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Abstract

Objective: Lennox-Gastaut syndrome (LGS) is typically characterized by drug-
resistant epilepsy and subsequent cognitive deterioration. Surgery is a rare but
viable option for the control of seizures in a subset of patients with LGS. This
study aimed to describe the organization of the epileptogenic zone network
(EZN) in patients with LGS using stereoelectroencephalography (SEEG) and to
report the outcome of post-SEEG treatment.

Methods: A quantitative SEEG signal analysis was conducted in 14 consecutive
patients with LGS, in whom a potentially localized EZN was suggested based
on a comprehensive noninvasive evaluation. The EZN and the irritative zone
network were identified using relevant biomarkers during ictal (epileptogenicity
index and connectivity epileptogenicity index) and interictal (spikes and high-
frequency oscillations) recordings. The applied post-SEEG treatments were
assessed, including SEEG-guided radiofrequency thermocoagulation (RF-TC),
surgery, and neurostimulation.

Results: The seizure onset patterns showed some specificity by seizure type,
with 84% of tonic seizures involving low-voltage fast activity. The EZN of pa-
tients with LGS was often, but not always, complex and extensive, involving
two or more lobes (79%) and both hemispheres (64%). The lateral neocortical
structures, particularly the lateral premotor and dorsolateral prefrontal cor-
tices, were identified as being most frequently involved in the EZN. Among
the explored subcortical structures, only the pulvinar, central-lateral thalamic
nucleus, and hypothalamic hamartoma belonged to the EZN. Twelve patients
(86%) underwent SEEG-guided RF-TC, with 50% experiencing a >50% reduc-

tion in baseline seizure frequency. Four patients (29%) underwent curative
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1 | INTRODUCTION

Lennox-Gastaut syndrome (LGS) is a developmental and
epileptic encephalopathy that exhibits distinct clinicoelec-
trical features.! Clinically, LGS typically begins in child-
hood and is characterized by tonic seizures and at least
one other type of seizure, along with intellectual disabil-
ity. Electroencephalographically, generalized slow spike-
and-wave complexes (SSW) at <2.5Hz and generalized
paroxysmal fast activity (GPFA) are the typical interictal
patterns of LGS.

LGS is generally drug-resistant, and persistent sei-
zures are associated with cognitive, behavioral, and psy-
chiatric impairment that may worsen over time. On the
other hand, it has been suggested that neurological and
neuropsychological function may be fully or partially re-
stored after a period of seizure freedom (SF) or reduced
seizure frequency.‘“9 Therefore, seizure control is cru-
cial and may require combining various treatment strat-
egies. Nonpharmacologic therapeutic options for LGS
include a ketogenic diet, corpus callosotomy, neurostim-
ulation, radiofrequency thermocoagulation (RF-TC),
and resective surgery.'

Surgical resection is unlikely to be indicated in most pa-
tientswith LGS. However, it can be effective and even curative
for some selected patients.” Stereoelectroencephalography
(SEEQG) is an effective method for identifying the epilep-
togenic zone (EZ) and eloquent areas, evaluating the fea-
sibility of surgical resection, and performing SEEG-guided
RF-TC.!! However, there have been few studies on the use
of intracranial electroencephalography (EEG) in patients
with LGS,"*"® and none has quantified the SEEG signal to
delineate the EZ network (EZN).

This study aimed to describe the SEEG findings and
subsequent surgical decisions in patients with LGS. The
degree of involvement of various cortical structures and
the individual EZN organization were quantified using
the epileptogenicity index (EI) and connectivity EI (cEI).
Moreover, post-SEEG treatments and outcomes were
investigated.

surgery for significant involvement of a lesion in the EZN, and one case
achieved an Engel class I outcome.

Significance: This is the first quantitative SEEG study in patients with LGS to
demonstrate the utility of SEEG in identifying patients who may benefit from sur-
gery and to perform SEEG-guided RF-TC. Nevertheless, the indications for SEEG
should be carefully assessed, as localized EZN is uncommon in LGS.

epileptogenic zone, epileptogenicityLGSpost-SEEG outcome, SEEG

Key points

« The epileptogenic networks of LGS were widely
distributed and often involved bilateral frontal
regions, as demonstrated by SEEG analysis.

 Despite high interindividual variability across
seizures, EZN organization was consistent
according to seizure type.

« Only a minority of LGS patients explored by
SEEG were ultimately eligible for curative
surgery.

 Quantification of SEEG may assist in guiding
individual surgical strategy and radiofrequency
thermocoagulation targets in LGS.

