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Abstract

Objective: We aimed to study the correlation between seizure outcomes in
patients with drug-resistant epilepsy (DRE) who underwent laser interstitial
thermal therapy (LITT) and stereoelectroencephalographic electrophysiologic
patterns with respect to the extent of laser ablation.

Methods: We retrospectively analyzed 16 consecutive DRE patients who under-
went LITT. A seizure onset zone (SOZ) was obtained from multidisciplinary pa-
tient management conferences and again was confirmed independently by two
epileptologists based on conventional analysis. SOZs were retrospectively divided
into localized, lobar and multilobar, and nonlocalized onset types. A posteriori-
predicted epileptogenic zone (PEZ) was identified using the previously developed
“EZ fingerprint” pipeline. The completeness of the SOZ and PEZ ablation was
compared and correlated with the duration of seizure freedom (SF).

Results: Of 16 patients, 11 had an a posteriori-identified PEZ. Three patients
underwent complete ablation of SOZ with curative intent, and the other 13 with
palliative intent. Of three patients with complete ablation of the SOZ, two had
concordant PEZ and SOZ and achieved 40- and 46-month SF without seizure re-
currence. The remaining patient, without any PEZ identified, had seizure recur-
rence within 1 month. Six of 13 patients with partial ablation of the SOZ and PEZ
achieved mean seizure freedom of 19.8 months (range =1-44) with subsequent
seizure recurrence. The remaining seven patients had partial ablation of the SOZ
without the PEZ identified or ablation outside the PEZ with seizure recurrence
within 1-2months, except one patient who had 40-month seizure freedom after
ablation of periventricular heterotopia.

Significance: Only complete ablation of the well-restricted SOZ concordant with
the PEZ was associated with long-term SF, whereas partial ablation of the PEZ
might lead to SF with eventual seizure recurrence. Failure to identify PEZ and
ablation limited to the SOZ often led to 1-2 months of SF.

Thandar Aung and Olesya Grinenko are co-primary authors and contributed equally to the paper.
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1 | INTRODUCTION

Laser interstitial thermal therapy (LITT) has been used
to treat brain neoplasms over the past 4 decades.! With
technical advances in probe design, assisted stereotaxy,
and intraoperative magnetic resonance imaging (MRI)
thermography, LITT is now considered an emerging,
less-invasive technique for brain neoplasms and epi-
lepsy, and an alternative to craniotomy-based resec-
tions.” The efficacy of LITT in epileptic patients, in either
lesional or nonlesional scenarios, is variable among dif-
ferent studies. MRI-visible lesions and mesial tempo-
ral sclerosis are important variables predicting seizure
freedom following the LITT, but the seizure recurrence
rate seems to increase over time.>”'' As MRI-visible le-
sions may or may not overlap with the epileptogenic
zone (EZ), “lesion-based” treatment modalities are fre-
quently associated with unfavorable seizure outcomes
in both LITT and open procedures.'?*® To address the
challenges in highly selective procedures, stereoelectro-
encephalography (SEEG) can be applied to delineate EZ
and guide LITT.*! As the anatomical reach of ablation
effect from the current LITT systems is restricted up to
approximately 1 cm radius from the center of the probe,
LITT might be ideal for well-defined and restricted EZ,
perhaps in cases where the EZ and the seizure onset
zones (SOZs) are anatomically overlapping.>'’*° To
date, no consensus on SEEG electrophysiologic pat-
terns has been reported that would precisely identify
EZ to guide and predict seizure outcomes after LITT.
An EZ electrophysiologic biomarker, “EZ fingerprint,”
has been recently described using time-frequency (TF)
analysis and validated in focal epilepsies.?** The pat-
tern is characterized by three elements identified during
the period of preictal to ictal transition: preictal spikes,
narrow-band fast activity (FA), and concurrent low-
frequency suppression.***

Herein, we studied a series of patients with drug-
resistant epilepsy (DRE) who underwent SEEG-guided
LITT to compare and correlate the seizure outcome with
ablation of the SOZ based on conventional analysis. Then,
we correlated the seizure outcome with the ablation of a
posteriori-identified EZ using the previously developed
“EZ fingerprint” pipeline.*"** Identified EZ contacts from
the pipeline were named the predicted epileptogenic zone
(PEZ).

