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Purpose of review

Technological innovations and clinical research in SEEG have dramatically increased with its worldwide
dissemination. In this review, we summarize the main advances in the field from the last 5 years.

Recent findings

Several large series and meta-analyses have provided consistent data regarding a lower risk of serious
complications with SEEG as compared to sub-dural grids, while some studies also suggest a greater
diagnostic value. The safety and precision of SEEG partly depends on the type of vascular imaging and
method of implantation, with some series suggesting that MR angiography might not provide an optimal
delineation of electrode–vessel conflicts and that frameless stereotaxy lacks precision. Noninvasive frame
coupled with robot-guided implantation might offer the best precision/invasiveness tradeoff. Small series
suggest that SEEG can be safely performed from the age of 16months, and that adding electrodes during
SEEG often prove beneficial. Transhemispheric electrodes targeting the mesial frontal structures, bilaterally,
proved safe and informative. Several interictal and ictal biomarkers of the epileptogenic zone have been
investigated. Although high-frequency oscillations (HFOs) remain a biomarker of interest, a randomized
controlled trial failed to demonstrate its diagnostic value against spikes. Furthermore, other interictal
biomarkers proved to better correlate with the epileptogenic zone than HFOs rate, including spike-gamma
and spike-ripples. Ictal biomarkers of interest include the so-called chirp and epileptogenic zone fingerprint.
Overall, recent data suggest that high-frequency activities are not a mandatory feature of interictal and ictal
biomarkers of the epileptogenic zone. Radiofrequency thermocoagulation (RFTC) performed during SEEG
investigation have also progressed, with some authors reporting spectacular rates of seizure freedom in
patients with localized epileptogenic lesion but also mesial temporal sclerosis. However, a systematic
assessment of memory and mental health demonstrated the presence of altered memory and psychiatric
complications in a significant proportion of mesial temporal lobe RFTC.

Summary

Progress has been made in the technology and methods used to perform SEEG and RFTC, with the view to
increase safety and effectiveness. Several interictal and ictal biomarkers appear promising but still face
challenges in their validation and implementation in clinical practice. Future research requires harmonization
in the concepts of the seizure onset and epileptogenic zones, and prospective pathology-specific studies.
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INTRODUCTION

Stereo-electroencephalography (SEEG), originally
developed in the 1950s by Talairach and Bancaud
in Paris, has largely remained confined to a few
European epilepsy surgery centers for half of a cen-
tury before rapidly disseminating worldwide during
the last 15years. Accordingly, a 2022 survey of 192
United States tertiary referral epilepsy Centers, 104
of whom responded, showed that 92% of these
centers used SEEG, and 76% used it more frequently
than sub-dural grids (SDE) [1]. This major expansion
uthor(s). Published by Wolters Kluwer Health, Inc. www.co-neurology.com
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KEY POINTS

� The rates of SEEG major complications are about
1.4–2.8% for symptomatic hemorrhage, 1.7% for
permanent neurological and 0.2% for death. Digital
substraction angiography and robot-guided
implantation provide the best precision for delineating
electrode–vessel conflict and reaching anatomical
targets, respectively.

� Implanting transhemispheric electrodes and adding
electrodes during SEEG appear to be safe and useful
procedures to optimize SEEG diagnostic performance.

� The most promising interictal and ictal biomarkers of
the epileptogenic zone include spike-gamma, spike-
ripples, chirp and a fingerprint of the epileptogenic
zone, with evidence that some of these biomarkers do
not necessarily rely on high-frequency activities.

� Artificial intelligence offers opportunities for developing
automatic detection of interictal epileptiform discharges
and high-frequency oscillations, identifying the seizure
onset and the epileptogenic zones, and fostering its
own research field through data augmentation.

� Optimized three-dimensional radiofrequency
thermocoagulation not only appears to improve the rate
of seizure freedom in patients with temporal lobe
epilepsy and mesial temporal sclerosis but also appear
responsible for memory and psychiatric side effects.

� Several conceptual and methodological issues, and the
associated risk of biases, hamper the clinical validation
and translation of novel SEEG biomarkers, calling for
large-scale pathology-specific prospective studies.

