgical outcome to localization of SOZ and to histopathological findings.
Outcome Localization of SOZ Histopathology
Mesial Temporopolar Laterobasal HS FCD Negative Other
Engel I (N =33) 26 (79%) 3(9%) 4 (12%) 14 (43%) 2 (6%) 8 (24%) 9 (27%)
Engel II-IV (N =18) 12 (67%) 4(22%) 2 (11%) 8 (44%) 4(22%) 3(17%) 3 (17%)
Statistics P=0.878 P=0.362
SOZ, seizure onset zone; HS, hippocampal sclerosis; FCD, focal cortical dysplasia.
Table 6
Relationship of SOP to localization of SOZ and to histopathological findings.
SoP Localization of SOZ Histopathology
Mesial Temporopolar Laterobasal HS FCD Negative Other
FIA (N=34) 25 (74%) 5 (15%) 4(12%) 15 (44%) 2 (6%) 10 (30%) 7 (20%)
SIA(N=13) 11 (85%) 0 (0%) 2 (15%) 5 (39%) 3(23%) 0 (0%) 5 (38%)
AT (N=4) 2 (50%) 2 (50%) 0 (0%) 2 (50%) 1(25%) 1(25%) 0 (0%)
Statistics P=0.120 P=0.158

SOP, seizure onset pattern; SOZ, seizure onset zone; FIA, fast ictal activity; SIA, slow ictal activity; AT, attenuation of background activity; HS, hippocampal sclerosis; FCD,

focal cortical dysplasia.
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of HYP and by the IEEG indication criteria of individual centers.
First, seizures beginning with HYP tend to remain confined to the
epileptogenic region, failing to propagate outside the ipsilateral
hippocampus, or doing so only after an extended period of seconds
or even several minutes, and after transitioning to another type of
ictal discharge (Lieb et al., 1987; Engel, 1996; Bragin et al., 1999).
Second, HYP is present in “advanced” grades of HS (Bratz, 1899;
Townsend and Engel, 1991; Spencer et al., 1992a; Velasco et al.,
2000). Third, only unilateral hippocampal impairment is found
on MRI in HYP patients (Ogren et al., 2009). On the basis of these
HYP characteristics, we can speculate that our patient’s noninva-
sive data was sufficiently conclusive for us to perform surgery
without an IEEG, whereas in other centers, IEEG would be required
in these cases.

We found a borderline significant difference in average seizure
onset frequency between patients classified as Engel I and Engel II-
IV (13.3 Hz vs. 9.2 Hz). This is because patients with seizure onset
frequency between 8 and 15 Hz tend to have the best prognosis;
frequencies from both higher and lower ranges were associated
with worse surgical results. FIA, especially at frequencies between
8 and 15 Hz, was generally associated with an excellent outcome.
85% of patients with FIA (95% with FIA=8-15Hz, 75% with
FIA > 15 Hz) were classified as Engel I. This observation is in con-
cordance with previously published studies with subdural (Wei-
nand et al.,, 1992) and epidural (Faught et al., 1992) electrodes,
which showed that seizure onset frequencies higher than 8 Hz
are associated with good surgical outcomes.

We see a contradiction between the excellent outcome of our
patients with FIA and the results of previously published studies
by Lin et al. (2007) and by Ogren et al. (2009). In many patients
with TLE who exhibit LVF, Lin et al. found significant damage of
neocortical areas together with hippocampal atrophy. Ogren
et al. (2009) observed significant bilateral hippocampal atrophy
on MRI in LVF patients. Ogren et al. suggested two possible expla-
nations for these observations. The first explanation is based on the
high tendency of LVF to quickly propagate to the frontal lobes and
the contralateral temporal lobe (Lieb et al., 1981; Spanedda et al.,
1997; Velasco et al., 2000). Damage of neocortical areas and con-
tralateral hippocampal atrophy could result from long-term expo-
sure to propagated ictal activity. Alternatively, these findings could
reflect the presence of undetected secondary epileptogenic regions.
Considering our results, we are more inclined to the first sugges-
tion. From another point of view, this study included only
patients who had surgery after IEEG. Patients with extensive
damage of both hippocampi, with bitemporal epilepsy, or with
non-conclusive IEEG data are less likely to have surgical treatment.

In our study, patients with SIA had worse outcomes: only 30%
were classified as Engel I. This difference cannot be explained by
the involvement of extratemporal structures. Firstly, patients with
contemporary involvement of both temporal and extratemporal
structures were not included in our study. Secondly, the very fast
involvement of extratemporal structures in the ictal process was
present only in patients with FIA, and all these patients were clas-
sified as Engel I. Patients with SIA < 2 Hz tended to have better
outcomes than patients with SIA > 2 Hz. More than 50% of patients
with SIA <2 Hz had an excellent outcome; this pattern corre-
sponds with HYP as defined above. None of our 6 patients with
SIA>2 Hz had an excellent outcome. This pattern is consistent
with rhythmic theta-delta activity, which was described by Schil-
ler et al. (1998) as a unique pattern of electrographic seizure prop-
agation and indicates that the epileptogenic zone remains
uncovered by the intracranial electrodes.

Only a limited number of studies have emphasized the AT pat-
tern and its significance (Wieser and Siegel, 1991; Gotman, 1999;
Alarcon et al., 1995; Wendling et al., 2003). Electrodecremental
events involve high-frequency activity between 20 and 80 Hz. In

our study, these events were widely distributed and long-lasting,
subsequent clear-cut rhythmic activity evolved initially in tempo-
ral regions and then later in extratemporal regions as well. We
have two possible explanations for the association between AT
and worse outcome (no patient was classified as Engel I; moreover,
3 out of 4 AT patients were classified as Engel 1V), although these
explanations cannot be generalized because of the small sample
size. The first explanation is that AT could reflect extratemporal
seizure origin with preferential propagation of ictal activity to
the temporal lobe structures. The second explanation is based on
the work of Alarcon et al. (1995). He supposed that electrodecre-
mental events are not a part of the ictal process itself, but reflect
generalized cerebral changes that allow particularly susceptible re-
gions to develop paroxysmal behavior that gradually recruits
neighboring regions. Alarcon et al. postulated that partial seizures
can begin in regions that are prone to generate paroxysmal ictal
activity in response to previously described generalized electrical
changes.

We did not find any statistically significant relations between
SOPs and localization of SOZ or histopathological findings.

Most (more than 70%) SOPs were distributed in the mesial tem-
poral regions. In the literature, the differences between LVF and
HYP onset patterns in SOZ locations are delineated. LVF is found
more often in patients with extrahippocampal ictal onset (Engel,
1996, 2001). Bragin et al. (2005) found that the peak amplitudes
of LVF onsets are located in the lateral temporal lobe indicating
neocortical ictal onsets. In our group of patients with laterobasal
SOZ, FIA was present in almost 70%, but this result may be influ-
enced by the small sample size. HYP has been reported to be the
most common pattern in patients with MTLE (Engel et al., 1989;
Velasco et al., 2000). We did not observe SIA < 2 Hz, which corre-
lates with this pattern so frequently (in 18% of patients with
MTLE).

In our study, 44% of patients with FIA and 40% of patients with
SIA had HS. Several histopathological and MRI studies have focused
on detailed HS characterization and on the delineation of HS differ-
ences by use of HYP and LVF onset patterns. According to histopa-
thological studies, hippocampal cell loss is typically found to be
greater in HYP patients than in LVF patients, but this observation
was not confirmed by MRI studies. In HYP patients, the cell loss
is predominantly localized in areas CA1, CA3, CA4, dentate gyrus,
and prosubiculum of hippocampus, sparing area CA2, which is
the picture of “classical” HS (Bratz, 1899; Townsend and Engel,
1991; Spencer et al., 1992a,b; Velasco et al., 2000; Ogren et al.,
2009). In contrast, Ogren et al. (2009) found extensive damage of
area CA2 in patients with LVF. Velasco et al. (2000) showed greater
or equivalent cell loss in CA2 compared to all hippocampal subfields,
except CA1, in patients with LVF. This atypical distribution of dam-
age in the LVF group appears more diffuse than “classical” HS and
may indicate a more diffuse temporal lobe disorder distinct from
classical HS (Ogren et al., 2009). We are not able to determine retro-
spectively a sufficiently detailed and precise histopathological data
to define the differences between FIA and SIA in distribution of
hippocampal atrophy, which is one of the limitations of our study.

The association of FIA and negative histopathological finding is
interesting and quite challenging to interpret. Negative histopa-
thological findings are common, appearing in more than 50% of
samples in a group of MRI negative, PET positive patients, which
is a group of patients with good surgical outcome (Carne et al.,
2004; Immonen et al., 2010). In our group, 8 out of 11 patients
(73%) with negative histopathological findings had an excellent
outcome; probably some could have been categorized as MRI neg-
ative, PET positive, but PET was performed only in patients after
2005. In this context, we can hypothesize that the association of
FIA and negative histopathology could reflect favorable prognosis
for these patients.
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In our study, we did not find any relations between surgical out-
come and SOZ localization or histopathological findings, but this
result could be influenced by indication criteria for IEEG and pa-
tient selection. We explored patients with HS only if there were
discrepancies in their clinical and/or non-invasive data. On the
other hand, almost all patients with negative MRI findings under-
went IEEG in the past, although they would now be categorized
as MRI-negative, PET-positive TLE and would have surgery on the
basis of their non-invasive data (Kuba et al., 2011; LoPinto-Khoury
et al., 2011).

We see some technical deficiencies in our study. The first is the
128 Hz sampling rate of our EEG monitoring system; this sampling
rate does not allow us to study high frequency oscillations (HFOs),
i.e. frequencies between 80 and 500 Hz. Both ictal and interictal
HFOs are specific to areas of seizure generation, which is supported
by the correlation between the surgical removal of tissue-generat-
ing HFOs and a good surgical outcome (Akiyama et al., 2011; Jacobs
et al,, 2009, 2010; Nariai et al., 2011; Ochi et al., 2007; Wu et al.,
2010). The increase of HFOs was found during the seconds preced-
ing the SO, during intrinsic SO, and during the propagation of ictal
activity; these preictal and ictal HFOs are thought to be more spe-
cific for the SOZ than interictal HFOs (Allen et al., 1992; Fisher
et al., 1992; Jirsch et al., 2006; Khosravani et al., 2009; Nariai
et al., 2011; Zijlmans et al., 2011). The second technical limitation
is that we did not provide a relationship between ictal activity and
interictal activity, used as a resting state; this process would en-
able the analysis of higher frequencies than low beta activity. On
the other hand, this method is not common in the daily praxis of
epilepsy centers, and the main purpose of this work was to provide
a helpful patient evaluation tool for clinicians, both epileptologists
and neurophysiologists. It is a challenge to perform an analogous
study with more detailed processing of ictal, preictal, and postictal
data, and with a higher number of patients; such a study could pro-
vide a useful standard to the decision-making process about
surgery.

Our data suggests that SOP in IEEG could be an independent
predictive factor for surgical outcome in patients with TLE. Higher
frequencies, as a first change in IEEG, indicate better surgical out-
comes, and we could hypothesize that they are associated with ini-
tial electrographic changes of seizure onsets. Slower frequencies,
especially between 3 and 8 Hz, imply worse surgical outcome
and could be linked with the propagation of seizure activity.
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« The highest rate of fast ripples is in the seizure onset zone (SOZ).

« A worse prognosis (no seizure freedom after surgery) is associated with higher amplitudes of fast rip-
ples outside the SOZ.

« In the SOZ, high frequency oscillations are more frequent, shorter, and have higher amplitudes.

Keywords:
High frequency oscillations
Ripples
Fast ripples ABSTRACT
Temporal lobe epilepsy T N . .
Extratemporal lobe epilepsy Objective: The purpose of the presented study is to determine whether there are frequency-independent
Seizure onset zone high-frequency oscillation (HFO) parameters which may differ in epileptic and non-epileptic regions.
Epileptogenic zone Methods: We studied 31 consecutive patients with medically intractable focal (temporal and extratem-
Irritative zone poral) epilepsies who were examined by either intracerebral or subdural electrodes. Automated detection
was used to detect HFO. The characteristics (rate, amplitude, and duration) of HFO were statistically com-
pared within three groups: the seizure onset zone (SOZ), the irritative zone (IZ), and areas outside the 1Z
and SOZ (nonSOZ/nonlZ).
Results: In all patients, fast ripples (FR) and ripples (R) were significantly more frequent and shorter in
the SOZ than in the nonSOZ/nonlZ region. In the group of patients with favorable surgical outcomes,
the relative amplitude of FR was higher in the SOZ than in the IZ and nonlZ/nonSOZ regions; in patients
with poor outcomes, the results were reversed. The relative amplitude of R was significantly higher in the
SOZ, with no difference between patients with poor and favorable surgical outcomes.
Conclusions: FR are more frequent, shorter, and have higher relative amplitudes in the SOZ area than in
other regions. The study suggests a worse prognosis in patients with higher amplitudes of FR outside the
SOZ.
Significance: Various HFO parameters, especially of FR, differ in epileptic and non-epileptic regions. The
amplitude and duration may be as important as the frequency band and rate of HFO in marking the sei-
zure onset region or the epileptogenic area and may provide additional information on epileptogenicity.
© 2016 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.
1. Introduction with the goal of understanding their value for identifying the

epileptogenic zone and their correlation with epileptogenicity.

Over the past few years, there has been growing interest in the HFO promise to be more specific than interictal spikes for epilepto-

analysis of interictal high frequency oscillations (HFO), primarily genic brain tissue and even more specific than the seizure-onset
area (Jacobs et al., 2008).

HFO are short-lasting field potentials, which arise as a result of

* Corresponding author at: Department of Neurology, St. Anne’s University the synchronization of neuronal populations. HFO have been iden-

Hospital and Faculty of Medicine, Pekafska 53, 656 91 Brno, Czech Republic. Fax: tified and defined in terms of frequency: ripples (80-250 Hz), fast

420 543_ 182 624. o ) ripples (250-600 Hz) (reviewed in Bragin et al., 2010; Engel et al.,
E-mail address: martin.pail@fnusa.cz (M. Pail).
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2009), and very high frequency oscillations (1000-2500 Hz) (Usui
et al., 2015). HFO have been widely studied in animals and
humans, in mesial temporal and neocortical structures, under
physiological and pathological conditions, using microelectrodes
or commercial macroelectrodes, and during interictal and ictal
periods (Bragin et al., 1999a,b; Staba et al., 2002; Worrell et al.,
2004, 2008; Urrestarazu et al., 2007; Jacobs et al., 2008, 2009;
Bagshaw et al., 2009; Brazdil et al., 2010; Crépon et al., 2010). How-
ever, the reliability of HFO as a biomarker of epileptogenicity and
the seizure-onset zone remains uncertain (Haegelen et al., 2013;
Jobst, 2013; Wang et al., 2013).

Ripples, observed as a physiological finding in the hippocampus
and parahippocampal structures, are thought to be functionally
involved in memory consolidation (Buzsaki et al, 1992;
Axmacher et al.,, 2010; Lachaux et al., 2012). The spontaneous
occurrence of ripples in humans is also believed to be physiological
in the primary visual cortex (Nagasawa et al., 2012; Wang et al,,
2013) and in the primary motor cortex (Wang et al., 2013). The
presumption of the exclusively physiological nature of ripples
was, however, impugned by evidence of HFO in ripple ranges
recorded in the dentate gyrus after epileptogenic insult in an ani-
mal model of kainate-induced status epilepticus (Bragin et al.,
1999b, 2004).

Conversely, fast ripples were repeatedly reported as a biomar-
ker of epileptogenesis and epileptogenicity, both in animal models
and in human epilepsy (Bragin et al., 1999a,b; Staba et al., 2002). It
is important that HFO in the fast ripple range (at about 600 Hz) can
also be considered physiological, as they were previously evoked
during stimulation of the somatosensory cortex (Curio et al.,
1997). Thus the HFO frequency range, in general, is not sufficient
to differentiate physiological and pathological HFO (Bragin,
2007). On the other hand, there is evidence of favorable epilepsy
surgery outcome after the removal of tissue generating interictal
HFO, especially fast ripples (Jacobs et al., 2010; Wu et al., 2010;
Akiyama et al., 2011).

Several authors have tried to distinguish between pathological
and physiological HFO on the basis of a specific regional distribu-
tion in respective mesial temporal structures (Jiruska and Bragin,
2011); some have investigated the difference between task-
induced and spontaneous HFO (Nagasawa et al, 2012;
Matsumoto et al., 2013; Brazdil et al., 2015); others have studied
the association of HFO with epileptiform discharges (Crépon
et al., 2010; Urrestarazu et al., 2007; Wang et al., 2013). Interictal
HFO (both ripples and fast ripples) rates were proven significantly
higher within the seizure onset zone (SOZ) than outside it (Jacobs
et al., 2009).

The purpose of the present study is to identify whether there
are any other frequency-independent HFO parameters that poten-
tially differ in areas within the SOZ, within the irritative zone (1Z),
and in areas outside the 1Z/SOZ.

2. Methods
2.1. Subjects

Our sample comprised 31 patients (19 females; 12 males) rang-
ing in age from 13 to 56 years (mean age 33.4 years, SD = 10.5), all
with medically intractable focal epilepsies (Table 1). All the sub-
jects fulfilled the diagnostic criteria for either medically intractable
temporal lobe epilepsy (TLE) - 22 subjects or extratemporal lobe
epilepsy (ETLE) - 9 subjects. The diagnosis was made according
the ILAE criteria (Commission on Classification and Terminology
of ILAE, 1989). The main demographic and clinical characteristics
of the included subjects are shown in Table 1.

2.1.1. Presurgical evaluation

All 31 patients underwent a comprehensive presurgical evalua-
tion, including a detailed history and neurological examination,
magnetic resonance imaging (MRI), neuropsychological testing,
and scalp and invasive video-EEG monitoring (Table 1). Most of
the subjects had not previously undergone intracranial surgery.
One subject underwent resection of venous malformation within
the left P-O region before SEEG and re-operation; in one subject
a resection of the pole of the left temporal lobe had been per-
formed, and in one subject a limited left AMTR was performed
before SEEG monitoring. Prior to invasive EEG, two subjects had
a vagus nerve stimulation system implanted, with unfavorable sei-
zure frequency outcome. The duration of clinical monitoring and
the location and number of implanted electrodes were determined
in accordance with clinical considerations.

2.1.2. Surgery and outcome measure

Most of the patients (28) underwent surgical intervention
(implantation of VNS was performed in 7 patients and brain resec-
tion in 21 patients; details are shown in Table 1). The follow-up
interval after epilepsy surgery was at least 12 months. After surgi-
cal resection, 8 patients were rated as Engel IA, one patient was
Engel IIA, and 11 patients were Engel III or IV; the Engel rating is
unknown for one patient (due the loss to follow-up care).

This study was approved by the St. Anne’s University Hospital
Research Ethics Committee and the Ethics Committee of Masaryk
University. All patients signed an informed consent form.

2.2. SEEG

Depth electrodes (mostly SEEG; grids and strips were used in
two patients) were implanted to localize the seizure origin prior
to surgical treatment. The sites of electrode placements were indi-
vidualized according to seizure semiology, clinical history, nonin-
vasive EEG investigations, and neuroimaging results. Standard
intracerebral 5-, 10-, and 15-contact Micro Deep semi-flexible
multicontact platinum electrodes (ALCIS) were used with a diame-
ter of 0.8 mm, a contact length of 2 mm, an inter-contact distance
of 1.5 mm, and a contact surface area of 5mm?. Their position
within the brain was afterwards verified by MRI with electrodes
in situ (see Table 1). In two patients, platinum subdural strip and
grid electrodes (Radionics) were used. Thirty minutes of artifact-
free continuous interictal SEEG data (recorded during wakefulness)
was analyzed for each subject. This period is sufficient based on the
results of previously published papers (Jacobs et al., 2008; Zelmann
et al,, 2009; Andrade-Valenca et al., 2012). The EEGs were acquired
at 25 kHz sampling frequency and subsequently low-pass filtered
and downsampled to 5 kHz. High harmonics produced by the sys-
tem (artificial harmonics) are accounted for during EEG acquisi-
tion. A reference average montage was used for the analysis.

2.2.1. Labeling of analyzed contacts

The contacts in each subject were divided into three groups for
further HFO analysis. The distribution was done visually (by co-
authors M.P. and 1.D.) by a standard analysis of ictal and interictal
SEEG recordings. The first group was labelled SOZ contacts: the
channels that revealed the first ictal activity. The second group
was labelled IZ contacts: the channels where interictal epilepti-
form discharges were detected, but no seizure onset was detected.
The remaining non-spiking contacts were labelled nonSOZ/nonlZ.
Only contacts localized in gray matter were included in the study.

2.2.2. Automated detection of HFO in resting awake SEEG

The algorithm for HFO detection is explained in more detail in
the Supplementum. HFO were detected by a custom Matlab detec-
tion algorithm. The raw signal (Supplementary Fig. S1) was divided
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Table 1 (continued)

Postsurgical

Intervention/histopathology

Region SOZ

Brain lobes explored and
number of implanted

electrodes
T(6), T'(2)

MRI (signs of)

Febrile

Age at Seizure

Age at

Subject

outcomes (Engel)

(years)

(epileptogenic zone)

seizures/precipitating

events

frequency/monthly

invasive
EEG
35

seizure
onset
21

gender

VNS

H bilaterally (mainly

right side)

Bilat. hypotrophic

hippocampi
Normal

Commotio cerebri

CPS/5

28 (M)

IA (1)

Left AMTR/negat

H bilaterally (mainly

left side)
Left H

T'(8), F(2), T(2)

37 CPS/4 Prolonged febrile
seizures

31

29 (M)

1A (1)

Left AMTR/FCDIIIA
Right AMTR/negat

T'(8), T(2), P'(1), I'(1), F(1)

T(5), F(3), T'(2)

Left HS

Meningoencephalitis
Febrile seizures

CPS/5

27
51

1A (1)

Right H

Right H atrophy, slight
changes of density

CPS/3 plus

CPS - complex partial seizure; MS — myoclonic seizures; plus - sporadic ictal generalization; SOZ - seizure onset zone; SMA - supplementary motor area; LPI - lobulus parietalis inferior; GTS - gyrus temporalis superior; GFS -
gyrus frontalis superior; GFM - gyrus frontalis medius; GFMed - gyrus frontalis medius; H - hippocampus; HS - hippocampal sclerosis; DNET - dysembryoplastic neuroepithelial tumor; FCD - focal cortical dysplasia; AMTR -

anteromedial temporal resection; E - extratemporal; T - temporal; R - right; L - left; FCD - focal cortical dysplasia; F - frontal; P - parietal; T - temporal; O - occipital, I - insular; ’ - left.
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into sliding statistical windows (10 s) and filtered in a series of
overlapping, logarithmically spaced frequency bands. Each band
was processed as follows:

The power envelope was computed using the Hilbert trans-
form and normalized by Eq. (1) to stress the signal peaks (Supple-
mentary Fig. S2).

X—P2/3

(1)

Xnormed P1/3 — P2/3

To overcome the effects of Gibb’s phenomenon, a “frequency
stability” metric was computed. The band passed filtered signal
(narrow band) was transformed to a cosine representation of its
phase. The same transformation was applied to a band passed fil-
tered signal with the same high cut-off frequency but a four times
lower low cut-off frequency (broad band) (Supplementary
Fig. S3a, b). A sliding window with the width of four cycles of
the narrow band low cut-off frequency was applied to the narrow
band signal and the root mean square (RMS) was calculated, thus
generating the “signal”. Similarly, the RMS was calculated on the
signal created by subtracting the narrow band signal from the
broad band signal, generating “noise”. The frequency stability
was calculated as a “signal-to-noise” ratio. The produced signal
was normalized Eq. (1).

The dot product of the amplitude and frequency stability met-
ric was calculated. Negative values were set to 0. Putative HFO
detections were obtained by thresholding the normalized Eq.
(1) dot product of the power envelopes and frequency stability
with 0.1 (Supplementary Fig. S4).

To increase algorithm specificity, amplitude, and frequency
stability, the dot product and duration minimum/maximum
thresholds were applied on putative HFO detections. The metric
threshold values were obtained from cumulative distribution
functions fitted to the HFO metric distributions previously
marked by expert reviewers. The parameters of the fitted gamma
functions were specific for each band. The parameters (Supple-
mentary Table S1) and examples of true positive detection and
false positive detection (Supplementary Fig. S5) are included in
the Supplementum.

2.3. Statistical analysis

The rates of HFO per contacts within the three groups (SOZ, 1Z,
and nonSOZ/nonlZ) were statistically compared (SOZ x IZ;
SOZ x nonSOZ/nonlZ; I1Z x nonSOZ/nonlZ). This statistical analy-
sis was performed using an independent two sample t-test sepa-
rately for ripple range and fast ripple range. We performed
statistical analyses on the whole dataset and separately for
patients with favorable postoperative outcomes (Engel I or II -
9 patients) and the other patients with “poor outcomes” (postsur-
gical outcomes of Engel Il or IV and patients with presumed poor
outcomes due to more than one detected SOZ according to SEEG).
Furthermore, we performed a statistical analysis comparing the
duration and relative amplitude of HFO (separately for R and FR
ranges) for contacts in the areas, as defined above. This analysis
was performed in all patients and subsequently in patients with
favorable or poor surgical outcomes. For this analysis, we again
used an independent two sample t-test. Bonferroni’s correction
for multiple comparisons was applied where needed.

3. Results
The statistical analysis and complete results of HFO detection

(rates, duration, and amplitudes) are shown in Table 2 and Sup-
plementary Table S2, respectively.
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3.1. Rates 480 Fast Ripples; Counts
As expected, the HFO rate per contact in all patients was statis- 1401 * |
tically higher in the SOZ than in the nonSOZ/nonlZ regions (Fig. 1) f 1
in the fast ripple frequency range (p=0.018) and ripple range 120l |

(p =0.038).

Specifically, HFO in the ripple range were identified. The mean
number of HFO per contact (per 30 min) was 109.13 within the
SOZ (SD =79.19), 96.03 in the IZ (SD = 82.24) and 68.65 for non-
SOZ/nonlZ regions (SD =49.24). The differences between groups
of contacts were significant only between SOZ and nonSOZ/nonlZ
regions. In the fast ripple range, the mean HFO count per contact
(per 30 min) were 50.02 in the SOZ (SD =50.75), 31.56 in the IZ
(SD =34.89) and 23.23 in nonSOZ/nonlZ (SD = 21.84). The only sig-
nificant result was in the comparison of SOZ and nonSOZ/nonlZ
regions; see above.

No statistically significant results were seen in comparison of T !
regions separately in groups of patients with favorable or poor nonSOZ/noniz 1z
outcomes.

Counts per 30 mins
[o2]
o

T

I

!
S0z
Fig. 1. Counts of fast ripples per 30 min in particular areas (SOZ, IZ, and nonSOZ/

nonlZ) in all patients.

nonSOZ/nonlZ regions (p <0.001); the difference between the 1Z

3.2. Duration

3.2.1. Ripples

The mean duration of detected HFO was 54.40 ms in the SOZ
(SD =25.58), 56.31 ms in the IZ (SD =27.52) and 56.12 ms in non-
SOZ/nonlZ regions (SD = 29.16). Statistical analysis showed signifi-
cantly shorter durations of HFO in the SOZ than in either the IZ or

Table 2

and nonSOZ/nonlZ regions was not significant (p = 0.361).

3.2.2. Fast ripples

Similarly, automated detection in the fast ripple range detected
the mean durations of HFO of 27.43 ms in the SOZ (SD = 16.04),
29.13 ms in the IZ (SD=18.30) and 30.41 ms, in nonSOZ/nonlZ
regions (SD =20.94); the shortest durations of FR were in the

The results of statistical analysis (two sample t-test, p values) comparing the rates, duration, and relative amplitudes of HFO (all over separately for ripples [first column]
and fast ripples range [second column]) per contacts in the redefined areas (SOZ, 1Z, nonSOZ/nonlIZ); also in this analysis particularly in all patients and in patients with

favorable or poor outcomes.

Rates
nonSOZ/nonlZ 1Z
All Favorable outcome Poor outcome All Favorable outcome Poor outcome
S0z 0.038 0.018 0.417 0.143 0.102 0.076 1.078 0.228 0.102 0.092 0.974 0.407
1z 0.245 0.543 1.243 1.136 0.464 0.491 X X X X X X
nonSOZ/nonlZ X X X X X X
Duration
nonSOZ/nonlZ 1Z
All Favorable outcome Poor outcome All Favorable outcome Poor outcome
S0z <<0.001 | <<0.001 | <<0.001 | <<0.001 | 0.877 |<<0.001 | <<0.001 | <<0.001 | <<0.001 | <0.001 | <<0.001 | <<0.001
1z 0.361 | <<0.001|<<0.001| 0.460 |<<0.001| 0.027 X X X X X X
nonS0OZ/nonlZ X X X X X X
Amplitude
nonSOZ/nonlZ 1Z
All Favorable outcome Poor outcome All Favorable outcome Poor outcome
SOZ <<0.001 | 0.430 |<<0.001|<<0.001 | <<0.001 | <<0.001 [ <<0.001 | 0.309 |<<0.001| 0.014 | 0.030 | <<0.001
1Z <<0.001 | 0.013 |<<0.001 | <<0.001 | <<0.001 | 1.136 X X X X X X
nonSOZ/nonlZ X X X X X X
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SOZ, HFO durations were longer in nonSOZ/nonlZ regions than in
the IZ (p <0.001) and in nonSOZ/nonlZ regions than in the SOZ
(p <0.001). The difference between the IZ and SOZ was also signif-
icant (p <0.001).

In the group of patients with favorable outcomes, shorter R and
FR durations were seen in the SOZ (p <0.001) than in nonSOZ/
nonlZ and IZ regions (see Fig. 2).

In the group of patients with poor outcomes, the longest dura-
tion of R was in the IZ (p < 0.001); the difference between nonSOZ/
nonlZ x SOZ was not significant (p = 0.877). In both subgroups of
patients, the shortest FR duration was seen in the SOZ (p < 0.001).

3.3. Amplitudes

3.3.1. Ripples

Automated detection in the ripple range detected the relative
amplitudes of HFO in the SOZ of 77.47 (SD = 164.35), in the IZ of
66.14 (SD=231.74) and in nonSOZ/nonlZ regions of 56.30
(SD =151.74). Statistical analysis showed significantly higher
amplitudes of HFO in the SOZ than in either the IZ or nonSOZ/nonlZ
regions (p <0.001); the difference between the IZ and nonSOZ/
nonlZ regions was also significant (p < 0.001).

3.3.2. Fast ripples

Automated detection in the fast ripple range detected relative
amplitudes of HFO in the SOZ of 76.04 (SD = 164.95), in the IZ of
80.93 (SD=458.49) and in nonSOZ/nonlZ regions of 73.79
(SD =241.17). The differences between SOZ and IZ or nonSOZ/
nonlZ were not significant.

Nevertheless, in the group of patients with favorable outcomes,
the relative amplitude of HFO (both R and FR) was higher in the
SOZ than in the IZ and nonlZ/nonSOZ region (p < 0.001) (see Figs. 3
and 4). In the group of patients with poor outcomes, the highest
amplitude of R was seen in the SOZ (p <0.001) (versus nonSOZ/
1Z); p=0.030 (IZ) and the lowest in nonlZ/nonSOZ region
(p <0.001). The relative amplitude of FR was lower in the SOZ than
in either the IZ or nonSOZ/nonlIZ regions (p < 0.001) (see Fig. 5).

4. Discussion

Interictal HFO analyses in patients with epilepsy have been
reported useful for SOZ identification (Urrestarazu et al., 2007;

Fast Ripples; Durations

70
*
r 1
*
60} I .
50 D -
1 1
) I 1 T
E 1 1 1
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_5 40 1 : 1
® 1 1 1
5 I 1 I
o 1 1 1
30} t
] ]
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20t T T r
1 ! 1
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10 L oL L
nonSOZ/nonlZ 1Z soz

Fig. 2. Durations (ms) of fast ripples in particular areas (SOZ, IZ, and nonSOZ/nonlZ)
in patients with favorable outcomes.
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Fig. 3. Relative amplitudes of fast ripples in particular areas (SOZ, 1Z, and nonSOZ/
nonlZ) in patients with favorable outcomes.

Fast ripples; Amplitudes
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Fig. 4. Relative amplitudes of fast ripples in particular areas (SOZ, IZ, and nonSOZ/
nonlZ) in patients with favorable outcomes. Bar graphs represent the population
mean. Ticks represent a 95% confidence interval of the mean calculation.
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Fig. 5. Relative amplitudes of fast ripples in particular areas (SOZ, 1Z, and nonSOZ/
nonlZ) in patients with poor outcomes. Bar graphs represent the population mean.
Ticks represent a 95% confidence interval of the mean calculation.
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Jacobs et al., 2008, 2009). In the present study, patients with both
temporal and extratemporal epilepsy were examined to ascertain
facts about HFO characteristics in areas within and outside the
SOZ and the IZ. For these purposes, we used the concept of an
epileptogenic zone (Liiders and Awad, 1992; Rosenow and
Liiders, 2001), and used the term “irritative zone” as it has been
used elsewhere (Blanco et al., 2011) to investigate HFO character-
istics in more detail, to observe the area between the SOZ and non-
SOZ, and to eliminate potential overlap of interictal active (“spik-
ing”) channels within SOZ and non-SOZ. Only patients who under-
went surgical resections and had good postsurgical outcomes
reflect the correct determination of the seizure onset zone. For that
reason, we divided patients into two subgroups: favorable out-
come and others (“poor outcome”).

In our study, HFO were detected in all (SOZ, 1Z, and nonSOZ/
nonlZ) areas, with a higher absolute HFO rate for events in the R
range than in the FR range. These findings are not surprising; the
occurrence of high frequency activity unassociated with the SOZ
is well documented in the hippocampi (Staba et al., 2002;
Axmacher et al., 2010) and in the primary motor, somatosensory,
and visual cortices (Curio, 2000; Nagasawa et al, 2012;
Matsumoto et al.,, 2013; Wang et al., 2013). The results indicate
that the detection algorithm, in addition to detecting pathological
HFO, may also detect HFO that might be physiological, might be a
fragment or propagation of pathological HFO arising from else-
where (Crépon et al., 2010), or might be false positive detections.
Higher HFO rates in the R range than in the FR range may be
explained by an association between HFO and interictal spiking
(Urrestarazu et al., 2007; Jacobs et al., 2008; Wang et al., 2013).
There is evidence that larger networks are involved in R than in
FR generation in SOZ areas (Chrobak and Buzsaki, 1996; Bragin
et al.,, 2002) and that FR generators are spatially localized to a
region of less than 1 mm? (Bragin et al., 2002). Furthermore there
is evidence of HFO under detection, especially in higher frequency
bands when using macroelectrodes (as in our cases), i.e. in the FR
range, which results in a lower mean frequency of detected HFO
(Worrell et al., 2008).

According to previously published data, which is further corrob-
orated by our study, the FR and R rate are significantly higher in the
SOZ than in nonSOZ/nonlZ regions (Urrestarazu et al., 2007; Jacobs
et al,, 2008, 2009; Andrade-Valenca et al., 2012). Interestingly, in
patients with favorable outcomes, a prominent (though not signif-
icant) difference between rates of FR and R in the SOZ and the IZ can
be observed, which might represent a more focal generator (epilep-
togenic tissue) of these pathological HFO; this difference was less
seen in other patients. As in a study by Jacobs et al. (2008), the dis-
tinction between pathological and normal areas was worse for R
than for FR. Nevertheless, the explanation for the high rates of R
and FR in nonSOZ/nonlZ regions is unclear. It cannot be definitely
demonstrated whether all of these marked events were actually
pathological, physiological, or the propagation of pathological
HFO arising from elsewhere, as was mentioned above. Spontaneous
HFO of a physiological nature are difficult to distinguish from
epileptogenic ones, particularly during wakefulness (Jacobs et al.,
2008; Curio, 2000) since the frequency and amplitude measures
alone cannot be used for this purpose (Engel et al., 2009;
Nagasawa et al., 2012; Matsumoto et al., 2013). Finally, the overlap
(in both amplitude and duration) between the pathological and
physiological ripples is extensive (Alkawadri et al., 2014).

The main reason for focusing on the IZ is evidence of HFO link-
ing with interictal epileptiform discharges in both mesiotemporal
and neocortical epilepsy (Urrestarazu et al., 2007; Jacobs et al.,
2008; Wang et al., 2013). The vast majority of interictal HFO (up
to 73% of R and 92% of FR) is associated with interictal spikes or
sharp waves (Urrestarazu et al., 2007; Jacobs et al., 2008). A com-
parison of HFO associated with interictal epileptiform discharges

and unassociated HFO revealed no differences in terms of the dura-
tion (Urrestarazu et al., 2007), or the associated HFO had longer
durations than the unassociated HFO with spikes (Jacobs et al.,
2008). Wang and colleagues (2013) showed HFO detected in the
SOZ area were of shorter duration than those not correlated to
the SOZ area. As in the study by Wang et al. (2013), our data sug-
gest longer durations of both R and FR in the IZ or nonSOZ/nonlZ
than in the SOZ. These findings might be also a consequence of
analyzing awake recordings with less expressed interictal dis-
charges, and so more HFO detected this phenomenon and with
shorter duration. This finding might be also explained by the work
of Nagasawa (2012), who revealed that the duration of sponta-
neous HFO in the ripple range (namely from the occipital cortex)
of a physiological nature were significantly longer than that of
epileptogenic ripple HFO. Similar results were presented by
Alkawadri et al. (2014). These observations are still consistent with
the hypothesis that longer durations of HFO may represent longer
excitatory neural processing (Niessing et al., 2005; Nishida et al.,
2008; Koch et al., 2009; Manning et al., 2009; Nagasawa et al.,
2012). In other studies, however, the duration of pathological (in
the SOZ) and physiological (nonSOZ region) FR was not diverse
(Nagasawa et al., 2012; Alkawadri et al., 2014), or the longer dura-
tion of both R (Brazdil et al., 2015) and FR was revealed within the
SOZ (Jacobs et al., 2008; Matsumoto et al., 2013). The discrepancies
among studies in the duration of R and FR in various regions might
be explained by different proportions of included focal epilepsies
(hippocampus vs. neocortex).

There have been noteworthy results regarding relative HFO
amplitude in epileptic and non-epileptic regions in particular sub-
groups of patients. Interestingly, in the group of patients with
favorable outcomes, the relative HFO amplitude (especially FR)
was higher in the SOZ than in other regions; in other patients with
“poor outcomes”, the results of FR analysis were reversed. These
results for both R and FR might contribute to neurosurgical resec-
tion planning, showing possible worse prognosis in patients with
higher amplitudes especially of FR outside the SOZ. This indicates
that it is possible that the true SOZ was not adequately detected.
Another reason may be a more dispersed or multifocal epilepto-
genic zone/SOZ, a pattern which is too diffuse to permit a success-
ful resective strategy, and so usually results in VNS implantation.
Yet another reason for poor outcome may be that the result of
the epileptogenic zone may include the actual epileptogenic zone
(generating seizures before surgery) as well as a potential epilepto-
genic zone which is an area of the cortex that may generate sei-
zures after the presurgical SOZ has been resected (Rosenow and
Liiders, 2001). Seizures originating from areas not covered by elec-
trodes but propagating to the actual electrode positions might lead
to misinterpretation (Zijlmans et al., 2012).

HFO are more stable and more expressed, and the likelihood for
artifact contamination is lower, during sleep. However, a review of
recently presented data indicates that the effect of sleep on HFO
expression differs among regions (Diimpelmann et al., 2015) and
so this phenomenon might influence the observation. Some
patients also experience postoperative nausea and general discom-
fort so they rarely reach deep stages of sleep. The differences in
HFO rates between the SOZ and other remote areas were disclosed
in wakefulness periods as significant (Bagshaw et al., 2009). Based
on this data we decided to analyze awake recordings.

Our findings emphasize the importance of the careful interpre-
tation of HFO, especially in cases with extensive spatial sampling
or when there is an overlap between the epileptic and physiologic
areas (Alkawadri et al., 2014). Based on our data, it is useful to
include both ripples and fast ripples in the evaluation of the poten-
tial epileptogenic region (Zijlmans et al., 2012). Currently, there are
no established criteria for distinguishing physiological from
pathological HFO and SOZ areas (Engel et al., 2009; Jacobs et al.,
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2016). Nevertheless, it seems that FR generated in the SOZ are more
frequent, shorter, and have higher relative amplitudes than in other
regions. There is, however, no clear cut-off value for these charac-
teristics which can separate the SOZ, the 1Z, and other regions.

5. Conclusion

HFO parameters (rate, amplitude, and duration) differ in epilep-
tic and non-epileptic regions. We suggest that amplitude and dura-
tion may be as important as frequency band and rate of HFO in
marking the seizure onset region or epileptogenic area and may pro-
vide additional information on epileptogenicity. To conclude, FR are
more frequent, shorter, and have higher relative amplitudes in the
SOZ area than in other regions. The study suggests a possible worse
prognosis in patients with higher amplitudes of FR outside the SOZ.
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ABSTRACT - Syncope is a condition often misdiagnosed as epilepsy. Syn-
cope caused by cardiac disturbance is a life-threatening condition and
accurate diagnosis is crucial for patient outcome. We present a case study
of a71-year-old woman who was referred to our epilepsy centre with a diag-
nosis of refractory epilepsy. We diagnosed convulsive syncope caused by
malignant cardiac arrhythmia based on the presence of cardiac asystole last-
ing for 20-30 seconds, which was caused by sick sinus syndrome combined
with third-degree atrioventricular block. The most prominent feature of this
syncope was atypical trunk (abdominal or thoracoabdominal) convulsions,
which were accompanied by other motor signs (head and eye deviation and
brief jerks of the extremities). In the periods between attacks, all investiga-
tions, including standard 12-lead ECG and 24-hour ECG monitoring, were
normal. This case study highlights the challenge in differential diagnosis of
sudden loss of consciousness. [Published with video sequences]
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The misdiagnosis of epilepsy is a
relatively common occurrence. Of
patients diagnosed with epilepsy
who were referred to epilepsy cen-
tres, 20-30% were found to be
misdiagnosed (Benbadis, 2009). The
most common conditions misdiag-
nosed as epilepsy were psychogenic
non-epileptic attacks, followed by
syncope (Benbadis, 2009). Five basic
mechanisms to describe the gene-
sis of syncope have been described:
syncope may be neurally mediated,

sometimes referred to as a reflex
(vasovagal syncope, carotid sinus
syncope, and situation syncope),
caused by orthostatic hypotension,
cardiac arrhythmias, structural car-
diac or pulmonary disease, or
mediated by the central nervous
system (ictal bradycardic syncope)
(Crompton and Berkovic, 2009). Car-
diac arrhythmias, in particular, can
cause life-threatening events.

We present a case study of a patient
who was referred to our epilepsy
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centre with a diagnosis of intractable epilepsy and later
diagnosed with syncope and atypical trunk convul-
sions induced by malignant arrhythmia.

Case study

We present the case of a 71-year-old female who was
treated for coronary artery disease, arterial hyperten-
sion, and type 2 diabetes mellitus. Her family and
social history were insignificant. The first episode of
unconsciousness occurred at the age of 70 without
any triggering factors. Witnesses reported a sudden
loss of consciousness, accompanied by brief jerks
of the extremities and contractions of the abdomi-
nal wall. The patient was admitted to a local hospital,
where physical examination and other investigations
(basic laboratory examination, 12-lead ECG, 24-hour
ECG monitoring, EEG, and brain CT) were performed.
The laboratory examination and ECG monitoring
were described to be normal. On EEG, there was a
greater representation of theta waves in both tem-
poral regions, but this was interpreted to be normal
based on the age of the patient. Based on CT,
there was only mild cortical atrophy with moderate
ischaemic/degenerative changes of white matter. The
frequency of seizures was approximately one seizure
per month. After the second attack, antiepileptic
medication with lamotrigine (LTG) was started, but was
ineffective. Carbamazepine (CBZ) and levetiracetam
(LEV) were then introduced without any significant
influence on seizure frequency.

