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de Rythmologie cérébrale, Hôpital Timone,

264 Rue Saint-Pierre, 13005, Marseille,

France. Tel: +33491385833; Fax:
+33491385826; E-mail: fabrice.bartolomei@

ap-hm.fr

Received: 18 July 2023; Revised: 26 August

2023; Accepted: 8 September 2023

Annals of Clinical and Translational

Neurology 2023; 10(11): 2114–2126

doi: 10.1002/acn3.51900

Abstract

Objective: Stereoelectroencephalography (SEEG) is the reference method in

the presurgical exploration of drug-resistant focal epilepsy. However, prog-

nosticating surgery on an individual level is difficult. A quantified estimation

of the most epileptogenic regions by searching for relevant biomarkers can

be proposed for this purpose. We investigated the performances of ictal

(Epileptogenicity Index, EI; Connectivity EI, cEI), interictal (spikes, high-

frequency oscillations, HFO [80–300 Hz]; Spikes × HFO), and combined

(Spikes × EI; Spikes × cEI) biomarkers in predicting surgical outcome and

searched for prognostic factors based on SEEG-signal quantification.

Methods: Fifty-three patients operated on following SEEG were included. We

compared, using precision-recall, the epileptogenic zone quantified using dif-

ferent biomarkers (EZq) against the visual analysis (EZC). Correlations

between the EZ resection rates or the EZ extent and surgical prognosis were

analyzed. Results: EI and Spikes × EI showed the best precision against EZc

(0.74; 0.70), followed by Spikes × cEI and cEI, whereas interictal markers

showed lower precision. The EZ resection rates were greater in seizure-free

than in non-seizure-free patients for the EZ defined by ictal biomarkers and

were correlated with the outcome for EI and Spikes × EI. No such correla-

tion was found for interictal markers. The extent of the quantified EZ did

not correlate with the prognosis. Interpretation: Ictal or combined ictal–
interictal markers overperformed the interictal markers both for detecting the

EZ and predicting seizure freedom. Combining ictal and interictal epilepto-

genicity markers improves detection accuracy. Resection rates of the quanti-

fied EZ using ictal markers were the only statistically significant determinants

for surgical prognosis.

Introduction

Epilepsy surgery is the only potential curative treatment for

patients suffering from drug-resistant focal epilepsy.

Stereoelectroencephalography (SEEG) has become the ref-

erence method in invasive presurgical exploration.1 How-

ever, the percentage of patients cured by surgery following

SEEG exploration remains limited to 50–60% of cases.2,3

There is robust evidence that seizure generation and

propagation occur within patient-specific epileptogenic

networks through synchronizing activity between the brain

areas (nodes of the network) characterized by altered excit-

ability and connectivity.4–6 Epilepsy surgery aims at localiz-

ing the brain regions capable of generating seizures (further

referred to as the epileptogenic zone network, EZN5) and

the resection or disconnection of these nodes.7

Surgical prognosis may be linked to general disease-

related factors such as age, duration of epilepsy,
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etiology,8 and more specific factors, namely the extent of

the EZ resection, which might be impacted by functional

constraints.1 However, individual prognostication of sei-

zure outcome remains difficult due to the great variabil-

ity of data and the multitude of unknown parameters in

many cases.7,9 The EZN quantification could facilitate

SEEG interpretation and help to establish surgical deci-

sion based on objective criteria.10–12 Seizures, interictal

spikes, and high-frequency oscillations (HFOs, 80–
500 Hz) are recognized as electrophysiological bio-

markers of the EZN.13,14 Ictal epileptogenicity measures

quantify the spectral content of SEEG signals and/or

changes in functional connectivity at seizure onset. The

Epileptogenicity Index (EI)15 is the first and so far the

most routinely used SEEG signal quantification

approach. The EI estimates epileptogenicity of brain

regions based on their capacity to generate fast dis-

charges at seizure onset and the dynamics of involve-

ment of each respective region during the seizure.

Following the EI, other ictal signal quantification

methods have emerged, based on the detection of fast

activities, eventually in combination with other metrics,

such as statistical parametric mapping of gamma power

in the epileptogenicity maps method,16 preictal spiking,

and suppression of low frequencies in the fingerprint17

or slow polarizing shift in the method proposed by

Gnatkovsky et al.18,19 However, a large part of these

methods are less suited for seizure-onset patterns with-

out low-voltage fast activity. The Connectivity Epilepto-

genicity Index (cEI)20 has been recently developed to

overcome this limitation. It combines the original EI

quantification with functional connectivity analysis21 at

seizure onset. In parallel, quantification of interictal epi-

leptogenicity markers, such as spikes, HFOs, or a combi-

nation of both, have been tested in several studies, with

controversial results regarding their capacity to accu-

rately delineate the epileptogenic from the propagation

regions. HFOs were shown to predict surgery outcomes

at group level but these findings could not be repro-

duced on an individual level.22–24 Furthermore, spikes

and fast ripples (FR, 250–500 Hz) have been suggested

as more specific biomarkers of the EZN25 than ripples

(80–250 Hz) that may also represent physiological brain

activity.26 However, the FR quantification requires a high

sampling rate, not always routinely available.

