Neurol Ther (2022) 11:763-779
https://doi.org/10.1007/s40120-022-00342-y

®

Check for
updates

ORIGINAL RESEARCH

Clinical Characteristics and Prognostic Significance
of Subclinical Seizures in Focal Epilepsy:

A Retrospective Study

Chenmin He - Cong Chen - Yuyu Yang - Lingli Hu - Bo Jin -

Wenjie Ming * Zhongjin Wang * Yao Ding + Meiping Ding -

Shuang Wang - Shan Wang

Received: January 27, 2022 / Accepted: March 9, 2022 / Published online: April 4, 2022

© The Author(s) 2022

ABSTRACT

Introduction: The aim was to evaluate the
clinical characteristics and prognostic signifi-
cance of subclinical seizures (SCSs) on scalp
video-electroencephalogram (VEEG) monitor-
ing with or without intracranial electroen-
cephalogram (IEEG) monitoring in patients
who had epilepsy surgery.

Methods: We reviewed 286 epileptic patients
who underwent subsequent epilepsy surgery
during scalp-VEEG evaluation with or without
IEEG monitoring between 2013 and 2020, with
a minimum follow-up of 1 year. The prevalence
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and clinical characteristics of SCSs, as well as
their prognostic significance, were analyzed.
Results: A total of 286 patients were enrolled
for analysis, and 80 patients had IEEG implan-
ted. SCSs were recorded in 9.79% of the patients
based on VEEG and 50% based on IEEG. In the
VEEG group (n = 286), younger seizure onset
(P = 0.004) was associated with the presence of
s-SCSs (SCSs detected on scalp VEEG). In the
[EEG group (n = 80), temporal lobe epilepsy
(P = 0.015) was associated with the presence of
i-SCSs (SCSs detected on IEEG). Of 286 patients,
208 (72.73%) were seizure-free in the VEEG
group, and 56 Of 80 patients (70%) were seizure-
free in the IEEG group through the last follow-
up. In the VEEG group, the presence of s-SCSs
did not affect seizure outcome; predictors of
seizure recurrence were longer epilepsy duration
(P =0.003, OR 1.003, 95% CI 1.001-1.005),
history of focal to bilateral tonic—clonic seizure
(P=0.027, OR 1.665, 95% CI 1.060-2.613),
nonspecific pathology (P =0.018, OR 2.184,
95% CI 1.145-4.163), and incomplete resection
(P =0.004, OR 2.705, 95% CI 1.372-5.332). In
the IEEG group, i-SCSs were significantly asso-
ciated with seizure outcome (P = 0.028, OR
0.371, 95% CI 0.153-0.898).

Conclusion: The rate of SCSs captured on IEEG
monitoring was higher than that on VEEG
monitoring during presurgical evaluation. SCSs
detected on VEEG monitoring were associated
with younger seizure onset. SCSs detected on
[EEG monitoring were associated with temporal
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lobe epilepsy and also predicted surgical out-
comes in focal epilepsy.

Keywords: Subclinical seizures; Epilepsy; Sur-
gery; Outcome; Intracranial EEG

Subclinical seizures (SCSs) are not
uncommonly detected on both video-
electroencephalogram (VEEG) and
intracranial electroencephalogram (IEEG)
monitoring. Understanding subclinical
seizure characteristics is important in our
appreciation of epilepsy.

SCSs detected on VEEG monitoring were
associated with younger seizure onset.

SCSs detected on IEEG monitoring were
associated with temporal lobe epilepsy
and predicted surgical outcomes in focal

epilepsy.

INTRODUCTION

Epilepsy is a disease caused by abnormal firing of
neurons in the brain, which affects about 11.1 per
1000 people in lower- and middle-income coun-
tries and 7.0 per 1000 in high-income countries
[1]. The diagnosis of epilepsy depends mainly on
clinical history and findings of electroen-
cephalography (EEG) monitoring. Up until now,
the clinical focus has mainly been on clinical sei-
zures (CSs) and interictal epileptic discharges.
Subclinical seizures (SCSs) are usually not noticed
and are ignored by both patients and doctors. SCSs
are defined as electrographic seizures with rhyth-
mic ictal discharges that evolve in frequency and
space that lack any objective or subjective alter-
ation in behavior or consciousness [2, 3]. SCSs are
not uncommonly detected on both scalp video-
electroencephalogram (VEEG) and intracranial
electroencephalogram (IEEG) monitoring during
epilepsy presurgical evaluation [2, 4-6]. Recently,
research on SCSs has garnered increasing

attention [2, 5, 7-10]. However, there is still much
about SCSs that remains unknown. First, the
prevalence of SCSs has previously been unclear.
Quite a few studies have been based on children
[6, 11, 12], in whom the prevalence of SCSs was
found tobe higher than in epileptic adults [3, 4, 6].
Our previous studies on SCSs were based on non-
operative patients [4, 13], whose EEG recordings
wererelatively short, decreasing the SCS detection
rate. Second, there have been few studies on SCSs
based on IEEG findings [2, 8, 11, 14]. The preva-
lence of SCSsrecorded by IEEG was supposed to be
higher than that recorded by scalp EEG, which
was closer to the real prevalence of SCSs. In addi-
tion, there are currently no studies comparing the
SCS detection rates or analysis of the clinical
characteristics of SCSs based on both VEEG and
[EEG findings in the same population. Third, the
significance of SCSs in epileptic patients with
surgery remains unclear, with some studies find-
ing that the presence of SCSs had no influence on
the seizure outcome in focal epileptic patients
with resection [11, 14], while others found that
the presence of SCSs was associated with favorable
prognosis for patients undergoing temporal lobe
resection [8].

