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Abstract
Objective: The virtual epileptic patient (VEP) is a large-scale brain modeling 
method based on virtual brain technology, using stereoelectroencephalography 
(SEEG), anatomical data (magnetic resonance imaging [MRI] and connectiv-
ity), and a computational neuronal model to provide computer simulations of 
a patient's seizures. VEP has potential interest in the presurgical evaluation of 
drug-resistant epilepsy by identifying regions most likely to generate seizures. We 
aimed to assess the performance of the VEP approach in estimating the epilepto-
genic zone and in predicting surgical outcome.
Methods: VEP modeling was retrospectively applied in a cohort of 53 patients 
with pharmacoresistant epilepsy and available SEEG, T1-weighted MRI, and 
diffusion-weighted MRI. Precision recall was used to compare the regions identi-
fied as epileptogenic by VEP (EZVEP) to the epileptogenic zone defined by clinical 
analysis incorporating the Epileptogenicity Index (EI) method (EZC). In 28 oper-
ated patients, we compared the VEP results and clinical analysis with surgical 
outcome.
Results: VEP showed a precision of 64% and a recall of 44% for EZVEP detection 
compared to EZC. There was a better concordance of VEP predictions with clini-
cal results, with higher precision (77%) in seizure-free compared to non-seizure-
free patients. Although the completeness of resection was significantly correlated 
with surgical outcome for both EZC and EZVEP, there was a significantly higher 
number of regions defined as epileptogenic exclusively by VEP that remained 
nonresected in non-seizure-free patients.
Significance: VEP is the first computational model that estimates the extent and 
organization of the epileptogenic zone network. It is characterized by good pre-
cision in detecting epileptogenic regions as defined by a combination of visual 
analysis and EI. The potential impact of VEP on improving surgical prognosis 
remains to be exploited. Analysis of factors limiting the performance of the actual 
model is crucial for its further development.
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1   |   INTRODUCTION

Epilepsy surgery represents the only potentially effec-
tive treatment to achieve seizure control in patients suf-
fering from drug-resistant focal epilepsy. Recent US1 and 
European2 surveys have shown interesting trends over the 
past 2 decades, with an increase in the number of com-
plex cases and an increase in the use of invasive explo-
rations, contrasting with a very modest improvement in 
prognosis. Stereoelectroencephalography (SEEG) has be-
come the reference invasive method at a growing num-
ber of centers worldwide.3–6 However, despite apparent 
technical advances, the success rate of surgery remains 
less favorable in cases requiring intracerebral electroen-
cephalographic (EEG) exploration, and does not over-
come a 60% ceiling as demonstrated by the SEEG-based 
surgical series.5,7,8 Therefore, improving the indications, 
management, and prognosis of epilepsy surgery remains 
the major challenge of ongoing research. Defining the epi-
leptogenic zone (EZ) based on SEEG interpretation can be 
difficult,9 because the patterns of seizure onset and early 
spread may present a complex organization, underpinned 
by a network organization.8,10,11 The term “epileptogenic 
network” has been proposed to better reflect this complex-
ity.12 Signal quantification methods that measure either 
spectral content of SEEG signals or changes in functional 
connectivity have emerged over the past decade, to better 
analyze the EZ and facilitate the interpretation of SEEG 
data. In particular, indices based on the detection of fast 
activities have been proposed, with a visualization of the 
results in magnetic resonance imaging (MRI).13–16 The 
most used method is the Epileptogenicity Index (EI),13 
which allows detection of changes in the proportion of 
fast activity detached from the background activity, taking 
into account the succession of timing of involvement of a 
given region in the seizure. The implementation of quan-
titative approaches has accompanied a major conceptual 
and theoretical evolution in epilepsy surgery, from the 
concept of epileptogenic focus and several definitions of 
different zones (e.g. the EZ, the seizure onset zone, and 
the irritative zone)17–20 toward the concept of epilepto-
genic networks.12,21,22 Accordingly, the EZ network (EZN) 
is conceptualized as a network of connected hyperexcit-
able regions capable of generating seizures.12

More recently, methods of for computational large-
scale modeling of the epileptic brain have been intro-
duced.23–26 The principle of computational neuronal 
models is to reproduce and explain different types of 

epileptiform activity.27 By integrating a dynamic compu-
tational neuronal model, capable of simulating seizure-
like activity (i.e., a phenomenological neural mass model 
[NMM]) into the large-scale brain network, model-based 
approaches allow modeling of seizures inside a patient's 
brain.

The virtual epileptic patient (VEP) is a novel, multi-
modal probabilistic modeling framework, based on Virtual 
Brain28 technology. VEP uses personalized brain network 
models and machine learning methods by integrating ep-
ilepsy patient-specific anatomical with functional data to 
provide a computational representation of the hypothe-
sized epileptogenic and propagation zone networks in ce-
rebral space. This method has recently been validated by 
modeling seizures previously recorded in SEEG24,29 and on 
synthetic data.30,31 The pilot study by Proix et al.29 further 
showed that VEP can reliably predict seizure propagation, 
suggesting that in the future this approach could improve 
SEEG analysis and consequently surgical prognosis.