While previous studies have implemented either

ictal17,20,27–29 or interictal biomarkers,23,24,30–33 a system-

atic comparison of the quantified ictal data using different

epileptogenicity markers with interictal markers and clini-

cal analysis has not been performed. Moreover, the plus-

value of combining interictal and ictal biomarkers in a

single measure as well as the predictive value of different

biomarkers for surgical prognosis remain unknown.

In the present study, we sought to assess the perfor-

mances of ictal (EI, cEI), interictal (spikes, HFO,

spikes × HFO), and combined (spikes × EI, spikes × cEI)

SEEG biomarkers in predicting surgical outcome and

establish factors predictive of surgical prognosis based on

SEEG-signal quantification.

Methods

Patient and data collection

Patients were included retrospectively from the database of

the Epileptology department, Timone Hospital, Marseille,

according to the following criteria: all consecutive patients

with drug-resistant focal epilepsy who underwent SEEG

exploration followed by curative surgery between June 2012

and June 2019, with available postoperative brain MRI and

a postsurgical follow-up of at least 1 year. Presurgical

work-up included detailed medical history, neurological

examination, neuropsychological testing, FDG-PET, high-

resolution 3T MRI, long-term scalp-video-EEG, and SEEG

recordings in all patients. A postoperative 3T MRI was per-

formed three months after surgery. The T1-weighted

magnetization-prepared rapid gradient echo (T1

MPRAGE) sequences (spatial resolution = (1.0 × 1.0

× 1.0) mm3) from pre-SEEG and postoperative MRI were

used for the study. Clinical data and follow-up information

were collected from the medical records. Surgical outcome

was assessed according to Engel classification at last clinical

follow-up. All patients have given informed written consent

and the study was approved by the Assistance Publique –
Hôpitaux de Marseille (health data access portal registra-

tion number PADS23-41).

SEEG recording

SEEG recordings were performed as a part of routine pre-

surgical assessment according to the French guidelines.34

Implantation was planned individually for each patient

based on the hypotheses about the localization of the EZ

formulated from noninvasive data. All SEEG explorations

were bilateral, predominant on the side of the main EZ

hypothesis, with contralateral sentinel electrodes. Intrace-

rebral multiple contact electrodes (10–18 contacts with

length 2 mm, diameter 0.8 mm, and 1.5 mm apart, Alcis

or Dixi, France) were placed stereotactically.35 A postim-

plantation CT was performed to exclude intracranial

bleeding and reconstruct the positions of the electrodes.

Signals were recorded on a Natus system with sampling

at 512 or 1024 Hz and 16-bit resolution using a hardware

high-pass filter (cutoff at 0.16 Hz at �3 dB) and a hard-

ware anti-aliasing low-pass filter (cutoff at 200 or 340 Hz,

respectively).
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SEEG-signal analysis

All signal analyses were computed using the open-source

AnyWave software36 available at https://meg.univ-amu.fr/

wiki/AnyWave. For each patient, a bipolar montage

including all contacts within the gray matter was auto-

matically generated using GARDEL software37 available at

https://meg.univ-amu.fr/wiki/GARDEL:presentation).

Channels containing artifacts were excluded by visual

inspection.

Ictal epileptogenicity markers (Fig. 1A) included EI15

and cEI20 and were quantified on two spontaneous sei-

zures per patient. If two or more seizure types were pre-

sent, at least one representative seizure of each type was

analyzed. A dedicated Matlab plug-in was used (cEI plug-

in, https://meg.univ-amu.fr/wiki/AnyWave:Plug-ins) to

calculate both markers simultaneously. A 30-second anal-

ysis window was used, starting 3 seconds before the elec-

trical seizure onset defined by visual analysis (onset of

low-voltage fast discharge when present, or onset of

rhythmic sustained discharge for seizure-onset patterns of

lower frequency). The EI was computed as described

elsewhere.15 In brief, the EI measures epileptogenicity

based on both: (i) the energy ratio between high frequen-

cies (12–127 Hz) and low-frequency bands (4–12 Hz),

(ii) the delay of this abrupt change from low to high fre-

quencies in a given structure relative to the first structure,

involved by the fast discharge. The cEI combines the orig-

inal EI and a directed functional connectivity measure

(“out-degree”) in a single quantity. The cEI was

Figure 1. Example of the epileptogenic zone quantification using ictal and interictal epileptogenicity markers. Quantified ictal and interictal

stereoelectroencephalography (SEEG) data of a patient suffering from drug-resistant epilepsy associated with a left temporal lateral ganglioglioma

are shown. The epileptogenic zone (EZ) defined by visual analysis included the left anterior T1 (perilesional cortex sampled by the electrode T0, just
posteriorly to the lesion) up to Heschl gyrus, the temporal pole, the amygdala, and the anterior hippocampus. The resection of these structures

sparing the hippocampus led to seizure freedom (Engel class I). (A) Ictal markers. The maximal Epileptogenicity Index (EI,15 left panel) and

