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Why are people with focal epilepsy not continuously having seizures? Previous neuronal signalling work has impli-
cated gamma-aminobutyric acid balance as integral to seizure generation and termination, butis a high-level distrib-
uted brain network involved in suppressing seizures? Recent intracranial electrographic evidence has suggested that
seizure-onset zones have increased inward connectivity that could be associated with interictal suppression of seiz-
ure activity. Accordingly, we hypothesize that seizure-onset zones are actively suppressed by the rest of the brain
network during interictal states.

Full testing of this hypothesis would require collaboration across multiple domains of neuroscience. We focused on
partially testing this hypothesis at the electrographic network level within 81 individuals with drug-resistant focal
epilepsy undergoing presurgical evaluation. We used intracranial electrographic resting-state and neurostimulation
recordings to evaluate the network connectivity of seizure onset, early propagation and non-involved zones. We then
used diffusion imaging to acquire estimates of white-matter connectivity to evaluate structure-function coupling ef-
fects on connectivity findings. Finally, we generated a resting-state classification model to assist clinicians in detect-
ing seizure-onset and propagation zones without the need for multiple ictal recordings.

Our findings indicate that seizure onset and early propagation zones demonstrate markedly increased inwards
connectivity and decreased outwards connectivity using both resting-state (one-way ANOVA, P-value=3.13x
10~**) and neurostimulation analyses to evaluate evoked responses (one-way ANOVA, P-value =2.5 x 10~°). When
controlling for the distance between regions, the difference between inwards and outwards connectivity remained
stable up to 80 mm between brain connections (two-way repeated measures ANOVA, group effect P-value of 2.6 x
10~*?). Structure-function coupling analyses revealed that seizure-onset zones exhibit abnormally enhanced coup-
ling (hypercoupling) of surrounding regions compared to presumably healthy tissue (two-way repeated measures
ANOVA, interaction effect P-value of 9.76 x 10~2'). Using these observations, our support vector classification mod-
els achieved a maximum held-out testing set accuracy of 92.0 + 2.2% to classify early propagation and seizure-onset
zones.

These results suggest that seizure-onset zones are actively segregated and suppressed by a widespread brain net-
work. Furthermore, this electrographically observed functional suppression is disproportionate to any observed
structural connectivity alterations of the seizure-onset zones. These findings have implications for the identifica-
tion of seizure-onset zones using only brief electrographic recordings to reduce patient morbidity and augment the
presurgical evaluation of drug-resistant epilepsy. Further testing of the interictal suppression hypothesis can pro-
vide insight into potential new resective, ablative and neuromodulation approaches to improve surgical success
rates in those suffering from drug-resistant focal epilepsy.
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Introduction

Drug-resistant focal epilepsy (DRE) accounts for 30-40% of the es-
timated 50 million cases of epilepsy worldwide.™? If medication
fails to control seizures, patients may elect to pursue surgical
treatments including resection,®* ablation®® or neurostimula-
tion.”® Traditional presurgical evaluation includes identification
of seizure-onset zones (SOZs) using seizure semiology, non-invasive
neuroimaging and scalp EEG.? SOZs are defined as observed sites of
ictal onset and are candidates for an electro-clinically defined ‘epi-
leptogenic zone’ that could theoretically be removed to render the
patient seizure free.’ If these techniques fail to accurately localize
SOZs, then invasive monitoring with stereotactic-EEG (SEEG) can
be pursued.” To properly localize SOZs with SEEG, the patient
must remain in the hospital for days to weeks to record many sei-
zures (ictal events).”>*® To reduce the morbidity of long intracranial
recordings, brief resting-state (interictal) SEEG analysis has shown
promise in identifying SOZs.**?°