2 | MATERIALS AND METHODS

2.1 | Patient selection

A total of 14 consecutive patients with LGS identified
from a database of >500 surgical candidates who un-
derwent SEEG exploration between January 2005 and
December 2023 at Timone Hospital (Marseille, France)
were included in the study. The diagnosis of LGS was
based on key characteristics outlined by Gastaut et al. in
1966 and the International League Against Epilepsy task-
force.* We included all patients who exhibited the fol-
lowing characteristics: (1) tonic seizures plus at least one
of the following seizures: atonic and atypical absences, (2)
diffuse EEG abnormalities (SSW and GPFA), and (3) mild
to profound intellectual disability.

All patients underwent bilateral and systematic SEEG
exploration if a focal etiology of LGS could be presumed
based on converging evidence from noninvasive assess-
ments, including seizure semiology, scalp video-EEG,
1.5- or 3-T magnetic resonance imaging (MRI), fluo-
rodeoxyglucose positron emission tomography, and
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magnetoencephalography. Detailed clinical history, neuro-
logical examination, and neuropsychological testing were
reviewed during the SEEG recordings. Pre-SEEG clinical
data, SEEG recordings, pre- and postimplantation imaging,
and post-SEEG treatment outcomes were collected.

All patients have given informed written consent,
and the study was approved by the Assistance Publique-
Hopitaux de Marseille (health data access portal registra-
tion number PADS 5LNZWU).

2.2 | SEEG recordings

SEEG recordings were performed as part of routine
presurgical assessment according to the French guidelines.'
Intracerebral multiple contact electrodes (10-18 contacts
with length=2mm, diameter = .8mm, and 1.5mm
apart, Alcis or Dixi) were implanted stereotaxically.'” The
electrodes were anatomically targeted for each patient based
on clinical hypotheses regarding the localization of the EZ,
as determined by information from phase 1 evaluation.
Table S1 provides detailed information on the sampled
brain regions for each patient. The positions of electrodes
were reconstructed using postimplantation computerized
tomography (CT), which also allowed for the exclusion of
intracranial bleeding. Signals were recorded on a Natus
system and sampled at 512 or 1024 Hz with 16-bit resolution.
A high-pass filter with a cutoff frequency of .16 Hz at —3dB
was used to eliminate very slow variations that sometimes
contaminate the baseline.

2.3 | SEEG signal analysis
Signal analyses were performed in a bipolar montage
and computed using open-source AnyWave software,
available at https://meg.univ-amu.fr/wiki/AnyWave.'®
For ictal recordings, visual analysis of the seizure onset
pattern (SOP) and computation of the EI and cEI were per-
formed. The SOP was visually analyzed without software fil-
ters and assessed on the earliest involved electrodes. The EI
and cEI were computed from SEEG signals to quantitatively
evaluate the degree of epileptogenicity and to identify the
regions involved in seizure generation. Previous papers have
described the methodologies for EI and cEL'** In brief,
the EI combines the analysis of both spectral (the redistri-
bution of signal energy from low-frequency [4-12Hz] to
high-frequency bands [12-127Hz]) and temporal (the rela-
tive timing of this frequency redistribution across channels)
domains." The cEI combines the original EI with a directed
connectivity measure (“out-degrees” in beta band).** The use
of cEI allows better performance in quantifying slow SOPs
(<12Hz) without low-voltage fast activity (LVFA), which is
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difficult to achieve with EI. The EI and cEI were calculated
simultaneously using a dedicated MATLAB plug-in (the cEI
plug-in, https://meg.univ-amu.fr/wiki/AnyWave:Plug-ins).
A minimum of three spontaneous seizures (at least one per
seizure type if multiple seizure types were recorded) per
patient were analyzed by an epileptologist (S.C.) and then
discussed with two senior epileptologists (J.M. and F.Ba.).

Visual analysis and automatic detection of spikes and
high-frequency oscillations (HFOs; 80-300 Hz) were per-
formed for interictal recordings. Spikes and HFOs were
quantified for each bipolar channel, and the maximal nor-
malized rate per minute was computed using the Delphos
(Detector of Electrophysiological Oscillations and Spikes)
detector.”! As previously described, a total of six 5-min in-
terictal recordings were used for each patient: three during
awake resting state and three during non-rapid eye move-
ment sleep.”? All 5-min datasets were obtained from two
contiguous hours of wakefulness or two contiguous hours
of sleep and were of good quality, with minimal artifacts
and visually observed interictal epileptiform activity.