Connectivity EI (cEI,20 middle panel) values quantified from two spontaneous seizures are represented as spheres on the patient’s 3D brain mesh

with implanted electrodes. Right panel: Graph showing epileptogenicity values quantified for each contact within the gray matter using EI (blue)

and cEI (yellow); EI energy ratio is shown in red. The EZ defined by EI (EI ≥0.41) includes the left anterior T1 (T01-3) and the left anterior

hippocampus (TB01-2). The EZ defined by cEI (cEI ≥0.65) includes the left anterior T1 (T01-3) and the left posterior T1 with adjacent superior

temporal sulcus (H014-16). B. Interictal markers. Left and middle panels: the maximal normalized Spike- and high-frequency oscillations HFO (HFO,

80–300 Hz) rates quantified using Delphos detector38 are shown on the patient’s 3D brain mesh. Right panel: Graph showing the spike– (black)

and the ripple (orange) rates/min quantified for each contact from a 5-min period of NREM sleep. The EZ defined by Spikes (Spikes ≥0.48)
includes the left anterior T1 (T01-4), the left posterior T1 and superior temporal sulcus (H012-16), the left anterior hippocampus (TB01-3) and the

right rhinal cortex (TB1-2). The EZ defined by HFO (HFO ≥0.38) includes the left anterior hippocampus, the left anterior T2 (TB010-11), the left F3

pars opercularis (OF011-12) and the right rhinal cortex (TB1-2).
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computed as described in Balatskaya et al.,20 while

employing the linear regression coefficient r2 instead of

the nonlinear regression coefficient h2 to calculate the

out-degree. This allowed a greater speed of calculation

with comparable performances. In each patient and for

each bipolar channel, the maximal normalized EI and the

maximal cEI values from all the analyzed seizures were

computed.

Interictal epileptogenicity markers (Fig. 1B), spikes, and

HFO (80–300 Hz) were automatically quantified using

Delphos (Detector of Electrophysiological Oscillations and

Spikes)38 on three 5-min periods of awake resting state

and three 5-min periods of non-rapid eye movement

(NREM) sleep recordings (48 h after the implantation, at

least 2 h after a seizure)23,24 sampled at 1024 Hz. The

respective interictal periods were selected by visual analy-

sis from two contiguous 1-hour blocs of night sleep and

from two contiguous 1-hour blocs of the resting state

recordings, respectively, to account for possible fast-

ultradian fluctuations of interictal activities. The selection

criteria were the good-quality recording (least or no arti-

facts) and the presence of visually observed interictal epi-

leptic activity (spikes, sharp-waves, low-voltage

polyspikes- and fast activities). For each channel, the

maximal normalized rate per minute for each marker was

computed from a total of six 5-min datasets correspond-

ing to 30 min of interictal recordings. We also quantified

a combined measure, Spikes × HFO, which corresponds

to the geometric mean of the spike and HFO rate

obtained by calculating the square root of the product of

the two rates: Spikes�HFO ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

spike rate�HFO rate
p

.

Finally, two measures combining the interictal and ictal

markers were quantified: Spikes × EI and Spikes × cEI,

each obtained by calculating the square root of the prod-

uct of the normalized spike rates and the normalized EI

or cEI values, respectively; Spike� EI ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

spike rate� EI
p

;

Spike� cEI ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

spike rate� cEI
p

.

ROI definition

The bipolar SEEG contacts within the gray matter were

used as regions of interest (ROI) to assess the perfor-

mances of different biomarkers and study the correlation

between the EZ resection rate and surgical prognosis as

well as between the EZ extent and surgical prognosis.

The EZ hypothesis established by the consensus of two

expert clinicians (FB, JM) based on visual analysis of

SEEG data10 was used as clinically defined EZ (EZc).

The EZc was defined according to the French guidelines

on SEEG34 as the brain regions primarily involved in

seizure genesis, by visual inspection of ictal (spontaneous

and stimulated seizures) and interictal SEEG recordings.

Seizure onset was defined as the first change of SEEG

signal within the context of a sustained rhythmic dis-

charge and subsequent appearance of clinical signs.10

The presence of a distinct seizure-onset pattern, the

dynamics and spatial extension of ictal discharge, as well

as the presence and morphology of interictal epilepti-

form discharges and of background alteration on the

respective channels were assessed. The discrepancies in

interpretation were solved through the collegial decision

between the clinical experts.

