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SUMMARY

Objectives: The study of intracerebral electroencephalography (EEG) seizure-onset
patterns is crucial to accurately define the epileptogenic zone and guide successful sur-
gical resection. It also raises important pathophysiologic issues concerning mecha-
nisms of seizure generation. Until now, several seizure-onset patterns have been
described using distinct recording methods (subdural, depth electrode), mostly in
temporal lobe epilepsies or with heterogeneous neocortical lesions.

Methods: We analyzed data from a cohort of 53 consecutive patients explored by
stereoelectroencephalography (SEEG) and with pathologically confirmed malforma-
tion of cortical development (MCD; including focal cortical dysplasia [FCD] and neu-
rodevelopmental tumors [NDTs]).

Results: We identified six seizure-onset patterns using visual and time-frequency anal-
ysis: low-voltage fast activity (LVFA); preictal spiking followed by LVFA; burst of poly-
spikes followed by LVFA; slow wave/DC shift followed by LVFA; theta/alpha sharp
waves; and rhythmic spikes/spike-waves. We found a high prevalence of patterns that
included LVFA (83%), indicating nevertheless that LVFA is not a constant characteris-
tic of seizure onset. An association between seizure-onset patterns and histologic
types was found (p = 001). The more prevalent patterns were as follows: (1) in FCD
type | LVFA (23.1%) and slow wave/baseline shift followed by LVFA (15.4%); (2) in
FCD type Il burst of polyspikes followed by LVFA (31%), LVFA (27.6%), and preictal
spiking followed by LVFA (27.6%); (3) in NDT, LVFA (54.5%). We found that a
seizure-onset pattern that included LVFA was associated with favorable postsurgical
outcome, but the completeness of the EZ resection was the sole independent
predictive variable.

Significance: Six different seizure-onset patterns can be described in FCD and NDT.
Better postsurgical outcome is associated with patterns that incorporate LVFA.
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KEY PoINTS

e We identified six seizure-onset patterns using visual
and time-frequency analysis in focal cortical dysplasia
and neurodevelopmental tumors

e We found a high prevalence of patterns that included
high-frequency discharges (LVFA)

¢ High frequency production is not a constant character-
istic of seizure onset

e Seizure-onset patterns varied according to histologic
subtypes (slow patterns are almost absent in FCD type
1D

o A seizure-onset pattern that included LVFA was a sig-
nificant predictive variable of favorable postsurgical
outcome

Malformations of cortical development (MCDs), includ-
ing focal cortical dysplasia (FCD) and neurodevelopmental
tumor (NDT), are important causes of chronic epilepsy in
humans.'? They are often pharmacoresistant and subse-
quently referred for surgical consideration.' > The Interna-
tional League Against Epilepsy (ILAE) classification®
divides FCD into three subtypes (type L, 11, and IIT) and nine
subgroups (Ia, Ib, Ic, I1a, IIb, IIIa, IIIb, Illc, and II1d), char-
acterized by their cortical architectural abnormalities, the
presence or not of dysmorphic ectopic neurons, and the
presence or not of an associated lesion (i.e., hippocampal
sclerosis). Although this new classification has improved
interobserver agreement, some issues remain debated (in
particular dual-pathology classification or subclassification
of FCD type I).%7

NDTs are congenital lesions and represent the second
most prevalent MCD, essentially represented by dysembry-
oplastic neuroepithelial tumors (DNETs) and gangli-
ogliomas.® They are found in about 15-30% of all operated
focal pharmacoresistant epilepsy.®® They are classified in
the World Health Association (WHO) Classification of the
Central Nervous System as grade I tumors of neuroepithelial
tissue, neuronal, and mixed neuronal-glial tumors.'® NDTs
are characterized by cytoarchitectural changes that may be
present in the adjacent cortex, having similarities to devel-
opmental FCDs, and these are now grouped as FCD type
IIIb in the ILAE classification. However, NDTs remain dif-
ficult to classify, particularly tumors with “nonspecific” or
diffuse growth patterns.''