Seizure disorders
of an otherwise old method has promoted techno-
logical and methodological innovations as well as
SEEG-based clinical research as illustrated in Fig. 1.
This review aims at summarizing the main advances
and findings reported in the field during the last
5 years, while keeping in sight its remaining chal-
lenges and limitations.
STEREO-ELECTROENCEPHALOGRAPHY
VERSUS SUB-DURAL GRIDS AND STRIPS
ELECTRODES

Several series have compared the rates of comp-
lications with SEEG versus sub-dural electrodes
(Table 1). None of these were randomized, limiting
the robustness of their conclusion, but the largest
available study used propensity score matching to
mitigate this issue [2]. The series involved 1468
patients from 10 centers and seven countries and
found significantly more complications with SDE
(9.6%) than SEEG (3.3%) [odds ratio OR¼2.24, 95%
confidence interval (CI) 1.34–3.74] [2]. Two smaller
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series, involving 500 and 176 patients, respectively,
reported comparable findings, yet not reaching stat-
istical significance [3,4]. Overall, the risk of symp-
tomatic hemorrhage ranges between 1.4 and 2.8%
with SEEG [2,3–8], and between 1.4 and 3.7% with
SDE [2,4,9], while that of infection ranges between 0
and 0.9% with SEEG [2,3–6], and between 2.2 and
7% with SDE [2,4,9]. Incidence of transient neuro-
logical deficit is more variable across series but can
raise up to 2.9% with SEEG [6] and 11.9% with
SDE [4,6]. Similar rates of permanent neurological
deficit were reported in the largest series comparing
SEEG (1.7%) and SDE (1.6%) [2], whereas a previous
meta-analysis of SEEG complications reported a
0.4% rate of such deficit [5]. Pediatric series have
also reported more transfusion with SDE (13–20%)
than with SEEG (0%) [10,11]. The risk of death with
bothmethods can be estimated at 0.2% (see Table 1)
[5,9].

Although the proportion of patients undergoing
epilepsy surgery is lower following SEEG than grids
[2], that of postoperative seizure freedom was
reported to be significantly higher with SEEG, with
an OR of 1.66 (95% CI 1.21–2.26) in propensity-
matched resected patients [2]. Smaller series did not
report such significant findings, but numerical dif-
ferences always favored SEEG over SDE [3,4,10,12].
STEREOTACTIC METHODS

Various methods are being used to visualize intra-
cranial vessels and implant SEEG electrodes, with
some differences reported in their respective safety
and precision.

Although gadolinium-enhanced MRI has re-
placed angiography in many SEEG centers, with
data showing similar rates of hemorrhage with both
methods [13], some recent series suggests that mag-
netic resonance imaging (MR) angiography might
not offer an optimal delineation of intracranial
vessels. One such series found that Cone Beam CT
Angiography/Venography (CBCT A/V) was superior
to MRI in identifying electrode–vessel conflicts,
including in patients suffering from a symptomatic
hemorrhage at a site where the distance between the
electrode and the vessel was less than 1.5mm [14].
Another series found digital substraction angiogra-
phy to be superior to both MR angiography and
computed tomography angiography (CTA) for
detecting such conflicts [15]. DSA-identified elec-
trode–vessel conflicts were also found to be highly
predictive of the risk of hemorrhagic complications,
with a 94.7% sensitivity [8]. Although the overall
rate of hemorrhage was 0.6% per electrode
implanted, it raised to 7.2% for electrodes colliding
or near-miss a vessel, whereas only 0.37% otherwise
Volume 38 � Number 2 � April 2025



FIGURE 1. Evolution over time of the number of yearly PubMed publications with SEEG or stereo-EEG or
stereoelectroencephalography in title.
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[8]. Authors advocating DSA emphasize that its
rate of significant complications is currently close
to 0, in particular when using a radial artery access
[8].