To address the aforementioned limitations,
we aimed to explore the clinical characteristics
of SCSs in patients with focal epilepsy who
underwent subsequent surgery during scalp-
VEEG evaluation with or without IEEG moni-
toring and assess the prognostic significance.

METHODS

Patient Selection

We retrospectively reviewed the records of
consecutive epileptic patients who underwent
subsequent epilepsy surgery during scalp-VEEG
evaluation with or without IEEG monitoring at
the Epilepsy Center, Second Affiliated Hospital
of Zhejiang University, from 2013 to 2020. This
retrospective study was approved by the insti-
tutional review boards of the Second Affiliated
Hospital of Zhejiang University (2013-032).
The inclusion criteria were as follows: (1)
epileptic patients with VEEG monitoring, (2)
undergoing subsequent surgery, (3) with at least
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1-year follow-up. The exclusion criteria were as
follows: (1) those who had experienced vagus
nerve stimulation, (2) those who had secondary
surgery (secondary surgery refers to a second
operation when the results of the first surgery
were deemed inadequate or the patient had
intracranial surgery previously), (3) missing at
follow-up, (4) incomplete clinical data.

VEEG and IEEG Monitoring

VEEG was performed using digital VEEG systems
(Nicolet, VIASYS, USA, and Biologic, NATUS,
USA), with scalp electrodes placed according to
the international 10-20 system, including ante-
rior temporal electrodes and sphenoidal elec-
trodes if necessary. All the patients were
monitored for at least 24 h. The intracranial elec-
trode location was designed based on the multi-
disciplinary discussions in our epilepsy center.
IEEG was performed with a 256-channel NK sys-
tem or a 128-channel XLTEK system. Antiepilep-
tic drugs (AEDs) were administered at normal or
reduced doses during the VEEG or IEEG record-
ings according to different demands. SCSs were
defined as electrographic seizures with rhythmic
ictal discharges that evolve in frequency and space
and lack any objective or subjective alteration in
behavior or consciousness [2, 3]. CSs were defined
as clinically evident seizures, possibly captured on
VEEG or IEEG monitoring [3]. Each SCS and CS
was assessed by two professional electroen-
cephalographers (Wenjie Ming and Zhongjin
Wang) who were blind to the outcome. If there
was any disagreement, then the EEG epochs were
re-reviewed by the epileptologist (Shuang Wang).
If SCSs were detected on scalp VEEG, they were
defined as s-SCSs, and if SCSs were detected on
IEEG, they were defined as i-SCSs. If CSs were
detected on scalp VEEG, they were defined as
s-CSs, and if CSs were detected on IEEG, they were
defined as i-CSs.

Data Collection

Clinical, VEEG, IEEG, postoperative
histopathology, and surgical outcome data were
all collected. Epilepsy was classified into tem-
poral lobe epilepsy (TLE) and extratemporal

lobe epilepsy (ETLE), which included the frontal
lobe, parietal lobe, occipital lobe, insular lobe,
hypothalamus, and multilobe. The groups that
were monitored by VEEG were classified into
two subgroups: patients that had SCSs captured
by VEEG (s-SCSs group) and patients that did
not have SCSs captured by VEEG (non-s-SCSs
group). The groups that were monitored by
IEEG were classified into two subgroups:
patients that had SCSs captured by IEEG (i-SCSs
group) and patients that did not have SCSs
captured by IEEG (non-i-SCSs group). Localiza-
tion of SCSs and CSs was based on VEEG and
[EEG finalized phase reports, which were done
by board-certified adult or pediatric epileptolo-
gists and re-reviewed at patient management
conferences. Concordance between SCSs and
CSs was summarized into five categories [7]: SCS
and CS localizations were consistent (SCSs =
CSs); the localization of SCSs was contained
within that of CSs (SCSs < CSs); the localization
of CSs was included within that of SCSs
(CSs < SCSs); SCSs and CSs had overlapping
localizations (SCSs N CSs); SCSs and CSs had
different, nonoverlapping localizations
(SCSs # CSs). Patients were recommended for
epilepsy surgery based on multidisciplinary
discussions, and the surgical strategy was
determined collectively by neurosurgeons and
epileptologists. As for the definition of “in-
complete resection,” there were several scenar-
ios. When the lesion was magnetic resonance
imaging (MRI)-positive, “incomplete resection”
was defined as “the lesion was not totally
removed, and the residual tissue can be identi-
fied on postoperative MRL.” When the routine
MRI was negative, positron emission tomogra-
phy (PET)/MRI co-registration and MRI post-
processing (morphometry analysis program)
was performed to help localize the epilepto-
genic zone. When the imaging postprocessing
findings were consistent with VEEG findings
and semiology, then the “incomplete resection”
was also defined as “the residual lesion can be
identified on both postoperative MRI and pre-
operative imaging modalities.” When all
presurgical imaging modalities failed to find the
potential lesion, IEEG was performed. We
determined the resection area based on the
seizure onset of IEEG. If the seizure onset brain
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1. Vagus nerve stimulation, n=22
2. Secondary surgery, n=24

3. Missing follow-up, n=14
4. Incomplete clinical data, n=5

[Included in the study

n=286

]

|

Have IEEG recordings
n=9

non-s-SCSs
n=258

Have IEEG recordings]

n=71

TLE/ETLE(3/2) TLE/ETLE(0/4)

[ | [
i-SCSs, n=5 non-i-SCSs, n=4 i-SCSs, n=35 non-i-SCSs, n=36
TLE/ETLE(18/17) || TLE/ETLE(10/26)

Fig. 1 Study flow chart. VEEG video-clectroencephalo-
gram, IEEG intracranial electroencephalogram,
5-SCSs subclinical seizures recorded by scalp VEEG, non-
5-SCSs no subclinical seizures recorded by scalp VEEG, i-

zone identified by the planted electrodes was
removed, it was considered “complete resec-
tion”; if not, then “incomplete resection.” The
pathological diagnoses were then categorized as
follows: hippocampal sclerosis, focal cortical
dysplasia, tumor, hemangioma/vascular mal-
formation, arachnoid cyst, dermoid cyst, colloid
cyst, and nonspecific. Seizure outcomes were
evaluated according to the last visit or tele-
phone interviews as specified in the Engel clas-
sification [15], and further classified as being in
either the seizure-free group (Engel class Ia) or
the non-seizure-free group (Engel class Ib-1V).