In this work, we aimed to demonstrate the feasibility 
of VEP modeling in identifying the EZN of patients who 
underwent SEEG and surgery. We assessed the predic-
tive power of VEP in detecting epileptogenic regions, as 
compared to the clinical analysis combined with the EI 
method, and to the surgical outcome.

2   |   MATERIALS AND METHODS

2.1  |  Patients and data acquisition

VEP modeling was retrospectively applied in a cohort of 
53 patients suffering from drug-resistant focal epilepsy, 

K E Y W O R D S

epilepsy, personalized brain modeling, SEEG, seizure onset zone, surgical prognosis

Key Points
•	 VEP is the first computational model that offers 

3D imaging of the epileptogenic zone network.
•	 The VEP model shows good precision in detect-

ing epileptogenic regions as compared to cur-
rent state-of-the-art model-free approaches.

•	 VEP can provide information on brain regions 
not sampled by SEEG electrodes.

•	 The completeness of resection of the epilepto-
genic zone predicted by VEP correlated with 
surgical outcome.
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with available SEEG seizure recordings, and three-
dimensional (3D) T1-weighted and diffusion-weighted 
MRI. All patients underwent comprehensive presurgical 
assessment including medical history, neurological ex-
amination, neuropsychological assessment, fluorodeoxy-
glucose positron emission tomography, high-resolution 
3-T MRI, long-term scalp video-EEG, and subsequent 
SEEG monitoring. Follow-up information was collected 
from a review of the medical records. Surgical outcome, 
if applicable, was assessed according to Engel classifi-
cation. Informed written consent was obtained for all 
patients, and the study was approved by the local eth-
ics committee (Comité de Protection des Personnes sud 
Méditerranée 1).

2.2  |  MRI acquisitions

All images were acquired on a Siemens Magnetom Verio 
3-T magnetic resonance scanner. MRI acquisitions in-
cluded a 3D T1-weighted magnetization-prepared rapid 
gradient echo (3D-MPRAGE) sequence (repetition 
time = 1.9 or 2.3  s, echo time = 2.19 or 2.98 ms, spatial 
resolution = 1.0 × 1.0 × 1.0 mm3) and a diffusion-weighted 
MRI (DW-MRI) sequence (either with an angular gradi-
ent set of 64 directions, repetition time  =  10.7  s, echo 
time  =  95 ms, voxel size  =  1.95 × 1.95 × 2.0 mm3, b-
weighting of 1000 s/mm2 or with an angular gradient set 
of 200 directions, repetition time = 3 s, echo time = 88 ms, 
voxel size  =  2.0  × 2.0  × 2.0 mm, b-weighting of 1800 s/
mm2). Patients also underwent conventional 3-T MRI 
according to the standardized presurgical epilepsy as-
sessment protocol. Postoperative MRI was performed 3 
months after surgery.

2.3  |  SEEG recording

The SEEG recordings were performed as a part of rou-
tine clinical management, in line with the French na-
tional guidelines,6 to determine the EZ and its relations 
with eloquent areas. SEEG implantation was planned in-
dividually for each patient, according to the hypotheses 
about the localization of the EZ based on noninvasive 
investigations. All SEEG explorations were bilateral, pre-
dominantly on the side of the hypothesized main EZ, with 
some contralateral electrodes, and systematically sampled 
temporal, insular, frontal, and parietal regions of at least 
one hemisphere. Intracerebral multiple contact electrodes 
(10–18 contacts with length = 2 mm, diameter = .8 mm, 
1.5 mm apart, Alcis) were placed stereotactically by using 
the robotized surgical assistant ROSA. A postimplanta-
tion computed tomography (CT) scan was performed to 

check the implantation accuracy and exclude intracranial 
bleeding. Signals were recorded on a Natus system with 
sampling at 512 Hz or 1024 Hz and 16-bit resolution, using 
a hardware high-pass filter (cutoff at .16 Hz at −3 dB) and 
a hardware antialiasing low-pass filter (cutoff at 170 Hz or 
340 Hz, respectively).

2.4  |  SEEG signal analysis

All signal analyses were performed in a bipolar montage 
using the open source AnyWave software32 available at 
https://meg.univ-amu.fr/wiki/AnyWave. The epilepto-
genic regions were defined by two expert clinicians (F.B. 
and J.M.), based on visual and quantitative SEEG signal 
analysis using the EI method.13 A normalized EI value, 
ranging from 0 (no epileptogenicity) to 1 (maximal epi-
leptogenicity) was used for each considered structure (for 
detailed methodology see Bartolomei et al.13). In each pa-
tient, maximal EI values from at least three representative 
seizures (when available) were computed for all bipolar 
SEEG contacts. The same SEEG datasets of each respec-
tive patient were used for the data fitting within the VEP 
pipeline.

