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Abstract

Objective: We introduce a method that quantifies the consistent involvement of intracra-
nially monitored regions in recurrent focal seizures.

Methods: We evaluated the consistency of two ictal spectral activation patterns (mean
power change and power change onset time) in intracranial recordings across focal seizures
from seven patients with clinically marked seizure onset zone (SOZ). We examined SOZ
discrimination using both patterns in different frequency bands and periods of interest.
Results: Activation patterns were proved to be consistent across more than 80% of recur-
rent ictal epochs. In all patients, whole-seizure mean activations were significantly higher
for SOZ than non-SOZ regions (P < 0.05) while activation onset times were significantly
lower for SOZ than for non-SOZ regions (P < 0.001) in six patients. Alpha-beta bands
(8 — 20Hz) achieved the highest patient-average effect size on the whole-seizure period
while gamma band (20 — 70 Hz) achieved the highest discrimination values between SOZ
and non-SOZ sites near seizure onset (0 — 5s).

Conclusions: Consistent spectral activation patterns in focal epilepsies discriminate the
SOZ with high effect sizes upon appropriate selection of frequency bands and activation
periods.

Significance:The present method may be used to improve epileptogenic identification as
well as pinpoint additional regions that are functionally altered during ictal events.
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Highlights

o Consistent recurrent seizures allow to estimate channel activation patterns delineat-
ing the seizure onset zone (SOZ).

e The SOZ is characterized by low activation onset times and large time-average ac-
tivation values.

e SOZ discrimination is maximized below the gamma band when the entire seizure
period is considered.

1. Introduction

The accurate identification of the epileptogenic zone in patients with medically re-
fractory epilepsy is central to plan an efficient surgical intervention. Yet, after decades
of surgical treatment experience, the outcome is not completely successful in a signifi-
cant proportion of patients (Spencer and Huh, 2008)) for several causes including complex
epileptogenic networks, surgery technical limitations, among others. Nowadays inva-
sive recording techniques such as stereoencephalography (SEEG) (Munari and Bancaud,
1985} [Talairach et al., [1974; Guenot et al., 2002} Engel et al., [2005) provide a continu-
ous monitoring tool for pre-surgical diagnosis that becomes specially effective in patients
with challenging focal epilepsies. However, those patients exhibiting complex activa-
tion patterns across different seizures still represent a diagnostic challenge because they
involve time-consuming EEG evaluations that may lead to inconclusive interpretations.
Hence, the use of quantitative tools that assess the consistency of ictal patterns across
recurrent seizures might contribute to objectively identify the epileptogenic zone, thus
improving pre-surgical diagnosis (Engel et al., [2005) and reducing potential failures. In
addition, quantitative measures might provide additional insights into the mechanisms of
focal ictogenesis (Goodfellow et al., 2016) when correlated with available structural and
functional information.

Over the last decade, several studies have proposed biomarkers to evaluate the epilep-
togenicity of recorded intracranial structures. A great number of them have analyzed
spectral features of SEEG signals (Bartolomei et al., 2008; David et al., 201 1; |Gnatkovsky
et al., 2011} 2014; |Andrzejak et al., | 2015), which mimic the patterns that are visually
identified as epileptogenic during diagnostic EEG inspection (Gnatkovsky et al., |2014;
Lagarde et al.,|2016). In these works, epileptogenic biomarkers are typically built around
two variables, the activation of signal’s spectral properties (e.g., the relative amount of
signal power in a frequency band (Bartolome1 et al., [2008)) and the onset time of this
activation, which measure respectively the amount of ictal activity and the degree of early
participation of such structures during seizures. Epileptogenicity is then defined for each
structure by combining both variables into an index that may be averaged across distinct
seizures (Bartolomei et al., [2008; David et al.l 2011} Andrzejak et al., 2015) to obtain
a single biomarker per region. Critically, these mathematical transformations leading to
a single value per region might prove inaccurate when averages are performed across
seizures with heterogeneous activation patterns.

In the current study, we developed a flexible, robust and visual-friendly computer-
aided method to assess the homogeneity of two ictal-driven channel spectral patterns
(mean power change and power change onset time) across recurrent focal seizures. We
evaluated the method in a group of seven epileptic patients with temporal lobe drug-
resistant focal seizures. In all patients, we obtained seizure averages of both activation
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patterns for each recorded channel that were represented in two-dimensional plots for
complementary clinical evaluation. As an example of application, we used each averaged
pattern to characterize the seizure onset zone (SOZ) of seven patients with well identified
seizure focus and tested the variability of the results obtained against the main method’s
parameters. The proposed procedure may be integrated into existing epileptogenic indices
by choosing the frequency band of interest and appropriately plugging in each averaged
pattern, thus contributing to identify in a robust form central regions in the generation and
spread of focal seizures.