A previous study established cutoff values for the EI and
cEI to identify SEEG-recorded structures as belonging to the
EZN.*” Brain structures with an EI > .4 and/or a cEI > .65
were identified as belonging to the EZN. The propagation
zone network (PZN) was defined as contacts with .1 < EI
< .4 and/or .3 < cEI < .65 and sustained discharge during
the seizure. All other contacts were defined as noninvolved
(NI). To determine the irritative zone network (IZN) where
interictal epileptic discharges are generated, the cutoffs of
.48 and .38 were used for the maximal normalized spike and
HFO rates, respectively, based on the previous study.”*

2.4 | Region of interest definition

In each patient, automated anatomical localization and la-
beling of each electrode contact was conducted using Gardel
software (EpiTools software suite), which is accessible at
https://meg.univ-amu.fr/wiki/GARDEL:presentation. The
preimplantation T1-weighted MRI was coregistered with
the postimplantation CT images, followed by automatic
identification and anatomical localization of each elec-
trode contact. Coregistration was then performed with the
Virtual Epileptic Patient (VEP) atlas for automated brain
parcellation (available at https://ins-amu.fr/vep-atlas),” in
conjunction with the 7TAMIbrainp gy atlas for automated
parcellation of thalamic nuclei and basal ganglia.** Each
contact was automatically assigned to the respective ana-
tomical region of the combined atlas (75 cortical regions and
24 deep gray nuclei per hemisphere, including 12 thalamic
nuclei, obtained through the implementation of an in-house
FreeSurfer-based segmentation pipeline) projected in the
patient's MRI space. Figure S1 illustrates the visualization
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of the electrodes located in different thalamic nuclei within
the patient's anatomy. Each brain region was then labeled as
EZN, PZN, or NI (for EI or cEI), or as IZN or non-IZN (for
spikes and HFOs), based on the definition used for the bipo-
lar contacts that sampled the respective regions, as described
above. If a region was sampled by two or more bipolar con-
tacts, the maximum values of the respective ictal or inter-
ictal epileptogenicity markers obtained for this region were
used. Finally, to perform group analyses of epileptogenicity
profiles in this small cohort of patients, we regrouped the
regions obtained by automated parcellation into 23 cortical
and eight subcortical regions per hemisphere (see Table S1).

2.5 | Post-SEEG treatments and outcome
assessments

Nonpharmacological treatment approaches used after
SEEG were investigated, including SEEG-guided RF-
TC, resective surgery, corpus callosotomy, vagus nerve
stimulation (VNS), and deep brain stimulation (DBS).
The criteria for selecting SEEG contacts for RF-TC have
been previously reported.”>* Briefly, contacts were
considered eligible for RF-TC if they belonged to the EZN
and/or were located in an MRI-visible lesion suspected
to be epileptogenic. Contacts within the eloquent cortex
or deemed too close to vascular structures were excluded
from RF-TC. The number of targeted contacts and
SF duration after RF-TC were evaluated. For surgical
resection, type of surgery, surgical outcomes using Engel's
classification, and SF duration after surgery were assessed.
Clinical response to RF-TC, callosotomy, VNS, and DBS
was defined as a 50% or greater reduction in the baseline
seizure frequency. It was assessed at the last follow-up or
before any subsequent nonpharmacological treatment
started.

2.6 | Statistical analysis

Data are presented as mean (SD) or median (interquartile
range [IQR]) for continuous variables and number
(percentage) for categorical variables. For nonparametric
data, continuous variables were compared using the
Mann-Whitney U-test.

3 | RESULTS

3.1 | Patient characteristics

The clinical characteristics of the 14 included patients are
summarized in Table 1. The cohort consisted of eight male

TABLE 1 Clinical characteristics of study population.

Characteristic Value
Sex, n (%)
Male 8(57)
Female 6(43)
Age at epilepsy onset, years [IQR; range] 1.8 [.5-3.5;
.1-14.0]
Diagnosis at epilepsy onset, n (%)
Lennox-Gastaut syndrome 7 (50)
Focal epilepsy 4(29)
West syndrome 2(14)
Idiopathic generalized epilepsy 1(7)
Age at SEEG, years [IQR; range] 11.5[10.0-
21.8; 4.0-30.0]
Cognitive status at SEEG, n (%)
Mental retardation [IQ < 70] 12 (86)
Mild cognitive involvement 2(14)
Family history of seizure, n (%) 0(0)
Seizure type, n (%)
Tonic seizure with asymmetric 4(100)
manifestation
Focal aware and/or focal impaired 11 (79)
awareness seizure
Atonic seizure 10(71)
Atypical absence seizure 7 (50)
MRI findings, n (%)
Normal 5(36)
Malformations of cortical development 5(36)
Focal cortical dysplasia 3(21)
Polymicrogyria 1(7)
Schizencephaly, polymicrogyria, and 1(7)
multiple heterotopias
Hypothalamic hamartoma 2(14)
Hemispheric atrophy 1(7)
Temporal pole arachnoid cyst 1(7)
Interictal scalp EEG findings, n (%)
Generalized slow spike-wave 14 (100)
Focal or multifocal interictal epileptiform 14 (100)
discharges
Generalized paroxysmal fast activity 12 (86)
Background slowing 13 (93)