Statistical Analysis

The data were presented as median (interquar-
tile range) via SPSS version 23.0. Nonparametric
Mann-Whitney U test was used to compare
group differences on continuous variables.
Categorical variables were analyzed by Pearson’s
chi-square test or Fisher’s exact test. Univariate
analysis results were then entered into a multi-
variable  binary logistic  regression/Cox

SCSs subclinical seizures recorded by IEEG, 707-i-SCSs no
subclinical seizures recorded by IEEG, TLE temporal lobe
epilepsy, ETLE extratemporal lobe epilepsy

regression model with statistical significance at
P < 0.1. A logistic regression model was applied
to determine the unique related factors of sev-
eral variables on SCSs with statistical signifi-
cance set at P < 0.05. To evaluate the predictors
of seizure outcome, a Cox regression model was
applied with statistical significance set at
P < 0.05. Odds ratio (OR) and 95% confidence
interval (CI) were also calculated for each of
these parameters. The Kaplan-Meier survival
analysis was used to calculate the seizure-free
duration probability after surgery. To identify
the threshold of continuous variables that could
predict seizure outcomes, continuous variables
were stratified, and the cutoff values were
determined according to the Youden index in a
receiver operating curve (ROC) analysis.

RESULTS

Cohort Characteristics

Of the 351 patients who initially met this
study’s inclusion criteria, those with vagal nerve
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Table 1 Comparison of clinical characteristics between s-SCSs group and non-s-SCSs group
Variables Whole group, s-SCSs, non-s-SCSs, P-
n =286 n=28 n =258 value
Gender, male 151 (52.80%) 15 136 0.931°
Seizure onset, Y, median (IQR) 12 (6-22) 6 (3-11.75) 13 (7-23.25) 0.001°
Epilepsy duration, M, median (IQR) 72 (18-168) 54 (16.5-183) 72 (18-168) 0.796°
Pharmacoresistant epilepsy 166 (58.04%) 21 145 0.056"
Children 91 (31.82%) 14 77 0.030°
Febrile seizures 36 (12.59%) 3 33 0.988°
Aura 123 (43.77%) 10 113 0.412°
Seizure frequency, daily 66 (23.08%) 11 55 0.032°
History of focal to bilateral tonic—clonic seizure 122 (42.66%) 12 110 0.982°
Seizure types, median (IQR) 1(1-2) 2 (1-2) 1(1-2) 0.150°
Reducing the dose of AEDs during VEEG 161 (21.33%) 12 149 0.1317
recordings
VEEG time, D, median (IQR) 2 (1-4) 2 (1-4) 2 (1-4) 0.810¢
With IEEG recordings 80 (27.97%) 9 71 0.605"
Hemispheric lateralization, left 134 (46.85%) 15 119 0.455"
Location
Frontal 73 (25.52%) 10 63 0.193*
Temporal 171 (59.79%) 13 158 0.129*
Parietal 16 (5.59%) 2 14 1.000*
Occipital 7 (2.45%) 2 5 0.294"
Insular 2 (0.70%) 0 2 1.000°
Hypothalamus 3 (1.05%) 0 3 1.000°
Multilobe 14 (4.90%) 1 13 1.000*
Pathology
HS 59 (20.63%) 5 54 0.703"
FCD 77 (26.92%) 10 67 0.270"
Tumor 86 (30.07%) 8 78 0.856"
Hemangioma/vascular malformation 31 (10.84%) 2 29 0.732°
Nonspecific 25 (8.74%) 3 22 0.971*
Arachnoid cyst 3 (1.05%) 0 3 1.000°
Dermoid cyst 1 (0.35%) 0 1 1.000°
Colloid cyst 1 (0.35%) 0 1 1.000°
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Table 1 continued

Variables Whole group, s-SCSs, non-s-SCSs, r-
n = 286 n =28 n =258 value
No pathology (laser ablation) 3 (1.05%) 0 3 1.000°

VEEG video-clectroencephalogram, JEEG intracranial electroencephalogram, s-SCSs subclinical seizures recorded by scalp
VEEG, non-s-SCSs had no subclinical seizures recorded by scalp VEEG, AEDs antiepileptic drugs, HS hippocampus scle-
rosis, FCD focal cortical dysplasia, 1" years, M months, D days, JQR interquartile range

*Chi-square test
PFisher’s exact test
“Nonparametric Mann—Whitney U test

stimulation (n =22), secondary surgery
(n = 24), missing follow-up (n = 14), or incom-
plete clinical data (n=35) were ultimately
excluded. In total, 286 patients were enrolled
for analysis (151 male, 135 female). There were
28 (9.79%) patients in the s-SCSs group and 253
(90.21%) in the non-s-SCSs group. The median
duration of VEEG monitoring was 2 (in-
terquartile range 1-4) days. The total number of
patients with IEEG monitoring was 80, with 40
having had i-SCSs and 40 having had no i-SCSs
captured (50%; Fig. 1). IEEG recordings identi-
fied 35 cases of SCSs that were not captured by
VEEG, 18 of which (51.43%) were TLE patients.
The median duration of IEEG monitoring was 8
(interquartile range 6.25-12) days. There were
166 patients (58.04%) who had pharmacoresis-
tant epilepsy. The median age of seizure onset
was 12 (interquartile range 6-22) years and the
median epilepsy duration was 72 (interquartile
range 18-168) months. There were 171 patients
with TLE and 115 with ETLE (73 frontal, 16
parietal, 7 occipital, 2 insular, 3 hypothalamus,
and 14 multilobe). The pathological types were
classified as hippocampal sclerosis (1 = 59),
focal cortical dysplasia (n = 77), tumor (n = 86),
hemangioma/vascular malformation (n = 31),
arachnoid cyst (n =3), dermoid cyst (n=1),
colloid cyst (n = 1), and nonspecific pathology
(n = 25) (Table 1).

