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Objective: During the presurgical evaluation, manual electrical source imaging (ESI) provides clinically
useful information in one-third of the patients but it is time-consuming and requires specific expertise.
This prospective study aims to assess the clinical added value of a fully automated ESI analysis in a cohort
of patients with MRI-negative epilepsy and describe its diagnostic performance, by evaluating sublobar
concordance with stereo-electroencephalography (SEEG) results and surgical resection and outcome.
Methods: All consecutive patients referred to the Center for Refractory Epilepsy (CRE) of St-Luc University
Hospital (Brussels, Belgium) for presurgical evaluation between 15/01/2019 and 31/12/2020 meeting the
inclusion criteria, were recruited to the study. Interictal ESI was realized on low-density long-term EEG
monitoring (LD-ESI) and, whenever available, high-density EEG (HD-ESI), using a fully automated analy-
sis (Epilog PreOp, Epilog NV, Ghent, Belgium). The multidisciplinary team (MDT) was asked to formulate
hypotheses about the epileptogenic zone (EZ) location at sublobar level and make a decision on further
management for each patient at two distinct moments: i) blinded to ESI and ii) after the presentation and
clinical interpretation of ESI. Results leading to a change in clinical management were considered con-
tributive. Patients were followed up to assess whether these changes lead to concordant results on
stereo-EEG (SEEG) or successful epilepsy surgery.
Results: Data from all included 29 patients were analyzed. ESI led to a change in the management plan in
12/29 patients (41%). In 9/12 (75%), modifications were related to a change in the plan of the invasive
recording. In 8/9 patients, invasive recording was performed. In 6/8 (75%), the intracranial EEG recording
confirmed the localization of the ESI at a sublobar level. So far, 5/12 patients, for whom the management
plan was changed after ESI, were operated on and have at least one-year postoperative follow-up. In all
cases, the EZ identified by ESI was included in the resection zone. Among these patients, 4/5 (80%) are
seizure-free (ILAE 1) and one patient experienced a seizure reduction of more than 50% (ILAE 4).
Conclusions: In this single-center prospective study, we demonstrated the added value of automated ESI
in the presurgical evaluation of MRI-negative cases, especially in helping to plan the implantation of
depth electrodes for SEEG, provided that ESI results are integrated into the whole multimodal evaluation
and clinically interpreted.

� 2023 Elsevier Inc. All rights reserved.
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1. Introduction zone (SOZ) whenever surgery was not performed. Finally, we
Epilepsy surgery with the resection of the presumed epilepto-
genic focus is currently the treatment option with the highest effi-
cacy for patients with drug-resistant focal epilepsy [1]. Crucial to
the success of surgical treatment is a reliable delineation of the
epileptogenic zone (EZ), defined as the area of the cortex that is
indispensable for generating seizures [1,2]. Consequently, patients
with refractory epilepsy undergo an extensive presurgical work-
up, including a multimodal approach, in an effort to obtain differ-
ent types of information and results (seizure semiology, electroen-
cephalography, neuroimaging, neuropsychological evaluation, etc),
converging on the same hypothesis about epileptic focus localiza-
tion [3]. Undeniably, the presence of a clear MRI-detectable focal
brain lesion can facilitate the surgical decision, provided that the
lesion has an epileptogenic potential and does not cover an elo-
quent cortex. Unfortunately, the proportion of MRI-negative
patients referred for presurgical work-up is relatively high and var-
ies between 15% and 30% [4,5]. So far, there is no general consensus
on how MRI-negative patients should be selected for presurgical
evaluation, and which diagnostic tools should be used. As a conse-
quence, these patients tend to be more challenging cases and often
require multiple non-invasive and invasive explorations to localize
the EZ more accurately, finally resulting in an underutilization of
epilepsy surgery [6,7]. Thus, there is a need for additional non-
invasive methods, using post-processing and signal analysis that
help to localize the EZ, for MRI-negative patients. EEG source imag-
ing (ESI) estimates the underlying brain activity from the measured
EEG, using an electric conduction model built from the patient‘s
own MRI. The value of ESI to localize the EZ with a moderate to
high accuracy (57–88%) has already been shown in several studies
[8–11]. In the presurgical evaluation, ESI performed by experts
provides non-redundant information, leading to a clinically signif-
icant change in the management plan in one-third of the patients
[12]. Other studies performing a subgroup analysis reported a
higher rate of full concordance of ESI results with EZ in patients
with negative versus positive MRI, suggesting that ‘‘non-lesional”
cases (i.e., patients with non-detectable or occult lesion) might
represent best candidates for ESI analysis [13,14]. Despite these
promising results and the published compelling evidence on the
accuracy and utility of ESI, its use has not gained wide diffusion
in clinical practice and ESI is only used in a limited number of cen-
ters worldwide. A study from the E-pilepsy consortium showed
that only 9/25 centers include ESI in their armamentarium of the
presurgical evaluation for drug-resistant epilepsy [15]. This limited
use can be explained by several factors: (i) the manual analysis
that entails marking the spikes and constructing the head models
from MRI is time-consuming, and (ii) it requires specific expertise
in signal analysis that is not available in all centers. To overcome
these obstacles and to contribute to the more widespread use of
ESI in presurgical evaluation, fully and semi-automated analyses
for identification and subsequent source localization of interictal
epileptiform discharges (IEDs) and ictal activity from high-
density (HD) and low-density (LD) EEG recordings have been
recently developed (Epilog PreOp, Epilog NV, Ghent, Belgium)
and validated in two separate blinded studies [16–19].

In this prospective study, we assessed the clinical added value
of interictal automated ESI in 29 consecutive patients with drug-
resistant MRI-negative focal epilepsy, by assessing how the epi-
lepsy multidisciplinary team (MDT) decision varies in the light of
the additional information given by ESI. In addition to the change
in the management plan, we also determined the final concordance
for a subset of patients that underwent SEEG and surgery, with
resection zone (RZ) and 1-year postoperative outcome as ground
truth whenever surgery was performed, or SEEG-seizure onset
2

report two illustrative cases: one where ESI results were a key
asset and another with discordant results, describing the practical-
ities of real-life ESI use in managing challenging epileptic patients.
2. Methods

2.1. Patients

We prospectively recruited all consecutive patients who were
referred to the reference Center for Refractory Epilepsy (CRE) of
St-Luc University Hospital (Brussels, Belgium) between
15/01/2019 and 31/12/2020. The study was approved by the local
Ethics Committee (St-Luc University Hospital/UCLouvain EC -
2018/26SEP/355) and patients and/or their parents/legal guardians
gave informed consent. Inclusion criteria were: i) patients aged
between 0–65 years ii) with drug-resistant focal epilepsy undergo-
ing a pre-surgical evaluation and iii) non-lesional 3.0 Tesla (3T)-
brain MRI (as indicated in the radiology protocol) iv) for whom sei-
zures could be recorded during a long-term LD-EEG or HD-EEG and
v) for whom a maximum of 5 hypotheses (one primary and one to
four secondary) about EZ location at sublobar level could be formu-
lated by one of the 4 neurophysiologists/epileptologists (PV, AF,
SFS, RET) of the CRE during the work-up. We excluded patients
in whom a brain lesion was successively identified after the addi-
tion of optimized MRI sequences and voxel-based morphometry
(VBM) analysis [20] and the second reading of an experienced
neuro-radiologist (TD) at the time of the MDT meeting.