Key Points

« Compared to resective epilepsy surgery, LITT is
intended to be a less invasive treatment method
for medically refractory epilepsy, but its long-
term efficacy still requires validation

e« Our study describes long-term seizure
outcomes of SEEG-guided LITT with respect to
the intracranial electrographic characteristics
of the EZ

« We demonstrate the value of the “EZ
fingerprint” biomarker in identifying optimal
targets and candidates for SEEG-guided LITT
in medically refractory neocortical epilepsy

2 | MATERIALS AND METHODS

2.1 | Patient selection and data
collections

This retrospective study was conducted under the
approval of the institutional review board of Cleveland
Clinic. Patients with focal DREs who underwent SEEG
extraoperative explorations and SEEG-guided LITT
between June 2013 and July 2015 were consecutively
enrolled. A total of 17 patients were identified and
included in our initial cohort. The inclusion criteria were:
(1) patient underwent SEEG-guided LITT, (2) one or more
seizures were recorded during the SEEG, and (3) there was
at least 1-year follow-up after the laser ablation. From the
cohort of 17 patients, one patient did not have a habitual
seizure during the SEEG evaluation and was excluded.
We collected retrospective data from medical records: age
at onset; epilepsy duration; localization and type of lesion
based on the MRI; report of multidisciplinary patient
management conference (PMC) with SOZ, indication for
LITT, and ablation details (i.e., exact electrode contacts
and targets); seizure frequency before and after LITT;
duration of follow-up; and duration of seizure freedom.
Seizure outcome was defined based on the duration of
seizure freedom. Time to seizure recurrence was used to
calculate the duration of seizure freedom.

All patients underwent preoperative evaluation, includ-
ing scalp video-EEG monitoring, MRI, positron emission
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tomography, ictal single photon emission computed to-
mography, and neuropsychological assessment. Due to the
incongruent noninvasive preoperative data, recommen-
dations for extraoperative invasive monitoring with SEEG
methodology were made during a multidisciplinary PMC,
including neurologists, neurosurgeons, neuroradiologists,
and psychologists. SEEG electrodes (DIXI Medical) were
implanted according to the preimplantation hypotheses
using the Talairach stereotaxic method.” SEEG signals
were recorded using a Nihon Kohden EEG machine with a
sampling rate of 1000 Hz. The mean number of electrodes
per patient was 12.3 (range = 7-17), with bilateral implan-
tation in seven patients.

Anatomical locations of the electrode contacts were
identified by a digital fusion of postimplantation thin-
sliced computed tomographic (CT) image with the preop-
erative T1-weighted MRI using CURRY 7 (Compumedics
NeuroScan). Postoperative T1-weighted MRI was then
coregistered to the postimplantation CT image to identify
the position of the electrode contacts with respect to the
location of LITT-ablated contacts.

After the SEEG evaluation, each patient's case was dis-
cussed in a second multidisciplinary PMC. Based on the
full set of clinical data, including the SOZ, seizure semiol-
ogy, and MRI lesion, the option of SEEG-guided LITT was
offered if (1) the EZ was restricted and refined to a limited
region and (2) complete resection of the EZ was not fea-
sible due to overlapped functional cortex and/or bilateral/
multifocal hemispheric location with the expectation of a
reduction in the seizure frequency and/or severity.

Patients underwent the SEEG-guided LITT approxi-
mately 6weeks following the removal of the SEEG elec-
trodes. The SEEG-guided LITT was planned according to
the SOZ contacts identified in the PMC. The SEEG-guided
LITT was performed in an intraoperative MRI suite under
robotic guidance. The robotic assistant device, containing
the patient's previous SEEG plan and, consequently, the
selected trajectories and SOZ targets to be treated (based
on the PMC consensus), was used to precisely guide
the laser ablations using the laser applicators (Monteris
Medical; Visualase). Techniques and concepts related to
the SEEG-guided LITT were previously described by our
group.®

2.2 | Definition and calculation of
ablation volumes

The ablation volumes for each patient were digitally cal-
culated from the postoperative contrasted volumetric MRI
sequences, which were performed 24 h after the ablative
procedure. The images for each subject were loaded into
commercially available surgical planning software (iPlan

Epilepsia™

Cranial 3.0, Brainlab). The ablation-created cavity borders
were manually outlined, and subsequently, the software
calculated the volume of the definitive ablation cavity.
The applied software tool used a semiautomatic voxel-
based segmentation method to calculate the treated vol-
ume (Figure 1).