2.5  |  VEP workflow

The VEP workflow31 methodological details are provided 
in Appendix S1 and Figure S1. In brief, the virtual brain 
model defines the brain as a network of 162 regions, 
each representing a node in the network. These regions 
are delineated by the VEP atlas, a cortical and subcorti-
cal parcellation of the brain developed specifically for use 
in epileptology and functional neurosurgery (available 
at https://ins-amu.fr/vep-atlas).33 Brain regions are au-
tomatically labeled, based on the patients' 3D-MPRAGE 
images (further referred to as T1-MRI). Connections 
between regions are estimated through streamline trac-
tography from DW-MRI. The MRtrix3 software pack-
age was used to process the DW-MRI, by employing 
constrained spherical deconvolution to derive the fiber 
orientation distribution functions and a probabilistic al-
gorithm to sample 15 million tracts.34 The structural con-
nectome was constructed by assigning and counting the 
streamlines to and from each VEP brain region. In this 
way, a patient-specific structural connectivity matrix 
is obtained, which defines the links and the connection 
strength between the nodes of the network. The dynam-
ics of each node are defined by an NMM, which is a sys-
tem of nonlinear differential equations, the Epileptor,35 
that represents the neural activity in that brain region. 
The source signals generated by the Epileptor at the 

https://meg.univ-amu.fr/wiki/AnyWave
https://ins-amu.fr/vep-atlas
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brain region level are mapped upon the sensor signals 
measured by the SEEG electrodes. The electromagnetic 
forward problem is solved by the gain matrix, which is 
a function of the distance between the sources and sen-
sors.36 It is obtained by localizing the SEEG electrodes 
in patient-specific MRI space using the open source soft-
ware GARDEL (Graphical user interface for Automatic 
Registration and Depth Electrodes Localization),37 avail-
able at https://meg.univ-amu.fr/wiki/GARDE​L:prese​
ntation. Coregistration of the T1-MRI with postimplanta-
tion CT images was performed, followed by an automatic 
recognition and anatomical localization of each electrode 
contact, which was then assigned automatically to the re-
spective anatomical region of the VEP atlas projected in 
the patient's MRI space. Thus, the source space covers the 
whole brain, that is, the 162 brain regions defined by the 
VEP atlas, whereas the sensors sample only some of those 
regions, depending on the SEEG implantation scheme.

A Bayesian modeling approach is applied to infer 
the epileptogenicity parameters and source time series 
for each seizure. The VEP workflow automatically runs 
through the clinical data, including structural connec-
tivity from DW-MRI, patient-specific brain space from 
T1-MRI, and functional SEEG data, without predeter-
mining the ictal zone. Machine learning and artificial 
intelligence are used to estimate the patient-specific 
parameters of the model. The model inversion module 
allows inferring each region's epileptogenicity by fitting 
the SEEG data features. The inputs of the model inver-
sion module are the data feature and a prior. The enve-
lope of signal power (high-pass filtered signal followed 
by envelope smoothing) from empirical SEEG recordings 
serves as the data feature. The data features are extracted 
during the periods of interictal to ictal transition and 
may extend until the seizure end, whereas the interictal 
activity is regarded as a baseline. The prior is computed 
using signal processing of raw SEEG data based on the 
channels' spectral content across 52 different frequency 
bands (10–110 Hz), weighted by the seizure onset delay 
in each channel. It maps a weighted sum of the prior 
epileptogenicity values of all sensors to each source, 
based on their distance. The output of the model inver-
sion module is a distribution of epileptogenicity values 
(EV), which are determined by the key parameters from 
the model inversion and the patient's structural connec-
tivity. An overview of the most relevant brain regions is 
presented in the VEP report table, including the infor-
mation on highlighted brain regions with the distribu-
tion of the estimated EV and the EZ definition (yes/no) 
based on EV. The regions are defined as epileptogenic 
with a threshold of EV > .5. They are displayed in red 
in the three classical planes of the patient's 3D T1-MRI, 
called a heatmap.

2.6  |  Definition of regions of interest

Brain regions defined according to the VEP atlas parcel-
lation33 were used as regions of interest. Two clinical ex-
perts (F.B., J.M.) labeled each brain region as belonging 
to the EZN, the propagation zone network (PZN), or the 
noninvolved zone (NIZ), based on the clinical analysis in-
corporating the EI.38 An EI ≥ .4 was set as a threshold to 
define a region as the EZN. Brain regions with .1 < EI < .4 
and sustained discharge during the seizure were defined 
as the PZN; all other regions were defined as the NIZ. If a 
region was sampled by two or more bipolar contacts, the 
maximal EI value obtained for this region was used. The 
EZN regions were defined as clinical hypothesis (EZC) for 
further analysis. The regions predicted as epileptogenic by 
VEP were defined as EZVEP for further analysis.

2.7  |  Resection extent estimation

For the operated patients, the extent of resection of dif-
ferent brain regions was defined using GARDEL soft-
ware. The coregistration of the postimplantation CT 
with electrodes with the postoperative MRI, and that of 
the post- and preoperative MRI were performed. The re-
sected contacts were identified by visual inspection and 
assigned to the respective VEP atlas regions as defined by 
the preoperative MRI (see above). The regions resected 
but not explored by depth electrodes were then identi-
fied visually on the pre−/postoperative MRI coregistered 
images (S.M.V., J.M.). The completeness of resection of 
each region was estimated visually by two trained clini-
cians (F.B., J.M.). A VEP region was defined as resected 
if at least 50% of it was resected, with respect to its major 
axis length. Otherwise, it was considered as nonresected. 
For both, EZC and EZVEP regions, a “resected” or “nonre-
sected” status was then assigned.