The presurgical work-up performed consists of epilepsy history
and seizure semiology review, long-term video-EEG Monitoring
(LTEM), 3T brain MRI with dedicated epilepsy protocol [21] and
VBM analysis [22], 18F-fluorodeoxyglucose PET (FDG-PET), psychi-
atric and/or neuropsychological evaluation. When these first-step
modalities are discordant or the MRI is unrevealing, other investi-
gations are planned (HD-EEG, MEG, ictal SPECT) in function of each
patient. When this leads to a main hypothesis and few alternative
hypotheses, the implantation of intracranial electrodes is pro-
posed. When there is no valid hypothesis or there are too many
to be tested, the patients are rejected for surgery, and neuromodu-
lation is considered.
2.2. EEG recordings and individual head models

LD-ESI was based on long-term (up to 11 days) EEG recordings
with the standardized IFCN (International Federation of Clinical
Neurophysiology) array of 25 electrodes, including the inferior
temporal (F9/10, T9/10 and P9/10) chain [23]. LTEM was per-
formed in all patients. HD-ESI was based on shorter recordings
(up to 48 hours), using 76 manually glued scalp electrodes, accord-
ing to the 10/10 international system. HD-EEG was realized in 9
patients, as clinically indicated. Indications to perform HD-EEG
were: 1) lateralization of bilateral epileptiform discharges in two
patients; 2) correct lateralization of midline (parasagittal) epileptic
focus in three patients; 3) improved localization to guide invasive
investigation near eloquent cortex in four patients. Additional HD-
EEG was not proposed for children younger than 12 years and
patients of any age with behavioral or psychiatric comorbidities,
limiting the feasibility of the procedure. LTEM and HD-EEG were
respectively performed at the Epilepsy Monitoring Unit (EMU) of
St-Luc University Hospital (Department of Neurology) and Centre
Hospitalier Neurologique William Lennox (CHNWL), Ottigines
(Belgium). Electrode impedance was kept below 5 KX. EEG was
recorded with a sampling frequency of 256 Hz, using the Deltamed
Coherence� system (Natus). For each patient, the complete, avail-
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able EEG recording was analyzed. Brain MRI was done at Neurora-
diology Unit, St-Luc University Hospital, using a 3T Siemens scan-
ner. When clinically indicated, the exam was performed under
general anesthesia. T1-3D-MPR-sequence without contrast was
used for constructing the individual head models for each patient
from their own MRI, both for LD-ESI and HD-ESI.
2.3. Interictal Electrical Source Imaging (ESI)

De-identified long-term LD/HD-EEG and MRI data were ana-
lyzed using Epilog PreOp (Epilog NV, Ghent, Belgium). The analysis
consists of automated spike detection, clustering of single detected
spikes based on their morphology, and finally ESI analysis of the
detected spikes at two time points: the half-rising time and the
peak of the averaged spike waveforms. The whole analysis was
performed blinded to all other clinical and paraclinical data. One
person (SV, PhD student of the UCLouvain), not directly involved
in the pre-surgical work-up and not being in the regular staff of
the CRE, collected and anonymized the data and transferred them
to a dedicated and secured platform, created by Epilog. Automated
spike detection was performed using the Persyst Spike Detector
P13 (Persyst, San Diego, CA, USA). Afterwards, the spikes were
averaged for each of the detected clusters. Clusters with less than
15 single spikes were excluded from further analysis. Up to maxi-
mal four spike clusters, with the highest number of spikes, were
further analyzed. For each patient, an individual head model with
a 1 � 1 � 1 mm resolution was constructed from the T1-
weighted MR image. The head model consisted of six different tis-
sues (scalp, skull, cerebrospinal fluid, grey matter, white matter
and air). The source of each spike-cluster was localized at the
half-rising time and the peak of the spikes using sLORETA as ESI
inverse technique. For more technical details, we refer the readers
to the article of Baroumand et al., 2018 [18].
2.4. Clinical added value

Each patient was randomly discussed at one of the prefixed
MDT meetings of the CRE. Principal and secondary hypotheses
about the epileptogenic zone (EZ) location at a sublobar level (25
sublobes par hemisphere) were developed [24] and eventually
modified from pre-surgical assessment after discussion and agree-
ment between the members of CRE (each change requiring a rela-
tive majority of the participants). Then, the MDT formulated a
clinical decision first blinded to the ESI results. The possible deci-
sions for a single patient were: A) resective surgery of the pre-
sumed EZ; B) stereo-EEG (SEEG); C) rejected for surgery; D)
necessity of other additional investigations (repeated LTEM, HD-
EEG, MEG, ictal SPECT, fMRI, WADA test and all possible combina-
tions of these). The formulated hypotheses and decisions were
logged into a database during the meeting. Thereafter, interictal
LD-ESI (for all patients) and HD-ESI (in 9 patients) results were pre-
sented by an external member (SV) at the same MDT meeting and
interpreted in the context of the clinical scenario and other inves-
tigations. For this purpose, interictal ESI reports were presented to
the physicians, who evaluated the automatically detected clusters
(4 ordered clusters with the highest number of spikes), classifying
them as epileptiform or non-epileptiform (artifacts or physiologi-
cal activity). Thereafter, the clusters of clinical interest were
selected (i.e., the identified clusters that best fit with the broad
clinical context and weighed against all other data). Therefore,
the clinicians could not consider at all an identified cluster of
spikes (artifact or incongruent) or reclassify as principal an identi-
fied cluster with less abundant detected spikes. More details about
ESI clinical interpretation can be found in the article of Baroumand
et al., 2018 [18].
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ESI results were considered contributive only if new and non-
redundant information was obtained from ESI, leading to a re-
evaluation of EZ hypotheses and a change in the clinical manage-
ment decisions, accordingly to the new hypothesis. The following
ESI-driven changes were possible: 1) a change in the first decision
(moving from one to another option among A-B-C-D) or 2) con-
firmed option B but a change in the SEEG implantation plan. There-
fore, after clinically oriented ESI interpretation, the results could be
classed as 1) discordant with pre-ESI evaluation and non-
contributive; 2) concordant with pre-ESI evaluation and non-
contributive (no change in the management plan); 3) concordant
with pre-ESI evaluation and contributive. The changes in patients
with contributive ESI results were logged into the same database
during the MDT meeting, including the type of change and which
ESI method the change was based on (LD- and/or HD-ESI). Clinical
added value was defined as the proportion of patients in whom the
management plan was changed, based on the results of ESI.
Patients, in whom ESI led to a change in clinical management, were
followed up to assess the clinical relevance of these modifications.
In patients undergoing SEEG, we assessed whether the location of
the ESI was confirmed at sublobar level by the invasive recording.
In patients undergoing epilepsy surgery, we determined whether
the EZ localized by ESI at sublobar level was included in the resec-
tion zone on a post-operative MRI or not. For surgical outcome, we
used the ILAE classification system and considered seizure-free
only patients with ILAE class 1 at one-year post-operative follow-
up. Concordance between ESI and SEEG or surgery was defined
as total or partial depending on whether all clusters identified by
ESI or only part of them were included in the SOZ and propagation
zone (PZ) or the resected brain region.

