Research Article: New Research

eMeuro

Disorders of the Nervous System

Interictal Gamma Event Connectivity Differentiates
the Seizure Network and Outcome in Patients after
Temporal Lobe Epilepsy Surgery

Mohamad Shamas, Hsiang J. Yeh, Itzhak Fried, Jerome Engel, and ““Richard Staba

https://doi.org/10.1523/ENEURO.0141-22.2022
David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA 90095

Abstract

Studies of interictal EEG functional connectivity in the epileptic brain seek to identify abnormal interactions be-
tween brain regions involved in generating seizures, which clinically often is defined by the seizure onset zone
(SOZ). However, there is evidence for abnormal connectivity outside the SOZ (NSOZ), and removal of the SOZ
does not always result in seizure control, suggesting, in some cases, that the extent of abnormal connectivity
indicates a larger seizure network than the SOZ. To better understand the potential differences in interictal
functional connectivity in relation to the seizure network and outcome, we computed event connectivity in the
theta (4-8 Hz, ThEC), low-gamma (30-55 Hz, LGEC), and high-gamma (65-95 Hz, HGEC) bands from interictal
depth EEG recorded in surgical patients with medication-resistant seizures suspected to begin in the temporal
lobe. Analysis finds stronger LGEC and HGEC in SOZ than NSOZ of seizure-free (SF) patients (p=1.10e-9,
0.0217), but no difference in not seizure-free (NSF) patients. There were stronger LGEC and HGEC between
mesial and lateral temporal SOZ of SF than NSF patients (p=0.00114, 0.00205), and stronger LGEC and
ThEC in NSOZ of NSF than SF patients (p =0.0089, 0.0111). These results show that event connectivity is sensi-
tive to differences in the interactions between regions in SOZ and NSOZ and SF and NSF patients. Patients with
differential strengths in event connectivity could represent a well-localized seizure network, whereas an absence
of differences could indicate a larger seizure network than the one localized by the SOZ and higher likelihood for
seizure recurrence.
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In surgical patients with different forms of temporal lobe epilepsy, interictal event connectivity is a sensitive
form of EEG functional connectivity that could be associated with synchrony of neuronal activity between
brain regions. Differences in the strength of event connectivity or the lack thereof could indicate the extent
of brain regions that are involved in generating seizures, which could be more numerous or larger than the
\clinically-deﬁned brain area where seizures begin and correspond with the likelihood for seizure control. /

ignificance Statement

Introduction

Multimodal techniques and new signal processing ap-
proaches, such as functional connectivity analysis, have
advanced the concept of epilepsy as a brain network dis-
order (Spencer, 2002; Bartolomei et al., 2008a,b, 2017;
Amiri et al., 2020; Amorim-Leite et al., 2020; Gupta et al.,
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2020) and suggestions to not only find epileptogenic tis-
sue but the network generating the seizures (Spencer,
2002; Prasad et al., 2003; Boling et al., 2009; Jehi, 2015).
Motivation for identifying the seizure network is readily
found in cases of medication-resistant epilepsy, where in
current practice, removal of the seizure onset zone (SOZ)
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does not always control seizures (Prasad et al., 2003;
Boling et al., 2009). Presently, however, the extent of
structural anomalies and functional disturbances that
characterize the seizure network, how these distur-
bances generate seizures, and which critical portions
of the network need to be removed to abolish seizures,
is unknown.

Studies of the seizure network using interictal EEG
functional connectivity suggest brain regions in the SOZ
are more strongly connected than regions not part of the
SOZ (NSOZ) and possibly disconnected from the NSOZ
(Warren et al., 2010; Bettus et al., 2011). Also, more con-
nectivity alterations in NSOZ correlate with a larger epi-
leptogenic network (Lagarde et al., 2018). Undoubtedly
multiple, complex mechanisms contribute to differen-
ces in the strength of connectivity, and we believe the
basis for this involves the synchrony of excitatory and
inhibitory activity that could be greater in regions gener-
ating seizures than those not (Jiang et al., 2022). If this
hypothesis is correct, we reasoned gamma-band con-
nectivity might detect differences in synchrony since
gamma involves coordinated synaptic activity of excita-
tory and inhibitory cells (Bartos et al., 2007; Buzsaki
and Wang, 2012; Chen et al., 2017; Gu et al., 2021), is
associated with excitatory-inhibitory balance (Gao et al.,
2017), and power positively correlates with neuronal spik-
ing rate (Mukamel et al., 2005; Manning et al., 2009). In ad-
dition, we computed theta-band connectivity because
others had found differences in the theta power between
mesial temporal and extratemporal lobe regions involved
in generating seizures (Bettus et al., 2008).

There are a number of approaches to measure func-
tional connectivity, including correlation (Adey et al.,
1961; Alonso et al., 1996; Pfurtscheller and Andrew, 1999),
phase-based methods (Lachaux et al., 1999; Mormann et
al., 2000; Reijneveld et al., 2007), and information theory
(Afshani et al., 2019; Ursino et al., 2020). Among these ap-
proaches is event connectivity, which combines aspects of
correlation and information theory (Kheiri et al., 2013).
Although not used extensively and, to our knowledge, not
in patient studies of epilepsy, gamma event connectivity in
rats produces stable values within behavioral states, corre-
lates with neuronal discharges, and is sensitive to changes
in excitatory and inhibitory synaptic activity (Bragin et al.,
2014). Based on these data, event connectivity appears well
suited for our purposes to measure functional connectivity
and indirectly the synchrony of inhibitory and excitatory ac-
tivity associated with the seizure network.

In the current study, we computed the strength of event
connectivity in theta (4-8 Hz), low-gamma (30-55 Hz), and
high-gamma (65-95 Hz) bands from interictal EEG recorded
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between pairs of contacts on intracerebral electrodes im-
planted in patients who had resective surgery or received an
electrical stimulation device to control their seizures. We
predicted stronger synchrony and thus event connectivity
between brain regions in the SOZ than NSOZ, and larger dif-
ferences in strength of connectivity between SOZ and
NSOZ in seizure-free than not seizure patients, which we
suspected could be due increased synchrony in some re-
gions of NSOZ that are involved in generating seizures in not
seizure-free patients.

Materials and Methods

Subjects and clinical recordings

All 43 subjects (26 females, 17 males) for this retro-
spective study were patients with medication-resistant
focal seizures suspected to begin in the temporal lobe
and candidates for epilepsy surgery, but required intra-
cranial depth electrode EEG (iIEEG) studies to localize
the brain area of seizure onset. All patients were bilater-
ally implanted with seven- to nine-contact clinical depth
electrodes (Ad-Tech Medical Instrument) oriented per-
pendicular to the lateral surface of the temporal bone
and positioned to sample amygdala, entorhinal cortex,
hippocampus, and parahippocampal gyrus, as well as
extratemporal areas such as orbitofrontal cortex, anterior cin-
gulate gyrus, supplementary motor areas, or parietal cortex
(Table 1). Patients were recorded for 7-14days in the epi-
lepsy monitoring unit until a sufficient number of the patient’s
habitual spontaneous seizures were captured. Depth EEG
recordings were reviewed by the attending neurologist
who identified the electrode contacts where seizures first
appeared, which were labeled as the seizure onset zone
(SOZ). All remaining contacts were considered outside or
non-SOZ (NSOZ). Informed consent was obtained from
each patient before the implantation of depth electrodes
and participating in this research, which was approved by
the Medical Institutional Review Board 3 (10-001452).

Depth electrode recordings and localization

Interictal depth EEG recordings were reviewed to re-
move signals containing electrical noise and the remaining
signals notched filtered at 60 Hz. For each patient postop-
erative CT scans were registered to preoperative MRI to
identify electrode contacts within gray matter, and those
contacts fully in white matter were excluded from the anal-
ysis as they would induce spurious connections that are a
result of volume conduction. These steps yielded a total of
2055 electrode contacts without electrical noise with an av-
erage of 49 = 16 contacts per patient. For each patient a
10- to 15-min interictal depth EEG recordings were se-
lected using the following criteria: (1) >24 h after electrode
implantation, (2) before tapering of anti-seizure medica-
tions, (3) at least 6 h before the first recorded seizure, and
(4) period of quiet wakefulness with eyes open or closed.
Only seizures, as an epileptiform activity, were avoided. All
other interictal discharges, including epileptic spikes could
have appeared in the selected data portions. Fifteen pa-
tients were recorded with a sampling frequency of 200 Hz,
and 28 patients had recordings of 2 kHz. All recordings
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Table 1: Intracerebral electrodes positions in all 43 patients
Temporal Frontal Cingulate Parietal Occipital
lobe lobe cortex lobe lobe
Patient A° EC MH AH PH PHG STG TP PT FG OF SMA FP FO F SS AC MC PC IP AP PTB SG OT O
1 RL RL RL RL
2 RL R R RL R R R
3 RL L L R L L R
4 RL RL RL RL RL
5 RL R RL RL RL
6 RL RL RL RL
7 RL R RL R RL R R
8 RL RL RL RL RL RL
9 L L RL L L RL L
10 RL R RL R RL R
11 RL RL RL RL RL RL
12 RL RL RL RL RL RL
13 RL RL RL RL RL
14 R RL RL RL
15 RL RL RL RL RL L
16 RL RL RL RL RL
17 R RL RL R RL
18 RL RL RL RL
19 R R R R R RL
20 RL RL RL RL RL
21 RL RL RL RL RL
22 L RL R L RL
23 RL RL R L RL RL
24 R RL RL RL RL R R
25 RL L RL L RL L RL
26 R RL R L R RL R
27 RL RL R R RL
28 RL RL RL RL L L L
26 R RL L RL R RL
27 RL RL RL RL R R
31 R RL R R R R R
28 L RL L R RL L R
29 RL RL RL RL RL
30 L RL R L L L L L
31 RL RL RL L L L
36 L L RL R RL RL
32 RL RL RL RL RL
38 RL RL R RL RL RL
34 RL RL L R L R R
40 L RL RL L
41 L RL R R R
42 R RL R R R R R
43 RL RL RL R RL RL

TP = temporal pole, FP = frontal pole, A = amygdala, OF = orbitofrontal, EC = entorhinal cortex, F = frontal lobe, AH = anterior hippocampus, FO = frontal
operculum, MH = middle hippocampus, AC = anterior cingulate, PH = posterior hippocampus, MC = middle cingulate, PHG = parahippocampal gyrus,
PC = posterior cingulate, FG = fusiform gyrus, SMA = supplementary motor area, PT = posterior temporal, SS = supra-sylvian, STG = superior temporal
gyrus, AP = anterior parietal lobe, IP = inferior parietal lobe, SG = supramarginal gyrus, PTB = parietal-temporal border, O = occipital lobe, OT = occipi-

tal-temporal border, R: Right, L: Left.

were resampled to 1 kHz using the MATLAB anti-aliasing re-
sample function before connectivity measure was calcu-
lated. To verify sampling rate did not affect connectivity,
especially with high gamma (65-95Hz), we compared (1)
the ratio of low (30-55 Hz) to high gamma power, and (2) the
ratio of number of events of low to high gamma detected
using the MATLAB function findpeaks between patient data
with different sample rates. For each patient we calculated
ratios from a randomly selected 30-s window on five chan-
nels and repeated the procedure 10 times, which generated
1400(8 x 5 x 10) datapoints for the patients sampled at

November/December 2022, 9(6) ENEURO.0141-22.2022

2 kHz and 750(15 x 5 x 10) datapoints for the patients
sampled at 200 Hz. Results show a significant, but small ef-
fect, of sampling rate on the ratios of low to high y power
(Wilcoxon test, p = 7.595 x 107%%, Cohen’s d'=0.2001) and
number of events (4.6258 x 10728, Cohen’s d =0.105;
Extended Data Fig. 1-1A,B), suggesting the anti-aliasing fil-
ter had only a small effect on connectivity. Also, oversam-
pling to 2 kHz produced more events needed in the peri-
event histogram (see below, Connectivity metrics) but did
not affect the spectral frequency components of the signal
(see Extended Data Fig. 1-1C,D).
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Figure 1.