Epilepsy surgery is an efficient treatment to achieve sei-
zure freedom in patients with MCDs. About 65% of patients
are Engel class I after surgery for FCD”*'? and up to 80% in
cases of NDTs.® In the presurgical assessment of MCDs,
stereo—electroencephalography (SEEG) may be required to
accurately define the epileptogenic zone, guiding the delim-
itation of the zone to be resected.'*™

Intracranial EEG seizure-onset patterns (SOPs) have long
been studied.'® >’ Some studies suggested the relevance of
intracranial EEG SOP to guide successful surgical resec-
tions and estimate potential surgical outcome. Some charac-
teristic interictal (i.e., repetitive and rhythmic spikes,
polyspikes, or waves) and ictal (rhythmic activity followed
by low-voltage fast activity) electrophysiologic patterns
have been described in FCD.*'*'*17-27 Nevertheless the
association between SEEG SOP, histologic type, and surgi-
cal prognosis remains unknown in MCD.

In this study, we reviewed SEEG data from a cohort of 53
consecutive patients with pathologically confirmed FCD or
NDT. Our main objective was to investigate possible associ-
ations between the SOP, histologic type, and the postsurgi-
cal outcome.

MATERIALS AND METHODS

Patient selection

Among all patients (children and adults) who underwent
SEEG in our department from 2000 to 2014, we analyzed 53
consecutive patients with pathologically proven FCD or
NDT. We excluded one patient in whom no seizure was
recorded during SEEG. During the same period, 21 patients
with magnetic resonance imaging (MRI) suggestive of and
subsequently pathologically proven MCD (5 FCD and 16
NDT) were operated without SEEG exploration. In addi-
tion, 18 patients with MRI suggestive of MCD (FCD or
NDT) had SEEG but were not operated, and 72 patients with
negative MRI underwent SEEG of whom 42 were not oper-
ated (the main reasons being bilateral or multifocal epilepto-
genic zone [EZ], or/and inacceptable functional risk of the
surgery).

An expert neuropathologist (DFB) reviewed data and
established the pathologic diagnosis according to ILAE®
and WHO'? classifications. We included in this study,
patients with isolated FCD type I or type II, and patients
with NDT. The institutional review board of the French
Institute of Health (IRB15226) approved this study.

All patients had detailed evaluation including medical
history, neurologic examination, and MRI. In this study, all
patients required invasive recordings after the noninvasive
phase and SEEG exploration was carried out during long-
term video-EEG monitoring, as part of patients’ normal
clinical care. SEEG was indicated when the EZ was sus-
pected to be larger than the lesion and/or when extratempo-
ral regions were suspected to be involved in temporal lobe
seizures and/or when bilateralism was suspected.'” The
placement of electrodes was selected, in each patient, based
on available noninvasive information providing hypotheses
about the localization of the EZ.

SEEG recordings
Recordings were performed using intracerebral multiple
contacts electrodes (10-15 contacts with length 2 mm,
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diameter 0.8 mm, and 1.5 mm apart; for details see Bar-
tolomei et al.?®). Signals were recorded on a 256-channel
Natus system. They were sampled at 256, 512, or 1,024 Hz,
depending on the period of recording, and recorded on a
hard disk (16 bits/ sample) using no digital filter. Two hard-
ware filters were present in the acquisition procedure: a
high-pass filter (cutoff frequency equal to 0.16 Hz at
—3 dB), and an anti-aliasing low-pass filter (cutoff fre-
quency equal to 97 Hz at 256 Hz, 170 Hz at 512 Hz, or
340 Hz at 1,024 Hz).

The surgical outcome was assessed regularly during post-
operative follow-up and coded according to the Engel surgi-
cal outcome classification.”” For analysis, we used the
surgical outcome score at the latest available follow-up.