On the other hand, we classified as discordant all the ESI results
that were considered to be driven by a non-epileptic cluster or sub-
stantially diverged from the main localization(s) elaborated
through the clinical reasoning, the whole presurgical work-up,
and the MDT discussion of the case.
2.5. Statistical analysis

Statistical analysis was performed using SPSS Statistics for Win-
dows 2.0 (IBM Corp., Armonk, USA). Data were collected from the
electronic medical chart of each patient. Quantitative variables
were expressed as mean ± SD or median (range), while qualitative
variables were expressed as n (%). To compare the differences
between subgroups, the Student t-test (or the Mann–Whitney U-
test) was used for continuous variables, and the chi-square test
(or Fisher’s exact test) for categorical variables. The added clinical
value was expressed as the percentage of patients in whom ESI
changed the initial management plan.
3. Results

Thirty out of 132 (22%) consecutive patients that performed a
presurgical evaluation in our CRE during the study period met
the inclusion criteria and were eligible for the study (Fig. 1). One
patient had a combination of focal seizures and PNES, which were
the main events at the time of the evaluation, and therefore was
excluded from the study. Data from all included 29 patients were
analyzed (15 females; age: 3–54 years, median: 27 years). Ten
patients (34.5%) were children (<18 years) at the time of inclusion.
The mean age at epilepsy onset was 15 ± 13 years. The mean epi-
lepsy duration was 11 ± 10 years and the patients had tried an
average number of 5 ± 2 anti-seizure medications (ASMs) before
the presurgical workup. One patient had a previous failed epilepsy
surgery and received a vagus nerve stimulator (VNS) subsequently,
with no significant improvement. 20/29 patients (69%) had extra-



Fig. 1. Study flowchart. Brain MRI and electrophysiological data of all patients with available phase-1 presurgical evaluation in our center were reviewed during the study
period to include only patients with definitive diagnosis of refractory MRI-negative focal epilepsy. Automated ESI followed by physician interpretation had a clinical added
value in 12/29 patients (41%). Even if the numbers are low to assess diagnostic accuracy with sufficient evidence, there is a trend toward a higher concordance between ESI
and SEEG SOZ and surgical outcome in those patients in whom ESI lead to a change in clinical management. ESI results were classed as discordant with pre-ESI evaluation and
non-contributive; concordant with pre-ESI evaluation and non-contributive (no change in the management plan); contributive (change in the management plan).
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temporal lobe epilepsy (ETLE) and 9/29 had temporal lobe epilepsy
(TLE). The median seizure frequency was 12 (0.3–150) per month.
The mean duration of LTEM and HD-EEG was 145 (±53) hours and
36 (±9) hours, respectively. The 3 subgroups (discordant results;
concordant and not contributive results; concordant and contribu-
tive results) did not significantly differ in terms of demographic
characteristics, epilepsy type, age at onset, epilepsy duration and
severity. More details about the study population are presented
in Table 1.

ESI led to a change in the management plan in 12/29 patients
(41%). In 9/12 (75%) there was a substantial modification in the
plan of invasive recording: additional depth electrodes were
implanted in 6 patients (#4; #10; #11; #12; #15; #27), while in
3 patients (#13; #14; #17) the SEEG plan was changed (partial
removal of previously planned electrodes and coverage of new
brain areas pointed out by ESI). Other 3/12 patients had a change
in the clinical management: for two patients (#23; #28), additional
non-invasive procedures were recommended (1 MEG; 1 HD-EEG)
instead of SEEG to further delineate the EZ before depth electrodes
implantation; one patient (#8) initially rejected for surgery was
proposed for invasive investigation with an SEEG plan including
the principal ESI cluster. Until now, 8/9 patients (#10; #11; #12;
#13; #14; #15; #17; #27) in whom ESI changed the plan of
implanting intracranial electrodes, underwent invasive recordings.
In 6/8 (all except for #11 and #13: 75%), the intracranial recordings
confirmed the localization of the ESI at a sublobar level with partial
or total concordance. So far, 5/12 patients (#10; #12; #14; #15
#17), in whom ESI changed the management plan, have been oper-
4

ated on and have at least one-year postoperative follow-up. In all
cases, the EZ identified by ESI (at least one cluster) was included
in the resection zone. Among these patients, four (80%) are
seizure-free until now (ILAE 1) and one patient (#15) experienced
a seizure reduction of more than 50% (ILAE 4).

ESI confirmed the initial MDT decision but did not lead to a
change in clinical management in 10/29 patients (35%). Among
these patients, 4/10 (#5; #21; #25; #29) underwent SEEG. In these
patients, SEEG showed partial or total concordant results with ESI
in half of them (#5; #29). So far, 3/10 patients have been operated
on with resection of at least one ESI cluster: two (#26; #2) with
outcome class ILAE 1 and ILAE 3, respectively, and one (#29) with
less than one-year follow-up from surgery.

ESI results were discordant with MDT decision in 7/29 patients
(24%). Discordant results were represented by non-epileptic clus-
ters in two patients (physiological activity in #3 and artifact in
#18) and ESI clusters localized contralaterally in three cases of pre-
sumed unilateral EZ (#6; #16; #20) or localized in a lobe when
there was no additional electro-clinical or functional imaging cor-
relate, corroborating this localization, in other 2 patients (#1; #22).
Among these patients with discordant ESI, 2/7 (#1; #6) underwent
SEEG with inconclusive results, and one patient (#3) has been
operated on after additional non-invasive investigations (MEG
and ictal SPECT) with a good one-year post-operative outcome
(ILAE 2).