There were 24 patients (85.71%) who had
SCSs recorded in the first 2 days among 28
patients with s-SCSs, and 32 (80%) patients who
had SCSs recorded in the first 2 days among 40
patients with i-SCSs, proving that SCSs can
generally be detected in the first 2 days through

VEEG/IEEG recordings. We also compared the
success rates in recording SCSs by the two dif-
ferent methods over the same time period
(Table 2), and found that the detection rate of
s-SCSs was always lower than that of i-SCSs. We
further calculated the prevalence of SCSs at
different monitoring times in all patients and
found that the rate of patients with SCSs did not
increase significantly with the extension of
VEEG/IEEG recording time during the presur-
gical evaluation (Supplementary Fig. 1).

Localization of SCSs and CSs

In the 28 patients with s-SCSs, five patients had
no s-CSs. Among these five patients, s-SCSs
helped to localize the epileptogenic foci to some
extent. The localization of s-SCSs in the first two
patients was consistent with imaging findings
and symptomatology, and they became seizure-
free after direct resection up through the last
follow-up. The postoperative pathology of these
two patients found a dysembryoplastic neu-
roepithelial tumor in the left parieto-occipital
lobe and cavernous hemangioma in the left
frontal lobe, respectively. In the third case, the
localization of s-SCSs and interictal epileptic
discharges suggested that the epileptogenic
zone might be in the right frontal lobe, and MRI
suggested focal cortical dysplasia in the right
frontal lobe. This patient underwent direct
resection but had seizure recurrence (Engel class
II) in the first year after surgery when reducing
the dose of antiepileptic drugs. The MRI imag-
ing of the fourth patient suggested a tumor in
the left parietal lobe, but the localization of
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Table 2 The rate of SCS detection through the VEEG/
IEEG recording time

Table 3 Localizing value of SCSs and CSs in VEEG and
IEEG recordings

Group VEEG/IEEG Rate of SCS Localizing value s-SCSs i-SCSs
recording time detection (%) (n = 28) (= = 40)
VEEG On the first recording 629 No CSs recorded S 1
group day SCSs had no localizing 3 0
On the initial 2 7.65 value
recording days CSs had no localizing 3 0
On the initial 3 791 value
recording days SCSs = CSs 12 21
On thC initial 4 843 SCSs < CSs 3 9
recording days
CSs < SCSs 1 0
Throughout all 9.79
. SCSs N CSs 0 S
recording days
IEEG  On the first recording  28.75 SCSs # €5 ! 4
group day VEEG video-electroencephalogram, IEEG intracranial
o electroencephalogram, SCSs subclinical seizures, CSs clini-
On the initial 2 40 . .. .
. cal seizures, s-SCSs subclinical seizures recorded by scalp
recording days VEEG, i-SCSs subclinical seizures recorded by IEEG
On the initial 3 43.75
recording days
On the initial 4 4625 while s-CSs did not. S-CSs in the other three
e fnma ' patients showed localization value while s-SCSs
recording days did not. Finally, of the last 17 patients with
Throughout all 50 both s-SCSs and s-CSs, 12 patients (70.59%) had

recording days

IEEG intracranial electroencephalogram, SCSs subclinical

seizures

s-SCSs was in the left temporal lobe. Consider-
ing that patient symptoms were consistent with
MRI findings, this patient underwent direct
resection and only had a few auras through
3-year follow-up. The remaining patient had
deep electrodes implanted due to the negative
MRI imaging, and the localization of s-SCSs was
tully consistent with the resection. The post-
operative pathology was focal cortical dysplasia
type IIB in the right frontal lobe, and this
patient was seizure-free through 2-year follow-
up.

The remaining 23 patients had both s-SCSs
and s-CSs. S-SCSs in three patients provided a
localization value during the diagnosis process,

identical localization between two ictal events
(Table 3).

In the 40 patients with i-SCSs, one patient
did not have i-CSs recorded. The seizure onset
zone of i-SCSs in this patient suggested the left

Table 4 Factors associated with s-SCSs through logistic
regression analysis

Variables 95% CI OR P-

value

0.886-0.978 0.931 0.004

Seizure onset, Y

Pharmacoresistant 0.595-3.789 1.501 0.390
cpilepsy
Children 0.458-2.965 1.166 0.748

0.598-3.439 1.434 0.420

Seizure frequency, daily

CI confidence interval, OR odds ratio, Y years, s-
SCSs subclinical seizures recorded by scalp VEEG
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Table 5 Comparison of clinical characteristics between i-SCSs group and non-i-SCSs group