For each epileptogenicity marker, a threshold has been

established (see Statistical analysis) above which the

respective contact was defined as belonging to the quanti-

fied EZ (EZq). Following thresholds were determined: EI

≥0.41; cEI ≥0.65; Spikes ≥0.48; HFO ≥0.38;
Spikes × HFO ≥0.38; Spikes × EI ≥0.32; Spikes × cEI

≥0.44. All ROI were labeled according to their status as

EZc or non-EZc and as EZq or non-EZq for each marker.

The resected contacts were defined using GARDEL soft-

ware. In brief, the co-registration of the postimplantation

CT with electrodes with the postoperative MRI, and that

of the post- and preoperative MRI were performed;

resected contacts were identified by visual inspection

(SMV, TM, JS). For all ROI, a “resected” or “non-

resected” status was assigned.

Statistical analysis

Statistical analyses were performed using Matlab statistics

toolbox (15.0 and 18.0). As we are facing an imbalanced

problem (much more non-EZ than EZ contacts), we

decided to use precision and recall measures.39 While pre-

cision—also called positive predicted value—is the pro-

portion of correct predictions among all the positive class

predictions, recall—also called sensitivity—gives the pro-

portion of correct predictions among the true-positive

values.

precision ¼ True Positive

True Positive þ False Positive

recall ¼ True Positive

True Positive þ False Negative

A way to summarize precision and recall is to compute

Fβ which is the weighted harmonic mean between these

two metrics.

Fβ ¼
1þ β2
� �� precision� recall

β2 � precision
� �þ recall

We chose β = 0.5 to give more weight to precision

than recall. A F0.5 score close to 1 highlights a good

coherence between the classification based on a given

marker and our reference, the clinically defined EZ (EZc).

The optimal threshold for each marker was that corre-

sponding to the highest F0.5 in each of the 32 seizure-free
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patients (Engel class I). Precision recall was then used to

compare the EZq defined by different markers using the

established thresholds against the clinically defined EZ

(EZc). We assessed the performances of different markers

(i) in the whole cohort of 53 patients; (ii) according to

surgical outcome (seizure-free vs. not seizure-free

patients); (iii) according to the presence or not of an

intrinsically epileptogenic lesion (cases with histologically

confirmed focal cortical dysplasia, hippocampal sclerosis,

dysembrioplastic neuroepitelial tumor (DNET), ganglio-

glioma, tuberous sclerosis versus cases with gliotic scar or

no lesion, which common feature is the absence of an

intrinsically epileptogenic lesion).

The Kolmogorov–Smirnov test was used to assess the

normality of the distribution. As the data were not nor-

mally distributed, two-sided Wilcoxon test was used to

assess group differences in the EZ resection rates (per-

centage of resected EZc or EZq) between the seizure-free

and not seizure-free patients. Correlation between the EZ

resection rates and surgical prognosis according to Engel

class was assessed using Spearman test. Correlations

between the EZ extent (number of EZ contacts) and sur-

gical outcome (seizure-free vs. not seizure-free) were

investigated using Wilcoxon test. A P-value <0.05 was

considered as significant.

A logistic regression was performed to assess the rele-

vance of the number of EZ contacts according to each

quantitative marker: EI, cEI, Spikes, HFO, Spikes × HFO,

Spikes × EI, Spikes × cEI, as well as of clinical variables

(age at onset, epilepsy duration, normal MRI, epilepsy

type, histology) for predicting surgical outcome (seizure-

free or not seizure-free). We simplified the logistic model

using feature selection based on Akaike Information Cri-

teria (function step AIC of the MASS package in R).

Results

Patients’ clinical characteristics

Patients’ clinical data are summarized in Table 1. Fifty-

three patients (21 males, 32 females) were included. Mean

age at epilepsy onset was 14.2 years (range 0.1–55; child-
hood onset in 68%), mean duration of epilepsy was

14.5 years (range 2.5–54), mean age at evaluation:

28.9 years (range 4–70). An MRI-visible lesion was pre-

sent in 64% of cases. The EZ topography was temporal in

26 cases, frontal in 13 cases, parietal in 2, occipital in 2,

and multilobar in 10 cases. The most common surgical

procedures were tailored resections, performed in 28

patients, followed by anterior temporal lobectomy in 20,

disconnection in 3, and selective amygdalo-

hippocampectomy in 2. The postsurgical outcome was

favorable in 38 patients (Engel class I, 59%, Engel class II,

13%), with worthwhile improvement in 9 (Engel class III,

17%), and without significant improvement in 6 cases

(Engel class IV, 11%). Histopathological findings com-

prised focal cortical dysplasia (FCD) in 16 cases, hippo-

campal sclerosis in 8, DNET in 4, ganglioglioma in 1,

glial scar in 4, and tuberous sclerosis complex in 1. No

specific lesion could be identified in 15 cases.