The results of the presurgical work-up, ESI interpretation,
and confirmatory SEEG or surgical outcome are summarized in
Table 2.



Table 1
Patient characteristics. ETLE: extra-temporal lobe epilepsy; TLE: temporal lobe epilepsy; FAS: focal aware seizure; FIAS: focal impaired awareness seizure; FBTCS: focal to
bilateral tonic-clonic seizure; +S/VNS: prior epilepsy surgery and VNS implantation; LTG: lamotrigine; LEV: levetiracetam; VPA: valproate; TPM: topiramate; RUF: rufinamide;
FBM: felbamate; BRV: brivaracetam; LCM: lacosamide; CBZ: carbamazepine; PER: perampanel; OXC: oxcarbazepine; PRG: pregabaline; CLB: clobazam.

Patient Age at inclusion
(years)

Sex Epilepsy
duration (y)

Epilepsy
type

Seizure type Seizure
frequency/month

tried
ASMs (n)

current ASMs

#1 17 M 13 ETLE FIAS (autonomic), FBTCS 0.3 4 LTG, LEV
#2 21 M 13 ETLE FIAS (atonic-tonic), FBTCS 30 9 (+S/VNS) VPA, TPM, RUF, FBM
#3 48 F 40 ETLE FAS (sensory) 30 8 BRV, LCM
#4 19 M 5 TLE FIAS (automatisms) 1.5 3 VPA, CBZ, LTG
#5 16 M 4 TLE FIAS (automatisms) 16 3 LEV, LTG, PER
#6 54 M 4 TLE FIAS (cognitive) 10 5 LTG, CBZ
#7 27 F 16 TLE FIAS (sensory and clonic), FAS (cognitive) 8 3 LEV, LTG
#8 16 M 9 ETLE FIAS (cognitive and tonic) 4 7 VPA, LTG
#9 24 M 2 ETLE FIAS (cognitive and clonic) 12 5 OXC, VPA
#10 15 F 4 ETLE FIAS (hyperkinetic, tonic, and behavior arrest) 4 8 CBZ, VPA, BRV, LCM
#11 31 F 15 ETLE FIAS (hyperkinetic) 4 4 VPA, OXC, CLB
#12 7 F 5 ETLE FAS (sensory) 30 4 CBZ, BRV
#13 13 F 6 ETLE FIAS (cognitive) 1 3 TPM, CBZ, PER
#14 15 M 5 TLE FBTCS 0.3 4 CBZ, BRV
#15 25 M 13 ETLE FIAS (hyperkinetic) 1,5 8 CBZ, LCM, PER
#16 43 M 36 TLE FIAS (cognitive) 30 8 LTG, PRG
#17 8 F 3 ETLE FIAS (tonic) 90 5 VPA, BRV, LCM, CLB
#18 35 F 1 ETLE FAS (sensory) 5 3 LTG, BRV, PER
#19 37 F 36 ETLE FAS (clonic), FIAS (behavioral arrest) 25 7 CBZ, TPM, VPA
#20 36 F 12 ETLE FAS (autonomic), FIAS (clonic) 150 5 LCM, CLB
#21 34 F 17 TLE FIAS (emotional) 20 4 CBZ, VPA, LEV
#22 4 M 2 ETLE FAS (sensory) 30 4 CBZ, TPM, BRV
#23 26 F 12 ETLE FAS (sensory), FIAS (clonic) 2 5 OXC, LCM, PER
#24 4 F 1 ETLE FAS (clonic) 4 4 CBZ, CLB
#25 27 M 10 ETLE FBTCS 0,5 4 BRV, LCM
#26 54 F 2 TLE FIAS (sensory and behavioral arrest) 7 5 LTG, TPM, BRV
#27 20 F 8 ETLE FIAS (emotional) 150 5 LTG, LCM
#28 38 M 5 TLE FIAS (behavioral arrest), FBTCS 0.3 4 CBZ, TPM, CLB
#29 27 M 12 ETLE FIAS (autonomic), FBTCS 30 4 CBZ, LEV
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3.1. Case study 1

The first case study (pat #10) describes a 16-year-old, right-
handed, female patient with unrevealing personal and familial past
history. Epilepsy started at the age of 11 years with a stormy onset
of frequent and brief focal aware and unaware seizures with pleio-
tropic but stereotyped motor manifestations: asymmetric tonic
posturing (extension of the right upper limb and left head devia-
tion) and hyperkinetic non-lateralized movements with gelastic
features. Seizures were mainly nocturnal leading to frequent awak-
enings but could occur also during the day. Rarely, the patient
experienced focal to bilateral tonic-clonic seizures. Several anti-
seizure medications (ASMs) were tried (VPA, OXC, LEV, TPM, PER,
LCM, BRV, CLB) with little improvement in seizure frequency and
important side effects. At the time of presurgical evaluation, the
patient reported on average 4 days of seizures/month while taking
5 different ASMs. LTEM showed interictal spikes and sharp waves
on the left mesial fronto-central regions. Eighteen seizures were
recorded with ictal onset in the same regions. An HD-EEG record-
ing to exclude false lateralization on LD-EEG completed the non-
invasive EEG monitoring. 3T-brain MRIs were repeatedly negative
and VBM analysis was inconclusive. FDG-PET revealed a discrete
hypometabolic cortical area on the left fronto-parietal region. The
neuropsychological evaluation did not observe any lateralizing
cognitive deficit, but the patient had a global slowing of mental
performance in relation to ongoing seizures and current poly-
therapy.

Interictal ESI was realized on both LD- and HD-EEG recordings.
Successively, the case was discussed in an epilepsy surgery meet-
ing and the MDT formulated, blinded to ESI results, the following
hypotheses: left frontal superior gyrus (first hypothesis), left dor-
solateral frontal gyrus, and left anterior cingulate cortex (second
5

hypotheses). An SEEG plan was defined accordingly using eight
depth electrodes. In a second step, ESI results were presented at
the same meeting and the MDT was asked to interpret them. Both
LD and HD-ESI showed a principal cluster in the left middle/poste-
rior cingulate cortex. Results are shown in Fig. 2A. The spike cluster
was considered genuine and the corresponding EZ location at the
middle/posterior part of cingulum highlighted by ESI was clinically
plausible, taking into account the whole presurgical data. There-
fore, the MDT retained an additional hypothesis about EZ location,
and the SEEG plan was changed accordingly. Practically, a depth
electrode was added for better coverage of the middle and poste-
rior cingulate cortex intending to delimitate the posterior margin
of the presumed EZ. The modified SEEG plan is shown in the
Fig. 2B. Invasive EEG monitoring confirmed the EZ location sug-
gested by ESI with concordant sublobar result in the left middle/-
posterior cingulate cortex. An example of a seizure recorded
during SEEG is shown in Fig. 2C. A revision of the brain MRI was
performed focusing on the brain area found to be responsible for
generating the ictal activity (SOZ) and a left middle/posterior cin-
gular gyrus dysplasia was finally suspected. The patient underwent
surgery with resection of the posterior cingular gyrus and part of
the middle cingular gyrus. The margins of resection are depicted
in Fig. 2D. Histopathology revealed a focal cortical dysplasia type
IA (FCD IA). There were no perioperative complications and the
patient is still seizure-free at the 24-month follow-up after surgery
(ILAE class 1).