2.8  |  Statistical analysis

Statistical analyses were performed using MATLAB sta-
tistics toolbox (15.0 and 18.0). Precision recall was used 
as a performance measure to compare the epileptogenic 
regions predicted by VEP (EZVEP) against the clinical 
analysis incorporating the EI method (EZC), considered 
as standard. We assessed VEP model performances (1) 
in the whole cohort of 53 patients, (2) according to surgi-
cal outcome (seizure-free vs. not seizure-free patients), 
and (3) according to brain region topography: mesial 
versus lateral, temporal versus extratemporal. The latter 
was assessed for 28 regions, each sampled in at least 10 
patients.

https://meg.univ-amu.fr/wiki/GARDEL:presentation
https://meg.univ-amu.fr/wiki/GARDEL:presentation
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Two-sided Wilcoxon test was used to assess group dif-
ferences in the extent of resection of EZC and EZVEP, the 
number of nonresected epileptogenic regions, the number 
of EZVEP regions not identified as epileptogenic by the clini-
cal approach, and the number of EZVEP regions not sampled 
by SEEG, between the seizure-free and non-seizure-free pa-
tients. A p-value < .05 was considered as significant.

2.9  |  Data availability

The complete VEP workflow is available in Appendix S1. 
VEP atlas parcellation is available open source at https://
ins-amu.fr/vep-atlas. The other data that support the find-
ings of this study are available from the corresponding au-
thor upon reasonable request.

3   |   RESULTS

3.1  |  Clinical features

Patients' clinical data are summarized in Table  1 (for de-
tailed characteristics, see Table S1). Fifty-three patients (25 
males, 28 females) were included. Mean age at epilepsy onset 
was 16.2 years (range =  .1–55), mean duration of epilepsy 
was 17.2 years (range = 3–45), and mean age at evaluation 
was 33.4 years (range = 15–60). An MRI-visible structural 
abnormality was present in 64% of cases, whereas 36% had 
unremarkable MRI findings. The EZ organization accord-
ing to the clinical hypothesis incorporating EI was unilateral 
in 39, bilateral in 11, and unilateral multifocal in two cases. 
The EZ was topographically limited to the temporal lobe in 
20 cases (37.7%), whereas it was extratemporal or temporal 
Plus39 in 33 patients (62.3%). Within the temporal Plus sub-
group, two thirds were temporofrontal and temporoinsular 
epilepsies, followed by temporoparietal, temporo-occipital, 
and more complex, temporoperisylvian EZ organization. 
Among the extratemporal cases, the posterior epilepsies 
were most frequent, followed by frontal, motor–premotor, 
insular–opercular, and frontoinsular epilepsies (Figure 1A). 
28 of 53 patients underwent curative surgical procedures. 
The postsurgical outcome was favorable in 18 (Engel Class I, 
50%; Engel Class II, 14%), with worthwhile improvement in 
six (Engel Class III, 22%), and without significant improve-
ment in four cases (Engel Class IV, 14%).

3.2  |  VEP model performance as 
compared to clinical and EI estimation

VEP model detected a total of 198 epileptogenic regions 
in 53 patients (mean number per patient  =  3.74 ± 2.2, 

range  =  1–10). Eighty-four detections (42%) in 40 pa-
tients were not identified as epileptogenic by visual SEEG 
analysis or the EI. Among these additionally detected re-
gions, 25 (29.8%) were not sampled by SEEG electrodes, 
28 (33.3%) were within the clinically defined propagation 
network, and the remaining 31 (36.9%) were considered 
to be noninvolved based on visual analysis and the EI. 
The total number of additional VEP detections was sig-
nificantly higher in non-seizure-free patients compared 
to the seizure-free subgroup (p  = .05, Wilcoxon). In the 
same way, the number of detected regions without SEEG 
sampling was significantly higher in the non-seizure-free 
group (p = .04, Wilcoxon).

We compared the regions identified as EZVEP against 
the EZC by using precision recall. The results of the whole 
cohort of 53 patients show a mean precision of .64 and 

T A B L E  1   Patient clinical data

Age, years 33.4 ± 10.51 (15–60)

Sex, male/female 25/28

Age at epilepsy onset, years 16.2 ± 12.95 (.1–55)

Epilepsy duration, years 17.2 ± 9.56 (3–45)

Side, left/right/bilateral 21/21/11

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

Surgery, % (n) 52.8% (28)

Tailored resection, n 18

ATL, n 8

Disconnection, n 1

Gamma knife, n 1

Outcome, Engel class, % (n)

I 50% (14)

II 14% (4)

III 22% (6)

IV 14% (4)

Histopathology, n

FCD 9

Hippocampal sclerosis 6

Ganglioglioma 1

Gliosis 9

Nonoperated, % (n) 47.2% (25)

Bilateral or multifocal EZ, n 13

High risk of functional deficit, n 7

Seizure-free after SEEG, n 1

Seizure-free after TC, n 3

Patient refused surgery, n 1

Note: Data are presented as mean ± SD (range) or % (n).
Abbreviations: ATL, anterior temporal lobectomy; EZ, epileptogenic zone; 
FCD, focal cortical dysplasia; MRI, magnetic resonance imaging; SEEG, 
stereoelectroencephalography; TC, thermocoagulations.