EEG analysis pipeline. A, Unfiltered intracerebral EEG signals are bandpass filtered to extract spectral frequencies in

theta (9), low gamma(L y), or high gamma bands (Hy). Functional coupling between a pair of channels (ch,, ch,) is illustrated in sec-
ond row. A frequency-dependent time interval L (30 s for Hy, 60 s for Ly, and 5min for 6) is chosen, and from the signals on chy
and chy, the local event’s amplitude maxima e; (i=1 ... n) in L are detected (represented in red traces). For each e; in ch,, the lead or
lag in relation to events in ch, within time interval [-T, T] is quantified in a peri-event histogram (bottom left). The distribution of the
histogram is evaluated using Shannon entropy, and a low entropy value is an indication of a peak in the histogram, which represents
the strength of functional coupling for every pair of channels in the connectivity matrix (bottom right). Patients with 2-kHz sampling
rate (N=15) and those with 200-Hz sampling rate (N =28) were both used in this study, refer to Extended Data Figure 1-1 for de-
tailed justification. B, Spikes are detected from unfiltered interictal data using an automatic detector based on signal whitening. The
gray boxes show the detected spikes on different channels. For every pair of contact coupling strength is computed as a rate of the
sum of spikes on each channel divided by the recording duration in minutes. C, Statistical model includes EEG recordings to gener-
ate functional connectivity matrix (black box) and the spikes matrix (red box), patients information and test results to assess seizure
onset zone (SOZ), surgery outcome, and other measures (e.g., seizure frequency), and CT scans co-registered to MRI scans to lo-
calize electrode contacts, group contacts with respect to brain region (green box), and calculate the distance between each pair of

contacts to generate distance matrices (red box). Ipsilateral and contralateral grouping was ignored (see Extended Data Fig. 1-2).

Connectivity metrics

Connectivity measures used in previous studies are di-
verse. Generally, functional connectivity methods can be
divided into three main categories: (1) amplitude-based
measures such as different variants of the well-known
amplitude correlation/coherence in time/frequency do-
mains (Adey et al., 1961; Alonso et al., 1996; Pfurtscheller
and Andrew, 1999); (2) phase-based measures where
phase locking value (Lachaux et al., 1999), mean phase
coherence (Mormann et al., 2000), and phase lag index
(Reijneveld et al., 2007) are most frequently used; and fi-
nally; (3) connectivity originating from information theory
like mutual information (Afshani et al., 2019) and transfer
entropy (Ursino et al., 2020). Connectivity methods
based on information theory can capture the nonlinear
interactions between pairs of brain regions without a

November/December 2022, 9(6) ENEURO.0141-22.2022

prior assumption of a predefined linear or nonlinear model
that the oscillatory phase/amplitude coupling methods are
usually bound to. To exploit the benefits of both correlation
and information theory, we chose to use a stable connec-
tivity measure called gamma event coupling, initially de-
scribed by Bragin et al. (2014). This method is very similar
to transfer entropy and mutual information where all of
them use Shannon entropy to assess the strength of con-
nectivity of a joint probability distribution but differ in the
way the distribution in constructed from the available data.

The method was adapted with different windows sizes
to accommodate connectivity for theta (Theta, 4-8 Hz),
low gamma (LGEC, 30-55 Hz), and high gamma (HGEC,
65-95 Hz; Fig. 1A) event connectivity. Event connectiv-
ity was estimated based on the temporal relation between
individual cycles or events of theta, low gamma, and high

eNeuro.org


https://doi.org/10.1523/ENEURO.0141-22.2022.f1-1
https://doi.org/10.1523/ENEURO.0141-22.2022.f1-2

eMeuro

gamma recorded on every pair of electrodes contacts.
Note that the band 55-65 Hz was omitted to reduce the
chances of spurious connections resulting from 60-Hz
powerline noise contamination. First, data were either
down-sampled or up-sampled to 1 kHz then bandpass
filtered (FIR, order) into the respective spectral fre-
quency bands (see Fig. 1A). For each frequency band
local amplitude maxima were detected using the “find-
peaks” algorithm in the MATLAB toolbox where we
used a “Threshold” parameter of value 0.1 (see Fig. 1A,
red signal). To measure connectivity between contacts
or “channels” (chy and ch,), peri-event histograms were
used to quantify the lead or lag between each local
maxima on chy, and chy (e where i = 1...n, where n is
total number of events in an interval of length L) within
time interval [T, T]. The values of L and T were adjusted
as a function of the targeted frequency bands. According
to the Nyquist rate, the highest observable frequency of
events should be half the sampling rate (1000Hz/
2=500Hz). A time resolution of 2ms (1/500 Hz) can be
used to distinguish two cases. As a result, we chose a
bin size of 2 ms. A frequency dependent time window T
was chosen as 1/fmin where fmin is the minimum fre-
quency at which a related event might occur. In case of
low gamma (Ly), the selected frequency band has a
minimum of fmin=30Hz, thus T is 1/30Hz~34ms. A
statistically valid histogram contains at least 30 data
points per bin; therefore, 1020 (34 bins x 30 events) events
need to be collected with minimum file duration of 24 s
[~1020 events/42.5Hz, where 42.5Hz = (fmin + fmax)/2].
Based on these calculations, a window length of L =230, 60,
and 300 s was used for Hy, Ly, and 6, respectively. This re-
sulted in a 3D matrix of size M x N. x N., where N is the
number of channels and M is the number of matrices corre-
sponding to different windows. An average over all M win-
dows was then calculated for each patient.

When a peri-event histogram had a large peak, the two
channels from the histogram were considered functionally
related. Shannon entropy (S) was used to determine the
peak’s power in the histogram, which is defined as:

N
s=) _pln(p), 0
i=1

where N is the total number of bins and p; is the proba-
bility of an event belonging to the ith bin. A lower S sig-
nifies stronger connectivity and a higher S represents
weaker connectivity and a quasi-uniform distribution
of events. Hence the maximum value of S would occur
when all events have the same likelihood of occur-
rence (p; = 1/N), thus Spax is defined as:

N
1 1
Smax = — ZNLH (N) = Ln(N) (2)

The Shannon entropy value of each pair of channels
(i and j) were then normalized by subtracting it from
its maximum Sp,axand then dividing by it by Spax as
follows:
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The obtained value hj; represent the connectivity index
(strength) between two channels (i and ), it has a mini-
mum value of “0” that means fully disconnected and
maximum value of “1” representing a fully connected
pair. Connectivity was organized into a “connectivity
matrix” where the jith row and jth column of the matrix
correspond to the connectivity strength between chan-
nels i and j. Note that the connectivity matrix is a sym-
metrical matrix, i.e., h; = hj.

Spikes coupling rate

In each patient’s recording, interictal spikes (IIS) were
detected using an automatic algorithm based on whiten-
ing of the power spectrum (Roehri et al., 2016). The output
of the algorithm was visually inspected to ensure correct
detection of spikes (Fig. 1B). For a quantitative validation,
we calculated the percentage of channels with top 5%
spike rates from the automated spike detection and com-
pared these channels to those labeled by the neurologist
as channels with interictal discharges. Results are sum-
marized in Table 2. Like functional coupling in the theta
and gamma frequencies, the strength of IS coupling be-
tween two channels ch; and ch; was computed as the sum
of the total number of spikes on each channel divided by
the total duration in seconds. The spikes rates were or-
ganized into matrices such that the coupling rate r; found
at the row i and column j represented the spikes coupling
rate between channels i and.

Euclidean distance connectivity

After electrodes contacts were localized. First, the
anatomic image is co-registered with the CT image to
mask nonbrain signals. The masked CT image is then proc-
essed (thresholded, eroded, Gaussian filtered, multiplied) to
highlight electrode locations. This highlighted CT is then
transformed to MNI space and loaded into iElectrodes tool-
box (Blenkmann et al., 2017), where electrodes contacts
were localized, labeled, and indexed. iElectrodes toolbox is
a comprehensive open-source toolbox for depth and sub-
dural grid electrode localization. The x, y, and z coordinates
for each contact in gray matter was extracted according to
the MNI system of coordinates whose origin is situated an-
terior commissure and has an RAS orientation. The unit of
measurement was the millimeter. The Euclidean distances
were then arranged into a distance matrix (Fig. 1C), where
the distance dj found on row jand columnj represented the
distance between channels i and .