3.2. Case study 2

The second case study (pat #3) describes a 48-year-old, right-
handed, female patient with a personal past history of preterm
birth and developmental delay. Epilepsy started at the age of



Table 2
ESI interpretation and added value. R: right; L: left; Bil (R > L): bilateral with right predominance; Bil (L > R): bilateral with left predominance; F: frontal; C: central; P: parietal; T: temporal; O: occipital; HypoM: hypometabolism; FP:
frontopolar; FSM: frontal superior mesial; DLFS: dorsolateral frontal superior; DLFI: dorsolateral frontal inferior; ObF: orbitofrontal; PSM: parietal superior mesial; PIM: parietal inferior mesial; PSL: parietal superior lateral; PIL: parietal
inferior lateral; TM: temporomesial; TL: temporolateral; TB: temporobasal; TP: temporopolar; OM: occipital mesial; OL: occipital lateral; FOp: frontal opercular; POp: parietal opercular; TOp: temporal opercular; InsA: anterior insular;
InsP: posterior insular; TOJ: temporo-occipital junction; TPJ: temporo-parietal junction; CingA: anterior cingular; CingM: middle cingular; CingP: posterior cingular; Hipp: hippocampus; FS: frontal superior; FM: frontal middle; TS:
temporal superior; ATL: anterior temporal lobectomy; AH: amygdalohippocampectomy; EcoG: electrocorticography; FCD: focal cortical dysplasia; HS: hippocampal sclerosis; N/A: not applicable; (+) addition of; (-): removal of. First
decision: A (surgery); B (SEEG); C (surgery rejected; neuromodulation proposed); D (need for additional non-invasive investigations). ESI added value: 1 (Discordant); 2 (Concordant, Not Contributive); 3 (Contributive).

Patient LTEM HD-EEG
(Y/N)

FDG- PET EZ hypotheses 1st
decision

ESI clusters ESI added
value

Changes /Additional
investigations

SEEG - SOZ + PZ Surgery - RZ Anatomo-
pathology

ILAE
outcome

#1 R CP N Normal R PSM, R + L CingP,
R CingM, R PIM

B R + L TM 1 No (ESI clusters not included in
SEEG plan)

L Hemisphere
(inadequate
coverage)

N/A N/A N/A

#2 R F N R F HypoM
(surgical
cavity)

R FSM, R InsA A R FSM;
R InsA

2 No (confirmed option A) N/A R F Disconnection No definite FCD 3

#3 R FP Y R TM HypoM R FSM, R DLFS D Physiological 1 MEG and ictal SPECT support R F
hypothesis

N/A R FS and FM
cortectomy
(EcoG-guided)

FCD IIa 2

#4 L T N Normal L TL, L FP, L FSM,
L FOp, L TOp

B L TM; L InsP 3 SEEG plan: (+) 1 electrode in L
InsP

N/A N/A N/A N/A

#5 Bil T (R > L) Y Normal R PSM, R TM, R TB,
R TPJ, L PSM

B R TM; L TM 2 No (confirmed SEEG plan) Bitemporal: R TB
and L TM

N/A N/A N/A

#6 R T N Normal R InsA, R ObF,
R TM, R TL, R TB

B L TM 1 No (ESI clusters not included in
SEEG plan)

Interictal: R Hipp
and TB; No seizure
recorded

N/A N/A N/A

#7 Bil T (L > R) N L T HypoM L TM, L TB, R TM,
R TB

C L TM; R TM 2 No (confirmed option C: VNS/
DBS)

N/A N/A N/A N/A

#8 Bil FT (R > L) N R F HypoM R TP, L TP, R TM,
L TM

C R ObF;
R InsA

3 C –> B (SEEG plan including ESI
clusters)

N/A N/A N/A N/A

#9 L FT N Normal L FP, L ObF, L TP D L ObF; L InsA 2 No (confirmed extra-T
hypothesis and need for
repeated LTEM)

N/A N/A N/A N/A

#10 L FT and F midline Y L FP HypoM L FSM, L DLFS,
L CingA, L CingM

B L CingP;
L CingM

3 SEEG plan: (+) 1 electrode
in L CingP

L CingP + CingM
(1/2 post)

L CingP and partial
CingM cortectomy

FCD Ia 1

#11 L TPO N Normal L PSM, L PIM,
L insP, L TOJ, L TPJ

B L TM; L TB 3 SEEG plan: (+) 1 electrode in L TB
(fusiform gyrus)

Multifocal: L PSL,
L Hipp, L TB

N/A N/A N/A

#12 Bil F (R > L) N R F posterior
HypoM

R FOp, R InsA,
R Cing A

B R FOp 3 SEEG plan: (+) 1 electrode in R
FOp (anterior limit)

R Pre-C gyrus and
FOp

R F cortectomy
(EcoG-guided)

FCD IIa 1

#13 R TO N Normal R OM, R TL, R TOJ B R PSM 3 SEEG plan: (-) 1 T electrode; (+) 1
electrode in R PSM (precuneus)

Multifocal: R TB,
R Hipp, R cuneus
and TOJ

N/A N/A N/A

#14 L TPO N L FTP HypoM L TM, L TL, L TB,
L TOJ, L TPJ

B L TP; L InsA 3 SEEG plan: (-) 1 O electrode; (+)
1 electrode in L InsA

L TP + L Hipp L ATL + AH HS 1

#15 Bil F (R > L) N Normal R FP, R FSM,
R ObF, R FOp,
R insA

B R InsP;
R POp

3 SEEG plan: (+) 1 electrode in R
InsP and POp

R InsP + InsA + FP
Op

R Insula + POp
cortectomy

FCD Ia 4

#16 Bil TPO (R > L) N Normal R PIM, R PIL,
R TOJ, R TPJ, R TM

B L TB 1 No (ESI clusters not included in
SEEG plan)