Performances of SEEG biomarkers as
compared to clinical gold standard

We compared the ROI identified as epileptogenic by dif-

ferent SEEG biomarkers (EZq) against the EZC by using

precision-recall. The results of the whole cohort of 53

patients are shown in Fig. 2. The Spikes × EI and the EI

demonstrated the highest precision (0.74 and 0.70, respec-

tively, Fig. 2A), followed by the Spikes × cEI (0.65) and

the cEI (0.59), whereas interictal biomarkers showed

lower precision against EZc (Spikes, 0.48; HFO [80–
300 Hz], 0.29; Spikes × HFO, 0.42). The recall (Fig. 2B)

Table 1. Clinical characteristics of the patients.

Sex, male/female 21/32

Age at epilepsy onset, years 14.2 � 13.2 (0.1–55)
Age at SEEG, years 28.9 � 16.8 (4–70)
Epilepsy duration, years 14.5 � 11.7 (2.5–54)
Side, left/right 30/23

MRI, normal/lesion, % (n) 36% (19)/64% (34)

Localization of the epileptogenic zone (n)

Temporal 26

Frontal 13

Posterior 4

Multilobar 10

Surgery (n)

Tailored resection 28

ATL 20

SAHE 2

Disconnection 3

Outcome (Engel class)

I, % (n) 59% (31)

II, % (n) 13% (7)

III, % (n) 17% (9)

IV, % (n) 11% (6)

Histopathology (n)

FCD 16

Hippocampal sclerosis 8

DNET 4

Ganglioglioma 1

Tuberous sclerosis 1

Glial scar 4

No lesion 15

Note: Data are presented as mean � SD (range) or % (n).

Abbreviations: ATL, anterior temporal lobectomy; DNET, dysembrio-

plastic neuroepithelial tumor; FCD, focal cortical dysplasia; HS, hippo-

campal sclerosis; SAHE, selective amygdalohippocampectomy; SEEG,

stereoelectroencephalography.
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Stereo-EEG Biomarkers for Predicting Surgical Outcome J. Makhalova et al.

 23289503, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/acn3.51900 by C

ochrane France, W
iley O

nline L
ibrary on [23/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



was comparable for the cEI (0.46) and the combined

ictal–interictal biomarkers (Spikes × EI, 0.44;

Spikes × cEI, 0.41). It was slightly inferior for the EI

(0.38), while the Spikes (0.32), HFO (0.30) and

Spikes × HFO (0.33) showed low recall against the EZc.

Regarding the presence or absence of an epileptogenic

lesion, we compared a subgroup of patients (n = 30) with

intrinsically epileptogenic lesions, including histologically

confirmed focal cortical dysplasia, hippocampal sclerosis,

dysembryoplastic neuroepitelial tumor (DNET), ganglio-

glioma, and tuberous sclerosis, with a subgroup of

patients (n = 23) without intrinsically epileptogenic

lesions, including gliotic scar or no lesion. The precision

of the ictal and combined ictal–interictal biomarkers did

not differ significantly between these groups and

remained identical or comparable to that of the whole

cohort. We observed the highest precision of the

Spikes × EI (0.74 in both groups) and the EI (0.69 in the

group with an epileptogenic lesion vs. 0.72 in the group

without epileptogenic lesion) followed by the

Spikes × cEI (0.71 vs. 0.57) and the cEI (0.62 vs. 0.55).

The same situation was observed for the HFO (0.30 vs.

0.27 for the groups with and without epileptogenic lesion,

respectively) and Spikes × HFO (0.42 vs. 0.44). The pre-

cision of the Spikes was significantly better in the group

with an epileptogenic lesion (0.56) compared to the

group without epileptogenic lesion (0.37, P < 0.05, Wil-

coxon), but still inferior to the precision of the ictal

markers within each respective group. The recall

remained comparable to that of the whole cohort across

these two groups for all the assessed biomarkers. It did

not differ significantly depending on the presence or not

of an epileptogenic lesion for the ictal markers (cEI, 0.47

vs. 0.43; EI, 0.38 vs. 0.39) and the Spikes × EI (0.46 vs.

0.42). The recall tended to improve in the presence of an

epileptogenic lesion, although not reaching statistical sig-

nificance, for the Spikes × cEI (0.47 vs. 0.34, P = 0.051,

Wilcoxon) and the interictal markers (Spikes, 0.36 vs.

