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Abstract

Introduction. Independent bitemporal interictal discharges are often found in patients with temporal lobe epilepsy. The likelihood of registering
epileptiform activity (EA) is higher during sleep. Assessment of bitemporal interictal epileptiform discharges (BIEDs) with various discharge
predominance ratio is used for presurgical evaluation of epilepsy patients and prediction of surgical outcomes.

Our objective was to determine the predominant side (PS) in patients with bitemporal epilepsy using the incidence of epileptiform discharges for
each sleep stage.

Materials and methods. We analyzed 45 recordings of 10-24 h long-term video-EEG monitoring (LTM) in patients with bitemporal EA. For each
recording, the total incidence of EA (IEA) and EA incidence for wakefulness and for each sleep stage were calculated individually. We also assessed
the discharge predominance index (DPI) as a ratio of IEA in the predominant and contralateral sides for the entire recording and for each sleep
stage.

Results. We observed an IEA increase with sleep deepening, with maximum values observed during N2 and N3 sleep stages. The minimum [EA
values were recorded during REM sleep; nevertheless, most of the REM sleep discharges were detected on the PS. DPI values were the highest and
the most stable during N2 and N3 stages.

Conclusion. The findings of our study demonstrate an increase in DPI values with non-rapid eye movement (NREM) sleep deepening in patients
with bitemporal localization of EA. Despite the protective effects of REM sleep (i.e., reducing the likelihood of EA), it may be pivotal in lateralization
of EA in patients with BIEDs. The PS is generally determined by a higher DPI during N2 and N3 stages.
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BucoyHas anunencus ¢ 6uTemnopanbHbIMU paspsgami

Bucounag snunencus ¢ OMTeMIopaabHbIMH
MHTEPUKTAIbHbIMU pa3psagaMu:
BJIMSHUE CHa U 0OIpPCTBOBAHUS

AT. bpyran, M.A. T'nasosa, M.I0. Makcumosa, A.W. bensakosa-bonnna

Hayunvui yenmp nesponozuu, Mockea, Poccus
AnHoTaIug

Beedenue. V nayuermog ¢ sucourotl anusencueti Hepedko 8biS6/1A10MCS He3asucUMble Oumemnopaishble paspadsl 8 MeXNpUCIyNnHOM nepuode.
Beposmuocmy pezucmpayuu snunenmughopmroti akmusrocmu (94) ysenuuueaemes 80 che. Hanuuue 6umemMnopansHbix UHMepUKMAIbHblx anu-
Jenmu@OpMHbIX paspsoos ¢ pasnuUuHbLM COOMHOWEHUEM Koauyecmsa paspados no cmopoHam yuumsieaemcs 0715 onpedenenus ucxoda Xupyp-
2UHECKO20 JIEYEHUS.

Llenv: Ha ocHosaHuu pacuéma uxdexca anunenmughopmHblx paspados ons kaxdoli cmaduu cHa 6b1A8UMb 0OMUHUDPYIOULYI0 CMOPOHY Y NAYUEHMO8
¢ bumemnopasHotl anusencuel.

Mamepuanst u memodst. B uccredosanue Gvinu skmouenst 45 3anuceti 8udeo-90I-moHumopurza dnumensrocmsio 10-24 u y nayuermog ¢ 6u-
memnopanskoli OA. Jins kaxdoii sanucu paccuumbianu obuuii undekc DA u undeke DA dng 6odpcmsosanus u kaxdoli cmaduy cHa omaesbHo.
Taxxe onpedensnu uxdexc domunuposarus paspsoos (M/IP) 6 npoyenmax kax coomHouieHue paspados Ha doMUHUpYIoueli U KOKMpanamepats-
Holi cmopoHax ona ecell 3anucu u omdenbHo 0718 Kax)ooli cmaduu.