Abbreviations: EEG, electroencephalographic; IQ, intelligence quotient;
IQR, interquartile range; MRI, magnetic resonance imaging; SEEG,
stereoelectroencephalography.

and six female patients, with median age at epilepsy onset
of 1.8 years (IQR = .5-3.5, range = .1-14.0). At the onset
of epilepsy, seven patients (50%) were diagnosed with
LGS, four (29%) with focal epilepsy, two (14%) with West
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syndrome, and one (7%) with idiopathic generalized epi-
lepsy. The latter diagnosis has been revised and changed to
focal epilepsy based on the scalp video-EEG electroclinical
data. The median age at SEEG was 11.5years (IQR=10.0-
21.8, range=4.0-30.0). Neuropsychological assessment
at the time of SEEG revealed that 12 patients (86%) had
mental retardation (intelligence quotient [IQ] < 70), and
two patients (14%) had mild cognitive impairment (IQ be-
tween 70 and 80). None of the patients had a family his-
tory of epilepsy.

Electroclinical, MRI, and SEEG data are presented in
Table 2. All 14 patients had tonic seizures with asymmet-
ric features, such as a tonic posture predominantly affect-
ing one arm or a head version. Eleven patients (79%) had
focal aware seizures (FAS) and/or focal impaired aware-
ness seizures (FIAS), 10 (71%) had atonic seizures, and
seven (50%) had atypical absences. Brain MRI was normal
in five patients (36%). Of the nine cases with abnormal
MRI findings, five (36%) had malformations of cortical de-
velopment, including focal cortical dysplasia (FCD; three
cases, 21%), polymicrogyria (one case, 7%), and schizen-
cephaly with polymicrogyria and multiple heterotopias
(one case, 7%), two (14%) had hypothalamic hamartoma
(HH), one (7%) had hemispheric atrophy, and one (7%)
had an arachnoid cyst. In all 14 patients, generalized SSW
and focal interictal epileptiform discharges were observed
on scalp EEG. GPFA was seen in 12 patients (86%) as
purely subclinical discharges. In the two remaining pa-
tients, these brief discharges were associated with slight
tonic axial contraction. Background slowing was present
in 13 patients (93%).

3.2 | Electroclinical features according
to the seizure type

Sixty-nine seizures (38 tonic, 14 FAS/FIAS, nine atonic,
and eight atypical absences) were analyzed. Table 2 pre-
sents the results of a visual analysis of the SOPs for each
patient and seizure type.

Twelve of 14 patients (86%) had an SOP characterized
by LVFA preceded or not by slow-wave direct current (DC)
shift, preictal spiking, or a burst of polyspikes in at least
one seizure. The SOPs showed some specificity of the
electrical signature according to the seizure type. In par-
ticular, 84% (32/38) of tonic seizures disclosed a pattern
of LVFA with or without preceding transitional features
(Figure 1A). Nevertheless, the anatomoelectroclinical
correlations were difficult, and both tonic and atonic phe-
nomena could be observed with the same distinctive SOP
at the individual patient level. Among the tonic seizures,
some brief spasmlike seizures exhibited an SOP of brief
LVFA discharge superposed on a high-amplitude slow
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wave. The same SOP was a signature of atonic seizures
in the same patient (Figure 1B). Furthermore, the SOP
of 44% of atonic seizures exhibited a slow-wave DC shift,
which was followed by more sustained LVFA. This pat-
tern was also observed in tonic seizures. The main onset
pattern of atypical absences (7/8, 88%) was characterized
by slow rhythmic spike-waves at 1-2Hz over widely dis-
tributed regions (Figure 1C). FAS and/or FIAS exhibited
regional ictal onsets with various SOPs, as previously de-
scribed in focal epilepsies.”” Additionally, the widespread
interictal spikes were diminished at the onset of the sei-
zures (Figure 1D). The number and extent of anatomical
regions involved in the EZN exhibited some variation be-
tween different seizure types in a patient and even within
the same seizure type. However, no distinct network to-
pographies were identified according to the seizure type
within a patient.

Figure 2 shows an illustrative case where SEEG anal-
ysis identified a localized, temporal EZN, and a tailored
resection was performed, resulting in an excellent surgical
outcome (Engel class I).