One year later, the frequency of seizures suddenly
increased and started to appear daily. For this reason,
the patient was hospitalised in a local hospital and
then referred to our epilepsy centre with a diagno-
sis of intractable epilepsy. She was admitted to our
video-EEG unit in the late afternoon for urgent care
and during the first night, three habitual paroxysmal

events were recorded. For video-EEG monitoring,
standard scalp electrode positions (10-20 system), one-
channel ECG, and simultaneous video recordings were
performed.

The attacks always started with heart asystole,
followed by diffuse slowing-down and attenuation of
EEG, accompanied by muscle and movement arte-
facts (figure 7). Within approximately 10 seconds, the
patient lost consciousness. Head and eye deviation
appeared, followed by brief jerks of the upper and
lower extremities, and subsequently distinct abdom-
inal or thoracoabdominal convulsions developed.
These convulsions lasted for 3-5 seconds. After
spontaneous restitution of heart activity, the patient
almost immediately regained consciousness without
any signs of confusion, but nausea and occa-
sional vomiting were present at the end (video
sequence T1). We recorded one seizure in which
only abdominal/thoracoabdominal contractions were
present (video sequence 2). The duration of asystole
ranged from 20 to 30 seconds. The patient was imme-
diately admitted to our cardiology department. Based
on the 12-channel ECG results, she was diagnosed
with sick sinus syndrome, probably combined with
third-degree atrioventricular block, and was urgently
implanted with a Biotronic Talos DR pacemaker. After
discharge from the hospital, the antiepileptic medica-
tion was withdrawn. The patient has now been free
of syncopal attacks without any antiepileptic drugs for
almost two years.

Discussion

This case study highlights the challenge in dif-
ferential diagnosis of a loss of consciousness. An
incorrect diagnosis may have severe consequences;
the patient may not be treated appropriately, more-
over, some antiepileptic drugs can be potentially

Fp1-F7
F7-T3
T3-T5
T5-01
Fp2-F8
F8-T4 '
T4 -Té
T6 - 02
F3-C3
C3-P3
Fz-Cz
Cz-pz
F4-C4
C4-P4
Fp1-O1
Fp2-02
EKG - Ref

Figure 1. EEG during heart asystole.

The heart asystole is followed by the deceleration and subsequent attenuation of background activity. The EEG is contaminated with

muscular artefacts.
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harmful to patients with cardiac disease. The use of
sodium channel blockers (for example, phenytoin and
carbamazepine) in patients with cardiac-related syn-
cope may worsen undetected heart disease through
their negative chronotropic and dromotropic effects
(Kenneback et al., 1991).

The percentage of syncopes with motor manifesta-
tions is reported to vary; some convulsions were
reported in 12% of blood donors who experienced
vasovagal syncope, compared with 45% of patients
with malignant ventricular arrhythmias and implanted
defibrillators (Lin et al., 1982; Aminoff et al., 1988).
In a study by Lempert et al. (1994), almost 90% of
healthy volunteers, in whom syncope was provoked
artificially by hyperventilation, squatting, and Val-
salva manoeuvre, presented with syncope with some
type of convulsion. However, we presume that this
is an over-representation, influenced by the study
design.

The pattern of movement usually consists of multi-
focal arrhythmic jerks of the extremities, generalised
myoclonus, and some additional movements such
as head turns, oral automatisms, and righting move-
ments (Crompton and Berkovic, 2009). In our patient,
the most prominent motor characteristics were atypi-
cal trunk convulsions (we were unable to distinguish
reliably between abdominal and thoracoabdominal
contractions based on video recordings), a synco-
pal feature which has probably not been previously
reported. Other similar reports include those of
Ambrosetto et al. (2009) and Gasparini et al. (2011) who
reported case studies of syncope with bipedal activ-
ity and gestural automatisms. The underlying patho-
logical mechanism is believed to be the release, most
likely disinhibition, of central pattern generators by
anoxic cortical inactivation. Central pattern generators
located at the subcortical level (mainly the brain-
stem and spinal cord) are responsible for rhythmic
behaviour and are “normally” under neocortical con-
trol (Tassinari et al., 2009).

In the literature, the characteristics of patient history
and description of attacks, which enable physicians to
differentiate between syncope and epileptic seizures,
as well as identify different aetiologies of syncope,
are summarised (Sheldon et al., 2002; Crompton and
Berkovic, 2009). We would like to point out that history
or physical signs of cardiac disease should lead to a
high suspicion of cardiac aetiology (Alboni et al., 2001).
In our patient, a history of coronary artery disease was
known.

Itis important to stress that establishing a correct diag-
nosis can be complicated by the possible coexistence

Syncope with convulsions and malignant arrhythmia

of syncope and seizure within one attack (Crompton
and Berkovic, 2009). Attacks in which an initial syncopal
event triggers an epileptic seizure are rare and occur
mainly in children (Horrocks et al., 2005). Conversely,
focal-onset seizures can cause bradycardia-induced
syncope as a result of the disruption of cardiac auto-
nomic neural discharges (Crompton and Berkovic,
2009).

This case study is an illustrative example of the impor-
tance of differential diagnosis in patients with loss
of consciousness. The differential diagnosis is cru-
cial mainly in cases with atypical course progression
or clinical manifestation and in elderly patients with
somatic comorbidities. In our patient, establishing a
correct diagnosis and the subsequent implantation of
a cardiac pacemaker were probably lifesaving. [J
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Legends for videosequences

Video sequence 1

00:00 development of asystole

00:10 head and eye deviation to the left, followed by
brief myoclonus of right-sided extremities

00:14 trunk convulsions

00:24 heart rate reappears spontaneously

00:29 patient regains consciousness and is oriented

Video sequence 2

00:00 development of asystole

00:10 trunk convulsions

00:20 heart rate reappears spontaneously

00:23 patient regains consciousness and is oriented

Key words for video research on
www. epilepticdisorders.com

Syndrome: non epileptic paroxysmal disorder
Etiology: syncope (cardiac)

Phenomenology:

head deviation;

motor seizure (complex);

nonepileptic paroxysmal event

Localization: not applicable
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ABSTRACT - Temporal lobe epilepsy is the most frequent form of drug-
resistant epilepsy referred to epilepsy surgery centres. The vast majority
of lesional cases can be operated on without invasive investigation which
is often not the case for non-lesional cases. Invasive investigation in
non-lesional cases, however, may lead to unexpected results, as illus-
trated in the following case report. [Published with video sequence on

www.epilepticdisorders.com]

Key words: temporal lobe epilepsy, invasive EEG, pseudotemporal epilepsy,

posterior cingulate

Clinical data

A 33-year-old left-handed female
patient started to have seizures at
the age of 14. She was born from
a normal uncomplicated pregnancy,
and was treated for asthma in child-
hood. Familial history was irrelevant
with the exception of a paternal
cousin who suffered from moder-
ate intellectual disability associated
with epilepsy. The patient had a sec-
ondary school education and was
working episodically as a civil ser-
vant. Her neurological examination
was normal, except for a discrete
right inferior facial palsy.

The first episode was described as
an abrupt loss of contact accompa-
nied by abnormal verbal behaviour
(she repeated the same questions

several times), followed by
headache. A diagnosis of epilepsy
was established and the patient was
subsequently treated with valproic
acid, which failed to control the
seizures. The seizures persisted ona
weekly to monthly basis despite dif-
ferent AEDs used in monotherapy
or in combination (carbamazepine,
clobazam, lamotrigine, and leve-
tiracetam). Aura was described as
an epigastric constriction, some-
times associated with gustatory
hallucinations. A seizure was
observed by her neurologist who
described a behavioural change
(the patient seemed “confused”),
a preserved ability to denomi-
nate objects, right-handed nose
rubbing, and amnesia (with no rec-
ollection of denominating objects).
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Figure 1. Preoperative MRI showing a left-sided thalamic infarc-
tion. Hippocampal sclerosis or other possible epileptogenic
lesions were not identified.

EEG showed infrequent right fronto-temporal sharp
waves and left frontal spikes during drowsiness. MRI
showed the cavity of a left thalamic infarct, without any
other abnormalities (figure 7).

Comments

The overall clinical presentation appears to be similar
to that of temporal lobe epilepsy (TLE), which can
be considered “cryptogenic” despite the presence
of a left thalamic infarct. The inconsistent gustatory
aura, however, could suggest an early perisylvian
involvement during the seizures (Hausser-Hauw and
Bancaud, 1987). The neurological examination (right
inferior facial palsy) indicates the involvement of
the left hemisphere (Robillard et al., 1983), while
ictal semiology (right-handed nose rubbing) could
suggest right hemispheric involvement (Catenoix
et al, 2004). Preservation of speech suggests the
involvement of the non-dominant hemisphere for
language (Gillig et al., 1988).

Non-invasive investigations

During video-EEG monitoring, seizures were char-
acterized by an unpleasant epigastric constriction,
inconsistent preservation of speech, loss of contact,

a change in facial expression, oroalimentary automa-
tisms (mastication), upper limb automatisms (mainly
left), and nose wiping or face rubbing (without clear
lateralization) (video sequence 7). Seizures lasted
approximately one minute and the patient sometimes
remained confused during the postictal state, without
language deficit.

Interictal EEG activity mainly showed, during sleep,
interictal epileptiform discharges (IEDs) over the left
fronto-temporal region (phase reversal at Fb1, T3;
figure 2A) and, much less frequently, over the right
frontal region (phase reversal at F4; figure 2B) or the left
frontal region (phase reversal at F3; figure 2C). Seizures
slightly differed in their EEG pattern, but typically indi-
cated seizure onset over the left anterior temporal
lobe, with secondary left hemispheric involvement
and contralateral spread (figure 3).
Neuropsychological examination showed visual and
verbal encoding difficulties; executive functions and
attention were described as normal. Functional
MRI supported bilateral speech representation. 18-
FDG-PET showed bitemporal, but left-predominant,
hypometabolism (figure 4).

Comments

Based on interictal EEG abnormalities, neuropsycho-
logical findings, and PET results, the patient could
appear to have bitemporal epilepsy. However, ictal EEG
consistently indicated the left hemisphere at seizure
onset, and seizures systematically propagated over the
contralateral hemisphere, which could explain bilat-
eral dysfunctions.

The association of left-sided TLE with seizures arising
from the dominant hemisphere and preserved ictal
speech would be rare. In these cases, an extratempo-
ral lobe seizure origin with temporal propagation of
ictal activity seems to be more probable (Kaiboriboon
etal., 2006). However, the structural or functional dam-
age of adominant hemisphere by epileptic activity can
cause neuronal reorganization and redistribution of
“critical” functions, as has been reported for speech
and handedness which were shown to shift to the
other hemisphere (Orsini and Satz, 1986; Adcock et
al., 2003). This could be supported by left-handedness
and bilateral speech representation on functional MRI.
However, the distribution of IEDs over both frontal
regions raised a red flag which forced us to also con-
sider extra-TLE with propagation of ictal activity to the
temporal region.

Invasive EEG (iEEG) was considered as mandatory to
answer the following question: does this patient have
TLE, temporal “plus” epilepsy (Barba et al., 2007), or
extra-TLE?
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Figure 3. Ictal scalp EEG showing the typical pattern for the patient. The seizures started with a short flattening over the left anterior
temporal lobe, followed by irregular theta waves in the same area. After, clear-cut rhythmic activity appeared; this rhythmic activity
started on the left side, but rapidly spread over the right hemisphere. The left-sided ictal activity predominated throughout the entire

seizure.

Invasive investigation

Alarge temporo-perisylvian stereoelectroencephalog-
raphy (sEEG) study was performed that targeted the
mesial and lateral temporal lobe structures, as well
as the extra-temporal lobe regions that can trigger
temporal lobe symptoms (e.g. the orbito-frontal
cortex, insular cortex, and posterior cingulate cortex)
(figure 5).

IEDs either involved mesiotemporal structures
or, independently, the posterior cingulate region

(figure 6A) . All seizures, however, started within the
posterior cingulate before becoming symptomatic
when they involved the mesiotemporal lobe structures
(figure 6B and 7).

Comments

This patient is a typical example of what has been
described as pseudo-temporal epilepsy, in which
seizures start in extra-temporal lobe structures and
later spread over the temporal lobe region, therefore
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Figure 4. Preoperative positron emission tomography (PET) showing bilateral temporal hypometabolism, which was slightly more

pronounced on the left side.

mimicking temporal semiology (Andermann, 2003).
Extra-temporal lobe regions include the orbito-frontal
cortex (Shihabuddin et al., 2001), the insula (Isnard et
al., 2000), and the parieto-occipital regions (Williamson
et al.,, 1992; Palmini et al.,, 1993; Liava et al., 2014;
Francione et al., 2015), especially the posterior cingu-
late (Devinsky et al., 1995; Alkawadri et al., 2013; Enatsu
etal., 2014). Alkawadri et al. (2013) reported a group of
14 patients with cingulate epilepsy; within this group
there were also four patients with posterior cingulate
epilepsy and their seizures resembled temporal lobe
seizures in all patients (Alkawadri et al., 2013). Enatsu
et al. (2014) analysed a case series of seven patients
with posterior cingulate epilepsy, four of whom exhib-
ited temporal lobe seizures and the rest had motor
seizures (including bilateral tonic seizures and hyper-
motor seizures).

The differential diagnosis between temporal and
pseudo-temporal epilepsy remains a diagnostic chal-
lenge, especially in non-lesional cases. The distribu-
tion of IEDs can be very helpful in terms of searching
for a solution. IEDs in TLE often remain limited to the
temporal lobe region; in other types of epilepsies they
spread over different regions (Remi et al., 2011). How-
ever, IEDs in posterior cingulate epilepsy have a large
tendency to propagate into the temporal region, aswas
demonstrated by Alkawadri et al. (2013). These authors
reported “typical” temporal IEDs in three out of four
patients (in two patients over anterior temporal areas
and in one patient over posterior temporal areas); in
contrast, frontal IEDs were found only in one patient
(Alkawadri et al., 2013). Also, Elwan et al. (2013) did not
find any statistical significant differences between tem-
poral and pseudo-TLE when analysing the distribution
of IEDs and seizure-onset pattern on scalp EEG (Elwan
et al., 2013). To sum up, IEDs often also propagate over
temporal areas in extra-temporal epilepsies. However,

the presence of IEDs over extra-temporal areas is very
often associated with an extra-temporal seizure origin
despite typical temporal seizure semiology.

Action taken

Three surgical strategies could be considered:
- perform a standard temporal lobe resection,
i.e. a resection of the symptomatogenic zone; this

Figure 5. Electrode positions for invasive EEG monitoring. The
positions of electrodes in the left temporal lobe are the following:
A’: amygdala; B': anterior hippocampus; C': posterior hippocam-
pus; I': temporal pole; Et: entorhinal cortex; T', U": temporal
operculum; E’, F’: temporobasal region. The positions of elec-
trodesin the leftextra-temporal lobe structures are the following:
O': fronto-orbital cortex; R’: frontal operculum; S’: parietal oper-
culum; V’: cingulum (posterior part); X’: anterior insula (dotted
line); Y': posterior insula (dotted line); Z’ (dotted line).
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Figure 6. The results of invasive EEG. (A) Distribution of interictal epileptiform discharges (IEDs) on invasive EEG. IEDs dominated
in the area of left-sided mesiotemporal structures (left amygdala: electrode Af1-2; left entorhinal cortex: electrode Eti1-2; and left
hippocampus: electrodes Bi1-2 and Ci1-2), but there were also IEDs and bursts of rapid activity (blue arrow) in the area of the left
posterior cingulum (electrode Vi1-2). (B) Ictal findings on invasive EEG. The seizures started with low-voltage fast (LVF) activity in
the left side of the posterior cingulum (first arrow); LVF activity propagated to the left-sided mesiotemporal structures, where the

symptomatogenic zone was localized (second arrow).

strategy should be considered as only palliative
and could postoperatively aggravate the memory
deficit;

— performanew iEEG study in order to better delineate
the amount of the mesial parietal cortex that should
be resected; this is a possible option, although the
benefit/risk ratio cannot be clearly evaluated;

— perform a very focal resection of the posterior cin-
gulate cortex surrounding the cingulate electrode.

The latter strategy was finally chosen, as the shape
and signal of that part of the posterior cingu-
late retrospectively appeared “abnormal” (figure 8).
The histopathological specimen, however, proved
negative. Another possibility would be to perform ther-
mocoagulation in the area of the posterior cingulum.
The effectiveness of this procedure is not very high;
only 7% of patients remain seizure-free one year after
surgery (Bourdillon et al., 2016).
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Figure 7. More detailed view of the position of electrode Vi. The
low-voltage fastactivity started in the mesial contacts of this elec-
trode, encompassing the left side of the posterior cingulum, as
seen in this image.

Follow-up

The patient is completely seizure-free three years
after surgery (Class 1; according to International
League Against Epilepsy Classification [Wieser et al.,
2001]). AEDs have been substantially reduced and at
present, the patient is only being given 800 mg of
carbamazepine. Interictal EEG shows infrequent right
temporal sharp waves.

Conclusion

This case report illustrates that atypical presentation
of non-lesional TLE epilepsy must be referred for iEEG
evaluation. Invasive evaluation must be designed to
allow a distinction between mesial and neocortical
temporal lobe onset, as well as consideration for pos-
sible extra-temporal onset, as in the present case.

Supplementary data.
Summary  didactic  slides are
www.epilepticdisorders.com website.

available on  the

Disclosures.
None of the authors have any conflict of interest to declare.

Legend for video sequence

A typical patient seizure. The seizure semiology
appears late (approximately 30 seconds from the
first change in EEG). In this first seizure, limb
automatisms of the right arm are observed and
speech is preserved during the seizure. In the pos-
tictal state, the patient was amnesic for the seizure.

Key words for video research on
www.epilepticdisorders.com

Phenomenology: aura (abdominal), automatisms
Localisation: cingulate gyrus, temporal (left)
Epilepsy syndrome: focal non-idiopathic parietal
Aetiology: not applicable

Temporal lobe epilepsy?

Figure 8. The second preoperative MRI. We retrospectively iden-
tified a discrete change on MRI (yellow circle). The position of
seizure onsets is marked by red dots.
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(1) In pseudotemporal epilepsy,

TEST YOURSELF

—g 1
CUcanon =—

A. do seizures always spread to mesio-temporal lobe structures?

B. is seizure onset localized to the extra-temporal lobe structures?
C. is the seizure semiology similar to that of temporal lobe seizures?
D. is an extra-temporal lobe lesion always present on MRI?

(2) Which type of extra-temporal epilepsy can manifest as pseudotemporal epilepsy
(more than one answer may be correct)?

A. Occipital

B. Parietal

C. Frontal

D. Insular

(3) Which of the following examinations is the most relevant in the diagnosis of
non-lesional pseudo-temporal epilepsy?

A. Video-EEG monitoring

B. 18-FDG PET

C. Neuropsychological evaluation

D. Invasive EEG

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com, under the section “The EpiCentre”.
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ABSTRACT

Objective: The main aim of our study was to investigate the handedness of patients with mesial temporal
lobe epilepsy (MTLE). We also sought to identify clinical variables that correlated with left-handedness in this
population.

Methods: Handedness (laterality quotient) was assessed in 73 consecutive patients with MTLE associated with
unilateral hippocampal sclerosis (HS) using the Edinburgh Handedness Inventory. Associations between right-
and left-handedness and clinical variables were investigated.

Results: We found that 54 (74.0%) patients were right-handed, and 19 (26%) patients were left-handed. There
were 15 (36.6%) left-handed patients with left-sided seizure onset compared to 4 (12.5%) left-handed patients
with right-sided seizure onset (p = 0.030). Among patients with left-sided MTLE, age at epilepsy onset was
significantly correlated with handedness (8 years of age [median; min-max 0.5-17] in left-handers versus
15 years of age [median; min-max 3-30] in right-handers (p < 0.001).

Conclusions: Left-sided MTLE is associated with atypical handedness, especially when seizure onset occurs during
an active period of brain development, suggesting a bi-hemispheric neuroplastic process for establishing motor
dominance in patients with early-onset left-sided MTLE.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The left and right hemispheres differ in their functional organization
and specialization. The left hemisphere is typically responsible for pro-
cesses involved in language and verbal memory. Left-sided language
dominance is present in nearly all right-handers as well as the majority
of left-handers. Damage to the left hemisphere in utero or during early
childhood is often associated with network reorganization, resulting in
atypical lateralization of hemispheric functions such as language, verbal
memory, and motor dominance (handedness) [1]. For example, several
authors have demonstrated atypical lateralization of language and
memory functions in patients with left-sided mesial temporal lobe epi-
lepsy (L-MTLE) [2-7]. Based on this work, it appears that the crucial var-
iable determining the likelihood of cerebral reorganization is the age at
epilepsy onset; i.e., the lower the age of epilepsy onset, the greater the
probability of atypical lateralization of function [6].

* Corresponding author at: Brno Epilepsy Center, First Department of Neurology, St.
Anne's University Hospital and Faculty of Medicine, Masaryk University, Brno, Pekai'ska
53, 656 91 Brno, Czech Republic.

E-mail address: mbrazd@muni.cz (M. Brazdil).

http://dx.doi.org/10.1016/j.yebeh.2017.01.034
1525-5050/© 2017 Elsevier Inc. All rights reserved.

In addition to atypical hemispheric dominance for language and ver-
bal memory associated with L-MTLE, there is a correlation between left-
sided cerebral damage or seizure onset and atypical handedness [8-14].
For example, in 1959, Penfield and Roberts reported that 27% of 246 pa-
tients with epilepsy and focal left-sided brain injury were left-handed
compared to only 8% of 276 patients with epilepsy and focal right-
sided brain injury [10]. What remains unclear is the extent to which
frontal lobe pathology, with or without frontal lobe seizure onset, is a
pre-requisite for atypical handedness in patients with epilepsy, given
the localization of motor control in the frontal lobe. In light of the grow-
ing evidence that MTLE is a brain network disease, with widespread
extra-temporal anatomic and functional alterations [15], we hypothe-
sized that MTLE would be associated with atypical handedness. We
further speculated that atypical handedness would be associated with
L-MTLE, reflecting the increased likelihood of atypical handedness
lateralization associated with left-sided lesions, and early age of
seizure onset, given the known correlation between young age and
atypical hemispheric function [1,16]. The main aim of our study was
therefore to assess handedness in patients with MTLE. We also sought
to identify clinical variables that correlated with left-handedness in
this population.
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2. Methods

We retrospectively analyzed handedness in 73 consecutive adult pa-
tients (41 females, 32 males) with drug-refractory MTLE associated
with unilateral hippocampal sclerosis (HS). Handedness was assessed
with the Edinburgh Handedness Inventory [17]. A laterality quotient
(LQ) which ranged from — 100 to 100 was calculated for each patient
as described previously [17]. Patients with LQ from 100 to 0 were
defined as right-handers. Patients with LQ from 0 to — 100 were defined
as left-handers. All patients underwent investigation for epilepsy sur-
gery, including brain MRI, neuropsychological tests, and interictal/ictal
semi-invasive video-EEG monitoring with sphenoidal electrodes, in-
cluding ictal semiology analysis. Positron emission tomography (PET),
interictal/ictal single photon emission tomography (SPECT), subtraction
ictal SPECT co-registered to MRI (SISCOM) and invasive EEG (SEEG)
were performed only in a subset of patients based on their clinical
data and expert consensus. The inclusion criteria differ between surgi-
cally and medically treated patients. In medical group, only patients
with unilateral temporal seizure onset and anatomically concordant
HS on MRI were included. The HS was radiologically defined as unilater-
al hippocampal atrophy and increased signal in the hippocampus [18].
We excluded patients with suspicion of dual pathology, including bilat-
eral HS, and bilateral seizure onset. In surgical group, we included only
patients who underwent anteromesial temporal lobe resection, the
presence of HS was confirmed histopathologically and was classified
as having Engel 1a outcome at one year postsurgical follow-up [19]. De-
mographic data, including age at epilepsy onset, duration of epilepsy,
performance of surgery, number of seizures per month, occurrence of
generalized tonic-clonic seizures (GTCS), and type or age of initial pre-
cipitating injury were obtained by medical chart review.

The statistical analysis utilized Fisher's exact test or Mann-Whitney
test according to their condition of validity. For all tests, a p value
<0.05 was considered statistically significant.

All patients gave their informed consent prior to participation in the
study and study approval was granted by the ethical committee at
St. Anne's University Hospital.

3. Results

Among 73 enrolled patients with MTLE (46 [63%] patients
underwent surgery, 27 [37%] were treated medically), HS was lateralized
to the right in 32 (43.8%) patients and to the left in 41 (56.2%) patients.
We did not find any statistically significant differences in demographics

100% :
p = 0.030
80%
26 (63.4%) |
60%
28 (87.5%) |
40%
20% 15 (36.6%)
0%

Left-sided MTLE Right-sided MTLE

ORight-handers M Left-handers ‘

Fig. 1. Difference in left-handers representation between patients with left- and right-
sided MTLE MTLE - mesial temporal lobe epilepsy.

We then assessed for clinical variables that correlated with handed-
ness in patients with L-MTLE, and, separately, in patients with R-MTLE
(Table 2). This revealed that in patients with L-MTLE MTLE, age of epi-
lepsy onset correlated with handedness (Fig. 2). Left-handed patients
with L-MTLE had an earlier age of epilepsy onset (median 8 years
of age, min-max 0.5-17) compared with right-handed patients with
L-MTLE (median 15 years of age, min-max 3-30; p < 0.001). No other
clinical variables, including the presence of initial precipitating injury,
correlated with handedness in patients with L-MTLE, and there were
no clinical variables associated with handedness in the patients with
R-MTLE.

Table 2
Comparison of demographic data between left- and right-handers, analysis done separate-
ly for left-sided MTLE and right-sided MTLE.

Left- sided MTLE

between patients with R-MTLE and L-MTLE (Table 1). Overall, 54 (74.0%) Left-handers Right-handers p-Value
patients were right-handed and 19 (26%) patients were left-handed. The (n=15) (n =26)
proportion of left-handers was statistically significantly higher in Age at epilepsy onset 8(0.5-17) 15(3-30) <0.001
patients with L-MTLE than in patients with R-MTLE: 15 (36.6%) patients Median (min-max)
. . o . . Duration of epilepsy 16 (6-26) 16 (8-25) 0.103
with L-MTLE were left-handed compared with 4 (12.5%) patients with Median (min-max)
R-MTLE (p = 0.030, Fig. 1). Surgery Y/N n(%) 13 (86.7)/2 (13.3) 25(962)/1 (38)  0.543
Number of seizures per month 11 (73.3)/4 (26.7) 23 (88.5)/3 (11.5) 0.390
>5 seizures/<5 seizures n(%)
GTCS Y/N n(%) 9(34.6)/17 (65.4) 7 (46.7)/8(533) 0517
Initial precipitating injury n (%) 7 (46.6) 12 (46.2) 1.000
Table 1
The comparison of demographic data between patients with right- and left-sided MTLE. Right-sided MTLE
Right-sided MTLE  Left-sided MTLE p-Value Left-handers Right-handers p-Value
(n=32) (n=41) (n=4) (n=28)
Age at epilepsy onset 13.5 (0.5-41) 13 (0.5-30) 1.000 Age at epilepsy onset 19 (1.5-30) 13.5 (0.5-41) 1.000
Median (min-max) Median (min-max)
Duration of epilepsy 15 (5-20) 15 (6-26) 1.000 Duration of epilepsy 15 (10-20) 14.5 (5-25) 0.129
Median (min-max) Median (min-max)
Surgery Y/N n(%) 30(93.8)/2(62)  38(92.7)/3(73)  1.000 Surgery Y/N n(%) 3(75)/1 (25) 27 (96.4)/1 (3.6) 0238
Number of seizures per month 26 (81.3)/6 (18.7) 34 (82.9)/17 (17.1) 1.000 Number of seizures per month 4 (100)/0 (0) 22 (78.6)/6 (21.4)  0.566
>5 seizures/<5 seizures n(%) > 5 seizures/< 5 seizures n(%)
GTCS Y/N n(%) 14 (43.8)/18 (56.3) 16 (39.0)/25 (61.0) 0.811 GTCS Y/N n(%) 2 (50)/2 (50) 12 (42.9)/16 (57.1) 1.000
Initial precipitating injury n (%) 9 (28.1) 19 (46.3) 0.147 Initial precipitating injury n (%) 9 (32.1) 0(0) 0.303

GTCS - generalized tonic-clonic seizures, MTLE - mesial temporal lobe epilepsy, N - no,

Y - yes.

GTCS - generalized tonic-clonic seizures, MTLE — mesial temporal lobe epilepsy, N - no,

Y - yes.
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4. Discussion

There is compelling evidence in the literature supporting altered lat-
eralization of language and verbal memory functions in patients with
MTLE. Approximately 20-30% of patients with L-MTLE exhibit atypical
(bilateral or right-sided) language dominance. In contrast, atypical lan-
guage dominance is rare in patients with R-MTLE [6,7]. Similar reorgani-
zation of verbal memory lateralization has been reported. For example,
Richardson et al. proved atypical activation of right hippocampus in left-
sided MTLE [2]. Powell et al. confirmed these results, and moreover,
demonstrated that reorganization of memory was not sufficient to
support normal memory functioning [3]. An analysis of verbal memory
processing (encoding and retrieval) showed different patterns of activa-
tion among healthy controls, patients with L-MTLE and patients with
R-MTLE [4]. For verbal memory processes, there was greater activation
of frontal, temporal, and parietal lobes in L-MTLE patients than in
healthy controls.

Less information is available for handedness patterns in patients
with MTLE. We published a case report of a 19-year-old female patient
with drug-refractory MTLE [20] who had unequivocal shift in handed-
ness correlated in time with epilepsy onset. We hypothesized that this
handedness shift was caused by seizures. In the present study, we
extend the earlier findings by showing a 3-fold elevation of left-
handedness in L-MTLE compared to R-MTLE and, further, a correlation
with age of epilepsy onset. The similar increase of left-handedness
was present in the study of Sveller et al. (2006) who analyzed the
group of 74 patients with left-sided epilepsy and 70 control subjects.
There were 18% left-handers in patients' group in comparison with 4%
left-handers in control group [21]. The higher incidence of atypical
handedness (left-handedness and ambidexterity) in association with
epilepsy was also present in study of Slezicki et al. (2009). Handedness
was not associated with sex, age, seizure type, age at epilepsy onset,
type or side of EEG or brain imaging abnormalities, family history of
seizures, drug-resistance, or history of epilepsy surgery [22]. This
study has several limitations. First, we included both operated and
unoperated patients. In operated patients, the side of epileptogenic
zone was confirmed by complete seizure freedom after surgery. In
unoperated patients, while we required a high level of consistency in
pre-surgical data, we lack definitive confirmation of the seizure focus.
Second, we utilized the Laterality Quotient as originally described by

Oldfield [17], though another scoring method, the Laterality Score, is
more sensitive to atypical or pathological left-handedness. Third, hand-
edness in family members was not fully evaluated in our study due to
incomplete data in some patients. Finally, hand preference, especially
for writing, can vary by cultural background [23]. However, all partici-
pants in our study were from the Czech or Slovak Republics, with a
left-handedness rate among the general population of 10% (National
Health Institute official report), similar to the proportion of left-
handed patients with R-MTLE in our study (12%). This suggests that
the elevated rate of left-handedness in patients with L-MTLE represents
so-called “pathological” left-handedness.

Interestingly, the only clinical variable that correlated with left-
handedness in patients with L-MTLE was young age at epilepsy onset.
The median age at epilepsy onset was 8 years in left-handers compared
with a median age of 15 years in right-handers. This suggests that the
reorganization of motor dominance is age-dependent, as has also been
demonstrated for language dominance [6]. Our results are further sup-
ported by other studies focusing on structural and functional brain
changes associated with long-term MTLE [16,24-26]. For example,
Janszky et al. showed that interictal epileptiform discharges activated
brain plasticity and subsequent hemispheric reorganization for lan-
guage functions from left to right [26]. We presume a similar phenom-
enon is responsible for reorganization of motor dominance, especially
given the evidence of altered connectivity between temporal, frontal,
and parietal lobes in MTLE [16], but this requires further study. In
addition, it would be valuable to utilize functional MRI in this popula-
tion for confirmation of hemispheric dominance and to correlate hand-
edness with lateralization of language function and verbal memory.

In conclusion, L-MTLE is associated with atypical handedness,
especially when seizure onset occurs during an active period of brain
development, suggesting a bi-hemispheric neuroplastic process for
establishing motor dominance in patients with early-onset left-sided
MTLE.
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ARTICLE INFO ABSTRACT

Article history: Objective: This study was designed to use statistical parametric mapping of interictal positron-emission tomog-
Received 4 July 2017 raphy using [;gF|Fluorodeoxyglucose (FDG-PET) to compare the brain metabolisms of patients with mesial tem-
Revised 9 November 2017 poral lobe epilepsy (MTLE)/hippocampal sclerosis and controls. Another aim of this study was to analyze the
Accepted 11 November 2017 potential differences among patients in terms of epilepsy duration, side of hippocampal sclerosis, histopatholog-

Available online 13 December 2017 ical findings, insult in their history, and postoperative outcomes.

Methods: We analyzed FDG-PET scans from 49 patients with MTLE/hippocampal sclerosis and 24 control subjects.
We analyzed the differences in regional glucose metabolism between the patients and the control group and
within the patient group using multiple variables.
Results: We observed widespread hypometabolism in the patient group in comparison with the control group in
temporal and extratemporal areas on the epileptogenic side (ES). On the nonepileptogenic side (NES), we ob-
served the most hypometabolism in the thalamus and the anterior and middle cingulate gyrus. In the group of
patients with more severe hippocampal sclerosis, we observed statistically significant hypometabolism in the
insula on the ES. In patients with poor postoperative outcomes, we found statistically significant hypometabolism
in the insula on the ES and the temporal pole (TP) on the NES. Patients with any insult in their history showed
hypermetabolism in the TP on both sides.
Conclusion: Our study showed that there are widespread changes in metabolism in patients with MTLE in com-
parison to controls, either inside or outside the temporal lobe. There are significant differences among these pa-
tients in terms of postoperative outcomes, degree of hippocampal sclerosis, and insults in their history.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction hippocampal sclerosis (HS) [MTLE/HS] is well established [1,2]. In
some earlier papers, the visual analysis of PET was found to be reliable

The value of Positron-emission tomography (PET) using both in lateralizing the seizure onset zone and in predicting excellent
[1gF]fluorodeoxyglucose (FDG-PET) in the presurgical evaluation of pa- postoperative outcomes in temporal lobe epilepsy (TLE) [3,4]. However,
tients with mesial temporal lobe epilepsy (MTLE) associated with visual analysis is associated with large variability among investigators.
For that reason, methods of quantitative PET analysis have been devel-

oped. The first approach is based on glucose metabolic rate calculations

Abbreviations: SPM, statistical parametric mapping; ES, epileptogenic side; NES, in predefined regions of interest (ROIs). These values are compared
nonepileptogenic side; FDR, false discovery rate; MTLE, mesial temporal lobe epilepsy; with the rates from the contralateral side homologous ROI or with the
TLE, temporal lobe epilepsy; HS, hippocampal sclerosis; TP, temporal pole; FCD, focal normalized metabolic values from a control group. The definition of

cortical dysplasia; ROI, region of interest.

* Corresponding author at: Brno Epilepsy Center, Department of Neurology, St. Anne's the ROIL and .ltS size, shgpe, and position varies among studies, makmg
University Hospital, Pekafska 53, Brno 65691, Czech Republic. data comparison very difficult [2]. Voxel-based approaches such as sta-
E-mail address: ivan.rektor@fnusa.cz (I. Rektor). tistical parametric mapping (SPM) [5] and the asymmetry index [6] do
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not depend on the selection of the ROIL The SPM method assesses the
null hypothesis at each voxel with univariate statistics and constructs
an image from its results. Statistical parametric mapping does not re-
quire a priori hypotheses about the location and extent of effects.

We conducted this study with interictal FDG-PET using SPM analysis
in order to compare regional glucose between patients with MTLE/HS
and a group of control subjects and to analyze the potential differences
among patients in terms of epilepsy duration, side of HS, histopatholog-
ical findings, insult in their history, and postoperative outcomes.

2. Methods
2.1. Case selection, demographics, and history data

We retrospectively reviewed all of the patients with histopathologi-
cally proven HS who underwent anterior-medial temporal lobe resec-
tion at the Brno Epilepsy Center between 2005 and 2011. The review
included patients with a well-documented postoperative outcome for
at least 3 years after the surgery and comprehensive results of the histo-
pathological investigation. Patients with other pathologies including
dual pathology on magnetic resonance imaging (MRI) and/or without
a histopathological investigation were excluded from the study unless
there was a finding of focal cortical dysplasia (FCD) of the pole of the
resected temporal lobe, which was associated with HS. Clinical data in-
cluded personal disease history, age at epilepsy onset, epilepsy duration,
age at the time of the evaluation, and the postoperative outcome ac-
cording to the International League Against Epilepsy (ILAE) classifica-
tion [7].

2.2. Presurgical evaluation

The patients were epilepsy surgery candidates who underwent a
comprehensive presurgical evaluation at the Brno Epilepsy Center. Mag-
netic resonance imaging scans were obtained using the Siemens 1.5 T
MRI scanner. Video-EEG monitoring was performed on the 64-channel
and 128-channel Alien Deymed systems. All patients had a neuropsy-
chological evaluation targeting memory functions, and patients with
language-dominant TLE underwent Wada testing in order to predict
the postoperative memory outcome. If the noninvasive evaluations
provided discordant data concerning the potential epileptogenic zone,
invasive Electroencephalography (EEG) was performed. In all patients,
functional neuroimaging techniques (FDG-PET) were performed; and
in most patients, interictal/ictal Single-photon emission computed to-
mography (SPECT) were also performed. Standard anterior-medial
temporal lobe resection was based on the results of a presurgical
evaluation.

2.3. Histopathology

Standard histopathological examination of hippocampal and tempo-
ral pole (TP) resection specimens was performed on formalin-fixed
paraffin-embedded tissues. For the grade of HS, the grading system by
Wyler was used [8]. For FCD in the TP, the classification system reported
by Palmini et al. [9] was used.

2.4. Patient population, surgery, outcome, and histopathology

We included 49 patients (27 female, 22 male) in the final analysis.
The age of the patients at the time of the preoperative investigation
ranged from 16 to 59 years with a median of 40 years. The active
epilepsy duration ranged from 4 to 58 years with a median of
25 years. Of the 49 patients, 21 (42.9%) had some type of insult in
their history (12 patients had encephalitis/meningoencephalitis, and
9 patients had febrile seizures). Of the 49 patients, 27 (55.1%) had left-
sided (language-dominant) MTLE/HS, and 22 patients (44.9%) had
right-sided (language-nondominant) MTLE/HS.

The time after surgery ranged from 2 to 7 years with a median of
4.5 years. At the last follow-up visit, according to the ILAE outcome clas-
sification [7], 31 out of 49 patients (63.3%) were classified as Outcome
Group 1 (completely seizure-free since the surgery), 7 (14.3%) as Out-
come Group 2 (only auras since the surgery), 6 (12.2%) as Outcome
Group 3 (one to three seizure days per year), 3 (6.1%) as Outcome
Group 4 (from 4 seizure days per year to 50% seizure reduction from
baseline seizure days), and 2 (4.1%) as Outcome Group 5 (less than
50% seizure reduction from baseline seizure days).

Precise grading of HS (Wyler grading system) [8] was available
for 34 patients. Of those 34 patients, 6 (17.6%) were classified as
Wyler I/Il (low-grade HS) and 28 (82.4%) as Wyler III/IV (high-grade
HS). Patients classified as low-grade HS did not differ significantly
from the patients classified as high-grade HS in terms of postoperative
outcome (ILAE I + Il in 55.5% of patients with low-grade HS and 67.6%
in high-grade HS respectively; Fisher's exact test, p = 1.0).
Histolopathological evaluations revealed FCD of type I a/b in the TP in
13 patients (26.5%) (type la in 8 patients and type Ib in 5 patients).

All patients signed informed consent forms. The study was approved
by the local ethics committee.

2.5. Control group

For the control group, we selected 24 (13 female, 11 male) patients
with FDG-PET images acquired within oncological screenings. The age
of the control subjects at the time of imaging ranged from 16 to
54 years with a median of 34.5 years. The control subjects were without
any findings on their MRI scans and without any neurological or psychi-
atric diagnoses. No disorder in the central nervous system was found,
and no drugs influencing brain metabolism were taken by these control
subjects. Their FDG-PET findings were assessed as normal.

2.6. FDG-PET image acquisition

[1sF]Fluorodeoxyglucose PET scans were available for SPM analysis
in all 49 (27 female, 22 male) patients and in the 24 (13 female, 11
male) control subjects. Both patients and controls underwent the
same procedure. Patients were imaged as outpatients in the interictal
state. The PET images for both groups were acquired using a Siemens
ECAT ACCEL PET scanner (three detection rings with lutetium
orthosilicate type crystals and 16.2 cm axial field of view (FOV);
Erlangen, Germany) in 3-D mode using the “Brain” protocol. The intrin-
sic spatial resolution of the scanner was 6.3 mm at full width at half
maximum (FWHM) 1 cm from the center of the FOV, and 6.7 mm at
FWHM 10 cm from the center of the FOV. Subjects prepared by fasting
for 6 h before the scan and resting in a quiet, darkened room for 50-
60 min after FDG administration. The dose of FDG administered was
200 MBq + 15% per subject with no weight differentiation. The emis-
sion acquisition time in 3-D mode was 10 min. Forty-seven tomographic
slices with a 3-mm slice thickness were reconstructed with a 128 x 128
iteration matrix with 6 iterations and 16 subsets, and a 6 mm FWHM
Gaussian filter was applied.

2.7. Image preprocessing for SPM analysis

Spatial preprocessing and statistical analysis were performed using
SPM8 (Wellcome Department of Cognitive Neurology, Institute of
Neurology, University College London, U.K.) and MATLAB version
2011b (MathWorks Inc., Natick, MA, USA). All FDG-PET images, both pa-
tient and control scans, were spatially normalized into the standardized
stereotactic Montreal Neurological Institute space using our in-house
FDG-PET template. This template was created following instructions in-
troduced by Soma et al. [10]. A three-dimensional isotropic Gaussian
kernel with 8 mm FWHM was used for smoothing all spatially normal-
ized images. To remove the effect of global metabolism, we used global
normalization with a proportional scaling method [11].
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Table 1
Ratio of voxels in ROIs with statistically significant hypometabolism in the patient group
relative to the control group, FDR adjusted p-value < 0.05.

ROI ES NES

ROI size Significant Significant

Voxels Voxels % Voxels %
Amygdala 192 28 14.58 0 0.00
Hippocampus 878 319 36.33 0 0.00
PHG 962 669 69.54 0 0.00
AHC 1578 744 47.15 0 0.00
TP 2563 1571 61.30 0 0.00
Insula 1134 632 55.73 54 4.76
OF 1175 861 73.28 90 7.66
GCA 795 35 4.40 113 14.21
GCM 1422 251 17.65 115 8.09
GCP 345 136 39.42 20 5.80
GCA + GCM 2296 300 13.07 248 10.80
Thalamus 972 307 31.58 114 11.73

ES - epileptogenic side, NES - nonepileptogenic side, PHG - parahippocampal gyrus,
AHC - amygdalo-hippocampal complex, TP - temporal pole, OF - orbitofrontal cortex,
GCA -anterior cingulate gyrus, GCM - middle cingulate gyrus, GCP - posterior cingulate

gyrus.

2.8. Computing of statistic parametric maps

To lateralize the epileptogenic side (ES) to the left, we flipped 22
FDG-PET preprocessed images of right patients with MTLE (8 M, 14 F)
in the direction of the x-axis.