Resting-state SEEG studies often use the conceptual frame-
work of epilepsy as a disorder of interconnected brain nodes (i.e.
a network).?*~2° Specifically, recent work has shown that SOZs ex-
hibitincreased inwards interictal connectivity from other nodes of
the brain.?®*” This work has led us to propose the Interictal
Suppression Hypothesis (ISH), which posits that the SOZ is tonic-
ally suppressed by other areas of the brain during the resting state
to prevent seizure initiation (Fig. 1). The premise of this hypoth-
esis is intuitively based on the clinical observation that people
with DRE are not continuously having seizures, so perhaps there
is an interictal, widespread functional organization of the brain
that is actively suppressing epileptiform activity. Further, neuro-
physiological evidence for this hypothesis has been demonstrated
in animal models showing GABA (y-aminobutyric acid) -mediated
receptor tonic interictal inhibition of SOZs.?®?° A complete testing
of the ISH requires collaboration across many domains of neuro-
science, including molecular, cellular and brain network investi-
gations using both animal models and human data. In humans,

specifically, we can partially test the ISH by using SEEG electrodes
to investigate the connectivity of the epileptic network. SEEG sig-
nal observations are electrical phenomena of underlying physio-
logical activity that provide direct sampling of brain tissue,
offering insight into the high-level functional organization of the
brain in humans with DRE.

Beyond resting-state recordings, SEEG electrodes can also be
used to electrically stimulate the brain. Specifically, single-pulse
electrical stimulation (SPES) can be used to simultaneously stimu-
late one region and record the poststimulation EEG signal (evoked
response) at all other implanted regions.>*>* SPES provides an-
other paradigm to test the ISH. Importantly, not only can direction-
ality be inferred from SPES, but relative elevation or attenuation of
oscillatory activity can also be quantified to gain insight into the
relative excitatory and inhibitory nature of functional connections.
Specifically, a power spectral density (PSD) approach®¥3® can build
on previous works that focused on whole-band power metrics,
such as root mean square,’”° or metrics that rely on cortico-
cortical evoked potential waveform morphology that can be diffi-
cult to interpret with depth electrodes due to the inconsistency
of evoked potential amplitude due to orientation uncertainty rela-
tive to pyramidal neurons.****** The interpretation of SOZ spec-
tral response to SPES can offer insight into the seizure-onset
network beyond the capabilities of resting-state functional con-
nectivity analyses because it can quantify elevation or attenuation
of neural activity by measuring the change in oscillatory activity in
response to perturbing a distant brain node.

Finally, the spatial and anatomical characteristics of the net-
work (i.e. structural connectivity) have been shown to affect the
resting-state and stimulation-derived network characteristics.
Specifically, past work has suggested that short-range connections
drive increased SOZ connectivity,'® and diffusion-weighted im-
aging (DWI) derived structural connectivity helps explain the net-
work’s functional connections.*®*® Thus, we will evaluate
resting-state connectivity as it relates to SEEG contact spacing
across the brain. Furthermore, we will use DWI to capture more
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Interictal Suppression Hypothesis (ISH) in Focal Epilepsy
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Figure 1 ISH in focal epilepsy. The ISH proposes that regions not involved in ictogenesis (NIZ, blue) have an active role in suppressing SOZ and early PZ

through brain network interactions that can be observed electrographically.

specific structural connectivity information between SEEG con-
tacts. Past work that addresses the nuisance effect of structural
connectivity as it relates to functional connectivity has been lim-
ited by reduction of the SEEG sampling space to atlas parcellations
or relies on biased seeding techniques that do not generalize well
across a patient cohort with diverse SEEG implantation schemes.
A more sophisticated technique is probably required to capture
the structural connectivity that each individual SEEG contact is
sampling. Thus, we use a new contact-specific structural connect-
ivity paradigm that is not biased by SEEG implantation scheme.
Using these techniques, we can evaluate the effects of distance
and structural connectivity to draw conclusions about any patho-
logical changes to structure-function coupling of the seizure-onset
network.