Variables Whole group, i-SCSs, non-i-SCSs, r-
n =80 n = 40 n = 40 value
Gender, male 44 (50%) 21 23 0.653"
Seizure onset, Y, median (IQR) 9 (4-13) 10 (5.25-15) 8 (4-11) 0.128°
Epilepsy duration, M, median (IQR) 120 (60-240) 120 (63-240) 120 (48-231) 0.633¢
Pharmacoresistant epilepsy 77 (96.25%) 39 38 1.000°
Children 33 (41.25%) 13 20 0.112*
Febrile seizures 10 (12.5%) 6 4 0.488*
Aura 37 (46.25%) 18 19 0.823°
Seizure frequency, daily 30 (37.5%) 12 18 0.166*
History of focal to bilateral tonic—clonic seizure 43 (53.75%) 22 21 0.823*
Seizure types 2 (1-2) 2 (1-2) 2 (1-2) 0.136°
Reducing the dose of AEDs during IEEG 55 (68.75%) 31 24 0.091*
recordings
IEEG time, D, median (IQR) 8 (6.25-12) 7.5 (6-12) 9.5 (7-12) 0.373°
Hemispheric lateralization, left 36 (45%) 22 14 0.072*
Location
Frontal 26 (32.5%) 12 14 0.633"
Temporal 31 (38.75%) 21 10 0.012*
Parietal 9 (11.25%) 2 7 0.157°
Occipital 4 (50%) 0 4 0.116°
Insular 2 (2.5%) 1 1 1.000?
Hypothalamus 2 (2.5%) 0 2 0.494"
Multilobe 6 (7.5%) 4 2 0.479*
Pathology
HS 14 (17.5%) 10 4 0.077*
FCD 41 (51.25%) 19 22 0.502°
Tumor 4 (5%) 2 2 1.000*
Hemangioma/vascular malformation 2 (2.4%) 2 0 0.494°
Nonspecific 16 (20%) 7 9 0.502*
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Table 5 continued
Variables Whole group, i-SCSs, non-i-SCSs, P-
n =80 n =40 n =40 value
No pathology (laser ablation) 3 (3.75%) 0 3 0.241°

IEEG intracranial electroencephalogram, i-SCSs subclinical seizures recorded by IEEG, 70n-i-SCSs had no subclinical sei-

zures recorded by IEEG, AEDs antiepileptic drugs, HS hippocampus sclerosis, FCD focal cortical dysplasia, ¥ years, M

months, D days, JQR interquartile range
*Chi-square test

PFisher’s exact test

“Nonparametric Mann—Whitney U test

posterior central gyrus, consistent with imaging
findings and patient symptoms. This patient
was seizure-free within 2-year follow-up after
resection with the pathology of focal cortical
dysplasia type IIB. In the remaining 39 patients,
the seizure onset zone of i-SCSs was totally
consistent with the i-CSs in 21 patients
(53.85%) (Table 3). These above cases suggest
that the seizure onset zone of SCSs can provide
useful localization information, especially when
CSs are not captured.

Predictors of SCSs

Univariate analysis in patients who underwent
VEEG monitoring found younger seizure onset
(P =0.001), children (P = 0.030), pharmacore-
sistant epilepsy (P =0.056) and daily seizure
(P = 0.032) were more common in patients with
s-SCSs (Table 1). Logistic regression analysis
found that seizure onset age (P = 0.004, OR
0.931, 95% CI 0.886-0.978) was significantly
associated with the presence of s-SCSs (Table 4).

We further compared the clinical character-
istics between the two groups based on IEEG
monitoring. Univariate analysis revealed that
reducing the dose of AEDs during IEEG record-
ings (P = 0.091), left lesion (P = 0.072), tempo-
ral lobe epilepsy (P = 0.012) and hippocampal
sclerosis (P = 0.077) were associated with i-SCSs
(Table 5). Logistic regression analysis showed
that temporal lobe epilepsy (P =0.015, OR
3.324, 95% CI 1.264-8.740) was significantly
associated with the presence of i-SCSs (Table 6;
Fig. 2). And among the 21 patients with

temporal epilepsy in the i-SCS group, 17
(80.95%) had mesial temporal lobe epilepsy.
We further analyzed the relationship
between lesion locations in MRI and SCSs in
both the VEEG group (Supplementary Table 1)
and the IEEG group (Supplementary Table 2),
and found there was no difference in the VEEG
group, while the IEEG group showed an MRI-
positive lesion in the temporal lobe was associ-
ated with i-SCSs (P = 0.015), which was similar
to the results from Table 5. In the VEEG group,
there were some patients that had no PET data
from their pre-surgical assessment, especially in

100
904 mm ETLE
80— mm TLE
70
60—
50
40
30
20
10

0-

Number(%)

Fig. 2 Proportion of epilepsy types among four groups.
The asterisk represents a difference between i-SCS and
non-i-SCS groups (P = 0.012). s-SCSs subclinical seizures
recorded by scalp VEEG, non-s-SCSs no subclinical
seizures recorded by scalp VEEG, i-SCSs subclinical
seizures recorded by IEEG, no7n-i-SCSs no subclinical
seizures recorded by IEEG, TLE temporal lobe epilepsy,
ETLE extratemporal lobe epilepsy
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Table 6 Factors associated with i-SCSs through logistic regression analysis

Variables 95% CI OR P-value
Reducing the dose of AEDs during IEEG recordings 0.674-5.548 1.934 0.220
Hemispheric lateralization, left 0.891-5.820 2277 0.086
Temporal 1.264-8.740 3.324 0.015
HS 0.414-10.393 2.075 0.375

CI confidence interval, OR odds ratio, 7-SCSs subclinical seizures recorded by IEEG, IEEG intracranial electroencephalo-

gram, AEDs antiepileptic drugs, HS hippocampus sclerosis

patients with positive MRI. Therefore, we pro-
vided PET (positron emission tomography) data
of the IEEG group and further analyzed the
correlation between abnormalities from the PET
scan and occurrence of SCSs in the IEEG group
(Supplementary table 3), but no difference was
found.