0.26, P = 0.054; HFO, 0.34 vs. 0.24, P = 0.30;

Spikes × HFO, 0.37 vs. 0.28, P = 0.27, Wilcoxon). When

comparing the performances separately in the seizure-free

and not seizure-free patient groups, all the evaluated bio-

markers showed better precision in seizure-free compared

to not seizure-free patients. This difference in precision

Figure 2. Performances of SEEG biomarkers as compared to clinical gold standard. Precision (A) and Recall (B) for the quantified EZ using Spikes,

HFO, cEI, EI, Spikes × HFO, Spikes × EI, and Spikes × cEI versus clinically defined EZ in the whole cohort of 53 operated patients. Spikes × EI

showed the best precision against the clinical analysis. The cEI and spike × EI demonstrated the best sensitivity.
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according to the outcome tended to be significant for the

cEI (0.65 vs. 0.50, P = 0.053) and the Spikes × EI (0.80

vs. 0.64, P = 0.068). The recall did not differ between the

seizure-free and not seizure-free patients.

Correlation between the EZ resection rate
and surgical prognosis

The extent of the EZ resection tended to be greater in

seizure-free patients than in not seizure-free patients, both

for the visually defined EZ and for the EZ quantified

using ictal or combined ictal–interictal biomarkers

(Fig. 3). Of note, the mean EZ resection ratio in seizure-

free patients was 74% for the EZc and was varying

between 58% and 67% for the EZq using ictal or

combined biomarkers, whereas in not seizure-free

patients, the resection ratio was close to 60% for the EZc

but did not exceed 47% for the EZq. A statistically signifi-

cant difference in the EZ resection rate between the

seizure-free and not seizure-free patients was only present

for the EZq defined by EI (59% vs. 33%, P < 0.01) or

cEI (58% vs. 38%, P = 0.02) but not for the clinically

defined EZ (EZc) (74% vs. 58%, P = 0.098). The same

trend was demonstrated for the resection rates of the EZq

defined by combined ictal–interictal markers

(Spikes × EI, 66% vs. 45%, P = 0.05; Spikes × cEI, 67%

vs. 47%, P = 0.08). Conversely, there was no difference

in the extent of the EZ resection between the seizure-free

and not seizure-free groups when the EZq was defined by

interictal markers (Spikes, 54% vs. 48%, P = 0.56; HFO,

Figure 3. The extent of EZ resection in seizure-free versus non-seizure-free patients. Percentage of resected epileptogenic contacts as defined by

ictal (EZ_EI; EZ_cEI), interictal (EZ_Spikes, EZ_HFO, EZ_spikes × HFO), and combined ictal–interictal (EZ_spikes × EI, EZ_spikes × cEI) markers as

well as by visual analysis (EZc) comparing the seizure-free and the non-seizure-free group. The EZ resection rates were significantly higher in

seizure-free than in non-seizure-free patients for the EZ quantified by ictal markers; the same trend was present for the combined markers and

the EZc, while the resection rates of EZ quantified using interictal markers did not differ depending on surgical outcome.
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42% vs. 32%, P = 0.21; Spikes × HFO 46% vs. 43%,

P = 0.78).

Furthermore, the EZ resection rates were significantly

correlated with prognosis according to Engel class (better

prognosis being associated with a higher percentage of

resected EZ contacts) for the EZ quantified by EI

(P < 0.001, rho = �0.45, Spearman, Fig. 4A) and by

Spikes x EI (P = 0.04, rho = �0.28, Fig. 4B). This corre-

lation tended to be significant for cEI (P = 0.055,

rho = �0.26, Fig. 4C), whereas no correlation was dem-

onstrated for the EZc or the EZq defined by Spikes

(P = 0.49, rho = �0.095, Fig. 4D), HFO, or

Spikes × HFO.

Correlation between the EZ extent and
surgical prognosis

For the EZc and EZq defined by different biomarkers, the

number of EZ contacts did not significantly differ

between the seizure-free and not seizure-free patients

(Wilcoxon, P > 0.05). The multivariate analysis using the

AIC-optimized logistic regression model for predicting

surgical outcome included epilepsy duration, normal

MRI, the number of EZq contacts according to Spikes

and according to Spikes × EI, respectively. Results

showed no statistically significant features even though

the model had reliable goodness of fit to the data

(χ2 = 8.63, P-value = 0.374).

Discussion

The optimal definition of the epileptogenic zone remains

a major goal in the interpretation of SEEG.10 To this end,

the search for quantified markers of epileptogenicity

based on computational methods11,12 has increased in the

last fifteen years. These studies report model-free and

model-based approaches including ictal and interictal epi-

leptogenicity markers,15,17,20,23,28,40,41 structural42–44 and

functional connectivity,45 graph measures,46 and individu-

alized large-scale brain modeling.35,47,48 Taken together,

they provided a large body of evidence that successful

surgical outcomes depend on the proper characterization

of the seizure-generating network. Despite its increasing

development, SEEG quantification is rarely used routinely

in most epilepsy surgery centers, probably due to its

uncertain added value and practical difficulties of use.