Variousmethods are being used to implant SEEG
electrodes, including the traditional frame-based
hand-guided implantation andmore recently devel-
oped robot-guided and frameless approaches. A
2017 systematic review reported that the mean
entry point error (EPE) and target point error
Table 1. Risks of complications of stereo-electroencephalography

most recent series and meta-analyses

Number of
patients

Symptomatic
hemorrhage

SDE SEEG SDE SEEG

Largest noncomparative meta-analyses

Arya et al. 2013 [9] 2452 (G) – 1.4% –

Mullin et al., 2016 [5] – 2624 – 1.5%

Large studies comparing SDE versus SEEG (N>150)

Jehi et al., 2021 [2] a 942 (G) 526 1.8% 1.6%

Joswig et al., 2020 [3] 355 (S) 145 1.4% 2.8%

Remick et al., 2022 [4] 134 (G) 42 3.7% 2.4%

Other recent large SEEG studies (N>50)

McGovern et al., 2019 [6] – 549 – 2.2%

Agashe et al., 2023 [7] – 201 – 2.0%

Stefanelli et al., 2022 [8] – 72 – 1.4%

NA, not available; SDE, sub-dural grids (G) and strips (S); SEEG, stereo-electroence
aThis study used propensity score matching to mitigate potential bias due to the lack
groups.

1350-7540 Copyright © 2025 The Author(s). Published by Wolters Kluwe
(TPE) were, respectively, 1.43 and 1.93mm for
frame-based, 1.17 and 1.71mm for robot-guided
and 2.45 and 2.89mm for frameless SEEG [16]. A
more recent meta-analysis of robot versus manually
guided SEEG showed a significantly reduced EPE
(mean difference �0.57mm) and operative time
with robotic assistance, while no difference was
observed in TPE and complication rate [17

&

]. Several
new studies have evaluated frameless solutions,
including the VarioGuide (BrainLAB AG, Munich,
versus subdural grids and strips according to the largest and

Infection
Transient
deficit

Permanent
deficit Death

SDE SEEG SDE SEEG SDE SEEG SDE SEEG

5.3% – 4.6% – NA – 0.2% –

– 0.8% – 0.4% – 0.4% – 0.2%

7,0% 0.9% NA NA 1.6% 1.7% 0.1%a

2,3% 0.0% 1.1% 0.7% 0.6% 1.4% 0 0.7%

2,2% 0.0% 11.9% 2.4% 0.0% 0.0% 0 0

– 0.7% – 2.9% – 0.4% – 0.2%

– NA – NA – 0 – 0

– NA – NA – 0 – 1.1%

phalography.
of randomization between groups and pooled mortality data from both
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Seizure disorders
Germany) and StealthStation (Medtronic, Minneap-
olis, USA) technologies. Using the VarioGuide, two
series reported mean EPE of 1.96 and 2.7mm, and
mean TPE of 2.47 and 4.6mm [18,19]. Another
series compared frame-based and StealthStation-
assisted procedure, showing a greater average Eucli-
dean distance between actual and ideal electrode tip
coordinates for the latter, up to 12.5mm in the
hippocampus [20]. Overall, frameless stereotaxy
appears less precise than frame-based and robot-
guided SEEG, with the advantage of being less inva-
sive [21]. The novel noninvasive Leksell G frame-
based fiducial attachment system coupled with
robot-guided implantation might offer the best of
the two worlds, providing fixed reference points
without the need for additional scalp incisions
[22

&

]. Using this approach in 25 patients with an
average of 18 electrodes per patient, the authors
reported a mean EPE of 1.03mm, a mean TPE of
2.26mm and a mean angular error of 0.03 radian
[22

&

]. Other technical aspects of electrode implan-
tation can promote its precision. The use of an
external stylet enabled to reduce the target radial
error and angular deviation as compared with an
internal stylet [23]. Optimal skull angle also helps
minimizing the entry radial error and TPE, and
depends on the method used for implantation, with
an optimal angle of 98 for frame-based hand-guided
and 168 for robot-assisted SEEG [24].