https://ins-amu.fr/vep-atlas
https://ins-amu.fr/vep-atlas
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a mean recall of .44 (Figure  1B). The recall is better in 
MRI-negative cases (.54) compared to lesional cases (.38, 
p < .05), both subgroups showing precision of .68 and .62, 
respectively. Regarding the epilepsy types according to the 
EZ organization, the recall is significantly better in the 
temporal subgroup (.50) compared to the temporal Plus 
subgroup (.32, p < .05), and it does not differ significantly 
in the extratemporal subgroup (.44) compared to each 
of these subgroups. The precision remains comparable 
(.65,  .60, and .63, respectively) between these subgroups. 
When focusing on the 28 operated patients (Figure 1C), 
the recall is .57 in seizure-free and .54 in non-seizure-free 
patients, and there is a clear trend to a better precision in 
the seizure-free (.77) compared to non-seizure-free group 
(.63), however, without reaching statistical significance 

(p = .09, Wilcoxon). VEP performs better in detecting tem-
poral than extratemporal (precision .62 vs. .53; recall .42 
vs. .33) as well as mesial than lateral regions (precision .70 
vs. .46; recall .44 vs. .32; Figure 1D).

3.3  |  Correlation between the extent of 
EZ resection and surgical outcome

We assessed correlation between the extent of the EZ re-
section and surgical outcome (Figure 2). The percentage 
of resected epileptogenic regions was significantly higher 
in the seizure-free group compared to non-seizure-free pa-
tients, considering EZC (.92 ± .17 vs. .67 ± .28, p < .01) or 
EZVEP (.91 ± .19 vs. .55 ± .26, p < .01; Figure 2A). In line 

F I G U R E  1   Virtual epileptic patient (VEP) model performance compared to clinical gold standard. (A) Epileptogenic zone (EZ) 
organization according to the clinical analysis incorporating the Epileptogenicity Index (EI) method.13 (B) Precision/recall EZVEP (EZ 
predicted by VEP) versus EZC (EZ defined by clinical analysis incorporating the EI) in a whole cohort of 53 patients. (C) The same statistical 
analysis in a cohort of 28 operated patients, comparing the seizure-free and the non-seizure-free groups. There is a clear trend toward better 
precision in the seizure-free group (p = .09, Wilcoxon). (D) Precision/recall per brain region. DLPFC, dorsolateral prefrontal cortex; DMPFC, 
dorsomedial prefrontal cortex; INSant, anterior insula; INSpost, posterior insula; IPL, inferior parietal lobule; M1, primary motor cortex; 
OFC, orbitofrontal cortex; OL, occipital lateral; OM, occipital mesial; OP, parietal operculum; PML, lateral premotor cortex; PMM, mesial 
premotor cortex; S1, primary sensory cortex; SPLlat, lateral superior parietal lobule; SPLmes, mesial superior parietal lobule; TB, temporal 
basal; TLant, anterior temporal lateral; TLpost, posterior temporal lateral; TMant, anterior temporal mesial; TMpost, posterior temporal 
mesial; VLPFC, ventrolateral prefrontal cortex; VMPFC, ventromesial prefrontal cortex.



1948  |      Makhalova et al.

with this finding, the number of nonresected EZ regions 
was significantly higher in the non-seizure-free group 
than in the seizure-free group, for both EZC (1.71 ± 1.63 
vs. .5 ± 1.16, p = .01) and EZVEP (2.36 ± 1.95 vs. .36 ± .84, 
p  < .01; Figure  2B). Importantly, the number of nonre-
sected epileptogenic regions that were predicted by the 
model but not detected as such by clinicians was also sig-
nificantly higher in the non-seizure-free versus seizure-
free group (1.64 ± 1.55 vs. .07 ± .27, p < .01; Figure 2C).

3.4  |  VEP model performance 
at individual patient level: 
Illustrative situations

Different clinical situations are illustrated in Figures 3–5. 
Figure 3 shows a case with a good concordance between 
the clinical hypothesis and the model prediction. Figure 4 
shows a case where a region interpretated as epileptogenic 
by clinicians (and detected by EI) was not predicted by the 
VEP model. Figure 5 shows a case demonstrating excel-
lent precision of the VEP compared to clinical hypothesis 
and its added diagnostic value in detecting an epilepto-
genic region.

A detailed analysis of 11 seizure-free patients, for 
whom seizure freedom was achieved by resections includ-
ing 100% of the EZ predicted by VEP, was performed. The 
EZVEP and EZC matched completely in one case and were 
partially overlapping in five cases; the EZVEP was more 

extended than the EZC in one case, whereas four patients 
had the EZVEP less extended than the resected EZC. Of the 
latter, three cases were temporofrontal EZN, with VEP 
failing to detect the prefrontal regions, and one case was 
parietal EZN, with VEP failing to detect the postcentral re-
gions. All these missed regions contained an MRI-visible 
lesion.