Exponential model

To assess the change in connectivity strength in relation
to distance we used an exponential decay model of the
form:

s=Ae ™,

where s represents the strength of the connectivity mea-
sure, A is the hypothetical strength at distance zero, d is
the Euclidean distance between channels, and 7 is the

eNeuro.org
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Table 2: Validating spike detector results

Patient Spiking sites Detector highest 5% electrodes Percentage
1 RAH1-3, RA1-3, REC1-3, RPHG1-3, LA1-3 RAH1, RAH 2, REC 1 100%

4 RA1-3, REC1-3, RAH1-3, RPHG1-3, LA1-3, LEC1-3, LAH1-3, LPHG1-3 RA1, RA2, LAH2, LAH3, LAH1 100%

5 RAH1-3, RA1-3, RPH1-3, LAH1-3, REC1-3 RPHS3, RAH3, RA2, ROF3 75%

7

RA5-6, REC5-6, RAH1-6, RPHG3-6, RSTGP2-3, RMC1-4, LAH1-2

8 LA3-4, LAH1-2, LEC1-4, RA1-2, RAH1-2

11 LAH1-3, LA1-3, LEC1-3, RAH1-3, RA1 3, REC1-3
14 LEC1-3, LMH1-3

15 REC4-5, RMH1-2, LEC1-2, LMH1-2

16 RA1-7, RAH1-4, REC1-7, RPHG4-7, ROF3-7, LA1-7, LEC1-7,

LAH1-7, LPHG1-7
17 RSTA2-3, RSTP3-4
18 REC1-4, RMH1-3, LA1-2, LEC1-2, LMH1-2
19 REC4-7, RMH4-7, RPH4-7, RSTG1-7

20 RA1-2, REC1-2, RMH1-2, RPHG1-2, LA1-2, LEC1-2, LMH1-2,

LPHG1-2,
21 RA1-2, RMH1-2, LEC1-3, LMH1-2, LA1-2
22 LEC1-3, LA1-3, LEC4-7, LA4-7
23 RA1-3, REC1-3, RMH1-3, LA1-3, LEC1-3, LMH1-3
24 REC1-4, RMH1-2, RA1-3
25 RTO5-7, RMH1-3, LA6-7, LPH5-6
26 LAH1-3, LEC1-2, RMH1-2, RPHG1-3, REC1-3
27 REC1-3, RMH1-2, RPHG1-2, LMH1-2

28 LMH4-7, LEC4-7, LA4-7, LPSM4-7, LOF4-7, LAC4-7, REC4-7,

RMH4-7, RA4-7
29 RAH1-3, RA1-3, REC1-3, RPHG1-3

30 RA1-2, REC1-2, RMH1-2, RPHG1-2, LA1-2, LEC1-2, LMH1-2,

LPHG1-2

31 RA1-7, REC1-7, RAH1-7, RPHG1-7, ROF1-3, RAF1-3, RAC5-7

32 LEC1-3, LMH1-2, RAH1-7, REC1-7, RPHG1-7

33 REC1-3, RAH1-3, RPHG1-3, LAH1-2, LPHGA1-2, RPHG7-8,

LPHGA7-8
34 LPH1-2, LEC1-2, LA1-2
35 LAH1-2, LEC 1-2, LA 1-4, LPHG1-3
36 LMH1-2, LPHG1-8, LA1-2, ROF4-5
37 LEC1-2, LAH1-2, REC1-2, RAH1-2

38 RSTG1-4, RPT 7-8, LPT1-2, LSTG5-7, LEC5-7, LAH5-7, LMTGS-7,

REC3-7

39 REC1-3, RMH1-3, RMNH3-7, RPNH2-6, RINH4-6, LPC 5-8

40 LEC1-4, LA1-4, LA5-7, LAH1-4, LPNH6-8, LSTG1-5
41 RSTGA1-4, RSTG1-4, LSTG1-4

42 REC1-7, RSTA1-7, RSTG1-7, RMH1-7, RIF1-7, RSO3-7, RIO3-7,

RAIP3-7
43 LEC1-3, LA1-3, RA1-3, REC1-3, LOF3-7, ROF3-7

RA2, RAH1, RAH2, RPHG6, RPSTG2, 70%
REC2, RAH5

RAH1, LEC1, REC1, REC2, RAH2 60%
RA7, REC3, LEC 1, REC1, LAH3 80%
LEC1, LEC2, LMH1, LA1 75%
REC5, LEC3, RMH1 66%
REC1, REC2, LA2 100%
RSTA3, RMH1, RSTP3, RIPP8, LST5 40%
REC1, REC2, RMH2, RA2 75%
RA2, RMH5, RA1, RMH4 50%
REC1, RMH3, LMH1, LEC2 80%
RA4, RMH5, LEC1, LA1 50%
LEC,1, LA1, RA1, RAH1 50%
LEC1, REC4, LMH4, RMH7 25%
RA1, RA2, LAH1, LA1, LAH2 40%
RMH2, LPH4, LPH5, LPH6 75%
LAH1, LAH2, LAH3 100%
RMH2, RMH4, RPHG2, LMH1 75%
LMH4, LMHS6, LPSM5, LMH5 100%
LEC7, LEC6, REC3, REC2, REC1 60%
RA1, LMH1, RA2, REC1 100%
RAH1, REC1, REC2, RPHG1, RAH2  100%
LEC1, LEC3, REC7, RPHG? 100%
REC1, REC2, RAH1, RPHG3 100%
LEC1, LPHG7, LEC2, LPH1 75%
LA3, RA3, LA2 66%
LPHG1, LPHG2, LA1 100%
LA1, LA2, LAH1, LA7 25%
LAH6, LAH5, RAH6, RPHG6 50%
RMH1, LPC7, RMH3, RMNH5 100%
LEC1, LEC2, LA1, LEC3 100%
LSTG2, RPST4, LSTG1, LSTG3 75%
RIO1, RSTG4, RAIP7, RMH6, RSTG3 80%
LAS5, LOF3, RA3, RA2, LEC1 80%

Twelve patients showed 100% correspondence in the top 5% of channels with the highest spike rates between the automated spike detector and those manually
identified channels containing interictal discharges. Twenty patients showed at least 50%, 11 of which with >70% correspondence. Only four patients <40%

correspondence.

R: right, L: left, TP = temporal pole, FP = frontal pole, A = amygdala, OF = orbitofrontal, EC = entorhinal cortex, F = frontal lobe, AH = anterior hippocampus, FO =
frontal operculum, MH = middle hippocampus, AC = anterior cingulate, PH = posterior hippocampus, MC = middle cingulate, PHG = parahippocampal gyrus, PC =
posterior cingulate, FG = fusiform gyrus, SMA = supplementary motor area, PT = posterior temporal, STG = superior temporal gyrus, AP = anterior parietal lobe, O = oc-

cipital lobe, OT = occipital-temporal border.

constant representing the rate at which the strength de-
cays. As value of 7 increases the connectivity strength
weakens and reaches zero faster. For each patient, the
model was fitted to the connectivity strength for each fre-
quency band as a function of distance.

Grouping of contacts and networks

Electrode contacts were grouped into mesial (M), lateral (L),
and extratemporal lobe (E), which largely were in frontal
lobe and rarely in parietal or occipital lobes. A pilot analysis
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showed there was no difference between ipsilateral NSOZ
and contralateral NSOZ (Pnsoz-contra—inpsi = 0.086, n° =
0.000125; see Extended Data Fig. 1-2), and for this reason,
the ipsilateral and contralateral NSOZs were combined.
Brain network connectivity in relation to the SOZ was
labeled as “inside” when both contacts were part of
the SOZ, “outside” when both contacts were part of the
NSOZ, or “between” when one contact was part of the
SOZ and the other part of the NSOZ. A similar approach
was adopted for network connectivity in relation to brain
regions. Since all channels were labeled M, L, or E the six
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possible regional networks were M-M, M-L, M-E, L-L, L-E,
and E-E. Initially, the mean connectivity strength for each
brain region and SOZ network (i.e., SOZ, NSOZ, SOZ-NSO2)
was computed to evaluate connectivity between seizure-
free and not seizure-free patients. However, we were not
able assess the interactions between the brain region and
SOZ. For example, if we consider one contact of a given
pair, it might be in the mesial temporal region (M) and the
other in the Lateral temporal region (L), i.e., part of the M-L
network. At the same time, both electrodes might be in
the SOZ and thus the connectivity is part of the SOZ net-
work. This does not hold for all electrodes in the M-L net-
work, i.e., not all contacts in the M-L network are necessary
in the SOZ. Thus, calculating an average value for SOZ con-
nectivity means ignoring the regions networks or vice-versa,
and to consider the interaction between anatomic regions
and zones, individual nonaveraged connectivity values were
considered.

Statistical analysis

To examine the effects of SOZ, brain region, and seizure
outcome on HGEC while controlling for IIS rates and intere-
lectrode distance, a linear mixed model was used with (1)
HGEC as dependent measure; (2) SOZ, brain region, and
seizure outcome as independent variables (fixed slopes);
and (3) IIS and distance as covariates. The intercepts aris-
ing from different fits for each subject was set to be ran-
dom. Dependent variables that could not be transformed
into normal distribution were analyzed with nonparametric
Wilcoxon test. The magnitude of difference was calculated
as the difference between the estimated marginal means
of groups. Cohen’s d (Cohen, 1988) was used to compute
effect size for Wilcoxon test. Bonferroni was used to cor-
rect for multicomparisons. Pearson correlation was used
to assess the linear relationship between interelectrode
distance and event connectivity measures. All statistical
tests were performed using SPSS software (IBM SPSS
Statistics for Windows; IBM Corp, 2020) except for the
nonparametric tests, which were conducted using the
Statistics Toolbox of MATLAB software (The MathWorks,
MATLAB, version 2020a).

Code accessibility

Gamma event connectivity code is freely available at:
https://github.com/MohamadShamas/GEC.git. To help in
replication of the results, we provide a small dataset of
five patients (one patient with 200-Hz sampling frequency
and four patients with 2-kHz sampling frequency) on the
same link. Instructions on how to use the code are listed
in the readme.md file.

Results

Patient cohort

Forty-three patients (n =26 females; mean age of 44.3 =
10.6 years) with predominately temporal lobe seizures, sur-
gical treatment, and seizure outcome were included in the
study (Table 3). Results from depth electrode recording
showed seizures began in unilateral or bilateral temporal
lobe structures of 30 and 8 patients, respectively, temporal
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and ipsilateral frontal or parietal lobe in three patients, and
bilateral temporal and frontal lobe in two patients. Eighteen
were seizure free with an Engel score of |A or IB, and 25
continued to have clinical seizures after resective or
RNS surgery (Engel Class IC to IVC; Extended Data
Table 3-1) with average follow-up of 3.25 (+2.05) years.
The proportion of females to males and median age at sur-
gery was similar between seizure outcome groups, median
age in seizure-free group was 52 years and in not- seizure-
free group was 39years old (nonparametric Wilcoxon
test, Page = 0.0784). There was no significant difference
in frequency of seizures or auras between the seizure-
free and not seizure-free groups (Wilcoxon, Psejzure Freq =
0.434 and Payras_rreq= 0.832, respectively) or in the duration
of epilepsy (median duration 26 vs 13years; Wilcoxon,
Pauration = 0-0883)-

Connectivity in relation to SOZ, brain region, and
seizure outcome

For each patient we constructed connectivity matrices
computed from a 10- to 15-min period of interictal depth
EEG (see Materials and Methods). Inspection of the
matrices, like the example of HGEC illustrated in Figure
2A, revealed stronger connectivity in seizure-free than
not seizure-free patients (see Extended Data Fig. 2-1).
Arranging the electrodes in relation to the SOZ (Fig. 2A,
top row) or brain region (Fig. 2A, bottom row) also indi-
cated differences in connectivity in many, but not all, pa-
tients (Fig. 2B). To verify these observations, we used linear
mixed model analysis to evaluate the effect seizure out-
come as well as SOZ and brain region on Theta, LGEC,
and HGEC. We included the rate of interictal spikes and
intercontact distance as covariates in the model since
each of these could affect connectivity (Ren et al., 2015;
Lagarde et al., 2018).