Overall, this work aims to partially test the ISH at the brain net-
work level using resting-state and stimulation-based electrophysi-
ology, controlling for spatial and anatomical variability using DWI.
This work cannot provide complete testing of the ISH and is simply
an investigation that uses some of the most direct techniques cur-
rently available to explore human brain networks. Better character-
ization of SOZs using only interictal data may reduce patient
morbidity by reducing reliance on ictal recordings and provide in-
sight into the underlying biophysical pathophysiology of the epi-
leptic network.

Materials and methods

To interrogate the ISH electrographically and structurally, we per-
formed a series of analyses with resting-state SEEG, SPES and
DWI to evaluate the high-level brain network organization in focal
epilepsy. The results of these analyses were tested against multiple
null hypotheses that include: (i) organization of the seizure-onset
network exhibits indistinguishable resting-state connectivity to
that of regions outside the seizure-onset network; (ii) edge distance
does not correlate with SOZ/PZ/NIZ directed network connectivity;
(iii) SOZ and PZs respond identically to NIZs when the SEEG

implanted network is stimulated; and (iv) differences in functional
connectivity are proportionally coupled to underlying differences
in structural connectivity.

Participants and seizure network designations

We included 81 patients with DRE undergoing SEEG presurgical
evaluation at Vanderbilt University Medical Center (VUMC).
Important demographic and clinical variables are outlined in
Table 1. This study was approved by Vanderbilt’s Institutional
Review Board and all patients provided informed consent. The
diagnosis of DRE and decision to pursue SEEG were determined
by VUMC'’s standard multidisciplinary process, including epileptol-
ogists, neurosurgeons and neuropsychologists. This process in-
cluded analysis of patient history, seizure semiology, video EEG,
MRI, PET, memory/language localization by functional MRI or
Wada, and neuropsychological testing. Electrode (Ad-Tech or PMT
Cooperation) trajectories were planned by treating physicians ac-
cording to standard clinical care at VUMC using the CRAnial Vault
Explorer (CRAVE; Vanderbilt University, Nashville, TN, USA).*®
Each patient had an average of 124.3 +31.4 [mean + standard devi-
ation (SD)] SEEG contacts implanted.

To assign seizure network designations to the SEEG contacts,
the treating epileptologist reviewed all electroclinical ictal events
during the SEEG monitoring. SOZs were defined as SEEG contact(s)
with the first electrographic epileptiform changes observed for a
clinically significant ictal event. Early propagation zones (PZs)
were defined as SEEG contacts with electrographic epileptiform
activity spread within 10 s of ictal onset on the basis of previous
work outlining clinical relevance of identifying areas of seizure
spread.*” Non-involved zone (NIZ) SEEG contacts were defined
as belonging to neither SOZ nor PZ designations.'®?° The review
was blinded to clinically presumed epilepsy subtype, any surgical
treatment and surgical outcome. Next, a single expert reviewed
all epileptologist designations of SOZ/PZ/NIZ. Finally, to quantify
response to surgical intervention we calculated the Engel Surgical
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Table 1 Subject demographics and clinical information
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Full cohort (n=81)

SPES subcohort (n=23) Diffusion subcohort (n=26)

Sex, female (n, %) 46 (56.8%)

Age (years, mean + SD) 344+12.1
Epilepsy duration (years, mean + SD) 16.4+11.9
FBTC seizures, yes (n, %) 58 (71.6%)

MTS, yes (n, %)
Clinically presumed epilepsy subtype (n, %)

15 (18.5%)