Pesynvmamot. Ommeuero ygenuuenue unoexca DA no mepe yenyosexus cHa, MaKcuMasibhble 3HaueHus ebisenensl 8 cmadusx cia N2 u N3. Munu-
ManvHoe sHaueHue undekca DA Obiio 6 hase REM-cHa, mem He MeHee 6 Gonbiuuncmge cryuaes paspadst 8 REM-hase 6bia67151uch Ha QOMUHUPYIO-
weti cmopone. H/IP 6bin Haubonee bicokum u cmabunsHbim 8 cmadusx N2 u N3,

3axouenue. Pesynomame! uccnedosanus nayuermos ¢ umemnopansHoli okanusayueti 9A caudemenscmeyiom o eospacmanuu H/JP no mepe
yeenuuenus 2nyounb He-REM-cHa. Hecmomps Ha mo umo REM-con o6niadaem npomekmueHbLMU CBOLICMBAMY, CHUXAS 8ePOAMHOCTb NOAB/IEHUS
DA, 0ns nayuenmos ¢ GumemnoPabHbIMU UHMEPUKMATBHbIMU INUNENMUGOPMHBIMU PA3PAOAMU OH MOXKEM UMemb JAMepanuayioujee 3HaueHue.
Jomunupyroujas cmopoxa & 3HauumebHoli cmeneHu onpedensemcs gvicokum 3naueruem UJIP ¢ cmadusx N2 u N3.
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Introduction

Focal temporal lobe epilepsy (TLE) is the most common form
of structural epilepsy and one of the most common neurolog-
ical diseases, diagnosed in 1/3 of patients with epilepsy [1].
In 30% of cases, it is drug-resistant, so the patients become
candidates for a surgical treatment [2]. Long-lasting focal
TLE increases the probability of development of secondary

epileptogenic focus in the contralateral cerebral hemisphere.
EEG data demonstrate that the prevalence of bitemporal in-
terictal epileptiform discharges (BIEDs) in patients with focal
TLE can reach up to 60% [3, 4].

When both temporal lobes are involved, the predominance of
epileptogenic focus is challenging to determine, and bilateral
resection options are limited due to the risk of the Kluver—
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Bucy syndrome. The search for clinical and neurophysiologi-
cal markers of the predominant side (PS) in TLE patients with
bitemporal discharges is of particular interest to achieve fa-
vorable surgical outcomes. It has been previously shown that
the effectiveness of surgical treatment in patients with BIEDs
correlates with higher discharge predominance index (DPI)
on one side, and the most favorable outcomes were observed
in patients with over 80-90% of unilateral discharges [5, 6].

In patients with focal TLE, the likelihood to find epileptiform
activity (EA) is largely determined by the level of wakefulness
and depth of sleep [7, 8]. EA is more often detected during
sleep, especially in slow-wave sleep. Thus, an absolute count
of discharges is insufficient without considering the duration
of wakefulness and individual stages of sleep. To this end,
incidence of epileptiform activity (IEA) may be employed,
which is calculated as the number of discharges occurring
over a specified time interval (e.g., 1 h) during which the pa-
tient has been either awake or asleep. So, the absolute count
of discharges without indicating wakefulness or sleep stage
at the time of EEG recording may not suffice.

The objective of the study was to assess the variability of
DPI calculated with IEA values depending on the level of
wakefulness and sleep depth in TLE patients with bitemporal
discharges.

Materials and methods

Out of a total of 2086 patients who underwent long-term vid-
eo-EEG monitoring (LTM) in the laboratory of the Research
Center of Neurology between February 2018 and February
2024 [9], the recordings of 10-24 h LTM in 1063 patients with
temporal lobe localization of EA were selected. BIED were regi-
stered in 203 cases. To identify the structural causes of epi-
lepsy, brain magnetic resonance imaging (MRI) was performed
using Magnetom Prisma 3T (Siemens Healthineers, Germany).

Inclusion criteria [9]:

1) bitemporal EA;

2) recording of all stages of sleep and wakefulness;

3) manual count of epileptiform discharges without using the
algorithm of automatic discharge detection;
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4) total number of BIEDs > 10;
5) brain MRI performed according to the HARNESS-MRI pro-
tocol using 3T MR scanner.