N/A N/A N/A N/A

#17 L PT N L FT and Bil
ObF HypoM

L PIL, L TM, L TB,
L TPJ, L InsP

B L ObF 3 SEEG plan: (-) 1 T and 3 P; (+) 3 F
electrodes

L ObF + CingA L ObF, mesial pre-
F and partial CingA
cortectomy

Gliosis 1

#18 Bil FP (L > R) N L FP and
T lateral
HypoM

L FOp, L InsA D Artefact 1 Repeated LTEM N/A N/A N/A N/A

#19 Bil FPT (R > L) N L T anterior
HypoM

R PSL, R + L TM,
R + L InsA

D R + L TM;
R + L InsA

2 No (confirmed possible Ins
involvement and option D)

N/A N/A N/A N/A

#20 Bil FT (L > R) N R FT HypoM L InsA, L InsP,
L ObF, L CingA,
L CingM

D R > L TM 1 MEG: clusters at R T; ictal SPECT:
R InsA

N/A N/A N/A N/A
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8 years with the onset of daily focal seizures characterized by a
forced left head and eye deviation with preserved alertness, fol-
lowed by an ipsilateral painful sensation in the neck. Several ASMs
were tried (VPA, CBZ, TPM, LEV, CLN, PER, LCM, BRV), failing to
achieve adequate seizure control. At the time of the presurgical
work-up, the patient reported a mean frequency of one focal sei-
zure per day while taking two ASMs at the maximum tolerated
doses. She also complained of very frequent cephalic auras, such
as dizziness and headache. Evolution from focal into bilateral
tonic-clonic seizures was exceptional and the last episode was in
young adulthood. Neurological examination was normal. The neu-
ropsychological evaluation revealed below-average intellectual
functioning with impaired attention and episodic memory and
poor performances in verbal fluency tasks, all indicating a frontal
lobe dysfunction. LTEM showed a slower background activity in
the right fronto-parietal region. Nine seizures were recorded with
non-localizing ictal EEG onset and bilateral spread of rhythmic
epileptiform discharges in the frontal and centro-parietal areas
during seizure progression. HD-EEG was performed with the aim
of lateralizing rapidly bilateral ictal discharges but the patient
did not present any seizure during a 24-hours recording. 3T-
brain MRI and VBM analysis did not reveal any convincing struc-
tural abnormality. FDG-PET showed a discrete hypometabolic area
on the right mesial temporal region. The patient was included in
the study and automated interictal ESI was performed both on
LD-LTEM and HD-EEG recording. Successively, during an epilepsy
surgery meeting, the case was discussed by the MDT, blinded to
ESI results. The following hypotheses about EZ location were for-
mulated: right superior frontal gyrus (1st hypothesis) and right
dorsolateral superior frontal gyrus (2nd hypothesis). After a first
discussion without ESI results, it was proposed to complete the
work-up with additional investigations, including functional MRI
(fMRI), MEG and ictal SPECT to map the eloquent cortex and better
localize the SOZ. Thereafter, ESI results were presented at the same
meeting and the MDT was asked to interpret them and reformulate
hypotheses about EZ location and management decision, integrat-
ing at this time ESI data with the overall clinical reasoning.

ESI results showed one major cluster pointing in the right tha-
lamus with bilateral mesial cortex involvement (Fig. 3A). This
localization was considered to represent a non-epileptic cluster
of physiological sleep activity (K-complexes) and the results were
classed as discordant with the presurgical evaluation. Therefore,
in this case, ESI neither corroborated the EZ location hypotheses
nor changed the further clinical management.

In a second step, the patient underwent additional investiga-
tions as requested by the MDT. MEG and ictal SPECT provided
strong arguments for a right frontal origin with a SOZ identified
in the right superior frontal gyrus (SFG). Surgery guided with intra-
operative electrocorticography (ECoG) was performed. The inva-
sive EEG showed near-continuous polyspikes interrupted by low-
voltage fast rhythmic activity in the posterior part of the right
SFG propagating to the ipsilateral middle frontal gyrus (MFG)
and sparing the precentral gyrus. The EEG pattern was highly sug-
gestive of focal cortical dysplasia (Fig. 3B). Partial (posterior) resec-
tion of the right SFG and MFG disconnection were realized, leading
to an attenuation of the epileptic activity on the intraoperative
ECoG recording (Fig. 3C). Postoperatively, no motor complications
were observed despite the proximity of the resection cavity to
the primary motor cortex. The postoperative brain MRI is shown
in Fig. 3D. The patient experienced a transient, spontaneously
remitting, episode of non-epileptic complex visual hallucinations
(Charles Bonnet syndrome). Histopathology confirmed the pres-
ence of an FCD type IIa. At the last postoperative follow-up (3 years
and a half), the patient has no more focal seizures since surgery but
auras are still present even if significantly less frequent (ILAE class
II).



Fig. 2. Case-study 1. A: Results of automated ESI of the first (in red) cluster, at the peak of the averaged waveform (maximum localized at the crosshair), and of the individual
spikes in the cluster. Note that both the maximum of the averaged waveform, and the majority of the individual spikes (red circle) indicate a source in the left
middle/posterior cingulate cortex, which is in concordance with the SEEG-SOZ and the resection site. ESI results of the other clusters and at half-rise time are similar and are
not shown there; B: Modified SEEG plan suggested by ESI results, including an additional depth electrode (CMP), to cover the middle/posterior cingulate cortex (yellow
circle); C: SEEG recording showing a seizure with clear onset of ictal discharges in the CMP electrode (violet arrow), followed by rapid and multidirectional propagation to
AMS (dark yellow arrow), Precui (red arrow) and CMA (green arrow); D: Postoperative MRI showing a limited posterior cingulate cortectomy and sparing of the front half.
Margins of resection are bordered in red. ESI cluster is included in the resection zone. The patient is seizure-free (ILAE class I) at 2-year postoperative follow-up. CingA:
anterior cingular cortex; CMA: anterior/middle cingular cortex; CMP: middle/posterior cingular cortex; CingP: posterior cingular cortex; PreF: prefrontal; AMS:
supplementary motor cortex; LP: paracentral lobule; PrCus: precuneus (superior part); PrCui: precuneus (inferior part).
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4. Discussion

In this prospective study, we addressed the diagnostic added
value of automated ESI in the presurgical evaluation of MRI-
negative patients, which represent the most challenging cases.
We found that an automated ESI analysis (Epilog PreOp) of interic-
tal epileptiform discharges (IEDs), both on LD-EEG (recorded dur-
ing LTEM) and on HD-EEG (recorded as additional investigation
in selected patients), followed by clinical interpretation, provided
contributive, non-redundant information that changed the man-
agement plan in about 40% of our cohort. This is quite similar to
the impact of manual ESI that was found to provide significant
information in one-third of unselected patients (MRI-negative,
MRI-positive, TLE, and ETLE) with refractory focal epilepsy [12].
Moreover, the contribution provided by ESI is non-inferior to what
has been recently found in a prospective MSI (Magnetic Source
Imaging) study [25]. Currently, MEG remains an extremely expen-
sive and, for this reason, poorly diffused technique while EEG and
MRI are compulsory elements in the presurgical evaluation, thus
the input data for ESI are available in all centers.
8