2. Methods

2.1. Ethics statement

All diagnostic and surgical procedures were approved by The Clinical Ethical Com-
mittee of our Hospital.

2.2. Patients and recordings selection

A total number of 46 focal seizures from seven patients with pharmacoresistant epilepsy
were analyzed. A summary of all patients’ characteristics is given in Table 1. Seizure
onset and termination times of each seizure were independently marked by two epilep-
tologists (RR and AP) using standard clinical assessment. For each seizure we analyzed
SEEG recordings from the marked ictal epoch together with 60 s of pre-ictal and 60 s of
post-ictal epochs.

We selected seven patients in which the seizure focus had been marked by epileptol-
ogists under the general principle that “’the ictal onset was confined to a certain number
of contacts and it was stable through ictal events”. Among the selected patients, Patients
1-3 achieved seizure freedom after surgical resection (Engel I) with a follow-up period of
at least two years. Patients 4 and 5 underwent radiofrequency thermocoagulation (RFTC,
(Bourdillon et al., 2017))) and have showed favorable outcome over the last two years (see
Table 1). Patient 4 is now seizure free, while Patient 5 has proven to be responsive to
RFTC showing a seizure reduction larger than 50%. We also selected two patients (Pa-
tients 6 and 7) in which the outcome had not been successful because the brain resectomy
had failed to completely remove the identified seizure focus. In particular, in Patient 6 the
seizure focus could not be removed because it overlapped with eloquent areas.

All recordings were obtained using a standard clinical EEG system (XLTEK, sub-
sidiary of Natus Medical) with a 500 Hz sampling rate. A uni- or bilateral implantation
was performed accordingly, using 5—15 intracerebral electrodes (Dixi Medical, Besangon,
France; diameter: 0.8 mm; 5 — 15 contacts (or channels), 2 mm long, 1.5 mm apart) that
were stereotactically inserted using robotic guidance (ROSA, Medtech Surgical, Inc). The
decision to implant, the selection of the electrode targets and the implantation duration
were entirely made on clinical grounds.

2.3. Data pre-processing

EEG signals were processed in the referential recording configuration (i.e., each signal
was referred to a common reference). The electrodes per patients included in the analysis
are reported in Table 1. All recordings were band-passed filtered (FIR, filter band [1, 165]
Hz) to remove slow drifts and aliasing effects and notch-filtered to remove the effect of
the alternate current (Notch FIR filter at 50 Hz and harmonic frequencies). Channels
with artefacts were identified by visual inspection and removed prior to data analysis.

For the precise estimation of activation onset times, artefacts simultaneously affecting
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the majority of SEEG channels during short instances were removed using the following
systematic procedure. We performed a sliding-window analysis (200 samples width, 1
sample step) along seizure epochs and identified those time windows where the product
of the mean correlation and the channel-average signal power was two standard deviations
larger than the median.

2.4. Data analysis

2.4.1. Instantaneous activation

We used the Hilbert transform method (Le Van Quyen et al., 2001; Oweis and Ab-
dulhayl 2011) to obtain a spectrogram of the signal recorded by each channel with a time
resolution of 2 ms (Fig. [I] A and B). The signal was split into non overlapping narrow
frequency bands [f, f + Af], with Af = 0.1f, starting at f = 3Hz and up to f = 160Hz.
Summation of the spectrogram over a given frequency band was performed to collapse the
information along one axis, thus obtaining the instantaneous power per channel (Fig. [T[C).
This step was primarily done over all analyzed frequencies and was later particularized
to specific frequency bands. A baseline pre-ictal distribution of power was defined by
accumulating the power values of all channels during the first 40 s of the pre-ictal period.
We then normalized each channel’s instantaneous power with respect to this baseline and
defined the instantaneous activation as the resulting z-score (Fig. [IE). The instantaneous
activation can be easily interpreted as a measure of the power change during the ictal
event. Then, two main measures were defined in this reference space to characterize ev-
ery channel’s ictal activation: the normalized mean activation (nMA) and the activation
onset time (AQO). Precise definitions of both measures are given in the next sections.