4   |   DISCUSSION

The development of SEEG over the past 15 years has seen 
the need to quantify the recorded electrophysiological 
activities, particularly during seizure genesis.40,41 In this 
perspective, there are several possible solutions that can 
be separated into model-free approaches based on the pro-
cessing of the signal itself and model-based approaches 
using computational modeling. The former use SEEG sig-
nal quantification,13,14,16,42 or network-based analysis of 
SEEG or magnetoencephalography (MEG) recordings,43,44 
whereas the latter implement computational large-scale 
brain modeling fitted by SEEG data from ictal23–25,45 or 
interictal26 recordings, both employing machine learn-
ing and artificial intelligence. All of them aim to facilitate 
the SEEG interpretation and surgical decision-making. 
However, most of the previous research in the field has 
focused either on the prediction of surgical outcome, or 
on testing the virtual resection scenarios23,45,46–48 or the 
prediction of seizure propagation.29,31 The present study 

F I G U R E  2   Correlation between the extent of the epileptogenic zone (EZ) resection and surgical outcome. (A) The percentage of 
resected epileptogenic regions was significantly higher in seizure-free compared to non-seizure-free patients, both when the EZ was defined 
by clinical analysis incorporating the Epileptogenicity Index (EZC) and when predicted by the virtual epileptic patient (EZVEP). (B) The 
number of nonresected epileptogenic regions was significantly higher in the non-seizure-free group, for both EZC (left) and EZVEP (right). 
(C) The number of nonresected epileptogenic regions identified by the VEP but not by clinicians (EZvep_non-EZc) was also significantly 
higher in the non-seizure-free group.
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demonstrates that it is possible to define the EZN from 
SEEG data by using VEP large-scale brain modeling. 
Herein, the VEP approach has been applied in a cohort of 
53 patients with drug-resistant focal epilepsy explored by 
SEEG, well representative of patient populations reported 
in recent surgical series.5,7

The VEP implements the concept of epileptogenic net-
works12,22 and brings together functional imaging from 
SEEG recordings and large-scale brain modeling at an in-
dividual patient level. VEP estimates the epileptogenicity 
of brain regions represented as nodes of the brain network 
with a structural resolution of 81 regions per hemisphere. 

It provides results in terms of epileptogenic brain regions 
(at source level), which are complementary with the EZN 
quantification by the EI,13 or by other SEEG quantification 
methods.41 The latter are based on the detection of fast ac-
tivities at seizure onset, eventually combined with other 
metrics, for example, with nonlinear regression coefficient 
h2 in the newly proposed Connectivity Epileptogenicity 
Index,42 statistical estimate of the gamma power in epilep-
togenicity maps,14,49 slow polarizing shift and background 
flattening,15 or preictal spikes and suppression of low fre-
quencies in the fingerprint.16 Importantly, all these meth-
ods estimate epileptogenicity at the level of recording 

F I G U R E  3   Illustrative Case 1. Motor–premotor epileptogenic zone (EZ) network is shown. The subject was a 23-year-old woman 
with sleep-related, focal aware tonic seizures (tonic posture of the right arm) and negative magnetic resonance imaging (MRI). (A) 
Stereoelectroencephalographic (SEEG) recordings of a habitual seizure that starts from the left premotor and primary motor regions. IPL, 
inferior parietal lobule; PostC, the postcentral cortex; PreM, premotor cortex. (B) Patient's three-dimensional (3D) brain mesh with SEEG 
electrodes. The maximal Epileptogenicity Index (EI) values are represented as spheres on the respective contacts according to a color map. 
The EI shows maximal epileptogenicity within the left supplementary motor area, the precentral gyrus and central sulcus, the precentral 
sulcus in its superior part, and the left caudal superior frontal sulcus. (C, D) Clinical report: heatmap (C) and list of brain regions with 
respective epileptogenicity values (EV; D). Regions identified as EZVEP (EZ predicted by the virtual epileptic patient) are displayed in 
red on the coronal, sagittal, and axial views of the patient's 3D T1-MRI, also available as 3DViewer in HTML format. The color intensity 
varies according to the median of epileptogenicity. (E) Heatmap showing EZVEP regions on the postoperative T1-MRI. The EZVEP included 
premotor–motor regions (left precentral sulcus, superior part; left precentral gyrus, head–face; and left precentral gyrus, upper limb) and 
left supramarginal gyrus, anterior. The patient benefited from a tailored resection of the left lateral and mesial premotor cortex, sparing the 
central region. The extent of resection of EZC (EZ defined by clinical analysis incorporating the EI) was estimated as 43% and that of EZVEP 
as 25%. The patient had residual focal aware seizures with clonic jerks of the right hand, a semiology suggestive of seizure origin in the 
primary motor cortex.
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electrodes (sensor level) and are therefore limited by the 
sampling problem, which is resolved by the VEP approach 
operating, as mentioned above, on the whole brain scale.

In the present retrospective study, the concordance of 
VEP predictions with clinical analysis incorporating the 
EI was .64 for the precision and .44 for the recall. The re-
call was significantly higher in MRI-negative cases (.54) 
compared to lesional cases (.38, p  < .05), as well as in 
temporal (.50) compared to temporal Plus (.32, p < .05) 
cases, whereas the precision remained equal among 
these subgroups. These results highlight good predic-
tive value of the current VEP prototype in detecting 

the regions defined as epileptogenic by clinician and 
SEEG signal analysis, as well as the robustness of the 
VEP approach, when applied in a “real life” patient 
cohort with heterogeneous profiles of EZ organization 
and temporal Plus39 or extratemporal EZ accounting for 
more than half of cases. Moreover, in a subgroup of 28 
operated patients, higher concordance between the EZ 
predicted by the model and clinical EZ hypothesis was 
associated with better surgical outcome (precision = .77 
in the seizure-free group), although not reaching statis-
tical significance due to a small sample size. These data 
are in good agreement with a study by Proix et al.29 that 