2.3 | Data selection, TF decomposition,
identification of PEZ, and
classification of SOZ

SEEG data obtained from patients who underwent LITT
were retrospectively analyzed to identify the PEZ. All
recorded seizures with sustained FA at seizure onset
were included in the analysis.”! If no sustained FA was
observed at seizure onset, “EZ fingerprint” analysis was
not performed. For each seizure, 40s of SEEG data were
extracted, with 20s before the seizure onset and 20s after.
To establish the baseline, we extracted 40s of SEEG data
2min before seizure onset. Both the ictal and baseline
SEEG data were transformed into the TF maps using Mor-
let wavelet transform (using central frequency of 1Hz,
time resolution of 3s). The seizure TF maps were then
normalized against the baseline maps for each frequency.
All the analyses were performed in a bipolar montage
where the differences between pairs of adjacent contacts
on each electrode were computed. For artifact reduction,
complex independent component analysis was used to
identify and remove artifacts that were common across
all channels (i.e., powerline). In addition, channels con-
taining obvious artifacts were identified and removed (i.e.,
contacts outside the brain or in the ventricles). None of
the channels around the SOZ was removed. The “artifact-
free” normalized TF maps were then used to extract three
distinct features: preictal spikes, FA, and suppression of
low-frequency activity.

Finally, we used the support vector machine (SVM)
classifier trained on a set of seizure-free patients in our
previous study,”" and a prediction was made for each con-
tact in each seizure. The predicted electrode contacts were
identified as the PEZ. In this group, PEZ across multiple
seizures were mostly consistent across multiple seizures.
If predicted contacts varied across the seizures in one
subject, all predicted contacts from all patients’ seizures
were included in the PEZ. Further details on the “EZ fin-
gerprint” pipeline were fully described in previously pub-
lished articles and their supporting documents.****>**

Data on each patient's SOZ were obtained retrospec-
tively from the multidisciplinary PMC, which occurred
after the SEEG evaluation was completed (as described
in Section 2.1). Two epileptologists (T.A. and O.G.) then
retrospectively confirmed the localization of the SOZ by
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FIGURE 1 Calculation of ablation volume of Subject 9. The volumes were digitally calculated from the postoperative contrasted

volumetric magnetic resonance imaging sequences in three different orientations (axial, sagittal, and coronal) using the volume tool from

the surgical planning software tool kit (iPlan Cranial 3.0, Brainlab). The superior left panel depicts two volumetric areas corresponding to

the ablation of two seizure onset zone contacts.

conventional visual analysis without knowing the data
on the PEZ. We then subdivided SOZ into two major
groups: localized (either lobar or multilobar) and nonlo-
calized. Localized SOZ type was defined when the SOZ
had a restricted location with clear boundaries (1) in ad-
jacent depth electrode contacts within one lobe, including
perirolandic and insulo-opercular areas (localized lobar
SOZ; Figure 2A); or (2) within two or more lobar regions
(localized multilobar SOZ). Nonlocalized onset was de-
fined as when the SOZ involved multiple electrodes over
noncontinuous, multiple lobes without clear boundaries
(Figure 2B).

The SOZ and PEZ electrode contacts were identified
independently. Subsequently, we manually quantified
the anatomical relationship between the contacts con-
taining the PEZ, the SOZ, and the laser-ablated regions,
determining whether the PEZ and SOZ were fully ab-
lated, partially ablated, or not ablated. We compared the
completeness of ablation of the PEZ and SOZ with the
duration of seizure freedom and outcome at the last fol-
low-up visit.