Signal analysis

The seizure-onset SEEG pattern assessment was carried
out blindly with regard to patient clinical data. Two epilep-
tologists (SL and FBo) independently reviewed the SEEG
data, without software filters, in order to determine the SOP.
The SOPs were describing using visual analysis and spectral
analysis (using Amadeus software; LTSI Rennes). The dis-
crepancies were solved though consensus after discussion
with a senior epileptologist (FB). The seizure onset was
defined as the first change of intracranial EEG signal within
the context of a sustained rhythmic discharge and subse-
quent appearance of clinical signs. Seizures in which clini-
cal manifestations preceded the electrographic onset were
excluded from the analysis. The seizure-onset SEEG pat-
terns were assessed on the earliest involved electrodes. We
visually assessed the contacts of electrodes inside, adjacent
to, or remote from the lesion, using co-registration of pre-
SEEG MRI and computed tomography (CT) with elec-
trodes. We estimated the median discharge frequency over
the first 5 seconds of the seizure (on the same contacts used
to assess SOP). The EZ organization was classified as focal
or network according to the number of structure(s) with high
normalized epileptogenicity index (EI),?® similar to our pre-
vious study.'®> Focal organization corresponded to a situa-
tion where only one structure had an EI value >0.4.
Network organization was considered present in situations
where at least two distinct structures disclosed an EI
value >0.4. The localization of the EZ was expressed in
term of cerebral lobe.

Statistical analysis

For statistical analysis, we defined one SOP per patient.
For patients with different SOP (only two patients in this
series), we used the most prevalent pattern as the representa-
tive SOP.

We performed univariate statistical analysis to describe
patients’ features according to the SOP and the surgical
outcome. The aim of these preliminary analyses was to
select relevant factors for further multivariable analysis,
not to conclude as to potential associations. Because of the
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limited number of observations in some categories (<5),
we used nonparametric tests. The Kruskal-Wallis rank-
sum test was performed to analyze numerical variables,
and Fisher’s two-tailed exact test was used to analyze
nominal variables.

To achieve our main objectives with limited effect of con-
founding factors and no inflation of the error-risk, we used
multiple logistic regression analyses. We included in these
analyses the previous factors with a p-value <0.1 on univari-
ate analyses. We fitted one logistic regression analysis to
test the predictive factors of the SOP, and another logistic
regression analysis to test the predictive factors of postsurgi-
cal outcome. In these analyses, an adjusted (Bonferroni cor-
rection) p-value <0.025 was considered to be statistically
significant. Statistical tests were performed with the soft-
ware Statistical Package for the Social Sciences (SPSS) for
Mac, version 22.

RESULTS

Patients’ features

Fifty-three patients (26 women) were selected for this
study. Histopathologic diagnoses were the following: FCD
type I (13; FCD Ia = 7; FCD Ib = FCD Ic = 1), FCD type
II (29; FCD Ila = 6; FCD IIb = 23), NDT (11; 9 DNET, 1
ganglioglioma, and 1 angiocentric glioma). The mean age at
epilepsy onset was 7 years (range 0-19); the mean age at
SEEG was 24.7 years (range 2.75-56) and the mean epi-
lepsy duration before SEEG was 17.8 years (range 2-45).
Forty-one patients had a visible lesion on MRI and 12 were
considered to be MRI negative. Fourteen patients had a visi-
ble MRI lesion in the frontal lobe, including four patients
with lesions encroaching on or close to the primary motor
cortex, and one patient with a lesion involving an eloquent
language area.

The localization of the EZ was frontal in 23 patients, tem-
poral in 16, parietal in 11, occipital in 3, and 4 patients had
also insular involvement (one frontoinsular, 2 parietoinsu-
lar, and one fronto-parieto-insular). The EZ organization
was “focal” in 20 patients and “network” in 33 patients (ex-
amples are shown in Figs. S1 and S2). The surgical outcome
was: Engel class I for 29 patients (54%), Engel class II for 8
patients (15%), Engel class III for 6 patients (5%), and
Engel class IV for 10 patients (18%). The mean follow-up
duration after surgery was 4.9 years (range 0.25-15). The
epilepsy duration prior to SEEG was shorter in patients with
NDT (median = 12.7; range = 2-38) compared to those
with FCD type II (median = 17.6; range = 2.75-36) or
FCD type I (median = 22.5; range = 3-45; Fig. 1A). The
lobar localization of the lesion varied according to the histo-
logic type: FCD type II were more likely to be localized
within frontal lobes (18/29), and NDT were more likely to
be localized within temporal lobes (8/11; Fig. 1B). Patients’
features according to the histologic type are summarized in
Table 1.
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(A) Epilepsy duration before SEEG according to the histologic type. The epilepsy duration is expressed in years. Empty circle represents
extreme values. The horizontal solid bars represent the median. FCD, focal cortical dysplasia; DNT, neurodevelopmental tumor. (B)
Lobar localization of the epileptogenic zone (EZ) according to the histologic type. Histogram represents the absolute number of patients.