Unilateral mTLE 28 (34.6%)
Bilateral mTLE 12 (14.8%)
Unilateral lateral TLE 10 (12.3%)
Unilateral frontal lobe epilepsy 11 (13.6%)
Unilateral parietal lobe epilepsy 4 (4.9%)
Multiple presumed foci (not bilateral mTLE) 16 (19.8%)
Surgery type (n, %)
Resective SAH 14 (17.3%)
ATL 11 (13.6%)
Other resection 10 (12.3%)
Laser SAH 4 (4.9%)
RNS 24 (29.6%)
DBS 1(1.2%)
None 17 (21.0%)
Follow-up duration® (months, mean + SD) 26.7+17.6
SEEG nodes implanted (n, mean + SD) 124.3+31.4
SEEG nodes in grey matter (n, mean + SD) 85.4+26.7
SEEG nodes stimulated (n, mean + SD) NA
SEEG node designations (n, mean + SD)
SOz 11.2+9.2
PZ 9.0+10.3
NIZ 65.2+23.4

16 (69.6%) 20 (76.9%)

36.7+11.7 35.2+115
15.1+9.0 14.8+10.6
18 (78.2%) 17 (65.4%)
3 (13.0%) 6 (23.1%)
8 (34.8%) 12 (46.2%)
3 (13.0%) 4 (15.4%)
4(17.4%) 2(7.7%)
2 (8.7%) 1 (3.8%)
1 (4.3%) 2(7.7%)
5 (21.7%) 5 (19.2%)
3 (13.0%) 8 (30.8%)
3 (13.0%) 3 (11.5%)
1 (4.3%) 2(7.7%)
0 (0%) 0 (0%)
10 (43.5%) 11 (42.3%)
0 (0%) 0 (0%)
6 (26.1%) 2(7.7%)
12.8+7.8 353+19.0
133.5+23.6 127.5+23.9
93.3+19.0 78.8+23.9
60.0+10.7 NA
13.7£11.2 12.2+9.6
76+7.4 6.2416.9
72.0+18.6 66.9+21.6

ATL = anterior temporal lobectomy; DBS = deep brain stimulation of bilateral anterior thalamic nuclei; FBTC =focal to bilateral tonic-clonic seizures; mTLE = mesial temporal
lobe epilepsy; MTS = mesial temporal sclerosis; RNS =responsive neurostimulation; SAH = selective amygdalohippocampectomy; TLE = temporal lobe epilepsy.

20Only for resective surgeries.

Outcome Scale for subjects who received a resective or ablative
surgery and had follow-up data at least 1 year following surgery.*®
Patients who received a neuromodulation treatment were ex-
cluded from surgical outcome analyses.

We calculated undirected and directed SEEG resting-state connectiv-
ity for all 81 subjects as outlined in our previous studies.’®?° Briefly,
we collected 20 min of resting-state data on SEEG post-implantation
Day 1 or 2, with the subject lying flat with their eyes closed trying not
to fall asleep. We then filtered the data with a 1-59, 61-119, 121-
150 Hz bandpass Butterworth filter using MATLAB’S filtfilt function
(MathWorks Inc., Natick, MA, USA) to remove direct current offset
and power line interference. The signals were referenced using a bi-
polar montage. For simplicity, each bipolar pair referenced signal will
henceforth be referred to as a ‘node’ and the connectivity between
two nodes will be referred to as an ‘edge’. To reduce potential seg-
mentation bias, we did not use a brain atlas for any portion of these
analyses.*® Avoiding potentially arbitrary region segmentations in-
creases the generalizability of these analytical approaches and im-
proves biological interpretation by only accounting for tissue that is
directly sampled by SEEG. We then segmented the 20-min resting-
state epoch into ten 2-min epochs. All metric calculations described
next were averaged across these ten 2-min epochs.