3 | RESULTS

3.1 | Study participants and
demographics, regions of LITT, and
ablation volumes

A total of 16 patients were included in the study (Table 1).
The average age at the evaluation for epilepsy surgery
was 29.6years (range =19-53), with an average follow-up
period of 44months (range=21-79). The average age
of epilepsy onset was 12years (range=0-35). Only
two patients (12.5%) had lesional MRI (polymicrogyria
and periventricular heterotopia [PVH]). Regarding the
location of LITT, the majority of patients (56%, n=9)
underwent ablation in insulo-opercular regions. Seven
patients had ablation only in insulo-opercular regions,
and two had ablation in both insulo-opercular and frontal
regions. The mean ablation volume for the respective
treated targets was 2.59 mL (median=2.48, range = .93—
6.7). No complication related to the SEEG or LITT was
noted in this cohort.
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FIGURE 2 (A)Localized lobar seizure onset zone (SOZ) in insulo-opercular regions for Subject 2. (a) Stereoelectroencephalography
(SEEG) time series illustrating localized SOZ. Low-voltage fast activity associated with suppression and preictal spikes is seen over the

T’ 1-2 (blue arrow) and R’ 1-9 contacts (dotted blue arrow). (b) Implantation map with marked electrodes, which includes the predicted
epileptogenic zone (PEZ; orange color), SOZ (purple circle), and laser-ablated contacts (red labeled electrodes and red dotted circles). (c)
Postoperative magnetic resonance imaging (MRI) illustrating ablation of T’ 1-2 contacts and R’ 1-9 contacts. (d, e) Time-frequency plot of

interictal to ictal transition in T’ 1-2 contacts and R’ 7-8 contacts illustrating “EZ fingerprint” pattern (identified as PEZ), which includes
fast activity at seizure onset and associated suppression of low frequencies (with preictal spiking in the T'1-2 contacts). (B) Nonlocalized SOZ
for Subject 12. (a) SEEG time series illustrating nonlocalized SOZ. Synchronous low-voltage fast activity is seen over almost all electrode
contacts at seizure onset. (b) Implantation map with marked PEZ, SOZ, and laser-ablated electrodes. (c) Postoperative MRI illustrating
ablation of Q" 1-8 and R’ 2-9 contacts. (d) Time-frequency plot of interictal to ictal transition in Q' 3-4 and R’ 3-4 and Z’ 3—-4 contacts
illustrating the “EZ fingerprint” pattern (identified as PEZ), which includes preictal spiking activity, fast activity at the seizure onset, and
associated suppression of low frequencies.

3.2 | Correlation of seizure outcome with  underwent LITT with the intent of palliative treatment
type of SOZ and completeness of SOZ and with partial SOZ ablation due to the multifocal or non-
PEZ ablation localized SOZ (Table 2). Details of the anatomical loca-

tion of the SOZ, PEZ, and ablation area are presented in
In our retrospective study of 16 patients, 11 were identified Table 3.
as localized SOZ (four with localized lobar and seven with
localized multilobar SOZ). The remaining five patients had
nonlocalized SOZ. Retrospectively, “EZ fingerprint” analy- ~ 3.2.1 | Seizure outcome in patients with
sis was performed on patients with FA at seizure onset ~ complete ablation of SOZ
(13/16 patients), and a total of 57 seizures were analyzed.
From this analysis, 11 of 13 patients had a PEZ. Subjects 1, 2, and 3 had volumetrically restricted local-
Only three patients underwent LITT with the intentof  ized lobar SOZ (Tables 2 and 3). In Subjects 1 and 2,
complete ablation of the SOZ. The remaining 13 patients the PEZ overlapped the SOZ, and both were completely
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TABLE 1 Demographic details of patients who underwent
LITT.