Results from the linear mixed model found seizure
outcome did not have a significant effect on connectiv-
ity nor did SOZ, except on HGEC, and brain region did
have a significant effect on HGEC, LGEC, and Theta
(see Table 4). No significant differences were obtained
when comparing different zones and seizure outcomes
for all three frequency bands (see Extended Data Fig. 3-
1A,B). Delving into the model’s results (i.e., interactions),
results show stronger HGEC and LGEC in the SOZ than
NSOZ of seizure-free patients but no difference in not
seizure-free patients (see Fig. 3). Furthermore, seizure-
free patients had stronger HGEC and LGEC in the SOZ
between mesial and lateral temporal lobe than not sei-
zure patients (see Fig. 4A,B). By contrast, seizure-free
patients had weaker LGEC in the extratemporal NSOZ
than not seizure patients (see Fig. 4B). Also, there was
weaker Theta in SOZ than NSOZ of seizure-free and not
seizure-free patients. Lastly, seizure-free patients had
weaker Theta in lateral temporal lobe NSOZ than not sei-
zure-free patients (see Fig. 4C). These results derive
from a seizure-free group that included patients without
and with aura (i.e., Engel IA and IB outcomes). When the
same analysis was performed with a seizure-free cohort
consisting of Engel 1A only (n = 8 patients) there was no
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Table 3: Patients cohort

Seizure Surgical
Sex/ Epilepsy frequency outcome/
Patients age duration (/month)  Site(s) of SOZ MRI Resected area follow-up Pathology 1IS sites
1 F/38 36 6 RA, RAH, REC, RPHG R/L HA R AMTL 11B/73 HS, gliosis RAH, RA, REC, RPHG, LA
2 F/17 8 90 RIP, RAP, RMH Normal R parietotemporal IC/126 Subcortical WM NA
neocortex ectopic
neurons
3 F/42 30 20 LA, LEC, LAH LHA L AMTL 1B/51 FCD la NA
4 F/39 32 5 RAH, RPHG, RA, REC R/L HA R AMTL I1A/43 Gliosis RA, REC, RAH, RPHG, LA, LEC, LAH,
LPHG
5 F/28 20 2 RA, RAH, REC, RPHG Normal R AMTL, temporal IVB/72 Subcortical WM RAH, RA, RPH, LAH, REC
neocortical ectopic
neurons
6 F/30 29 28 LA, LAH LHA VNS 1A/12 NA NA
7 M/21 9 4 REC, RAH, RPHG R FCD, PNH R AMTL, 1IA/84 FCD g, lla RA, REC, RAH, RPHG, RSTP, RMC,
temporooccipital LAH
8 F/25 20 27 RAH, RA, REC R/L HA R AMTL 1B/60 None LA, LAH, LEC, RA, RAH
9 M/42 22 16 LEC, LPHG, LA, LAH, RAH R/L hippocampal L AMTL 11/36 None NA
hyperintensity
10 F/48 32 9 RAH, RA Normal R AMTL liC/42 HS NA
11 M/40 5 1 LA, LEC, LAH L caudate nucleus L AMTL 1A/24 None LAH, LA, LEC, RAH, RA, REC
atrophy
12 F/20 9 12 LA, LEC Normal L AMTL 11B/51 FCD lla NA
13 F/46 46 6 LA, LEC, LAH LHA L AMTL 1B/9 HS NA
14 F/53 51 12 LEC, LMH, LA L hippocampal L AMTL 1A/86 None LEC, LMH
hyperintensity
15 M/45 5 8 LEC, LMH LHA L AMTL IA/58 None REC, RMH, LEC, LMH
16 M/29 8 13 RA, REC, RAH, RPHG, ROFLA, Normal RNS anterior IVB/25 NA RA, RAH, REC, RPHG, ROF, LA, LEC,
LAH hippocampus LAH, LPHG,
17 F/50 24 2 RSTA, RSTP R perisylvian R temporoparietal neo- 1B/2 Gliosis RSTA, RSTP
polymicrogyria cortex, STG
18 F/49 19 3 RA, REC, RMH, LA, LEC, LMH Normal R AMTL 1IA/61 FCDIc REC, RMH, LA, LEC, LMH
19 F/41 12 30 REC, RMH, RPHG, RSTG Normal RAMTL, R lateral TL  IIA/17 HS, gliosis REC, RMH, RPH, RSTG
20 M/49 31 20 RA, REC, RMH, RPHG Normal R AMTL IA/1.5 FCDIc, gliosis  RA, REC, RMH, RPHG, LA, LEC,
LMH, LPHG
21 F/35 30 110 LEC, LA, RA LHA VNS IA/10 NA RA, RMH, LEC, LMH, LA
22 M/56 20 2 LA, LEC L posterior comm. artery L AMTL 1B/27 Subcortical WM LEC, LA
infarct ectopic
neurons
23 F/40 12 4 RA, REC, RMH, RPHG R FCD temporal pole R AMTL 1B/45 FCD IIb, gliosis RA, REC, RMH, LA, LEC, LMH
24 F/34 22 8 REC, RMH Normal R AMTL IVC/48 Gliosis REC, RMH, RA
25 F/27 13 8 LEC, LTO, LPH, REC, RMH PVH, polymicrogyria DBS IVB/9 NA RTO, RMH, LA, LPHG
26 M/35 16 170 REC, RMH, RPHG Normal Entorhinal cortex 11A/29 NA LAH, LEC, RMH, RPHG, REC
replace RNS
27 F/27 7 4 REC, RMH, RPHG, RA Normal RNS MTLE NA/74 NA REC, RMH, RPHG, LMH
28 M/26 18 4 LEC, LA, LMH, LOF, LAC, RA, Encephalomalacia L lat-  TL ATL sparing mesial 11B/20 Gliosis, hetero- LMH, LEC, LA, LPSM, LOF, LAC,
REC, RMH, ROF eral superior TL structures, RNS L topia WM REC, RMH, RA
hippocampal-LOF
29 F/34 20 8 RAH, RA, REC R/L PNH RNS RAH and REC IVB/45 NA RAH, RA, REC, RPHG
30 M/27 9 1 RA, REC, RPHG, LA, LEC, RHA RNS L/R EC 11A/38 NA RA, REC, RMH, RPHG, LA, LEC,
LMH, LPHG LMH, LPHG
31 F/30 15 15 RA, RPHG ROF atrophy R lesionectomy 1A/34 Gliosis RA, REC, RAH, RPHG, ROF, RAF,
RAC
32 F/21 4 2 LEC, LA, LMH, LPHG L temporal pole L AMTL 1B/35 HS, gliosis LEC, LMH, RAH, REC, RPHG
encephalocele
33 M/51 23 4 LEC, LAH, LPHG, REC, RPHG R HA, L FCD RNS L/R medial TL 1B/24 NA REC, RAH, RPHG, LAH, LPHG
34 M/58 8 1 LPH, LEC, LA, RAH, REC LHA L AMTL 1IA/63 HS, gliosis LPH, LEC, LA
35 F/49 13 3 LA, LAH, LEC, LPHG L hippocampal RNS L medial TL and L 11B/28 NA LAH, LEC, LA, LPHG
hyperintensity EC
36 F/43 27 3 LOF, LMH, LPHG FCD RT pole R AMTL, RNS L MTL- 1ID/36 HS LMH, LPHG, LA, ROF
R Middle OF
(Continued)
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Seizure
Sex/ Epilepsy frequency

Surgical
outcome/

Patients age duration (/month)  Site(s) of SOZ MRI Resected area follow-up Pathology IIS sites
37 M/69 5 0.5 LEC, LAH LHA L amygdalo-hippo- 1IA/55 NA LEC, LAH, REC, RAH
campectomy w/
Visualase
38 M/50 38 90 LEC, LMH, LMTG, LAH, RSTG, Hyperintensity L post-TL VNS IVB/31 NA RSTG, RPT, LPT, LSTG, LEC, LAH,
RTP, RPT, LPT, LAH, REC LMTG, REC
39 F/44 9 120 REC, RMH R/L PNH R AMTL 1IA/59 None REC, RMH, RMNH, RPNH, RINH,
LPC
40 F/34 8 5 LEC, LA, LAH, LSTG, LPNH, L PVH, hypothalamic RNS LEC-LPNH 11B/38 NA LEC, LA, LAH, LPNH, LSTG
LMNH, LANH hamartoma
M M/35 25 0 RASTG, RPSTG, LSTG Hyperintensity RT pole, R AMTL, TL R superior, 1V/33 Gliosis RSTGA, RSTG, LSTG
PVH middle, inferior tem-
poral extended
42 M/25 15 8 RMH, RSTG, RSTA, RA, REC  Atrophy R hemisphere RMLTL/TLR IVC/12 Gliosis, CD REC, RSTA, RSTG, RMH, RIF, RSO,
Vascular new infarct R TPO, RNS RSTG, RIO, RAIP
post-TL RO
43 M/28 25 60 LA, LEC, LMH, RA, REC, RMH L MTS hyperintensity RNS L entorhinal, 11A/33 NA LEC, LA, RA, REC, LOF, ROF

amygdala R>L,
Lant TL

L anterior insula

R =right, L = left, A = amygdala, AH = anterior hippocampus, MH = middle hippocampus, PH = posterior hippocampus, EC = entorhinal cortex, PHG = parahip-
pocampal gyrus, OF = orbitofrontal cortex, FA = anterior frontal, STG/A/P = superior temporal gyrus/anterior/posterior, AMTL = anteromesial temporal lobec-
tomy, RNS = responsive neurostimulation, NA = not available, FCD = focal cortical dysplasia, HA = hippocampal atrophy, HS = hippocampal sclerosis, PNH =
periventricular nodular heterotopia, TS = tuberous sclerosis. See Extended Data Table 3-1 that shows examples for resection or RNS therapy in the SOZ.

difference in connectivity between seizure-free and not
seizure patients.