In our study, most of the patients (75%) in which automated ESI
analysis modified the initial clinical management, had a change
related to the intracranial recording plan: relocation of the depth
electrodes and/or implantation of additional electrodes. Moreover,
the change in the other quarter of patients was somehow related to
invasive recordings: in 2 patients in which SEEG was initially
planned, additional non-invasive investigations were indicated to
better define the EZ prior to implantation, and in one patient
who otherwise would have been stopped in the presurgical evalu-
ation, an invasive recording was recommended, after ESI. These
findings are in line with the results of a previous study, in which
a percentage as high as 85.7% of patients with contributive manual
ESI, had a change in clinical management related to invasive
recording procedures [12]. Amongst patients in whom automated
ESI modified the clinical decision, intracranial recordings con-
firmed the localization of the ESI at a sublobar level in 75%. Similar
results (69%) were observed in the study of Foged et al. using a
manual ESI analysis [12]. When compared with the whole cohort,
the SEEG-ESI sublobar concordance dropped to 50% in patients in
whom ESI was concordant with presurgical evaluation but did



Fig. 3. Case-study 2. A: Results of automated ESI of the first (in red) cluster, at the peak of the averaged waveform (maximum localized at the crosshair), and of the individual
spikes in the cluster. Note that both the maximum of the averaged waveform, and the majority of the individual spikes (red circle) indicate a source in subcortical structures
(namely, the right thalamus) with bilateral mesial cortical involvement. The automatically detected spikes and corresponding ESI cluster were interpreted by the MDT as the
expression of sleep-related physiological activity (K-complexes) and therefore ESI results were classed as discordant; B: Intraoperative electrocorticography (ECoG) was
realized during the surgical procedure to guide the resection. Near-continuous polyspikes (red arrows) were observed in the posterior part of the right superior frontal gyrus
(Grid 7–8) propagating to the ipsilateral middle frontal gyrus (Grid 3–4) and sparing the precentral gyrus (Grid 1–2). The EEG pattern was highly suggestive of focal cortical
dysplasia. Note that the epileptic activity is completely overlooked on the concomitant scalp EEG (on the bottom); C: Partial (posterior) resection of the right superior frontal
gyrus and middle frontal gyrus disconnection were realized, leading to an attenuation of the epileptic activity on the intraoperative ECoG recording. Note the suppression of
periodic polyspikes, replaced by a slow-wave activity, indicating the resection of dysplastic cortical tissue; D: Postoperative brain MRI showing the surgical cavity. Margins of
resection are bordered in red. Despite the proximity to the motor cortex, no major complications were noted postoperatively. Histopathology revealed an FCD type IIa. The
patient is ILAE class 2 (only auras, no more seizures since surgery) with a postoperative follow-up of 3.5 years.
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not lead to a change in management and ESI was even less perfor-
mant in patients with discordant results. These findings highlight
the importance of ESI clinical interpretation in the context of the
multimodal evaluation and suggest that clinically contributive
ESI results may be associated with a higher concordance with
SEEG-SOZ location.

So far, a small number of patients in our cohort have been oper-
ated on and have more than one-year postoperative follow-up. The
reasons for that are the expected high number of patients rejected
for surgery in the study population and the delay in performing
invasive recording prior to surgery due to COVID-19 pandemics
and relative hospital reorganization. However, using the resection
site and the postoperative outcome as the ‘‘gold standard”,
amongst patients in whom ESI changed the clinical management
and with the identified EZ included in the resection zone, 80%
are seizure-free (ILAE class 1) with a mean follow-up of 18 months.
Even though the numbers are too low for an accurate statistical
analysis, there was a trend toward a better surgical outcome in
those patients with contributive ESI results. This relatively high
proportion of patients with good surgical outcome is probably
9

due to the general reluctance to operate on patients with uniden-
tified brain lesions and the stricter selection of MRI-negative cases
receiving epilepsy surgery. In the study of Spinelli et al., the
authors investigated the accuracy of semiautomatic interictal ESI
analysis (SAEA) on LTEM (with 37 scalp electrodes) in 40 patients
undergoing curative epilepsy surgery and presenting with at least
2-years of follow-up. 13/40 included patients were MRI-negative
(32.5%). The overall diagnostic accuracy of SAEA for localizing the
epileptogenic focus was 75%, leading to an odds ratio (OR) of
11.5 to become seizure-free if the source was included in the resec-
tion volume (p < .05). For MRI-negative only patients (n = 13), the
authors found an even higher accuracy of the technique compared
to the entire group (84.6% vs 75%) and an increased probability to
have a good surgical outcome if the ESI source was included in the
resection zone (OR = 19) [26].

Previous studies showed that HD-ESI, with a variable number of
electrodes, ranging from 64 up to 256, is more accurate than LD-
ESI, in relation to the higher spatial sampling of scalp electrodes
than the standard 19–25 electrode LD-EEG montage [8,27]. How-
ever, the duration of HD-EEG is typically much shorter than the
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LD-EEG, derived from LTEM, which leads to a lower number of
epileptic abnormalities recorded by HD-EEG. In our study, a pro-
portion of about one-third of the cohort had both LD and HD-
EEG recordings. HD-EEG was performed using 76 manually glued
scalp electrodes and with adequate duration of recording (mini-
mum 16 hours - maximum 48 hours) to achieve the best compro-
mise between spatial resolution and length of the investigation,
including overnight recording, essential to capture a sufficient
number of interictal epileptic abnormalities (IEDs). In a recent
study, Heers et al. evaluated the added value of semi-automated
and automated detection of IEDs for ESI in a prospective head-to-
head comparison of LTEM and HD-EEG against the gold standard
of visual inspection during presurgical diagnostics. Semiautomated
and automated detections of IED types in HD-EEG were signifi-
cantly concordant with visually identified IED types in LTEM, only
when IED types with more than 50 detected single IEDs were
selected. The threshold of 50 detected IED in HD-EEG was reached
in only half of the 52 patients of their cohort, using a 256-electrode
EEG cap and with a mean duration of the recording of 193 min
(±274 min) [28]. Indications to perform HD-EEG in 9 patients of
our cohort were in line with current clinical practice [29]. In these
patients, HD-ESI results did not add any useful information, leading
to a change in the management plan, more often than LD-ESI
results only. Clusters of spikes appeared to be more restricted on
HD-ESI compared to LD-ESI but with a substantial sublobar concor-
dance. In the study of Foged et al. using a manual ESI on both LD-
EEG and HD-EEG (based on 90–120 min recordings with 256-
electrodes) for all included patients, the authors found that man-
agement changes were more often based on HD-ESI than LD-ESI,
but the difference was not statistically significant [12]. We cannot
exclude that with a larger number of patients in our cohort under-
going both techniques, the results would be different, with more
contributive data provided by HD-ESI compared to LD-ESI. More-
over, the distance from the maximum concentration of the ESI
cluster and the SOZ (identified by SEEG) is likely to be larger for
LD-ESI compared to HD-ESI, but this was out of the scope of our
study. Whenever available and to increase the diagnostic gain,
one can analyze both datasets, combining the advantages of the
high spatial sampling of HD-EEG and the long duration of the
LD-EEG. However, there is increasing evidence that adequate diag-
nostic accuracy in EZ localization may be reached through LD-ESI,
solely [16–18].