3.3 | Organization of the epileptogenic
network

Detailed results of ictal epileptogenicity levels (EZN,
PZN, or NI) of the explored brain regions among the
23 cortical regions of interest (ROIs; as defined by
the VEP atlas) and eight subcortical ROIs (as defined
by the 7TAMIbrainpgy atlas), including the pulvinar,
mediodorsal, central-lateral, and lateral thalamic
nuclei, caudate nucleus, putamen, pallidum, and HH
with adjacent hypothalamus, are shown in Table S1.
The mean number of anatomical regions for which
the EI and/or cEI were quantified in each patient was
37.4+10.4 (range =16.0-52.0). The EZN of the patients
with LGS was often, but not always, widely distributed
in both lesional and nonlesional cases. The EZN
implicated two or more lobes in 79% (11/14) of cases
and both hemispheres in 64% (9/14) of cases (Table 2).
The EZN most commonly involved the frontal lobe (12
cases, 86%), followed by the parietal lobe (six cases,
43%), temporal lobe and insula (five cases, 36% each),
and occipital lobe (three cases, 21.3%).

The prevalence of involvement of cortical and prin-
cipal subcortical regions in the EZN and the IZN, con-
trolled for the number of times each structure was
sampled, is shown in Figure 3A. Except HH, for which
SEEG sampling was performed only in the presence of
lesions, the lateral neocortical structures, particularly
the lateral premotor and dorsolateral prefrontal cortices,
were identified as being most frequently involved in the
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EZN. The lateral occipital regions were included in the
EZN in two of only three cases with occipital sampling,
which precludes the drawing of robust conclusions
about their involvement at the group level. The IZN
was observed to encompass a more extensive area of the
brain and to involve a greater number of brain regions
than the EZN in the majority of patients. The lateral

premotor, dorsolateral prefrontal, parietal operculum,
and anterolateral temporal cortices were frequently en-
gaged as part of the IZN.

The organization of the EZN at the individual level was
highly variable among the patients with LGS (Figure 3B)
despite the shared scalp EEG features (i.e., generalized
SSW and/or GPFA). In all patients, including those with
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FIGURE 1 Examples of the seizure onset patterns (SOPs; left column) and three-dimensional representations of epileptogenicity index
or connectivity epileptogenicity index to describe the epileptogenic zone network (EZN; right column) for each seizure type in Lennox-
Gastaut syndrome patients. (A) Patient 06. Tonic seizure began with low-voltage fast activity (LVFA). The EZN involved a distributed,
bilateral premotor—prefrontal-parietal network. (B) Patient 10 with hypothalamic hamartoma (HH). A cluster of seizures began with a tonic
head version, followed by an atonic (head drop) seizure and then two brief tonic (spasmlike) seizures, all with a similar SOP characterized
by a brief LVFA discharge superimposed on a high-amplitude slow wave. The EZN involved the premotor-prefrontal-parietal network

as well as the HH. (C) Patient 08. Atypical absence seizure was characterized by slow rhythmic spike-wave discharge at 1-2Hz. The EZN
involved bilateral prefrontal and left premotor-opercular regions. (D) Patient 07 with right temporal focal cortical dysplasia. Focal impaired
awareness seizures were characterized by preictal spiking followed by rhythmic sharp alpha activity over the right temporal region. The EZN
mainly involved the right temporal lobe, with some epileptogenicity within the ipsilateral orbitofrontal cortex. L PMM, left premotor medial
cortex; L DMPFC, left dorsomedial prefrontal cortex; L ACC, left anterior cingulate cortex; L PML, left premotor lateral cortex; L DLPFC, left
dorsolateral prefrontal cortex; L INS, left insula; L Thal, left thalamus; L TMant, left temporomedial anterior; R DMPFC, right dorsomedial
prefrontal cortex; R PML, right premotor lateral cortex; HH, hypothalamic hamartoma; R OFC, right orbitofrontal cortex; R DMPFC; right
dorsomedial prefrontal cortex; R PML, right premotor lateral cortex; R DLPFC, right dorsolateral prefrontal cortex; R SPLIat, right superior
parietal lobule lateral; R Thal, right thalamus; R TMant, right temporomedial anterior cortex; R DLPFC, right dorsolateral prefrontal cortex;
L VLPFC, left ventrolateral prefrontal cortex; L TLant, left temporal lateral anterior cortex; R TLpost, right temporal lateral posterior cortex;

R PMM, right premotor medial cortex; R IPL, right inferior parietal lobule.

extensive EZN, some of the sampled brain regions were
not involved in the epileptogenic network.

In the present cohort, sampling of subcortical gray
matter structures was conducted in all but two patients.
The thalamus was the most frequently investigated
structure, with sampling available in eight patients. The
pulvinar was examined in seven cases, the lateral nu-
cleus in six, the central-lateral nucleus in four, and the
mediodorsal nucleus in three. Among the other subcor-
tical structures, the caudate nucleus and putamen were
the most sampled (in five cases each), followed by the
hypothalamic contacts within and in close proximity to
the HH in two patients, and the pallidum in one case.
The epileptogenicity profiles of subcortical structures
are presented in Figure 3C. In addition to the HH, for
which the intrinsic epileptogenicity is well established,
the pulvinar and the central-lateral thalamic nuclei
were the only structures identified as belonging to the
EZN, as delineated by ictal epileptogenicity markers. In
contrast, the remaining thalamic nuclei as well as the
caudate and putamen demonstrated moderate epilepto-
genicity, which aligns with the PZN. The pallidum was
not implicated in either EZN or PZN, with the finding
supported by a single case.