Characteristic

Age at evaluation, years, mean +SD
(range)

Age of epilepsy onset, years, mean +SD
(range)

Male, n (%) 11 (69%)
Implantation scheme
Unilateral, n (%) 9 (56%)
Left, n 7/9
Right, n 2/9
Bilateral, n (%) 7 (44%)
Lesion, n (%) 2(12.5%)
Lobar regions of LITT, n
Insulo-operculum 7
Insulo-operculum and frontal 2
Frontal 3
Parietal 2
PVH 1
Questionable periventricular lesion 1
Laser trajectories, n 25
Regions of ablation [of 25
trajectories], n
Frontal 5
Insulo-operculum 13
PVH 1
Parietal 2
Precentral gyrus [central lobules] 1
Temporal [posterior superior 2
temporal sulcus]
Questionable periventricular lesion 1
Side of ablation, n (%)
Right 8 (50%)
Left 8 (50%)
Seizure-free patients at the last 2 (40 and 46 months)
follow-up visit, n (duration of SF)
Ablation volume, mL, mean (range) 2.59(.93-6.7)

Duration of follow-up, months,
mean + SD (range)

Total patients,
N=16
29.6+9.7 (19-53)

12+11.8 (0-35)

44+13 (21-79)

Abbreviations: LITT, laser interstitial thermal therapy; PVH, periventricular
heterotopia; SF, seizure freedom.

ablated. Both patients were seizure-free at the last fol-
low-up visit at 40 and 46 months, respectively. Subject
3 had complete ablation of the SOZ without any PEZ
identified (due to no FA at seizure onset), and seizure
recurred within 1 month.

3.2.2 | Seizure outcome in patients with
partial ablation of SOZ

Six patients (Subjects 4, 5, 6,9, 11, 12) with partial ablation
of the SOZ and PEZ (one with localized lobar, four with
localized multilobar, and one with nonlocalized) achieved
amean seizure freedom of 19.8 months (range = 1-44) with
subsequent seizure recurrence (Tables 2 and 3). Subject 4,
with the localized lobar SOZ, had overlapped PEZ and SOZ
identified in contacts in close vicinity. The SOZ and PEZ
were partially ablated. The patient had temporary seizure
control, with seizure recurrence 16 months after LITT.
Similarly, two patients (Subjects 9 and 11) with localized
multilobar SOZ had colocalized SOZ and PEZ over the
same regions, which were partially ablated (Table 3). They
achieved long-term seizure freedom of 42 and 44 months,
respectively, with subsequent seizure recurrence. The
remaining two patients (Subjects 5 and 6) with localized
multilobar SOZ had only partially overlapped SOZ and PEZ
in the distant regions (Table 3). The patients had seizure
recurrence after 9 and 1month, respectively. Subject 12
had nonlocalized SOZ and lesional MRI (polymicrogyria).
Multiple PEZs were predicted diffusely over the multiple
electrodes, and only two lesional PEZ electrodes were
in the laser-ablated area. The patient achieved 7-month
seizure freedom.

Seven patients (Subjects 7, 8, 10, 13, 14, 15, 16) had
partial ablation of the SOZ without any PEZ identified
or ablation outside the PEZ, and the majority of these
patients had seizure recurrence within 1 or 2months
(Tables 2 and 3). Three patients (Subjects 7, 8, 10) had
localized multilobar SOZ, and four (Subjects 13, 14, 15,
16) had nonlocalized SOZ. The PEZ was identified in
three patients (Subjects 7, 13, 14). In Subjects 7 and 14,
although the SOZ was partially ablated, none of the PEZ
contacts was part of the ablation (Table 3). The patients
had seizure recurrence within 1month after LITT. In
Subject 13, PVH was identified on MRI and was targeted
by LITT. Even though the PEZ was identified over the
posterior perisylvian cortex and was not part of the abla-
tion, the patient achieved 40 months of seizure freedom,
with subsequent seizure recurrence. The remaining pa-
tients had no PEZ identified. Subjects 8, 10, 15, and 16
had seizure recurrence within 1 or 2months after the
procedure. Despite early recurrence, Subject 10 achieved
subsequent seizure freedom on antiseizure medication
at 40-month follow-up (Table 2).