2.4.2. Normalized mean activation (nMA)

For every analyzed channel, we defined its mean activation (MA) to be the average
of its instantaneous activation during the seizure epoch. This measure quantifies the rela-
tive time-average power of every channel during the seizure with respect to the pre-ictal
baseline. Although channel mean activations exhibited high variability across seizures, a
relative activation profile was commonly preserved (Fig. [2A). Cross-seizure comparisons
were then made possible by normalizing the channel’s mean activation within each seizure
using the z-score, which yielded a normalized mean activation (nMA) value per channel.
This normalization step enabled a straightforward comparison of channels’ activations
from different seizures (Fig. [2B). We then guaranteed the homogeneity of normalized
values coming from different seizures. This was achieved by discarding seizures with a
fraction equal or greater than 0.15 of channels exhibiting a large deviation (> 2 standard
deviations of the mean) from the median nMA across seizures. Variations of this fraction
threshold did not yield significant differences (Fig. 3]A). The non-discarded seizures were
considered to be part of the normalized seizure ensemble (NSE). Within this ensemble,
we then obtained a seizure-average nMA per channel.

2.4.3. Activation onset time (AO)

In order to consistently determine channel activation onset times (AO) across seizures,
we defined a single activation threshold in the NSE, and translated it to each individual
seizure by reverting the initial normalization. The threshold choice was based on the fol-
lowing observation. The activity of channels during seizures exhibited two nMA profiles
quite consistently across different patients. One profile was determined by channels of
low nMA, which were homogeneously and densely packed in the lowest-value tail of the
nMA distribution (Fig. [2D). In contrast, the rest of the channels exhibited high nMA
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values, which were also more variable (Fig. [2D). Based on these distinct groups, we de-
veloped an algorithm to identify the low nMA profile channels as the subset of recorded
channels with more homogenous activation values (“dense set”). Details of the dense set
identification algorithm can be found in the Supplementary Information (section 2.4).

The dense set defined a low nMA distribution. Let i, and 6 be the mean and stan-
dard deviation of this distribution, respectively. Then, the (single) activation threshold in
the NSE was set to be d = fip, + -G, for some tunable value of Z typically ranging from 1
to 3. By reverting each seizure-specific normalization, we obtained seizure-dependent ac-
tivation thresholds (Fig. 2ID). For every analyzed channel, we defined its activation onset
time (AO) as the first time sample where the channel’s instantaneous activation crossed
the seizure-dependent threshold provided that it remained above this level for at least 95%
of the time during the following T seconds. Results were stable across distinct values of
ZZ=123)and T (T = 5s5,10s). AOs took positive values starting from 0, which
corresponded to the seizure onset time. Channels that never attained the activation thresh-
old were excluded for further AO analysis and representation. Then, AOs from different
seizures were pooled together (Fig. and Fig. [2F). For each channel with defined AO
in at least half of the seizures, we calculated the seizure average AO (Fig. 2G).

3. Results

3.1. Normalized seizure ensemble (NSE)

In all studied patients, we computed the channels’ nMA following the method de-
scribed above. The homogeneity of normalized values across recurrent seizures was as-
sessed in six patients (Patient 3 had only one seizure) prior to perform seizure averages.
In these cases, we identified a NSE composed by a large proportion of focal seizures
(84% + 6%, mean + standard deviation, Table S1), which remained stable across a wide
range of channel thresholding conditions (Fig. [3]A). Furthermore, we could accurately dis-
criminate the high and low nMA profiles in all patients using an in-house set-identification
algorithm (see Supplementary Information, section 2.4). Indeed, in all cases this algo-
rithm confined the lowest part of nMA distribution values, in agreement with the initial
observation that low nMA channels were more homogeneously distributed than high nMA

ones (Fig. 3B).

3.2. Two-dimensional pattern representation

In all patients both channel variables (nMA and AO) were averaged across seizures
within the NSE. To determine the channels’ AQO, the activation threshold was set atZ = 1
and the time window was set at T = 10s. Alternative parameter values did not signifi-
cantly alter the results except in Patient 6, in which only Z = 1 yielded interpretable AO
values due to pre-ictal power changes. Figure 4| represents both averaged patterns in a
two-dimensional plot for each patient, which illustrates the different degree of spectral
activation that channels exhibited across focal seizures. These plots can be particulized to
specific frequency bands or sub-periods of interest within seizures. In particular, one may
include variability information (at the expense of readability) by plotting the standard de-
viation of the estimated patterns across recurrent seizures (Fig. S2). Finally, we tested the
extent to which both activation patterns were providing redundant information by com-
puting the Spearman correlation between each variable across all channels and patients
(Fig. [} bottom-right corner). This computation yielded a medium-large correlation value
(—0.64 + 0.14, mean =+ standard deviation), indicating that both variables could provide

complementary information.
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3.3. Application to SOZ identification