Interictal spikes and connectivity

Previous studies found interictal spikes could affect
connectivity, especially in the gamma band (Ren et al.,
2015; Lagarde et al., 2018), and for this reason we in-
cluded the rate of spikes in the model. The current analy-
sis found a significant, albeit small, effect of interictal
spikes on the strength of HGEC, LGEC, and ThEC (see
Table 4). Consistent with the small estimated coefficients,
overall analysis found a higher rate of spikes was weakly
to moderately correlated with HGEC, LGEC, and Theta
(r=0.19, 0.29, and 0.27, respectively; see Fig. 5A for ex-
ample of HGEC). At the level of the individual patient, 4 of
the 43 patients had a strong correlation between interictal
spikes and HGEC (r > 0.5; Fig. 5C, top scatterplot), but in
all others, it was moderate (r < 0.5) or weak (r < 0.25; Fig.
5C, bottom scatterplot). The modest correlation between
connectivity and spikes was unexpected and could be
because of a limited sample of spikes in short duration re-
cordings. However, there was not a significant correlation
between individual r values of HGEC and spike rates
(r=0.315, p=0.0576), suggesting a limited sampling of
spikes alone can explain the modest correlation. Similar
results were found with LGEC and Theta.

Interelectrode distance and connectivity

The distance between electrode contacts could affect
connectivity strength, i.e., shorter distances correspond
with stronger connectivity (Lagarde et al., 2018). The sta-
tistical model found interelectrode distance had a signifi-
cant large effect on the strength of HGEC, LGEC, and
ThEC (see Table 4). Overall, shorter distances between
contacts correlated with stronger HGEC, LGEC, and Theta
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(Fig. 4B, r=0.45, 0.69, and 0.68 for HG, LG, and theta, re-
spectively). In 42 out of 43 patients, there was a strong cor-
relation between interelectrode distance and strength of
connectivity (see example HGEC in Fig. 5D, top scatterplot),
which is consistent with large estimation coefficients, and
only one patient with a weak correlation (Fig. 5D, bottom
scatterplot).

Next, we analyzed interelectrode distance in relation to the
SOZ and seizure outcome. Results show distances were
shorter between electrodes in the SOZ (median distance
~30mm) than those in the NSOZ (median distance ~68mm)
and between the SOZ and NSOZ (median distance ~67mm;
Fig. 6A). Interelectrode distances in the SOZ (Pyjst_soz =
3.11e 2%, 52 = 0.563) and NSOZ (Pgist_nsoz = 0.00612,
1° = 0.0321) were shorter in seizure-free than not sei-
zure-free patients, but no differences were seen in dis-
tances between SOZ and NSOZ (Pgist_soz_Nsoz = 0.215;
Fig. 6A).

Connectivity in relation severity and duration of
epilepsy

Difference in history or severity of epilepsy could af-
fect connectivity; thus, we performed correlation analy-
sis between strength of connectivity and measures of
epilepsy severity and burden. Analysis found no corre-
lation between strength of connectivity and duration of
epilepsy (Pgur—gec = 0.15, 0.028, 0.58), seizure fre-
quency (PseizureFreg—gec = 0.59, 0.99, 0.47), age of epi-
lepsy onset (Popset—gec = 0.81, 0.84, 0.25), or burden of
disease, i.e., seizure frequency/year X duration of epi-
lepsy in years (Ppurden—gec = 0.71, 0.37, 0.72; Fig. 7).
Also, there were no differences in the strength of con-
nectivity between patients who received a resection
and those who received an RNS, or between patients
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Figure 2. High gamma event coupling in the SOZ and different brain regions. A, Examples of connectivity matrices of high gamma
event coupling (HGEC) for patient 13 who was seizure-free (SF) and patient 19 who was not seizure-free (not-SF). The matrices are
organized with respect to SOZ. If both electrode contacts are in SOZ, then the connectivity value is part of the SOZ, if both contacts
are outside SOZ, then it is part of the NSOZ (complement), otherwise it is between the SOZ and NSOZ. The lower row illustrates
HGEC organized by brain region (M: mesial temporal, L: lateral temporal, E: extratemporal). B, Violin plot and box plot (inside)
shows the distribution, median and interquartile range of HGEC values for patients 13 and 19 with respect to SOZ (top rows) f and
brain regions (bottom rows). In most cases, HGEC is stronger in patient 13 than patient 19. Check Extended Data Figure 2-1 for

GEC matrices of all patients.

with MRI lesion and those without a lesion (see Extended
Data Fig. 7-1).

Comparison of functional connectivity in three
frequency bands

HGEC was strongest in the SOZ than LGEC
(PSOZ—HGEC—LGEC = 6.536_4; Cohen’s d =0.91 1) and Theta
(Psoz_Haec—tec = 0.0480, Cohen’s d =0.682; Fig. 6D). The
correlation between interelectrode distance and Theta was
stronger than the correlation between distance and LGEC
(Pdist—Theta—LGEC = 0.0432, Cohen’s d = 0334) or HGEC
(Pdist—HGEC—LGEC =0.0479, Cohen’s d =0.219; Flg BB) An
exponential model could best describe the relationship be-
tween interelectrode distance and strength of connectivity
with LGEC having the faster exponential decay (median
7 = 0.109) than HGEC (r = 0.0898, p =0.00344, Cohen’s
d =0.643) and Theta (r = 0.0901, p =0.0051, Cohen’s d =
0.518; Fig. 6C). Some examples of the exponential fit are il-
lustrated in Extended Data Figure 6-1.
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Discussion

The main findings in this study are (1) stronger HGEC
and LGEC in SOZ than NSOZ of seizure-free patients; (2)
stronger HGEC and LGEC between mesial and lateral
temporal SOZ in seizure-free than not seizure-free patients;
and (3) stronger LGEC and ThEC in extratemporal and lat-
eral temporal NSOZ of not seizure-free than seizure-free
patients. These results were unrelated to interictal spikes,
clinical features of epilepsy, or MRI abnormality but were
affected by interelectrode distance, which was adjusted for
in the analysis. These relative differences in interictal event
connectivity could indicate abnormal synchrony within and
beyond the SOZ that contributes to seizure recurrence.

Differential event connectivity with respect to SOZ
and NSOZ

Studies of functional connectivity in epilepsy commonly
use linear or nonlinear correlation to assess the depend-
ency between bandpass filtered EEG signals recorded
from pairs of scalp or intracranial electrodes. Several
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Table 4: Statistical table

Hypothesis p-value Fvalue py — p, or Nb samples
Zone significant predictor of HGEC 0.000497 7.60 52,203
Zone significant predictor of LGEC 0.130 2.041 52,203
Zone significant predictor of ThEC 0.057 2.860 52,203
Regions significant predictor of HGEC 2.14e7'9" 180 52,203
Regions significant predictor of LGEC 4.857%° 241 52,203
Regions significant predictor of ThEC 4.31e710% 99.7 52,203
SF patients significantly different from NSF in HGEC 0.206 1.65 52,203
SF patients significantly different from NSF in LGEC 0.910 0.013 52,203
SF patients significantly different from NSF in ThEC 0.205 1.66 52,203
Seizure outcome significant predictor of HGEC 0.162 2.02 52,203
Seizure outcome significant predictor of LGEC 0.539 0.384 52,203
Seizure outcome significant predictor of ThEC 0.520 0.421 52,203
SOZ HGEC > NSOZ HGEC in SF patients 1.10e™° 18.8 (uy — py = 0.0165) 401
SOZ LGEC > NSOZ LGEC in SF patients 0.0217 8.23 (uy — pp = 0.00412) 401
SOZ ThEC < NSOZ ThEC in SF patients 1.12¢7® 12.1 (uy — pp =—0.00761) 2785
SOZ ThEC < NSOZ ThEC in NSF patients 0.00855 14.9 (uy — py = -0.00245) 2785
In SOZ, M-L, HGEC SF > HGEC NSF 0.00114 11.8 (uy — pp = 0.001143) 996

In SOZ, M-L, LGEC SF > LGEC NSF 0.00205 9.94 (uy — p, = 0.016924) 996

In NSOZ, E-E, LGEC SF < LGEC NSF 0.0089 7.46 (uy — p, =-0.011616) 5069
In NSOZ, L-L, ThEC SF < ThEC NSF 0.0111 7.03 (uq — pp =-0.010777) 6106
Spikes significant predictor of HGEC 1.22¢7190 455 (p = 0.00410) 52,203
Spikes significant predictor of LGEC 7.71e7% 479 (B = 0.00279) 52,203
Spikes significant predictor of ThEC 1.54e7%° 233 (B = 0.00165) 52,203
Distance significant predictor of HGEC 7.32¢7110 5504 ( = 0.900) 52,203
Distance significant predictor of LGEC 1.40e71%! 6401 (p = 0.868) 52,203
Distance significant predictor of ThEC 2,12¢7% 3804 (p=0.717) 52,203

Significant values are shown in bold.

studies found stronger interictal functional connectivity
in the mesial temporal or extratemporal lobe SOZ than
NSOZ (Bettus et al., 2008; Bartolomei et al., 2013; Lagarde et
al., 2018). Stronger connectivity was found in conventional
EEG frequency bands, including gamma, which is con-
sistent with evidence of increased gamma power in the
SOZ (Worrell et al., 2004; Medvedev et al., 2011; Cimbalnik

et al., 2018; Zweiphenning et al., 2019). In the current
study, we computed a form of connectivity using peri-
event time histograms to quantify the correlation be-
tween local maxima of individual events recorded from
pairs of depth electrode contacts; a method previously
used to assess event connectivity in rats (Kheiri et al.,
2013; Bragin et al., 2014). With this approach we, too,
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Figure 3. Connectivity strength in relation to seizure outcome and SOZ interaction. A-C, Violin plots that show HGEC, LGEC, and
TEC in relation to SOZ and seizure outcome (SF upper row, NSF lower row). The significant differences (p <0.05) are marked
by asterisks (*). Results for level 1 interactions between connectivity and either zones or outcome are depicted in Extended

Data Figure 3-1.
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and brain regions (columns) for all patients. Seizure-free patients were shaded white and not seizure-free outcome were shaded
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found stronger LGEC and HGEC in the SOZ than NSOZ, lobe of not seizure-free than seizure-free patients,
chiefly between the mesial and lateral temporal SOZ in  which could be related to the reduced theta power in
seizure-free patients. Furthermore, we found stronger = mesial temporal than extratemporal lobe SOZ (Bettus et
ThEC in NSOZ than SOZ, especially in lateral temporal al., 2008). Differences in event connectivity associated
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Figure 5. Correlation between HGEC and interictal spike rate and electrode distance. A, B, Scatter plots illustrating HGEC in relation
to spike rate (A) and electrode contact distance (B). Values are represented as normalize z scores. C, Specific examples of high
(top) and low (bottom) correlation between spike rate and HGEC. The vertical bar to the right shows the percentage correlation coef-
ficients for all patients. High r > 0.5 (shaded green), medium 0.25 <r < 0.5 (red), and low correlation r <0.25 (blue). In most patients,
the correlation between spike rate and HGEC was low. D, Same as panel C but correlation with electrode distance. In most patients,
there was a high correlation between electrode distance and HGEG, i.e., as electrode distance decreases, HGEC increases. All cor-

relations shown had a p <0.0001.

with lateral temporal lobe found in our analysis are consist-
ent with this region’s involvement in some forms of temporal
lobe epilepsy, especially those where the SOZ includes en-
torhinal cortex and MRI is normal or contains a lesion other
than hippocampal sclerosis (Bartolomei et al., 2010), which
characterizes many of the patients in the current study. To
better understand the implications of these results to the
seizure network and seizure outcome, it would be helpful to
first explain what we believe event connectivity represents,
which we discuss in the following paragraph.