FCD, focal cortical dysplasia; NDT, neurodevelopmental tumor.
Epilepsia © ILAE

Table |. Patients features according to the histologic

type
Histologic type
FCDI FCDII NDT
Patients 13 29 Il
Sex (F/M) 5/8 20/9 4/7
Age at epilepsy 8.8 (2-19) 6.6 (0-17) 6(0.5-14)
onset (y, range)
Epilepsy duration 22.5 (3-45) 17.6 (2.75-36) 12.7 (2-38)
(y, range)
Age at SEEG 31.3(8-56) 24.1 (2.75-50) 18.7 (4-40.5)
(y, range)
MRl lesion 8 22 I
Localization
Frontal 5 18 0
Occipital 0 3 0
Parietal 3 5 3
Temporal 5 3 8
EZ organization 2/11 13/16 5/6
(Focal/NTW)
Engel class
| 6 19 4
] | 4 3
1l 3 2 |
[\ 3 4 3
Follow-up 4.8 (1-15) 4.9 (0.25-10.3) 5(0.5-12.5)
duration
(y. range)

FCD, focal cortical dysplasia; NDT, neurodevelopmental tumor; F, female:
M, male; y, years; SEEG, stereoelectroencephalography; MRI, magnetic reso-
nance imaging; EZ, epileptogenic zone; NTW, network.

For quantitative data, we expressed the median and we reported the range.
Follow-up duration means after surgery.

SEEG implantation

A median of 10 electrodes were implanted per patients
(range 5-13), including 26 patients with bilateral elec-
trodes. The number of implanted electrodes did not differ
between the histologic groups (median of 9 electrodes per
patients with FCD type I; 10 per patients with FCD type
II; and 10 per patients with NDT). The total number of
electrodes was 218 electrodes in frontal lobes (median per
patient 3, range 0-11); 166 electrodes in temporal lobes
(median per patient 3, range 0-8); 85 electrodes in pari-
etal lobes (median per patient 1, range 0-5); 36 electrodes
in occipital lobes (median per patient 0, range 0-5); and 8
electrodes in insula (median per patient O, range 0-2).
Among the 41 patients with an MRI lesion, at least one
electrode was located in the core of the lesion or in the
immediate surrounding cortex.

Seizure-onset patterns

We reviewed a total of 227 seizures. We excluded 5 sei-
zures because the clinical onset preceded the electrophysio-
logic onset. Therefore, we analyzed a total of 222 seizures
(median per patient 3, range 1-22).

Figure 2 shows the different patterns of seizure onset.
Based on both visual and time frequency analysis, we finally
identified six main SOP:

1 Low-voltage fast activity (LVFA), with rhythmic fast
oscillations >14 Hz (median frequency 36 Hz, range 14—
97) starting apparently with no initial changes and with
low initial amplitude <30 pV (Fig. 2A).

Epilepsia, 57(9):1426-1435, 2016
doi: 10.1111/epi.13464
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The six patterns of seizure onset according to the time-frequency representation from SEEG trace. (A) Low-voltage fast activity (LVFA).
(B) Preictal spiking with rhythmic spikes of low frequency followed by LVFA. (C) Burst of polyspikes of high frequency and amplitude fol-
lowed by LVFA. (D) Slow wave or baseline shift followed by LVFA. (E) Rhythmic spikes or spike-waves, at low frequency and with high
amplitude. (F) Theta/alpha sharp activity with progressive increasing amplitude.
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2 Preictal spiking with rhythmic spikes of low frequency
(median 1.5 Hz, range 1-3), high amplitude (median
660 pV, range 450-1,400), prolonged duration (median
20 s, range 4-130) followed by LVFA with lower
frequency than isolated LVFA (median 23 Hz, range
19.5-32; Fig. 2B).