For the group analysis, we used the Mann-Whitney U test and creat-
ed parametric maps (PMs) using a voxelwise approach. We applied
a false discovery rate (FDR) control for the results. In all analyses, FDR
q = 0.05 was used as a level of statistical significance. These PMs were
used in further analyses.

2.9. Comparison between different brain regions

To calculate the amount and the ratio of statistically significant
voxels in different brain regions, an experienced neurologist selected
11 separate ROIs. These ROIs are presented in Table 1.

For each ROI for the ES and the nonepileptogenic side (NES), we cre-
ated a mask using the WFU PickAtlas software toolbox (Functional MRI
Laboratory, Wake Forest University School of Medicine, U.S.) [12] using
the included automated anatomical labeling (AAL) atlas [13]. These
masks were applied on the computed PMs of the whole brain to allow
comparison between ROIs with different sizes. The ratio between the
size of the ROl in voxels and the number of statistically significant voxels
from the PMs matching this ROI was computed for all ROIs.

3. Results
3.1. SPM-PET analysis, comparison of patients with controls

By analyzing statistical parametric maps created using the Mann-
Whitney U test, we found widespread statistically significant lower sig-
nal values (hypometabolism) in the patient group than in the control
group, either on the ES or the NES. On the ES, the most pronounced
hypometabolism was detected in the TP, parahippocampal gyrus, and
amygdalo-hippocampal complex. Of the extratemporal sites on the ES,
we observed the most pronounced hypometabolism in the orbitofrontal
cortex and insula, followed by the thalamus and posterior cingulate
gyrus. The most hypometabolism of the NES was observed in the thala-
mus and anterior cingulate gyrus and middle cingulate gyrus. All of our
results are presented in Fig. 1; the ratios of significantly hypometabolic
voxels on predefined ROIs on the ES and the NES are shown in Table 1.
No significant differences between patients and controls were revealed
in the TP, parahippocampal gyrus, or amygdalo-hippocampal complex
on the NES (Fig. 1, Table 1).

Fig. 1. Statistical parametric mapping of patients (N = 49) versus controls (N = 23) coregistered to T1 MRI. Epileptogenic side on the left showing large hypometabolism in the temoporal

and extratemporal regions. False discovery rate adjusted p-value < 0.05.
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Fig. 2. Patients with severe hippocampal sclerosis Wyler grades 3 and 4 (N = 28) showing
relative hypometabolism in the insula on the epileptogenic side as compared with the
Wyler grades 1 and 2 group (N = 6). Coregistered to T1 MRI. False discovery rate
adjusted p-value < 0.05.

3.2. SPM-PET analysis, comparison of patient groups

We did not find any significant differences between the right and
left-sided patients with MTLE/HS after FDR correction.

We did not find any significant differences between patients with
and without FCD in the TP, neither on the ES nor the NES. These groups
differ in metabolism only in the posterior cingulate gyrus on the NES. In
the group of patients with more severe HS (Wyler III/IV) (N = 28), we

observed statistically significant hypometabolism in the insula on the ES
in comparison with the patients classified as Wyler I/Il (N = 6) (Fig. 2).

In patients with poor postoperative outcomes (ILAE III-V), we
found statistically significant hypometabolism in the insula on the ES
and on the NES in the TP and middle and posterior neocortex in compar-
ison to the patients with better postoperative outcome (ILAE I/II)
(Fig. 3).

The comparison of the patients with and without insult (encephalitis/
meningoencephalitis and/or febrile seizures) in the history showed sig-
nificant hypermetabolism in the TP either on the ES or the NES and in
the middle temporal gyrus on the NES in patients with these insults in
their history. The finding was more pronounced on the NES (Fig. 4).

Patients with longer epilepsy duration (>10 years) did not demon-
strate any significant differences from patients with shorter duration
(210 years).

4. Discussion
4.1. Comparison of patients with MTLE/HS to controls

Our study on patients with MTLE/HS clearly revealed very wide-
spread hypometabolism of temporal regions (TP, parahippocampal
gyrus, and amygdalo-hippocampal complex), extratemporal regions
(orbitofrontal cortex, insula, posterior and anterior cingulate gyrus),
and the thalamus. Glucose hypometabolism typically involved the tem-
poral lobe ipsilateral to the HS, which is in agreement with previous
studies using both visual and SPM analysis [14,15]. In the further text,
we compare our results to results of another studies focusing on analysis
of MTLE associated with HS proved by MRI or by histopathological
finding. Some other studies have shown that hypometabolism often in-
volves the extratemporal structures, mostly the ipsilateral frontal
lobe and insula [16-18]. In addition to these finding, we observed
hypometabolism on the side contralateral to HS in extratemporal re-
gions, namely the anterior and middle cingulate gyrus. Another inter-
esting finding in our study is the hypometabolism of subcortical areas.
We did not observe any hypometabolism in the putamen, pallidum, or
caudate nucleus, neither on the ES nor the NES. Nevertheless, we
found the hypometabolism of the thalamus bilaterally to be more
pronounced on the ES. Van Bogaert et al. [2] demonstrated
hypometabolism in the ipsilateral and contralateral thalamus and

Fig. 3. ILAE classification 3 and 4 groups (N = 11) showing hypometabolism in the insula on the epileptogenic side and in the temporal lobe on the nonepileptogenic side relative to the
ILAE 1 and 2 groups (N = 38) Coregistered to T1 MRI. False discovery rate adjusted p-value < 0.05.
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Fig. 4. Hypermetabolism on the nonepileptogenic side within the group of patients with encephalitis/meningoencephalitis and/or febrile seizures in the history (N = 21) compared with
the group without any insult (N = 27). Corregistered to T1 MRI. False discovery rate adjusted p-value < 0.05.

caudate nucleus. Thalamic hypometabolism ipsilateral to the seizure
side in patients with TLE was frequently reported in earlier studies
using either visual or quantitative analysis [14,19,20]. Newberg et al.,
using SPM analysis, showed that hypometabolism, mostly of the contra-
lateral thalamus, but also of the ipsilateral (to the epileptogenic side)
thalamus, might be a predictor of poorer postoperative outcomes in pa-
tients with refractory TLE [21]. Thalamic hypometabolism probably cor-
relates with the more widespread dysfunction of the temporal and
extratemporal part of the limbic system that is observed in patients
with refractory TLE. For future studies, it would be useful to determine
which specific part of the thalamus shows the hypometabolism in
these patients with TLE, i.e., for example in the anterior thalamic nuclei,
which are part of the limbic system.

4.2. Comparison in relation to postoperative outcome

Our results clearly showed that patients with worse long-term post-
operative outcomes had significant hypometabolism in the insula ipsi-
lateral to the surgery and in the TP contralateral to the surgery, i.e.,
contralateral to HS. This finding might indicate a more pronounced
bitemporal hypometabolism or a different pattern of hypometabolism
outside the temporal lobe on the ES in comparison to patients with ex-
cellent postoperative outcome. We did not find statistically significant
hypometabolism in the temporal lobe on the NES when comparing
all patients and controls. Takahashi et al. [6] used a voxel-based com-
parison of FDG-PET to and controls and showed that significant
hypometabolism in seizure-free patients preoperatively was restricted
to the ipsilateral temporal tip and was not present in a postoperative
nonseizure free group. Moreover, they showed that hypometabolism
in the ipsilateral hippocampal, frontal, and thalamic areas were larger
in the postoperative seizure-free group than in the nonseizure-free
group. On the other hand, in the contralateral frontal and thalamic
areas, the extents of hypometabolism were smaller in the seizure-free
group than in the nonseizure-free group [6].

Studies focused on bilateral temporal hypometabolism showed rela-
tively wide variability in terms of incidence, varying from 10 to 30% [22,
23]. Previous studies using semiquantitative analysis showed that bilat-
eral temporal hypometabolism is usually associated with bilateral tem-
poral epilepsy, bilateral MRI findings, worse cognitive function, and
bilateral independent seizure onset zones at the scalp EEG [22,24]. An-
other study revealed that bilateral temporal hypometabolism on FDG-
PET in patients with MTLE is present in patients who had electrographic

features, suggesting the early contralateral spread of ictal activity [17].
All of these variables might have a bad prognostic predictive value
for seizure outcome in patients with TLE [23,25,26]. One recent
study [27] showed that the duration from the last seizure could be an
important factor that needs to be considered when analyzing the
bitemporal involvement on interictal FDG-PET. Their multivariate anal-
ysis showed that bilateral temporal hypometabolism is significantly
more often present when PET is performed within 2 days after the last
seizure. Our study suggests that the finding of contralateral temporal
hypometabolism on preoperative FDG-PET in a highly select group of
patients with MTLE/HS is a negative prognostic factor for the postoper-
ative outcome.

Concerning the finding of insular hypometabolism ipsilateral to the
side of HS in patients with worse postoperative prognosis revealed by
our study, we have to mention particularly the possible existence of
“temporal-plus” (T +) epilepsies. This concept has been defined and an-
alyzed in detail by some authors [28,29]. Temporal-plus epilepsies
are very specific forms of seizures of multilobar origin which are charac-
terized by the involvement of a complex epileptogenic network in-
cluding the temporal lobe and the connected structures, mainly the
orbitofrontal cortex, the insula, the frontal and parietal operculum,
and the temporo-parieto-occipital junction. In general, patients with
unifocal TLE are hardly distinguishable from the patients with T+ epi-
lepsy on the basis of general clinical features or MRI data.

Furthermore, the presence of HS, which is known as one of the best
prognostic factors for successful temporal lobe surgery [30,31], did not
distinguish unifocal TLE from patients with T+ epilepsy. Only a minor-
ity of the patients in our series were investigated with invasive EEG, so
we can only speculate that some of them might have T+ epilepsy, with
the second focus in the insular cortex, which can very often be a part of
the epileptogenic network in patients with MTLE/HS [28,29]. In conclu-
sion, our results may indicate that hypometabolism in the insular cortex
on preoperative FDG-PET using SPM analysis is a predictor of worse
postoperative outcomes in patients with MTLE/HS and is an indication
for invasive EEG in those patients.

4.3. Glucose metabolism in relation to histopathological findings

We demonstrated statistically significant hypometabolism in the
insula on the ES in the group of patients with more severe HS (Wyler
II/IV) in comparison with those with Wyler I/II classification. These
groups did not differ in terms of postoperative outcome. This outcome
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was even better in the group of patients with HS III/IV. Foldvary et al.
[32] evaluated the neuronal density in mesiotemporal regions including
the hippocampal subfield and correlated it with hypometabolism in the
temporal lobe using a visual range scale. The neuronal density in CA1,
CA4, subiculum, and dental granular cell layer did not correlate with
the severity of the hypometabolism [32]. These data are supported by
other studies evaluating the relationship between hippocampal cell
density, hippocampal volume, and the degree of hypometabolism [33,
34]. On the other hand, Dlugos et al. [35] revealed that hilar cell densi-
ties correlated positively and significantly with hypometabolism in the
bilateral thalamus, putamen, and globus pallidus, and in the ipsilateral
caudate. Dentate granule cell densities correlated positively and signifi-
cantly with hypometabolism in the bilateral thalamus and putamen.
There was no significant correlation between cell densities and glucose
metabolism in any cortical region, including the hippocampus [35].
Although these data are controversial, it might be postulated that
hippocampal cell loss results in decreased efferent synaptic activity to
the various cortical and subcortical regions resulting in subsequent
hypometabolism.

We did not find significant differences between patients with or
without FCD in the TP in any temporal lobe (both on the ES and the
NES). These groups differ in metabolism only in the posterior cingulate
gyrus on the NES. An isolated study analyzed this particular issue, dem-
onstrating a different pattern of hypometabolism in patients with isolat-
ed HS and HS + FCD. The most prominent hypometabolism in HS
patients was in the anterior and mesial parts of the temporal lobe; in pa-
tients with HS + FCD, it was in the lateral temporal lobe [36]. Out data
are only marginally comparable to those data, because we used SPM
analysis and the other study used an asymmetry index based on a com-
parison of the contralateral and ipsilateral side ROI counts, and because
no patient in our series had FCD type II, whereas they were included in
the other study.

4.4, Study limitations

While our method is based on statistical comparisons between
groups, we have to rule out all outliers in the groups that may influ-
ence the results. Subjects with major brain malformations may not be
correctly spatially normalized with the template image and the corre-
sponding areas in analysis are not perfectly aligned, which may lead
to incorrect results. In cases when a subject is missing a certain vol-
ume of brain tissue due to injury, disease, or surgery, the results of
the analysis are focused in those missing volumes. Changes in metab-
olism in the remaining tissue thus cannot be revealed using this
method. All subjects with such variance from the template image
must be excluded from this type of analysis. Based on these criteria,
two patients were removed from this study in order to not contami-
nate the findings.

We also suppose that this method could be beneficial in patient
groups other than HS, i.e., in groups of nonlesional cases or of complicat-
ed cases with discordant presurgical data, but questions about the ad-
vantages of this method cannot be answered properly based on this
study, because only patients with HS were included.

5. Conclusions

Our study shows that there are widespread significant changes in
metabolism in patients with MTLE/HS in comparison to controls, either
inside or outside the temporal lobe and mostly ipsilateral to the side of
HS. These differences are most pronounced on the TP, the mesial part
of the temporal lobe, and the orbitofrontal cortex ipsilateral to the side
of HS. There are significant differences among these patients in terms
of the postoperative outcome, degree of HS, and presence of insults in
the patient history.
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Objective: The aim of this study was to assess clinical and electrophysiological differences within a group of
patients with magnetic-resonance-imaging-negative temporal lobe epilepsy (MRI-negative TLE) according to
seizure onset zone (SOZ) localization in invasive EEG (IEEG).

Methods: According to SOZ localization in IEEG, 20 patients with MRI-negative TLE were divided into either
having mesial SOZ-mesial MRI-negative TLE or neocortical SOZ-neocortical MRI-negative TLE. We evaluated
for differences between these groups in demographic data, localization of interictal epileptiform discharges
(IEDs), and the ictal onset pattern in semiinvasive EEG and in ictal semiology.

Results: Thirteen of the 20 patients (65%) had mesial MRI-negative TLE and 7 of the 20 patients (35%) had neo-
cortical MRI-negative TLE. The differences between mesial MRI-negative TLE and neocortical MRI-negative
TLE were identified in the distribution of IEDs and in the ictal onset pattern in semiinvasive EEG. The patients
with neocortical MRI-negative TLE tended to have more IEDs localized outside the anterotemporal region
(p = 0.031) and more seizures without clear lateralization of ictal activity (p = 0.044). No other differences re-
garding demographic data, seizure semiology, surgical outcome, or histopathological findings were found.
Conclusions: According to the localization of the SOZ, MRI-negative TLE had two subgroups: mesial MRI-negative
TLE and neocortical MRI-negative TLE. The groups could be partially distinguished by an analysis of their nonin-
vasive data (distribution of IEDs and lateralization of ictal activity). This differentiation might have an impact on

the surgical approach.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Patients with temporal lobe epilepsy (TLE) are the most common
candidates for epilepsy surgery. There is a high probability that a patient
with a lesional (MRI-positive) case will become seizure-free after sur-
gery; the rates reach almost 80% in patients with hippocampal atrophy
and concordant EEG findings [1]. In contrast, seizure-free rates are tradi-
tionally reported much lower in nonlesional or MRI-negative TLE. Ac-
cording to a meta-analysis, these rates may be 2.7 times lower than in
lesional ones. For this reason, these patients are not considered to be
good surgical candidates and are often excluded from surgical programs
[2-7]. Studies focusing on MRI-negative TLE have been published in the

* Corresponding author at: Brno Epilepsy Center, First Department of Neurology,
St. Anne's University Hospital and Faculty of Medicine, Masaryk University, Brno,
Pekai'ska 53,656 91 Brno, Czech Republic. Tel.: +420 543 182 645; fax: +420 543 182 624.

E-mail address: irena.dolezalova@fnusa.cz (1. DoleZalova).

http://dx.doi.org/10.1016/j.yebeh.2016.04.027
1525-5050/© 2016 Elsevier Inc. All rights reserved.

past few years in which the surgical outcome seemed to be only slightly
worse or even comparable to the lesional cases [8-15]. This is valid espe-
cially for patients with fluorodeoxyglucose positron emission tomogra-
phy (FDG-PET) hypometabolism localized to one temporal lobe. In
agreement with other noninvasive data, this subgroup is sometimes re-
ferred to as MRI-negative, PET-positive TLE [8-10,12-15].

The key point of surgery in MRI-negative TLE is to distinguish
whether mesial or neocortical temporal lobe structures are primarily in-
volved in seizure generation and, subsequently, to indicate the ap-
proach for appropriately tailored surgery. If this process is not
performed correctly, the surgery does not result in seizure cessation
and sometimes can even lead to serious memory decline, resulting in
a patient with persistent seizures despite surgery and disabling memory
problems [16]. The precise demarcation of cerebral tissue resection
could be based on the findings of perioperative electrocorticography
or chronic invasive EEG (IEEG), but the significance of perioperative
electrocorticography remains controversial. There is still a very limited
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number of [EEG studies focusing on patients with MRI-negative TLE [ 14,
15,17-20].

In this study, we divided patients with MRI-negative TLE according
to the localization of their SOZ in IEEG into mesial MRI-negative TLE
and neocortical MRI-negative TLE, and we tried to differentiate between
these two types on the basis of their noninvasive data analysis.

2. Methods
2.1. Patient selection

This retrospective study included a total of 20 patients with MRI-
negative TLE who underwent epilepsy surgery for refractory epilepsy
at the Brno Epilepsy Center of Masaryk University Hospital between
2003 and 2013.

All patients underwent the IEEG procedure prior to surgery. Of the
20 patients, 18 (90%) were examined with chronically stereotactically
implanted intracerebral electrodes. In one patient, we used a combina-
tion of stereotactically implanted intracerebral electrodes and subdural
strip electrodes. In one other patient, the combination of one subdural
strip and grid electrodes and intracerebral electrodes was used.

According to the localization of the SOZ in IEEG, patients were
divided into mesial MRI-negative TLE (i.e., SOZ localized to the amyg-
dala, hippocampus, and parahippocampal gyrus) or neocortical MRI-
negative TLE. The study aimed to find differences between mesial
and neocortical MRI-negative TLE based on the analysis of noninvasive
data and semiinvasive EEG with the use of sphenoidal electrodes.
The patients were compared on the following variables: demographic
data, FDG-PET findings, interictal semiinvasive EEG, ictal semiinvasive
EEG, and seizure semiology. Finally, patients with mesial MRI-negative
TLE and patients with neocortical MRI-negative TLE were compared
with regard to the results of surgical treatment and histopathological
findings. The study was approved by the ethics committee of St. Anne's
University Hospital.

2.2. Demographic data

Patient demographic data were obtained from patient charts. The
following demographic data were analyzed: potential causes for the
development of epilepsy, age at epilepsy onset, duration of epilepsy,
frequency of complex partial seizures (CPSs) per month during the
6 months before surgery, and the presence/absence of a generalized
tonic-clonic seizure (GTCS) in the 6 months before surgery.

2.3. FDG-PET scans

The FDG-PET images were acquired using a Siemens ECAT ACCEL
PET scanner (three detection rings with lutetium-orthosilicate-type
crystals and 16.2-cm axial FOV) (Erlangen, Germany) in 3-D mode
using Brain protocol. The intrinsic spatial resolution of the scanner
was 6.3 mm at full width at half maximum (FWHM) 1 cm from the
center of the FOV and 6.7 mm at full width at half maximum 10 cm
from the center of the FOV. The subjects fasted for 6 h before the
scan and rested in a quiet, darkened room for 50-60 min after FDG
administration. The dose of FDG administered was 200 MBq + 15%
per subject with no weight differentiation. The emission acquisition
time in 3-D mode was 10 min. Forty-seven tomographic slices with a
3-mm slice thickness were reconstructed with a 128 x 128 iteration
matrix with 6 iterations and 16 subsets and a 6-mm FWHM Gaussian
filter applied.

The FDG-PET findings were analyzed visually by authors (L.D. and
R.K.) experienced in reviewing FDG-PET scans of patients with epilepsy.

According to the localization of FDG-PET hypometabolism, patients
were categorized to have the following:

1. hypometabolism on the operated side (Fig. 1);

Fig. 1. FDG-PET with hypometabolism on operated side in patient with MRI-negative TLE.

2. hypometabolism on either side or hypometabolism contralateral to
the operated side.

Patients with hypometabolism on the operated side were subdivided
into having hypometabolism in the anterior and medial parts of the tem-
poral lobe or in the lateral part of the temporal lobe.

24. Semiinvasive EEG

Semiinvasive EEGs were recorded based on the international 10-20
system with additional electrodes (anterotemporal T1, T2; sphenoidal
Sp1, Sp2; and supraorbital SO1, SO2). The semiinvasive EEG was ana-
lyzed by two authors (LD. and R.K.); discrepancies were resolved by
consensus.

2.4.1. Semiinvasive EEG — interictal analysis
Five-minute samples from every hour of interictal EEG during the
first 24 h were analyzed for the presence and distribution of IEDs.
According to IED distribution, patients were classified into the
following:

1. unilateral IEDs (i.e., 290% of IEDs lateralized to the operated side)
versus bilateral IEDs (i.e., <90% of IEDs lateralized to the operated
side);

2. strictly anterotemporal IEDs versus also having extraanterotemporal
IEDs on the operated side. Anterotemporal IEDs were described by
phase reversal at Sp1/Sp2, T1/T2, or F7/F8.

2.4.2. Semiinvasive EEG — ictal analysis

According to the type of seizure onset pattern in semiinvasive EEG,
the patients were classified as having all seizures correctly regionalized/
lateralized over the operated temporal lobe versus having at least one
seizure nonlateralized or falsely regionalized/lateralized. The definition
of regionalized/lateralized seizure onset was published by Steinhoff
et al. [21] and Risinger et al. [22].

2.5. Analysis of ictal semiology

The patient records were reviewed in order to analyze the type of
aura. The following ictal signs were clinically evaluated during seizures:
early oroalimentary automatisms (considered only if present within
20 s from the beginning of a seizure), early nonversive head turning,
lateralized ictal immobility of the upper limb, ictal dystonia, rhythmic
ictal nonclonic hand (RINCH) motions, periictal nose wiping, periictal
face rubbing, periictal bed leaving, and periictal vegetative symptoms
(retching with/without vomiting, coughing, urinary urge, water drinking;
all were evaluated during the seizure and/or within 2 min after seizure
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termination). Periictal nose wiping, periictal face rubbing, and periictal
bed leaving were evaluated only in CPSs; other signs were evaluated in
both CPSs and GTCSs. An ictal sign was counted as present in a patient if
it was found in at least one of that patient's seizures.

2.6. Surgery and surgical outcome, neuropathological examination

The extent of the resection was based on the results of a presurgical
evaluation. Surgical effectiveness was categorized at year 1 after surgery
according to Engel classification as Engel I (no seizures, with or without
nondisabling auras) or as Engel II-IV [23]. Focal cortical dysplasias
(FCDs) were classified according to the classification system reported
by Bliimcke et al. [24].

2.7. Statistics

The differences in demographic data, patient characteristics,
semiinvasive interictal/ictal EEG analysis, and clinical semiology be-
tween mesial MRI-negative TLE and neocortical MRI-negative TLE
were calculated using the Mann-Whitney test or Fisher's exact test
according to their condition of validity. For all tests, a p-value < 0.05
was considered statistically significant.

3. Results
3.1. The localization of the SOZ in IEEG

A total of 64 seizures were recorded by IEEG in 20 patients with MRI-
negative TLE; the number of seizures per patient ranged from 1 to 5
(with an average of 3.3 + 1.2). According to SOZ localization in IEEG,
13 of the 20 patients (65%) had mesial MRI-negative TLE, and 7 of the
20 patients (35%) had neocortical MRI-negative TLE. In patients with
mesial MRI-negative TLE, 3 (15%) of the 13 showed alternating involve-
ment of the temporal pole and mesial temporal lobe structures, with a
majority of seizures originating in the mesial temporal lobe structures.

Table 1
Main clinical features of 20 evaluated patients with MRI-negative TLE.

3.2. Demographic data

The age at epilepsy onset ranged from 0 to 36 years (with an average
of 15.6 4= 9.7 years); the duration of epilepsy ranged from 3 to 41 years
(with an average of 17.2 4= 11.1 years). The data concerning the main
clinical features of the patients are summarized in Table 1. The SOZ
was localized on the left side in 11 of the 20 patients (55%) and on the
right side in 9 of the 20 (45%). No significant differences between mesial
and neocortical MRI-negative TLE were found in age at epilepsy onset,
duration of epilepsy, or side of the SOZ (Table 2).

Potential causes for the development of epilepsy were present in 9 of
the 20 patients (45%). There were no statistically significant differences
between patients with mesial and neocortical MRI-negative TLE in the
absence/presence of potential causes for the development of epilepsy
(Table 2).

The monthly CPS frequency during the 6 months before surgery
ranged from 3 to 15 (with an average of 8.6 &+ 3.7); GTCS during the
6 months preceding surgery were present in 13 of the 20 patients
(65%). There were no statistically significant differences between mesial
and neocortical MRI-negative TLE in the monthly CPS frequency or in
the absence/presence of GTCS (Table 2).

3.3. FDG-PET scans

Of the 20 patients, 12 (60%) had FDG-PET hypometabolism on the op-
erated side. The other 8 (40%) patients had no ipsilateral FDG-PET
hypometabolism or contralateral hypometabolism. There were no sta-
tistically significant differences with respect to the localization of
FDG-PET hypometabolism (hypometabolism on operated side vs. no
hypometabolism or contralateral hypometabolism) between mesial
and neocortical MRI-negative TLE (p = 0.642, Table 3). When analyz-
ing the localization of hypometabolism on the operated side, the
hypometabolism was present in the anterior and medial parts of the
temporal lobe in 5 (39%) of the 13 patients with mesial MRI-negative
TLE and in 3 (43%) of the 7 patients with neocortical MRI-negative TLE
(p = 1.000).

Patient Localization Age at Duration Frequency  Occurrence Potential  Side of Type of operation Outcome Histopathological finding
no. of the SOZ epilepsy of epilepsy  of CPSs of GTCS cause operation (Engel I-1IV)  (FCD/MCD/negative)
(M/N) onset (years) (years) permonth (+/—) (R/L)
1 Mes 16 11 3 — ME L AMTR I Negative
2 Neo 11 14 10 + Negative R Tailored cortectomy I Negative
3 Mes" 23 18 10 + Negative L AMTR Il FCD la
4 Mes 14 9 20 + Negative L AMTR v FCD Ib
5 Mes 36 11 8 + Negative L AMTR I Negative
6 Mes 6 31 5 - Negative R AMTR 1 Negative
7 Neo 11 14 15 — Negative L Tailored cortectomy I\% Negative
8 Mes 17 30 18 + PT R AMTR I FCD la
9 Neo 17 10 12 — ME L AMTR I FCD la
10 Mes" 1 40 5 — ME R AMTR I\% Negative
11 Mes 28 5 5 + Trauma R AMTR I Negative
12 Neo 10 24 9 + FS R AMTR 1l FCD Ia
13 Mes 0 41 3 + Negative L AMTR I Negative
14 Neo 9 20 3 + Negative L Tailored cortectomy 11 Negative
15 Mes" 3 23 10 + Negative L AMTR I Negative
Resection of pole
16 Neo 16 3 5 — Negative L sparing hippocampus IV Negative
17 Mes 25 10 8 + PT R AMTR 11 Negative
18 Neo 29 4 10 + Trauma R AMTR + cortectomy I Negative
19 Mes 23 12 5 — Negative R AMTR il Negative
20 Mes 17 14 8 + PT L AMTR I Negative

AMTR — anteromesial temporal lobe resection, CPS — complex partial seizure, FCD — focal cortical dysplasia, FS — febrile seizure, GTCS — generalized tonic-clonic seizure, L — left,
Mes — mesial, ME — meningitis/encephalitis, neo — neocortical, PT — perinatal trauma, R — right, SOZ — seizure onset zone.
* Seizure onset with alternating involvement of temporal pole and mesial temporal lobe structures.
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Table 2 Table 4
The differences in demographic data between mesial and neocortical MRI-negative TLE. The differences in clinical semiology between mesial and neocortical MRI-negative TLE.
Mesial Neocortical p-Value Mesial Neocortical p-Value
(n=13) (n=7) (n=13) (n=17)
Age at epilepsy onset 16.1 +11.1,0-36 14.7 +7.0,9-29 0.721 Type of aura
(mean + SD, min-max) Epigastric aura, n (%) 4(31) 2(29) 1.000
Duration of epilepsy 19.6 + 12.2,5-41 12.7 +7.8,3-24 0322 Other type, n (%) 9(69) 5(71)
(mean + SD, min-max) . .
CPSs per month 83 +3-20 9.1+3-15 0.423 Clinical semiology _
(mean  SD, min-max) Early oroallmgntary automfmsms, n (%) 7 (54) 2(29)
Presence of GTCS, n (%) 9 (69) 4(57) 0.651 Early nonversive head tuljnmg, n (%) 10 (77) 3(43)
Presence of potential insults, n (%) 6 (46) 3 (43) 1.000 Immobility of the upper limb, n (%) 6 (46) 2(28)
- Encephalitis/meningitis, n (%) 2 (15) 1(14) Ictal dystonia, n (%) 3(23) 2(29)
- Head injury, n (%) 1(8) 1(14) RINCH, n (%) 461 0(0)
— Febrile seizures, n (%) 0 (0) 1(14) Periictal nose wiping, n (%) 9(69) 5(71)
— Perinatal trauma, n (%) 3(23) 0(0) Perﬂctal face rubl?lng, n (%) 6 (46) 6 (86)
Side of the SOZ — right,n (%) 6 (46) 3 (43) 1.000 Periictal bed leaving, n (%) 323 2(29)
Retching, n (%) 2(15) 0(0)
CPS — complex partial seizure, GTCS — generalized tonic-clonic seizure, SOZ — seizure Coughing, n (%) 6 (46) 2 (29)
onset zone. Urinary urge, n (%) 2(15) 1(14)
Water drinking, n (%) 2 (15) 0(0)

3.4. Semiinvasive EEG

3.4.1. Semiinvasive EEG — interictal analysis

When analyzing interictal semiinvasive EEG, 9 of the 20 patients
(45%) exhibited predominantly unilateral IEDs; 11 of the 20 patients
(55%) exhibited bilateral IEDs. There was no significant difference in
IED distribution (unilateral vs. bilateral IEDs) between patients with
mesial MRI-negative TLE and patients with neocortical MRI-negative
TLE (Table 3).

The IEDs in an extraanterotemporal region were present in 5
of the 20 patients (25%): in 1 of the 13 patients (7.7%) with mesial
MRI-negative TLE and in 4 of the 7 patients (57%) with neocortical
MRI-negative TLE. This difference reached statistical significance
(p = 0.031) (Table 3).

3.4.2. Semiinvasive EEG — ictal analysis

When analyzing semiinvasive ictal EEG, 7 of the 20 patients (35%)
had all of their seizures correctly regionalized/lateralized; the other 13
of the 20 patients (65%) had at least one seizure either nonlateralized
or falsely regionalized/lateralized. Seven of the 13 patients (54%)
had all of their seizures correctly regionalized/lateralized in mesial
MRI-negative TLE; this was true for none of the 7 patients (0%) with
neocortical MRI-negative TLE. This difference was statistically signifi-
cant (p = 0.044, Table 3).

3.5. Ictal semiology

Nineteen of the 20 patients (95%) exhibited an aura. Six (30%) had
epigastric aura; another type of aura was present in the other 13 pa-
tients (65%) (Table 4). We did not find any significant differences

Table 3
The differences in FDG-PET findings and semiinvasive EEG between mesial and neocortical
MRI-negative TLE.

Mesial Neocortical —p-Value
(n=13) (n=7)
FDG-PET findings
Clearcut hypometabolism, n (%) 7 (54) 5(71) 0.642
Interictal analysis
Unilateral IEDs, n (%) 5(38) 4 (57) 0.642
Bilateral [EDs, n (%) 8 (62) 3(43)
Extraanterotemporal [EDs, n (%) 1(8) 4 (57) 0.031
Ictal analysis
All seizures correctly regionalized/lateralized, 7 (54) 0(0) 0.044

n (%)
At least 1 seizure nonlateralized or falsely
regionalized/lateralized, n (%)

6 (46)

RINCH — rhythmic ictal nonclonic hand motions.

between mesial MRI-negative TLE and neocortical MRI-negative TLE in
the type of aura (epigastric vs. other).

A total number of 144 seizures (109 CPSs, 35 GTCSs; 80 seizures
were recorded in semiinvasive EEG, the other 64 in IEEG) were available
for clinical semiology evaluation; the number of evaluated seizures per
patient ranged from 5 to 12 (with an average of 7.2 + 1.8). The number
of evaluated CPSs per patient ranged from 0 to 11 (with an average of
5.5 £ 2.3); the number of evaluated GTCSs per patient ranged from 0
to 5 (with an average of 1.85 + 1.5).

We did not perform a statistical analysis of the semiology between
patients with mesial MRI-negative TLE and patients with neocortical
MRI-negative TLE because of the small number of patients, but it seemed
that there were some signs more often associated with mesial seizure or-
igin (early oroalimentary automatisms, early noninvasive head turning,
RINCH) or lateral seizure origin (periictal face rubbing, Table 4).

3.6. Surgery and surgical outcome

Standard anteromesial temporal lobe resection (AMTR) was per-
formed in 14 patients (70%), tailored cortectomy of the lateral temporal
cortex in 3 (15%), AMTR plus tailored cortectomy of the lateral temporal
cortex in 2 patients (10%), and resection of the temporal pole sparing
the hippocampus in 1 patient (5%).

When analyzing surgical outcome at year 1 after surgery, 12 of the 20
patients (60%) were characterized as Engel I and the other 8 (40%) as
Engel I[I-IV (1 patient Engel II, 4 patients Engel III, 3 patients Engel IV).
There were no significant differences in surgical outcome at year 1
after surgery between mesial MRI-negative TLE and neocortical MRI-
negative TLE, but the tendency of mesial MRI-negative TLE to result in
better surgical outcome was present (Table 5).

Table 5

The differences in histopathological findings and in surgical outcome at year 1 after sur-
gery defined on the basis of Engel classification between mesial and neocortical MRI-
negative TLE.

Mesial Neocortical p-Value
(n=13) (n=7)
Outcome
Engel I, n (%) 9 (69) 3(42) 0.356
Engel II-1V, n (%) 4(31) 4 (57)
Histopathological findings
Negative, n (%) 10 (77) 5(71) 1.000
FCD, n (%) 3(23) 2 (29)

IEDs — interictal epileptiform discharges.

FCD — focal cortical dysplasia.
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3.7. Histopathological findings

The histopathological findings were negative in 15 of the 20 patients
(75%); FCD was present in 5 patients (25%) (FCD la was present in 4 of
the 5 patients (80%) with FCD; FCD Ib was present in 1 of the 5 patients
(20%) with FCD). There were no statistically significant differences in
histopathological findings between mesial MRI-negative TLE and neo-
cortical MRI-negative TLE (Table 5).

4. Discussion

Patients with MRI-negative TLE represent a distinct subgroup of the
patients with nonlesional epilepsy — they differ from the others because
of a relatively good surgical outcome, and therefore, they come to the
forefront of many centers for epilepsy surgery [8,12-14,25,26]. On the
basis of MRI and FDG-PET, Carne et al. described a group of patients
with MRI-negative, PET-positive TLE. This patient type was subsequent-
ly characterized in detail by other authors [8-10,12,13]. For patients
with MRI-negative, PET-positive TLE, FDG-PET hypometabolism is typi-
cal, which correlates with interictal and ictal electrophysiological find-
ings, and these patients had excellent surgical outcomes. In our study
of MRI-negative TLE, 60% of the patients had characteristic FDG-PET
hypometabolism that corresponded to the side of operation; the re-
maining 40% of the patients had either no findings on FDG-PET or the
hypometabolism was lateralized to the nonoperated side. This is
in agreement with the study by Lee et al. in which a correlation of
hypometabolism on PET and side of resection was described in 59% of
patients [14].

Patients with MRI-negative TLE can be classified according to the lo-
calization of their SOZ as mesial MRI-negative TLE or neocortical MRI-
negative TLE. In our study, 65% of the patients were classified as having
mesial MRI-negative TLE, and 35% of the patients were classified as
having neocortical MRI-negative TLE. Luther et al. stated that 25% of pa-
tients have neocortical MRI-negative TLE [17]. In a study by Lee et al., a
group of 32 patients with MRI-negative TLE was analyzed, with 25% of
the patients having “pure” neocortical seizure onset, 38% of the patients
having “pure” mesial seizure onset, and the rest of the patients with in-
dependent or simultaneous mesial and neocortical seizure onset [14].

In our analysis, we tried to find differences between mesial and neo-
cortical MRI-negative TLE based on noninvasive and semiinvasive data
analysis. These differences might be helpful in surgery planning, as
they could distinguish between patients who could proceed directly to
surgery and patients in whom IEEG or perioperative electrocorticogra-
phy is necessary. In our study, we found differences based on
semiinvasive EEG analysis, namely different distribution of IEDs and dif-
ferent ictal onset pattern. In the literature, there are also references
about different ictal semiology between patients with mesial MRI-neg-
ative TLE and patients with neocortical MRI-negative TLE [14].

In our study, extraanterotemporal IEDs were found in approxi-
mately 25% of the patients. We found a statistically significantly higher
incidence of extraanterotemporal IEDs in patients with neocortical
MRI-negative TLE than in patients with mesial MRI-negative TLE (57%
vs. 8%). In the past, the predominance of lateral neocortical IEDs was re-
ported to be associated with lesional neocortical TLE [27].

When analyzing ictal onset patterns in semiinvasive EEG, we found
that only 35% of the patients had all of their seizures correctly
lateralized; the remaining 65% of the patients had at least one seizure
nonlateralized or falsely regionalized/lateralized. We found that pa-
tients with mesial MRI-negative TLE had all of their seizures correctly
lateralized more often than patients with neocortical MRI-negative
TLE (54% vs. 0%). This difference is also supported by literature focusing
on lesional TLE. In a study by O'Brien et al., almost 80% of patients with
neocortical TLE had bilateral ictal activity at onsets, compared to almost
50% of patients with mesial TLE [28]. According to the results, we believe
that the lateralization of ictal activity at the beginning of seizures and
the distribution of IEDs could be an indicator of SOZ localization and

a red flag for surgery, but the possibility of unequivocal localization
(mesial vs. neocortical) seems to be limited.

We did not find any significant differences in demographic data (age
at epilepsy onset, duration of epilepsy, frequency of CPSs, the presence/
absence of GTCS, the presence of potential insults for the develop-
ment of epilepsy, or side of the SOZ) between patients with mesial
MRI-negative TLE and patients with neocortical MRI-negative TLE. No
differences in a group of patients with lesional TLE between mesial
and neocortical TLE were reported with respect to seizure frequency,
proportion with GTCS, or epilepsy history [27,28]. The only characteris-
tic of lesional mesial TLE is the occurrence of febrile seizures by medical
history, which is conditioned by the fact that the febrile seizure is a
known risk factor for hippocampal sclerosis development [29,30]. Sim-
ilarly to other authors, we found only a very low number of patients
with FS (approximately 5% of patients exhibited FS in both studies) [8].

We did not prove any significant differences in the representation of
bilateral IEDs between mesial and neocortical MRI-negative TLE. The
same results were reported by other authors analyzing interictal EEG
differences between mesial and neocortical MRI-negative and lesional
TLE [14,28,31].

In the literature, some ictal semiology features are associated with
mesial seizure onset (i.e., epigastric aura, ipsilateral limb automatism,
contralateral dystonic posturing, and oroalimentary automatisms) and
others with neocortical seizure onset (i.e., psychic, auditory, and visual
aura and early aphasia) [29,32-36]. A study by Lee et al. focusing on dif-
ferences between mesial and neocortical MRI-negative TLE reported a
difference in clinical semiology that reached statistical significance
[14]. All of the patients with exclusively neocortical temporal seizure
onset had typical neocortical temporal semiology in comparison to pa-
tients with mesial and independent or simultaneous mesial and neocor-
tical seizure onset. We observed similar tendencies in our study. On the
other hand, there are also studies which did not find any statistically sig-
nificant difference in semiology between mesial and neocortical TLE
[28].

As mentioned at the beginning of this section, MRI-negative TLE
is characterized by a better surgical outcome than other nonlesional
types of epilepsy, especially in cases of MRI-negative, PET-positive TLE.
LoPinto-Khoury et al. reported that 76% of patients with MRI-negative,
PET-positive TLE are classified as Engel I in year 2 and 75% in year
5 after surgery [12]. In a study by Carne et al., the surgical outcome in pa-
tients with MRI-negative, PET-positive TLE was even slightly better than
in patients with hippocampal sclerosis [8]. In a study published by Kuba
et al. analyzing patients with MRI-negative, PET-positive TLE who had
surgery in our department, 71% of the patients were classified as Engel
[ at the final follow-up [13]. In our present study, 60% of patients were
postoperatively classified as Engel I in year 1 after surgery. Our results
are in agreement with two studies focusing on MRI-negative TLE: Lee
et al. (who reported Engel class I in 65% of patients) and Burkholder
et al. (who reported Engel class I in 55% of patients) [14,15].

When looking at differences in surgical outcome between mesial
and neocortical MRI-negative TLE, we found that patients with mesial
MRI-negative TLE tended to have better surgical prognosis than patients
with neocortical MRI-negative TLE (69% seizure-free vs. 42%), but these
results did not reach statistical significance. Similar results were pub-
lished by Lee et al.: seizure freedom was attained in 70% of patients
with mesial temporal onset and in 33% of patients with neocortical sei-
zure onset [14].

In our study, 75% of the patients had negative histopathological
findings, and the remaining 25% of the patients exhibited signs of
FCD. The Negative histopathology seems to be common in MRI-
negative TLE [8,11]. Carne et al. found FCD in 10% of the patients and
HS in 10% of the patients [8]. Similar results were published by
Immonem et al., who found negative histopathological findings in 68%
of patients with nonlesional TLE; there were HS, signs of gliosis in the
hippocampus/amygdala, oligodendroglioma, and dysembryoplastic
neuroepithelial tumor (DNET) in the remaining 32% of the patients in
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their study [11]. We did not prove any statistically significant differ-
ences in pathology between patients with mesial and neocortical MRI-
negative TLE.

The biggest limitation of our study is the small sample size of 20 pa-
tients with MRI-negative TLE. In such a small group, it is probable that
we missed some of the differences. We believe that there are distinc-
tions between mesial MRI-negative TLE and neocortical MRI-negative
TLE with respect to seizure semiology and to surgical outcome, but we
were not able to prove them statistically. The other problems of our
study are its retrospective design and the “purity” of the group with
mesial MRI-negative TLE, in which 15% of the patients had seizure
onset alternating between the area of the temporal pole and mesial
temporal lobe structures.