This study is the first to evaluate the performances of

ictal (EI, cEI), interictal (spikes, HFO [80–300 Hz],

spikes × HFO), and combined ictal–interictal
(spikes × EI, spikes × cEI) epileptogenicity markers in

predicting surgical outcome compared to the clinical gold

standard in a representative cohort of 53 children and

Figure 4. Correlation between the EZ resection rate and surgical prognosis according to Engel class. The EZ resection rate was significantly

correlated with prognosis according to Engel class for the EZ quantified using EI (A) and Spike × EI (B). The same trend was observed for the EZ

quantified by cEI (C) but not for the EZ quantified by spikes (D), nor for the HFO or visual analysis (not shown).
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adults who underwent epilepsy surgery following SEEG.

All the SEEG markers tested herein are easily applicable

during a routine presurgical work-up, particularly thanks

to the open-source software available.

First, we evaluated the performances of quantified

markers in detecting the epileptogenic contacts identified

by clinicians. Whereas the EI showed better precision

than the cEI (0.70 vs. 0.59), the latter showed better recall

compared to the EI (0.46 vs. 0.38) and other markers. In

other words, the cEI is more sensitive but has a slightly

lower positive predictive value than the EI in detecting

the EZ. However, precision is likely more pertinent when

using SEEG-signal quantification in a routine clinical set-

ting, as it helps to discriminate the EZ. Importantly, com-

bining each of these ictal markers with interictal spikes

further improved the detection accuracy, with Spikes × EI

showing the highest precision among all markers tested,

both in the whole cohort (0.74) and in the sub-cohort of

seizure-free patients (0.80), closely followed by the EI and

Spikes × cEI. For the cEI and Spikes × EI, the concor-

dance with the EZc was higher in seizure-free than in not

seizure-free patients, suggesting that in the latter group,

these markers could identify some epileptogenic regions

eventually missed by visual analysis. Ictal and combined

ictal–interictal markers outperformed the classical interic-

tal markers (Spikes, HFO 80–300 Hz) showing low preci-

sion (0.48, 0.29) and recall (0.32, 0.30) against the EZc.

Furthermore, while the performances of spikes varied sig-

nificantly depending on the presence or absence of an

epileptogenic lesion, with significantly higher precision in

the lesional cases, the performances of the ictal markers

and of the Spikes × EI remained stable, with equally high

precision in both conditions, indicating that these

markers were as effective in localizing likely less focal

(gliotic scars and no lesions) compared to the well out-

lined lesional cases (FCD, hippocampal sclerosis, DNET,

ganglioglioma). Combining the two interictal markers in

a single measure, Spikes × HFO did not improve detec-

tion accuracy. This result does not confirm the result of

our previous study, based on a smaller patient cohort,

showing better performances of the Spikes × HFO com-

pared to other interictal markers,24 probably due to

higher sampling rates allowing better detection of fast rip-

ples. However, our actual result is in agreement with a

recent study by Thomas et al.41 evaluating different inter-

ictal biomarkers to discriminate the EZ in seizure-free

and not seizure-free patients and showing that combining

multiple features did not improve the classification per-

formances. Conversely, it has been previously demon-

strated that the occurrence of gamma activity preceding

interictal epileptiform discharges was associated with the

seizure onset zone.49 In line with these findings, the latter

study showed that the spike-gamma rate in wakefulness

outperformed the visually defined seizure onset zone, the

ripple rate as well as the geometric mean of spikes and

HFOs for classification of surgical outcome.

Second, we found a statistically significant relation

between the EZ resection rate and surgical prognosis

(higher in seizure-free than in not seizure-free and higher

in patients with better seizure outcome) for the EZq

defined by ictal SEEG markers or Spikes × EI but not for

the clinically defined EZ. This result may explain the

quite paradoxical result of a recent study on a pediatric

SEEG cohort, in which the percentage of resected EZ con-

tacts defined by visual analysis was not associated with

seizure freedom.50 Other studies have shown higher epi-

leptogenicity values or higher numbers of non-resected

epileptogenic regions quantified using gamma index28 or

virtual epileptic patient (VEP)35 in not seizure-free com-

pared to seizure-free patients. A more accurate definition

of epileptogenic tissue can thus be obtained using these

ictal biomarkers. In our hands, the resection rates of EZ

quantified using interictal markers (spikes, HFO, or

Spikes × HFO) did not differ depending on surgical out-

come indicating a less informative role for these bio-

markers. In line with our findings, a recent prospective

multicenter study by Jacobs et al.23 have shown that indi-

vidual prognostication of surgery outcome based on

removing interictal HFO was true in only 67% of

patients. Nonetheless, the performances of interictal bio-

markers may be improved by combination with other fea-

tures, as demonstrated for the above-mentioned spikes

with preceding gamma activity41 or fast ripples network

graph theoretical measures.51

Regarding other potential determinants of prognosis, in

the present study, the number of epileptogenic contacts

defined by ictal, interictal, or combined markers was not

correlated to surgical outcome suggesting that a higher

extent of the EZN was not associated with a lower chance

for surgical success. Furthermore, no possible cofounders

of seizure freedom could be identified among the clinical

variables tested including age at onset, epilepsy duration,

normal MRI, epilepsy type, and histology.