Next, we analyzed how the studied activation patterns correlated with the seizure on-
set zone in all patients. Specifically, we examined statistical differences in NMAs and
AOs between SOZ and non-SOZ channels combining a non-parametric test (Wilcoxon
ranksum test) and an effect-size (Cohen’s d (Cohen, |1992)) measure (Fig. 5 A, Table S2).
In all patients, nMA values were found to be significantly higher for SOZ than non-SOZ
regions (Wilcoxon rank-sum test, P < 0.02) and the effect size was found to be very large
(D > 2) or small-medium (0.3 < D < 0.5, Patient 2). Regarding AO differences, we re-
stricted the comparison to channels with defined onset times (Supplementary Information,
Table S3). In all cases except one (Patient 7) all SOZ channels had a defined AO, while
in the non-SOZ channels this percentage decreased to 61% + 20% (mean + standard de-
viation). In these patients, AO differences between regions were found to be statistically
significant (P < 0.02) showing very large effect sizes. Only in Patient 7 the difference
was not significant (P > 0.1). However, in this patient the percentage of channels with
defined AO’s was significantly (P < 0.001) larger inside the SOZ (86%) than outside the
SOZ (16%).

We demonstrated the flexibility of the method by examining the influence of frequency
bands and an initial ictal sub-period into SOZ identification. First, we repeated the whole
procedure over pre-selected frequency bands: 6—6 (3—8Hz), a—8 (§—20Hz), y (20—70Hz)
and supra-y (70 — 165Hz). In all frequency bands, the percentage of seizures included in
the NSE was approximately equal to the percentage based on the broadband (3 — 165Hz)
spectrum (Supplementary Information, Table S4), although the seizure selection could
vary in each band. Then, we compared nMA and AO values for SOZ and non-SOZ
channels in the aforementioned bands. Figure [SB shows the patient-average effect sizes
for these comparisons in each band (see also Supplementary Information, Table S5). The
discrimination attained a maximum value in the @ — band (D > 2) in both variables, with
the lowest value being reached in the supra-y band. On the other hand, no discrimination
was possible in the supra-y band for AOs, since channels did not have a defined AO for
most of the patients. Finally, we analyzed the influence of early ictal activations into SOZ
identification by applying the same frequency-dependent analysis over a period spanning
5 s form seizure onset. Not surprisingly, the patient-average effect size in this case was
maximized in the gamma band (D > 3.5) and strongly heightened in the supra-y band in
agreement with previous studies (Bartolomei et al., 2008}, Jirsch et al., [2006).

4. Discussion

We proposed a robust methodology to assess recurrent ictal-driven patterns in in-
tracranially recorded signals based on a temporal high-resolution spectral method (Hilbert
transform (Le Van Quyen et al., 2001; Oweis and Abdulhay, 2011)). Our approach relies
on finding an ensemble of focal seizures for every patient where these patterns can be
compared across seizures and then, single biomarkers per channel can be meaningfully
obtained to help define the most epileptogenic regions prior to surgery. Based on previ-
ous works (Bartolomei et al., 2008}; |David et al., 2011), we defined ictal-driven activity
as an abrupt and sustained change in a the signal power from pre-ictal to ictal epochs.
This definition is sufficiently general to make the method adaptive to any frequency band
(Gnatkovsky et al.} 2011) and ictal sub-period of interest.

4.1. Relevance of the normalized seizure ensemble and two-dimensional plot
A primary aspect of our analysis is to prove the existence of a normalized seizure

ensemble per patient, which describes the similar activation profile that channels present
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across recurrent focal seizures. As a result, the quantification of channels’ ictal activation
depends on the activity of the remaining channels during all analyzed seizures. In our
study, the normalized seizure ensemble was proven to exist in patients with TLEs (see
Table 1). The construction of such ensemble was at expense of leaving out a small per-
centage of seizures per patient in which a few channels exhibited heterogeneous patterns.
Although the treatment of such cases was out of the scope in this study, we speculate
that these irregularities might depend on the extent of the area implanted and reflect the
variability of the associated paraphysiological activity (e.g. automatisms) (Engel, [2013).

The resulting two-dimensional plot showing activation patterns per channel can serve
as a complementary tool in clinical practice to inspect the consistent involvement of all
recorded structures in focal seizures. In particular, it may have an impact in the diagnostic
procedure by pinpointing regions that require further visual evaluation or that should be
included in pre-surgical stimulation sessions.