5. Conclusions

In conclusion, approximately two-thirds of patients with MRI-
negative TLE have the seizure onset localized to the mesial temporal
lobe structures, and one-third have the seizure onset localized to the
neocortical areas. Noninvasive data, specifically the distribution of
IEDs and the lateralization of ictal activity, contain some features
which help distinguish between mesial and neocortical MRI-negative
TLE. Patients with mesial MRI-negative TLE tend to have IEDs more re-
stricted to the anterotemporal area and to have all of their seizures
clearly lateralized into one temporal lobe. Despite these findings, it
seems that only IEEG is able to provide adequate information about
precise SOZ localization, which is essential for surgery. Only a correctly
tailored resection can result in seizure freedom in a given patient with a
minimal risk of a cognitive decline [ 14]. If we manage to localize the SOZ
correctly in patients with MRI-negative TLE, almost 60% of patients can
become seizure-free after the surgery, which is higher than in other
types of nonlesional epilepsies and almost comparable to lesional ones.
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ABSTRACT

Bilateral temporal lobe epilepsy is characterized by evidence of seizure onset independently in both temporal
lobes. The main aim of the present study was to determine whether patients with evidence of independent bilat-
eral temporal lobe epilepsy (biTLE) can be identified noninvasively on the basis of seizure semiology analysis.
Thirteen patients with biTLE, as defined by invasive EEG, were matched with 13 patients with unilateral temporal
lobe epilepsy (uniTLE). In all 26 patients, the frequency of predefined clusters of ictal and periictal signs were
evaluated: ictal motor signs (IMSs), periictal motor signs (PIMSs), periictal vegetative signs (PIVSs), the frequen-
cy of early oroalimentary automatisms (EOAs), and the duration of postictal unresponsiveness (PU). Some other
noninvasive and clinical data were also evaluated. A lower frequency of IMSs was noted in the group with biTLE
(patients = 46.2%, seizures = 20.7%) than in the group with uniTLE (patients = 92.3%, seizures = 61.0%)
(p = 0.030; p < 0.001, respectively). The individual IMS average per seizure was significantly lower in the
group with biTLE (0.14; range = 0-1.0) than in the group with uniTLE (0.80; range = 0-2.6) (p = 0.003).
Postictal unresponsiveness was longer than 5 min in more patients (75.0%) and seizures (42.9%) in the group
with biTLE than in the group with uniTLE (patients = 30.8%, seizures = 18.6%) (p = 0.047; p = 0.002). The fre-
quency of EOAs, PIMSs, PIVSs, and other clinical data did not differ significantly. There is a lower frequency of ictal

motor signs and longer duration of postictal unresponsiveness in patients with biTLE.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Bilateral temporal lobe epilepsy or also known as bitemporal epilepsy
is often vaguely characterized by the existence of independent seizure-
onset zones in both temporal lobes. Bitemporal epilepsy is not clearly de-
fined and is usually suspected when independent bilateral temporal
seizures are recorded in scalp EEG. Bitemporal epilepsy has been defined
by depth electrodes, as clear clinical and scalp EEG differences that could
noninvasively distinguish bitemporal epilepsy from unilateral temporal
lobe epilepsy have not been established [1]. Patients with bitemporal
epilepsy are generally considered to be poorer surgery candidates than
patients with unilateral temporal lobe epilepsy [2-5]. Seizure semiology
is an important part of the presurgical assessment of epilepsy surgery
candidates. To the best of our knowledge, the seizure semiology in

* Corresponding author at: Brno Epilepsy Center First Department of Neurology,
St. Anne's University Hospital and Faculty of Medicine, Masaryk University, Brno,
Pekarska 53, 656 91 Brno, Czech Republic. Tel.: +420 543 182 645; fax: +420 543 182 624.

E-mail address: rehulka.pavel@fnusa.cz (P. Rehulka).

http://dx.doi.org/10.1016/j.yebeh.2014.09.033
1525-5050/© 2014 Elsevier Inc. All rights reserved.

bitemporal epilepsy and that in unilateral temporal lobe epilepsy have
not been compared in detail. The main goal of this study was to reveal
potential differences between the patients with bitemporal epilepsy
and those with unilateral temporal lobe epilepsy in terms of history
data, semi-invasive EEG findings, and seizure semiology.

2. Methods
2.1. Group definition

We reviewed all of the patients with temporal lobe epilepsy (TLE)
who underwent invasive video-EEG at one of two epilepsy centers in
Czech Republic: the Brno Epilepsy Center at St. Anne's University Hospi-
tal between 1999 and 2012 and the Epilepsy Center Motol at the Univer-
sity Hospital Motol in Prague between 2006 and 2012. We defined the
following criteria for identifying the patients in the group with
bitemporal epilepsy (biTLE): independent bitemporal seizure origin,
defined on the basis of invasive EEG as (1) spontaneous clinical seizures
arising independently from both temporal lobes (electrographic
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seizures were not included in this analysis because their clinical signifi-
cance is not yet clearly determined [6]) and/or (2) habitual complex
partial seizures (CPSs) elicited by the electrical stimulation of the tem-
poral lobe contralateral to the spontaneous seizures. For comparison
purposes, we formed a control group of patients with unilateral tempo-
ral lobe epilepsy (the group with uniTLE). The subjects in this group
were patients with uniTLE who were completely seizure-free for at
least two years after epilepsy surgery. Patients from the group with
uniTLE were matched with patients from the group with biTLE in
terms of age at the onset of epilepsy, age at evaluation, duration of epi-
lepsy, and gender. We selected a group of 26 patients who fulfilled these
matching criteria (13 in the group with biTLE and 13 in the group with
uniTLE). The study was approved by the Ethics Committee of St. Anne's
University Hospital.

2.2. Presurgical evaluation

All 26 patients underwent a comprehensive presurgical evaluation,
including detailed history and neurological examination, neuropsycho-
logical testing, magnetic resonance imaging (MRI), and scalp video-EEG
monitoring. Bilateral carotid sodium amobarbital/methohexital testing
was performed in 11 patients of the group with biTLE and 12 patients
of the group with uniTLE; unilateral testing was available in one patient
of the group with biTLE. Interictal and/or ictal single-photon emission
computed tomography (SPECT) was performed in 10 patients of the
group with biTLE and in seven patients in the group with uniTLE.
Fluorodeoxyglucose positron emission tomography (FDG-PET) was
performed in 12 patients from the group with biTLE and in seven pa-
tients from the group with uniTLE.

Table 1

2.3. Scalp EEG, semi-invasive EEG, and invasive EEG procedures

In all 13 patients in the group with biTLE, invasive video-EEG moni-
toring was a part of the presurgical evaluation. In the patients from the
group with uniTLE, depth EEG was performed in four patients because
their noninvasive data were insufficient to proceed directly to surgery.
Evidence indicates that all 26 patients had mesial temporal lobe epilep-
sy: in all of the patients in the group with biTLE and in four of the pa-
tients from the group with uniTLE who underwent invasive EEG
(patients 14, 15, 18, and 23), the seizure-onset zone (SOZ) was found
within the hippocampus, amygdala, or temporal pole (i.e., antero-
mesio-temporal onset) (see Table 1); in the remaining nine patients
from the group with uniTLE (patients 16, 17, 19, 20, 21, 22, 24, 25, and
26) the lesion localization, long-term video-EEG monitoring with
scalp/sphenoidal electrodes, and FDG-PET findings led us to consider
them to be patients with mesial temporal lobe epilepsy.

Scalp/sphenoidal EEG was performed using the international 10-20
electrode placement system. Multicontact depth electrodes inserted or-
thogonally or diagonally into both amygdalohippocampal complexes
were used in all patients of the group with biTLE. A combination of
two stereotactically implanted depth electrodes and subdural strip elec-
trodes was used in two patients (patients 12 and 13).

Only preoperative EEG data were used for further analysis in all of
the patients.

24. Surgery and outcome measure

Eight patients from the group with biTLE and all of the patients from
the group with uniTLE underwent resective surgery. We recorded the

Demographic and clinical characteristics, histopathology, and outcome in the group with biTLE (patients: 1-13) and in the group with uniTLE (patients: 14-26). M — male;
F — female; TBI — traumatic brain injury; PI — perinatal insult; FSs — febrile seizures; M/E — meningitis/encephalitis; LD — language dominance according to the Wada test; L — left;
R —right; * only unilateral testing performed; SOZ — localization of seizure-onset zone proven by invasive EEG (if performed); AHC — amygdalohippocampal complex; Tpol — temporal
pole; HS — hippocampal sclerosis; DNET — dysembryoplastic neuroepithelial tumor; TL — temporal lobe; MCD — malformation of cortical development; HA — hippocampal atrophy;
MAng — meningioangiomatosis; HIMAL — hippocampal malrotation; FCD — focal cortical dysplasia; VNS — vagus nerve stimulation; AMTR — anteromedial temporal lobe resection;

LE — lesionectomy.

Patient Sex/age at Insult LD Side-SOZ identified  MRI finding Side/surgery Histopathology Follow-up Follow-up VNS Outcome Outcome
evaluation by invasive EEG surgery (years) (Engel)  (Mc Hugh)
(years) (years)
Bitemporal group
1 M/33 TBI L  L-AHC; R-AHC Normal - - - 14 - I
2 M/41 PI, FSs L  L-AHC; R-AHC HS L/AMTR HS grade IV 3 A \
3 F/29 - L R-AHC; L-AHC Tumor R/AMTR DNET 3 - IB -
4 F/25 - L  R-AHC; L-AHC AHC hyperintensity R/AMTR Gliosis 10 - 1A -
5 M/23 - L  L-Tpol, AHC; R- AHC TL hypotrophy L/AMTR FCD IA 2 1 v \
6 F/19 - L  L-Tpol, AHC; R- AHC Normal L/temporal pole Normal 2 1 \% 11
resection
7 F/41 M/E L  R-AHC; L-AHC HS R/AMTR HS grade IIl 2 - A -
8 F/33 - L R-AHC; L-AHC MCD - - - 2 - \%
9 M/47 Pl - L-AHC; R-AHC HA - - - 2 - il
10 F/51 - L  R-AHC; L-AHC TL lesion R/AMTR MAng 1 - A -
11 F/29 PI L R-AHC; L-AHC HIMAL - - - 4 - \%
12 M/41 - L  L-Tpol, AHC; R-AHC Suspected FCD L/AMTR FCDIA 5 - v -
13 M/43 PLM/E L  L-Tpol, AHC; R-AHC HS - - - - - -
Unitemporal group
14 M/33 - L R-AHC HA R/AMTR Normal 9 - 1A -
15 M/29 PI, FSs - - HS R/AMTR HS grade uncertain 10 - 1A -
16 M/41 M/E,FSs L  L-AHC HS L/AMTR HS grade uncertain 9 - 1A -
17 M/21 PI L - HA L/AMTR Normal 3 - IA -
18 F/41 - L L-AHC Normal L/AMTR FCD IA 3 - 1A -
19 M/40 - L - Cavernoma R/extended LE ~ Cavernoma 9 - 1A -
20 F/36 PI, FSs L - HS R/AMTR HS grade uncertain 8 - IA -
21 M/31 - L - HS L/AMTR HS grade Il 7 - 1A -
22 F/24 - L - Tumor R/extended LE =~ DNET 9 - 1A -
23 F/47 - L L-AHC Normal L/AMTR Normal 2 - IA -
24 M/33 - L - Normal R/AMTR Normal 5 - IA -
25 M/43 - L - Normal R/AMTR FCD IA 3 - 1A -
26 M/36 M/E L - HA L/AMTR Normal 4 - 1A -
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seizure outcome at the last follow-up visit for all of the patients and
classified them based on Engel's classification [7]. Individual features,
including side of surgery, follow-up duration, and outcome at the
most recent follow-up visit, are presented in Table 1.

2.5. VNS procedure and outcome measure

Five patients from the group with biTLE received vagus nerve
stimulation (VNS). The implantation procedure was performed in a
standardized manner and under general anesthesia. We recorded the
seizure reduction at the most recent follow-up visit for all of the patients
and classified them based on the McHugh classification for measuring
the efficacy of VNS [8]. Individual follow-up duration and outcome at
the most recent follow-up visit are mentioned in Table 1.

2.6. Histopathological examination

A histopathological examination was performed on patients who
underwent resective surgery. If focal cortical dysplasia was present in
the temporopolar region, the recent ILAE classification system [9] was
used; proven cases of hippocampal sclerosis were classified according
to the classification of Wyler [10].

2.7. Clinical variables

Anamnestic data were collected using a retrospective review of the
medical records, including the presence or absence of insults prior to
the development of the epilepsy such as traumatic brain injury, history
of perinatal insult, history of febrile seizures, history of central nervous
system infection (i.e., meningitis or encephalitis), anamnestic experi-
ence of aura, the presence of <1 or >1 secondarily generalized tonic-
clonic seizure(s) (GTCS(s)) per year (at time of study), and total seizure
frequency per month (TSF) calculated as the mean frequency during the
six months prior to the preoperative evaluation.

2.8. Semi-invasive ictal EEG parameters
Ictal EEGs were analyzed independently by two authors of this study

(PR and ID); disagreements, if present, were resolved by consensus. The
following ictal parameters were evaluated:

Seizure onset (SO) — defined as the time when the first unequivocal
change in patient behavior or in EEG appeared, depending on whether
EEG or behavioral change developed first;

Presence of early rhythmic theta/alpha activity (ERTA) — considered
as a rhythmic 4- to 8-Hz activity present in scalp/sphenoidal elec-
trodes Sp1, Sp2, T1, and T2 within 20 s from the SO;

Time to the development of rhythmic theta/alpha activity (TRTA) —
defined as the time from the SO to the development of rhythmic 4-
to 8-Hz activity in scalp/sphenoidal electrodes Sp1, Sp2, T1, and T2;
Bitemporal propagation time (BPT) — defined as the time from the SO
to the propagation of rhythmic ictal activity to at least one of the
contralateral electrodes Sp1, T1, T3 or Sp2, T2, T4;

Ictal activity duration (IAD) — defined as the time from the SO to the
end of the ictal activity (EIA), i.e., to the replacement of rhythmic ictal
activity with irregular slowing or diffuse attenuation without any
rhythmic ictal activity within all scalp/sphenoidal electrodes.

2.9. Seizure semiology

Scalp, semi-invasive, and invasive ictal video-EEG recordings were
assessed, and the following ictal and periictal signs were evaluated:

* Early oroalimentary automatisms (EOAs) — defined as repetitive
movements of the mouth, such as mastication, swallowing, lip smack-
ing, or blowing, considered only if present within 20 s from the SO

« Ictal motor signs (IMSs) occurring during the ictal period of CPSs,

which included the following:

- Early nonversive head turning — defined as a natural and unforced
lateral movement of the head within first 30 s after the SO [11]

- Lateralized ictal immobility of the upper limb — defined as a condi-
tion lasting more than 10 s in which one of the upper extremities
performs no movement and rests in a natural position next to the
body without visually detected dystonic or tonic posturing, while
the second upper limb demonstrates movement [12]

- Ictal dystonia — defined as an unnatural posture of one upper ex-
tremity associated with the rotatory component [13]

- Rhythmic ictal nonclonic hand (RINCH) motions — defined as uni-
lateral, rhythmic, nonclonic, nontremor motions of an upper ex-
tremity or opening-closing motions of the hand lasting more than
5s5[14]

Periictal vegetative symptoms (PIVSs), which included retching with/

without vomiting, cough, urinary urge, and water drinking; all during

a seizure and/or within 2 min after seizure termination, as defined by

EIA [15]

Periictal motor signs (PIMSs), which included the following:

- Periictal nose wiping or face rubbing — defined as the movement of
one upper extremity directed to the face, rubbing of the nose during
the seizure or within 2 min after seizure termination, as defined by
EIA [16]

- Periictal bed leaving — defined as lateralized leaving from bed dur-
ing seizures or within 3 min after seizure termination, as defined by
EIA [17]

EOAs, IMSs, and PIVSs were analyzed both in CPSs and GTCSs;
PIMSs only in CPSs

Postictal unresponsiveness (PU), which was analyzed only in CPSs and
defined as the time from the end of EEG ictal activity to the recovery of
normal contact, i.e., contact without impaired speech and without
confusion. We used this definition because, usually, it is not possible
to distinguish unequivocally between postictal dysphasia and
postictal confusion in all seizures. The duration of PU was categorized
according to its duration as short (<3 min), medium (3-5 min), and
long (> 5 min).

2.10. Statistical analysis

The distribution of clinical variables was compared between the
group with biTLE and that with uniTLE using the nonparametric
Mann-Whitney test or Fisher's exact test according to their condition
of validity. For all tests, p value < 0.05 was considered statistically signif-
icant. For TRTA, BPT, IAD, and IMSs, we calculated the individual average
for each patient, and then we calculated the median of individual values
for the group with biTLE and that with uniTLE because the individual
values in both groups did not have a normal distribution.

Table 2

Clinical characteristics of the group with biTLE and that with uniTLE; GTCSs — generalized
tonic-clonic seizures; TSF — total seizure frequency per month; NS — statistically
nonsignificant.

biTLE uniTLE p-Value

Number of patients 13 13

Perinatal insult 4 (30.8%) 3(23.1%) NS?
Febrile seizures 1(7.7%) 3(23.1%) NS?
CNS infection 2 (15.4%) 2 (15.4%) NS?
GTCS < 1 per year 10 (76.9%) 10 (76.9%) NS?
Experience of aura 11 (84.6%) 11 (84.6%) NS®
TSF in median [min-max] 7[1-25] 7[1-12] NSP

¢ Fisher's exact test.
> Mann-Whitney test.
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3. Results
3.1. Demographic data

The study included a total of 26 patients: 13 fulfilled the criteria for
the group with biTLE and 13 fulfilled the criteria for the group with
uniTLE. In the group with biTLE, there were 7 females and 6 males,
and the age at the evaluation ranged from 19 to 51 years (with an aver-
age of 34 + 9.8 years). In the group with uniTLE, there were 4 females
and 9 males, and the age at the evaluation ranged from 21 to 47 years
(with an average of 35 + 8.2 years). The data regarding patient charac-
teristics are summarized in Table 1.

3.1.1. Presurgical evaluation — language dominance

In 24 patients, left-sided language dominance was proven according
to the Wada test (Table 1). In patients 9 and 15, the Wada test was not
performed, but other clinical data and neuropsychological results indi-
cated left-sided dominance.

3.1.2. Surgery, histopathological findings, and outcome

Of the 13 patients in the group with biTLE, eight (61.5%) underwent
resective surgery, four (30.8%) received primarily VNS, and one (7.7%)
refused VNS implantation. Three patients received VNS after unsuccess-
ful resective surgery. AMTR was performed in seven (87.5%) out of the
eight patients who underwent resective surgery; the resection of tem-
poral pole was performed in one (12.5%) patient. In the group with
uniTLE, all of the patients underwent resective surgery; AMTR was per-
formed in 11 (84.6%) out of 13 patients, and extended lesionectomy was
performed in the remaining two (15.4%) patients. Histopathological
findings were available in eight (61.5%) patients in the group with
biTLE and in all 13 patients in the group with uniTLE (Table 1). Regard-
ing the outcome in the eight patients from the group with biTLE who
underwent resective surgery, two (25%) patients were classed as
Engel I (IA and IB), one (12.5%) patient was classed as Engel II (1IA),
two (25%) patients were classed as Engel Ill (both IIIA), and three
(37.5%) patients were classed as Engel IV. Seizure outcome in seven
patients with biTLE after VNS implantation were classified, using the
modified McHugh classification, as the following: I (one patient;
14.3%), Il (one patient; 14.3%), Il (one patient; 14.3%), and V (four
patients; 57.1%). In the group with uniTLE, all of the patients were
completely seizure-free after surgery, as defined in the inclusion
criteria.

3.2. Differences between the group with biTLE and the group with uniTLE

3.2.1. Anamnestic data

Anamnestic data describing the group with biTLE and the group
with uniTLE are summarized in Table 2. No statistically significant dif-
ferences were found between the group with biTLE and that with
uniTLE.

Table 3

3.2.2. Semi-invasive ictal EEG parameters

A total of 93 seizures were recorded in 26 patients during semi-
invasive EEG. A total of 35 seizures were analyzed in the group with
biTLE (range = 2-6 per patient; average of 2.69 4+ 1.18) and 58 seizures
in the group with uniTLE (range = 2-9 per patient; average of 4.46 +
2.30). Technically acceptable recordings of all evaluated ictal EEG pa-
rameters were available in 33 (94.3%) out of 35 seizures in the group
with biTLE and in 52 (89.7%) out of 58 seizures in the group with uniTLE.
We did not find any significant differences in terms of predefined semi-
invasive ictal EEG parameters between the group with biTLE and the
group with uniTLE (Table 3).

3.2.3. Seizure semiology

A total of 164 seizures recorded during both semi-invasive EEG and
invasive EEG monitoring were included in the seizure semiology analy-
sis. In the group with biTLE, a total of 86 seizures were analyzed
(range = 4-13 per patient; average of 6.62 4 2.66), including 67 CPSs.
Similarly, in the group with uniTLE, a total of 78 seizures were analyzed
(range = 3-9 per patient; average of 6.00 + 1.87), including 61 CPSs. At
least one IMS was observed in 18 (20.7%) out of 87 seizures in the group
with biTLE and in 47 (61.0%) out of 77 seizures in the group with uniTLE
(p < 0.001). The individual IMS average per seizure was significantly
lower in the group with biTLE, with a median of 0.14 (range = 0-1.0)
than in the group with uniTLE, with a median of 0.80 (range = 0-2.6)
(p = 0.003) (Table 4). The distribution of each particular lateralizing
sign in both groups is shown in Table 5. Table 5 also provides information
about the percentage of lateralizing signs that were concordant with SOZ
(in the group with uniTLE) or with the predominant SOZ (in the biTLE
group). Postictal unresponsiveness shorter than 3 min was observed in
18 (28.6%) out of 63 seizures in the group with biTLE and in 34 (57.6%)
out of 59 seizures in the group with uniTLE. In contrast, PU was longer
than 5 min in 27 (42.9%) out of 63 seizures in the group with biTLE
and in 11 (18.6%) out of 59 seizures in the group with uniTLE. This differ-
ent distribution of PU among seizures of both groups reached statistical
significance (p = 0.002) (Table 6). In the group with biTLE, the invasive
part of the evaluation revealed six patients with a predominant SOZ in
the left (i.e., language-dominant) hemisphere, six patients with a pre-
dominant SOZ in the right (i.e., language nondominant) hemisphere,
and one patient with a 1:1 ratio of seizures originating from both hemi-
spheres. In the group with uniTLE, there were seven patients with a SOZ
in the left (i.e,, language-dominant) hemisphere and six patients with a
SOZ in the right (i.e., language nondominant) hemisphere. In the group
with biTLE, we analyzed a total of 63 seizures, from which 29 were reg-
istered in patients with a predominant SOZ in the left (i.e., language-
dominant) side (46.0%) and 34 seizures in patients with a predominant
SOZ in the right (i.e., language nondominant) side. In the group with
uniTLE, we analyzed a total of 59 seizures, from which 35 were in pa-
tients with a predominant SOZ in the left (i.e., language-dominant)
side (59.3%) and 24 seizures in patients with a predominant SOZ in the
right (i.e., language nondominant) side. Other features of ictal and
periictal semiology did not differ significantly between the two groups
(Table 4).

Characteristics of biTLE and uniTLE semi-invasive ictal EEG data. ERTA — presence of early rhythmic theta/alpha activity; TRTA — time to rhythmic theta/alpha activity; BPT — bitemporal

propagation time; IAD — ictal activity duration; NS — statistically nonsignificant.

biTLE uniTLE p-Value
ERTA/number of analyzed seizures 31/34 (91.2%) 52/53 (98.1%) NS?
Individual TRTA average [min-max| (seconds) 8.0 [2.0-60.5] 4.3[1.0-10.5] NSP
Individual BPT average [min-max]| (seconds) 13.5[1.0-64.5] 10.5 [3.5-30.0] NSsP
Individual IAD average [min-max] (seconds) 80.0 [49.0-332.5] 74.5 [26.0-143.0] NSP

¢ Fisher's exact test.
> Mann-Whitney test.
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Table 4

Comparison of ictal and periictal semiology between the group with biTLE and that with
uniTLE. EOAs — early oroalimentary automatisms; IMSs — ictal motor signs; PIVSs —
periictal vegetative symptoms; PIMSs — periictal motor signs; NS — statistically
nonsignificant.

biTLE uniTLE p-Value
Number of patients/seizures 13/87 13/77
EOAs in > 1 seizure 9 (69.2%) 7 (53.8%) Ns*
EOAs in seizures 25 (28.7%) 18 (23.4%) NS®
IMSs in >1 seizure 6 (46.2%) 12 (92.3%) p = 0.030%
>1 IMS in seizures 18 (20.7%) 47 (61.0%) p <0.001%
Individual IMS average per 0.14[0-1.0] 0.80[0-2.6] p = 0.003"
seizure [min-max]
PIVSs in >1 seizure 4 (30.8%) 7 (53.8%) NS*
>1 PIVS in seizures 13 (14.9%) 14 (18.2%) NS®
PIMSs in >1 seizure 11 (91.7%)¢ 11 (84.6%) NS?
>1 PIMS in seizures 40 (62.5%) 34 (57.6%) NS?

@ Fisher's exact test.

> Mann-Whitney test.

¢ Seizures of patient no. 9 were not analyzed [all registered seizures were secondarily
generalized].

Table 5

The distribution of the occurrence among the four ictal motor signs by group and
lateralizing value with respect to the predominant side of seizure-onset zone. IMSs — ictal
motor signs; SOZ — localization of seizure-onset zone; ENHT — early nonversive
head turning; ID — ictal dystonia; LIl — lateralized ictal immobility of the upper limb;
RINCH — rhythmic ictal nonclonic hand motions. ENHT was considered concordant if it
occurred ipsilateral to the predominant SOZ; the other three IMSs (ID, LII, and RINCH)
were considered concordant if they occurred contralateral to the predominant SOZ.

biTLE uniTLE

Total number  IMSs concordant ~ Total number  IMSs concordant

of seizures with the of seizures with the

where IMSs predominant where IMSs side of SOZ

are present side of SOZ are present
ENHT 5 4/5 (80%) 31 27/31 (87.1%)
ID 1 1/1 (100%) 16 16/16 (100%)
LIl 18 15/18 (83.3%) 30 28/30 (93.3%)
RINCH 1 0/1 (0%) 4 4/4 (100%)

Table 6
Postictal responsiveness in the group with biTLE and that with uniTLE. CPSs — complex
partial seizures; PU — postictal unresponsiveness; NS — statistically nonsignificant.

biTLE uniTLE p-Value
Number of patients/seizures 12%/63 13/59
PU in all CPSs < 5 min 3(25.0) 9 (69.2) p = 0.047°
PU in all CPSs > 5 min 9 (75.0) 4(30.8)
PU < 3 min 18 (28.6) 34 (57.6) p = 0.002°
PU 3-5 min 18 (28.6) 14 (23.7)
PU > 5 min 27 (42.9) 11 (18.6)

@ Seizures of patient no. 9 were not analyzed [all registered seizures were secondarily
generalized].
b Fisher's exact test.

4. Discussion
4.1. Definition of bitemporal epilepsy

Although the existence of independent bitemporal seizure onsets
has been clearly demonstrated by invasive EEG recordings, the term
“bitemporal epilepsy” differs substantially among published studies
and is used in various clinical situations. Bitemporal epilepsy was
defined in previous invasive studies as intractable TLE with “at least
one independent seizure arising from each temporal lobe” [1,3-5],
“predominance of seizure origin <80% in one from both temporal

lobes” [19], or was defined by various combinations of criteria (scalp
and sphenoidal EEG, MRI findings, and neuropsychological results) in-
dependently on invasive EEG results [20]. In other studies, the term
“bitemporal epilepsy” was interpreted as clinical seizures arising inde-
pendently from both temporal lobes in scalp EEG recordings [21] or bi-
lateral independent seizure origin in scalp or invasive EEG recordings
[22,23]. As a rule, patients with only interictal bitemporal epileptiform
abnormalities were not declared as patients with bitemporal epilepsy
[19,24-29]. Our definition of a group with bitemporal epilepsy is similar
to that of Hirsch et al. [ 1], with the exception of the inclusion of patients
with habitual complex partial seizures elicited by electrical stimulation.

4.2. Anamnestic data

We did not observe any significant difference between the two
groups with respect to epilepsy risk factors. In agreement with a previ-
ous study by Hirsch et al. [1], we did not notice any statistical difference
between the group with biTLE and the group with uniTLE in terms
of TSF, GTCS frequency, or anamnestic experience of aura. We did not
evaluate other history data such as age at epilepsy onset, duration of
epilepsy, or histopathological findings. These parameters do not
differ statistically between bitemporal and unitemporal patients [1], al-
though one study showed an earlier age at epilepsy onset in bitemporal
patients [18].

4.3. Semi-invasive EEG ictal parameters

We did not find any significant differences between the group with
biTLE and that with uniTLE in terms of predefined EEG variables. The
high incidence of ERTA in both the group with biTLE and the group
with uniTLE is a typical ictal EEG finding in patients with TLE [30].
Parameters describing time course of seizures (BPT and IAD) were not
found to play any role in biTLE identification because both groups varied
extremely, both interindividually and intraindividually. This supports
the previously observed vast diversity in propagation models [31-35].

4.4. Ictal and postictal semiology

We systematically assessed the semiology of biTLE in comparison
with uniTLE. Hirsch et al. [3] did not find significant differences in
bitemporal epilepsy when analyzing the clinical uniformity of seizures
originating in each temporal lobe. In contrast to some previous compre-
hensive semiologic studies in TLE [36,37], we analyzed the frequency of
separate symptoms (EOAs and PU) as well as the frequency of
predefined symptom clusters (IMSs, PIVSs, and PIMSs). The first main
difference between the group with biTLE and the group with uniTLE
was the lower frequency of IMSs in the course of the seizures in patients
from the group with biTLE. The second significant difference was longer
PU in the group with biTLE than in the group with uniTLE. One possible
reason for the lack of IMSs in the majority of the seizures in the group
with biTLE may be a more rapid contralateral seizure spread in biTLE
than in uniTLE, which does not permit the evolution of typically
lateralized TLE semiology. Although the short contralateral spread
may be due to the presence of a more seizure-prone contralateral hip-
pocampus [31], there may also be evidence of specific independent or
connected networks in both temporal foci. Our results from scalp and
sphenoidal EEG did not directly support these hypotheses. The hypoth-
eses should be tested with a depth electrode study with a detailed anal-
ysis of the ictal involvement of the main structures of both temporal
lobes, which was impossible in our study.

To the best of our knowledge, the term “postictal unresponsiveness”
has not been used and evaluated in CPSs in TLE to clinically describe the
altered behavioral state in the meaning of postictal dysphasia and/or
confusion. Privitera et al. [38] introduced the Cincinnati method of
postictal language assesment, in which postictal confusion does not in-
terfere or rarely interferes with postictal language testing [39]. The
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ability to correctly read a test phrase during the first 60 s after the end of
ictal EEG activity lateralizes seizure origin to the nondominant hemi-
sphere whether [38] or not it is propagated to the dominant temporal
lobe [40]. When multiple task postictal language testing was used previ-
ously, there were no significant differences between left-sided seizures
and right-sided seizures in the mean interval to the first correct verbal
response [41]. The main limitation of multiple task postictal testing is
that there is no single task presentation (and, consequently, no clear-
cut time of each task presentation). In the present study, we used mul-
tiple task testing, but we measured the interval to full recovery of nor-
mal contact without impaired speech and without confusion. Late
phases of the postictal period were divided into three relatively long pe-
riods, with the first cutoff notably long after the sensitive period of the
Cincinnati method (i.e., 3 min after the end of the seizure). This differ-
ence between the group with biTLE and the group with uniTLE is not
caused directly by a different seizure duration (IAD) or by the distribu-
tion of the predominant SOZ side among both hemispheres in the group
with uniTLE and the group with biTLE. Based on these results, we sup-
pose that the difference in “postictal unresponsiveness” between the
two groups was not caused by more seizures arising from the
language-dominant side in patients in the group with biTLE, even
though invasive recordings of all of the seizures were not used in this
part of analysis. Further detailed study is needed. Postictal unrespon-
siveness longer than 3 min probably indicates temporal lobe seizures
with origin or propagation in/to the dominant hemisphere and/or sei-
zures with prolonged postictal confusion. The major proportion of pa-
tients and seizures with PU longer than 5 min in the group with biTLE
may be explained by hypothetically more profound functional impair-
ment of both temporal lobes in the group with biTLE. One may speculate
that the effect of a seizure is more profound in the group with biTLE, be-
cause both temporal lobes are seizure-prone.

4.5. Surgery and outcome

In our study, 61.5% of the patients in the group with biTLE
underwent resective surgery, which is comparable with the literature.
In previous series with invasive EEG, the percentage of evaluated
bitemporal patients who had surgery was 43-53% [3,4,21]. Literature
data concerning the postoperative outcome in patients with bitemporal
epilepsy are difficult to interpret because outcome assessment differs
among studies. Published data imply that 75-100% seizure reduction
(not including auras) was achieved in 50.0-93.3% of operated patients
[3,4,18,21], and completely seizure-free outcome was achieved in
12.5-45.5% of operated patients [3,5,18].

Favorable VNS efficacy in the treatment of bitemporal epilepsy was
documented in a proportion of patients as comparable with other epi-
lepsy syndromes [22,42]. Our results of resective surgery and VNS effi-
cacy are limited because of the low patient number. One patient
reached seizure freedom; VNS was effective (McHugh I or II) in about
one-third of our patients.

5. Conclusions

Our study analyzes differences in seizure semiology between
bitemporal TLE and unilateral TLE. We demonstrated a higher frequency
of ictal motor signs in patients in the group with uniTLE and longer
postictal unresponsiveness in patients in the group with biTLE. The
major limitation of this study was the small sample size. Further evalu-
ation on the basis of invasive EEG is needed to confirm the results of our
study.
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Method: 74 adults with VNS for 10 to 17 years were evaluated yearly as: non-responder — NR (seizure
frequency reduction <50%), responder - R (reduction > 50% and <90%), and 90% responder - 90R
(reduction > 90%). Delayed R or 90R (>4 years after surgery), patients with antiepileptic medication
changes and battery or complete system replacement were identified. Statistical analysis of potential
outcome predictors (age, seizure duration, MRI, seizure type) was performed.

Results: The rates of R and 90R related to the patients with outcome data available for the study years 1, 2,
10, and 17 were for R 38.4%, 51.4%, 63.6%, and 77.8%, and for 90R 1.4%, 5.6%,15.1%, and 11.1%. The absolute
numbers of R and 90R increased until years 2 and 6. Antiepileptic therapy was changed in 62 patients
(87.9%). There were 11 delayed R and four delayed 90R, with medication changes in the majority. At least
one battery replacement was performed in 51 patients (68.9%), 49 of whom R or 90R. VNS system was
completely replaced in 7 patients (9.5%) and explanted in 7 NR (9.5%). No significant predictor of VNS
outcome was found.

Conclusions: After an initial increase, the rate of R and 90R remains stable in long-term follow-up. The
changes of antiepileptic treatment in most patients potentially influence the outcome. Battery
replacements or malfunctioning system exchange reflect the patient’s satisfaction and correlate with

good outcomes.

© 2018 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Since the firstimplantation in humans in 1988 and Food and Drug
Administration (FDA) approval in 1997, vagus nerve stimulation
(VNS) has become an accepted palliative treatment modality for
patients with drug-resistant epilepsy not suitable for resective
surgery. The effect of VNS on seizure frequency and severity was

Abbreviations: FDA, food and drug administration; VNS, vagus nerve stimula-
tion; ILAE, international league against epilepsy; MRI, magnetic resonance imaging;
NR, non-responder; R, responder; 90R, 90% responder; DBS, deep brain stimulation.

* Corresponding author at: Department of Neurosurgery, Masaryk University
Medical Faculty, St. Anne’s Hospital Brno Pekaiska 53, 656 91, Brno, Czech Republic.

E-mail addresses: jan.chrastina@fnusa.cz (J. Chrastina), zdenek.novak@fnusa.cz
(Z. Novak), tomas.zeman@fnusa.cz (T. Zeman), jitka.krizova@fnusa.cz (J. Kotvarova)
, martin.pail@fnusa.cz (M. Pail), irena.dolezalova@fnusa.cz (1. DoleZalova),
jarkovsky@iba.muni.cz (J. Jarkovsky), milan.brazdil@fnusa.cz (M. Brazdil).
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confirmed by randomized controlled trials [1,2,3,4]. However the
follow-up period in the first three studies did not exceed 26 weeks
[1,2,3]. The last paper, a metanalysis of 74 studies with 3321 enrolled
patients, proved a significant reduction of seizures at 3-12 months
after surgery (36%) and an increasing effect of VNS on seizure
reduction at >1lyear after surgery [4]. Other studies confirm a
cumulative effect of VNS in medium-duration follow-up. For
example, the median seizure reduction in 454 patients enrolled in
five double-blind US studies improved from 35% to 44% at two years
[5]. Similarly, a European study confirmed that treatment duration
was significantly correlated with the percentage of seizure frequency
reduction [6]. With increased experience, studies reporting post-
VNS outcomes for up to 5 years [7,8] and studies covering follow-up
periods exceeding 10-11 years have been published [9,10,11,12]. The
effectof VNS on seizure reduction has been discussed in combination
with other aspects of VNS: post-VNS quality of life [ 12] and surgical
problems [9].

1059-1311/© 2018 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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The first aim of the study is to present the results of VNS
systems implanted for > 10 years in patients with drug-resistant
epilepsy followed in a specialized epilepsy center in a longitudinal
time axis. The effect of VNS on seizure reduction is quantified
yearly in terms of responder rates for the entire study period from
stimulation onset to study completion. There were marked
developments in the field of antiepileptic drugs during the study
period. In terms of new medications during the study period
(January 2000-November 2017), the date of levetiracetam
registration was 29 Sept 2000, for zonisamide 10 Mar 2005 and
for pregabalin 6 July 2004. The impact of medication changes
during the follow-up period on seizure outcome is also studied,
particularly in patients with late or delayed VNS response.

The satisfaction with VNS treatment can be quantified by
sophisticated scales evaluating the different aspects of the quality
of life [13], but a simple criterion - the frequency of battery
replacement after depletion (indicating the patient’s or the
physician’s will to continue VNS therapy in mutual agreement)
- can provide a simplified answer. Moreover, surgical problems
with the implanted system require revision and replacement and
the rate of patients willing to undergo the surgery to continue the
VNS therapy during the prolonged follow-up period also provide
data about patient satisfaction with the results. Therefore the
second aim of the study is the analysis of surgical problems of long-
term VNS, with attention to reoperations and system complica-
tions in the long-term follow-up period, for which there are only a
few comparable papers [10,12]. Finally statistical analysis of
potential long- term VNS outcome predictors was performed;
unfortunately there are currently no universally accepted outcome
predictors for VNS. However, based on previously published papers
aiming to find VNS outcome predictors, age, seizure duration, age
at seizure onset, MRI findings (diffuse, focal, mesiotemporal
sclerosis and negative) and the prevailing seizure type (complex
partial seizure - focal aware - ILAE 2017, simple partial seizure -
focal impaired awareness - ILAE 2017, and other), were selected as
potential predictors for statistical analysis [4,14-16].

2. Material and methods

Adult patients (age > 18 years) with VNS systems (Cyberonics,
Inc., Houston, Texas, USA) implanted at the author’s department
for > 10 years ago were retrospectively identified from a prospec-
tively constructed database of the patients who had surgery for
drug-resistant epilepsy at the comprehensive Brno Epilepsy
Center. Prior to VNS implantation, all patients underwent a
detailed preoperative investigation at the center and were ruled
out as suitable candidates for resective epilepsy surgery. After
standard implantation of the left vagus nerve stimulation system
(2N, JC), all the patients were followed at the First Department of
Neurology at regular intervals (2, 4, 6, 12 and 18 months; then
yearly). VNS parameter adjustments and modifications of antiepi-
leptic medication were made strictly according to the clinical
decision of the epileptologist.

Based on post-VNS seizure reduction, the patients were graded at
the follow-up visits as non-responders — NR (seizure frequency
reduction <50%), responders — R (reduction > 50% and <90%), or 90%
responders — 90R (reduction > 90%). When the VNS system was
switched off due to a response that was not clinically relevant, the
patient was moved to the “stimulation off” category and remained
there until the end of the follow-up period; other patients were
categorized as having had system explantation (“explantation”), as
lost to follow-up care (“patientlost”), or as having died for any reason
(“dead”). Missing data for a single follow-up visit moved the patient
to the “data missing” category for that particular follow-up point.
Patients with late response to VNS (shifting from the NR category to
the R category, or from the R to the 90R category at > 4 years after

surgery), as well as patients with fluctuating or worsening response
to VNS during the follow-up period, were identified. The percentages
of R, 90R, and Good outcomes (R +90R) for each study year were
related to all the patients with follow-up results available for the
defined study year (excluding patients categorized as “dead”, “data
missing”, or “lost”).

The medical reports of late responders were checked for
medication changes during the year prior to the improved
response. The percentage of patients with medication changes
(including permanent dosage changes) during the follow-up
period was also calculated.

Patients with battery replacement during the follow-up period
were identified from the database and confirmed from surgical
reports. Similarly, patients requiring complete VNS system
replacement (including the helical electrode) were identified,
and the cause of system failure was determined from the surgical
report. The rates of 90R and Good outcomes were selected as the
endpoints of the statistical analysis. The time points for analysis
were defined at year 10 and final follow up. Absolute and relative
frequencies were accepted for the description of endpoints
occurrence. Logistic regression was used for the analysis of relation
between predictors and endpoints; odds ratios, their 95%
confidence intervals and statistical significance were used for
the description of this relationship.

3. Results

The study included 74 adult patients (33 males, 41 females)
who had VNS implanted between January 2000 and November
2007. The mean patient age at implantation was 31.1 years (range
18-59 years; standard deviation 10.65 years). There was a history
of previous neurosurgical operations in 20 patients (simple
lesionectomies in six patients, failed extratemporal or temporal
resections in four patients, stereotactic lesional surgeries in seven
patients, stereoelectroencephalography not providing adequate
data for resective surgery in three patients). Two patients had brain
hypothermia. The first case was a 35-year-old male with seizure
onset at the age of 2 years (frontal absences with secondary
generalization). Hypothermic treatment was administered at the
age of 17 years, but without effect on seizure frequency or severity.
MRI showed gliotic changes after ventricular punctures. Because
the investigations failed to localize the epileptogenic focus, the
patient had VNS system implanted, and was categorized as a
Responder. The second patient (a 37-year-old male) was treated at
another department for multifocal epileptic seizures by stereotac-
tic surgeries (coagulation of the right Forel field, rostral cingulum,
and right thalamic nuclei) and with brain hypothermia. After VNS,
he was graded as 90R.

Six patients were lost to follow-up before study year 10 (one
90R and five R at the last follow-up). Two patients died before
study year 10 (one NR suffered a severe brain injury after epileptic
seizure and one NR due to malignant retroperitoneal tumor). The
outcome data at the year 10 follow-up visits were available for 66
patients.

Follow-up data of patients with VNS implanted for 17 years
were available for nine patients (two patients were lost to follow
up; one patient died from neurodegenerative disease).

During the whole study period, there were 8 patients lost to
follow-up care (one 90R and 7 R at the last follow-up). Five patients
died during the follow-up period. In three patients, the cause of
death was unrelated to epilepsy (retroperitoneal malignancy,
urinary bladder cancer, and neurodegenerative disease). In one
patient, the death was related to epilepsy: a fatal brain injury
caused by a fall during an epileptic seizure. The possibility of
SUDEP could not be excluded in one patient who reportedly died
from heart failure.
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Table 1
VNS outcomes - years 1-9.
Study Year 1 2 3 4 5 6 7 8 9
NR 44 30 28 21 16 11 10 9 6
R 28 37 37 36 36 37 38 38 41
90R 1 4 7 10 12 13 11 12 10
Stimulation Off 0 0 1 2 3 3 4 4 6
Explantation 0 1 1 1 3 4 4 4 4
Patient Lost 0 0 0 2 3 5 5 6 6
Dead 0 0 0 0 0 1 1 1 1
Data Missing 1 2 0 2 1 0 1 0 0
Together 74 74 74 74 74 74 74 74 74
Good results (R +90R) 29 41 44 46 48 50 49 50 51
Bad results (NR+ Stimulation Off + Explantation) 44 31 30 24 22 18 18 17 16
R rate (%) 384 514 50.0 514 514 544 56.7 56.7 61.2
90R rate (%) 14 5.6 9.5 14.3 171 19.1 16.4 17.8 14.7
R +90R rate (%) 39.8 57.0 59.5 65.7 68.5 73.5 731 74.5 75.9

General overviews of the results are presented in Table 1
(follow-up years 1-9) and Table 2 (follow-up years 10-17) and
Graphs 1 and 2.