These findings suggest that complete or substantial
ablation of both the SOZ and PEZ resulted in longer sei-
zure freedom periods, whereas partial or nonoverlapping
ablation of the SOZ and PEZ correlated with early seizure
recurrence.
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3.2.3 | Correlation between duration of
seizure freedom and proportion of ablated PEZ

In 11 patients with identified PEZ, a correlation analysis
was conducted between the duration of seizure freedom
and the percentage of ablated PEZ contacts (Figure 3). Pa-
tients with close overlap between PEZ and SOZ and sig-
nificant ablation of PEZ contacts (Subjects 1, 2, 4, 9, 11)
showed longer seizure-free periods. In contrast, patients
with distant or partial overlap of PEZ and SOZ (Subjects
5, 6) had only brief seizure freedom. One patient with
nonlocalized PEZ (Subject 12) experienced early seizure
recurrence due to incomplete ablation. Among patients
with ablation outside the PEZ, two had early recurrence,
whereas one achieved 40 months of seizure freedom after
PVH ablation. These findings emphasize the importance
of accurately targeting and fully ablating PEZ contacts for
improved seizure outcomes.

4 | DISCUSSION

The current retrospective study describes the long-term
outcome of SEEG-guided LITT in neocortical DRE. Our
results indicate that the optimal candidates for SEEG-
guided LITT in neocortical DRE are patients with a lim-
ited, well-localized PEZ that is colocalized with the SOZ
identified by conventional analysis. Our study emphasizes
that the complete ablation of the PEZ is crucial for a fa-
vorable outcome. We also observed that in patients whose
PEZ was not identified or was discordant with the SOZ

or laser-ablated contacts, LITT was not effective. The ma-
jority of these patients had seizure recurrence within 1 or
2months.

Studies showed that LITT in patients with MRI-
negative epilepsies had poor seizure outcomes,'*'® and
SEEG could be applied to improve the precision of the lo-
calization of the EZ and the targets for LITT. Only a few
published studies have addressed the role of electrophys-
iologic biomarkers of the EZ to guide LITT, especially
in nonlesional epilepsy. A recent paper investigated the
value of FA at seizure onset in lesional or nonlesional
mesial temporal lobe epilepsy.”® The study showed that
having sustained FA only in the ablated mesial tempo-
ral electrodes correlated with favorable seizure outcomes
(Engel1A and 1B).> In contrast, sustained FA in extrame-
sial temporal nonablated intracranial electrodes was as-
sociated with poor outcome.? Gupta et al.'! studied 24
lesional and nonlesional neocortical epilepsy patients
who underwent LITT, examining the correlation be-
tween low-voltage FA (LVFA) electrophysiologic seizure
onset pattern and seizure outcome at a 1-year follow-up
after ablation. Six of 10 patients with LVFA achieved fa-
vorable seizure outcomes (Engel 1). Out of the remain-
ing 11 patients with different frequency patterns, such as
evolving rhythmic spikes or rhythmic alpha, theta, and
delta frequencies, only one patient achieved an Engel 1
outcome.! This observation aligned with our study find-
ing in which six of 13 patients with LVFA had Engel 1
outcome at 1-year follow-up.

Within our cohort, which primarily consisted of
patients (13/16) exhibiting LVFA at seizure onset, we

50 fl
*1
45 011 0.9 .
9! £
a0+ *2 @13 0.8 £
<
2 b
E35) 0.7 §
e s
£ 5
@ 20l J g
g 30 0.6 &
¢ 2
= =
3 251 10.5 o
g o  FIGURE 3 Correlation of
(]
% 20} 0.4 E the number of detected predicted
@ ° epileptogenic zone (PEZ) contacts (bipolar
[¥)
£ 151 o4 M o35 pair), the duration of seizure freedom
73 2' (months), and the proportion of the
10} 0.2 -S ablated PEZ contacts (color-coded map
. T
@5 I with red representing complete ablation
5k 0.1 < of PEZ and black representing ablation of
outside PEZ or no PEZ identified) in 11
0 i ®7 ‘ @6 | | | ! patients with a posteriori-identified PEZ.
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observed that identifying a limited and well-localized
PEZ was the strongest predictor for favorable seizure out-
comes. We observed that the percentage of ablated PEZ
contacts demonstrated a strong correlation with the dura-
tion of seizure freedom (Figure 3). The majority of the pa-
tients with LVFA for whom the PEZ was not identified, or
ablation was performed outside the PEZ, had early seizure
recurrence, except for the patient with PVH (Table 2).
Similar to this patient, one patient without PEZ identified
had a beneficial outcome, with long-term seizure freedom
on medications despite early recurrence. Here, our results
highlight the value of the “EZ fingerprint” analysis of
SEEG data in further identifying the better target for LITT
in patients with LVFA but also reveal some limitations
of using the “EZ fingerprint” pipeline in routine clinical
practice.