3 Burst of polyspikes of high frequency and amplitude (me-
dian frequency 19.3 Hz, range 12.5-24.5, median ampli-
tude 420 pV, range 260-800) and short duration (median
3.3 s, range 0.5-6) followed by LVFA (median frequency
28 Hz, range 15.5-37; Fig. 2C).

4 Slow wave or baseline shift (median amplitude 400 pV,
range 250-500) followed by LVFA (median frequency
31 Hz, range 20-108; Fig. 2D).

5 Rhythmic spikes or spike-waves, at lower frequency
(median 3.5 Hz, range 4-18) and with high amplitude
(median 1,200 pV, range 900-1,500; Fig. 2E).

6 Theta/alpha sharp activity with the lowest frequency
(median 9.5 Hz, range 6-11), and progressive increasing
amplitude (median 400 pV, range 80-750; Fig. 2F).

The most prevalent patterns were, in descending order of
prevalence: LVFA (pattern 1, 32.1%), followed by bursts of
polyspikes (pattern 3, 18.9%), and preictal spiking (pattern
2, 17%) followed by LVFA, then SW/DC shift followed by
LVFA (pattern 4, 15.1%), and then theta-alpha sharp waves
(pattern 6, 11.3%) and rhythmic spikes/spike-waves (pat-
tern 5, 5.7%). Notably, we found a remarkably high preva-
lence of patterns including LVFA (Fig. S3): 44 of our 53

Epilepsia, 57(9):1426-1435, 2016
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patients analyzed (83%), which nevertheless indicates that
LVFA is not a constant characteristic of these seizures.

By comparison, the seizure-onset patterns observed in
the nonoperated patients (MRI suggestive of MCD or neg-
ative = 60 patients with eight patients excluded because
lack of seizure or clinical onset before electrophysiologic
onset) are indicated in supplementary material. Overall,
the seizure-onset pattern distribution was close to that
observed in operated patients. Nevertheless there was a
tendency of underrepresentation of patterns 2 and 3 (pre-
ictal and burst of polyspikes prior to LVFA: 9/52 and 5/
52, respectively) and overrepresentation of patterns 1 and
4 (LVFA and slow wave or baseline shift followed by
LVFA: 22/52 and 12/52, respectively) in the nonoperated
patients. Moreover, 25 patients were not operated because
of multifocal EZ. In these patients we found similar ten-
dency (overrepresentation of patterns 1 and 4: 10/25 and
7/25, respectively; underrepresentation of patterns 2 and
3: both 3/25).

Seizure-onset pattern and histologic type

The majority of the SOP were common to all histologic
types, with the exception of pattern 5 (rhythmic spikes/
spike-waves) not found in FCD type II, patterns 2 and 3
(preictal spiking and burst of polyspikes followed by
LVFA) not found in NDT.

Moreover, the SOP prevalence varied according to the
histologic types (Fig. 3), summarized as follows:
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e In FCD type I, the most prevalent SOP were pattern 4
(slow wave or baseline shift followed by LVFA; 4/13)
and pattern 1 (LVFA; 3/13);

o In FCD type II, the most prevalent were pattern 3 (burst of
polyspikes followed by LVFA; 9/29), pattern 1 (LVFA;
8/29), and pattern 2 (preictal spiking followed by LVFA;
8/29);

e In NDT, the most prevalent pattern was pattern 1 (LVFA;
6/11).

Taken as a whole, patterns with no LVFA (patterns 5 and
6: 14/53; ~25% of cases) were essentially observed in FCD
type I and NDT. They were observed within the visible (or
histopathologically proven) lesion, suggesting that they rep-
resent a mode of seizure onset in these cases (see Fig. S4).