Non-inclusion and exclusion criteria [9]:

1) recordings with extratemporal EA;

2) recordings with ictal patterns, due to their possible effects
on [EA;

3) recordings with more than 2000 discharges due to their
challenging manual labeling;

4) DPI < 60%.

We analyzed 45 recordings of 20 females and 25 males aged
25-67 years (median 44.6 years). The disease duration at the
time of admission ranged from 6 months to 43 years (me-
dian 29.8 years), and the age of epilepsy onset ranged from
4 months to 67 years (median 14.9 years). We performed sur-
face EEG with scalp electrodes according to the international
10-20 system, with additional inferior temporal chain (F9,
F10, T9, T10, P9, P10) and with simultaneous one-channel
electrocardiogram recording.[9] Equipment used for the re-
cording: Xltek Brain Monitor (Natus, USA) and BE Plus LTM
amplifier (EBNeuro, Italy). At the beginning of study and af-
ter morning awakening, patients underwent activation proce-
dures with eye closure, intermittent photic stimulation, and
hyperventilation for 5 min.

In accordance with the recommendations of the American
Association of Sleep Medicine (2017) [10], sleep scoring was
done manually at 30 second epochs. REM sleep was scored
based on oculomotor artifacts in frontal leads (under elec-
trodes Fp1-F7, Fp2-F8), myographic artifacts in EEG chan-
nels, and EEG waveforms specific for REM sleep. We used
traditional designations for sleep and wakefulness stages:
N1 — sleep stage 1; N2 — sleep stage 2; N3 — sleep stage 3
(slow-wave sleep); REM — REM sleep; Wake — wakefulness [9].
A sample hypnogram with EA labels is presented in Figure 1.

The number of BIEDs during the recording ranged from 11 to
1920 discharges (median 299.6 discharges). For each record-
ing, after building a hypnogram with BIED labels, we assessed
the total [EA (the ratio of total number of discharges to the
duration of recording in hours), IEA for wakefulness and each
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Fig. 1. Hypnogram with EA labels in the right (top row) and left (bottom row) temporal regions.
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sleep stage (the ratio of number of BIEDs to the duration of
stage in hours) [9]. The side with the predominance of dis-
charges during the entire recording was defined as the PS,
the opposite side was defined as the contralateral side (CS).

The DPI (%) for the entire recording and for wakefulness and
each sleep stage was calculated using the formula: (number
of discharges on PS)/(number of discharges on both sides) x
100. The amplitude of discharges was measured in the ave-
rage reference montage. The highest discharge amplitude on
each side was selected regardless of the level of vigilance
(sleep and wakefulness).

To evaluate the DPI trends associated with specific sleep sta-
ges and wakefulness, additional normalization was performed
via calculation of relative DPI for each stage on the PS (the
ratio of the DPI of each stage to the total DPI).

When EEG data were compared with brain MRI findings ac-
cording to the HARNESS-MRI protocol, potentially epileptoge-
nic findings were identified in 17 cases: 9 cases of hippocampal
sclerosis; 2 benign tumors associated with long-term epilepsy
(LEAT);, 3 meningiomas; 2 cases of temporal encephalocele;
1 cerebral hemiatrophy. Non-specific changes (cerebral micro-
angiopathy, poststroke changes, and venous anomalies) not cor-
responding to EA localization were found in 23 cases. In 5 cases
focal and diffuse changes in the brain were absent.

Results

In 21 patients the discharges predominated in the left tem-
poral region and 24 patients had a right temporal predo-
minance. Analysis of the BIED amplitude revealed that in 32
(71.1%) cases the maximum amplitude of discharges corre-
sponded to PS. Bitemporal slowing was observed in 27 EEG
recordings, unilateral slowing was detected in 13 recordings
(11 out of 13 recordings on PS), and in 5 recordings slowing
was absent.