Other progress in electrodes implantation
include expanding the age limit to younger patients,
transhemispheric electrodes and two-step SEEG.
Two series have reported uncomplicated SEEG in a
total of nine children younger than 2years and as
young as 16months, with accurate mean TPE of 1
and 1.73mm [25,26]. These findings suggest that
the small skull thickness of very young patients
might not be a contraindication to SEEG [25,26].
Two series have reported the use of transhemi-
spheric electrodes crossing the midline to explore
mesial frontal regions, bilaterally [27

&

,28]. One of
these series placed 126 such electrodes in 53 patients
without any complication [27

&

], whereas the other
used 19 electrodes in six patients with an average
trajectory error of only 0.1–0.17mm [28]. In patients
with suspected mesial frontal lobe seizures of uncer-
tain lateralization, this novel approach enables to
optimize symmetrical bilateral spatial sampling
while limiting the number of implanted electrodes.
Another interesting strategy to improve spatial sam-
pling consists in adding electrodes during the SEEG
investigation, based on preliminary recordings. This
strategy was tested in two series of 14 patients each,
both reporting that 64% of the added electrodes
proved clinically useful in delineating the final epi-
leptogenic zone [29

&

,30].
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INTERICTAL BIOMARKERS OF THE
EPILEPTOGENIC ZONE
The quest for interictal biomarkers other than spikes
that might enable to delineate the epileptogenic
zone remains very active in SEEG, taking advantage
of artificial intelligence as discussed in detail farther.

A systematic review of 13 studies focusing on
high-frequency oscillations confirmed the potential
interest of fast-ripples to delineate the epileptogenic
zone, with a pooled sensitivity of 0.8, a pooled
specificity of 0.72 and an area under the curve
(AUC) of 0.82 [31]. Ripples proved less informative
with pooled sensitivity, specificity and AUC of 0.38,
0.9 and 0.75, respectively [31]. However, the first
and currently sole randomized controlled trial (RCT)
that tested the clinical usefulness of HFOs in guiding
epilepsy surgery, proved negative [32

&&

]. In this
study, HFOs and spikes were detected during peri-
operative electrocorticography and used to guide
the extent of surgical resection [32

&&

]. The primary
endpoint was the proportion of patients who
achieved postoperative seizure freedom [32

&&

]. The
study failed to demonstrate that HFOs were not
inferior to spikes in guiding surgery towards this
objective [32

&&

]. This result raises the possibility that
the bulk of studies suggesting that HFOs help delin-
eating the epileptogenic zone might suffer from
biases due to their retrospective design. This issue
is further discussed in the challenge and limitation
section of this article. Yet, because this RCT had
some limitations that could account for its negative
findings, it does not firmly exclude the potential
diagnostic value of HFOs [32

&&

].
Other HFO-related biomarkers have been devel-

oped and tested. One series compared relative
entropy in the ripple band to the normalized rate
of ripples in 39 patients with Engel class 1 post-
operative outcome, showing that the former
achieved a higher AUROC (0.85) than the latter
(0.75) to delineate the epileptogenic zone while
being easier to compute [33]. Another multicenter
international study that included 109 patients
reported that spike-ripples (a combination of epi-
leptiform spikes and ripples) was a more potent
biomarker than spikes, spike-gamma, wideband
HFOs, ripples and fast-ripples [34

&&

]. The majority
of regions displaying spike-ripples were removed in
79% of ILAE class I patients, versus only 69% for
spikes and spike-gamma, 45% for ripples and 36%
for fast-ripples [34

&&

]. In contrast, spike-gamma (cor-
responding to spike preceded by gamma activity)
were reported as the most reliable biomarker of the
epileptogenic zone in another series of 83 patients,
with an AUC of 0.75 compared to 0.54 for ripples
and 0.56 for the clinically defined seizure onset zone
(SOZ) [35

&&

]. Fast-ripples and spike-ripples were not
Volume 38 � Number 2 � April 2025
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analyzed in this study [35
&&

]. Finally, one study
compared the diagnostic value of various frequency
bands on a 30 min non-rapid-eyes movements
(REM) sleep recording in 50 patients [36]. The
area under the precision-recall curve (AUPRC) was
comparable for the 1–500Hz broadband (0.6), fre-
quencies < 45Hz (0.58) and those > 65Hz (0.52),
suggesting the lack of additional value of HFOs in
that context [36].
ICTAL BIOMARKERS OF THE
EPILEPTOGENIC ZONE