What could event connectivity represent?
Most brain rhythms like theta-band and gamma-band
activity involve inhibition that can coordinate regular

November/December 2022, 9(6) ENEURO.0141-22.2022

fluctuations in neuronal excitability, which generates co-
herent extracellular current flows measured in the EEG
(Buzsaki and Watson, 2012). Gamma oscillations, for ex-
ample, involve coordinated activity between inhibitory and
excitatory cells (Buzsaki and Wang, 2012), but if there is in-
hibitory dysfunction, then there is greater excitatory asyn-
chrony and increased gamma-band fluctuations (Yizhar et
al., 2011; Cho et al., 2015). In the current study, it is likely
LGEC and HGEC chiefly represent spontaneous gamma-
band fluctuations in multiunit activity, which was shown in
rats (Bragin et al., 2014) and suggested to occur in humans
(Burke et al., 2015). Regarding theta, which can be recorded
in human mesial temporal lobe and neocortex (Kahana et
al., 2001), it is possible that ThEC could correspond with
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Figure 6. Comparing event connectivity in three frequency bands. A, Violin plots show median Euclidean distance between pairs of
contacts in relation to SOZ (abbreviation same as Fig. 2) and seizure outcome for all patients (abbreviation and shading same as
Fig. 4). B, Violin and box plots of correlation coefficient between electrode distance and strength of functional coupling in high
gamma(Hy), low gamma(Ly), and theta (6) frequency bands in all zones and regions. Note that each patient has one correlation
value, i.e., the violin plots are for 43 points each. C, The decay constant (7) of the exponential decay model [EC = A*exp(-7*d)] relat-
ing the variation of event coupling strength (EC) of different frequency bands (Hvy, Ly, 6) with the distance (d) between channels is
illustrated in form of violin plots each representing 43 patients. See Extended Data Figure 6-1, which illustrates the difference be-
tween slow and fast decays. D, Coupling strength for Hy, Ly, and 6 are compared; p < 0.05 denoted by asterisks (*).

coordinated inhibitory and excitatory activity like LGEC
and HGEC, but it involves a larger volume of tissue and/or
greater spatial distribution of sources. Thus, we propose,
in the epileptic brain, the strength of event connectivity
corresponds with synchrony of inhibitory and excitatory
activity such that relatively stronger event connectivity is
associated with stronger synchrony and weaker event
connectivity is associated with weaker or asynchronous
inhibitory and excitatory activity.

Event connectivity and seizure recurrence

With this understanding of event connectivity, we inter-
pret our results as follows. We assume that in seizure-free
patients, brain regions corresponding with SOZ and NSOZ
were completely identified, but in not seizure-free patients,
the brain area responsible for generating seizures was in-
completely identified and includes regions labeled SOZ
and some in NSOZ (Fig. 8A). Prior work found increased
excitability and synchrony in the SOZ (Staba et al., 2002;
Schevon et al., 2007), and if this were because of deficits in
inhibition, then it might be greater in not seizure-free than
seizure-free patients to explain the recurrence of seizures.
If this is correct and in the context of our current results, we
should find stronger event connectivity in SOZ than NSOZ
in seizure-free patients, which we do, and little difference
between SOZ and NSOZ in not seizure-free patients, which
also is consistent with our results. Furthermore, we should
find weaker event connectivity, especially in NSOZ, of not

November/December 2022, 9(6) ENEURO.0141-22.2022

seizure-free than seizure-free patients, but our results found
stronger LGEC and ThEC in the NSOZ of not seizure-free
patients. An alternative possibility is that rather than deficits
in inhibition, there is a compensatory increase in the syn-
chrony of inhibitory activity that is proportional to excitatory
activity during interictal episodes (Fig. 8B8). This explanation
is more compatible with our results, particularly the stronger
event connectivity in the NSOZ of not seizure-free patients
and could correspond to increased synchrony of inhibitory
and excitatory activity from an actual or potential SOZ
(Luders et al., 2006; Jehi, 2018).

Frequency band-specific sensitivity for the SOZ
Analysis found more differences in y-band than theta-
band event connectivity. One reason could be that unlike
theta activity in rats (Buzsaki, 2002), the mechanisms gen-
erating theta are unclear in humans. However, like rats,
theta can be recorded from several subcortical and corti-
cal areas, which we suggested could correspond with
large or distributed neuronal sources. It is possible that
some of our recording contacts recorded neuronal activity
from a common theta source that overlapped with SOZ
and NSOZ making it less sensitive to detect differences
between SOZ and NSOZ than LGEC and HGEC. Also, we
computed event connectivity from low-gamma and high-
gamma bands like in previous rat studies (Kheiri et al.,
2013; Bragin et al., 2014) and as is often done in studies
on gamma (Buzsaki and Watson, 2012). Although we
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Figure 7. Average high gamma event connectivity (HGEC) as a function of (A) epilepsy duration, (B) seizure frequency, (C) patients
age, (D) type of surgery, and (E) presence of an MRI lesion. Extended Data Figure 7-1 gives examples of different types of MRI

abnormalities.

found similar results with LGEC and HGEC, they were not
identical, and we plan future studies to investigate this further.
Guiding this future work will be evidence suggesting that low
gamma activity could involve inhibitory-inhibitory interactions
and high gamma activity more dependent on inhibitory-
excitatory interactions (Kay, 2003). The potential differen-
ces in the contribution of local (inhibitory) and projection

November/December 2022, 9(6) ENEURO.0141-22.2022

cells (excitatory) between gamma and theta might be related
to the differences we found in the correlation between
strength of event connectivity and distance. The strength of
LGEC declined more rapidly with longer distances than
HGEC or ThEC, which could be explained by greater contri-
butions of local inhibitory cells in the former and more in-
volvement of projecting excitatory cells with the latter.
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Figure 8. Relating connectivity to neuronal circuits mechanisms. A, A schematic illustrating brain regions involved in generating
seizures (red dots) or those not involved (green dots). Clinically-defined seizure onset zone (SOZ; shaded orange) and not seizure
onset zone (NSOZ; shaded blue). In an ideal seizure outcome, i.e., seizure free, all regions involved in generating a seizure are in the
SOZ. The synchrony between brain regions is illustrated as connections (black lines), and a greater number of lines indicates greater
synchrony. In not seizure-free patients, the SOZ is incompletely identified and a portion of the NSOZ contains regions involved in
generating seizures. B, Prediction of the differences in the event connectivity when the strength of connectivity corresponds
with increased synchronous inhibitory activity (blue dots and black lines) that is proportional to increased synchronous excita-
tory activity (red triangles and green lines). An assumption is greater synchrony associated with brain regions involved in gener-
ating seizures, which leads to the following predictions: (1) in seizure-free (SF) patients, stronger connectivity in SOZ than
NSOZ; (2) in not seizure-free (NSF) patients, little or no difference in connectivity between SOZ and NSOZ; and (3) stronger
connectivity in the NSOZ of NSF than SF patients. Results from our analysis are presented as three squares for each frequency
band (theta = 6, low gamma = LG, high gamma = HG), which are colored red and white for actual results that are consistent or
inconsistent, respectively, with the aforementioned predictions.
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Factors that could affect the strength of event
connectivity

There are several factors to consider when interpreting
the current results. First, it is important to distinguish be-
tween connectivity that derives from information theory
and that based on amplitude or phase correlation/coher-
ence methods. For example, in amplitude correlation, the
power of the signal is an important factor that affects the
strength of connectivity. As noted previously, event con-
nectivity derives from the entropy of the peri-event his-
togram and is affected by the timing of the individual
events. However, the algorithm detecting the peak of
events requires an amplitude threshold, and it is possible
it missed low amplitude events. Second, connectivity was
computed from a 10- to 15-min interictal recording. Like
previous studies, we selected a duration and time of re-
cording to reduce potential effects of general anesthesia,
spontaneous seizures, and anti-seizure medication ta-
pering (Bartolomei et al., 2008a,b; Bettus et al., 2008;
Medvedev et al., 2011; Cimbalnik et al., 2018; Lagarde et
al., 2018; Klimes et al., 2019), and like these other stud-
ies, we found comparable results. Also, there is evidence
that event connectivity is stable over a period of several
days in freely behaving rats (Kheiri et al., 2013), and
using the same methodology, we found 84.3+ 13.0%
(n=>5 patients) similarity in the strength of connectivity
between signals from first 10 min and the last 10 min of
the recording. Third, an increase in neuronal spiking firing
during interictal spikes can generate y activity (Alvarado-
Rojas et al., 2013; Muldoon et al., 2015; Ren et al., 2015),
which might overestimate the strength of connectivity on
contacts with high rates of spikes. We included the rate of
interictal spikes as a covariate in our linear mixed model
and found spikes have a significant, but small, effect on
connectivity. The latter result is consistent with other work
that found little difference in connectivity values computed
from EEG signals containing spikes and the same EEG
signals after spikes were removed (Bettus et al., 2008).
Fourth, we realize that Euclidean distance is an impre-
cise measure of anatomic connectivity, yet there was a
significant effect of distance on events connectivity.
Interelectrode distance was shorter in SOZ and NSOZ
of seizure-free than not seizure-free patients, justifying
the decision to include distance as a covariate in our lin-
ear mixed model. Same as for interictal spikes, connec-
tivity values were adjusted for differences in distances
and unlikely explain connectivity results with respect to
seizure outcome. Lastly, measures of seizure severity,
epilepsy burden, or other features of epilepsy did not
correlate with the strength of connectivity after correct-
ing for multiple comparisons, suggesting differences in
connectivity with respect to SOZ and seizure outcome
do not correspond with progressive aspects of epilepsy.