The distribution of EA in temporal regions across wakeful-
ness and sleep stages is presented in Table 1. During wakeful-
ness epileptiform discharges were found in 33 (73.3%) cases.

In 32 (71.1%) cases EA was detected on PS and in 18 (40%)
it was found on CS (Table 1).

Table 2 presents the IEA ratios for the sleep stages, where
BIEDs were detected, as well as the distribution of EA across
wakefulness and sleep stages. The patients, whose recordings
showed no significant differences in IEA values between two
sides, were referred to a separate group. The PS/CS discharge
ratios > 40% and < 60% were considered approximately equal.

In one MR-negative patient, EA was detected on the CS (Ta-
ble 2). In N1 sleep stage, EA was detected in 25 (55.6%) re-
cordings: 22 (48.9%) with EA on PS and 14 (30.4%) on CS
(Table 1), while in 3 cases it was found on CS only (Table 2).

In sleep stage N2, EA was detected in 45 (100%) recordings:
45 (100%) with EA on PS and 42 (93.3%) on CS. In sleep stage
N3, epileptiform discharges were found in 44 (97.8%) record-
ings on PS and in 36 (80%) recordings on CS. Only in one pa-
tient's recording EA was not found in N3, although detected
in stage N2 (Table 1).

In the majority of recordings, BIEDs had the highest [EA
during N3 stage (43 recordings; 95.5%), including 26 (57.8%)
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Fig. 2. Distribution of DPI values (%).

The X-axis presents sleep and wakefulness stages, the Y-axis — nor-
malized DPI values. DPI values < 50% indicate the predominance of
discharges on CS.

Table 1. Distribution of EA in temporal regions across sleep stages and wakefulness, n (%)

Sleep stage Recordings with EA

Wakefulness 33 (73,3%) 17 (37,8%)

N1 25 (55,6%) 11 (24,4%)
N2 45 (100,0%) 42 (93,3%)
N3 44 (97,8%) 36 (80,0%)
REM 19 (42,2%) 7 (15,5%)

Recordings with BIEDs

Recordings with EA on PS Recordings with EA on CS
32 (71,1%) 18 (40,0%)
22 (48,9%) 14 (30,4%)
45 (100,0%) 42 (93,3%)
44 (97,8%) 36 (80,0%)
18 (40,0%) 8 (17,8%)
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Table 2. Distribution of EA across sleep stages and wakefulness, n (%)

Stage EA on PS only EAon CS only  Higher IEA on PS*
Wakefulness 15 (33,3%) 1(2,2%) 13/17 (76,5%)
N1 11 (24,4%) 3 (6,7%) 7/11 (63,6%)
N2 3(6,7%) 0 37/42 (88,1%)
N3 8 (17,8%) 0 33/36 (91,7%)
REM 11 (24,4%) 1(2,2%) 3/7 (42,9%)

Note. * — % of recordings with BIEDs during sleep or wakefulness.

recordings with BIEDs in both temporal regions. In 7 (15.5%)
cases, EA with maximal IEA was recorded on the CS and in
10 (22.2%) cases — on the PS. In REM sleep EA was found
in 19 (42.2%) recordings: in 18 (40%) cases on the PS and, in
8 (17.8%) cases on the CS, while in one recording EA was
detected exclusively on the CS (Table 2).

We analyzed wakefulness and sleep stages with maximum
IEA registered on PS during this study. The highest values
were detected in the period of slow-wave sleep (N3 stage),
amounting to 36 (80%) recordings. In 3 cases the leading
stage was N2, in 5 cases — N1, in 1 case the maximum [EA
was recorded during wakefulness. No cases with predomi-
nance of EA in REM sleep were detected.

Figure 2 shows the distribution of DPI values across wakeful-
ness and each sleep stage. Maximum density of DPI values
in N2 and N3 stages, where DPI was always > 50% (i.e., dis-
charge predominance on PS) was of particular interest.