To assess undirected resting-state SEEG connectivity, we calcu-
lated imaginary coherence (ImCoh) and real coherence for all

edges.’ ImCoh ignores zero-time lag signals and reduces volume
conduction and artefact effects.>®" Specifically, alpha-band
ImCoh has the highest test-retest reliability and has been well es-
tablished as a measure of functional connectivity,”>>* including
in intracranial EEG studies.> For directed connectivity analysis,
we calculated partial directed coherence (PDC) for all edges.?® A
node’s undirected connectivity was defined as the average ImCoh
value of that node’s edges with respect to all other nodes (i.e.
‘strength’ of the node). A node’s outwards connectivity was defined
as the average outwards PDC of edges with respect to all other
nodes. Correspondingly, a node’s inwards connectivity was defined
as the average inwards PDC of edges from all other nodes. To quan-
tify the overall direction of a node’s connectivity, reciprocal con-
nectivity was calculated as the difference between each node’s
inwards and outwards connectivity. Reciprocal connectivity is dir-
ectly correlated to the inwards/outwards connectivity but simpli-
fies analyses to a single metric that attempts to capture the
balance between incoming and outgoing node connections. In all
circumstances, intra-patient normalization with z-scoring was
done for each connectivity matrix (i.e. whole-matrix mean
subtracted and divided by whole-matrix standard deviation) to
homogenize the dynamic range of connectivity values. All connect-
ivity was analysed in the theta (4-7 Hz), alpha (8-12 Hz), beta
(12-30 Hz), low-gamma (31-80 Hz) and high-gamma (81-150 Hz)
oscillatory bands. To test our results against the null hypothesis
that SOZs and PZs exhibit similar connectivity to that of NIZs,
we used a one-way ANOVA as our omnibus test with post hoc
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Tukey-Kramer multiple comparison corrections. Additionally, we
investigated whether mesial temporal lobe epilepsy (mTLE) and
non-mTLE exhibited differences in SOZ/PZ/NIZ connectivity—we
split the full cohort into mTLE (c=40) and non-mTLE (n=41) and
ran a two-way ANOVA with post hoc one-way ANOVAs for each
group separately.

Futhermore, to evaluate the effect of distance on connectivity
measurements, we calculated the Euclidean distance between all
nodes (centroid of the bipolar pair) using CRAVE software. We
then re-calculated all functional connectivity measurements with
Euclidean edge distance thresholds of 5-20, 20-35, 35-50, 50-65
and 65-80 mm. These distance thresholds were chosen to include
a roughly equal number of SEEG nodes across a wide range of
Euclidean distances for the entire subject cohort. In this manner,
we were able to observe the effect of distance between the SEEG
nodes on the functional connectivity measurements. To test
against the null hypothesis that distance does not correlate with
connectivity and that SOZs and PZs exhibit similar connectivity
to NIZs, we used a two-way repeated measure ANOVA.

Finally, owing to the PDC normalization scheme, there is poten-
tial mathematical bias introduced into the analyses because each
patient has a different number of SEEG channels. Furthermore,
there are fewer SOZ and PZ designations per patient compared to
NIZ that could affect the final statistics. Last, for the distance ana-
lyses, the local connections outnumber the long connections and
could bias the results. To address these concerns, we conducted
the following bootstrapping approaches with 250 complete re-
calculations of PDC for each iteration: (i) resting-state PDC with
only 5, 10 or 20 random channels from each category of SOZ, PZ
and NIZ for each patient, and with 40 out of 81 random patients se-
lected for each iteration; and (ii) distance analysis PDC with only 10,
50 or 100 random edges (i.e. connections between SEEG channels)
selected for each distance bin for each patient, and with 40 out of
81 random patients selected for each iteration. These highly con-
servative bootstrapping approaches can test the stability of the re-
sults and address concerns about imbalance in the raw datasets.