In our study, we aimed to focus on a selected epilepsy popula-
tion (MRI-negative) which is generally smaller than the MRI-
positive group but includes the most challenging and difficult-to-
manage patients. During the study period, the proportion of MRI-
negative patients we found was almost one-quarter (22%) of the
whole population addressed for pre-surgical evaluation, in line
with results largely reported in the literature [4,5]. As a direct con-
sequence of this selection, ETLE was overrepresented in our cohort
compared to TLE with a proportion of more than two third of all
included patients. In fact, the proportion of MRI-negative patients
presenting with electro-clinical features of ETLE is higher com-
pared to TLE, in which a brain structural abnormality is more often
detected [30,31]. Moreover, ETLE cases often require the whole
armamentarium of presurgical diagnostic tools and they need
invasive recordings to identify the EZ [31]. One-third of patients
in our cohort were children. This is also not surprising since it is
well known that the proportion of MRI-negative cases is higher
in the pediatric age compared to adulthood. The ongoing myelina-
tion in developing brains makes boundaries between gray and
white matter to be ill-defined on MRI scans and therefore can
potentially ‘‘hidden” subtle cortical malformations such as dys-
plasia limited to one or few gyri [32].

In our study, we used a fully automated interictal ESI analysis,
followed by clinical interpretation. Ictal ESI was not performed,
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despite its potential advantage and supposed better EZ localization
[33]. However, the ictal ESI pipeline does not automatically detect
seizures, and manual marking of the seizure onset by the clinician
is still required. Moreover, the ictal ESI analysis shows the best per-
formance on seizures with rhythmical patterns. Seizures starting
with non-rhythmical patterns, such as high-voltage slow waves
followed by voltage attenuation, electro-decremental flattening,
or other non-rhythmical irregular activity, are more difficult to
explore with ESI and are generally excluded from the analysis
[17]. Taking into account the current limitations of ictal ESI, it is
important to note the following general considerations regarding
the type(s) of patients of our study population: i) visual interpreta-
tion of ictal scalp EEG remains challenging in ETLE due to the abun-
dance of artifacts, the short duration of certain seizure types or
their rapid propagation, making difficult to exactly define the sei-
zure onset [34]; ii) children, especially the youngest ones, often
present with non-rhythmical seizures (such as spasms or tonic/
atonic seizures) and ictal abnormalities tend to rapidly diffuse over
large brain zones and appear as multifocal or falsely generalized
[35]. For these reasons, the interictal EEG and the related ESI anal-
ysis might provide sufficient and accurate data for a reliable indi-
cation of EZ location in this specific subset of patients.
Additionally, several studies have shown that the localization of
interictal spikes provides an excellent estimate of the SOZ. For this
purpose, Mégevand and colleagues investigated whether interictal
ESI provides valuable information on the SOZ in 38 patients with
focal epilepsy who later underwent intracranial EEG monitoring.
The authors measured the distance between the ESI maximum
(i.e., the localization of the solution point with the maximal source
amplitude at 50% of the rising phase of the spike) and the nearest
intracranial electrodes in the SOZ and irritative zone (IZ, the source
of interictal spikes). The resection of the region harboring the ESI
maximum was then correlated to surgical outcome. The median
distance from the ESI maximum to the nearest electrode involved
in the SOZ was 17 mm (IQR 8–27). The IZ and SOZ colocalized in
most patients (median distance 0 mm, IQR 0–14), supporting the
notion that localizing interictal spikes is a valid surrogate for the
SOZ, and there was no difference in accuracy among patients with
temporal or extratemporal epilepsy. In 32/38 patients who under-
went resective surgery, including the ESI maximum in the resec-
tion zone was correlated with favorable postoperative outcome
(p = 0.03) [36].

Despite the potential application of ESI in clinical practice, it is
important to emphasize that the clinicians integrating ESI into the
presurgical evaluation need to know the limitations of this method
[37]. ESI methods using inverse models are underdetermined and
the images are estimates. Hence, ESI results cannot be interpreted
as exact spots of the EZ, but rather as sublobar localizations of the
assumed origin of the epileptic EEG activity [37].

Limitations of this study are the small sample size and the rel-
atively low number of patients undergoing confirmatory SEEG and/
or surgery in the 3 subgroups. This prevented us to assess the diag-
nostic accuracy of the technique using sensitivity and specificity
measures, according to the definitions widely used in studies on
presurgical evaluation [24]. Additionally, we did not systematically
perform HD-EEG in all patients, limiting the possibility of compar-
isons between LD-ESI and HD-ESI. As a consequence, results cannot
be generalized. However, patients were prospectively enrolled and
accurately selected to avoid recruitment bias.

In addition, our study was monocentric. While this undeniably
limits the number of eligible patients, on the other hand, it entails a
greater homogeneity and reproducibility of the results. All patients
underwent the same presurgical work-up and were evaluated by
the same MDT, thus avoiding divergent interpretations in relation
to technical and/or expertise disparities between different centers.
Despite its limitations, our study reflects the real clinical practice
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in which physicians deal with challenging patients and have to
include new techniques in their diagnostic process, avoiding both
underutilization and overinterpretation of the results.

5. Conclusions

Automated ESI has a clinical added value as much as manual
ESI, which is so far the benchmark, but it does not require addi-
tional specific expertise in data post-processing. This advantage
could lead to wider use of ESI in the centers providing a presurgical
evaluation for refractory epilepsy. The major contribution of ESI
concerns the management of invasive recordings, provided that
ESI results are integrated into the whole multimodal evaluation
and clinically interpreted. Larger multicenter studies with unifor-
mity in the technical equipment and expertise among participating
centers are needed to confirm our results.
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