4.2. Seizure onset identification and retrospective interpretation

As an example of application, we used the method to characterize the SOZ of focal
seizures in all studied patients. Because of the limiting spatial sampling attained with
intracranial EEG, the exact boundaries of the SOZ cannot be in general determined. Yet,
the mean activation and the activation onset time can serve as a proxy to localize those
channels that are likely to be involved in the earlier stages of the seizure and thus, be more
spatially linked to the true underlying SOZ.

Our analysis of nMA and AOs in all patients revealed that the visually marked SOZ
involved channels that presented an early increase of the instantaneous power and evolved
into largely sustained time-average activation values (Fig. 5A and B). Although both
activation patterns provided correlated values (Fig. 4), their complementary use may be
diagnostically relevant in special cases such as those of Patients 2 and 7, in which the
level of SOZ discrimination strongly varied across measures.

We considered a cohort of patients that was not homogenous on basis of their post-
surgical outcome. In Patients 1 — 5, the proposed operative treatment (either surgery or
RFTC) had been compatible with the marked SOZ and thus, the SOZ was assumed to
have been correctly mapped. On the contrary, the resected area of Patients 6 — 7 had no
overlap with the marked SOZ, which posed the question: How reliable is the visually
marked SOZ in such cases? Although the relationship between the SOZ resection and
the post-surgical outcome is challenged by recent studies (Rummel et al., 2015; Geiler
et al., 2015; Huang et al., 2012), it is generally agreed that resection of critical parts
of the SOZ is a sufficient condition to attain long-term seizure freedom (Rosenow and
Liiders, 2001). Under this premise, we first assumed that the true SOZ of these patients
had not been resected. Additionally, our analysis showed that the visually marked SOZ
in these patients attained similar relative values of nMA and AO as compared with the
initial patients (Fig. 5). All together, these findings strongly suggest that our method
could indeed identify the SOZ in all cases and in particular, match the visually marked
SOZ that was not resected in the unsuccessful post-surgical cases.

The results on SOZ identification at different frequency bands were shown to conceal
with previous works based on gamma-band (Bartolomei et al., 2008}; David et al., 2011])
and high-frequency oscillations (Malinowska et al., 2015; Jacobs et al., [2016) in short
windows after seizure onset. But more importantly, because of the largely sustained ac-
tivity of SOZ channels suring seizures, our results in the studied patients revealed that
low and medium frequency bands characterize SOZ channels when activation measures
are averaged along the whole seizure epoch. Further research along this lines may help
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unravel the role of the SOZ during seizure propagation and termination and its interplay
with the epileptogenic network.

4.3. Study limitations

Our study has some limitations, including the low number of patients with a com-
mon epilepsy type (Temporal lobe epilepsy), the spatial sampling inherent to the SEEG
technique and a maximum temporal sampling rate of 500 Hz. Further studies should be
performed over a larger cohort of patients to determine normalized ensembles across a
wider range of seizure typologies. In addition, SOZ and Epileptogenic zone identification
based on the studied activation patterns should be assessed in a larger set of patients with
long-term seizure freedom.