F I G U R E  4   Illustrative Case 2. Temporofrontal epileptogenic zone (EZ) network is shown. A 56-year-old right-handed man suffered 
from focal drug-resistant epilepsy since the age of 11 years. He experienced weekly focal seizures with impaired awareness, with subjective 
signs including anxiety or fear, ascending epigastric sensation and chills, and as objective semiology, verbal and gestural automatisms, as 
well as hypermotor behavior during nocturnal seizures. His magnetic resonance imaging (MRI) was suggestive of a focal cortical dysplasia 
(FCD) within the right orbitofrontal cortex (OFC) and fronto-opercular region. (A) Stereoelectroencephalography (SEEG) recordings of 
a habitual seizure. The seizure starts with rapid discharge in gamma-band within the right anterior temporal structures and the OFC, 
whereas the opercular part of the lesion is not involved. Amy, amygdala; INS, insula; RC, rhinal cortex; STS, superior temporal sulcus; 
TPole, temporal pole; VLPFC, ventrolateral prefrontal cortex. (B) The patient's three-dimensional (3D) brain mesh with implanted SEEG 
electrodes showing the maximal Epileptogenicity Index (EI) values within the right OFC, the amygdala, the temporal pole, and the superior 
temporal sulcus. (C, D) Clinical report. (C) Heatmap displays regions identified as EZVEP (EZ predicted by the virtual epileptic patient) in 
red on the patient's 3D T1-MRI. (D) List of detected brain regions with respective epileptogenicity values (EV). (E) Heatmap showing EZVEP 
regions on the postoperative T1-MRI. EZVEP included the right anterior temporal lobe (the temporal pole, the anterior hippocampus, and 
the anterior T2), but not the right orbitofrontal region. A tailored resection including the lateral prefrontal and orbitofrontal lesional and 
perilesional cortex, as well as the right anterior temporal lobe, led to complete seizure freedom (Engel Class I at 9-year follow-up), without 
any functional deficit. The extent of resection was 100% for both EZC (EZ defined by clinical analysis incorporating the EI) and EZVEP. 
The histopathological finding was right frontal FCD type 2b. The interpretation in this situation is not univocal. Either this region was not 
epileptogenic and resection could have spared it, or the region was epileptogenic and here the VEP lacks sensitivity.



      |  1951Makhalova et al.

demonstrated the same trend for the modeling of the 
PZN. They further confirm a global trend that predictive 
accuracy of model-based or network-based approaches 
implementing machine learning is likely better in 
seizure-free than in non-seizure-free patients.50 One 
of the most pertinent findings of our study is that the 
completeness of resection of the EZ predicted by VEP 
significantly correlated with surgical outcome (91% in 
seizure-free vs. 55% in non-seizure-free, p < .01), inde-
pendently from its concordance with clinical hypothe-
sis. However, in one third of seizure-free patients with 
completely removed EZVEP, resections were extended 

beyond its limits and included the regions not detected 
by VEP but considered epileptogenic by clinical hypoth-
esis. The interpretation of such discordant results in the 
frame of a retrospective study is not univocal. Either 
these regions were not epileptogenic and could have 
been spared, or they were epileptogenic and here the 
VEP lacks sensitivity. Nonetheless, when applied pro-
spectively in complex situations, such as illustrated in 
the Use Case 2, VEP might be helpful in confirming the 
extent of the EZ beyond the MRI-visible lesion. These 
results suggest the importance of the ongoing prospec-
tive French multicenter trial EPINOV (NCT03643016), 

F I G U R E  5   Illustrative Case 3. Prefrontoinsular epileptogenicity value (EV) network. A 29-year-old left-handed woman presented 
with sleep-related hyperkinetic focal seizures with impaired awareness that occurred in clusters several times per week. The patient's 7-T 
brain magnetic resonance imaging (MRI) showed possible focal cortical dysplasia (FCD) in the left orbitofrontal cortex. High-resolution 
electroencephalography (standardized low-resolution electromagnetic tomography) showed source localizations within the left inferior 
frontal sulcus, the left orbitofrontal cortex, and the left anterior cingulum. (A) Stereoelectroencephalography (SEEG) recordings of a 
habitual seizure starting with a burst of polyspikes followed by low-voltage fast activity discharge that simultaneously involves the left 
orbitofrontal cortex (OFC), the anterior (INSant), and the posterior insula (INSpost), as well as the central operculum (Central Op). ACC, 
anterior cingulate cortex; Amy, amygdala. (B) The patient's three-dimensional (3D) brain mesh with SEEG electrodes showing the maximal 
Epileptogenicity Index (EI) values within the left OFC and the anterior insula. (C, D) Clinical report: (C) Heatmap showing regions 
identified as EZVEP (epileptogenic zone predicted by the virtual epileptic patient) in red on the patient's 3D T1-MRI. (D) List of detected 
brain regions with EV indicated. (E) Heatmap showing EZVEP regions on the postoperative T1-MRI. The EZVEP included the same structures 
as EI, and additionally, the left inferior frontal sulcus. Surgical resection comprised the left orbitofrontal and the anterior insular cortex, 
corresponding to the clinically defined EZ. The extent of EZVEP resection was 67%. Nocturnal seizures relapsed 1 month after surgery, but 
with significant reduction in seizure frequency compared to baseline (Engel Class III at 1-year follow-up). Histopathology showed left 
orbitofrontal FCD type 2a and no abnormality within the insular cortex. Magnetoencephalography performed 1 year after surgery showed 
source localizations within the left frontal operculum and the small residual part of the left anterior insula. Additional cortectomy including 
the left inferior frontal sulcus, detected by VEP, as well as the left frontal operculum, and the residual anterior insula has been planned.
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whose main objective is to estimate the potential impact 
of VEP on improving surgical prognosis in patients un-
dergoing SEEG.