In conclusion, event connectivity is sensitive to differen-
ces in the synchrony of signals recorded in the SOZ and
NSOZ and between surgical patients with and without sei-
zure control. Differences in the strength of event connec-
tivity between SOZ and NSOZ suggest a well-localized
seizure network. By contrast, little or no difference in
event connectivity could indicate a larger brain area
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generating seizures than localized to the SOZ and high-
er likelihood for seizure recurrence. In future work, we plan
to perform unit recordings to investigate the neuronal basis
of event connectivity and how changes in the strength of
event connectivity correlate with neuronal excitability in
brain areas where seizures begin and spread.

References

Adey WR, Walter DO, Hendrix CE (1961) Computer techniques in
correlation and spectral analyses of cerebral slow waves during
discriminative behavior. Exp Neurol 3:501-524.

Afshani F, Shalbaf A, Shalbaf R, Sleigh J (2019) Frontal-temporal
functional connectivity of EEG signal by standardized permutation
mutual information during anesthesia. Cogn Neurodyn 13:531-
540.

Alonso JM, Usrey WM, Reid RC (1996) Precisely correlated firing in
cells of the lateral geniculate nucleus. Nature 383:815-819.

Alvarado-Rojas C, Lehongre K, Bagdasaryan J, Bragin A, Staba R,
Engel J, Navarro V, Le Van Quyen M (2013) Single-unit activities
during epileptic discharges in the human hippocampal formation.
Front Comput Neurosci 7:140.

Amiri S, Mehvari-Habibabadi J, Mohammadi-Mobarakeh N, Hashemi-
Fesharaki SS, Mirbagheri MM, Elisevich K, Nazem-Zadeh M-R (2020)
Graph theory application with functional connectivity to distinguish
left from right temporal lobe epilepsy. Epilepsy Res 167:106449.

Amorim-Leite R, Remick M, Welch W, Abel TJ (2020) History of the
network approach in epilepsy surgery. Neurosurg Clin N Am
31:301-308.

Bartolomei F, Chauvel P, Wendling F (2008a) Epileptogenicity of
brain structures in human temporal lobe epilepsy: a quantified
study from intracerebral EEG. Brain 131:1818-1830.

Bartolomei F, Wendling F, Chauvel P (2008b) [The concept of an epi-
leptogenic network in human partial epilepsies]. Neurochirurgie
54:174-184.

Bartolomei F, Cosandier-Rimele D, McGonigal A, Aubert S, Régis J,
Gavaret M, Wendling F, Chauvel P (2010) From mesial temporal
lobe to temporoperisylvian seizures: a quantified study of temporal
lobe seizure networks. Epilepsia 51:2147-2158.

Bartolomei F, Bettus G, Stam CJ, Guye M (2013) Interictal network
properties in mesial temporal lobe epilepsy: a graph theoretical
study from intracerebral recordings. Clin Neurophysiol 124:2345-
2353.

Bartolomei F, Lagarde S, Wendling F, McGonigal A, Jirsa V, Guye M,
Bénar C (2017) Defining epileptogenic networks: contribution of
SEEG and signal analysis. Epilepsia 58:1131-1147.

Bartos M, Vida I, Jonas P (2007) Synaptic mechanisms of synchron-
ized gamma oscillations in inhibitory interneuron networks. Nat
Rev Neurosci 8:45-56.

Bettus G, Wendling F, Guye M, Valton L, Régis J, Chauvel P,
Bartolomei F (2008) Enhanced EEG functional connectivity in me-
sial temporal lobe epilepsy. Epilepsy Res 81:58-68.

Bettus G, Ranjeva J-P, Wendling F, Bénar CG, Confort-Gouny S,
Régis J, Chauvel P, Cozzone PJ, Lemieux L, Bartolomei F, Guye M
(2011) Interictal functional connectivity of human epileptic net-
works assessed by intracerebral EEG and BOLD signal fluctua-
tions. PLoS One 6:€20071.

Blenkmann AO, Phillips HN, Princich JP, Rowe JB, Bekinschtein TA,
Muravchik CH, Kochen S (2017) iElectrodes: a comprehensive
open-source toolbox for depth and subdural grid electrode local-
ization. Front Neuroinformatics 11:14.

Boling W, Aghakhani Y, Andermann F, Sziklas V, Olivier A (2009)
Surgical treatment of independent bitemporal lobe epilepsy
defined by invasive recordings. J Neurol Neurosurg Psychiatry
80:533-538.

Bragin A, Almajano J, Kheiri F, Engel J Jr (2014) Functional connec-
tivity in the brain estimated by analysis of gamma events. PLoS
One 9:e85900.

eNeuro.org


http://dx.doi.org/10.1016/s0014-4886(61)80002-2
https://www.ncbi.nlm.nih.gov/pubmed/13681481
http://dx.doi.org/10.1007/s11571-019-09553-w
https://www.ncbi.nlm.nih.gov/pubmed/31741690
http://dx.doi.org/10.1038/383815a0
https://www.ncbi.nlm.nih.gov/pubmed/8893005
http://dx.doi.org/10.3389/fncom.2013.00140
https://www.ncbi.nlm.nih.gov/pubmed/24151464
http://dx.doi.org/10.1016/j.eplepsyres.2020.106449
https://www.ncbi.nlm.nih.gov/pubmed/32937221
http://dx.doi.org/10.1016/j.nec.2020.03.011
https://www.ncbi.nlm.nih.gov/pubmed/32475480
http://dx.doi.org/10.1093/brain/awn111
https://www.ncbi.nlm.nih.gov/pubmed/18556663
http://dx.doi.org/10.1016/j.neuchi.2008.02.013
https://www.ncbi.nlm.nih.gov/pubmed/18420227
http://dx.doi.org/10.1111/j.1528-1167.2010.02690.x
https://www.ncbi.nlm.nih.gov/pubmed/20738379
http://dx.doi.org/10.1016/j.clinph.2013.06.003
https://www.ncbi.nlm.nih.gov/pubmed/23810635
http://dx.doi.org/10.1111/epi.13791
https://www.ncbi.nlm.nih.gov/pubmed/28543030
http://dx.doi.org/10.1038/nrn2044
https://www.ncbi.nlm.nih.gov/pubmed/17180162
http://dx.doi.org/10.1016/j.eplepsyres.2008.04.020
https://www.ncbi.nlm.nih.gov/pubmed/18547787
http://dx.doi.org/10.1371/journal.pone.0020071
https://www.ncbi.nlm.nih.gov/pubmed/21625517
http://dx.doi.org/10.1136/jnnp.2008.155291
https://www.ncbi.nlm.nih.gov/pubmed/19060021
http://dx.doi.org/10.1371/journal.pone.0085900
https://www.ncbi.nlm.nih.gov/pubmed/24465774

eMeuro

Burke JF, Ramayya AG, Kahana MJ (2015) Human intracranial high-
frequency activity during memory processing: neural oscillations
or stochastic volatility? Curr Opin Neurobiol 31:104-110.

Buzséki G (2002) Theta oscillations in the hippocampus. Neuron
33:325-340.

Buzsaki G, Wang XJ (2012) Mechanisms of gamma oscillations.
Annu Rev Neurosci 35:203-225.

Buzsaki G, Watson BO (2012) Brain rhythms and neural syntax: im-
plications for efficient coding of cognitive content and neuro-
psychiatric disease. Dialogues Clin Neurosci 14:345-367.

Chen G, Zhang Y, Li X, Zhao X, Ye Q, Lin Y, Tao HW, Rasch MJ,
Zhang X (2017) Distinct inhibitory circuits orchestrate cortical beta
and gamma band oscillations. Neuron 96:1403-1418.e6.

Cho KKA, Hoch R, Lee AT, Patel T, Rubenstein JLR, Sohal VS (2015)
Gamma rhythms link prefrontal interneuron dysfunction with cog-
nitive inflexibility in DIx5/6(+/-) mice. Neuron 85:1332-1343.

Cimbalnik J, Brinkmann B, Kremen V, Jurak P, Berry B, Gompel JV,
Stead M, Worrell G (2018) Physiological and pathological high fre-
quency oscillations in focal epilepsy. Ann Clin Transl Neurol
5:1062-1076.

Cohen J (1988) Statistical power analysis for the behavioral sciences,
Ed 2. New York: Routledge.

Gao R, Peterson EJ, Voytek B (2017) Inferring synaptic excitation/in-
hibition balance from field potentials. Neuroimage 158:70-78.

Gu X, Han F, Wang Z (2021) Dependency analysis of frequency and
strength of gamma oscillations on input difference between excita-
tory and inhibitory neurons. Cogn Neurodyn 15:501-515.

Gupta K, Grover P, Abel TJ (2020) Current conceptual understanding
of the epileptogenic network from stereoelectroencephalography-
based connectivity inferences. Front Neurol 11:569699.

IBM Corp (2020) IBM SPSS Statistics for Windows, Version 27.0.
Armonk, NY: IBM Corp.

Jehi L (2015) Improving seizure outcomes after epilepsy surgery:
time to break the “find and cut” mold. Epilepsy Curr 15:189-191.
Jehi L (2018) The epileptogenic zone: concept and definition.

Epilepsy Curr 18:12-16.

Jiang H, Kokkinos V, Ye S, Urban A, Bagi¢ A, Richardson M, He B
(2022) Interictal SEEG resting-state connectivity localizes the sei-
zure onset zone and predicts seizure outcome. Adv Sci (Weinh)
9:2200887.

Kahana MJ, Seelig D, Madsen JR (2001) Theta returns. Curr Opin
Neurobiol 11:739-744.

Kay LM (2003) Two species of gamma oscillations in the olfactory
bulb: dependence on behavioral state and synaptic interactions. J
Integr Neurosci 2:31-44.

Kheiri F, Bragin A, Engel J Jr (2013) Functional connectivity between
brain areas estimated by analysis of gamma waves. J Neurosci
Methods 214:184-191.

Klimes P, Cimbalnik J, Brazdil M, Hall J, Dubeau F, Gotman J,
Frauscher B (2019) NREM sleep is the state of vigilance that best
identifies the epileptogenic zone in the interictal electroencephalo-
gram. Epilepsia 60:2404-2415.