Predictors of Seizure Outcome

In the VEEG group, 208 of 286 (72.73%)
patients remained seizure-free until the last
follow-up. The median follow-up was 32 (in-
terquartile range 18-52.25) months. The pres-
ence of s-SCSs did not affect seizure outcome.
Univariate analysis found that longer duration
(P = 0.040), history of focal to bilateral tonic—
clonic seizure (P = 0.009), nonspecific pathol-
ogy (P=0.049), and incomplete resection
(P =0.012) through the last follow-up were
associated with seizure recurrence (Table 7).
Cox regression analysis also revealed that longer
duration (P=0.003, OR 1.003, 95% CI
1.001-1.005), history of focal to bilateral
tonic—clonic seizure (P = 0.027, OR 1.665, 95%
CI 1.060-2.613), nonspecific pathology
(P =0.018, OR 2.184, 95% CI 1.145-4.163), and
incomplete resection (P = 0.004, OR 2.705, 95%
CI 1.372-5.332) were statistically significant
negative predictive factors for surgery outcomes
through the last follow-up (Table 8).

In the IEEG group, 56 of 80 (70%) patients
remained seizure-free through the last follow-
up. The median follow-up was 23 (interquartile
range 13-43.5) months. Univariate analysis
found patients with i-SCSs (P =0.015) and
female patients (P = 0.062) had better seizure

outcome through the last follow-up (Table 9).
Cox regression analysis revealed i-SCSs was sig-
nificantly associated with seizure outcome
(P=0.028, OR 0.371, 95% CI 0.153-0.898;
Table 10).

Kaplan-Meier survival curves were used to
illustrate postsurgical seizure freedom over
time, across the study population (Fig. 3).
Although patients in the IEEG group showed a
lower rate of seizure freedom than the VEEG
group, the difference was not statistically sig-
nificant (Fig. 3a). By ROC analysis, we found
that the epilepsy duration cutoff was
162 months; patients with longer seizure dura-
tions (especially > 162 months) were signifi-
cantly more likely to have seizure recurrence
(Fig. 3b). Regarding patients characterized as
with/without a history of focal to bilateral
tonic—clonic seizure (Fig. 3c), nonspecific
pathology (Fig. 3d) and incomplete resection
(Fig. 3e), the probability of seizure freedom
showed distinct differences between groups. In
the IEEG group, the non-i-SCSs group showed a
sharp decrease in the probability of seizure
freedom compared to the i-SCSs group (Fig. 3f).

DISCUSSION

To our knowledge, this is the first study to sys-
tematically analyze SCSs based on both VEEG
and IEEG monitoring in patients who had focal
epilepsy surgery. The prevalence of s-SCSs is
supposed to be much lower than i-SCSs, possi-
bly because the skull and extracranial tissue
attenuate EEG signals and the spatial localiza-
tion of VEEG is inherently limited [16]. In our
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Table 7 Comparison of clinical characteristics between seizure-free group and non-seizure-free group in the whole group

Variables Whole group, Seizure-free, Non-seizure-free, P-
n =286 n = 208 n="78 value
Gender, male 151 (52.80%) 107 44 0.454°
Seizure onset, Y, median (IQR) 12 (6-22) 12 (6-22.75) 12 (6.75-20.25) 0.538°
Age at surgery, Y, median (IQR) 24 (14.75-33) 23 (14-33) 25.5 (17-36.25) 0.257°¢
Epilepsy duration, M, median (IQR) 72 (18-168) 60 (14.25-144) 84 (24-240) 0.040°
Follow-up time, M, median (IQR) 32 (18-52.25) 315 (18-48.75) 35 (17.5-64.5) 0.229°
Pharmacoresistant epilepsy 166 (58.04%) 120 46 0.845*
Children 91 (31.82%) 71 20 0.170*
Febrile seizures 36 (12.59%) 25 11 0.636*
Aura 123 (43.77%) 92 32 0.626"
Seizure frequency, daily 66 (23.08%) 49 17 0.753°
History of focal to bilateral tonic—clonic 122 (42.66%) 79 43 0.009*
seizure
SCSs recorded on VEEG 28 (9.79%) 22 6 0465
Intracranial electrode implanted 80 (27.97%) 56 24 0.519°
Seizure types, median (IQR) 1(1-2) 1.5 (1-2) 1(1-2) 0.934°
Hemispheric lateralization, left 134 (46.85%) 99 35 0.681°
Location
Frontal 73 (25.52%) 56 17 0.376
Temporal 171 (59.79%) 126 45 0.658"
Parietal 16 (5.59%) 9 7 0.217°
Occipital 7 (2.45%) 5 2 1.000*
Insular 2 (0.70%) 2 0 1.000°
Hypothalamus 3 (1.05%) 1 2 0.374*
Multilobe 14 (4.90%) 9 5 0.675*
Pathology
HS 59 (20.63%) 43 16 0.976
FCD 77 (26.92%) 59 18 0.369*
Tumor 86 (30.07%) 64 22 0.674*
Hemangioma/vascular malformation 31 (10.84%) 24 7 0.534*
Nonspecific 25 (8.74%) 14 11 0.049*
Arachnoid cyst 3 (1.05%) 1 2 0.374°
Dermoid cyst 1 (0.35%) 1 0 1.000°
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Table 7 continued

Variables Whole group, Seizure-free, Non-seizure-free, P-

n = 286 n = 208 n="78 value
Colloid cyst 1 (0.35%) 1 0 1.000°
No pathology (laser ablation) 3 (1.05%) 1 2 0.374
Incomplete resection 18 (6.29%) 8 10 0.012*