3.4 | Post-SEEG treatments and outcome

Twelve patients (86%) underwent SEEG-guided RF-TC
at the end of the SEEG procedure (Table 3). After SEEG-
guided RF-TC, six of the 12 patients exhibited a response;
five achieved SF for at least 1 month, and three achieved
SF for >6months. One patient who was seizure-free
for 11.0months after RF-TC underwent surgical resec-
tion and is currently seizure-free (at follow-up 1.5years

after the surgery; Figure 2). Another patient has been
seizure-free for 10.0months after RF-TC so far. The
other patient with an extensive right hemispheric EZN
became seizure-free for 12.0months after 58 contacts
were coagulated. The number of brain regions included
in the EZN or PZN and the number of RF-TC contacts
did not differ significantly between RF-TC responders
and nonresponders.

Four patients (29%) underwent curative surgery, and
all had visible lesions on MRI, including two FCDs,
one polymicrogyria, and one HH. The type of surgery,
site of resection, and pathological diagnosis are shown
in Table 3. One patient with FCD achieved Engel class
I, confirmed at last follow-up 1.5years postopera-
tively. Another patient with FCD was initially seizure-
free; however, the patient experienced a relapse at
9.0 months postoperatively, corresponding to Engel class
IT at 1.0year. The patient with polymicrogyria exhibited
worthwhile improvement (Engel class III at 6.0years),
whereas the patient with HH showed no improvement
(Engel class IV at 7.0 years).

Two patients underwent radiosurgical anterior two-
thirds callosotomy, eight underwent VNS, and one un-
derwent DBS (thalamic pulvinar nucleus). Of the eight
patients who underwent VNS, three were classified as re-
sponders, with a reduction in seizure frequency of >50%.
In contrast, none of the patients who underwent callosot-
omy or DBS responded.

4 | DISCUSSION

Surgical treatment of LGS is a rare opportunity. Several
case reports and studies have indicated that surgical in-
tervention can result in successful outcomes in terms of
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FIGURE 2 An illustrative case of Lennox-Gastaut syndrome with Engel class I surgical outcome (Patient 11). (A) Generalized

slow spike-and-wave complexes and repetitive left temporal spikes on interictal scalp electroencephalogram. (B) Quantified interictal

stereoelectroencephalographic (SEEG) markers (the maximal normalized spike and high-frequency oscillation [HFO] rates) represented
by the color (yellow to blue) and size of the spheres on the patient's three-dimensional (3D) brain mesh with SEEG electrodes. (C) SEEG
recordings of a habitual aura followed by tonic seizure with asymmetric features. (D) Quantified ictal SEEG markers (the maximal

normalized epileptogenicity index [EI] value) of the aura and tonic seizure represented by the color (yellow to red) and size of the spheres
on the patient’s 3D brain mesh with SEEG electrodes. (E) Brain magnetic resonance imaging after tailored temporal lobectomy extended

to the occipitotemporal resection. L PMM, left premotor medial cortex; L DMPFC, left dorsomedial prefrontal cortex; L ACC, left anterior
cingulate cortex; L PML, left premotor lateral cortex; L DLPFC, left dorsolateral prefrontal cortex; L INS, left insula; L Thal, left thalamus;

L TMant, left temporomedial anterior; R DMPFC, right dorsomedial prefrontal cortex; R PML, right premotor lateral cortex; HH,
hypothalamic hamartoma; R OFC, right orbitofrontal cortex; R DMPFC; right dorsomedial prefrontal cortex; R PML, right premotor lateral
cortex; R DLPFC, right dorsolateral prefrontal cortex; R SPLIat, right superior parietal lobule lateral; R Thal, right thalamus; R TMant, right
temporomedial anterior cortex; R DLPFC, right dorsolateral prefrontal cortex; L VLPFC, left ventrolateral prefrontal cortex; L TLant, left
temporal lateral anterior cortex; R TLpost, right temporal lateral posterior cortex; R PMM, right premotor medial cortex; R IPL, right inferior

parietal lobule.

seizure reduction or cessation of cognitive deterioration
in patients with LGS with or without MRI lesions.*”® In
some studies, intracerebral exploration has been pro-
posed as a presurgical strategy when noninvasive in-
vestigations suggest a focal etiology.””® The nature of
the underlying pathology, the presence of a focal lesion
on MRI, concordance of preoperative investigations,
the type of surgery, and the duration of epilepsy before
surgery have been identified as prognostic factors in
postoperative outcome.”**

4.1 | Overview of indications and
outcome after SEEG

To our knowledge, no series of SEEG-recorded LGS has
been published. The indication for SEEG in drug-resistant
epilepsy patients with a phenotype of LGS was rare in our
experience. Only 14 cases were identified in our cohort of
>500 patients, representing <3% of the total cases.