LITT is preferred in patients with deep-seated localized
and restricted EZ, such as in insular-opercular scenar-
ios, as it carries a potentially lower risk of complication
compared to open resective surgery due to postresection
ischemic infarcts caused by disruption of the blood supply
to the corona radiata, especially in the dorsal and poste-
rior insulo-opercular regions.'**® In previously published
data, seizure freedom was achieved in 53%-69% of pa-
tients who underwent either resection’” or laser/radiof-
requency ablation of the insulo-opercular regions.'"**
Most of the previously published cohorts had associated
lesions in the insulo-opercular region. However, there
are limited data on the seizure outcome solely on nonle-
sional insulo-opercular epilepsy. Gupta et al.'! reported
poor outcomes in patients with EZ localized in the insu-
lar region, which was not observed in our study. In our
cohort, we did not find a correlation of seizure outcome
with the anatomical location of the EZ. Of 16 patients,
nine patients (one lesional [polymicrogyria] and eight
nonlesional extratemporal lobe epilepsy) underwent LITT
in the insulo-opercular region (Table 3). Of nine patients,
three had a well-localized PEZ and SOZ and achieved an
average of 42 months of seizure freedom, with one patient
having no seizure recurrence at the last follow-up. In six
patients for whom the PEZ was not identified or was dis-
tantly or diffusely located, or LITT was performed outside
the PEZ, seizures recurred within an average of 2 months
(range=1-7). Accordingly, our study suggests that LITT
can be a reasonable therapeutic option in patients with
well-localized EZ in neocortical regions with surgical/an-
atomic constraints for open resection, such as the insulo-
opercular areas.

Although the “EZ fingerprint” pipeline further comple-
ments the available LITT literature in better determining
candidacy for LITT, we released neither this pipeline nor
the trained prediction model for any commercial usage or
clinical diagnostic purpose. Moreover, the data collection,

Epilepsia™!”

processing, and analysis must be conducted carefully on
a case-by-case basis by well-trained staff. However, to fa-
cilitate epilepsy investigational studies, we had publicly
released, for research only, EZ Fingerprint software with
a graphic user interface and a corresponding series of tu-
torials so that clinicians and researchers who do not have
sufficient coding skills would be able to process and ana-
lyze their own data easily.** With all the limitations, anal-
ysis of the SEEG data with the “EZ fingerprint” pipeline
can better determine the candidacy for LITT, that is, as a
patient selection tool, guiding and optimizing the neces-
sary target for LITT.*"**

5 | LIMITATIONS

Limitations of our study include the small size of the co-
hort and its retrospective nature, which call for caution in
the interpretation of the results. Larger prospective stud-
ies are necessary to validate these findings. A similarly
important limitation is the intrinsic constraints associated
with using the “EZ fingerprint” pipeline. The SVM clas-
sifier used in the pipeline was developed based on a lim-
ited original set of only 17 patients with gamma activity at
seizure onset, with specific frequency ranges (maximum
frequency range of 97Hz and a median of the minimum
frequency range of 43 Hz).*** Consequently, variations in
FA patterns that were not observed in the original set may
lead to false negative predictions, as observed in patients
where no PEZ contact was identified.

Invasive monitoring methods, such as SEEG, suffer
from inherent limitations in spatial resolution, which may
result in the SOZ and PEZ originating from cortical areas
not covered by the electrodes. This limitation hampers
precise estimation of the EZ volume and makes it chal-
lenging for physicians to determine the optimal ablation
volume required for a patient's cure.

To overcome these limitations, further research is
needed to enhance our understanding of EZ biomarkers
and to refine postprocessing analysis techniques, such
as the “EZ fingerprint” pipeline, for improved clinical
application.
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