In contrast to some of the findings reported above,
one series reported that ictal biomarkers, and more
specifically the epileptogenicity index, outper-
formed interictal biomarkers in delineating the vis-
ually defined epileptogenic zone (precision of 0.70
for epileptogenicity index versus 0.48 for spikes and
0.29 for HFOs) and predicting surgical outcome
(P<0.001 for epileptogenicity index versus non-
significant for spikes and HFOs) [37]. A nonsignifi-
cant improvement in performance was observed
when associating spike to the epileptogenicity index
analysis [37]. Finally, epileptogenicity index proved
superior to connectivity index [37]. Another small
series corroborated this latter finding by showing
that the normalized ictal power activation of the
EEG signal better delineated the SOZ than the ictal
mean functional connectivity of every contact with
the rest [38]. A detailed review on connectivity
biomarkers is published in this edition of theCurrent
Opinion in Neurology [39].

Two specific ictal biomarkers deserved to be
emphasized. Firstly, a so-called chirp pattern, corre-
sponding to a high-power fast activity (>80Hz) that
gradually decreased in frequency within 5–10 s, thus
resembling the sonographic pattern recorded during
birds’ vocalization described as chirp [40]. In a new
study of consecutive 176 patients with various
causes, computer-assisted spectrographic analysis
detected the presence of chirp in 95.4% of patients
and showed that this biomarker correlated with the
visually defined epileptogenic zone and predicted
surgical outcome [41

&

]. Second, a fingerprint of the
epileptogenic zone has been identified as a combi-
nation of preictal spikes, fast oscillatory activity at
seizure onset and concurrent suppression of lower
frequencies [42]. A follow-up evaluation of that
fingerprint in an independent population of 24
patients showed that this pattern could be extended
to lower frequency oscillatory activity (e.g. beta
frequencies) with comparable diagnostic value
[43]. In patients rendered seizure-free by surgery,
89% of contacts showing the fingerprint were
resected, whereas in patients with postoperative
1350-7540 Copyright © 2025 The Author(s). Published by Wolters Kluwe
seizures, only 27% of these contacts were resected
[43].

Finally, one series evaluated a peri-ictal bio-
marker based on permutation entropy and its evo-
lution between the ictal and postictal period [44]. At
each recording site and in each brain region, an
index was calculated from the maximal ictal permu-
tation entropy and the minimal postictal permuta-
tion entropy [44]. This permutation entropy index
proved to be maximal in the epileptogenic zone, to
correlate with the connectivity epileptogenicity
index methods and to best perform in patients with
slow seizure-onset patterns [44].
RADIOFREQUENCY
THERMOCOAGULATION

Radiofrequency thermocoagulation (RFTC), typi-
cally performed at the end of SEEG investigations,
has gained popularity during the last decade, lead-
ing to the publication of several new series.

A 2018 systematic review of six studies and 296
patients has reported an overall 50% responder rate
of 58% and seizure-free rate of 23% at 1 year [45].
The greater seizure-free rate (38%) was observed in
periventricular neuronal heterotopia (PVNH), while
the worst results were reported in temporal lobe
epilepsy (TLE) [45–47]. Accordingly, one recent ser-
ies of 62 RFTC reported a global seizure-free rate of
19% and found that response to RFTC predicted the
success rate of temporal lobe surgery [48].

Interestingly, most other recent series have
reported significantly higher rates of seizure free-
dom, in particular in PVNH (up to 75%), focal
cortical dysplasia (FCD) (up to 67%) and for SOZ
that could be fully coagulated (50%) [49,50]. More
surprisingly, three series, totaling 72 patients, have
reported high seizure-freedom rates of 70–76% at
1 year, in patients with TLE and mesial temporal
sclerosis [49,51,52]. However, it should be noted
that the proportion of Engel class I outcome
dropped from 72,4% at 12months to 42,9% at
5years in one of these series [52]. Interestingly,
two of these three studies used novel procedures
likely to increase the volume of thermocoagulated
tissue within the hippocampus, which could
account for the improved outcome. In one study,
both orthogonal electrodes and a longitudinal elec-
trode parallel to great axis of the hippocampus were
implanted in the mesial temporal region and ther-
mocoagulated [51]. Another series used a two-step
procedure by performing RFTC at both 2 and 3weeks
following the implantation [52]. The second proce-
dure included a 3D thermocoagulation performed
between contacts of adjacent electrodes [52]. RFTC
also appears appropriate for the difficult to operate
r Health, Inc. www.co-neurology.com 115
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insular epilepsies, with 40% patients achieving an
ILAE class 1 outcome, and another 30% an ILAE class
2 outcome in a small series of 10 patients [53].