A distributed epileptogenic network was identified
in the studied patients. In line with this finding, few



CHO ET AL.

“ | Epilepsia

(A) ,

0,9

Proportion of sampled regions
belonging to EZN or IZN
0O O O O © O o o
- N W A OO OO N

& &

IPL
PCC
I oL

(B) Elmax

DMPFC

SPLlat VMPFC

SPLmes

oM

> X
$ENTNELFLELL L RIS TS CEFE S T
<R $ OOQ Q @ Q7 @Q %Q\’ % Q < TLpost INS
Q
TMpost Thal
4® EZN  miZN Pos TLant PO :
TMant
© —P1 =——P2 ——P3 P4  ==mP5
= ) —P6 =——mP7 ——P8 e—P9 —P10
=
T b5 || —P11 =—P12 ——P13 P14
So ™ |
gﬁ 0,8 . |
8o 07 |
‘%ﬁ 06 ‘
BWw 05
§< os |
a3 o1
I
Thal-Pu Thal-MD Thal-CL Thal-LT Hypothal-HH Caudate Putamen Pallidum

EZN mPZN mNI

FIGURE 3 (A, B) Epileptogenicity profiles of cortical and subcortical brain regions in Lennox-Gastaut syndrome (LGS) patients at

the group level (A) and individual level (B). (A) The number of times each brain region participated in the epileptogenic zone network

(EZN; orange) and the irritative zone network (IZN; blue) was controlled for by the number of times each structure was sampled. (B) The

individual epileptogenicity profiles of LGS patients were represented by the maximum values of the epileptogenicity index (EImax) per

region. (C) The proportion of sampled subcortical structures within the EZN or propagation zone network (PZN) or that were noninvolved

(NI). ACC, anterior cingulate cortex; CL, central-lateral nucleus; DLPFC, dorsolateral prefrontal cortex; DMPFC, dorsomedial prefrontal

cortex; HH, hypothalamic hamartoma; Hypothal, hypothalamus; INS, insula; IPL, inferior parietal lobule; LT, lateral nucleus; M1, primary

motor; MD, mediodorsal nucleus; OFC, orbitofrontal cortex; OL, occipital lateral; OM, occipital mesial; PCC, posterior cingulate cortex;

PML, premotor lateral; PMM, premotor mesial; PO, parietal operculum; Pu, pulvinar; S1, primary sensory; SPLlat, superior parietal lobule

lateral; SPLmes, superior parietal lobule mesial; Thal, thalamus; TLant, temporal lateral anterior; TLpost, temporal lateral posterior;

TMant, temporal mesial anterior; TMpost, temporal mesial posterior; VLPFC, ventrolateral prefrontal cortex; VMPFC, ventromesial

prefrontal cortex.

patients underwent curative surgery after SEEG com-
pared to patients with other medically intractable focal
epilepsies according to the literature.?”***! In our study,
four of 14 patients underwent curative surgery for a
localized EZN associated with an epileptogenic lesion.
Two cases demonstrated a favorable prognosis (Engel
classes I and IT) following tailored resective surgery. One
case was improved (Engel class III), whereas one case
with a previously operated on HH showed no improve-
ment. It should be noted that all cases finally operated
on showed a lesion on MRI and positive histopathology.
This proves that some well-selected lesional cases could
benefit from a surgical resection tailored based on SEEG
recordings, even if they are rare. Our study suggests that
LGS patients without MRI-visible lesions are less likely
to present with a localized EZ.

In this study, six of the 12 patients responded to
SEEG-guided RF-TC, and three became seizure-free
for >10months. Given the high seizure burden in LGS

patients, this finding may suggest the potential value of RF-
TC as a treatment option. This aligns with a recent case re-
port™ and may also justify the indication of an invasive and
potentially risky procedure such as SEEG in this context.
Quantifying EZN using ictal epileptogenicity markers, the
EI and cEI, may help determine the RF-TC targets.