The rates of R, 90R and Good outcomes can be related to the
complete group of patients (including patients with no available
data because they were lost to follow-up, dead, or had data
missing). This calculation underestimates the percentage of good
results, because it in fact presumes that all patients with
unavailable results had bad outcomes. The second possibility is
that the rates of R, 90R, and Good outcomes are related to the
patients with available follow-up data. This calculation over-
estimates the percentage of good results when the data
unavailability is caused by the dropout of patients who are not
doing well. Seven of the patients who were lost to follow-up were
categorized as R and one as 90R before their loss. Of the five
patients who died during the study period, two patients were
graded before their death as 90R, one as R, and two as NR. Three of
the patients categorized as “data missing” at a certain follow-up
point were graded as NR at the next follow-up; two of them
finally reached R grading. The other two patients categorized as
“data missing” at a certain visit were evaluated as R and 90R at the
next follow-up. Because good results were documented in the
vast majority of the patients who were lost to follow-up care,
dead, or had data missing, the rates of R and 90R were related to
the group of patients with follow-up data available (excluding
“lost”, “dead”, or “data missing”); in author’s opinion, this
minimizes the distortion of results. The probable reason that
patients with good outcomes dropped out was their choice to
continue follow-up care in their native country or closer to their
home (our center was the first in the country to start systematic
VNS implantation).

From the 28 patients evaluated as VNS responders at the one-
year follow-up visit, the number of responders increased to 37 at
the two-year follow-up visit and remained stable with minimal
fluctuations (36-42) until study year 10. The number of 90R
increased until study year 6. This trend is also reflected in the
dynamics of Good outcomes (R+90R): the peak number was
reached at study year 6 and then remained stable with minimal
fluctuations (49-52). The nearly steady number of R from study
year 2 can be explained by the dynamic equilibrium of patient
inflow from the NR to R category together with the outflow from R
to 90R and by the dropout of Responders. The 90R rate increases
from 1.4% at year 1 to 19.1% at study year 6, then slightly decreases
due to the dropout of two 90R patients reaching 15.4% at study year
10. The R and Good outcome rates increase from 38.4% and 39.8% at
study year 1, to 51.4% and 57.0% for study year 2, and to 63.1% and
78.7% at study year 10.

Because the number of study patients decreased during years
10 to 17, only the rates of R, 90R and Good outcomes were analyzed.
The 90R rates fluctuate between 11.1% (study year 17; only 9
patients available for analysis) and 20% (study year 15). The R rate
remains relatively stable between years 10 and 16 (56.1% to 63.1%)
with an R rate of 77.8% at study year 17. The Good outcomes rate
varies between 70.8% and 81.8% for study years 10-16 and reaches
88.9% for study year 17.

Twelve patients were graded as 90R at their final follow-up visit
(including one patient lost to subsequent follow-up care and one
patient who died of neurodegenerative disease). A seizure-free
period lasting at least one year prior to the final follow-up was
achieved in two patients (one patient had a 13 year-seizure-free
period after three years evaluated as NR; one patient was 9 years
seizure free after a one-year follow-up evaluation as NR).

Table 2

VNS outcomes - years 10-17.
Study year 10 11 12 13 14 15 16 17
NR 3 3 1 1 0 0 0 0
R 42 34 28 23 17 15 10 7
90R 10 10 9 6 4 5 3 1
Stimulation Off 6 5 4 4 3 1 1 0
Explantation 5 5 7 7 5 4 2 1
Patient Lost 6 3 3 3 3 2 2 2
Dead 2 2 2 4 4 4 2 1
Data Missing 0 0 0 0 0 0 0 0
Together 74 62 54 48 36 31 20 12
Good results (R +90R) 52 44 37 29 21 20 13 8
Bad results (NR+ Stimulation Off + Explantation) 14 13 12 12 8 5 3 1
R rate (%) 63.6 59.6 60.8 56.1 58.6 60.0 63.1 77.8
90R rate (%) 15.1 175 18.3 14.6 13.9 20.0 18.7 111
R +90R rate (%) 78.7 771 75.5 70.7 72.5 80.0 81.8 88.9
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Graph 1. The dynamics of R and 90R rate in time - study years 1-9.
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Graph 2. The dynamics of R and 90R rate in time - study years 10-17.

During the study period, previously switched off VNS systems
were explanted in seven NR patients because of further evaluation
for resective surgery, deep brain stimulation (DBS), or at the
patient’s request. The system was completely removed in six
patients. In one patient the battery was removed for cosmetic
reasons and the helical electrodes around the nerve were
intentionally left at the patient’s request.

Antiepileptic therapy remained unchanged during the study
period in nine patients (12.1%).

11 patients (14.8%) achieved an R grade not earlier than at the
year 4 follow-up visit. During the last year before their favorable
response, there were medication changes in nine of them (Table 3);
six had increased their medication dose. Four patients improved
from R to 90R not earlier than at the year 4 follow-up visit. Three of
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Table 3
VNS patients with delayed R rate.

Patient Year of significant Medication change Type of change
number response
1 4 no change no change
2 8 yes increased lacosamide dose
3 4 yes increased topiramate dose
4 6 yes increased zonisamide dose
5 4 no change no change
6 7 yes increased levetiracetam dose
7 4 yes stopped levetiracetam, started lamotrigine
8 6 yes increased pregabalin dose
9 10 yes clonazepam added
10 4 yes stopped primidone, started topiramate
11 4 yes increased levetiracetam dose
Table 4
VNS patients with delayed 90R rate.
Patient number Year of 90R Grading before 90R Medication change Type of medication change
1 4 R no change no change
2 4 R yes carbamazepine dose reduction, increase of VNS stimulation
3 4 R yes stopped pregabalin, started clonazepam
4 5 R yes added clonazepam and lamotrigine

them had changes in antiepileptic treatment in the previous year
(Table 4).

Three patients with fluctuating response to VNS were identi-
fied. One patient was initially graded as R; at the years 3 and 4
visits, she deteriorated to the NR category, but during all the
following visits she was graded as R. Another patient was graded as
R during the entire follow-up period except for at the years 5 and 6
follow-up visits, where she was graded as NR. One patient with a
fluctuating response deteriorated to NR after the year 5 follow-up
visit (R year 1, NR years 2 and 3, R years 4 and 5, NR after year 5).

During the study period, one or more battery replacements were
performed due to the depleted battery in 51 patients (68.9%). At the
time of battery replacement, 49 patients (66.2%) were graded as R or
90R. Battery replacement was also indicated in two NR patients; the
seizure reduction rate was 30-40% in both with positive effects from
extrastimulation. In 11 patients, the battery was replaced twice; in
one patient, it was replaced three times. A complete system
replacement was necessary for seven patients (categorized as R
before system problems) (9.5%); in one of them, the entire system
had to be replaced twice. In all patients, the indication for system
replacement was excessive system impedance with decreasing
stimulation efficacy. During surgical revision, only fibrosis around
the helical electrodes and nerve was found in all patients. There was
no case of electrode violation or helical electrode dislocation.

Further surgeries in NR patients were performed after VNS
system explantation; these included DBS (bilateral anterior
thalamic nucleus) in two patients and resective surgeries in two
patients (anteromedial temporal resection initially refused by the
patient and frontal topectomy after stereoelectroencephalogra-
phy). In all the patients operated on after VNS explantation, the
results of postexplantation MRI did not differ from the preVNS
findings. Among the remaining nonresponders who underwent
VNS explantation, there was no case with a resectable lesion
detected even using high field MRI.

The rate of VNS system infection and wound breakdown was 0%.
There was one case of seroma and another case of hematoma
around the battery, both conservatively treated without further
consequences.

Among the parameters potentially predicting long term VNS
outcome no significant predictor of VNS outcomes as measured by

the frequencies of endpoints (90R and Good outcomes) was found
using the selected statistical methodology.

4. Discussion

The presented study has a long follow-up period, lasting from
10 to 17 years. The results confirm that the benefit to patients with
VNS from systematic treatment in a specialized epilepsy center
increases over time. When comparing our results with a long-term
study by Wasade et al. [12] with 207 patients, the overall results
regarding seizure control are comparable (>50% seizure reduction
in 68% of patients) with the exception of higher seizure freedom
rates in the Wasade study (20%). In the Wasade study, 22 patients
were surveyed from a group of 36 patients with VNS durations of
10 to 14 years (13 with favorable outcomes), and 11 patients were
surveyed from a group of 24 patients with follow-up care lasting
over 15 years (seven favorable outcomes). Our study had a higher
rate of patients available for analysis.

The steady rise of good outcome rates (R + 90R) after study year
2 together with the percentage of patients with late response to
VNS (>4 years postimplantation) support prolonging the waiting
period before evaluating VNS as ineffective. The adequate duration
of this period is unclear [8]. Salinsky et al. [17] suggested that
patient response during the first three months could foretell
subsequent treatment effectiveness. However, Schachter et al. 18]
encouraged continuing VNS for up to two years before discontinu-
ation due to inefficacy. A long-term increase in VNS responder
rates was supported by the extensive multicenter study published
by Kuba et al. [19] with responder rates of 44.4% at one year after
stimulation was initiated increasing to 58.7% after two years and
64.4% at five years. In a paper by Uthman et al. [20], the decrease of
seizure frequency was 26% after one year, 30% after five years, and
52% after 12 years of VNS. Ryzi et al. [21] assessed long-term
seizure outcomes in a group of 15 children with the mean seizure
reduction of 42.5% at one year, 54.9% at two years, and 58.3% at five
years. The responder rates remained stable at study year 2, at 60%,
and at study year 5, at 60%. Serdaroglu et al. [11] confirmed that,
once achieved, positive VNS results are stable or improve over
time. In our study, only one patient deteriorated to NR after five
years of follow-up observation with a fluctuating response. Despite
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the difficult calculations of the R rate and 90R rate considering the
drop of patients, the results are comparable with the literature data
both for study period years 1-10 and years 11-17.

During the study period, antiepileptic treatment was changed
in 87.9% and remained unchanged in 12.1% of patients. The high
percentage of patients with antiepileptic medication changes was
undoubtedly related to the boom in this field. In a paper by Arcand
et al. [22], the percentages of VNS patients with medication
changes in type or dose during follow-up care were 57% at 6
months, 33% at 12 months, 59% at 24 months, and 81% at 36
months (mainly dose increases). The percentage of responders did
not match the increased number of patients with medication
changes - 43% at 6 months, 48% at 12 months, 41% at 24 months,
and 50% at 36 months. A detailed analysis proved that maximum
improvements correlated with the time of changed medication.
These results correlate with our findings about medication changes
in patients with late VNS response: in the year prior to the delayed
VNS response improvement, there was an antiepileptic drug dose
increase in 54.5% and a medication change in 27.2% of delayed
responders. Medication was changed in 50% of the delayed 90R
patients. Not all papers confirm the positive role of medication
adjustments in VNS outcome. In a paper by Garcia-Pallero et al.
[23], the percentage of responders in the group with no medication
changes allowed was 63%; in the comparable group of patients
with medication changes permitted, 45.2% were responders.
According to the authors, the absence of changes in antiepileptic
drugs helps to optimize the stimulation parameters.

The most frequent reason for revision surgery of the VNS
system in our group was battery replacement due to battery
depletion. In a study of 1234 patients, Lam et al. [24] reported the
average incidence of revision surgeries within six years of follow-
up care as <1% for electrode revision, <3% for battery revision or
removal, 4-10% for battery replacement, and <1% for infection
washout, confirming the highest frequency for battery replace-
ments during a shorter follow-up period. In a study by Couch et al.
[25] describing 1144 VNS procedures, 46% of patients required at
least one battery replacement or revision surgery, mostly for
battery depletion (27%), poor seizure control efficacy (9%), lead
malfunction (8%), and infection (2%). In our patients, the
indications for battery replacement were decreasing or depleted
battery capacity. Attention should be paid to the timing of system
revision or battery replacement. According to Vonck et al. [26], pre-
replacement seizure control could not be regained in 2 of 14
patients with replacement postponed for several months. Similar-
ly, Tatum et al. [27] support battery replacement before the end of
battery life because of the symptoms preceding the end of battery
life, such as seizure and behavioral worsening. In our study, no case
was observed of the loss of the pre-replacement seizure control
after battery depletion and replacement.

The indication for system replacement in our study was
increased system impedance with the clinical correlation of
seizure worsening; there were no cases of infection or system
violation. During surgery, fibrosis around the nerve portion with
helical electrodes was found in all patients. No case of electrode
displacement was observed. The 9.5% incidence of complete
system replacement correlates with literature data reporting the
incidence of device malfunction at 4-16.8% of implanted systems
[28].

Apart from standard surgical problems of battery or complete
system replacement, other aspects of VNS revision surgeries
should be discussed. The effect of VNS therapy may be measured by
seizure reduction, but also by patient satisfaction and the impact of
VNS on the patient’s quality of life. For example, Ryvlin et al. [13]
proved that VNS therapy as a treatment adjunct to best medical
practices in patients with pharmacoresistant focal seizures was
associated with a significant improvement in health-related

quality of life compared with best medical practices alone. In
addition to sophisticated scales, the willingness of the patient (or
the physician) to continue therapy by means of undergoing a
relatively simple surgery (battery replacement) or a more difficult
intervention, such as complete VNS system replacement, may be
considered an indicator of treatment success. Based on this simple
criterion, the VNS success rate is 78.5% (battery replacement rate
68.9% and complete system replacement 9.5%). This figure
correlates with a study reporting that 80% of the surveyed patients
considered the VNS worthwhile [12].

Although the incidence of infection was 0%, the increasing risk
of implant complications during the prolonged follow-up treat-
ment cannot be excluded despite the smaller battery and cable size
as compared to currently available DBS hardware. This assumption
is supported by a study of 247 VNS patients with a mean follow-up
period of 12 years, in which the incidence of complications was
8.6%, including postoperative hematoma (1.9%) and infection
(2.6%) [10].

5. Conclusions

The paper provides an exceptionally long-term follow-up view
of VNS patients, involving seizure outcome and other factors. Long-
term follow-up results indicate that vagus nerve stimulation is a
safe and effective palliative treatment option for drug-resistant
epilepsy and its efficacy does not decrease with time. After an
initial steady increase until year 6 the number of patients with
good VNS outcomes (R+90R) remained stable. Changes in
antiepileptic treatment took place during the entire follow-up
period in 87.9% of patients, with potential impacts on seizure
reduction. In most patients with delayed response to VNS the
improved seizure control was preceded by a change in antiepilep-
tic treatment during the previous year. Patient’s age, seizure
duration, age at seizure onset, MRI findings and the prevailing
seizure type are not significant predictor of long term VNS
outcomes.The patient’s or treating physician’s satisfaction and
willingness to continue VNS treatment is indicated by the rate of
depleted battery replacement and complete system replacement
and corresponds with the rate of good VNS outcomes. In terms of
surgical complications in this long-term follow-up study, VNS
proved to be a safe technique with a very low rate of transient
treatable problems.
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Introduction We analyzed the results of vagus nerve stimulation (VNS) on older
patients and patients with long-lasting epilepsy and included severely intellectually
disabled patients.

Patients and Methods A total of 103 adults with VNS implanted from 2005 to 2014
were studied. The responder rates, that is, the percentage of VNS patients who
responded to VNS, classified as seizure reduction > 50% (50R) and seizure reduction
> 90% (90R), were compared in defined age groups (< 40 and > 40 years, and < 50
and > 50 vyears) and epilepsy duration groups (< 20 and > 20 years, < 30
and > 30 years, and < 40 and > 40 years) at the 1-year follow-up visit and the last
follow-up visit (at least 2 years after surgery). The age distributions and responder rates
were also studied in patients with an intellectual disability.

Results The analysis did not confirm a significantly lower 50R or 90R rate in patients
> 40, > 50, or > 60 years when compared with their younger counterparts, but the 50R
rate increase during follow-up care was the lowest in patients > 50 and > 60 years. The
highest percentage of patients with an intellectual disability in the group < 40 years of age
did not adversely affect the 50R rate. Longer epilepsy duration was not confirmed as a
negative predictor of VNS outcome. There was a significantly higher 50R rate in patients with
epilepsy duration > 20 years (at the last follow-up visit) and a higher 90R rate in patients
with epilepsy duration > 30 years (at the 1-year follow-up visit). The increase in the 50R rate
during follow-up care was lower in patients with epilepsy durations > 30 and > 40 years.
Conclusions The study did not find worse VNS outcomes, as defined by the 50R or 90R
rate, in older adult patients or in patients with a longer epilepsy duration. The
increasing stimulation effect over time is less marked in older patients and in patients
with longer epilepsy duration.

© Georg Thieme Verlag KG DOI https://doi.org/
Stuttgart - New York 10.1055/s-0037-1607396.
ISSN 2193-6315.
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Introduction

Vagus nerve stimulation (VNS) is a safe and effective pallia-
tive surgical treatment for refractory epilepsy not amenable
to resection. The effect of VNS on seizure frequency and
severity was confirmed by three randomized controlled
trials.” In general, a > 50% seizure reduction can be
expected in at least 50% of patients after 2 years of treatment
with mild side effects.*> The effect of stimulation is not
immediate, but it increases over time after device implanta-
tion.® The U.S. Food and Drug Administration (FDA) approved
VNS in 1997 as an adjunctive therapy for intractable partial
epilepsy in patients > 12 years of age who are ineligible for
resection; the indications for VNS are even wider including
generalized epilepsies,” Lennox-Gastaut syndrome,8 and
very young children with epilepsy.®'°

Complete freedom from seizures is rarely achieved using
VNS, and 25% of patients had no benefit.> The standard
evaluation scales (Engel and International League Against
Epilepsy) are not suitable for VNS outcome studies. The
percentage of seizure reduction and the frequency of respon-
ders (patients with a seizure reduction of at least 50% from
baseline) are usually reported.

Because of the progress in epilepsy surgery and the
general awareness of surgical results and safety, older
patients with chronic or lifetime intractable seizures as
well as patients with an intellectual disability with the
aim of seizure palliation and easier caregiving are more
frequently referred for surgery. VNS implantation is not a
difficult surgery and has few complications; it is therefore
an attractive option for such patients. However, secondary
epileptogenesis after long-lasting multiple seizures with a
progressive course of the epileptic disorder, potentially
leading to unsatisfactory treatment results, must be con-
sidered.’" Brain injuries caused by falls during seizures and
possible cerebrovascular accidents in middle-aged and
older patients may also negatively influence the VNS out-
come. Although the impact of mental disability on VNS
outcome is not clear,'?3 its negative role cannot be
excluded.

This article presents the results of VNS in older patients
and patients with longer epilepsy duration with the potential
implication for VNS indication in older patients with long-
term epilepsy. The secondary aim was to analyze the poten-
tial impact on VNS outcomes with the inclusion of patients
with severe intellectual disabilities.

Patients and Methods

Atotal of 103 patients (47 men and 56 women, all > 18 years)
with refractory epilepsy not suitable for resection had VNS
system implantation from 2005 to 2014. The patients referred
had multiple seizure types: complex partial seizure, complex
partial seizure (CPS) with generalization, primarily generalized
seizure, generalized tonic-clonic seizure (GTCS), simple partial
seizure, and simple partial seizure with generalization. All of
the patients underwent a complete presurgical evaluation at
the Brno Epilepsy Center including video electroencephalo-

Journal of Neurological Surgery—Part A

gram (EEG) monitoring with interictal and ictal recordings,
special epilepsy magnetic resonance imaging (MRI) protocol,
and neuropsychology and functional imaging (single-photon
emission computed tomography [SPECT], positron emission
tomography, subtraction ictal SPECT coregistered with MRI)
performed according to clinical needs. Before VNS, four
patients underwent resective surgery without invasive
exploration (one extratemporal and three temporal resections;
two for alow-grade tumor), and callosotomy was performed in
two patients, all with unsatisfactory control of seizures. Inva-
sive EEG was required in 12 patients and failed to identify a
resectable epileptogenic focus in 6 patients. In the remaining
six patients, the results of stereoelectroencephalography
allowed resective surgery but without a worthwhile reduction
of seizures.

VNS implantation was performed by one of two neuro-
surgeons (Z.N. or J.C.). The only surgical complication was
transient hoarseness in four patients.

After implantation, the patients were followed at the First
Department of Neurology at regular intervals (2, 4, 6, and
12 months; then yearly). Stimulation adjustments and anti-
epileptic treatment changes were made by the responsible
physician.

The study data were obtained retrospectively from med-
ical records. Based on post-VNS seizure reduction, the
patient was graded as a nonresponder (NR) (seizure fre-
quency reduction < 50%), 50R (seizure frequency reduction
> 50%), or 90R (seizure frequency reduction > 90%).

The percentage of 50R and 90R rates was compared
between patients < 40 years and > 40 years and between
patients aged < 50 years and > 50 years of age at the 1-year
follow-up visit and the last follow-up visit (at least 2 years after
surgery, maximum 10 years, median 5 years). There were
65 patients < 40 years, 27 patients > 40 years but < 50 years,
11 patients > 50 years, and 5 patients > 60 years.

The percentage of patients with severe intellectual disabil-
ities (unable to take care of themselves, requiring institutional
care) was 9.1% in patients > 50 years (1 patient), 17.4% in
patients < 50 years (16 patients), 7.9% in patients > 40 years
(3 patients), and 21.5% in patients < 40 years (14 patients).
The causes of severe intellectual impairments were perinatal
problems (most patients), meningoencephalitis, extensive
developmental anomaly of the brain, tuberous sclerosis, and
idiopathic.

The effect of epilepsy duration on seizure outcome was
analyzed by comparing 50R and 90R rates between patients
with epilepsy duration < 20 yearsand > 20years, < 30 years
and > 30 years, and < 40 years and > 40 years at the 1-year
follow-up visit and the last follow-up visit. There were
38 patients with epilepsy duration < 20 years and 64 patients
with epilepsy duration > 20 years, 64 patients with epilepsy
duration < 30 years and 38 patients with epilepsy duration
> 30 years, 84 patients with epilepsy duration < 40 years
and 18 with epilepsy duration > 40 years, and 6 patients
with epilepsy duration > 50 years. One patient with an
uncertain epilepsy duration (the data from the patient and
the patient’s medical records differed) was excluded from the
analysis.
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Continuous parameters were described using medians
(5% and 95%) and were tested using the Mann-Whitney
test. Categorical parameters were described by absolute
(relative) incidence, and the Fisher exact test was used.
The analysis was supported by prediction of 50R and 90R
at the 1-year follow-up visit and the last follow-up visit using
logistic regression with age at implantation and seizure
duration for the whole group.

Results

The outcomes were available for 103 patients at the 1-year
follow-up visit and for 94 patients at the last follow-up visit.
During the study period, the VNS system was explanted in
seven NRs; two of them underwent palliative resection (both
Engel III), and anterior thalamic nucleus stimulation was
used in three patients.

=Table 1 summarizes the first part of the results, 50R
rates at the 1-year follow-up visit and the last follow-up visit
in the defined age and epilepsy duration categories.

The statistical analysis did not prove a significant adverse
effect of age on 50R rates for the age thresholds of 40 and
50 years. On the contrary, 50R rates were nonsignificantly
higher in patients > 40 years both at the 1-year follow-up
and the last follow-up visit and in patients > 50 years at the
1-year follow-up visit only. In the small group of five
patients > 60 years, the 50R rate was 60% at the 1-year
follow-up visit and the last follow-up visit.

However, instead of the expected increase in the 50R rate
over time between the 1-year follow-up visit and the last
follow-up visit, there was a decrease of the 50R rate in the
patients > 50 years of age (—3.7%). However, this decreased
50R rate in the group of 11 patients > 50 years (7/11 [63.7%]

Results of Vagus Nerve Stimulation Chrastina et al.

to 6/10 [60%]) was caused by one patient (50R at the 1-year
follow-up visit) who was lost to follow-up care for the final
control. When removing this patient from the calculations,
the 50R rate in patients > 50 years at the 1-year and the last
follow-up visits remained stable at 60% because all other
50Rs remained in this category.

The adverse effect of longer epilepsy duration on 50R rates
has not been proven for all the analyzed epilepsy duration
thresholds. On the contrary, a significantly higher 50R rate was
found in patients with epilepsy duration > 20 years at the last
follow-up visit. Moreover, the median duration of epilepsy
in 50R is significantly higher than in NRs (28.5 years and
20.0 years, respectively; p = 0.029). However, the increase in
50R rate during follow-up care is lower in patients with longer
epilepsy duration: patients < 30 years 17.1%, > 30 years 2%,
patients < 40 years 13.7%, and > 40 years 1.4%. In six patients
with epilepsy duration > 50 years, the 50R rate was 50% at
both follow-up visits.

=Table 2 summarizes the 90R rates in the defined age and
epilepsy duration categories at the 1-year follow-up and last
follow-up visits. No significant difference was found in 90R
rates between the 1-year and last follow-up visits in all age
groups. Surprisingly, there was a significantly higher 90R rate
in patients with epilepsy duration > 30 years at the first
follow-up visit (p = 0.026). The difference between the
median duration of epilepsy in 90Rs (32.5 years) and the
rest of the group (24.0 years) does not reach statistical
significance (p = 0.058). An increase in the percentage of
90Rs during follow-up care is observed in all age and epilepsy
duration groups, although this finding is definitively wea-
kened by the small number of 90Rs.

The results of VNS in terms of 50R and 90R in intellectually
disabled patients are summarized in =Table 3. The median

Table 1 Effect of age and epilepsy duration on percentage of vagus nerve stimulation > 50% seizure reduction at 1-year and final

follow-up visits

50R p value 50R p value
1-year follow-up Final follow-up
No Yes No Yes
Age, y (range) 33.0 35.0 0.594 31.0 34.0 0.417
(20.0-54.0) (19.0-61.0) (20.0-60.0) (19.0-58.0)
< 40 (%) 32 (49.2) 33 (50.8) 0.542 23 (38.3) 37 (61.7) 0.501
> 40 (%) 16 (42.1) 22 (57.9) 10 (29.4) 24 (70.6)
< 50 (%) 44 (47.8) 48 (52.2) 0.537 29 (34.5) 55 (65.5) 0.737
> 50 (%) 4 (36.4) 7 (63.6) 4 (40.0) 6 (60.0)
Epilepsy duration, 22.0 28.5 0.029 18.0 26.5 0.120
y (range) (5.0-54.0) (9.0-50.0) (4.0—54.0) (8.0-48.5)
< 20 (%) 2 (57.9) 16 (42.1) 0.104 8 (48.6) 19 (51.4) 0.046
> 20 (%) 6 (40.6) 8 (59.4) 5 (26.8) 1(73.2)
<30 (%) 5 (54.7) 9 (45.3) 0.064 2(37.3) 7 (62.7) 0.660
> 30 (%) 3(34.2) 5 (65.8) 1(32.4) 3 (67.6)
< 40 (%) 1 (48.8) 43 (51.2) 0.604 7 (35.1) 0 (64.9) 0.999
> 40 (%) 7 (38.9) 1(61.1) (37.5) 0 (62.5)

Abbreviation: 50R, > 50% seizure reduction.
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Results of Vagus Nerve Stimulation

Table 2 Effect of age and epilepsy duration on percentage of vagus nerve stimulation > 90% seizure reduction at 1-year and final

follow-up visits

Chrastina et al.

90R p value 90R p value
1-year follow-up Final follow-up
No Yes No Yes
Age, y (range) 34.0 37.0 0.525 33.0 37.0 0.759
(20.0—58.0) (20.0-61.0) (20.0-60.0) (19.0-50.0)
< 40 (%) 0(92.3) 5(7.7) 0.999 3(88.3) 7 (11.7) 0.743
> 40 (%) 6 (94.7) 2 (5.3) 31(91.2) 3(8.8)
<50 (%) 6 (93.5) 6 (6.5) 0.558 75 (89.3) 9(10.7) 0.999
> 50 (%) 0 (90.9) 1(9.1) 9 (90.0) 1(10.0)
Epilepsy duration, 24.0 32,5 0.058 24.0 32.0 0.117
y (range) (5.0-50.0) (21.0-61.0) (5.0—54.0) (18.0-44.0)
< 20 (%) 38 (100.0) 0 (0.0) 0.082 6 (97.3) 1(2.7) 0.081
> 20 (%) 8 (90.6) 6 (9.4) 48 (85.7) 8 (14.3)
<30 (%) 3(98.4) 1(1.6) 0.026 6 (94.9) 3(5.1) 0.069
> 30 (%) 3(86.8) 5(13.2) 8 (82.4) 6 (17.6)
< 40 (%) 0(95.2) 4 (4.8) 0,285 0 (90.9) 7 (9.1) 0.650
> 40 (%) 6 (88.9) 2(11.1) 4 (87.5) 2 (12.5)

Abbreviation: 90R, > 90% seizure reduction.

age in the disabled patient group was significantly lower
than in the group of patients without an intellectual dis-
ability (25.0 years and 34.0 years, respectively). Although the
difference does not reach the level of statistical significance,
the rates of 50R at both the 1-year follow-up and last follow-
up visit were higher in the intellectually disabled patients.
Therefore, the higher percentage of these patients in the
younger age group does not adversely affect the percentage
of 50R rates in younger patients.

The results of the logistic regression for the entire group
with age at implantation and epilepsy duration for predic-
tion of 50R and 90R for 1-year and last follow-up visits are
summarized in =Tables 4-7. This analysis confirmed only
longer epilepsy duration as a predictor of a higher percentage
of 50R at the 1-year follow-up visit (odds ratio: 1.067; 95%
confidence interval, 1.011-1.127; p = 0.019), but this pre-
dictive value of longer epilepsy duration was lost at the last
follow-up visit. Higher age was not confirmed as a negative
predictive factor.

The changes of seizure pattern and severity were incon-
sistent in all the studied age and seizure duration groups, for
example, frequency reduction without change of seizure
severity, lesser clustering or cumulation, shorter seizure
duration, reduction or elimination of falls, marked reduction
of CPS with stable or minimally reduced frequency of GTCS or
marked reduction of GTCS with stable frequency of CPS. Thus
no statistical analysis was possible.

Discussion

Despite new antiepileptic drugs and advances in epilepsy
surgery, a significant number of patients remain unrespon-
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sive to both pharmacotherapy and resective surgery. VNS, a
safe and adjustable technique reducing the frequency and
severity of intractable seizures with few adverse effects, is an
attractive option. Although multiple factors potentially
influencing VNS outcome have been studied (e.g., age, epi-
lepsy duration, frequency, semiology, etiology, interictal
EEG, and radiologic findings),>"'*'° the effect of VNS cannot
be predicted reliably. Even the studies analyzing easily
definable factors, such as age and epilepsy duration, pro-
duced contradictory results. Part of the difficulty in defining
the best patient population may be the poor understanding
of VNS action mechanisms. Moreover, single-center VNS
series do not usually include homogeneous patient popula-
tions in terms of rare epileptic syndromes'® or even in terms
of age and epilepsy duration (e.g., middle-aged and older
patients, patients with long-lasting seizures).

The problem with the inclusion of intellectually disabled
patients is that the percentage of them is substantially higher
in younger age groups as confirmed by their median age
being significantly lower than that of the intellectually
unaffected patients included in the study. One possible
explanation is that there is still some reluctance to refer
older institutionalized patients with an intellectual disabil-
ity and chronic seizures for surgical treatment. But the higher
percentage of intellectually disabled patients in the younger
age group did not adversely affect the rate of 50R in younger
patients.

Most articles analyzing the impact of patient age at implan-
tation on seizure reduction have dealt with children and young
adolescents. Lagae et al showed that age at VNS implantation is
the only factor predicting seizure outcome in childhood epilepsy
with particularly favorable results in children < 5 years.!” The
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Results of Vagus Nerve Stimulation Chrastina et al.

Table 3 Intellectually disabled patients: characteristics and vagus nerve stimulation outcomes

Intellectual disability p value
No Yes

Age, y (range) 34.0 (20.0-60.0) 25.0 (18.0-50.0) 0.024
<40 (%) 3 (60.2) 4 (82.4) 0.102
> 40 (%) 5 (39.8) 3(17.6)
<50 (%) 8 (88.6) 16 (94.1) 0.688
> 50 (%) 10 (11.4) 1(5.9)

Epilepsy duration (range) 24.0 (5.0-54.0) 24.0 (16.0-50.0) 0.712
<20 35 (40.2) 5(29.4) 0.587
> 20 (%) 2 (59.8) 12 (70.6)
<30 (%) 4 (62.1) 12 (70.6) 0.590
> 30 (%) 3 (37.9) 5 (29.4)
<40 (%) (81.6) 15 (88.2) 0.730
> 40 (%) 6 (18.4) 2(11.8)

50 R, 1-year follow-up
No (%) 42 (48.3) 6 (37.5) 0.587
Yes (%) 45 (51.7) 10 (62.5)

50R, final follow-up
No (%) 30 (37.5) 3(21.4) 0.365
Yes (%) 50 (62.5) 1(78.6)

90R, 1-year follow-up
No (%) 80 (92.0) 6 (100.0) 0,592
Yes (%) 7 (8.0) 0(0.0)

90R, final follow-up
No (%) 1(88.8) 13 (92.9) 0.999
Yes (%) 9(11.3) 1(7.1)

Abbreviation: 50R, > 50% seizure reduction; 90R, > 90% seizure reduction.

Table 4 Prediction of > 50% seizure reduction, logistic regression
with age at implantation and seizure duration, at the 1-year

follow-up visit

Table 6 Prediction of > 90% seizure reduction, logistic regression
with age at implantation and seizure duration, at the 1-year
follow-up visit

OR 95% Cl p value OR 95% Cl p value
Age 0.952 0.894-1.014 0.128 Age 0.916 0.757-1.107 0.362
Epilepsy duration 1.067 1.011-1.127 0.019 Epilepsy duration 1.140 0.954-1.362 0.149

Abbreviations: Cl, confidence interval; OR, odds ratio.

Table 5 Prediction of > 50% seizure reduction, logistic regression
with age atimplantation and seizure duration, at final follow-up visit

Abbreviations: Cl, confidence interval; OR, odds ratio.

Table 7 Prediction of > 90% seizure reduction, logistic regression
with age atimplantation and seizure duration, at final follow-up visit

OR 95% Cl p value OR 95% Cl p value
Age 0.986 0.927-1.049 0.659 Age 0.937 | 0.821-1.070 | 0.338
Epilepsy duration 1.031 0.976-1.089 0.274 Epilepsy duration 1.084 0.959-1.226 0.195

Abbreviations: Cl, confidence interval; OR, odds ratio.

Abbreviations: Cl, confidence interval; OR, odds ratio.
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potential explanation of better results in younger patients from
pediatric groups may be the higher threshold for excitatory
stimuli and seizure-induced changes in immature brains than in
adult brains (based on an experimental study of amygdaloid
kindling in a cat model).'® Alexopoulos et al found that
age < 12 years at implantation (FDA-defined threshold) is
actually associated with a better prognosis when considering
median seizure frequency reduction.’® Similarly, Meng et al
showed a higher percentage of 50R in patients < 12 years
(71.4%) than in their older counterparts (60.6%).%2° For different
age thresholds, Wheless and Maggio found better VNS results in
patients < 18 years.?!

However, other reports do not confirm a better VNS
outcome in younger patients. Thompson et al showed no
significant differences in seizure frequency reduction, epi-
lepsy duration, overall clinical improvement, or improve-
ment in quality of life based on age < 12 or > 12years.’’Ina
Czech multicenter study, lower efficacy rates of VNS in
patients < 16 years were observed.?®> An Israeli retrospec-
tive multicenter open-label study comparing seizure reduc-
tion in patients < 22 and > 22 years found higher 50R rates
in older patients.>* Wheeler et al studied seizure outcome in
age categories 0 to 20 years, 21 to 40 years, and > 40 years at
VNS implantation. The percentage of patients with at least a
worthwhile reduction of seizures (Engel I, II, and III) was 51%
for 0 to 20 years, 69% for 21 to 40 years, and 80% for
patients > 40 years. The outcomes in patients > 50 years
were comparable. However, significantly higher percentages
of Engel I and II were found in patients with better mental
functioning; this finding does not agree with our results.?’> A
multicenter study of 45 adults > 50 years found that their
response to VNS was similar to that of younger adults with-
out increased morbidity.26

Our data do not confirm a statistically significant negative
impact of age (for age thresholds 40 and 50 years using the
Mann-Whitney test, and for the whole group using logistic
regression) on VNS 50R rates. Statistically nonsignificant 50R
rates were actually higher in patients > 40 years at both the
1-year and the last follow-up visits and in patients > 50 years
at the 1-year follow-up visit. An increased VNS effect, as
defined by an increasing 50R rate, was not observed in patients
> 50 and > 60 years.

The rate of 90R in the selected age categories was also
comparable. This finding matches the data presented by
Englott et al, who observed no relationship between the
age at implantation and seizure freedom rate.?” Our results
do not confirm higher age to be a negative predictor of VNS
effect.

Another study aim was to analyze the effect of VNS in
patients with long-lasting epilepsy. The expected worse
outcomes in patients with long-lasting epilepsy were sup-
ported by some literature results. An analysis of the Cybero-
nics VNS patient registry data found a significantly higher
percentages of patients with 100% seizure reduction and
> 90% seizure reduction in patients with VNS within 6 years
of seizure onset.?® According to Englott et al, there is a
trend among patients with shorter epilepsy duration
(threshold 10 years) before VNS for a higher frequency of

Journal of Neurological Surgery—Part A

seizure freedom.?” Although the short 3-month follow-up
care is a serious limitation in a study by Ranfroe and Wheless,
the percentage of seizure-free patients after VNS with
epilepsy duration < 5 years was 15%, and 4.4% in patients
with epilepsy duration > 5 years.?®

However, the association of longer epilepsy duration with
worse outcomes was not confirmed by other studies. In a two-
center study (Belgium and the United States), the percentage of
Engel I to IIl outcomes was 61% in patients with epilepsy
duration < 10 years and 70% in patients with epilepsy
duration > 10 years, but this difference was not statistically
signiﬁcant.25 Lagae et al did not confirm epilepsy duration as a
prognostic factor in children and young adults.'” In a study of
patients with extremely variable epilepsy durations (from
3 months to 57 years), Colicchio et al stated that longer
epilepsy duration has a positive effect on seizure outcome.>°
Our results do not confirm an adverse effect of epilepsy
duration on the rate of 50R. On the contrary, the median
duration of epilepsy in 50Rs is significantly higher than in NRs,
and a significantly higher percentage of 50R was found in
patients with epilepsy duration > 30 years at the last follow-
up visit. However, the increase in 50R rates during follow-up
care is lower in patients with longer epilepsy duration. This
correlates with the results of a logistic regression that con-
firmed longer epilepsy duration as a predictor of a higher
percentage of 50R at the 1-year follow-up visit but not at the
last follow-up visit.

Because the mechanism of action of VNS is still largely
unknown, it is difficult to provide an undisputable explana-
tion for the less marked increase of 50R rates comparing the
1-year follow-up and last follow-up visits in older patients
and patients with prolonged epilepsy duration. The research
into the mechanisms of action of various strategies for
electrical modulation of the brain suggests a crucial role of
different neurotransmitter molecules and channels, such as
glutamate, y-aminobutyric acid (GABA), adenosine, brain-
derived neurotrophic factors, and calcium and sodium chan-
nels. Electrical modulation of the brain might also promote
neurogenesis in subjects with pharmacoresistant epilepsy in
whom this process is decreased.>! Walker et al demonstrated
in an animal model that an increase in GABA transmission or
a decrease in glutamate transmission reduces susceptibility
to limbic motor seizures.>? Also, recent preclinical experi-
ments indicate that activation of the noradrenergic systemin
the locus coeruleus (the primary site of vagal afferent
termination) is critical for the antiepileptic effect of VNS.33
Therefore, the hypothetically reduced potential for the pro-
cess of neurogenesis and decreased synthesis of neurotrans-
mitters in older patients or patients exhausted by long-
lasting epilepsy provide a potential explanation for the lower
increase of responder rates during follow-up care.

Conclusions

Older age and prolonged duration of epilepsy were not
confirmed as negative predictors of VNS outcome as eval-
uated by the percentage of 50R and 90R at the 1-year and last
follow-up visit, with even significantly higher 50R rates in
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patients with epilepsy duration > 20 years at the last follow-
up visit. The highest percentage of intellectually disabled
patients in patients < 40 years did not adversely influence
the 50R rate in this group. However, there are less prominent
increases in VNS effect over time, as evaluated by 50R and
90R rates, in older patients and in patients with longer
histories of epilepsy.
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Abstract

Introduction: Vagus nerve stimulation (VNS) has been employed worldwide as an
adjunctive therapy in drug-resistant epilepsy patients. However, the mechanisms of VNS
action potentially increase the risk of obstetric complications. The study presents long-term
single-center experiences with pregnancies and childbirth in women with VNS for refractory
epilepsy based on prospectively collected epileptological data and a retrospective analysis of
pregnancy, childbirth, and data about long-term child development.

Material and Methods: From a group of patients with VNS implanted for refractory epilepsy
between October 1999 and January 2018, all the women of childbearing age (younger than 40
years) were identified. After checking their hospital records for data about any pregnancies
women with confirmed childbirth during active VNS stimulation were interviewed based on a
prepared questionnaire regarding their gynecological history, the course of pregnancy and
childbirth, gestational week, birth weight and length, any congenital anomalies of the child,
and the child’s psychomotor development, school performance, and health problems.

Results: From the group of 257 patients implanted with VNS for refractory epilepsy, four
women (1.5%) became pregnant and gave birth (all on polypharmacotherapy). The mean
interval from VNS implantation to birth was 44.3 months. Slight seizure worsening during the
last trimester was reported in one woman. In one patient, acute Caesarean section was
required due to placental separation. Planned birth induction and Caesarean section were used
in another two women because of their seizure disorder. No malfunction of the stimulation
system was detected during pregnancy or after birth. No congenital malformations were
observed. The two children who were of school age at the time of this study require special
schooling.

Conclusions: The study results confirmed a high rate of obstetric interventions in VNS
patients. Although no teratogenic effect of VNS has been proven, the higher incidence of
VNS-exposed children needing special education requires attention.
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Introduction:

Vagus nerve stimulation (VNS) has been employed worldwide as adjunctive therapy in drug-
resistant epileptic patients. The data about VNS implantation for indications other than
epilepsy (e.g. depression, some headache syndromes) are less extensive (Ansari et al., 2007).
VNS is used in all ages, including the potential childbearing female population. The generally
accepted mechanism of VNS action is the modulation of synaptic activity and therefore
excitability in widespread cortical and subcortical regions of the brain, including some
components of the central autonomic system such as the hypothalamus. Therefore, VNS
therapy may influence neuroendocrine activity (e.g. the production of oxytocin and its storage
and release from the pituitary gland) and thus the potential to affect pregnancy and fetal
development cannot be ignored (Sabers et al., 2018). An experimental study by Sato et al. in
non-pregnant rats demonstrated that efferent VNS can influence uterine blood flow and
contractions (Sato et al., 1996). Although efferent VNS fibers form only 20% of the vagus
nerve trunk, with substantially fewer fibers conveyed to the uterus than to the heart, the
theoretical possibility of VNS-induced alterations of uterine functions during pregnancy and
delivery cannot be excluded (Ortega-Villalobos et al., 1990). All these mechanisms may
suggest that VNS can increase the risk of obstetric complications during pregnancy and at the
time of the delivery. Possible teratogenic effects on the newborn must be considered.
However, seizures during pregnancy can also have severe hypoxia-related consequences for
the mother and the fetus, so the function of a medical device reducing seizure frequency or
severity (including VNS) should be maintained during pregnancy (Christensen et al., 2018).

In 2017, the most extensive clinical data regarding the impact of VNS on pregnancy was
published by Sabers et al. The authors summarized the outcome of 26 pregnancies in 25
women, 14 of whom were registered in the European and International Registry of
Antiepileptic Drugs and Pregnancy (EURAP); the authors also included patients who were
either registered in the UK and Australian national databases or reported separately by
EURAP coordinators. The study suggested an increased rate of obstetric intervention and no
signs of VNS-related teratogenicity (Sabers et al., 2017). The aim of our study is to present a
complex review of long-term single-center experiences, with the first VNS implantation in
1999, of pregnancies and childbirth in women treated with VNS for refractory epilepsy. The
study is based on the prospectively collected follow-up data of VNS patients, supplemented
with retrospectively obtained clinical data about the course of pregnancy and childbirth
including obstetric problems and with data about long-term child development based on a
questionnaire prepared for the purposes of the study.