Lachaux JP, Rodriguez E, Martinerie J, Varela FJ (1999) Measuring
phase synchrony in brain signals. Hum Brain Mapp 8:194-208.

Lagarde S, Roehri N, Lambert |, Trebuchon A, McGonigal A, Carron
R, Scavarda D, Milh M, Pizzo F, Colombet B, Giusiano B, Medina
Villalon S, Guye M, Bénar C-G, Bartolomei F (2018) Interictal ste-
reotactic-EEG functional connectivity in refractory focal epilepsies.
Brain 141:2966-2980.

Luders HO, Najm I, Nair D, Widdess-Walsh P, Bingman W (2006) The
epileptogenic zone: general principles. Epileptic Disord 8 [Suppl
2]:S1-89.

November/December 2022, 9(6) ENEURO.0141-22.2022

Research Article: New Research 18 of 18

Manning JR, Jacobs J, Fried |, Kahana MJ (2009) Broadband shifts
in local field potential power spectra are correlated with single-
neuron spiking in humans. J Neurosci 29:13613-13620.

Medvedev AV, Murro AM, Meador KJ (2011) Abnormal interictal
gamma activity may manifest a seizure onset zone in temporal
lobe epilepsy. Int J Neural Syst 21:103-114.

Mormann F, Lehnertz K, David P, Elger CE (2000) Mean phase coher-
ence as a measure for phase synchronization and its application to
the EEG of epilepsy patients. Phys Nonlinear Phenom 144:358-
369.

Mukamel R, Gelbard H, Arieli A, Hasson U, Fried I, Malach R (2005)
Coupling between neuronal firing, field potentials, and fMRI in
human auditory cortex. Science 309:951-954.

Muldoon SF, Villette V, Tressard T, Malvache A, Reichinnek S,
Bartolomei F, Cossart R (2015) GABAergic inhibition shapes inter-
ictal dynamics in awake epileptic mice. Brain 138:2875-2890.

Pfurtscheller G, Andrew C (1999) Event-related changes of band
power and coherence: methodology and interpretation. J Clin
Neurophysiol 16:512-519.

Prasad A, Pacia SV, Vazquez B, Doyle WK, Devinsky O (2003)
Extent of ictal origin in mesial temporal sclerosis patients moni-
tored with subdural intracranial electrodes predicts outcome. J
Clin Neurophysiol 20:243-248.

Reijneveld JC, Ponten SC, Berendse HW, Stam CJ (2007) The appli-
cation of graph theoretical analysis to complex networks in the
brain. Clin Neurophysiol 118:2317-2331.

Ren L, Kucewicz MT, Cimbalnik J, Matsumoto JY, Brinkmann BH,
Hu W, Marsh WR, Meyer FB, Stead SM, Worrell GA (2015) Gamma
oscillations precede interictal epileptiform spikes in the seizure
onset zone. Neurology 84:602-608.

Roehri N, Lina JM, Mosher JC, Bartolomei F, Benar C-G (2016)
Time-frequency strategies for increasing high-frequency oscilla-
tion detectability in intracerebral EEG. IEEE Trans Biomed Eng
63:2595-2606.

Schevon CA, Cappell J, Emerson R, Isler J, Grieve P, Goodman R,
Mckhann G, Weiner H, Doyle W, Kuzniecky R, Devinsky O, Gilliam
F (2007) Cortical abnormalities in epilepsy revealed by local EEG
synchrony. Neuroimage 35:140-148.

Spencer SS (2002) Neural networks in human epilepsy: evidence of
and implications for treatment. Epilepsia 43:219-227.

Staba RJ, Wilson CL, Bragin A, Fried |, Engel J (2002) Sleep states
differentiate single neuron activity recorded from human epilep-
tic hippocampus, entorhinal cortex, and subiculum. J Neurosci
22:5694-5704.

Ursino M, Ricci G, Magosso E (2020) Transfer entropy as a measure
of brain connectivity: a critical analysis with the help of neural
mass models. Front Comput Neurosci 14:45.

Warren CP, Hu S, Stead M, Brinkmann BH, Bower MR, Worrell
GA (2010) Synchrony in normal and focal epileptic brain: the
seizure onset zone is functionally disconnected. J Neurophysiol
104:3530-3539.

Worrell GA, Parish L, Cranstoun SD, Jonas R, Baltuch G, Litt B
(2004) High-frequency oscillations and seizure generation in neo-
cortical epilepsy. Brain 127:1496-1506.

Yizhar O, Fenno LE, Prigge M, Schneider F, Davidson TJ, O’Shea DJ,
Sohal VS, Goshen |, Finkelstein J, Paz JT, Stehfest K, Fudim R,
Ramakrishnan C, Huguenard JR, Hegemann P, Deisseroth K
(2011) Neocortical excitation/inhibition balance in information
processing and social dysfunction. Nature 477:171-178.

Zweiphenning WJEM, Keijzer HM, van Diessen E, van ’t Klooster
MA, van Klink NEC, Leijten FSS, van Rijen PC, van Putten MJAM,
Braun KPJ, Zijlmans M (2019) Increased gamma and decreased
fast ripple connections of epileptic tissue: a high-frequency di-
rected network approach. Epilepsia 60:1908-1920.

eNeuro.org


http://dx.doi.org/10.1016/j.conb.2014.09.003
https://www.ncbi.nlm.nih.gov/pubmed/25279772
http://dx.doi.org/10.1016/s0896-6273(02)00586-x
https://www.ncbi.nlm.nih.gov/pubmed/11832222
http://dx.doi.org/10.1146/annurev-neuro-062111-150444
https://www.ncbi.nlm.nih.gov/pubmed/22443509
http://dx.doi.org/10.31887/DCNS.2012.14.4/gbuzsaki
http://dx.doi.org/10.1016/j.neuron.2017.11.033
https://www.ncbi.nlm.nih.gov/pubmed/29268099
http://dx.doi.org/10.1016/j.neuron.2015.02.019
https://www.ncbi.nlm.nih.gov/pubmed/25754826
http://dx.doi.org/10.1002/acn3.618
https://www.ncbi.nlm.nih.gov/pubmed/30250863
http://dx.doi.org/10.1016/j.neuroimage.2017.06.078
https://www.ncbi.nlm.nih.gov/pubmed/28676297
http://dx.doi.org/10.1007/s11571-020-09622-5
https://www.ncbi.nlm.nih.gov/pubmed/34040674
http://dx.doi.org/10.5698/1535-7511-15.4.189
https://www.ncbi.nlm.nih.gov/pubmed/26316865
http://dx.doi.org/10.5698/1535-7597.18.1.12
https://www.ncbi.nlm.nih.gov/pubmed/29844752
http://dx.doi.org/10.1002/advs.202200887
http://dx.doi.org/10.1016/s0959-4388(01)00278-1
https://www.ncbi.nlm.nih.gov/pubmed/11741027
http://dx.doi.org/10.1142/s0219635203000196
https://www.ncbi.nlm.nih.gov/pubmed/15011275
http://dx.doi.org/10.1016/j.jneumeth.2013.01.007
https://www.ncbi.nlm.nih.gov/pubmed/23376499
http://dx.doi.org/10.1111/epi.16377
https://www.ncbi.nlm.nih.gov/pubmed/31705527
http://dx.doi.org/10.1002/(SICI)1097-0193(1999)8:4&hx003C;194::AID-HBM4&hx003E;3.0.CO;2-C
http://dx.doi.org/10.1093/brain/awy214
https://www.ncbi.nlm.nih.gov/pubmed/30107499
http://dx.doi.org/10.1523/JNEUROSCI.2041-09.2009
https://www.ncbi.nlm.nih.gov/pubmed/19864573
http://dx.doi.org/10.1142/S0129065711002699
https://www.ncbi.nlm.nih.gov/pubmed/21442774
http://dx.doi.org/10.1016/S0167-2789(00)00087-7
http://dx.doi.org/10.1126/science.1110913
https://www.ncbi.nlm.nih.gov/pubmed/16081741
http://dx.doi.org/10.1093/brain/awv227
https://www.ncbi.nlm.nih.gov/pubmed/26280596
http://dx.doi.org/10.1097/00004691-199911000-00003
https://www.ncbi.nlm.nih.gov/pubmed/10600019
http://dx.doi.org/10.1097/00004691-200307000-00003
https://www.ncbi.nlm.nih.gov/pubmed/14530737
http://dx.doi.org/10.1016/j.clinph.2007.08.010
https://www.ncbi.nlm.nih.gov/pubmed/17900977
http://dx.doi.org/10.1212/WNL.0000000000001234
https://www.ncbi.nlm.nih.gov/pubmed/25589669
http://dx.doi.org/10.1109/TBME.2016.2556425
https://www.ncbi.nlm.nih.gov/pubmed/27875125
http://dx.doi.org/10.1016/j.neuroimage.2006.11.009
http://dx.doi.org/10.1046/j.1528-1157.2002.26901.x
https://www.ncbi.nlm.nih.gov/pubmed/11906505
http://dx.doi.org/10.1523/JNEUROSCI.22-13-05694.2002
https://www.ncbi.nlm.nih.gov/pubmed/12097521
http://dx.doi.org/10.1152/jn.00368.2010
https://www.ncbi.nlm.nih.gov/pubmed/20926610
http://dx.doi.org/10.1093/brain/awh149
http://dx.doi.org/10.1038/nature10360
https://www.ncbi.nlm.nih.gov/pubmed/21796121
http://dx.doi.org/10.1111/epi.16296
https://www.ncbi.nlm.nih.gov/pubmed/31329277

	Interictal Gamma Event Connectivity Differentiates the Seizure Network and Outcome in Patients after Temporal Lobe Epilepsy Surgery
	Introduction
	Materials and Methods
	Subjects and clinical recordings
	Depth electrode recordings and localization
	Connectivity metrics
	Spikes coupling rate
	Euclidean distance connectivity

	Exponential model
	Grouping of contacts and networks
	Statistical analysis
	Code accessibility

	Results
	Patient cohort
	Connectivity in relation to SOZ, brain region, and seizure outcome
	Interictal spikes and connectivity

	Interelectrode distance and connectivity
	Connectivity in relation severity and duration of epilepsy
	Comparison of functional connectivity in three frequency bands

	Discussion
	Differential event connectivity with respect to SOZ and NSOZ
	What could event connectivity represent?
	Event connectivity and seizure recurrence
	Frequency band-specific sensitivity for the SOZ
	Factors that could affect the strength of event connectivity

	References