VEEG video-electroencephalogram, SCSs subclinical seizures, HS hippocampus sclerosis, FCD focal cortical dysplasia, ¥’

years, M months, QR interquartile range
*Chi-square test

PFisher’s exact test

“Nonparametric Mann—Whitney U test

Table 8 Factors associated with seizure recurrence in the

VEEG group through Cox regression analysis

Variables 95% CI OR P-
value
Epilepsy duration, M 1.001-1.005 1.003 0.003*
History of focal to bilateral 1.060-2.613 1.665 0.027°
tonic—clonic seizure
Nonspecific pathology 1.145-4.163 2.184 0.018"
Incomplete resection 1.372-5.332 2.705 0.004"

VEEG video-clectroencephalogram, CI confidence inter-
val, OR odds ratio, M months

cohort, VEEG captured SCSs in 9.79% of
patients, while IEEG showed a greater sensitiv-
ity, capturing SCSs in 50% of patients, consis-
tent with previous studies that showed the
prevalence of SCSs was 5-18% in VEEG record-
ing [4, 6, 12, 13] and approximately 60% in
IEEG recording [11, 14].

In the VEEG group, logistic regression anal-
ysis showed that younger seizure onset
(P =0.004) was significantly associated with
s-SCSs. We suspect that immature brain devel-
opment might play a role in producing SCSs.
Thus, the clinical reports of seizure frequency
may underestimate the true frequency of sei-
zures in patients with younger seizure onset.
Previous studies reported that SCSs were more
common in epileptic children [3, 6], patients
with pharmacoresistant epilepsy [4, 6], and

patients with frequent seizures [6]. However, we
did not find this to be true in our study, which
might be due to a difference in the study’s
patient population. In the IEEG group, we
found that temporal lobe epilepsy was signifi-
cantly associated with i-SCSs (P = 0.015). In
addition, IEEG detected 49.30% of SCSs that
VEEG failed to find, about half of which origi-
nated from the temporal lobes (83.3% were
mesial temporal lobes), demonstrating that
discharges from mesial temporal lobes do not
propagate as easily to symptom-producing areas
[3], which might be due to the limited hip-
pocampal connections to the ipsilateral neo-
cortex and the contralateral hemisphere [8, 17].
The hippocampus has been previously shown to
have a low seizure threshold, making it easier
for SCSs to occur [18]. However, one previous
study also reported that patients with
extratemporal lobe epilepsy had twice the
number of SCSs as patients with temporal lobe
epilepsy, and the authors attributed this to an
increased number of electrodes implanted in
the extratemporal areas in their cohort [2]. In
general, the dominant view is that the temporal
lobe is the most common location that pro-
duces SCSs [5, 6, 8, 11, 14].

The presence of s-SCSs did not significantly
affect seizure outcome, while i-SCSs were a
positive predictor of surgery outcome in focal
epilepsy. VEEG recordings might underestimate
the prevalence of SCSs, making them unpre-
dictable in seizure outcome. SCSs recorded by
IEEG might indicate that the electrodes were
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Table 9 Comparison of clinical characteristics between seizure-free group and non-seizure-free group in IEEG group
Variables Whole group, Seizure-free, Non-seizure-free, r-
n =80 n =56 n=24 value
Gender, male 44 (50%) 27 17 0.062*
Seizure onset, Y, median (IQR) 9 (4-13) 7.5 (4-12) 10 (4.75-14.75) 0.326°
Epilepsy duration, M, median (IQR) 120 (60-240) 120 (60-240) 108 (48-238.5) 0.628°
Follow-up time, M, median (IQR) 23 (13-43.5) 2 (13-41) 27 (12.25-58) 0.368°
Pharmacoresistant epilepsy 77 (96.25%) 54 23 1.000*
Children 33 (41.25%) 26 7 0.151°
Febrile seizures 0 (12.5%) 7 3 1.000*
Aura 37 (46.25%) 23 14 0.156"
Seizure frequency, daily 30 (37.5%) 24 6 0.131°
History of focal to bilateral tonic—clonic 43 (53.75%) 27 16 0.129%
seizure
SCSs recorded 40 (50%) 33 7 0.015"
Seizure types, median (IQR) 2 (1-2) 2 (1-2) 2 (1-2.75) 0.643°
Hemispheric lateralization, left 36 (45%) 25 11 0.922°
Location
Frontal 26 (32.5%) 20 6 0.348"
Temporal 1 (38.75%) 20 11 0.385"
Parietal 9 (11.25%) 6 3 1.000"
Occipital 4 (50%) 3 1 1.000*
Insular 2 (2.5%) 2 0 1.000°
Hypothalamus 2 (2.5%) 1 1 1.000*
Multilobe 6 (7.5%) 4 2 1.000°
Pathology
HS 14 (17.5%) 10 4 1.000°
FCD 41 (51.25%) 32 9 0.107*
Tumor 4 (5%) 3 1 1.000*
Hemangioma/vascular malformation 2 (2.4%) 1 1 1.000"
Nonspecific 16 (20%) 9 7 0.300"
No pathology (laser ablation) 3 (3.75%) 1 2 0.441%
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Table 9 continued

Variables Whole group, Seizure-free, Non-seizure-free, P-
n =80 n =56 n=24 value
Incomplete resection 3 (3.75%) 1 2 0.441*

IEEG intracranial electroencephalogram, SCSs subclinical seizures, HS hippocampus sclerosis, FCD focal cortical dysplasia,

Y years, M months

*Chi-square test, statistically significant difference (P < 0.05)

PFisher’s exact test
“Nonparametric Mann—Whitney U test

Table 10 Factors associated with seizure recurrence in the
IEEG group through Cox regression analysis

Variables 95% CI OR P-value

0.977-5.755 2372  0.056
0.153-0.898 0371  0.028

Gender, male

Had SCSs recorded

CI confidence interval, OR odds ratio, IEEG intracranial
electroencephalogram, SCSs subclinical seizures

placed near the epileptogenic zone, which is
then well-defined for resective surgery [8], or
the presence of SCSs implied the preservation of
the brain’s ability to restrict seizure develop-
ment and suppress spread [8]. However, a recent
study reported that the presence of SCSs recor-
ded by IEEG did not influence surgical outcome
[11], and the difference from our results might
be explained by the population they chose for
their study, which was pediatric patients with
refractory focal epilepsy, who are known to
have a higher prevalence of SCSs than adults,
making SCSs not specific in predicting seizure
outcome. More studies with large sample size
are needed for further verification.