We used preliminary univariate analysis to select the
variables with statistical difference according to the SOP.
Significant differences were found for histologic subtypes
(p = 0.01) and epilepsy duration (shorter in pattern 6;
p = 0.02). We did not find significant difference for the
others features (for detail see Table S1).

Then we included in the multiple logistic regression anal-
ysis the following variables: histologic type, epilepsy dura-
tion, and gender. We fitted a logistic regression to test these
variables as predictors of the SOP (R* = 0.674 [Cox &
Snell] 0.699 [Nagelkerke] 0.335 [McFadden]; Model
x2(20) = 59.476; p < 0.01). We found an overall associa-
tion between SOP and histologic type (%*(10) = 34.366;
p < 0.01) and epilepsy duration (x*(5) = 26.884; p <0.01).
There was no significant association with gender (XZ(S)
=10.297;p = 0.07).

Surgical outcome

There was an overall significant association between the
seizure-onset pattern and the postsurgical outcome (Engel
class; univariate analysis, Table S2; p = 0.04). Best results
were associated with pattern 3 (burst of polyspikes followed
by LVFA). Grouping all patterns disclosing LVFA at sei-
zure onset (patterns 1, 2, 3, and 4), we found an association
with better postsurgical outcome (p = 0.007, 61.4% Engel
classI).

Seizure Onset Patterns

WMPattern 1: Low Voltage Fact Activity (LVFA)
[ rattern 2: Pre-ictal spiking prior to LVFA
[Jpattern 3: Burst of Polyspikes prior to LVFA
W Pattern 4: Slow-Wave/DC shift prior to LVFA
[Jrattern 5: Rhythmic Spikes / Spike-Waves
WMPattern 6: Theta/Alpha sharp waves

A majority (40/53) of patients had complete removal of
the SEEG-defined EZ. Notably no patient without complete
removal of the EZ was in Engel class I. Among the patients
with complete removal of EZ, the best results were observed
in patients with pattern 3 (burst of polyspikes followed by
LVFA; 8/9 Engel class I), pattern 2 (preictal spiking fol-
lowed by LVFA; 5/6 Engel class I), and pattern 4 (slow
wave or baseline shift followed by LVFA; 5/6 Engel class I;
Fig. 4). The poorest results were seen in patients with pat-
tern 5 (slow rhythmic spikes/spike-waves, no Engel class I
outcome).

We first used a univariate analysis to select the variables
reaching statistical difference according to the surgical out-
come (see Table S2). Then we included in the multiple
logistic regression analysis the following variables: EZ
complete removal, and seizure-onset pattern. We fitted a
logistic regression to test these variables as predictors of the
probability of achieving Engel class I outcome (R* = 0.658
[Cox & Snell]; 0.727 [Nagelkerke] 0.456 [McFadden];
model y*(18) = 56.873; p < 0.01). There was a significant
association between Engel class and the complete removal
of the EZ (x2(3) = 29.525; p < 0.01). There was no signifi-
cant association between Engel class and the SOP
(x*(15) = 25.685;p = 0.04).

Di1SCUSSION

The main objective of this study was to describe the
SEEG SOP in FCD and NDT because no previous study has
specifically investigated this relationship. We identified six
different SOP and showed significant association with his-
tologic type and postsurgical outcome.

SEEG seizure-onset patterns are mainly based on two
types of activities

We describe six main intracerebral EEG SOPs: pattern 1
(LVFA), pattern 2 (preictal spiking followed by LVFA),
pattern 3 (burst of polyspikes followed by LVFA), pattern 4
(slow wave/baseline shift followed by LVFA), pattern 5
(rhythmic spikes/spike-waves), and finally, pattern 6 (theta/
alpha sharp activity). The patterns that we report here