4.2 | Epileptogenic networks in LGS

SEEG analysis revealed some common features in the
SOP and the organization of the epileptogenic network
in LGS patients. Most tonic seizures are initiated with
LVFA, whereas a slow rhythmic spike-wave discharge
is observed in atypical absences. This is consistent with
the well-known observations on scalp ictal EEG indicat-
ing that the SOPs of tonic seizures and atypical absences
are characterized by generalized fast activity and bilateral
rhythmic slow spike-waves, respectively.****
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In this study, the cortical epileptogenic networks
of LGS often involved bilateral, multiple brain re-
gions, with prominent involvement of the frontal lobe.
Furthermore, the epileptogenic network was observed
to frequently involve lateral neocortical structures, par-
ticularly premotor-prefrontal-parietal networks, while
sparing mesial temporal structures, regardless of the
presence, extent, and location of a causative lesion. It
has been suggested that the frontal and parietal asso-
ciation cortices may be pivotal regions within the epi-
leptogenic network of generalized seizures.>* Moreover,
activation of the association network has been linked
to the occurrence of tonic seizures and GPFA in LGS,
which is line with our findings.>*’ It is important to
note that even a widely distributed network did not en-
compass the entirety of the brain but rather preserved
some regions. Although diffuse and generalized interic-
tal abnormalities are observed on the scalp EEG in LGS,
not all brain regions are involved.

At the individual level, the epileptogenic networks
showed high intersubject variability in their distribu-
tion and involvement of brain regions. It has been pro-
posed that common electroclinical features observed in
LGS patients with different etiologies may arise from
“secondary generalization” involving common cerebral
networks.***>3* Subcortical structures may significantly
contribute to secondary generalization, as suggested by a
previous study.®® Interactions between cortical and sub-
cortical structures may be implicated in secondary gen-
eralization, with the thalamus serving as a key region in
this process.***’ In this study, a small proportion among
the patients with available thalamic sampling (3/8)
showed thalamic involvement in the EZN. Regarding the
pulvinar, this finding was comparable to that observed
in a previous study on focal epilepsies.*’ Involvement of
other thalamic nuclei cannot be excluded; in particular,
the centromedian nucleus has been shown to play a role
in LGS-associated ictal networks and has been suggested
as a potential target for DBS in LGS.**"** The present
study further confirmed the high epileptogenicity of HH
in epilepsy with HH manifested as LGS. Regarding the
basal ganglia, our results highlight the role of the cau-
date nucleus and the putamen as the nodes of the prop-
agation network in LGS.

LGS is one of the earliest described epileptic syn-
dromes."* Nevertheless, considerable heterogeneity
exists within LGS, which introduces some ambiguity re-
garding the diagnosis of a single disease entity. Ohtahara
et al. divided patients with LGS into typical and atypi-
cal cases and noted that the atypical cases might tran-
sition from or into other epilepsies, including “partial
epilepsy with secondary bilateral synchrony.”** One re-
search group even employed the term "Lennox-Gastaut

phenotype” to describe patients exhibiting the majority
of the electroclinical characteristics of LGS (tonic sei-
zures, SSW, and GPFA) while also displaying some atyp-
ical features (e.g., an older age at onset or minimal to
mild intellectual disability).*® Subclassification of LGS
may be possible if a sufficiently large number of LGS pa-
tients with focal and localized epileptogenic networks,
as assessed by SEEG, are collected and their character-
istics studied.

4.3 | Limitations of the study

It is important to acknowledge the potential for bias and
the limitations of the study. First, the sampling limitations
of the SEEG method represent a known source of bias.
Nevertheless, SEEG is the only electrophysiological tech-
nique that can simultaneously sample cortical and sub-
cortical structures, which is crucial for investigating EZN
organization in LGS. The subcortical coverage of SEEG de-
pends on the electrode trajectories, which primarily target
cortical structures according to the individual hypothesis
regarding the EZN, as well as some thalamic nuclei as po-
tential DBS targets. The number of implanted electrodes
is limited to those required for routine clinical care, with
careful consideration given to the risks to benefits ratio.
Consequently, the thalamic nuclei sampled in the present
retrospective study were those available as part of the tra-
jectories, whereas the centromedian nucleus, requiring
an additional electrode, was not sampled. Additionally,
the small sample size limits the conclusions that can be
drawn regarding the involvement of some less frequently
explored cortical regions, such as the occipital cortices.

5 | CONCLUSIONS

This study presents the first comprehensive description
of patients with LGS explored with SEEG. The epilepto-
genic networks of LGS were mostly widely distributed
and often involved bilateral prefrontal-premotor and pa-
rietal regions. However, some carefully selected patients
with LGS presenting with evidence of highly localized EZ
based on comprehensive noninvasive evaluation may be
eligible for SEEG, as are other patients with drug-resistant
focal epilepsy. SEEG quantification may offer valuable in-
sights into the decision-making process surrounding re-
sective surgery and/or RF-TC strategies.
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