Material and methods:

A retrospective analysis was performed of patients with VNS implanted for refractory
epilepsy between October 1999 and January 2018. Women of childbearing age (younger than
40 years) were identified and their hospital records were checked for data about the possibility
of pregnancy and childbirth during the period of active VNS. Following their informed
consent, the women with confirmed childbirth during active VNS stimulation were
interviewed by phone by two of the study authors (1D, EP) based on a pre-interview prepared
questionnaire. The questions concerned age at conception, gynecological history, conception
(e.g. planned/unplanned), any history of preceding abortions, any urological problems of the
partner, the course of pregnancy including concomitant diseases, the course of childbirth
including complications, gestational week at childbirth, sex, birth weight and birth length of
the child, congenital anomalies of the child, breastfeeding duration, and the child’s
psychomotor development, school performance, and health problems. Data regarding epilepsy
type, previous surgeries including stereoelectroencephalography, pharmacological treatment
including changes during pregnancy and breastfeeding, VNS response before and during
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pregnancy and after childbirth, and stimulation parameter changes were obtained from the
prospectively built database of VNS patients.

Results:

During the study period from October 1999 and January 2018, 257 patients underwent VNS
implantation for refractory epilepsy and another three patients for refractory depression.
Among them, 71 women who were younger than 40 years at VNS implantation were
identified. In this group, four women with active VNS became pregnant and gave birth to a
child. The ages at childbirth were 22, 26, 33, and 38 years. The types of epilepsy were right-
sided multifocal, bitemporal, left pericentral, and idiopathic generalized, respectively. Before
VNS implantation, one patient underwent repeated stereoencephalography and subsequently
left temporal resection without significant effect on seizure frequency or severity (bitemporal
epilepsy).

The data about the patient history and the course of pregnancy are summarized in Table 1.
Conception was unplanned in one case (a woman with a history of four spontaneous abortions
before VNS implantation, probably due to uterine cervix insufficiency after conization). The
gynecological history was negative in all other included women. None of the partners
reported a history of urological problems. The mean interval between VNS implantation and
birth was 44.3 months (10 to 81 months). The course of pregnancy was uneventful in three
patients. One patient experienced placental separation requiring acute Caesarean section. One
patient had a spontaneous natural birth. Planned obstetric interventions were used in otherwise
uneventful pregnancies in two women (birth induction, Caesarean section), in both because of
their seizure disorder.

Table 2 summarizes the basic data regarding the childbirth parameters, the immediate
postpartum course, and the subsequent psychomotor development, child health problems, and
the course of school education if applicable (age). There were no congenital malformations
observed in any of the children and no history of serious somatic disease during the entire
follow-up period.

Table 3 summarizes the basic data regarding the VNS response before pregnancy and seizure
course during pregnancy and after birth. No malfunction of the stimulation system was
detected during pregnancy or after birth. In only one patient there was slight increase of
seizures frequency during the last pregnancy trimester. No changes of the stimulation
parameters were required in any patients.

Discussion:

Before discussing the impact of pregnancy on the effect of VNS in patients with refractory
epilepsy, a short note about the effect of pregnancy on seizure frequency in epilepsy patients
should be made. The largest prospective study published so far, based on 3,806 pregnancies,
concluded that seizure control remained unchanged throughout pregnancy in 70.5%. In 12.0%
of patients, there was an increase in seizure frequency. In 15.8% of patients, a decrease in
seizure frequency was reported (Battino et al., 2013). The deterioration in seizure control
during pregnancy has been attributed to pharmacokinetic, metabolic, hormonal, physiological,
and psychological factors, as well as possible lack of compliance in some cases (Morrell et
al., 1992). VNS has been used as an adjunctive therapy for drug-resistant epilepsy for more
than 20 years. Despite this, until the paper published by Sabers et al. (2017), only case reports
and small patient cohorts published also in gynecological and obstetric journals and pointing
primarily to birth-related complications such as spontaneous delivery complicated by mild
preeclampsia (Houser et al., 2010) were available about the influence of VNS on pregnancy.
According to the extensive study by Sabers et al. (2017) describing the outcome of 26
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pregnancies in 25 women, a total of 35 pregnancies in women receiving VNS treatment
appear to have been reported so far (Sabers et al., 2017). After Sabers’ publication, a single-
center study by Suller Marti et al. was published with a study period nearly identical to ours
(1998 to 2018). Among 114 patients with VNS implanted during the study period, the authors
found four patients with a total of seven pregnancies, including the first report of a woman
implanted with VNS having three pregnancies. In contrast to our group, three of their four
patients had genetic generalized epilepsy and one was treated for focal epilepsy due to
periventricular nodular heterotopia. It is important to note that none of the patients underwent
any epileptosurgical intervention (stereoelectroencephalography, resection, or disconnection
surgery) before VNS implantation (Suller Marti et al., 2019). The paper by Sabers et al. does
not discuss epileptosurgical procedures prior to VNS (Sabers et al., 2017).

The most extensive study about the impact of VNS on pregnancy and childbirth published
before 2018 was the multicenter study by Rodriguez-Osorio et al. In the study, the outcome of
four out of the five pregnancies reported in four included women were positive. The
spontaneous abortion was probably more related to antiepileptic drugs than to VNS. None of
the patients included underwent any epileptosurgical procedure other than VNS. The authors
also discuss the course of 10 pregnancies in women with VNS (nine in epilepsy patients and
one in a patient with treatment-refractory depression) published before their study. There were
seven positive and three negative pregnancy outcomes (two elective abortions, one
spontaneous abortion) (Rodriguez-Osorio et al., 2017). Of the 26 pregnancies reported by
Sabers et al. one terminated in spontaneous abortion (Sabers et al., 2017).

The gestational week in our group was more than 36 weeks in two babies, but in two babies
the gestational ages at birth were 31 weeks (acute Caesarean section due to placenta
separation) and 34 weeks (planned Caesarean section due to epilepsy; no seizure worsening
during pregnancy was reported in this patient). In the study by Rodriguez-Osorio et al., in
only one patient was the gestational week less than 36 (birth at week 35 due to fetal instability
secondary to maternal- fetal Rh incompatibility requiring Caesarean section) (Rodriguez-
Osorio et al., 2017). Sabers et al. reported a gestational age at birth of at least 36 weeks in all
but one patient (35 weeks) (Sabers et al., 2017). However, it is difficult to separate the
potential negative effects of VNS on pregnancy from other adverse factors including
refractory seizure disorder and polypharmacotherapy. Some data could be potentially drawn
from VNS implanted for different indications than epilepsy. However, data about the
pregnancy course in VNS treatment for refractory depression are limited to a case report
published by Husain et al. In this patient, VNS led to a substantial reduction in depressive
symptoms and improved function throughout pregnancy and labor, with an uneventful
delivery of a healthy baby (Husain et al., 2005). In the paper by Salerno et al., a woman with
VNS implanted for depression also had epilepsy and obesity. Moreover, malfunctioning of
VNS was detected during pregnancy. Although device functioning was not optimal during the
critical period of organogenesis, no morphological abnormalities of the fetus were detected
(Salerno et al., 2016).

Regarding the incidence of obstetric interventions in our group, there was one spontaneous
delivery, one planned induced birth, one elective Caesarean section (both reported as due to
epilepsy), and one acute Caesarean section (because of placental separation). Our data
matches the results published by Rodriguez-Osorio et al. — two vaginal births and two
Caesarean sections due to obstetric problems — premature rupture of membranes and
maternal- fetal Rh incompatibility (Rodriguez-Osorio et al., 2017). A high incidence of
obstetric intervention in patients with VNS was reported by Sabers et al., with 38.5%
Caesarean sections, 7.7% both vacuum extractors and induced labors, a combined 53.9% of
labors with intervention. This rate is slightly higher than the reported rate in EURAP data —
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48.2%. Almost half of the cases who underwent Caesarean section had an increase in seizure
frequency during the third trimester; this fact has undoubtedly influenced the obstetrician’s
decision to opt for a Caesarean section. The percentage of obstetric interventions was reported
to be higher in AED polytherapy than in monotherapy (Sabers et al., 2017; Battino et al.,
2013). Similarly, Suller Marti et al. pointed to the high incidence of obstetric complications in
VNS patients: three patients with obstetric complications requiring Caesarean sections (Suller
Marti et al., 2019). To support their data, the authors cited a paper by Judkins et al discussing
the possible relationship between obstetric complications and the modified uterine input
received from the vagus nerve (Judkins et al., 2018).

In the immediate postpartum period, no problems were reported in babies born at term. In
both preterm babies, the birth weight and length were low and incubation was required. Both
mothers were VNS non responders (0%, 30% seizure reduction) and were exposed to
polytherapy (see Table 3).

No major malformation was observed in any of the children. Similarly, no major fetal
malformation was reported by Rodriguez-Osorio et al. (Rodriguez-Osorio et al., 2017). In the
group reported by Sabers et al., one major malformation was reported (unilateral congenital
glaucoma). According to the authors and to the paper published by Tomson et al. this
incidence is within the range expected in AED treated women (Sabers et al., 2017; Tomson et
al., 2011). From other data discussing the potential negative effect of VNS on fetal
development, an experimental study in rabbits failed to demonstrate any teratogenic effects or
other abnormalities that could be attributed to VNS (Danielsson and Lister, 2009). Another
experimental paper published by Judkins et al. proved that neither pup viability nor number of
cells labeled for pro-inflammatory cytokines in nucleus tractus solitarii or hypoglossal motor
nucleus was impaired by VNS (Judkins et al., 2018).

The length of the follow-up period for VNS-exposed children varies among studies; generally
not much attention is paid to problems other than health-related problems. Cases included in
EURAP database had 12 months of follow-up care; no longer term follow-up data are
available (Sabers et al., 2017). In a paper by Rodriguez-Osorio, three healthy children were
followed until the age of 14 months to 4 years. For the oldest child, only a statement about
vaginal delivery at 38 weeks of gestation with no complication is provided (Rodriguez-Osorio
et al., 2017). The age of the healthy babies followed by Suller Marti et al. varied between 2
months and 12 years. A baby from that study with dysmorphic features, delayed
developmental milestones, and possible heart aneurysm was lost to follow-up care (Suller
Marti et al., 2019). Neither of these studies provides more extensive data about further
psychomotor development, any intellectual problems, or special schooling requirements. In
our data, the psychomotor development was normal in the two younger children; however,
neither had yet reached school age. In both school-age children, there were some problems
with the education process (postponed elementary school due to ADHD and need for special
education due to mental delay with autistic disorder). Although epilepsy was reported to be
the cause of the planned Caesarean section (in the 34th gestational week, with short-term
incubation required) in the mother of the child with ADHD, there was no increase of seizures
during the pregnancy. In the child requiring special education, the course of pregnancy and
birth were normal, the mother was a VNS responder, and there was even a decrease of seizure
frequency during the pregnancy period.

There were no signs of VNS malfunction in our patients during pregnancy and no changes
were made to the stimulation parameters. The same situation was observed by Suller Marti et
al. (Suller Marti et al., 2019); however, Sabers et al reported changed stimulation parameters
in 20% of the studied patients (Sabers et al., 2017). Although this indication is not approved
by the FDA and no such patient was found in our study, the exceptional problem of VNS
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system implantation during pregnancy should be noted. Jazebi et al. published a case of a 21-
year-old primigravid woman who underwent safe and successful VNS implantation and
immediate activation of the device for medically intractable seizures in her 32nd week of
pregnancy with dramatically improved seizure control and delivery of a healthy baby (Jazebi
etal., 2017).

Although the study is based on a prospectively built group of patients followed regularly in a
super-specialized epilepsy surgery center, some data were obtained retrospectively and this
can be considered as a limitation of the study.

Conclusions:

Based on the number of implanted patients, the presented study of VNS-exposed pregnancies
is one of the two largest single-center studies reported to date. The study results confirmed a
high rate of obstetric intervention in VNS patients, although the cause was not VNS in any of
the patients and can be explained either by the severity of the epilepsy or by obstetric
problems. Although there is no evidence for VNS-induced teratogenicity, the higher incidence
of VNS-exposed children requiring special education requires attention. No case of VNS
malfunction or failure caused by pregnancy or obstetric intervention was found in the studied

group.
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Questions 1 -3

1. What is the potential mechanism of VNS action influencing pregnancy outcomes and
courses?

Answer: Generally speaking, the mechanism of VNS action is the modulation of
excitability in multiple cortical and subcortical regions of the brain, including
components of the central autonomic system such as the hypothalamus. VNS therapy
may therefore influence the neuroendocrine activity (e.g. the production of oxytocin
and its storage and release from the pituitary gland). Although efferent VNS fibers
form only 20% of the vagus nerve trunk and only a minority of these fibers are
conveyed to the uterus, the theoretical possibility of VNS-induced alterations of
uterine functions cannot be excluded.

2. Should VNS be switched off during pregnancy and childbirth?

Answer: Definitely not. The sudden cessation of VNS may lead to increased seizure
frequency and severity with potential negative consequences for mother and child.

3. Are there any data supporting the negative effect of VNS on the course of childbirth or
on child outcome?

Answer: The data from a multicenter study by Sabers et al. (2017) and from less
extensive single center studies prove a higher incidence of obstetric intervention in
patients with VNS implanted for epilepsy, but this rate is only slightly higher than the
reported rate in EURAP (European and International Registry of Antiepileptic Drugs
and Pregnancy) for the general population of pregnancies and antiepileptic drugs. To
date no study has proved the negative impact of VNS on the child, although attention
should be paid to longer term outcomes.
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Table 1: The course of pregnancy and childbirth

Patient | Age | Conception | Interval Gynecological Course of Birth
VNS history incl. pregnancy
implantation | abortions
- birth
(months)
1. 26 planned 81 negative uneventful | planned
induced
2. 33 unplanned | 10 four spontaneous | uneventful | Caesarean
abortions due to section
cervix planned
insufficiency (epilepsy)
3. 38 planned 63 negative, one placental acute
healthy child separation | Caesarean
before VNS section
implantation
4. 22 planned 23 negative uneventful | spontaneous
natural
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Table 2:

Child related data

Patien | Gestationa | Birth Postbirth | Breast Presen | Psychomot. | Schooling
t | week length(cm) | adaptatio | feeding | tage developmen
/ weight n (years) |t
(grams)/
sex
1. 39 49/ 3500/ | no yes, 6 2 normal no (age)
male problems | months
2. 34 47/ 2150/ | one week | no - 10 ADHD Elementar
male incubator | insuff. y school —
lactation delayed
for ADHD
3. 31 33/ 1315/ | 2months | no-long | 1 normal no (age)
male incubator | term (fetal
incubato hypotrophy)
;
4. 39 48/ 2700/ | no no - 10 mental Special
male problems | reason delay, school
unknow autistic
n disorder
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Table 3:

Dynamics of VNS effect during pregnancy and childbirth

Patient | AED before AED VNS Changes Change of | Change
conception changes response of seizure of seizure
during stimulation | frequency | frequency
pregnancy parameters | during during
during pregnancy | birth
pregnancy
1. lamotrigine, no NR (40% not done decrease | none
levetiracetam, response,
carbamazepine, effect on
perampanel seizure
severity)
2. levetiracetam, | no NR (30% not done none seizure
lamotrigine effect on free one
seizure postbirth
intensity) week
3. valproic acid, | no NR (0%) — | not done slight none
primidone, VNS increase
zonisamide, explantation during
clonazepam later last
trimester
4. carbamazepine, | no R (60%) not done decrease | none
valproic acid,
lamotrigine
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Annex 15: Brazdil M, Dolezalova I, Korit'akova E, Chladek J, Roman R, Pail M, Jurak P,
Shaw DJ, Chrastina J. EEG reactivity predicts individual efficacy of vagal nerve stimulation

in intractable epileptics. Frontiers in Neurology. 2019;10:392-392.
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Background: Chronic vagal nerve stimulation (VNS) is a well-established
non-pharmacological treatment option for drug-resistant epilepsy. This study sought
to develop a statistical model for prediction of VNS efficacy. We hypothesized that
reactivity of the electroencephalogram (EEG) to external stimuli measured during routine
preoperative evaluation differs between VNS responders and non-responders.

Materials and Methods: Power spectral analyses were computed retrospectively on
pre-operative EEG recordings from 60 epileptic patients with VNS. Thirty five responders
and 25 non-responders were compared on the relative power values in four standard
frequency bands and eight conditions of clinical assessment—eyes opening/closing,
photic stimulation, and hyperventilation. Using logistic regression, groups of electrodes
within anatomical areas identified as maximally discriminative by n leave-one-out
iterations were used to classify patients. The reliability of the predictive model was verified
with an independent data-set from 22 additional patients.

Results: Power spectral analyses revealed significant differences in EEG reactivity
between responders and non-responders; specifically, the dynamics of alpha and
gamma activity strongly reflected VNS efficacy. Using individual EEG reactivity to
develop and validate a predictive model, we discriminated between responders and
non-responders with 86% accuracy, 83% sensitivity, and 90% specificity.

Conclusion: We present a new statistical model with which EEG reactivity to external
stimuli during routine presurgical evaluation can be seen as a promising avenue for
the identification of patients with favorable VNS outcome. This novel method for the
prediction of VNS efficacy might represent a breakthrough in the management of
drug-resistant epilepsy, with wide-reaching medical and economic implications.

Keywords: vagal nerve stimulation, neurostimulation, epilepsy, efficacy prediction, EEG reactivity, epilepsy
treatment
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INTRODUCTION

Resective surgery is currently the best therapeutic option
for treatment of patients with drug-resistant epilepsy, but a
substantial number of intractable patients remains who are
ineligible for such treatment or for whom resective surgery
fails to abolish seizures. Chronic vagal nerve stimulation (VNS)
has become a well-established alternative, offering a palliative
method of treatment for drug-resistant epilepsy; it rarely results
in complete seizure freedom (~5% of treated patients), but
provides substantial (>50%) seizure reduction in 50-60% of
individuals. Unfortunately, however, seizure frequency remains
unchanged after VNS therapy in ~25% of patients (1, 2).

Identifying individuals who will benefit from VNS therapy
prior to the implantation of the VNS device would improve
patient selection, minimize unnecessary surgical procedures,
and reduce associated financial expenses dramatically; and yet
there exists no method with which to predict individual efficacy
pre-intervention (2). Achieving a pre-operative classification of
individual patients as VNS responders or non-responders (i.e.,
patients with >50% or <50% seizure reduction, respectively)
would represent a major breakthrough in the treatment of drug-
resistant epilepsy.

It is presumed that VNS increases seizure threshold by
activating neuronal networks in the thalamus and other
limbic structures (3, 4), but the precise mechanism of VNS
action is not yet understood fully. Both synchronization and
desynchronization of the electroencephalogram (EEG) has been
proposed as a possible mechanism behind the antiepileptic
effect of VNS (5, 6), and recent neurophysiological studies
focusing on EEG parameters lend support to this: Fraschini
et al. report a significant correlation between VNS-induced
global desynchronization in gamma bands and positive clinical
outcome in temporal lobe epilepsy patients (7). Similarly, Bodin
et al. revealed a lower level of global EEG synchronization
in delta and alpha frequency bands during the ON phase of
VNS in responders (8). Theoretically, differential alterations
in brain rhythms from VNS therapy between responders and
non-responders might reflect inter-individual variability in
the (non-specific) susceptibility of EEG to be synchronized
or desynchronized by external stimulation. It follows that
differences in this susceptibility might underlie individual
VNS efficacy.

We tested the hypothesis that EEG reactivity to standard
external stimuli used during routine pre-operative EEG
assessment differs between VNS responders and non-responders,
with the aim of developing a reliable statistical model for
prediction of VNS efficacy.

MATERIALS AND METHODS
Study Design

We performed retrospective analyses of EEG data collected
from all adult patients implanted with a VNS device for drug-
resistant epilepsy in the Brno Epilepsy Center between 2005
and 2015. Data from patients implanted between 2005 and
2012 were used for investigation of EEG reactivity to external

stimuli and subsequently for development of the statistical model
(Cohort 1). Additional data from patients implanted with VNS
between 2013 and 2015 were used as independent data-set for
validation of the statistical model (Cohort 2). All the data were
acquired during routine outpatient pre-operative assessment,
20 min recording at morning with two standard eyes opening
and closing activation procedures (i.e., 10s period with eyes
open), photic stimulation (PS), and hyperventilation (HV). Each
EEG recording was filtered into individual frequency bands and
segmented into specific intervals representing the eyes opening
and closing, PS and HV periods. The relative powers of EEG
spectrum in distinct time intervals for a particular frequency
band and brain area were then calculated.

Based on their individual responses to VNS, patients were
categorized as Responders or Non-responders. In Cohort 1,
Responders and Non-responders were first compared on the
relative power values, and then a statistical model for prediction
of VNS efficacy was developed. Subsequently, the validity of the
statistical model was tested in Cohort 2. The study was conducted
in St. Anne’s University Hospital and approved by the local ethics
committee. All patients gave their informed written consent for
the use of their pre-operative data.

Patients’ Description
All patients were implanted with a VNS system (Cyberonics,
Houston) according to a standard implantation procedure (9).
Before implantation, all patients underwent a comprehensive
assessment protocol for epilepsy surgery candidates, including
a detailed history and neurological examination, magnetic
resonance imaging (MRI), interictal PET, neuropsychological
testing, and scalp video-EEG monitoring. In some patients,
ictal and interictal SPECT (SISCOM) and invasive video-EEG
monitoring have been completed if necessary. Based on the
results of all the investigations, patients indicated for VNS and
included in this study were ruled out as suitable candidates for
resective epilepsy surgery. Our analyses were applied to data
acquired from patients who fulfilled the following criteria: The
duration of VNS treatment was at least 2 years; the efficacy
of VNS treatment was determined in regular visits every 3 or
6 months; and artifact-free pre-operative interictal EEG was
available for eye opening and closing, PS and HV periods.
Demographic information and data regarding the type and
number of antiepileptic drugs (AEDs) at the time of implantation
were obtained by review of patients’ charts. The efficacy of
VNS was categorized using a classification system reported by
McHugh (10). The cut-off value for seizure-reduction between
responders and non-responders was 50%. Patients were defined
as Responders or Non-responder only if they were categorized as
such for the entire follow-up period.

EEG Analysis

First, we compared relative EEG powers between Responders and
Non-responders in Cohort 1. Interictal scalp EEG was recorded
on a 64-channel Alien Deymed system with international
10-20 electrode placement and a sampling frequency of 128 Hz.
Standard antialiasing filters were applied before digitalization.
Occasional artifacts were rejected manually and further
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processing was performed with artifact-free EEG periods. The
resulting EEG signals were filtered into four frequency bands:
theta (4-7.5Hz), alpha (8-12 Hz), beta (14-30 Hz), and gamma
(31-45Hz). A Hilbert transform was then used to estimate the
envelopes of pre-defined pass-band frequency oscillations as a
function of time (Figure 1). The EEG records were segmented
into the following conditions (time intervals):

—~Rest#1 (2 min)

-Eyes opening/closing (10 s)

—Rest#2 (immediately after eye closure; 10 s)
—Photic stimulation (PS; 2.5 min)
—-Hyperventilation (HV; 4 min)

-Eyes opening/closing (10 s)

—Rest#3 (immediately after eye closure; 10 s)
—Rest#4 (2 min)

NN U W N~

Further analysis was focused on oscillatory power changes
in these conditions. Absolute mean power of the EEG
spectrum was computed as a mean value of the passband
power envelope inside each interval separately, for each
scalp electrode. Subsequently, relative mean power (RPW)
was calculated as a percentage decrease or increase of mean
power relative to baseline, i.e., event-related desynchronization
or synchronization, respectively. As a baseline we selected
Rest#1 (11). We then evaluated differences between Responders

and Non-responders by comparing relative power in seven
conditions of clinical assessment: Open/Close#1, Rest#2, PS, HV,
Open/Close#2, Rest#3, and Rest#4.

Statistical Analysis

Demographic data were compared between Responders and
Non-responders using Fisher’s exact test or the Mann-Whitney
test. Statistical comparisons of RPW between Responders and
Non-responders were also performed with Mann-Whitney
tests. Using false discovery rate (FDR) (12), p-values for all
electrodes were corrected for multiple comparisons in each
time interval separately. Differences were considered significant
when p < 0.05.

Prediction of Response to VNS

Developing the Statistical Model

The statistical model for prediction of VNS efficacy was
developed from data obtained in Cohort 1 in the following
steps: Firstly, electrodes were grouped into seven anatomical
regions as follows: (1) left frontal—Fpl, F3, Fz; (2) right
frontal —Fp2, F4, Fz; (3) left anterotemporal—F7, T3; (4)
right anterotemporal—F8, T4; (5) central—C3, Cz, C4; (6)
left posterior quadrant—P3, Pz, T5, O1; (7) right posterior
quadrant—P4, Pz, T6, O2. Specifically, mean values were
calculated for the respective groups of electrodes. This resulted

Predefined frequency pass-bands segmented into time-intervals (conditions)
REST 1 OPEN EYES/ REST 2 PHOTIC HYPERVENTILATION OPEN EYES / REST 3 REST 4
\Cl_OSE [EYES STIMULATION l CLOSE EYES /
N
RAW ‘ M 50
SIGNAL o uv
i ! | | i -50
BASELINE
Theta 2
4-75Hz uv
I~4
w Alpha 2
V
2| 8121z !
[+ %
Beta 2
14-30 Hz w
Gamma i " | | b I T
31-45Hz | | IR L b il 12y
0 5 10 15 20
Time (min)
FIGURE 1 | Pre-processing of EEG signal. The EEG was segmented into eight time intervals, and then filtered into four frequency bands: theta, alpha, beta, and
gamma. Subsequent analyses focused on the oscillatory power changes within these intervals, which were analyzed separately for each frequency band.
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in 196 electrode group variables (7 conditions x 4 frequency
bands x 7 anatomical regions). In the second step, the maximally
discriminative electrode group variables were then selected using
stepwise logistic regression performed in leave-one-out (LOO)
manner; specifically, with n patients, logistic regression was
performed over # iterations, each with one subject omitted. This
approach allowed us to avoid overestimating the classification
results, which occurs when classification is performed on
electrode groups selected using all subjects simultaneously.
Thirdly, electrode group variables identified most frequently
as maximally discriminative after the n LOO iterations were
used for classification using three classifiers; namely, logistic
regression (LR), linear support vector machines (SVM), and
linear discriminant analysis (LDA). In this step, we used a LOO
cross-validation to split the data into training and testing sets:
one patient was chosen randomly as a testing subject and the
remaining patients were employed for training the classifier.
The testing subject was then classified as belonging to the
Responder or to the Non-responder class, and the resulting
class label was compared with the true classification label. This
procedure was repeated using each of the subjects as the testing
subject sequentially, and the overall classification performance
measures of accuracy, sensitivity, and specificity were calculated
(see the black schematics in Figure 2). Fourth, using one-sample
binomial test we performed a comparison of the achieved
classification accuracies with a classification by chance. We also
attempted to predict VNS efficacy based on 532 possible single
electrode variables (7 conditions x 4 frequency bands x 19
electrodes; see Supplementary Material 1).

Validation of the Statistical Model

The validity of the aforementioned statistical model was verified
on the independent data-set obtained from Cohort 2. This
validation cohort consisted of patients suffering from drug-
resistant epilepsy who were implanted with VNS in our Center
between 2013 and 2015. We obtained EEG data recorded
using an identical EEG system and pre-surgical assessment
protocol, and processed mathematically in the exact same way
described above. Patients were classified as Responders and Non-
responders with our statistical model using two approaches (see
the gray schematics in Figure 2). Both began with data reduction,
whereby we selected only data corresponding to the maximally
discriminative electrode group variables identified based on
Cohort 1. In the first approach, this data reduction was followed
subsequently by a classification of m subjects from Cohort 2 as
Responders or Non-responders based on a single classifier, which
was trained on all n subjects from the Cohort 1. In contrast, in the
second approach we classified the reduced data of Cohort 2 using
majority voting of n classifiers trained on n-1 subsets of Cohort
1. The resulting indices for accuracy, sensitivity, and specificity
were then compared to those from the classification of Cohort 1.

RESULTS

Participants

Cohort 1

The VNS device was implanted in 110 patients in our center
between 2005 and 2012. We excluded 50 patients (45%) from
further analyses—17 (15%) because of poor-quality pre-surgical
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FIGURE 2 | The statistical model for prediction of VNS efficacy based on EEG analysis. Schematics representing the development of the statistical model on data
from Cohort 1 outlining the selection of the most discriminative electrodes groups as well as classifier training (CT) and testing (T) performed in LOO manner (the black
schematics); and two approaches taken for the validation procedure, whereby our statistical model was applied to an independent data-set from Cohort 2 (the gray
schematics). Equivalent steps taken in each of the two validation approaches are visualized using solid lines, including the reduction of Cohort 2 by selecting the
maximally discriminative electrodes identified in Cohort 1. The two approaches differ in the steps represented by dashed lines—i.e., the classification (C) of the
reduced dataset using: (A) a single classifier trained on all n subjects from Cohort 1, and (B) voting of n classifiers trained on n-1 subsets of Cohort 1.
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EEG, 13 (12%) due to attrition, and 20 (18%) who switched
between VNS outcomes during the follow-up period (see
Supplementary Material 2 for details). Demographics for the 60
patients included in the analyses are summarized in Table 1.
According to the response to VNS, patients were subdivided
into 35 (58%) Responders and 25 (42%) Non-responders. When
examining demographic data, we observed significant differences
between Responders and Non-responders in patients’ age at
epilepsy onset, duration of epilepsy before VNS implantation,
and treatment by valproic acid (Table 1).

Cohort 2

In total, the VNS device was implanted in 25 patients between
2013 and 2015. Three patients were excluded from our analyses
due to poor-quality pre-surgical EEG recordings. Data from the

remaining 22 patients were used for independent validation:
12 (54.5%) Responders and 10 (45.5%) Non-responders. The
demographic data are summarized in Table 1. The Cohort 2 did
not differ from the Cohort 1 in the demographic characteristics,
apart from the anticipated difference in duration of VNS
(p < 0.001) and subtle differences in antiepileptic treatment
(specifically, eslicarbazepine, lacosamide, and zonisamide were
more frequent in Cohort 2; p = 0.029, p = 0.003, and p =
0.012, respectively).

RPW Differences Between Responders

and Non-responders
In Cohort 1, computation of RPWs and their dynamics in the
recording sites revealed significant changes for both Responders

TABLE 1 | Demographic and treatment data for Cohort 1 and Cohort 2.

Cohort 1

Cohort 2

Combined Non-responders Responders p

Combined Non-responders Responders p

(n = 60) (n = 25) (n =35) (n=22) (n=10) (n=12)
Type of epilepsy, n (%)  TLE 14 (23) 6 (24) 8 (293) 1.000 6 (27) 3(30) 3 (25) 0.801
Extra-TLE 43 (72) 18(72) 25 (72) 15 (68) 6 (60) 9 (75)
IGE 3(5) 1(4) 2 (6) 1) 1(10) 0(0)
Gender, n (%) Females 34 (57) 17 (68) 17 (49) 0.188 11 (50) 4 (40) 7 (58) 0.670
Males 26 (43) 8(32) 18 (51) 11 (50) 6 (60) 5 (42)
Age (years) at VNS implantation (median, 33 (15-65) 30 (15-65) 36 (18-63) 0.134 31 (22-71) 26 (22-42) 40 (22-71)  0.069
min-max)
Age (years) at epilepsy onset (median, 9 (1-51) 13 (1-27) 6 (1-561) 0.014 10 (0-59) 8 (0-18) 12 (4-59) 0.128
min-max)
Duration (years) of epilepsy before vagal nerve 22 (4-60) 15 (4-55) 26 (7-60) 0.019 20 (2-49) 20 (14-34) 19 (2-49) 0.872
stimulator implantation (median, min-max)
Duration (years) of VNS (median, min-max) 6 (3-11) 6 (3-10) 6 (3-11) 0.581 3(2-3) 3(2-3) 3(2-3) 0.628
Treatment at the time of BRV 2 (3) 2(8) 0(0) 0.169
VNS implantation, n (%) cBz 32 (53) 15 (60) 17 (49) 0.439 9 (41) 3(30) 6 (50) 0.415
CLB 12 1(4) 0(0) 0.417
ClLz 13 (22) 6 (24) 7 (20) 0.758 4(18) 3(30) 1(8) 0.293
ESL 3(5) 2(8) 19 0.565 5(23) 4 (40) 1(8 0.135
GBP 12 0(0) 19 1.000
LCM 6 (10) 1(4) 5 (14) 0.386 9 (41) 6 (60) 3 (25) 0.192
LEV 36 (60) 16 (64) 20 (57) 0.790 10 (45) 4 (40) 6 (50) 0.691
LTG 27 (45) 11 (44) 16 (46) 1.000 9 (41) 4 (40) 5 (42) 1.000
PGB 5(8) 2(8) 3(9) 1.000 1) 0(0) 1(8) 1.000
PHE 12 0(0) 1) 1.000
PHT 4.(7) 1(4) 3(9) 0.634 1) 1(10) 0(0) 0.455
PRM 3(5) 1(4) 2 (6) 1.000 2(9) 1(10) 1(8) 1.000
TPM 13 (22) 5 (20) 8 (293) 1.000 2(9) 1(10) 1(8) 1.000
VPA 14 (23) 2(8) 12 (34) 0.028 5 (23) 3(30) 2(17) 0.624
ZNS 8 (13) 5 (20) 3(9) 0.259 9 (41) 4 (40) 5 (42) 1.000
Number of AEDs used at 1 4(7) 14 39 0.974 1) 00 1(8) 0.495
the time of VNS 2 17 (28) 8(32) 9 (26) 732 3(30) 4(33)
implantation, 1 (%) 3 26 (43) 11 (44) 15 (43) 7(32) 2 (20) 5(42)
4 12 (20) 5 (20) 7 (20) 5 (23) 3(30) 2(17)
5 12 0(0) 1) 2(9) 2 (20) 0(0)

AEDs, antiepileptic drugs; BRV, brivaracetam; CBZ, carbamazepine; CLB, clobazam; CLZ, clonazepam; ESL, eslicarbazepine; Extra-TLE, extratemporal lobe epilepsy; GBF, gabapentin;
LCM, lacosamide; LEV- levetiracetam; LTG, lamotrigine; NA, not applicable; PGB, pregabalin; PHE, phenobarbital; PHT, phenytoin;, PRM, primidone; TLE, temporal lobe epilepsy; TPM,

topiramate; VINS, vagal nerve stimulation; VVPA, valproic acid; ZNS, zonisamide.
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and Non-responders in all investigated frequency bands, all
defined conditions, and the majority of electrodes (Figure 3).
These changes were largely equivalent for both Responders
and Non-responders within specific frequency bands and
conditions. In the alpha and gamma frequency bands, however,
there were striking dissimilarities between the two patient
groups in conditions, with the most prominent differences
during photic stimulation (PS) and hyperventilation (HV).
Comparing Responders and Non-responders with respect to the
RPW in all pre-defined frequency bands and conditions, we
revealed significant differences in alpha and gamma frequency
bands (Figure 4).

When analyzing the alpha band, significant differences
between Responders and Non-responders were found
in the following conditions: 4-PS, 5-HV, and 8-Rest#4.
The differences were present over different brain regions
in each condition: In 4-PS, there were differences over
central and anterior areas (absence of desynchronization in
Responders); in the 5-HV interval we observed differences
over central and posterior regions (significantly higher
synchronization in Responders); and in 8-R, differences
were localized to right anterior and left posterior areas
(higher power in Responders but persisting desynchronization
in Non-responders).

When focusing on the gamma frequency band, we observed
significant differences (gamma synchronization in Responders
and desynchronization in Non-responders) in RPW within 4-
PS, 5-HV and 7-Rest#3: In the first two conditions, differences
were distributed across almost the whole scalp. The differences in
RPWs within 7-Rest#3 were observed within right anterior and
left posterior areas.

Prediction of VNS Response —Statistical

Model

Based on the EEG data of Cohort 1, the statistical model
was developed. Eight groups of electrodes were selected as
the most discriminative in this statistical model (visualized in
Figure 5). The best classification results based on these eight
most discriminative groups of electrodes were obtained using the
LR classifier, achieving 86.7% accuracy, with 88.6% sensitivity
and 84% specificity (Table 2). This classification accuracy was
significantly higher than those achieved by chance (p < 0.001).
The SVM classifier achieved lower accuracy (75%) but it was
still significantly higher than that achieved by chance (p =
0.004). The lowest classification performance measures were
obtained in classification using LDA (accuracy 65%). Detailed
visualizations of classification accuracy are provided in Figure 6.

BASELINE
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LATION REST 3

REST 4
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white dot. If no significant difference exists, the electrode is marked by a black dot.
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FIGURE 3 | Relative mean powers (RPWs) for all frequency bands. Each head represents RPW in a given condition and frequency band. The RPW percentage scale
is displayed on the right-hand side. Where a statistically significant difference exists in a given condition relative to baseline (Rest#1), the electrode is marked by a
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FIGURE 4 | Relative mean power (RPW) differences between Responders and Non-responders. Statistically significant or non-significant differences in a given
electrode are marked by a white or black dot, respectively. The significant differences between Responders and Non-responders were identified in alpha and gamma

The final statistical model is described in more detail in
Supplementary Material 3.

Validation of the Statistical Model

The data of patients in Cohort 2 were used for independent
validation. When comparing the results of our classification
model applied to Cohort 2 against real-life outcome, the best
results were again obtained for the model using the LR classifier
achieving an accuracy of 86.4%, sensitivity of 83.3%, and
specificity of 90%. The complete results achieved using classifier
voting are summarized in Table 2. Classification performance
based on a single classifier was lower (data not shown).

DISCUSSION

Over 80,000 epilepsy patients have been treated worldwide using
vagal nerve stimulation (VNS), a standard of modern non-
pharmacological treatment. Importantly, the number of epileptic
patients who are eligible for VNS therapy is approximately
three million subjects worldwide. In this light, a method for
the reliable prediction of individual efficacy of VNS therapy is
desperately needed.

Recently, several authors have attempted to identify predictors
of VNS outcome (1, 2, 4, 13). Despite these efforts, however,

clinical predictors of individual responsiveness to VNS therapy
remain elusive. Similar estimates of efficacy are reported for
diverse neurostimulation techniques in the treatment of drug-
resistant epilepsy (i.e., VNS, Deep Brain Stimulation of Anterior
Thalamic Nuclei, Brain Responsive RNS System, transcutaneous
VNS, or external Trigeminal Nerve Stimulation), which might
suggest a more consequential impact of external stimuli per se
on epileptic activity. For this reason, we retrospectively evaluated
routine EEG data acquired before implantation in a large cohort
of VNS patients. Using standard computations of power spectral
analyses of interictal EEG, we reveal significant differences
between responders and non-responders in two pre-defined
frequency bands (alpha and gamma) and four conditions of
standard clinical assessment. Based on RPWs and their dynamics,
we have developed and validated a statistical model for prediction
of VNS efficacy that discriminated between responders and non-
responders with almost 90% accuracy.

Our primary finding is that VNS responders and non-
responders differ significantly in EEG power dynamics within
alpha and gamma frequency bands prior to therapy. Whilst both
patient groups demonstrated equivalent alpha desynchronization
during eyes opening, they differed in alpha reactivity to
photic stimulation and hyperventilation; specifically, responders
showed no decrease in alpha power during the former but
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FIGURE 5 | Electrode groups and individual electrodes selected for statistical modeling. Electrode groups (A) and individual electrodes (B) selected for the

TABLE 2 | Classification performance indices for electrode group variables.

Cohort 1-60 patients

Cohort 2—22 patients

Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity P
LR 86.7 88.6 84.0 <0.001 86.4 83.3 90.0 0.006
SVM 75.0 62.9 92.0 0.004 77.3 58.3 100.0 0.043
LDA 65.0 48.6 88.0 0.147 45.5 16.7 80.0 0.879

LDA, linear discriminant analysis; LR, logistic regression; p, p-value calculated using one-sample binominal test; SVM, linear support vector machines.

an enormous increase during the latter. This reactivity pattern
stands in contrast to that observed in healthy individuals, in
whom photic stimulation typically leads to alpha attenuation
and standardized hyperventilation has been shown to decrease
alpha power (14). Interestingly, we also observed significant
increases in gamma power during both photic stimulation
and hyperventilation in responders relative to non-responders.
Hyperventilation-induced physiological changes are thought to
be a consequence of increased neuronal excitability resulting
from the hypocapnia-induced alkalosis (15, 16). Significantly
enhanced alpha and gamma activities during hyperventilation
in responders might reflect distinct properties of responders’
brains vis-a-vis neuronal excitability and synaptic transmission.
Nevertheless, hyperventilation is a complicated practice which, in
epileptic subjects, results in unpredictable responses. The reasons
for this remain unclear (e.g., metabolic hypersynchronization,
altered neurotransmitters, etc.). It also remains unclear why the
alpha (and less expressed gamma) desynchronization persist in

our non-responders at the end of EEG recordings (Rest#4). It
seems that the protocol itself, particularly photic stimulation
and hyperventilation, induces some change from the resting-
state baseline for non-responders. Differential dynamics of power
changes after the stimulation—faster in responders and slower
in non-responders—might represent another characteristic in
which these groups of patients differ substantially.

Interestingly, valproic acid (VPA) was used more frequently
in pharmacological treatment prior to implantation in our
VNS responders compared to the non-responders. We might
therefore ask whether differences in EEG reactivity observed in
our study is related to some pharmacological imprint. Although
this speculative explanation cannot be fully excluded, it seems
unlikely that pharmacological impact on EEG is the main factor
driving our findings. Still more unlikely is substantial VPA impact
on the prediction of VNS efficacy, bearing in mind that only one
third of responders were treated with VPA and the accuracy of
individual VNS efficacy prediction was almost 90%.
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Since Hans Berger’s initial observation in 1933, the best known
example of EEG reactivity is alpha attenuation (alpha blocking
and desynchronization). This is observed typically when subjects
open their eyes (the Berger effect), but alpha also disappears
when subjects become drowsy and it can be blocked by
numerous kinds of external stimuli (visual or auditory) or mental
operations (e.g., imagery, visualization, mental arithmetics). This
implies that alpha reactivity as a modality-independent, general
phenomenon, reflecting the functional modes of thalamo-cortical
and cortico-cortical loops that facilitate/inhibit the transmision
of information in the brain (17, 18). Particularly noteworthy is
the high inter-individual variability in alpha reactivity; it has been
shown to differ between extraverts and introverts, for example,
and there is less pronounced alpha desynchronization in people
with high intelligent quotient during several cognitive tasks (19,
20). Alpha reactivity has also been reported to decrease with
aging (21-24) and in patients with mild cognitive impairment
and Alzheimer disease (25), and a lack of alpha reactivity has been
used to predict the long-term deterioration of higher functions
in subjects with cognitive decline (26). From this viewpoint, our
discovery of differential alpha reactivity in VNS responders vs.
non-responders further emphasizes the multifold functions of the
diffuse alpha system (27).

In our study, significant differences in EEG power dynamics
within the gamma frequency band between VNS responders
and non-responders very likely reflects distinct reactivity of true
brain gamma. When interpreting thoroughly our results in this
frequency band, however we shall keep in mind the study of
Whitham et al. (28); these authors showed recently that even
the normal resting EEG might reveal significant contamination
with electromyography (EMG) activity in this frequency band.
Further, the level of EMG contamination increased dramatically
when subjects perform various experimental tasks and are sitting

during EEG recordings (29). More recently, however, Boytsova
et al. showed that EMG contamination does not necessarily hide
high-frequency EEG and does not preclude qualitative detections
of electroencephalographic correlates of mental activities in beta
and low gamma frequency ranges (30). Unfortunately, despite the
availability of several techniques for the reduction of muscular
artifacts from EEG traces, at a present none are able to guarantee
that analyzed data are completely free of high-frequency artifacts
(29). In our study, EEG was recorded under standard conditions:
patients laid comfortably and were instructed to relax (including
their facial muscles), no task was performed, and recordings
from patients containing artifacts identified with careful visual
inspection (e.g., muscular activity) were excluded (17 out of
110 patients). As such, we strongly believe an increased gamma
power during both photic stimulation and hyperventilation in
responders relative to non-responders is not resulting from
distinct muscle artifacts contaminations.