Although RFTC carries less risks than open sur-
gery, it can still be associated with some complica-
tions. A systematic review reported the occurrence
of a neurologic deficit in 2.5% of 296 patients [45].
With one exception, these deficits were anticipated
and accepted, in order to thermocoagulate an epi-
leptogenic zone localized in an eloquent brain
region [45]. However, one series reported a higher
rate of neurological deficit (12%), including one
permanent, the majority of which were not antici-
pated [48]. Recent data also point to the possibility
of cognitive and psychiatric adverse events
[54

&

,55
&

]. In one series, RFTC in the temporal lobe
was associated with decreased verbal memory per-
formance in 20% of patients when performed on the
dominant side, and 7% when performed on the
nondominant side, with both procedures resulting
in altered visual memory performance in 10% of
patients [55

&

]. Another series of 164 patients
reported not only the occurrence of altered memory
following RFTC of the amygdala or hippocampus
but also significant psychiatric side-effects in 4.2%
of patients [54

&

]. Finally, most patients appear to
experience discomfort during RFTC procedures,
which might at times culminate into pain [49].
ARTIFICIAL INTELLIGENCE FOR STEREO-
ELECTROENCEPHALOGRAPHY DATA
ANALYSIS

Artificial intelligence is particularly well adapted
to the analysis of SEEG data and their complex
spatiotemporal characteristics. Accordingly, artifi-
cial intelligence-based SEEG research is rapidly
expanding, offering opportunities to tackle the
many challenges still faced in the interpretation of
SEEG data.

Machine learning has demonstrated significant
effectiveness in detecting spikes in SEEG recordings,
particularly through convolutional neural networks
(CNNs) [56–58]. For instance, one study involving
46 patients and 13959 annotated mesial temporal
epileptiform discharges reported an AUC of 0.996, a
sensitivity of 84%, and a false-positive rate of 1/min
[57]. Notably, approximately one-third of false-pos-
itive detections were later confirmed as true inter-
ictal epileptiform discharges (IEDs) that had been
overlooked during expert annotation [57]. Another
study utilized 2490 2 s SEEG epochs (with and with-
out IEDs) from 307 patients, transforming these into
spectrograms before training a CNN model com-
bined with a template-matching algorithm [58].
This approach detected 100% of all high-amplitude
116 www.co-neurology.com
IEDs and 66.15% of atypical morphology IEDs in an
external test set [58]. Other machine learning algo-
rithms, including convolutional nonnegative
matrix factorization (NNMF) and long short-term
memory (LSTM) neural networks, have also
achieved high sensitivity and specificity for SEEG
spike detection [59–61]. To address clinical needs,
automated spike detection algorithms must ulti-
mately differentiate and quantify the diverse types
and localizations of IEDs observed in SEEG record-
ings, a functionality that remains under develop-
ment and requires validation.

A critical goal of artificial intelligence-based
interictal SEEG analysis is to detect HFOs and dis-
tinguish between physiological and pathological
types [62–65]. Criteria for classifying HFOs as patho-
logical include the presence of associated spikes and
the beneficial effect of removing such HFOs on
postoperative seizure outcomes [63]. In contrast,
HFOs generated by eloquent cortex are often phys-
iological [62]. Studies using weakly supervised deep-
learning algorithms on subdural recordings from
pediatric patients have addressed these issues
[62,63,65]. For example, a model trained on
12958 annotated HFOs achieved 86.5% accuracy
in distinguishing HFOs with or without spikes, facil-
itating extensive automatic annotation for further
analysis [63]. Among patients achieving postoper-
ative seizure freedom, HFOs in the epileptogenic
zone were frequently associated with spikes (79%)
and exhibited distinct time–frequency characteris-
tics [63], unlike HFOs from eloquent cortex, which
were rarely associated with spikes (23%) [62]. These
insights improved models predicting postoperative
seizure outcomes based on the volume of HFO-gen-
erating tissue removed [62,63,65].