Epilepsia, 57(9):1426-1435, 2016
doi: 10.1111/epi.13464
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Postsurgical outcome according to the seizure-onset pattern. Postsurgical outcome is based on Engel class collected at the last follow-up

visit for each patient.
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confirm and extend some previously described patterns (see
for recent review Ref. 30). We did not find burst-suppres-
sion and delta brush patterns, two patterns recently
described,”’ but these patterns were rare in this previous
study. We also did not observe a diffuse electrodecremental
pattern, which probably reflects a seizure onset not directly
in the epileptogenic zone, as may occur with superficial cor-
tical exploration (grids recording'’ vs. depth electrodes in
our study). Notably, we reported a significant prevalence of
slow wave or baseline shift in our cohort. This pattern is
well known in animal experiments and in human subdural
electrode recording.®' A similar pattern (ictal slow wave)
was also reported in temporal epilepsy using depth and sub-
dural electrodes.®” Our data confirm that this pattern is not
rare at seizure onset in human MCD-associated focal
seizures.

Interestingly, SOP were not limited to fast activities; even
slower activities at ictal onset (patterns 5 and 6) were rare in
this etiologic context (nine patients [17%] in our series).
Such patterns have been already reported in relation to sei-
zure onset,”” and it has been proposed®>* to distinguish
patterns including LVFA (with or without previous parox-
ysms) from those patterns characterized by slow rhythmic
activity (theta-alpha sharp activity, rhythmic spikes/spike-
waves).

One classical explanation could be that these patterns
with rhythmic activities (theta/alpha activity, slow rhythmic
spikes/spike-waves) are more likely than the true SOP to
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represent propagated activities. It is indeed commonly
observed in SEEG recordings that LVFA is observed in the
EZ while slower rhythmic activity often characterizes prop-
agation areas.”® Nevertheless, we have shown here that such
slow SOP can also be observed within epileptogenic lesions,
essentially in FCD type I and in NDT, and may therefore
represent a particular mode of seizure onset in these lesions.

This highlights the fact that intracranial SOP are crucially
based on two major features (possibly associated): low volt-
age fast oscillations and high amplitude slow rhythmic
paroxysms. Notably, these two types of oscillations have
also been found frequently in animal model experimental
seizures and have been proven to be a sufficient basis with
which to model seizure dynamics.*?

The association between SEEG seizure-onset patterns
and histologic types of MCD

We confirm the possibility for one type of histologic
lesion to generate different forms of SOP, and conversely
for different types of histologic lesions to generate appar-
ently similar SOP. This fact has already been highlighted in
SEEG recording®’ and experimental studies,*~* suggesting
a limited repertoire for seizure expression at least as
recorded at the macroelectrode EEG level. Our main result
is the existence of significant association between SEEG
SOP and the histologic type of the lesion. To the best of our
knowledge, this is the first report of such an association in
neocortical epilepsy.
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Relatively few previous studies have focused on FCD
and SOP,">'*17:27 311 of which reported a high prevalence
of LVFA. Fewer reports specifically studied FCD with
depth electrodes.'>'>2> Depth electrodes, as used in the
SEEG method, are particularly suited for studying FCD
because they can capture signal change from para-sulcal
and mesial areas and explore different anatomically sepa-
rate sites along the same trajectory. They are particularly
indicated when a larger EZ is suspected or to study the rela-
tions with eloquent cortex.” Our data clearly confirm that
LVFA (median frequency 36 Hz) is the most frequently
observed SOP in MCD, recorded with depth electrodes. Fur-
thermore, we reported a notably high prevalence of bursts of
polyspikes and preictal spiking prior to low-voltage fast dis-
charge in patients with FCD type II in line with a previous
study focusing on SEEG aspects of FCD.'? Of interest, most
of the recorded seizures in FCD type II included fast activ-
ity, whereas FCD type I and NDT may start by slow-onset
patterns (5 and 6).

In the past, most of the previous studies dealing with SOP
focused on temporal lobe epilepsy.'®*'***® They found
two main patterns: LVFA and preictal spiking/synchrony,**
the latter pattern being mostly associated with mesial
temporal sclerosis. Although we found a lower prevalence
of this pattern in our cohort, it is probable that this kind of
pattern can be also observed in neocortical epilepsy and
MCD.