Both brain rhythms—alpha and gamma—are considered to
represent a kind of universal code consistent with their putative
role in brain signaling (27). Both are generated in a widely
distributed system, with a major role of thalamocortical circuits
in their origin (31-33). The differential impact of external
stimuli on alpha and gamma between VNS responders and
non-responders might be mediated by differences in neuronal
interconnectivity and different levels of neurotransmitters
within underlying cerebral matrices (24). Such differences
might influence the effect of external stimuli delivered to
thalamocortical circuits and other brain networks via the
vagal nerve (34, 35). Consistent with this notion, many
consider the mechanism of VNS action to be modulation
of synaptic activity in the thalamus and thalamocortical
projections, increased plasticity in GABA receptors, and
modulation of GABAergic activity that is related directly to
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gamma oscillations (6, 36). Indeed, one of the most plausible
factors involved in gamma variation between our populations
of responders vs. non-responders is represented by the role of
GABA neurotransmission and divergent dynamics of inhibitory
interneuron networks within the central nervous system (37,
38). The close relationship between different types of external
stimulation and brain reactivity we have observed might be
indicative of a common mechanism underlying the various forms
of neurostimulation in epilepsy treatment.

Finally, as seen in the developed and validated statistical
model, for accurate prediction of VNS efficacy distinct
recording electrode groups, different conditions (especially
hyperventilation, but also eyes opening/closing and resting
periods), and all frequency bands were selected as the most
discriminative ones. Using our approach we achieved high
accuracy, sensitivity and specificity in both well-defined and
predominant VNS patients. We also evaluated a statistical
model based on single electrodes, which had slightly superior
classification performance in Cohort 1 and predominant
VNS patients but failed in the independent validation set
of Cohort 2. This indicates that groups of electrodes are
better suited for VNS efficacy prediction—by integrating data
from larger regions, such groupings appear to produce more
robust results.

To conclude, we have revealed that EEG reactivity to external
stimuli used during routine pre-operative EEG investigation
differs between VNS responders and non-responders. Moreover,
we have developed and validated a statistical tool that can
predict with extremely high accuracy whether or not individual
drug-resistant epileptic patients will benefit from VNS treatment
(Patent Number EP3437692-A1). This electrophysiological
marker could prove invaluable when providing patients with
expected postoperative prognosis. Further research is required
before this can be achieved, however; our findings come from
a retrospective and monocenter study, with a limited number
of patients comprising the independent validation. Our results
must therefore be replicated in prospective, multicentre, and
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Response to Vagal Stimulation by Heart-rate Features
in Drug-resistant Epileptic Patients*

F. Plesinger, J. Halamek, J. Chladek, P. Jurak, I. Dolezalova, J. Chrastina, M. Brazdil

Abstract— Vagal Nerve Stimulation (VNS) is an option in the
treatment of drug-resistant epilepsy. However, approximately a
quarter of VNS subjects does not respond to the therapy. In
this retrospective study, we introduce heart-rate features to
distinguish VNS responders and non-responders. Standard
pre-implantation measurements of 66 patients were segmented
in relation to specific stimuli (open/close eyes, photic
stimulation, hyperventilation, and rests between). Median
interbeat intervals were found for each segment and
normalized (NMRR). Five NMRRs were significant; the
strongest feature achieved significance with p=0.013 and
AUC=0.66. Low mutual correlation and independence on EEG
signals mean that presented features could be considered as an
addition for models predicting VNS response using EEG.

Clinical Relevance— Responders and non-responders to
VNS can be distinguished (with low AUC) also by heart
activity.

I. INTRODUCTION

Drug-resistant epilepsy can be treated by resective
surgery (if localized) or by vagal nerve stimulation (VNS).
Although the VNS is less interventing to a patient, it is less
effective and usually does not lead to complete seizure
freedom. Approximately half of the patients show a
decreased amount of seizures by 50%; a quarter of the
patients does not respond to the VNS [1], [2] at all.

In  general, epilepsy research  usually  uses
electroencephalograph (EEG) signals to measure brain
activity. This also applies to works focused on explaining the
mechanism of the VNS effect [3]-[5] investigating
synchronization/desynchronization of EEG in specific
frequency bands. Yet up to this date, features and models
predicting response to the VNS are missing [2] with
exception to [6]. However, presented studies were focused on
information from the brain while information describing
heart activity, electrocardiogram (ECG), remains unused
except for [7] using HRV analysis from 24-hours ECG
recordings.

* This research has been financially supported by grant AZV NV 19-04-
00343

F.Plesinger, J.Chladek, P.Jurak, J. Halamek, is with the Institute of
Scientific  Instruments of the CAS, Brno, 612 64 Czechia
(e-mail: fplesinger@ isibrno.cz).

I. Dolezalova, J. Chrastina, M. Brazdil, J.Chladek is with  Behavioral and
Social Neuroscience Research Group, CEITEC — Central European
Institute of Technology, Masaryk University, Brno, Czechia and with
(excepting J. Chladek) Brno Epilepsy Center, Department of Neurology,
St. Anne’s University Hospital and the Medical Faculty at Masaryk
University, Brno, Czechia

In this retrospective study, we investigated features
derived from ECG signals; we explored their ability to
distinguish between responders and non-responders to VNS
therapy in drug-resistant epileptic patients.

Il. DATA

Subjects to VNS were measured in the Brno Epilepsy Center
(Brno, Czech Republic) between 2005 and 2015 as a
standard pre-operative assessment. These measurements
were part of a study [6] focused on relations between scalp
EEG signals and VNS response. After the VNS
implantation, patients were followed-up (> 2 years), and
individual outcomes were evaluated based on seizure
reduction [8]:  patients with < 50% reduction were
considered as non-responders while others were considered
VNS responders.

A. Patients

In this analysis, we used a subgroup of patient cohort
presented in the source study [6]. Patients were removed
from the presented analysis when measurement protocol was
not respected, or unexpected events occurred (coughing
during hyperventilation, sleep). Finally, a total of 66 patients
(age 34 + 12 years) consisting of 30 men and 36 women
with 36 responders and 30 non-responders formed the cohort
for this analysis (Tab. 1).

TABLE I. PATIENT COHORT
Patient cohort
Gender
All Responders Non-responders
All 66 36 30
Females 36 18 18
Males 30 18 12

B. Protocol description

A standard protocol (Fig. 1) was used for measurements:
e restat the beginning with closed eyes (Rest 1)

open eyes for 9 seconds

the second rest (Rest 2)

photic stimulation with increasing and decreasing

frequency from 5 to 50 Hz

the third rest (Rest 3)

hyperventilation using nose

hyperventilation using mouth

the fourth rest (Rest 4)

second block with open eyes
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Figure 1. Protocol design with mean segment names and durations

C. Recordings

ECG signals were recorded together with EEG signals using
Alien Deymed device with standard 10-20 electrode
placement. Recordings were sampled at 128 Hz. If more
then one ECG channel was available, the first one was used.
Recording device provided antialiasing filtering for all input
signals.

I1l. METHOD

A. Measurement segmentation

Each measurement was split into segments based on
individual marks. Because this analysis works with heart
activity, a sufficient length of time segments is needed.
Therefore, the duration of rest segments is higher in
comparison to the rest segments used in the source study [6].
In total, each recording was split into nine segments.

B. The segment-specific median RR interval (MRR)

Heartbeats (QRS complexes) were found for each
measurement segment. For this purpose, we used a
technique based on amplitude envelopes developed for the
ECG Holter study [9]. This technique transforms input ECG
signal into amplitude envelope in band 5-25 Hz, searches for
local maxima, and applies several rules to deny or accept
specific peak as a QRS. Then an array of inter-beat (RR)
intervals for each segment is computed as a difference of
QRS positions. Finally, the MRR is computed as a median
of the array.

C. Baseline normalization

As RR intervals are specific to patients, they need to be
normalized to a baseline. It is a crucial part of this study
since the significance of heart-rate features strongly relates
to used baseline. As a baseline, we used the rest between the
end of deep breathing and the last opening of eyes (Rest 4).
Therefore, normalized MRR (NMRR) of each segment is
computed as
MRRg,,

NMRR,,, = ————
seq MRRRest4

where seg refers to a specific measurement segment.

D. Statistical analysis

Statistical analysis of NMRR values was processed using
Python 3.7 and a SciPy [10] package. Non-parametric
Wilcoxon—-Mann-Whitney test [11] was used to evaluate the
ability of each NMRR to separate responders and non-
responders. P-values lower than 0.05 were considered
significant. Also, the Area under the Receiver-Operator
Curve (AUC) was computed for each measurement segment.
A linear relationship between significant features was
examined using a correlation matrix.

IV. RESULTS

A. Median RR values in segments

MRR values do not show significant differences between
VNS responders and non-responders in any of the segments
(Tab. 2). For completeness, the last row of tab.2 shows MRR
over the whole measurement, which also remains non-
significant.

TABLE I1. MEDIAN RR VALUES FOR SEGMENTS
Mean of Median RR values [s]
Segment Responders Non-responders p-value
[N=36] [N=30]

Rest 1 0,84+ 0,15 0,83+0,17 0,38

Open eyes 1 0,86 +0,15 0,85+0,17 0,43

Rest 2 0,84+0,15 0,83+0,16 0,36

Photic stimulation 0,85+0,15 0,84 +0,16 0,32

Rest 3 0,85+0,15 0,84 +0,16 0,26

Hyperxgrs‘;"a“o” 0.82+0,16 0.81+0,16 032

Hypervenilation |41, 16 | 0.80+0,15 0,39
mouth

Rest 4 0,84+0,16 0,85+0,16 0,45

Open eyes 2 0,85+0,15 0,84 +0,15 0,34

Overall 0,84+0,15 0,83+0,16 0,38
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Figure 2. Ability of median RR (MRR) intervals to separate responders ( blue) and non-responders (orange). MRR values were normalized to
MRR from segment Rest-4. Blue and orange stripes are defined by 1% and 3" quartile of specific boxplots. Grey areas mark significant features.

B. Normalized Median RR values in segments

On the other hand, different results are obtained when MRR
values are normalized to a baseline (Fig. 2 and Tab. 3). We
used the Rest 4 as the baseline segment; this normalization
revealed five significant features — NMRRs from Rest 1,
Rest 3, Hyperventilation by the nose, Hyperventilation by
mouth, and the second segment with Open eyes.

Figure 2 shows differences in NMRR values between
responders and non-responders, accompanied by p and AUC
values. In those five significant features, we examined
mutual correlations (Fig. 3); the strongest correlations were
found between two hyperventilation segments (by mouth

TABLE Il NORMALIZED MEDIAN RR VALUES FOR SEGMENTS
Mean Normalized Median RR
Segment p-value
Responders Non-responders
[N=36] [N=30]
Rest 1 1,01 +£0,07 0,99 + 0,05 0.038*
Open eyes 1 1,03 £0,07 1,00 £ 0,07 0.141
Rest 2 1,01 +£0,06 0,99 + 0,04 0.075
Photic stimulation 1,01 £0,06 0,99 + 0,04 0.110
Rest 3 1,01 £0,05 0,99 £ 0,03 0.013*
RUEERETIELEN | o s 0,96+ 0,05 0.033*
nose
RYEREIEED | o g pa 0,95+ 0,05 0.028*
mouth
Open eyes 2 1,02 + 0,06 0,99 + 0,06 0.023*

and nose).
-1.0
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Figure 3. Correlation matrix of significant normalized median RR
intervals (NMRR).
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V. DISCUSSION

A. Selecting a proper normalization segment

Results showed that features based only on heart activity are
weak, but significant for recognizing VNS response.
However, this significance depends on the segment used for
the normalization. We started with normalization using the
median RR interval over the whole measurement as we
expected that this could refer to the regular heart rate of the
specific patient in the corresponding daytime. However, as
shown in the last row of Tab. 4, this normalization led to the
only one significant feature — Rest 4. Then we tried
normalizing to different measurement segments. Since
normalizing to most segments brings none or just one
significant feature, we found that normalizing to the Rest 4
brings a surprising amount of significant features.

TABLE IV. SIGNIFICANT FEATURES BY A BASELINE SEGMENT
Significant NMRRs
Baseline The most significant NMRR
segment Count
Name p- value
Rest 1 1 Rest 4 0.038
Open eyes 1 0 - -
Rest 2 0 - -
Photic stimulation 0 - -
Rest 3 1 Rest 4 0.013
Hyperventilation
nose 1 Rest 4 0.033
Hyperventilation
. 1 Rest 4 0.028
Rest 4 5 Rest 3 0.013
Open eyes 2 1 Rest 4 0.023
Overall 1 Rest 4 0.013

B. Possible explanation

Presented observation tells that the long-term response to
VNS might be linked with the patient’s heart reaction to
hyperventilation. More specifically, it might be hypothesized
that the epileptic activity enhanced by hyperventilation
impacts differentially on brain structures involved in
controlling heart rate (e.g., insula or other autonomous brain
structures) in responders versus non-responders. An
alternative explanation could be that the reactivity of
autonomous brain structures to hyperventilation per se is
different in responders versus non-responders.

C. Level of significance

All significant features show rather weak AUC values. On
the other hand, we are looking at features based purely on
the ECG signal, and we are using it for an EEG-specific
domain.

D. Features usability

We showed that correlations between significant features in
Fig.3 are rather low, which means that several of them could
be used together in models predicting VNS response.

E. Method benefits and limitations

The presented method shows significant features based
purely on the ECG signal with low mutual correlation.
Therefore, presented features could be valuable companions
to more common EEG features in models predicting VNS.
Presented ECG features are expectedly weaker then EEG
features used in [6]. The size of the study cohort consisting
of 66 patients is another limitation. Therefore, the presented
method should be tested on an independent cohort.

VI. CONCLUSION

In this retrospective study, we have shown that features
based only on the ECG signal can significantly distinguish
responders and non-responders to vagal nerve stimulation in
drug-resistant epileptic patients. We have also shown that
the selection of the proper normalization baseline is crucial
for feature significance.

REFERENCES

[1] D. J. Englot, J. D. Rolston, C. W. Wright, K. H. Hassnain, and E.
F. Chang, “Rates and Predictors of Seizure Freedom With Vagus
Nerve Stimulation for Intractable Epilepsy,” Neurosurgery, vol.
79, no. 3, pp. 345-353, Sep. 2016.

[2] D. J. Englot, E. F. Chang, and K. 1. Auguste, “Vagus nerve
stimulation for epilepsy: a meta-analysis of efficacy and
predictors of response,” J. Neurosurg., vol. 115, no. 6, pp. 1248—
1255, Dec. 2011.

[3] H. Jaseja, “EEG-desynchronization as the major mechanism of
anti-epileptic action of vagal nerve stimulation in patients with
intractable seizures: Clinical neurophysiological evidence,” Med.
Hypotheses, 2010.

[4] F. Marrosu et al., “Increase in 20-50 Hz (gamma frequencies)
power spectrum and synchronization after chronic vagal nerve
stimulation,” Clin. Neurophysiol., 2005.

[5] C. Bodin et al., “Responders to vagus nerve stimulation (VNS) in
refractory epilepsy have reduced interictal cortical synchronicity
on scalp EEG,” Epilepsy Res., 2015.

[6] M. Brazdil et al., “EEG Reactivity Predicts Individual Efficacy of
Vagal Nerve Stimulation in Intractable Epileptics,” Front.
Neurol., vol. 10, May 2019.

[7] H. Liu, Z. Yang, L. Huang, W. Qu, H. Hao, and L. Li, “Heart-rate
variability indices as predictors of the response to vagus nerve
stimulation in patients with drug-resistant epilepsy,” Epilepsia,
2017.

[8] J. C. McHugh, H. W. Singh, J. Phillips, K. Murphy, C. P.
Doherty, and N. Delanty, “Outcome Measurement after Vagal
Nerve Stimulation Therapy: Proposal of a New Classification,”
Epilepsia, vol. 48, no. 2, pp. 375-378, Feb. 2007.

[9] F. Plesinger, P. Nejedly, 1. Viscor, J. Halamek, and P. Jurak,
“Automatic detection of atrial fibrillation and other arrhythmias in
holter ECG recordings using rhythm features and neural
networks,” in Comput Cardiol (Rennes IEEE), 2017, vol. 44, pp.
1-4.

[10] E. Jones, T. Oliphant, P. Peterson, and Others, “SciPy.org,”
SciPy: Open source scientific tools for Python2, 2001. .
[11] H. B. Mann and D. R. Whitney, “On a Test of Whether one of

Two Random Variables is Stochastically Larger than the Other,”
Ann. Math. Stat., vol. 18, no. 1, pp. 50-60, Mar. 1947.

244



Annex 17: Dolezalova I, Kunst J, Kojan M, Chrastina J, Balaz M, Brazdil M. Anterior
thalamic deep brain stimulation in epilepsy and persistent psychiatric side effects following

discontinuation. Epilepsy Behavior Reports 2019;12:100344.

245



Epilepsy & Behavior Reports 12 (2019) 100344

journal homepage: www.elsevier.com/locate/ebcr

Contents lists available at ScienceDirect

Epilepsy & Behavior Reports

Case Report

Anterior thalamic deep brain stimulation in epilepsy and persistent
psychiatric side effects following discontinuation

Check for
updates

Irena DoleZalova **, Jona§ Kunst °, Martin Kojan *<, Jan Chrastina ¢, Marek BalaZ ¢, Milan Brazdil ¢

2 First Department of Neurology, St. Anne's University Hospital and Faculty of Medicine, Masaryk University, Brno, Czech Republic

Y Faculty of Medicine, Masaryk University Brno, Czech Republic
¢ Central European Institute of Technology (CEITEC), Brno, Czech Republic

4 Department of Neurosurgery, St. Anne's University Hospital and Faculty of Medicine, Masaryk University, Brno, Czech Republic

ARTICLE INFO ABSTRACT
Am’C{é history: We report a case of a patient with drug-resistant epilepsy treated with deep brain stimulation of the anterior nu-
Received 4 August 2019 cleus of the thalamus (ANT-DBS). The patient developed psychiatric side effects (PSEs), namely irritability, hos-
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tility, aggressiveness, and paranoia, after implantation and stimulation initiation. The stimulation was
discontinued and the PSEs were mitigated, but the patient did not return to her pre-implantation state, as docu-

mented by repeated psychiatric reports and hospitalizations. To our knowledge, this is the first report of a patient

Keywords:

Deep brain stimulation of the anterior nucleus
of the thalamus

Long-term psychiatric side effects

Case report

who developed long-term PSEs that did not disappear after stimulation discontinuation. We suppose that ANT-
DBS caused a persistent perturbation of the thalamic neuronal networks that are responsible for long-term PSEs.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Deep brain stimulation of the anterior nucleus of the thalamus
(ANT-DBS) is a novel and promising treatment method for patients
with drug-resistant epilepsy. More than 70% of patients implanted
with ANT-DBS benefit significantly from this method, i.e., they report
seizure-reduction rates higher than 50% [1]. We have only limited
knowledge about short- and long-term ANT-DBS side effects because
of relatively low numbers of implanted patients. When focusing on
the adverse events reported in a study of stimulation of the anterior
nuclei of thalamus (SANTE study), the patients reported paresthesia
(18% patients), pain in the implant side (10.9% patients), and infec-
tion at the implant site (9.1% patients) [2]. During a five-year
follow-up course, device-related adverse events were reported [1].
When focusing on adverse events, depression was present in 37.3%
patients (3 events in 3 subjects were considered to be device-
related), memory impairment was present in 27.3% patients (ap-
proximately a third of memory impairment was confirmed by neuro-
psychological examination), 11.8% patients reported suicidal
ideation (one subject committed suicide; the suicide was not

Abbreviations: ANT, anterior nucleus of the thalamus; ANT-DBS, deep brain
stimulation of the anterior nucleus of the thalamus; MRI, magnetic resonance imaging;
PET, positron emission tomography; PSEs, psychiatric side effects.
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thought to be device related), and 7 patients died during the study
— 1 probable sudden unexpected death in epilepsy (SUDEP), 2 defi-
nite SUDEP, and 1 possible SUDEP [1].

The anterior nucleus of the thalamus (ANT) has connections with lim-
bic structures, anterior cingulate cortex, and orbitomedial prefrontal cor-
tex; thus, it plays a vital role in memory processes and in emotional and
executive functions [3]. A disruption or alteration in baseline circuits can
be associated with ANT-DBS psychiatric side effects (PSEs). PSEs can ap-
pear immediately after stimulation initialization or can develop over a
more extended period. However, in all previously published reports, the
PSEs were time-related to stimulation. Jarvenpda et al. [9] suggested de-
creasing the voltage or changing the stimulation contacts to suppress
PSEs. At the moment, there is no official recommendation for the manage-
ment of PSEs in patients with ANT-DBS. We report a patient in whom
ANT-DBS caused PSEs that persisted despite stimulation discontinuation.
To our knowledge, this is the first report of a patient in whom ANT-DBS
caused PSEs not directly linked to the stimulation itself.

2. Case report

The patient is a female born in 1970 with a family history of mesial
temporal lobe epilepsy. The patient was treated only for lower back
pain and had no history of psychiatric illness. Family history regarding
psychiatric disease was also absent. The patient developed epilepsy at
the age of 17; the epilepsy was characterized as focal with independent
left and right temporal interictal epileptiform discharges and
bitemporal seizure onsets during scalp EEG monitoring. Magnetic

2589-9864/© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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resonance imaging (MRI) revealed right-sided hippocampal
sclerosis. Positron emission tomography (PET) showed bitemporal
hypometabolism. The Wada test demonstrated a crucial role of right-
sided mesial temporal structures for verbal memory. The patient was
judged to be a poor surgical candidate and neuromodulation was fa-
vored. Therefore, the implantation of a vagus nerve stimulator (VNS)
was performed at the age of 29. The vagus nerve stimulator was ineffec-
tive, which led to its explantation after seven years. The patient was of-
fered ANT-DBS implantation at the age of 41 years. The patient
experienced 8 focal seizures with impairment of awareness per
month. Before implantation, the psychological examination revealed
no severe mental pathology, such as anxiety, depression, or psychosis.
However, there were some psychological problems, specifically echola-
lia, perseveration, and difficulties with management of stressful situa-
tions, as well as global deterioration of cognitive function (IQ 72, the
most severe alteration in execution and memory). The patient was on
stable doses of antiseizure drugs for two years before implantation.
She was treated with pregabalin 600 mg/day, zonisamide 400 mg/day,
and lacosamide 400 mg/day. The monopolar stimulation of
proximal contacts (contact 3 on the left and contact 11 on the right)
was initiated one month after ANT-DBS implantation (Fig. 1a and b);
the stimulation parameters were as follows: amplitude 2.5 V, stimula-
tion frequency 140 Hz, pulse width 90 ms, 5-minute off-time, 1-
minute on-time.

The patient did not note a decrease in seizure frequency, but she did
report reduction in seizure severity and duration. Behavioral changes
started to appear gradually three months after implantation. The family
complained about patient irritability, hostility, and aggressiveness,
which were accompanied by newly evolved paranoia. The patient re-
ported that DBS influenced her manners and forced her to walk back-
ward, which worsened when someone was speaking about DBS. A
psychological and psychiatric examination performed five months
after stimulation initialization revealed incoherent thoughts and behav-
ioral (unrest, agitation) and emotional alteration. Personality and
behaviorial disorders were diagnosed. Any possibility of a new struc-
tural abnormality was excluded by post-operative magnetic resonance
imaging (MRI). We discontinued stimulation and introduced quetiapine
(50 mg/day) and subsequently risperidone (1.5 mg/day). This resulted
in partial alleviation of the PSEs, but the patient did not reach her pre-
implantation state over the next seven years documented by repeated
psychological and psychiatric examinations. The patient's state required
recurrent psychiatric hospitalizations conditioned by intermittent
worsening with psychosis. The patient subjectively reported persistent
reduction in seizure severity.

3. Discussion

The anterior nucleus of the thalamus plays a crucial role in seizure
generation, as shown in animal and human studies. Stimulation of the
anterior nucleus of the thalamus leads to substantial seizure reduction
in the majority of patients. The results of two studies suggest that the
positioning of the DBS electrode has a significant impact on seizure re-
duction [4,5]. Patients with electrodes located more anterior and supe-
rior [5] or in the antero-ventral part of the thalamus tend to have
better responses [4].

The thalamus is a key structure in two core neurocognitive net-
works, the salience network and the default-mode network, that were
proven to play important roles in cognition, emotion, and execution,
and that are altered in many psychiatric conditions, including depres-
sion, bipolar disorder, schizophrenia, substance use disorder, obses-
sive-compulsive disorder, and anxiety disorder [6,7]. It is therefore
not surprising that interference with the functioning of this structure
could be associated with PSEs. ANT-DBS was found to be independently
associated with de novo psychopathology in a group of surgically
treated patients [8]. Jarvenpdd et al. [9] reported a group of 22 patients
treated with ANT-DBS; four patients developed reversible PSEs. The
stimulation induced depression in two patients. The other two patients
had symptoms of paranoia and anxiety. In all their patients, the PSEs
completely disappeared when they lowered the output current or
changed the stimulated contacts [9]. Based on their experience, the au-
thors supposed the stimulation of other thalamic nuclei or tracts close to
the ANT to be responsible for PSEs, as the stimulated contacts were not
in the ANT itself but beneath.

These findings contrast with our experience. As shown in Fig. 1, the
appropriate contact on the left was chosen, the more distal contact was
more suitable on the right. Moreover, the PSEs did not disappear after
stimulation discontinuation. They persisted for seven years despite in-
tensive treatment with repeated hospitalization. The explanation for
this situation is complicated; we can merely speculate about possible
reasons. Our hypothesis is that the insertion of electrodes and subse-
quent stimulation can cause alteration in thalamic circuitry with poten-
tial long-term consequences in predisposed individuals such as our
patient. We suspect some lesional effect because the PSEs persisted de-
spite stimulation discontinuation similar to thalamic lesions caused by
ischemia. Most authors localized the ANT with surrounding nuclei to
the territory of the tuberothalamic artery, the closure of which is char-
acterized by severe wide-ranging neuropsychological deficits [10].
Strokes in this arterial territory are associated with the fluctuation of
consciousness in the early stage of ischemia. Subsequently,

Fig. 1. The position of deep brain stimulation (DBS) electrodes to anterior nucleus thalami (ANT). Panel a illustrates the relation between DBS electrodes and ANT in the coronal section.
There are 4 contacts on each electrode (contacts are labeled from the most distal to the most proximal as 0, 1, 2, and 3 on the left, and as 8, 9, 10, and 11 on the right). We stimulated the
most proximal contacts on both sides, i.e., contact 3 on the left and contact 11 on the right. Panel b shows the estimated distribution of the electrical field (yellow) and its relation to ANT
(blue). On the right, the correct contact for stimulation was chosen. On the left, the more distal contact was more suitable. The figures were obtained using SureTune software (Medtronic,

Minneapolis, MN, USA). L — left, R — right.
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disorientation, euphoria, lack of insight, apathy, lack of spontaneity, and
emotional unconcern can develop [11]. We excluded an acute surgical
complication and doubt an adverse effect due to antiseizure drugs was
suddenly responsible for the psychiatric complaints in our patient.

ANT-DBS is a promising novel technique for drug-resistant epilepsy
treatment, but may be occasionally associated with significant PSEs. It is
necessary to inform patients about the possibility of PSEs when offering
ANTI-DBS. Because only limited information is available about chronic
ANT-DBS PSEs more experience in larger groups of patients is necessary
to identify those who are at risk for long-term consequences.
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Dear Editor:

Deep brain stimulation of the anterior nucleus of the thalamus (ANT-
DBS) has recently been introduced in therapy for refractory epilepsy
and is approved for clinical use in Europe [1]. ANT is a part of the Papez
circuitry and is a key structure in the intrathalamic pathways; it also
projects to the cingulate gyrus and further to the limbic structures and
wide regions of the neocortex, and via the mammillary circuit to the
brain stem [2]. ANT stimulation produces EEG changes in the frontal
and temporal areas and inhibits seizures [3]. The role played by the ANT
in human epileptic seizures and the mechanisms leading to the anti-
seizure effects of ANT-DBS have not yet been fully elucidated. Knowledge
of processes occurring in the ANT in human epilepsy might improve
the understanding of its role. Here we report the first description of inter-
ictal and ictal EEG recording in the human ANT.

DBS electrodes were implanted in the ANT of six pharmacoresistent
patients with temporal and extratemporal epilepsies who had not
responded to vagus nerve stimulation. (Patient characteristics and
outcome see Supplementary material I; Table S1). The recordings were
approved by the ethics committee; the patients gave their in-
formed consent. A two-step procedure that is usual in Parkinson’s
disease was used for DBS in epilepsy, i.e. the DBS electrodes were left
externalized for several days before the internalization and the im-
plantation of the battery. Video-EEG monitoring was performed during
the 3-day period between the two steps of the operation. Depth EEG
via the DBS electrodes was performed using the clinical 128-
channel EEG system TruScan (Deymed Diagnostic, Alien Technic, Czech
Republic) with a sampling rate of 128 and 256 Hz and standard anti-
aliasing filters. To record high frequency oscillations (HFO), in four
of six patients a 192-channel research machine (M&I; Brainscope,
Czech Republic) was used for >10 minutes for awake resting EEG re-
cordings with a sampling rate of 5000 Hz. HFO were detected and
scored manually in SignalPlant and ScopeWin visualization softwares.
Recordings were filtered and checked in the bandpass of 80-2000 Hz.
(More about Methods see in the Supplementary material II).

Inter-ictal recordings: No inter-ictal epileptiform discharges were
recorded from the DBS electrodes. The rarity of the epileptic dis-
charges is not specific to the ANT; the absence of epileptiform activity
had also been observed in the basal ganglia [4]. The recording with
a high-sampling EEG revealed HFO of up to 240 Hz, in one case up
to 500 Hz, in all four patients (Fig. 1 and Supporting Material I,
Table S2). The occurrence of HFOs in the ANT was bilateral. However,
a detailed analysis of individual oscillations in monopolar and bipolar

1935-861X/© 2016 Published by Elsevier Inc.

montages displayed different phases of HFOs in the left and right
ANT (Supplementary material III, Figs. S2 and S3).

Ictal recordings: We recorded eight clinical seizures in four pa-
tients with DBS electrodes implanted in the ANT. An early ictal broad-
band increase of power occurred in all seizures. A specific ictal
epileptiform activity was recorded in one seizure preceding the onset
of the clinical seizure by 4 seconds (Supplementary material III,
Fig. S4). The first broad-band power increase preceded the onset of
the clinical seizure symptoms in three patients by between 32
seconds and four seconds (Fig. 1).

This is, to our knowledge, the first report of HFO occurrence in
a human subcortical structure.

Inter-ictal HFO, ripples, in one case fast ripples, were displayed
in all patients in whom a high sample rate EEG could be recorded.
It has been shown in animal models that the ripples are generated
in the cortex and propagate to the thalamus where they excite the
inhibitory reticular neurons inhibiting thalamocortical projec-
tions [5]. The electrophysiological state of ANT is altered in patients
with epilepsy; atypical firing properties of ANT cells were ob-
served in intraoperative microelectrode recordings [6].

A close connection between epilepsy and HFO in the 80-
600 Hz range has been repeatedly described [7,8]. As epilepsy is the
only reason to implant an electrode in the ANT and no control re-
cordings are possible we cannot be sure about the nature of HFOs.
The characteristics of the HFOs recorded in the ANT indicate that
this phenomenon may be pathological. The frequency of sponta-
neous ANT HFO (up to 240 and 500 Hz) was higher than the
frequency of physiological ripples in the human hippocampus (80—
160 Hz); it overlapped with the frequency of clearly pathological
HFO. Fast ripples (200-600 Hz) could be observed in normal neo-
cortex, but not in normal hippocampus and parahippocampal
structures [8,9]. The ANT has tight anatomical and functional con-
nection with the hippocampus.

One limit of our work is inherent to the DBS procedure. Notably,
patients have no intracranial exploration of cortical epileptogenic
areas, and consequently some links, such as the synchronization
between the cortex and the ANT, could not be studied. The surface
recordings were limited by the necessity of avoiding the area sur-
rounding the implantation sites and by the location of the electrodes
under a bandage; thus, the use of scalp EEG data was very limited.

The seizures might have originated at unrecorded cortical sites
and propagated to the ANT, but the recorded interictal and ictal phe-
nomena, including the HFO and the epileptiform EEG activity, were
generated in this nucleus. The depth electrodes are submerged in
the brain tissue and record from their immediate vicinity. The local
fields were displayed as EEG, and its modifications occurred both
in reference and in bipolar montage, excluding with high proba-
bility the volume conduction from other structures, namely from
the cortex, or transsynaptic propagation along the cortical-subcortical
pathways [10]. Based on our recordings of HFO, of early ictal ANT
electrophysiological modifications, and of ictal epileptiform pattern,
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Figure 1. Patient 1. Preictal and ictal recording with high-sampling EEG, bipolar montage, contacts P3-4, right ANT. Time window 90 seconds before and 50 second after

the onset of clinical seizure — marked by vertical yellow line at Os.
A: Enlargement of the signal by zooming at 30-20 s before clinical seizure onset.

B: Raw EEG signal, time window 90 seconds before to 50 second after the onset of clinical seizure marked by vertical yellow line at Os.
C: Normalized Time Frequency Map (TFM). All values in each TFM frequency row (horizontal line) were normalized to the mean value. Notice enhanced broad-band oscil-

lations with HFO, 30-20 s before the onset of clinical seizure.

we suggest that the ANT may participate directly in the network
elaborating clinical seizures in human epilepsies.
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KRATKE SDELENI

SHORT COMMUNICATION

Epileptochirurgicka lé¢ba zlepsuje kvalitu Zivota —

vysledky dotaznikové studie

Epilepsy Surgery Improves Quality of Life —
Results of a Questionnaire Study

Souhrn

Cil: Tradi¢nim cilem epileptochirurgické 1écby je dosazeni bezzachvatovosti. V soucasnosti se nase
pozornost stale vice soustfeduje na dopad epileptochirurgické |é¢by na ostatni aspekty Zivota
pacienta, nejvice je fesen jeji vztah k zaméstnanosti a ke kvalité Zivota. Metody: Pro Ucely této studie
byl na nasem pracovisti vytvoren dotaznik, ktery obsahoval 13 uzavrenych otazek, jejichz obsah je
mozné rozdelit do Ctyr ¢asti. Prvni okruh otdzek zjistoval obecné informace o nemocném. V druhé
¢asti jsme se dotazovali na informace tykajici se vlastni operace. Treti ¢ast se zaméfovala na oblast
sociadlni problematiky, konkrétné otdzku zaméstnanosti pred operaci a po ni a drzeni fidi¢ského
opravnéni po operaci. Ctvrty okruh otézek se tykal subjektivniho hodnoceni pfinosu operace
pro pacienta. Odpovedi pacientd byly nasledné statisticky vyhodnoceny. Vysledky: Do studie bylo
zatazeno 91 respondentl — 56 muzd (61,5 %) a 35 Zen (38,5 %), ktefi kompletné vyplnili zaslany
dotaznik. U 59 pacientt (64,8 %) po operaci epileptické zachvaty Uplné vymizely. Pfed operaci bylo
zameéstnano celkem 46 pacientt (50,5 %), po operaci doslo k mirnému vzestupu zaméstnanosti
u Ctyf pacientl (4,4 %), tento rozdil nedosahl statistické vyznamnosti (p = 0,596). Polovina,
konkrétné 49 pacientl (53,8 %), udava pooperacné vzestup kvality zivota. Posledni otazka zjistovala,
zda by pacient znovu podstoupil operacni zakrok, pficemz na tuto otdzku vétsina — 78 pacientt
(85,7 %) — odpovedeéla kladné. Zdver: Na zékladé naseho dotaznikového setfeni mdzeme fici, ze a¢
velkd ¢ast pacientl podstoupila Uspésny epileptochirurgicky vykon, ktery je zcela zbavil zdchvatd,
zaméstnani se podafilo najit jen malé ¢asti z nich. | pres tento fakt je epileptochirurgicka lé¢ba ze
strany nasich operantd hodnocena kladné, pfindsf jim casto zvyseni kvality Zivota a vétsina z nich
by znovu podstoupila operacni zékrok

Abstract

Aim: Seizure-freedom is the traditional goal of epilepsy surgery. At presents, our attention is more
and more concerned with the effects of epilepsy surgery on other aspects, mainly the impact of
epilepsy surgery on employment status and quality of life. Methods: A questionnaire was designed
for the purposes of our study; this questionnaire consists of 13 questions focusing on topics related
to epilepsy surgery. These questions could be divided into four subfields: 1. demographic data
and patients” characteristics, 2. information related to surgery, 3. employment and social support,
4. subjective evaluation of surgery impact on the patient’s life. Results: Ninety-one respondents
were included in the study — 56 men (61.5%) and 35 women (38.5%), who correctly completed the
questionnaires. Fifty-nine patients (64.8%) were completely seizure-free after surgery. Before the
surgery, 46 patients (50.5%) were employed, there was a mild increase in employment after surgery
that did not reach statistical significance (p = 0.596). Half of the patients (49, 54%) reported an
increase in quality of life after surgery. One question asked whether the patient would undergo the
surgery again if he/she could change the past; 78 patients (85.7%) agreed they would. Conclusion:
The majority of patients undergoing a surgery for drug-resistant epilepsy were seizure-free but
only a minority managed subsequently to find an employment. Despite this, epilepsy surgery is
assessed positively in the vast majority of patients, it provides them with an increase in quality of
life and the majority would undergo the surgery again.
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EPILEPTOCHIRURGICKA LECBA ZLEPSUJE KVALITU ZIVOTA — VYSLEDKY DOTAZNIKOVE STUDIE

Uvod

Epilepsie je onemocnéni, které postihuje
kolem 1 % populace v rozvinutych zemich,
je tedy vyznamnym problémem jak medi-
cinskym, tak i spolecenskym. Pacienti, kteff
maji zachvaty i pres spravnou lécbu, jsou
definovani jako pacienti farmakorezistentni.
Farmakorezistentni epilepsie s sebou pfindsi
vyznamna omezeni v bézném Zivoté, kon-
krétné se jednd o zvysené riziko fyzického
poranéni ¢i predc¢asného umrti v priibéhu
zachvatu, socidlni problémy a snizenf kva-
lity zivota [1,2]. Presné vymezeni farmako-

rezistence bylo provedeno v roce 2010 Me-
zindrodnf ligou proti epilepsii (International
League against Epilepsy; ILAE). Farmakorezi-
stence je v soucasnosti definovana jako se-
Ihéni dvou antiepileptik, at uz v monotera-
pii ¢i v kombinaci [3,4]. U pacientd, ktefi plnf
vyse uvedené kritérium, by mély byt po-
souzeny moznosti operacni lécby [5]. ,Kla-
sickym” méfitkem Uspésnosti epileptochi-
rurgické 1écby je vymizeni epileptickych
zachvat(, stale vice epileptochirurgickych
center se vsak v poslednich letech soustre-
duje na dopad operace i na ostatni aspekty

Otazka ¢. 1. Jaké je Vase pohlavi?
- muz
- zena

Otazka ¢. 2. Kolik Vam bylo v dobé
operace let?

- 18-25 let

- 26-35 let

- 36-45 let

- 46-60 let

- vice nez 61 let

Otazka ¢. 3. Jaké je Vase nejvyssi
dosazené vzdélani?

- zakladni

- ucebni obor bez maturity

- stredoskolské s maturitou

- vyssi odborné

- vysokoskolské

Otazka ¢. 4.V kterém Zivotnim obdobi
(véku) jste mél/méla prvni epilepticky
zachvat?

- v Utlém détstvi (do 1 roku véku)

- v détstvi (1-10 let)

- v dospivani (11-18 let)

- v dospeélosti (18-60 let)

- pozdéji nez v 60 letech

Otazka ¢. 5. Jaka doba uplynula od Vasi
operace?

- vice nez 1 rok

- vice nez 2 roky

-vice nez 5 let

- vice nez 10 let

Otazka ¢. 6. Vymizely u Vas zachvaty

po operaci?

-ano

-jejich méné

‘ne

- ano, ale mam po operaci jiné obtize,
u kterych si myslim, Ze souvisi s epilepsii/s
vlastni operaci (specifikujte jaké)

Priloha 1. Dotaznik — Kvalita zivota po epileptochirurgické l1écbé.

Otézka ¢. 7. Byl/byla jste pied operaci

zaméstnan/zaméstndana?

-ano - zameéstnanec nebo osoba samo-
statné vydélecné ¢inna (OSVC)

-ne

Otazka ¢. 8. Pobirala jste pred operaci
invalidni diichod?

-ano

-ne

Otazka ¢. 9. Jste nyni po operaci
zaméstnan/zaméstnana?

-ano — zaméstnanec nebo OSVC
-ne

Otézka ¢. 10. Pobirate nyni po operaci
invalidni diichod?

-ano

-ne

Otazka ¢. 11. Ziskal/ziskala jste
po operaci fidi¢ské opravnéni
(Fidi¢sky prakaz)?

-ano

-ne

Otéazka ¢. 12. Jak byste hodnotil svoji
kvalitu zivota po operaci ve srovnani
s kvalitou zZivota pfed operaci?

Moje kvalita Zivota se:

- zvysila

- snizila

- je stéle stejnd

- nevim

Otézka ¢. 13. Predstavte si, ze byste
mohl/mohla vratit ¢as. Nechal/nechala
byste se znovu operovat?

-ano

-ne

- nevim

oblasti Zivota nemocného [6]. Otazkou z0-
stava, zda spolecné s efektem operace do-
chézi u pacienta i ke zlep3enf kvality jeho zi-
vota ¢i moznosti jeho pracovniho uplatnénf
a k vy3si spokojenosti v osobnim a spolecen-
ském zivoté [7].

Prezentovana studie se vénuje vysledkim
chirurgické 1écby u pacientl s farmakorezi-
stentni epilepsif, ktefi podstoupili operacnf
zékrok v Centru pro epilepsie Brno. Vyjma
standardniho hodnoceni vymizeni ¢&i pretr-
vavani zachvatl se soustfedujeme na pro-
blematiku socidlnf (zaméstnanost, invalidita)
a problematiku kvality Zivota.

Metodika
Pro Ucely této studie byl na nasem pracovi-
sti vytvoren dotaznik (pfiloha 1), ktery ob-
sahoval 13 uzavienych otdzek. Dotaznik byl
vytvofen tak, aby otdzky byly jednoduché
a srozumitelné a pacient je byl schopen vy-
plnit samostatné bez pomoci Iékafe &i psy-
chologa. Obsah dotazniku je mozné rozdélit
do ¢tyr okruh(. Prvni okruh zjistoval obecné
informace o nemocném (pohlavi, vék
v dobé operace, nejvyssi dosazené vzdélani
a Vvék, ve kterém se u pacienta epilepsie ob-
jevila). V druhém okruhu jsme se dotazovali
na informace tykajici se vlastni operace (kolik
let uplynulo od operace, zda je pacient bez
zachvat(). Treti ¢ast se zamérovala na oblast
socialni problematiky (otdzka zaméstnanosti
pred operaci a po ni, pobirani invalidniho
dlchodu pred operaci a po ni, drzenf fidic-
ského opravnéni). Ctvrty okruh otazek se
tykal subjektivniho hodnoceni pfinosu ope-
race pro pacienta. V réamci tohoto okruhu
byly polozeny dvé otdzky. Prvni se tykala
kvality Zivota po operaci. Druhd otazka byla
hypotetickd a znéla, zda by se pacient nechal
znovu operovat, kdyby mohl vrétit ¢as.
Dotaznik byl rozeslan celkem 137 pacien-
tam, ktefi byli operovani v rdmci Centra pro
epilepsie Brno, podminkou bylo, ze od ope-
race ubéhla doba nejméné jednoho roku.
Dodrzeni tohoto ¢asového intervalu jsme
povazovali za ddlezité pro validni hodnoceni
vysledkd Setfeni. Sbér dat probihal v obdobi
prosinec 2012-bfezen 2013.