Artificial intelligence has emerged as a promising
tool for identifying the SOZ and the epileptogenic
zone, leveraging hidden EEG features associated
with epileptogenic regions. Various methods, includ-
ing wavelet transformations and support vector
machines (SVM), have analyzed ictal and interictal
SEEG data and corticocortical-evoked potentials
(CCEPs). This has led to the discovery of the previ-
ously discussed fingerprint of epileptogenic zone fin-
gerprint, through the identification of a specific
interictal-to-ictal transitions [42]. Using only interic-
tal SEEG data, machine learning classifiers (primarily
SVMs) have reported AUCs ranging from 0.73 to 0.95,
with non-REM sleep providing the most informative
data in some studies [66–69]. In CCEP studies, logistic
regression applied to features from 50 SEEG patients
achieved AUCs of 0.88–0.93.16 Similarly, CNNs
trained on 500000 poststimulation epochs from 10
TLE patients reported 78% sensitivity and 75% spe-
cificity in localizing SOZ [70].
Volume 38 � Number 2 � April 2025
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Machine learning has also been used to charac-
terize seizure spread across SEEG channels, revealing
patterns linked to postoperative outcomes [71]. Fur-
thermore, machine learning techniques, such as
data augmentation, have enriched artificial intelli-
gence research datasets by reducing the need for
manual annotations and balancing normal versus
abnormal epochs [72–74]. For instance, one method
(EEGAug) generated new minority-class epochs by
combining frequency bands from different samples
[73]. Among various oversampling and undersam-
pling strategies, random undersampling (RUS)
emerged as the most robust for improving classifier
performance [74].
PENDING CHALLENGES AND LIMITATIONS
IN STEREO-
ELECTROENCEPHALOGRAPHY-BASED
RESEARCH

Although SEEG-based research has dramatically
expanded during the last decade, progress in its
clinical practice has remains limited, in particular
regarding the delineation of the epileptogenic zone.
Systematic issues and biases in the methods used to
develop and validate novel SEEG biomarkers might
be responsible for a lack of translation in clinical
practice.

The foremost issue pertains to SEEG spatial sam-
pling. A single SEEG contact captures field potentials
generated within a volume of approximately
30mm3. Thus, 12 electrodes with 150 contacts
located in the greymatter will sample a total volume
of 4.5 cm3, corresponding to roughly 75 million
neurons. This accounts for merely 0.5% of the total
human cortical brain volume (900 cm3) and neuron
count (16 billion). One thus needs to consider the
possibility that none of the implanted electrodes are
situated within the SOZ, despite being guided by
noninvasive presurgical investigations, in particular
when dealing with small-size MRI-negative FCD
type 2. This necessitates to distinguish the ‘appa-
rent’ SOZ delineated by SEEG from the ‘true’ SOZ.
One sophisticated method has been developed to
help tackling this issue, based on a previously dis-
cussed interictal biomarker, spikes preceded by
gamma activity (spike-gamma) [75

&&

]. The model
assumes an exponentially decaying rate of spike-
gamma with the distance separating recording con-
tacts from the electrode showing the maximal rate,
provided that the latter is located in the SOZ [75

&&

].
Its validity was tested by virtually removing each
electrode and assessing how the model reacts to this
perturbation [75

&&

]. As hypothesized, the model was
most strongly altered when removing electrodes
from the SOZ [75

&&

]. The authors further used this
1350-7540 Copyright © 2025 The Author(s). Published by Wolters Kluwe
model to define whether a given SEEG implantation
scheme offered an appropriate coverage of the SOZ
and found that the model correlated with postop-
erative outcome [75