The localization of SCSs can provide useful
localization information, especially when CSs
are not captured or cannot help localize the
epileptogenic zone due to movement artifacts.
In our study, the consistent rate of s-SCSs and
s-CSs was 70.59%, which was much higher than
the consistent rate of i-SCSs and i-CSs (53.85%),
possibly because we utilized a “simplistic” lobar
classification scheme for VEEG localization that
produces less precise results compared to IEEG
[7]. Previous studies reported that colocalization

of SCSs and CSs was associated with improved
surgical outcome in both VEEG and IEEG
recordings [3, 7, 14]. In our cohort, the number
of patients with colocalization values of SCSs
and CSs was not large in either the VEEG or
IEEG subgroup, so we did not compare such a
relationship. It is widely accepted that incon-
sistent epileptogenic origin represents a more
complicated epileptogenic network, worsening
surgical outcome [7]. In our study, we did find
two of four patients with i-SCSs # i-CSs in IEEG
recordings who had seizure recurrences after
resective surgery.

It was observed that SCSs rarely propagated
beyond the site of origin [14]. However, the
generation mechanism that causes SCSs to dif-
fer from CSs is unclear. One previous study
reported that the mean duration of SCSs was
shorter than complex partial seizures and focal
to bilateral tonic—clonic seizures but similar to
simple partial seizures [14]. It has been reported
that only 7% of neurons showed increased fir-
ing rates during SCSs, whereas 14% showed
increased firing rates during auras and 36% had
increased firing rates during seizures with loss of
consciousness, movements, and postictal con-
fusion [19], indicating that the neuron firing
rate correlates with clinical symptoms. Further
studies on IEEG signal analysis may help to
explain how SCSs generate.

Although SCSs have no apparent clinical
manifestation, they may result in irreversible
damage to the brain’s function [20-22]. One
case report indicated that the rapidity of recall
of a well-learned word list was impaired when
SCSs occurred in the left hippocampus [21]. In
addition, SCSs can even be detected in patients
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Fig. 3 Kaplan-Meier curves exhibiting distinct seizure
outcomes among different groups. a The seizure outcomes
between the whole cohort and IEEG cohort showed no
distinct difference. Patients with longer epilepsy duration
(b; P =0.003), history of FBTCS (c; P = 0.027),
nonspecific pathology (d; P = 0.018), incomplete resection
(e; P = 0.004), had worse seizure outcome than those

with Alzheimer’s disease, leading to accelerated
cognitive decline [22]. One previous study on
functional MRI reported that the hemodynamic
response function did not show a return to
baseline of the BOLD signal until 30 s after SCSs
end [23]. Severe hypoxemia can occur in asso-
ciation with SCSs involving the temporal lobe
and after scalp EEG seizure activity had stopped
[10]. Timely intervention of SCSs may yield
considerable benefits [S], but the therapeutic
management of SCSs still remains unknown.
Further efforts in this aspect are needed.

SCSs can also be used to evaluate the severity
of certain diseases. It was reported that SCSs
were a sign of recurrence or progression in
gliomas in patients who underwent tumor
resection surgery [24]. SCSs showed a relatively
high incident rate (16.1%) in children with
traumatic brain injury through continuous
video-EEG monitoring, the presence of which

Time after surgery (months)

Time after surgery (months)

without through the follow-up. Patients with SCSs
recorded by IEEG (f) had better seizure outcomes than
those without through the follow-up (P = 0.028). VEEG
video-electroencephalogram, IEEG intracranial electroen-
cephalogram, FBTCS focal to bilateral tonic—clonic sei-
zures, i-SCSs subclinical seizures recorded by IEEG, non-i-
SCSs had no subclinical seizures recorded by IEEG

was associated with lower discharge King's
Outcome Scale for Childhood Head Injury score
[25]. SCSs captured in neonates after cardiac
surgery with cardiopulmonary bypass were a
marker of greater illness severity and increased
mortality [26]. The clinical value of SCSs still
needs to be explored in various aspects.
Important limitations cannot be disregarded
in this study. First, the limited EEG recording
time cannot reflect the true prevalence of SCSs,
and long-term follow-up EEG monitoring is
needed in future studies. Second, our sample
was not large enough for us to analyze the
relationship between surgical prognosis and the
concordance between SCSs and CSs localiza-
tion. Third, we could not directly compare the
detection rate of SCSs between the VEEG group
and the IEEG group because they were not
recorded at the same time, and not all of the
included patients had IEEG recordings.
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Currently, our epilepsy center is conducting
research in this area and will further explore the
differences in seizure onset patterns between
VEEG and IEEG.

CONCLUSION

The rate of SCSs captured on IEEG monitoring
was higher than that on VEEG monitoring
during presurgical evaluation. SCSs detected on
VEEG monitoring were associated with younger
seizure onset. SCSs detected on IEEG monitor-
ing were associated with temporal lobe epilepsy
and could also predict surgery outcome in focal

epilepsy.
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