Statistika

Vsechny proménné byly nejdfive popisné
sumarizovany a srovnany Fisherovym exakt-
nim testem nebo McNemarovym testem.
Pro modelovani byl pouzit logisticky re-
gresni model. Nejprve byly vyhodnoceny
jednorozmérné modely. Déle byly vytvoreny
maximalni modely, a to zpétnou, dopfednou
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EPILEPTOCHIRURGICKA LECBA ZLEPSUJE KVALITU ZIVOTA — VYSLEDKY DOTAZNIKOVE STUDIE

i kombinovanou selekci pfiznakd. Vystupem
modeld jsou tabulky, ve kterych jsou uve-
deny poméry sanci (OR) s intervalem spoleh-
livosti (IS) a p hodnotou. V tabulkach je u ka-
tegoridlnich proménnych uvedena nejprve
rizikovéd a poté referencni kategorie. U vy-
sledného vicendsobného modelu je uve-
dena hodnota pseudo R2, tzv. Nagelkerke
R2, ktery je pocitan jako podil vérohodnostf
nulového a plného modelu. Jeho nejvétsi
moznou hodnotou je 1, pokud model per-
fektné predikuje vysledek s vérohodnosti 1.
Analyza byla provedena v softwaru IBM SPSS
Statistics 22 a software R3.1.3. V3echna srov-
nani byla provedena na hladiné vyznam-
nosti a=0,05.

Vysledky

Demograficka data

Do studie bylo zafazeno 91 respondentd,
56 muzd (61,5 %) a 35 Zen (38,5 %), ktefi kom-
pletné vyplnili zaslany dotaznik. Vétsina,
konkrétné 62 pacientl (68,1 %), byla z vékové
kategorie 36-60 let, 28 pacientd (30,8 %)
bylo z vékové kategorie 18-35 let, jen jeden
pacient byl starsi 60 let (1,1 %). Pouze u deviti
pacientl (9,9 %) se objevily epileptické za-
chvaty do jednoho roku véku, u 32 v détstvi
(35,2 %), u 25 v dospivani (27,5 %) a u 25 v do-
spélosti (27,5 %). Ctyficet pét pacientd
(49,5 %) absolvovalo uc¢ebni obor bez ma-
turity, 23 pacientl (25,3 %) mélo stfedoskol-
ské vzdélani s maturitou, 11 pacientl (12,1 %)

Tab. 1. Demograficka data pacientt a vysledky chirurgické |écby.

muz n (%)
Pohlavi
zenan (%)
18-25 let n (%)
26-35let n (%)
36-45 let n (%)
46-60 let n (%)
vice nez 61 let n (%)

zakladni n (%)

Veék v dobé operace

Nejvyssi dosazené ucebni obor bez maturity n (%)

vzdelani stfedoskolské s maturitou n (%)
vyssi odborné nebo vysokoskolské n (%)
do 1 roku véku n (%)
1-10 let n (%)
11-18 let n (%)
19-64 let n (%)

nad 65 let n (%)

Vznik epilepsie

vice nez 1 rok

vice nez 2 roky
Doba od operace ’ 5

vice nez 5 let

vice nez 10 let

Viysledky chirurgické ane
lécby — vymizenf jejich méné
epileptickych zachvatd e

56 (62)
35(39)
6 (7 %)
24 %)
35 %)
33 %)

(
22(

(

(
101 %)

(

(

(

(

2
32
30
11.(12 %)
49 (50 %)
23 (25 %)
12 (10 %)
9(10 %)
32 (35 %)
25 (27 %)
25 (27 %)
0(0%)
8 (9 %)
25 (
31 (34 %)
27 (30 %)
58 (64 %)

5(

6(

27 %)

25 (27 %)
7 %)

Zameéstnananost pred a po operaci Zameéstnanost pred a po operaci - rozdil mezi muzi a zenami
100 % - 100 % -
80 % 80 % -
60 % 60 %
40 % FIR I o 40 % -
46 (50 %) 50 (55 %)
20 % FIR I o 20 % -
0% T ] 0% T T T
zaméstnani pfed operaci  zaméstnani po operaci zaméstnani zaméstnani zaméstnani zaméstnani
pred operaci po operaci pred operaci po operaci
ano n (%) mnen (%) Muzi Zeny

Graf 1. Zmény v zaméstnanosti pred a po operaci.
Graf 1a) Hodnoceny zmény v zaméstnanosti pfed a po operaci bez ohledu na pohlavi respondentd.
Graf 1b) Hodnoceny zmény v zaméstnanosti pfed a po operaci z hlediska pohlavi respondent(.
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Invalidita pfed a po operaci Invalidita pfed a po operaci - rozdil mezi muzi a Zenami
100% - 100 % -
80% - 80 % -
60% - 60 % -
409 -l 209% -
54 (59 %)
20% 4. A3UT ) oo 20% -
0% : ) 0% T T T )
invalidni ddchod invalidni dtichod invalidni invalidni invalidni invalidni
pred operaci PO operaci dichod pred dlchod po dlchod pred dlchod po
operaci operaci operaci operaci
ano n (%) mnen (%) Muzi Zeny

Graf 2. Zmény v invalidité pred a po operaci.
Graf 2a) Hodnoceny zmény v invalidité pred a po operaci bez ohledu na pohlavi respondent.
Graf 2b) Hodnoceny zmény v invalidité pfed a po operaci z hlediska pohlavi respondent(.

mélo zékladni vzdélani, 12 pacientd (13,2 %)
mélo vzdélani vyssi odborné nebo vyso-
koskolské. Jak bylo uvedeno vyse, u viech
pacientll byl dodrzen ¢asovy limit nejméné
jednoho roku od operace, 33 pacientl
(36,3 %) bylo méné neZ pét let po operadi,
31 (34,1 %) méné nez 10 let od operace, zby-
lych 27 pacientl (29,7 %) bylo vice nez 10 let
po operaci (tab. 1).

Vysledky chirurgické lécby -
hodnoceno vymizeni epileptickych
zachvatu

U 59 pacientl (64,8 %) vymizely Uplné epi-
leptické zachvaty po operaci, u dalsich
26 (28,5 %) se frekvence zachvat( vyraznym
zpUsobem sniZila, u Sesti pacientl (6,6 %) ne-
doslo k vyznamné zméné frekvence epilep-
tickych zachvatl (tab. 1). Je zajimavé, Ze ze
skupiny pacientd, u kterych doslo k iplnému
vymizeni zachvatd, si 20 (33,9 %) stéZovalo
na jiné obtize. Cast pacientd udavala obtize,
které jsou v pfimé souvislosti s operacnim
vykonem, konkrétné poruchy zorného pole
(Sest pacientl (6,6 %)), vznik pooperacni he-
miparézy (dva pacienti (2,2 %)), ¢i poruchy
pameti (tfi pacienti (3,3 %)). Druha skupina
pacientl udavala obtize, o jejichZz kauzal-
nim vztahu k operaci mdzeme spise deba-
tovat. Nejcasté&ji se jednalo o bolesti hlavy
(Sest pacientl (6,6 %)), ojedinéle (méné nez
u tff pacientl v celém souboru) byly pfi-

tomny psychické problémy, poruchy sluchu
a spanku, vyssi inavnost.

Dopady chirurgické lécby

epilepsie na jednotlivé aspekty
zivota po operaci

Zaméstnanost, invalidita, drzeni
fidi¢cského opravnéni

Pred operaci bylo zaméstnano (v zaméstna-
neckém poméru ¢i jako osoba samostatné
vydelecné ¢inna (OSVC)) celkem 46 (50,5 %)
pacientl, po operaci doslo k mirnému
vzestupu zaméstnanosti o Ctyfi pacienty
(4,4 %), tedy po operaci bylo zaméstndno
50 pacientl (54,9 %), tento rozdil v zamést-
nanosti nedosahl statistické vyznamnosti
(p = 0,596) (graf 1a). Narlst zaméstnanosti
se tykal pouze muzd. Pocet zaméstnanych
muzl po operaci vzrostl z 31 (554 %) na
37 (66,1 %),tj.0 10,7 %, ani zde vsak nebyl roz-
dil statisticky signifikantnf (p = 0,264). Upo-
zornujeme vsak na ddleZitou skute¢nost, ze
po operaci naslo nové zaméstnani 13 muzd,
avsak sedm muzl z nejrliznéjsich divodu
pracovat pfestalo, doslo tedy k celkovému
vzestupu zaméstnanosti o sest muzUd. U zen
naopak doslo k mirnému poklesu zaméstna-
nosti po operaci, pfed operaci bylo zamést-
nano 15 zen (42,9 %), po operaci pak pouze
13 (371 %) (p = 0,773) (graf 1b). | zde zdlraz-
nujeme fakt, Ze po operaci nové naslo za-
méstnani pét zen, ale sedm Zen po operaci

pracovat prestalo, doslo tedy k celkovému
poklesu zameéstnanosti o dvé zeny.

Pfed operaci mélo invalidni ddchod
43 pacientd (47,3 %), po operaci vzrostl je-
jich pocet na 54 (59,3 %), tento vzestup
vsak nebyl statisticky vyznamny (p = 0,054)
(graf 2a). Nové invalidni ddchod ziskalo
19 pacient(, osm pacientU ale po operaci in-
validni ddchod ztratilo. Rovnéz v ,pobirani”
invalidnich dlchodd byl pfitomen rozdil
mezi jednotlivymi pohlavimi (graf 2b). U zen
doslo k vzestupu v, pobirdni” invalidniho dd-
choduz 18 (51,4 %) na 25 (71,4 %), tento rozdil
dosahl statistické vyznamnosti (p = 0,070).
U muzd nebyl tento ndrdst tak vyznamny,
z 25 muzl (44,6 %) ,pobirajicich” invalidni
ddchod pred operaci vzrostl tento pocet na
29 (51,8 %) (p = 0453).

Vzhledem k faktu, ze v nasem souboru
byli pouze pacienti s aktivni epilepsii, nemél
nikdo pred operaci opravnéni k fizeni mo-
torovych vozidel. Po operaci 19 pacientd
(20,9 %) toto opravnéni ziskalo, coz je statis-
ticky vyznamny nérUst (p < 0,001).

V dalsi analyze jsme se pokusili urcit jed-
notlivé proménné, které souvisi se zamést-
nanosti pacienta po operaci (tab. 2). Byl
zjistén statisticky vyznamny vztah mezi za-
méstnanim po operaci a nasledujicimi cha-
rakteristikami pacient: pohlavi (p = 0,009),
vzdélani (p = 0,020), zaméstnani pred ope-
raci (p = 0,006), pobirani dichodu pred ope-
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raci (p = 0,021), pobirdni dlichodd po ope-
raci (p = 0,001), ziskani fidi¢ského opravnéni
po operaci (p = 0,004). Nasledné byla prove-
denajednorozmérné logisticka regrese, ktera
hodnotila vliv jednotlivych charakteristik
pacienta na zaméstnani po operaci (v logi-
stické regresi byly pouzity pouze proménné,
které popisuji stav pacienta pred operaci)
(tab. 3). Pomoci vysledkd ziskanych jedno-
rozmérnou logistickou regresi byl vytvoren
findlni model, jehoz cilem se predikce za-
méstnani po operaci. Na zakladé tohoto mo-
delu mazeme fici, Ze po operaci byli castéji
zameéstnani pacienti s vyssim nez zdkladnim
vzdélanim (OR =6,5; 1S = 1,2-36,0; p = 0,033),
muzi nez zeny (OR = 3,3; IS = 1,3-8,6;
p = 0,013), pacienti, ktefi méli zaméstnani jiz
pred operaci (OR=3,0;1S=1,2-75;p=0,021).

Kvalita zivota po operaci

Posledni ¢ast naseho dotazniku se véno-
vala subjektivnimu hodnoceni kvality Zivota
po operaci. Polovina, 49 pacientl (53,8 %),
udavéd pooperacnée vzestup kvality Zivota,
coz je statisticky vyznamny rozdil proti kva-
lité Zivota pred operaci. V dalsi analyze jsme
hledali faktory, které souvisi se zménou kva-
lity Zivota po operaci (tab. 4). Jedind pro-
meénna, konkrétné zaméstnani po operaci,
vykazuje statisticky vyznamny vztah s kva-
litou Zivota po operaci. Z celkového poctu
50 pacient(, ktefi jsou po operaci zamést-
nani, jich 32 (64,0 %) udava, ze maji po ope-
raci zlepsenou kvalitu Zivota. Naopak z cel-
kového poctu 41 pacient(, kteff po operaci
nepracuji, udava zlepsenou kvalitu Zivota
pouze 17 (41,5 %) pacientl (p = 0,037). Na z4-
kladé udajd, které byly o pacientech znadmy
pred provedenim operace, jsme se pokusili
sestavit model logistické regrese, ktery by
predikoval, zda bude mit pacient po operaci
zlepsenou kvalitu Zivota (tab. 5). Vzhledem
k faktu, ze se ndm nepodafilo pfi pouziti
jednorozmérné logistické regrese identifi-
kovat charakteristiky pacientd, které by vy-
svetlovaly zlepseni Zivota po operaci, nebylo
mozné sestavit smysluplny vicerozmérny lo-
gisticky model.

Posledni otdzka naseho dotazniku znéla:
,Predstavte si, Ze byste mohl/mohla vratit
¢as. Nechal/nechala byste se znovu opero-
vat?” Vétsina, 78 (85,7 %) pacientl, odpove-
déla, Ze ano, 13 (14 %) odpovédélo ne. Dve
proménné, konkrétné stupen dosazeného
vzdélani a kvalita Zivota po operaci, vykazo-
valy statisticky vyznamny vztah k odpovedi
na tuto otdzku (tab. 6). Vétsina, konkrétné
71 (88,8 %) z celkového poctu 80 pacientl

Tab. 2. Zaméstnanost po operaci - vztah k ostatnim proménnym.

53 % zaméstnani po operaci

ano n (%) ne n (%) p hodnota
18-25 let 3 (50 %) 3(50 %)
26-35 let 12 (54,5 %) 10 (45,5 %)
Vekvdobe 35 45 jet 19 (59 %) 13 41) 0885
operace
46-60 let 16 (53 %) 14 (47)
vice nez 60 let 0 (0 %) 1 (100 %)
muz 37 (66 %) 19 (34 %)
Pohlavi 0,009
zena 13 (37 %) 22 (63 %)
zakladni 2 (18 %) 9 (82 %)
Vzdélani 0,020
stredoskolské a vyssi 48 (60 %) 32 (40 %)
v détstvi (< 10 let véku) 26 (63 %) 15 (37 %)
Lzl v dospivant (< 18 let véku) 11 (44 %) 14 (56 %) 0,278
epilepsie
v dospélosti (> 18 let) 13 (52 %) 12 (48 %)
Sctnan{  ano 32 (70 %) 14 (30 %)
Z?mestnaml 0,006
pfed operaci  pe 18 (40 %) 27 (60 %)
¥ 2 ano 18 (42 %) 25 (58 %)
Duchoq pred 0 0 0,021
operaci ne 32 (67 %) 16 (33 %)
Déchod ano 18 (42 %) 25 (58 %) 0.001
po operaci ne 18 (40 %) 27 (60 %) '
Zachvaty pretrvavaji 18 (56 %) 14 (44 %)
) 1,000
po operaci vymizely 32 (54) 27 (46 %)
Ridicske ano 16 (84 %) 3(16 %)
idicske ’ ’ 0,004
opravneni ne 34 (47 %) 38 (53 %)

jednorozmérnad logisticka regrese.

Tab. 3. Vliv jednotlivych proménnych na zaméstnanost pacientll po operaci -

Prediktor OR IS (95%) p hodnota
Veék 1,006 (0,962; 1,051) 0,791
Pohlavi (muz/zena) 3,296 (1,366; 7953) 0,008
Vzdélani

(stfedni a vy3si/zakladni) 8,625 (1,602; 46,447) 0,012
Vznik pilepsie e

(détstvi/dospélost) 1,600 (0,583; 4,392) 0,362
(dospivani/dospélost) 0,725 (0,238; 2,208) 0,572
Zaméstnani pied operaci (@ano/ne) 3,429 (1,442; 8,152) 0,005
Ddchod pred operaci (ne/ano) 2,778 (1,184; 6,517) 0,019

s vy$sim vzdélanim nez zakladnim, by se ne-
chala operovat znovu, naopak pouze sedm
(63,6 %) z celkového poctu 11 pacientl se
zakladnim vzdeéldnim by znovu podstoupilo
opera¢ni vykon (p = 0,048). Ctyficet devét
pacientd (100,0 %), u kterych doslo ke zvy-

seni kvality Zivota po operaci, by se nechalo
operovat znovu. ,Pouze” 29 ze 42 pacientl
(69,1 %), u kterych po operaci nedoslo ke
zvyseni kvality Zivota, by opétovné pod-
stoupilo operaci (p < 0,001). Rovnéz i u této
otadzky jsme se pokouseli najit pomoci jed-
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Diskuze

Pacientdm s farmakorezistentni epilepsii by
dle doporuceni ILAE méla byt nabidnuta
moznost opera¢niho feseni tohoto one-
mocnéni [8]. ,Klasickym” a vseobecné ak-

Tab. 4. Zména kvality Zivota po operaci.

kvalita Zivota po operaci
zvysend  jind odpovéd* phodnota

18-25 let n (%) 4 (67 %) 2(33%) ceptovanym méfitkem Uspéinosti opera¢ni
) ) 26-35 let n (%) 13 (59 %) 9 (41 %) lécby je vymizeni epileptickych zéchvat(,
\(ﬁ)kervag(e)be 36-45 let n (%) 15 (47 %) 17 (53 %) 0,785 avsak v soucasnosti se nase pozornost stale
46-60 let n (%) 16 (53 %) 14 (47 %) vice soustfeduje i na jiné cile, které v béz-
ném zivoté ¢lovéka hraji neméné dulezitou
> 60 let n (%) 1(100 %) 0(0%) . o ey
- roli. V nasi préci se detailngji vénujeme pro-
Pohlavi muz n (%) 29 (52 %) 27 (48 %) 0670 blematice zaméstnanosti a kvalité Zivota, ale
zenan (%) 20 (57 %) 15 (43 %) podobny vyznam hraje i moznost vétsiho
Vol zékladni n (%) 4 (36 %) 7 (64 %) 033 zapojen( se do spolecenského dént, lepsi pfi-
2délani 334
stredogkolské a vy&&in (%) 45 (56 %) 35 (44 %) StupA ke vzdglam g ziskani vétsi samostat-
v détstvi (< 10 let) 21 (51 %) 20 (49 %) nosti a nezavislosti. o
i dosivani < 18 e 14 (56 %) 1 44 % . Jak bylo uvedeno vyse, ,klasickym” mé-
znik epilepsie v dospivani (< 18 le 0 0 / fitkem Uspésnosti chirurgické 1é¢by epilep-
v dospeélosti (> 18 let) 14.(56 %) 1144 %) sie je dosazeni bezzachvatovosti, ¢eho? se
Zaméstnanf ano n (%) 26 (57 %) 20 (44 %) 0676 nam podafilo dosdhnout u 64,8 % pacientd
pred operaci ne n (%) 23 (51 %) 22 (49 %) ' z naseho souboru (jednalo se o neselek-
Déichod ano n (%) 22 (51 %) 21 (49 %) t(')valnou skupinu paclier,m‘il Ajak s temlpng—
pred operaci nen 0) 2756 % 2 44 % 0677 ralni, tak extratemporalni epilepsii, u niz je
obecné horsi prognéza). Toto ¢islo dobre ko-
v L 0, 0, o)
Zamestnam ano n (%) 32 (64 %) 18 (36 %) 0,037 responduje s vysledky publikovanymi Wie-
PO operaci nen (%) 17 (41,5 %) 24 (58,5 %) bem et al, ktefi prokézali efektivitu chirur-
Dichod ano n (%) 25 (46 %) 29 (54 %) gické lécby u pacientl s tempordIni epilepsif
PO operaci ne n (%) 24 (65 %) 13 (35 %) 0091 v rdmci randomizované kontrolované kli-
Zachvaty pietrvavaji n (%) 14 (44 %) 18 (56 %) r?|-cke studle [90]. Ve své praci hahodrTe rozde-
) i 0,189 lili 80 pacientt s farmakorezistentni tempo-
PO operaci vymizely n (%) 35 (59 %) 24 (41 %) VN - . o L
ralnf epilepsifi na pacienty, ktefi podstoupili
Ridi¢ské oprav-  anon (%) 12 (62 %) 7 (37 %) 0442 chirurgickou lé¢bu, a na pacienty, ktefi byl
et [0 OPEEE! | e m () 37.(51 %) 35 (49 %) ponechani ,pouze” na lé¢hé farmakologické.

Po operaci bylo bez z4chvatl 58 % pacient(,
ze skupiny konzervativné léc¢enych pacientd
to bylo jen 8 %.

Prvni oblasti, kterou jsme hodnotili
v nasem dotazniku, byla otdzka zaméstna-

* snizena, stejnd, nevim.

Tab. 5. Vliv jednotlivych proménnych na kvalitu Zivota po operaci - jednorozmérna

logisticka regrese. nosti pacientl pred operaci a po ni. V ramci
nasi studie doslo pouze k minimalnimu vze-
Prediktor OR IS (95%) p hodnota stupu zameéstnanosti po operaci, pfed ope-
Vek 0992 (0949; 1037) 0713 raci bylo zaméstnédno 50 % pacient(, po
; s operaci 55 %, tj. zaméstnanost se zvysila
Pohlavi (muz/zena) 0,806 (0,344; 1,885) 0,618 S . o
05 %. V zahrani¢ni literatufe jsou pfitomny
Vzdeélani diskrepance pfi hodnoceni zaméstnanosti
(stredoskolsé a vyssi/zakladni) 3,354 (0,817; 13,778) 0,093 pacientll po epileptochirurgickém vykonu.
Vznik pilepsie e Existuji prace, které dokumentuiji jak jeji na-
o . rist, takijeji pokles [10-12]. Ve studii publiko-
(détstvi/dospélost) 0,825 (0,304; 2,247) 0,706 . . . .
vané Zarrolim et al, kterd analyzovala zménu
(dospivani/dospelost) 1,000 (0327;3,055) 1,000 zaméstnanosti u cca 350 pacient(l s tem-
Zaméstnani pred operaci (ano/ne) 1,243 (0,545; 2,839) 0,605 poralni epilepsii, doslo k narlstu zaméstna-
Dlchod pfed operaci (ano/ne) 1,227 (0,573; 2,804) 0,627 nosti po operaci 0 16 %, pred operacf ne-

mélo zameéstnani 41 % pacientd, po operaci
se pocet nezaméstnanych snfZil na 25% [10].
Ve studii publikované Lendtem et al doslo
norozmérné logistické regrese faktory, které  faktorem bylo pouze vzdélani (OR = 9,4;  k poklesu v nezaméstnanosti o 16 % [11].
by mohly pfedopera¢né predikovat od- IS =14-61,9; p = 0,020), proto vicerozmérny  Naopak v praci Reevse et al doslo k poklesu
povéd na tuto otdzku (tab. 7). Vyznamnym  model nebyl sestavovan. zaméstnanosti po operaci o 3 % [12]. Dle na-
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seho ndzoru mohou byt tyto rozdily podmi-
nény mnoha faktory: rozdilnymi spolecen-
skymi a socidlnimi systémy v jednotlivych
statech, rozdilnym vybérem pacientd a rov-
néz rozdilnym designem jednotlivych studii.
Zde bychom radi vyzvedli jeden, a¢ na prvni
pohled nepatrny, avsak v ramci hodnocenf
zaméstnanosti pacientll po operaci dlle-
zity faktor — dobu od operace. My jsme za-
radili do nasi studie jiz pacienty jeden rok po
operaci, ale napfiklad Lendt et al hodnotili
pacienty az ¢tyfi roky po operaci [11]. Je prav-
dépodobné, ze rok od operace je pfilis kratka
doba, aby se pacient pfizplsobil novy naro-
klim, které jsou na néj kladeny v souvislosti
s hledanim zaméstnani. Pacient, ktery pod-
stoupil operaci pfed ¢tyfmi roky, mél delsi
¢as k adaptaci na zménu zivota a na zménu
svého spolecenského postaveni, coz nenf
zména, kterou je clovék schopen ucinit ze
dne na den. Jedna se bezesporu o dlouho-
dobéjsi proces, pfi kterém je nutné si osvojit
kompletné novy soubor ndvykd a pristupd.
Pokud bychom tedy méli hodnotit dopad
chirurgické lé¢by na zameéstnanost pacientd,
bylo by vhodnéjsi zvolit delsi minimalni ¢a-
sovy interval pro validitu hodnocent.

Nase studie zaznamenala nérlst poctu
pacientl pobirajicich invalidni dlchod po
operaci ve srovnani s predopera¢nim obdo-
bim 0 12 %, tento nardst vsak nedosahl stati-
stické vyznamnosti. Obdobny trend byl zdo-
kumentovan rovnéz ve Svédsku, kde pocet
pacientd s invalidnim dichodem vzrostl
0 7 % v prvnich dvou letech po operaci, ve
tretim roce dokonce az 0 10 % [13].

V' rdmci nasi analyzy jsme identifiko-
vali faktory, které souvisi se zaméstnanosti
po operaci. Jednd se o nésledujici demo-
grafickd data a charakteristiky pacientl: za-
meéstnanost pred operaci (pacienti, ktefi
maji zaméstnani pfed operaci, jsou c¢as-
t&ji zaméstnani i po operaci), pohlavi (muzi
jsou zameéstnani castéji nez zeny), vzdélani
(pacienti s vyssim vzdélanim jsou zameést-
nani ¢astgji), pfiznand invalidita pred ope-
racia po ni (pacienti s pfiznanym dtchodem
jsou zaméstnani méné casto). Se zaméstna-
nim po operaci souvisi i drzenf fidi¢ského
opravnéni.

Obdobné faktory ovliviujici zaméstna-
nost po operaci, pfestoze se jednd o od-
lisné socio-ekonomické prostredi (Spojené
staty americké vs. Ceské a Slovenskd repub-
lika), identifikovali Zarroli et al [10]. Dle jejich
vysledk( bylo zaméstnani pred operaci vy-
znamnym prediktorem zaméstnani po ope-
raci a stejné jako v nasf studii ¢ast Zen, kterd

Tab. 6. Odpovéd, na otézku: ,Pfedstavte si, Ze byste mohl/mohla vratit cas.

Nechal/nechala byste se znovu operovat?”.

»Nechal/a byste se znovu operovat?”

Ano, Ne,
nechal/a.  nenechal/a. P hodnota
18-25 let n (%) 5 (83 %) 1(17 %)
26-35 let n (%) 19 (86 %) 3 (14 %)
Zi‘;rvag:bé 36-45 let n (%) 27 (84 %) 5 (16 %) 1,000
46-60 let n (%) 26 (87 %) 4 (13 %)
> 60 let n (%) 1 (100 %) 0 (0 %)
Pohlavi muz n (%) 48 (86 %) 8(14 %) 1,000
Zenan (%) 30 (85,7 %) 5(14 %)
zakladni n(%) 7 (64 %) 4 (36 %)
Vzdélani 0,048
stfedoskolské a vyssin (%) 71 (89 %) 9 (11 %)
v détstvi (< 10 let) 4 (83 %) 7 (17 %)
Vznik epilepsie v dospivani (< 18 let) 20 (80 %) 5 (20 %) 0,192
v dospélosti (> 18 let) 24 (96 %) 1 (4 %)
Zaméstnani ano n (%) 42 (91 %) 49 %)
pred operaci ne n (%) 36 (80 %) 9(20 %) o
Dtichod ano n (%) 6 (83 %) 9 (16 %)
pred operaci ne n (%) 42 (88 %) 6 (13 %) 0700
Zamésmém ano n (%) 45 (90 %) 5 (10 %) o
PO operaci ne n (%) 33 (80,5 %) 8 (19,5 %)
Déchod ‘ ano n (%) 45 (83 %) 9 (17 %) 0,549
PO operaci ne n (%) 33 (89 %) 4(11 %)
Zachvaty ‘ pretrvavaji n (%) 26 (81 %) 6 (19 %) 0,369
po operaci vymizely n (%) 33 (89 %) 4 (11 %)
R]Vdiéské Opré\/_' ano n (%) 19 (100 %) 0(0 %) 0,063
nenipooperacl  ne n (%) 59 (82 %) 3(18 %)
Kvalita Zivota zvysena 49 (100 %) 0(0%) < 0,001
po operaci jind odpoved 29 (69 %) 3(31 %)

Tab. 7. Vliv jednotlivych proménnych na odpovéd na otdzku ,Nechal/a byste se
operovat znovu?” - jednorozmérna logisticka regrese.

Prediktor OR IS (95%) p hodnota
Vek 1,008 (0,947, 1,073) 0,807
Pohlavi (muz/zena) 1,000 (0,299; 3,343) 1,000
Vzdélani

(stfedoskolské a vyssi/zakladnf) 9429 (1,434; 61,986) 0,020
Vznik pilepsie e

(détstvi/dospélost) 0,202 (0,023; 1,754) 0,147
(dospivéni/dospélost) 0,167 (0,018; 1,546) 015
Zameéstnani pred operaci (ano/ne) 2,625 (0,745; 9,246) 0,133
Dichod pred operaci (ano/ne) 1,361 (0,419; 4,420) 0,608
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byla pred operaci zaméstnédna, zamést-
néni po operaci ztratila (v praci Zarroli et al
je vsak pritomen celkovy nardst zaméstna-
nosti i u Zen). VySe uvedend ztrata zamest-
néani byla oddvodnéna faktem, Ze se ¢ast zen
po operaci rozhodla zlstat trvale v doméac-
nosti a vénovat se péci o rodinu a déti. Pred-
pokladame, ze obdobnd tendence je pri-
tomna i v ramci Ceské a Slovenské republiky.

Pobirani invalidniho dtchodu ¢i statni
podpory (dle zvyklosti jednotlivych zemi) je
v literatufe asociovano s nizsi zaméstnanosti
po operaci [14,15]. Caste¢né je toto zcela jisté
podminéno faktem, Ze pacienti pobirajici in-
validni ddchod mohou mit vyraznéjsi kogni-
tivni a psychické obtize v souvislosti s epi-
lepsii, mohou rovnéz trpét vyznamnéjsimi
somatickymi onemocnénimi bez jedno-
znac¢ného vztahu k epilepsii. Mdze se vsak
projevovat i snizend motivace této skupiny
pacientl najit zaméstnani.

Dalsim faktorem, ktery mé vztah k za-
méstnani pacientll po operaci, je ziskani fi-
di¢ského opravnéni (jedna se o ridi¢ské
opravnéni pouze pro osobni Ucely, nikoliv
o fidi¢ské opravnéni, které umozniuje fizeni
motorovych vozidel v pracovnépravnim
vztahu). Po operaci ziskalo fidi¢ské oprav-
nénf jen 20,9 % pacientd, z nichz viak bylo
po operaci zaméstnano 84,2 %. Z pacienty,
ktefi fidi¢ské opravnéni neziskali, bylo po
operaci zamestnano jen 47,2 %. VySe uve-
deny vztah byl potvrzen celou fadou zahra-
ni¢nich studif. Ridi¢ské opravnéni se uka-
zuje jako nezavisly prediktor zaméstnanosti
pacientl i v modelech, v nichz byl statis-
ticky odstranén vliv piipadné mentalni retar-
dace, psychickych ¢i somatickych komorbi-
dit [12,16]. V literatufe se objevuji ndzory, ze
fidi¢ské opravnéni, a¢ jen pro osobni Ucely,
ulehcuje pacientim hledéni zaméstnani,
pacienti s fidi¢skym opravnénim jsou snéaze
schopni dorazit na pracovni pohovor, pfi-
padneé i do prace, nemusi se spoléhat na ve-
fejné dopravni prostredky, na pomoc rodiny
¢i blizkych. Objevuji se rovnéz spekulace,
Ze pacienti, ktefi po operaci ziskaji fidi¢ské
opravneéni, disponuji povahovymi rysy, které
jim usnadnuji hledani zaméstnani, zvlasté je
vyzdvihovéna jejich ochota riskovat a celit
pripadnému zklaméni, ochota ucit se novym
vécem. Tyto spekulace nelze potvrdit anivy-
vratit vysledky této ¢i jiné studie.

Bylo pro nas prekvapivé, ze jsme nepo-
tvrdili vztah zaméstnanosti po operaci a né-
kterych dalsich faktord, které jsou casto
pfitomny v ostatnich studiich. Prvnim ta-
kovymto vztahem je vztah zaméstnanosti

po operaci a vymizeni epileptickych za-
chvatl [10,17-22]. V rdmci nasi préace bylo
zaméstnano 56,3 % pacientd, u kterych za-
chvaty vymizely, a 54,2 % pacientd, u kte-
rych zachvaty po operaci pretrvavaly. Dle
Zarroli et al je prave uplné vymizeni ¢i velmi
podstatnd redukce zachvatd nejdilezitéj-
sim faktorem, ktery urcuje, zda bude po ope-
raci pacient zaméstnan ¢i nikoliv [10]. Prave
pacienti, u kterych dojde po operaci k Upl-
nému vymizeni ¢i podstatné redukci za-
chvatll, nachazi ¢astéji praci nez pacienti,
u kterych dochéazi k méné vyznamné zméné
frekvence zachvatl. Obdobny vztah je pfi-
tomen i v mnoha dalsich publikacich. Dalsf
faktor ovliviujici zaméstnanost pacientd, jez
se v nasi studii nepodafilo potvrdit, byl vek
pacienta v dobé operace [18,23,24]. Mladsi
pacienti maji dle vysledkd jinych publikaci
lepsi $anci najit zaméstnani. Ve studii Sper-
linga et al z poloviny 90. let minulého sto-
leti byl prlimérny vék pacienta, kterému
se po operaci podafilo najit zaméstnani
31,0 £ 8 let. Naopak priimérny vék pacienta,
ktery po operaci zaméstnani nenasel, byl
42,4+ 109 let [18]. Obdobné vysledky v roce
2009 publikovali i George et al [23]. VySe po-
psany jev je pravdépodobné podminén
¢aste¢né spolecensky (mladsi lidé obecné
hledaji sndze zaméstnani), ale c¢astecné
to souvisi jisté i se schopnosti mladsich
pacientl se sndze ucit novym vécem a pri-
zpUsobovat se vice naroklm. Naopak starsi
pacienti se jiz mohli vzit a osvojit si ,roli ne-
mocného” [25]. Otdzkou je, pro¢ jsme v nasi
skupiné nenasli ani vék v dobé operace, ani
vymizeni zachvatl jako dulezity prediktor
pro vyssi zaméstnanost pooperacné. Opé-
tovné se domnivame, ze by bylo potfeba
delstho c¢asového odstupu od operace.
Navic nejsme v nasich modelech schopni
provést korekci ani na somatické a psychiat-
rické komorbidity, roli zde samoziejmé muze
hrat i socidlni prostredi a velikost jednotli-
vych soubord.

Zaznamenali jsme vyznamny narlst kva-
lity Zivota po operaci: 53,8 % pacientd uda-
valo, ze se jejich kvalita Zivota po operaci
zvysila. Tento vysledek odpovidd vysledkim
vetsiny studii, které se zabyvaly touto pro-
blematikou. Metaanalyza publikovana Seia-
mem et al v roce 2011 analyzovala vysledky
39 publikaci, které se vénovaly zméné kva-
lity Zivota u pacientl s epilepsii [26]. VétSina
praci, konkrétné 36 (92,3 %), nasla po ope-
raci zvysenou kvalitu zivota. Zbylé tfi prace
(7,7 %) nezaznamenaly po operaci zvyseni
kvality zivota [27-29]. Z naSeho pohledu je

vyznamné srovnani s ¢eskou praci Preisse
a Vojtécha, ktefi se zabyvali zménou kva-
lity Zivota po operaci u 50 pacientd s farma-
korezistentni, vétsinou temporalni epilep-
sif, operovanych v nemocnici Na Homolce.
Tito autofi nasli rovnéz vyznamné zvyseni
kvality Zivota, zvlasté v ndsledujicich sférach:
percepce zdravi, socidlni funkce a strach ze
zachvatu [30].

V nasi studii byla pfitomna pouze jedind
proménna — zameéstnani pacienta po ope-
raci — kterd statisticky korelovala se zvyse-
nim kvality Zivota po operaci. Z celkového
poctu 50 pacientd, kteff méli po operaci za-
méstnani, uddvalo zlepseni kvality Zivota
64,0 %. Z poctu 41 pacientd, ktefi po ope-
raci zaméstnani nemeli, uvadélo zlepseni
kvality Zivota pouze 41,5 %. Obdobnd ko-
relace mezi kvalitou Zivota po operaci a za-
méstnanim po operaci byla nalezena i v né-
kolika dalsich studiich [31-34]. Byla popséana
celd fada proménnych, které souvisf s kva-
litou Zivota po operaci. Z Udajl, které jsou
zndmy jiz pred vlastni operaci, kvalitu Zivota
po operaci ovliviuji ndsledujici: psycholo-
gické a psychiatrické komorbidity (pfitom-
nost psychiatrickych onemocnéni, Spatna
vykonnost v psychologickych testech), ne-
realistickd oc¢ekdvani od operace, ocekavani,
kterd nebyla po operaci naplnéna [31,35,36].
Z pooperacnich faktord ovliviiuje kvalitu Zi-
vota predevsim dosazend dobrd kompen-
zace zachvatl [26]. Zda se vsak, Ze Uplné
vymizeni epileptickych zachvatt je pro kva-
pouhd jejich redukce. Dalsim faktorem zvy-
Sujicim kvalitu Zivota pacienta je drzeni fidic-
ského opravnéni [34]. Naopak kvalitu Zivota
pO operaci snizovala pritomnost nezadou-
cich ucink antiepileptické medikace, psy-
chické obtize, obtize s verbalni paméti, tézky
prabéh zachvatd, pfitomnost jiného soma-
tického onemocnéni [32-34,37-39]. Je pro
nas pfekvapenim, Ze se vymizeni epileptic-
kych zachvatl v nasi praci neuplatiiovalo
jako faktor, ktery by ovliviioval kvalitu Zivota
po operaci. V nasi studii udavalo zvysenou
kvalitu Zivota 59,3 % pacientd, ktefi po ope-
racizachvaty neméli,a 43,8 % pacient(, u kte-
rych epileptické zachvaty pfetrvéavaly i po
operaci. MUZzeme se domnivat, Ze je tento
jev ¢aste¢né podminén jinymi zdravotnimi
obtizemi, jeZ pacienti popisovali v nasem
dotazniku. Druhym moznym vysvétlenim
je ,syndrom bifemene normality” (burden of
normality syndrome) popsany Wilsonovou
v roce 2001 [40]. ,Syndrom bfemene norma-
lity” se vyskytuje u pacientd po vyléceniz ja-
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kéhokoliv zdvazného chronického onemoc-
néni (tykd se pacientl po transplantacich,
onkologickych pacient(, pacientl s kardio-
vaskuladrnim onemocnénim). Pacienti a je-
jich rodiny, a¢ vyléceni z chronického one-
mocnéni, nejsou s vysledky lécby spokojeni.
Pacienti si stézuji, ze jim lé¢ba nic pozitiv-
niho neprinesla, a v nékterych pripadech
dokonce lituji, ze lé¢bu podstoupili, pres-
toze vedla k jejich uzdraveni. Znamky ,syn-
dromu bfemene normality” nalézéme v rliz-
ném stupni az u 66 % pacientd v prvnich
dvou letech po epileptochirurgickém vy-
konu. Klinicky se mdze manifestovat psy-
chickymi obtizemi (nadmérné ocekavani od
sebe i od ostatnich, litost nad predchozim zi-
votem s nemoci), zménami behavioralnimi
(nadmérna denni aktivita ve snaze ,dohnat
vse zameskané” nebo naopak stazeni se do
sebe, snizeni aktivity) a socidlnimi (narusenti
vztahu s rodinou, partnerem, prételi, obtize
s hledanim zaméstnani) [25,30,40]. Castgji
se setkdvame se ,syndromem tihy norma-
lity” u pacientl, ktefi maji s Ié¢bou spojeny
nerealistickd ocekavani (vyreseni sociadlnich
a rodinnych problém(, zvyseni inteligence)
nez u pacientd, ktefi chtéji operaci dosah-
nout realistickych, dobfe definovanych cilt
(vymizeni epileptickych zachvatd, ziskani fi-
di¢ského opravnéni).

Posledni otédzka v nasem dotazniku byla
hypotetickd, dotazovala se pacienta, zda by
se nechal znovu operovat, kdyby mohl vra-
tit ¢as. Naprosta vétsina pacientd, konkrétné
85,7 %, odpovédélo, Zze by operaci pod-
stoupilo znovu. Tuto hodnotu povazujeme
za srovnatelnou s vysledky publikovanymi
z Mayo kliniky v Rochesteru, kde by 85 %
pacientl podstoupilo epileptochirurgic-
kou léc¢bu [41]. Operaci by znovu podstou-
pili vSichni pacienti, ktefi po operaci udavajf
zlepseni kvality Zivota.

Uvédomujeme si ¢etné limitace nasf studie.
Jedna se o relativné maly pocet respondentd,
pacienti byli dotazovéni v rzném c¢asovém
intervalu od opera¢niho vykonu. Jak bylo
zminéno jiz v uvodu, nebyl pouZit standar-
dizovany dotaznik, coz sice umoznilo ziskani
odpovédi zcela anonymni formou (pfi dota-
zovani neby! pfitomen ani lékaf, ani psycho-
log, jehoZ postoj a pohled na chirurgii epilep-
sie by mohl ovliviiovat odpovedi pacienta), na
druhé strané neumoznuje zcela presné srov-
nani s vysledky ostatnich praci. Pfes viechny
vyse zminéné nedostatky si myslime, Ze je
tato prace schopna reflektovat vztah nasich
pacientl k epileptochirurgické 1é¢bé a bene-
fity, které jim muze tato lé¢ba nabidnout.

Zaveér

Pacienti s farmakorezistentni epilepsif vytvari
rdznorodou skupinu, u které by méla byt po-
souzena moznost operacni lé¢by. Operace
nabizi pacientovi vyssi pravdépodobnost
zbaveni se epileptickych zachvatl ve srov-
néni s lé¢bou farmakologickou. Po operaci
stoji pacient pred celou fadou dalsich pro-
blémU a uskali, dochazi k vyznamné zméné
jeho Zivotni role z ,nemocného” ¢lovéka na
¢lovéka ,zdravého’, na néhoz jsou kladeny
vyssi naroky. Na zékladé naseho dotazniko-
vého Setfeni mUzeme fici, ze ac¢ velkd ¢ast
pacientl podstoupila Uspésny epileptochi-
rurgicky vykon, ktery je zcela zbavil zachvat,
zaméstnani se podafilo najit jen malé ¢asti
z nich. Je zde vidét prostor pro aktivitu so-
cidlnich pracovnikd, pro rekvalifika¢ni pro-
gramy, pro programy zvysovani kvalifikace
¢i programy motivace zameéstnavatel(, které
by umoznily lepsi zapojeni nasich byvalych
pacientll do pracovniho procesu. | pres tyto
nedostatky ,nadsledné rehabilitace” je epi-
leptochirurgicka Iécba ze strany nasich ope-
rantd hodnocena kladné, pfindsi jim v na-
prosté vétsiné piipadd zvyseni kvality Zivota
a vétsina z nich by znovu podstoupila ope-
ra¢ni zakrok.
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