The association between SEEG seizure-onset pattern
and patient features

We also studied possible associations between SOP and
patient features. We reported a significant association
between the SOP and epilepsy duration (shorter in patients
with seizure-onset pattern 6, theta/alpha sharp activities).
This raises the possibility that LVFA could be an evolution
of this pattern in some patients. Previous studies suggested
an association between SOP and the extension of the sei-
zure-onset zone. Thus, it was suggested that LVFA is asso-
ciated with regional onset and low frequency rhythmic
spikes with focal onset.’® Moreover, an experimental study
reported shorter spreading delay in cases of LVFA at seizure
onset.”’

The presence of ictal LVFA in FCD is associated with
postsurgical outcome

Previous studies explored association between SOP and
postsurgical outcome, and suggested better outcome with
LVFA patterns in mesial temporal and neocortical
epilepsy.'®!721:23-3840 Nevertheless, these previous studies
reported heterogeneous populations with regard to the neo-
cortical lesion and used mostly subdural electrodes. We
reported an overall association between the SOP and the
postsurgical outcome in our patients. Then, we found that
the patients with patterns including LVFA at the seizure
onset had the best postsurgical outcome (Engel class I), but

this association was not significant after multivariate analy-
sis. The completeness resection of the EZ was the strongest
predictor of postsurgical outcome.

Data concerning other SOP are currently limited to a low
number of patients.'”*>?%** The main point is the poorer
outcome associated with activities of lower frequency.*
Similarly, our study suggests poorer prognosis with rhyth-
mic spikes/spike-waves as SOP (since no patient with this
pattern achieved Engel class I outcome).

In addition, two recent studies reported an association
between postsurgical outcome (seizure control) and dif-
fuse electrodecremental pattern (poorer outcome'’); and
delayed second ictal pattern.'” The electrodecremental
pattern described was almost exclusively found with sub-
dural electrodes. It was suggested that this diffuse elec-
trodecremental pattern more likely reflects the extension
of the seizure onset, or the associated cortical change.30
Moreover, from our point of view, the latency of second
ictal patterns are mostly linked to spreading of the
epileptic discharge.

Study limitations

Our study has some limitations, including the low number
of patients for some SOP (limiting the statistical analysis of
association between one specific pattern and other patient
features such as histologic type) and the limited spatial sam-
pling inherent to the SEEG method. Therefore, further stud-
ies with larger populations would be useful to confirm these
findings with better statistical testing. On the other hand,
this is the first study dealing with SEEG SOP that specifi-
cally focuses on histologically proven epileptogenic neocor-
tical lesions (FCD and NDT). We also respected some
suggested methodologic precautions®®: independent inter-
pretations by two EEG readers blinded to clinical data and
inclusion and analysis of all consecutive patients. Further-
more, we used time-frequency analysis to help with SOP
description.

CONCLUSION

Different SOP can be described in FCD and NDT
using data from SEEG recordings. In MCDs, SOPs are
linked to the histologic type. Patterns including LVFA
are the most often observed, but slow/rhythmic activity
may also be seen at seizure onset in patients with NDT
and FCD type I. In FCD type II, preictal spiking or
bursts of polyspikes followed by LVFA are the most fre-
quent patterns.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Figure S1. SEEG recordings showing a focal onset in a
patient with FCD type II in the lateral premotor region (ex-
plored by the electrode SA).

Figure S2. SEEG recordings showing a “network™ onset
in a patient with FCD type I (normal MRI, histopathology
showed FCD type I).

Figure S3. Prevalence of pattern with low-voltage fast
activity (with LVD = LVFA + preictal spiking + burst of
polyspikes + slow-wave/baseline  shift following by
LVFA) according to the histologic type.
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Figure S4. SEEG recordings showing a seizure-onset pat- by the electrode contacts TP1-2, A7-8, B2-3) in a patient
tern type 6 (theta/alpha sharp activity) within a network  with a DNET.
including the MRI lesion (explored by the electrode con- Table S1. Patients’ features and seizure-onset patterns.
tacts C10-11 and TA 8-9) but also remote areas (explored Table S2. Patients’ features and surgical outcome.
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