Discussion

The results of our study demonstrated that the highest IEA
values were characteristic of the slow-wave sleep stage in
the temporal region of PSDH. N2 sleep stage was the most
significant in recordings with no EA detected during the delta
sleep. A comparison of sleep stages revealed that the maxi-
mum number of discharges in N3 stage were found in 80% of
recordings for PS and in 71.3% for CS. The IEA increased with
sleep deepening (maximum values were detected in N2 and
N3 stages). The minimum IEA was obtained in REM sleep.

Earlier studies also showed that the highest IEA values were
characteristic of the delta sleep [8, 9, 11-14]. The distinctive
features of our study are the analysis of patients exclusive-
ly with bitemporal discharges, manual labeling of discharges
throughout the entire recording, and count of discharges by
each sleep stage. The PS was determined by the total number
of discharges on the left or right side, whereas, for example,
Z. Clemens et al. determined it by the seizure onset side [13].
In other studies, the discharge count was often performed on
fragments with different duration (5-20 min for each stage of

Higher IEA on CS  IEA with no significant differences between sides

2 (4,4%) 3(6,7%)
5 (11,1%) 2 (4,4%)
0 5 (11,1%)
0 3 (6,7%)
1(2,2%) 4 (8,9%)

sleep and wakefulness). High [EA in N2 and N3 stages can be
explained by a high degree of neural synchronization in the
cerebral cortex [15-17].

It is believed that EA in REM sleep is important for seizure-
onset zone localization in TLE patients [18]. Our data partly
confirm this statement. EA was recorded on PS in 19 (42.2%)
cases and on CS in 8 (17.8%) cases. In 3 cases, IEA was higher
on PS, while in 4 cases there was no significant difference be-
tween sides. In 1 case EA was found only in the contralateral
temporal region (Table 2). There are conflicting opinions on
this hypothesis. S. Singh et al. showed a lower localizing value
of REM sleep compared to non-REM sleep when quantifying
EA [14]. At the same time, it remains certain that REM sleep
asa part of healthy sleep structure has protective effects, in-
hibiting not only EA but also epileptic seizures [19, 20].

While performing presurgical evaluation of patients with
a drug-resistant focal TLE, one should take into account
the lateralizing and localizing seizure symptoms. The data
of ictal and interictal EEG and neuroimaging should corre-
spond to each other [21]. However, in patients with BIEDs,
which may occur due to secondary epileptogenesis often
associated with a long-lasting epilepsy, it is necessary to
assess [EA ratio in the temporal regions on both sides. Cor-
relation between this ratio and surgical outcomes has been
previously evaluated [5, 6]. The most favorable outcomes
were achieved with a ratio of > 80% of discharges on the PS.

Various studies demonstrated that the prevalence of BIEDs
varies in a wide range, from 21% [22] to 61% [3]. High vari-
ability of these data is primarily explained by the duration of
recordings. The low prevalence values are associated with the
relatively short duration of recordings. For example, in study
[22], the duration of recording was < 2 h. In study [3], on the
contrary, patients with only unitemporal discharges detected
by a routine EEG were initially selected. These patients were
subsequently monitored daily and BIEDs were also detected
in 61% of recordings.

The results of our study demonstrate not only an increase
in likelihood of finding EA with the sleep deepening, but
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also considerable variability in DPI values during wakeful-
ness and in the light sleep. DPI in these stages is unreli-
able and may be misleading, whereas it is the most stable in
a deep sleep.

The results of this study justify the need for LTM with delta
sleep assessment in patients with suspected focal epilepsy,
because standard EEG is a short-term screening method of
diagnosis, and daytime EEG monitoring of no more than 4 h
does not always allow reaching a deep sleep stage. In struc-
tural forms of focal epilepsy, it is also necessary to count
discharges in temporal regions and compare these data with
MRI epilepsy protocol findings to substantiate the need for
surgical treatment and to predict favorable surgical outcomes.
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