5. Conclusions

The present study proposes a general method to robustly quantify spectral activation
patterns that are consistent across recurrent focal seizures. By exploiting the consistent
channel activation profiles that patients exhibit across focal seizures, we propose a nor-
malization procedure that allows to jointly analyze channel activation patterns from dif-
ferent seizures. The two-dimensional analysis of the time-average activation and the ac-
tivation onset time during seizures provides a good characterization of the SOZ that can
serve as a complementary and objective measure for surgical planning and retrospective
analysis.
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A. Raw data B. Spectrogram C. Power
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Figure 1: Schematic illustration showing the computation of channels’ instantaneous activation in one
seizure (first recorded seizure of patient 1). (A) SEEG recordings from two channels labelled as 55 (SOZ)
and 0 (non-SOZ). The seizure epoch is indicated with a red frame, leaving 60 seconds of pre-ictal and
post-ictal periods for comparison. (B) Spectrograms obtained with the Hilbert transform method (keeping
the time resolution equal to the sampling rate). (C) Frequency-independent instantaneous power obtained
by summation of the instantaneous power over all frequencies. (D) SEEG recordings from a selection
of channels. (E) Time-varying instantaneous activation for 56 channels, obtained by normalization of the
frequency-independent instantaneous power with respect to a baseline distribution defined by the power
values of all channels during the first 40 seconds of the pre-ictal period. The five implanted electrodes
correspond to the following sequences of channels: Fc (0-9), A (10-19), Ha (54,55,20-29), Hp (30-41) and
TP (42-53). Lowest numbers within an electrode correspond to the deepest intracerebral channels.
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A. MA (several seizures) B. nMA (all seizures) C. Seizure-average nMA
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Figure 2: (A) Mean activation (MA) profiles for some exemplary seizures. MA was defined as the average
instantaneous activation during the seizure period. (B) Normalized mean activation (nMA), obtained by
normalization of channels’ MA within each seizure using the z-score. (C) Seizure-average nMA in the NSE.
Error bars show one standard deviation. (D) In order to consistently determine channel activation onset
times (AO) across seizures, we defined a single activation threshold in the NSE using an own developed
algorithm (See S.I.) and translated it to each individual seizure by reverting the initial normalisation. (E)
AO profiles for some exemplary seizures. For each analyzed channel, we defined its AO as the first time
sample where the channel’s instantaneous activation crossed the threshold provided that it remained above
this level for at least 95% of the time during the following 7 seconds (7" = 10s in this case). AO took
positive values starting from 0, which corresponded to the seizure onset time. Channels that never attained
the activation threshold were not assigned a defined AO. (F) AO for homogeneous seizures. (G) Seizure
average AO over channels with a defined AO in at least half of the seizures.
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A. NSE seizures
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Figure 3: Homogeneity of the normalised seizure ensemble (NSE). (A) For each thresholding value ¢, we
show the average percentage (across patients) of seizures with a fraction of highly deviating channels (> 2
standard deviations of the mean) smaller than c. Error bars denote the standard deviation. In our analysis,
we chose the threshold value 0.15 because the curve started to stabilize at this value. For this choice,
we identified a non-negligible subset of focal seizures for every patient (84% + 6%, mean + standard
deviation) with minimal variability of nMA across seizures. (B) nMA distribution within the dense set
and its complementary. In all cases, the algorithm confined the lowest part of nMA distribution values, in
agreement with the initial observation that low nMA channels were more homogeneously distributed than
high nMA ones.
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A. SOZ vs non-SOZ, seizure-average nMA and AO
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B. Effect sizes for different parameters (patient-average)
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Figure 5: Activation patterns identify the SOZ. (A, top) Boxplots showing the distribution of nMA values
across SOZ and non-SOZ groups. All group differences were statistically significant (Wilcoxon rank-sum
test, P < 0.02) and its effect size (Cohen’s d, reported in the figure) was very large (D > 2) in all cases
except in Patient 2 (D = 0.38). Group (SOZ/non-SOZ) sample sizes for each patient were 5/51, 9/58,
6/53, 11/67, 5/80, 8/96 and 14/93. (A, bottom) Boxplots showing the distribution of defined AO values
values across SOZ and non-SOZ groups. In Patients 1-6, AO differences between both sets were statistically
significant (P < 0.02) and its effect size (Cohen’s d, reported in the figure) was very large (D > 1). In Patient
7, the difference was not significant (P > 0.1), but the percentage of channels with defined AO’s inside the
SOZ (86%, Table S2) was significantly larger (Wilcoxon ranksum test, P < 0.05, Ny = 14, N, = 93) than
outside the SOZ (16%, Table S2). Group (SOZ/non-SOZ) sample sizes for each patient were 5/29, 9/42,
6/45, 11/41, 5/55, 8/22, 12/15. (B) Patient-average SOZ discrimination values as a function of distinct
frequency bands (whole seizure and 5 seconds initial sub-period). For every patient, nMA and AO values
for SOZ and non-SOZ channels were obtained upon filtering EEG signals in the bands 6 — 8 (3 — 8Hz),
a — B (8 —20Hz), v (20 — 70Hz) and supra-y (70 — 165Hz), respectively, and following the main procedure.
Each curve shows the patient average effect sizes per band. No comparison of AO values was possible in
the supra-y band since channels did not have a defined AO for most of the patients.

15



	Introduction
	Methods
	Ethics statement
	Patients and recordings selection
	Data pre-processing
	Data analysis
	Instantaneous activation
	Normalized mean activation (nMA)
	Activation onset time (AO)


	Results
	Normalized seizure ensemble (NSE)
	Two-dimensional pattern representation
	Application to SOZ identification

	Discussion
	Relevance of the normalized seizure ensemble and two-dimensional plot
	Seizure onset identification and retrospective interpretation
	Study limitations

	Conclusions
	Disclosure
	Acknowledgments