Finally, according to our data, the resection of at least

58% of the EZ using ictal and of at least 66% of the EZ

using combined ictal–interictal markers is required to

achieve seizure freedom in most patients. This allows to

assume that the complete EZ resection is not mandatory

to control seizures, suggesting that a relatively focal resec-

tion or disconnection is likely to impact the whole EZN.

This effect could be due to the connectivity changes

induced by surgery but also to the removal of the most

epileptogenic and/or connected nodes, given the intra-

and interregional variability of the epileptogenicity values

within the EZN. Regarding clinical decision-making, the

quantification using ictal biomarkers with validated
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thresholds has significant advantages for the epilepsy sur-

gery team. First, it objectively identifies the regions that

belong to the EZN, which should be targeted for removal

or disconnection through surgery. Second, by providing

information on the epileptogenicity level of various nodes

within the EZN, the quantification can assist in estimating

the risk/benefit ratio of complete resection in relation to

functional constraints, and ultimately choose an alterna-

tive surgical plan that focuses on the most epileptogenic

nodes. In silico surgery modeling have shown that the

resection of some crucial nodes may be sufficient for

effective results.52 Different surgical scenarios could be

tested using the repertoire of virtual surgery approaches,53

which clinical translation is ongoing,48 to define at the

individual level, the minimum number of EZ regions to

resect to achieve seizure control, while offering the best

functional outcome. Last but not the least, the epilepto-

genicity values of each explored structure can be easily

visualized within the patient’s anatomy using an open-

source EpiTools software suite,37 offering a concise and

realistic 3D image of the EZN for surgical decision and

intervention planning.

Limitations

Some bias and potential limitations should be mentioned.

First, there is bias due to the retrospective study design

and selection of patients undergoing curative surgery,

while patients contraindicated for surgery following SEEG

or became seizure-free after SEEG-thermocoagulation

were not included. It is important to note that the pre-

sent study had a limited number of patients and was con-

ducted in a single center. Therefore, to draw a definitive

conclusion on the generalizability of the data, larger mul-

ticenter studies would be necessary. As a further limita-

tion, due to the lack of interictal datasets with sampling

>1024 Hz for the majority of included patients, the HFO

analysis was limited to the oscillations in the ripple band,

some of them might account for the physiological HFO,

while the fast ripples could not be properly evaluated.

Normalizing the HFO rates according to the regional

variances26 could improve specificity. Regarding the spikes

quantification, although several interictal SEEG segments

were used per patient, both from wakefulness and from

NREM sleep, temporal fluctuations in spike rates and

spatial distribution represent a bias, which might be bet-

ter taken into account, for example, by detection on pro-

longed recordings.33,54 Such fluctuations have been also

demonstrated for the HFO.55 Moreover, the fast-ultradian

dynamics of the rate of interictal epileptiform discharges

(IED), may impair the precision of EZ identification, as

could be demonstrated in a recent study by our group,56

also showing that the minimization of the rate of

interictal events across all the SEEG channels is a good

predictor of the interictal epoch for near-optimal EZ

localization based on specific IED subtypes. The use of

the spike-gamma metrics recently proposed by Thomas

et al.41 could also be interesting. Finally, the sampling

problem is a well-known bias for all SEEG-based quantifi-

cation methods. Consequently, there is also limitation

due to the choice of the SEEG contacts as the ROI, since

there might be a bias due to a possible oversampling of

the EZ. The use of personalized virtual brain models such

as virtual epileptic patient48 is a promising complemen-

tary approach to overcome this limitation.35

Conclusion

Epileptogenic zone quantification offers real advantages

for facilitating SEEG interpretation and predicting surgical

outcome. Ictal (EI, cEI) or combined ictal–interictal
(Spikes × EI, Spikes × cEI) SEEG markers overperformed

the classical interictal markers (Spikes, HFO,

Spikes × HFO), both for detecting the EZ and predicting

the seizure freedom. Combining ictal and interictal

markers in a single measure improved detection accuracy.

Spikes × EI showed the best precision against the clinical

analysis. The resection rate of the EZ defined by ictal

markers and by Spikes × EI significantly correlated with

surgical prognosis. However, complete EZ resection was

not mandatory to control seizures.
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