&&

].
Another important issue, which directly relates

to SEEG spatial sampling and whether the true SOZ
was identified, is the definition of the epileptogenic
zone. The two primary definitions of the epilepto-
genic zone suggest that the latter is often larger than
the SOZ. Munari and Bancaud [76] have defined the
epileptogenic zone as ‘the site of the beginning and
the primary organization of the epileptic seizures’.
They did not define the term ‘primary organization’,
but a general view from SEEG experts is that it
encompasses areas of early propagation from the
SOZ [77,78]. In contrast, L€uders et al. has defined
the epileptogenic zone as ‘the minimum amount of
cortex that must be resected (inactivated or com-
pletely disconnected) to produce seizure freedom’,
further suggesting that it includes the actual SOZ
and a potential SOZ [79]. L€uders et al. [79] also
stressed that we lack biomarkers of the potential
SOZ and evidence that it could correspond to the
areas of early seizure propagation. Two recent sur-
veys emphasize the lack of consensus regarding the
definition of the epileptogenic zone and SOZ
[80,81

&

]. The first one collected responses from
321 experts from 39 countries, 68.5% of whom
agreed with L€uders’s definition of the epileptogenic
zone [80]. They were more divided regarding the
SOZ, with 55.8% restricting the SOZ to ictal onset
proper, while 42.1% included the region of early
propagation [80]. The second study was a Delphi
survey involving 22 experts from 18 countries who
were asked to rate their confidence in the localiza-
tion of the epileptogenic zone across 42 theoretical
scenarios that includedMRI and SEEG findings with
or without postoperative outcome [81

&

]. The overall
interrater agreement was poor (0.347), with a sub-
stantial level of agreement observed for only 17% of
the 42 proposed scenarios [81

&

]. Eventually, a con-
sensual rating system could be agreed upon in order
to evaluate the robustness of findings in epilepto-
genic zone-related publication [81

&

].
The last issue that likely affects clinical trans-

lation of novel SEEG biomarkers is the fact thatmost
studies pool findings from population harboring
heterogeneous lesions without providing specific
results for each of them. The volume and organiza-
tion of the epileptogenic tissue, its capacity to gen-
erate the various interictal and ictal epileptiform
discharges, and its associated postoperative seizure
freedom rate vary substantially between patholo-
gies. At one end of the spectrum, FCD type 2 are
usually small and well circumscribed lesions with
intrinsic epileptogenicity and excellent surgical
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outcome [82,83]. These lesions typically display the
hallmarks of interictal and ictal epileptiform dis-
charges, including spikes, HFOs, spike-ripples, spike
gamma, LFVA, and Chirp, with little extension of
these abnormalities outside the FCD [83]. Such
lesions will necessarily demonstrate a highly signifi-
cant association with all above biomarkers and the
epileptogenic zone, but the latter are not needed to
achieve surgical success, which primarily requires a
complete resection of theMRI abnormality. Further-
more, there is a trend to avoid SEEG in patients with
typical MRI features of FCD type 2 [83,84]. At the
other end of the spectrum, very large FCD type 1 and
nonlesional extra-temporal epilepsies pose the
greatest presurgical and surgical challenges, with
greater likelihood of multifocal and/or network
organization of the epileptogenic zone and post-
operative seizures. This is thus the population where
we most need reliable biomarkers of the epilepto-
genic zone. Although specific data are lacking in the
field, personal experience suggest that FCD type 1
and nonlesional extra-temporal epilepsies are
unlikely to display well localized interictal and ictal
biomarkers of the epileptogenic zone. Accordingly,
pooling these pathologies with FCD type 2 would
result in a significant association between the pres-
ence of any given biomarkers and their complete
removal by surgery with postoperative seizure free-
dom, but this association would merely reflect the
difference in pathology and not necessarily help
achieving better surgical results. At the era of
large-scale data sharing, we now need to expand
SEEG research to very large datasets that will offer
sufficient sample size for each specific pathology.
CONCLUSION

With the rapid worldwide dissemination of SEEG,
notable innovations and progress have been made
in the methods used for implantation, delineation
of the epileptogenic zone and radiofrequency ther-
mocoagulation, with the potential to improve safety
and seizure outcome. Yet, most of these methods
remain to be further tested and validated in larger
cohorts while addressing the pending challenges
and limitations of SEEG.
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