We further demonstrated that some regions predicted 
as epileptogenic by VEP were not detected by either 
visual SEEG analysis or the EI. One third of these de-
tections corresponded to the regions with no available 
SEEG sampling. This illustrates that the VEP model 
can help estimate brain epileptogenicity with parame-
ters that are not directly measurable from empirical ob-
servation. Because the number of nonresected regions, 
identified by VEP but not considered by the clinical 
hypothesis, was significantly higher in non-seizure-
free patients, one can argue that despite possible false 
positive detections, some of these regions can be epi-
leptogenic, notably in cases with surgery failure. This 
situation is illustrated in the clinical Use Case 3, where 
a nonresected region detected by VEP was also identi-
fied as epileptogenic by whole brain functional imaging 
approaches (MEG, high-resolution EEG), suggesting 
including this VEP region in a resection plan of a sec-
ond surgery. Alternatively, these regions could represent 
important hubs of the propagation network, highly in-
terconnected with the EZN. This hypothesis is in good 
agreement with a recent study on structural connectome 
hubs in temporal lobe epilepsy showing that patients 
with abnormally integrated structural network nodes 
were less likely to achieve seizure freedom.50 Hence, 
these somehow surprising results, when corroborated 
by other imaging modalities, are not only of additional 
diagnostic value but of particular importance as poten-
tial targets for network-aiming treatment strategies, for 
example, SEEG-guided thermocoagulations or transcra-
nial direct current stimulation.51

The major advantage of the VEP approach compared 
to other recently proposed model-based methods, such as 
neural fragility,25 is that VEP works on the whole brain 
source spaces instead of the sensor recording spaces alone. 
Beyond the brain model's role as a target for data fitting in 
VEP, the personalized brain model bears promise to serve 
as a digital twin, in which clinical hypotheses and treat-
ment options are tested in computer simulations. This po-
tential remains to be exploited in neuroscience, medicine, 
and neurotechnology.

4.1  |  Limitations of the actual 
VEP model

Below, we discuss most pertinent limitations revealed by 
the analysis of VEP performances at an individual patient 
level, and eventual solutions to be considered for future 
VEP developments.

First, there are technical limitations inherent to the 
use of an automated brain parcellation. Although the 
VEP atlas has demonstrated good precision, comparable 
with other available atlases,33 parcellation errors were ob-
served in the presence of brain surface distortions due to 
a postoperative or posttraumatic resection cavity, or an 
extended lesion that impacts gyration pattern (e.g., isch-
emic lesion, polymicrogyria, schizencephaly). Another 
technical limitation is that the hypothalamus and the 
heterotopic gray matter, where epileptogenic lesions such 
as hypothalamic hamartoma and periventricular nod-
ular heterotopia can be located, are not included in the 
actual parcellation scheme of the VEP atlas. These lim-
itations should be considered for future development of 
the VEP atlas. Second, there are some limitations due to 
the low resolution of the current NMM approach, which 
reduces source activity to a single node mapped to one of 
162 VEP regions. Any grouping cancels the directionality 
of the current dipole of the folded cortical sheet, which 
may result in wrong mapping from sources to sensors and 
thus possibly introduce errors into the estimation of the 
EZN. In particular, in several cases, we noticed an equal 
contribution of sources from some deep cortical regions 
and the neighboring subcortical nuclei (e.g., the posterior 
insula and the putamen, the orbitofrontal cortex and the 
caudate nucleus) to the same sensor within the respec-
tive cortical region. The solution is to use high-resolution 
virtual brain models,52 where each node corresponds to 
one vertex of 260 000 and provides a spatial resolution 
of 1 mm.2 The high resolution provides a more realistic 
source to sensor mapping by considering the detailed cor-
tical/subcortical geometry and both the orientation and 
the distance between the dipoles and the sensor.

In conclusion, quantification of the epileptogenic net-
works is a crucial diagnostic step that is valuable in re-
search and in clinical practice. VEP uses personalized 
virtual brain model methods by integrating epilepsy 
patient-specific anatomical data with functional data to 
aid in clinical decision-making by estimating the EZN. 
An actual VEP model shows good precision in detecting 
epileptogenic regions; limitations at the individual level 
should be worked out. The ongoing multicenter trial is es-
sential to understand these limitations and to estimate the 
impact of VEP on improving surgical prognosis. Future 
directions are VEP modeling based on noninvasive data 
fitting, in silico surgery, and exploration of personalized 
brain stimulation approaches.
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