To further test the ISH, we collected neurostimulation data from the
most recently enrolled subset of 23 patients in the cohort.
Specifically, we conducted SPES with every SEEG node in grey matter
for each patient, resulting in 60.0+10.7 (mean + SD) nodes stimu-
lated per patient. We used 10-second trains of 1 Hz, 300 ps, biphasic
pulses at 3.0 mA with a recording sampling rate of 512 Hz. We fil-
tered raw SEEG data using MATLAB’S filtfilt function with
Butterworth filters with passbands of 1-59, 61-119 and 121-151 Hz.
We then parsed the data into epochs of 5-305 ms following each
stimulation pulse. This poststimulation epoch has been previously
outlined to capture most SPES-induced electrographic changes.*!
The initial 5 ms epoch following stimulation and all nodes within
20 mm of stimulation were omitted to avoid stimulation artefacts.>*

We then created SPES-derived connectivity matrices by com-
puting the PSD for the frequency bands outlined in the section
‘Resting-state SEEG connectivity’. The PSD for each node was nor-
malized to that node’s prestimulation baseline value. The outwards
connectivity for a given node was assigned as the PSD change from
baseline within a given frequency range for all non-stimulated
SEEG nodes when that node was stimulated. Conversely, the in-
wards connectivity for a given node was assigned as the PSD
change from the prestimulation baseline in the frequency band of
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interest for that node when all other nodes had been stimulated
separately. All PSD measurements were averaged across the 10 re-
dundant stimulation pulses to increase the signal-to-noise ratio.
We did not attempt to analyse any frequencies below 4 Hz due to
the short sampling window poststimulation. To test our results
against the null hypothesis that SOZs and PZs show similar
stimulation-derived connectivity to that of NIZ, we used a one-way
analysis of variance (ANOVA) as our omnibus test with post hoc mul-
tiple comparisons with Tukey-Kramer corrections. Additionally,
we investigated whether mTLE and non-mTLE SOZ/PZs responded
differently to SPES using a two-way ANOVA.

We collected DWI data using high angular resolution diffusion
imaging acquisition with 92 b-vector directions at a b-value of
1600 s/mm?. We preprocessed the DWI data with the PreQual pipe-
line built around MRTrix3,>® FSL>® and ANTs>” software packages.>®
First, the diffusion data were denoised with the Marchenko-Pastur
PCA method.”** The images were then intensity-normalized to
the first image and concatenated for further processing. No reverse
phase encoded images were acquired, but corresponding T; images
of the subjects were available. Thus, a T; image was used to generate
a synthetic susceptibility-corrected b0 volume using SYNB0-DISCO, a
deep learning framework by Schilling et al.®® This synthetic b0 image
was used in conjunction with FSL’s topup to correct for
susceptibility-induced artefacts in the diffusion data. FSL’s eddy al-
gorithm was then used to correct motion artefacts and eddy currents
and to remove outlier slices.5%¢

Next, we sought to evaluate the structure-function coupling be-
tween brain regions sampled by SEEG. To accurately quantify the
structural connectivity between SEEG electrodes, we implemented
a novel technique termed ‘subsampling whole-brain tractography
with iEEG near-field dynamic localization’ (SWiNDL). We developed
this technique to obtain a patent-specific SEEG contact-to-contact
structural connectome by using the group analysis advantages of
anatomically constrained whole-brain tractography and spherical-
deconvolution filtering of tractograms (SIFT?2).%’

First, we performed whole-brain tractography using MRtrix3
with SIFT2 weighting to generate 10 million streamlines.®>®’
Briefly this included brain extraction from the T, image,*® bias
field correction® and registration to DWIL’® The T, image was
then be used to create five-tissue type’’”® segmentations.
Spherical deconvolution was performed on the preprocessed
DWI to get direct fibre orientation density function for every vox-
el.”*7> We then performed probabilistic tractography’® using the
five-tissue type volume to perform anatomically constrained trac-
tography’” with dynamic seeding.*® The resulting tractogram was
then corrected using SIFT2 for improved biological accuracy of
white-matter representation.®”’®

We next localized each patient’s SEEG electrodes using CRAVE.
We assigned a three-dimensional Gaussian probability distribution
around each SEEG contact to model the volume of tissue electrically
sampled by that electrode—we used a 95% attenuation of the prob-
ability at 12 mm based off previous electrophysiological work char-
acterizing the spatial dynamics of local field potentials.”® For the
connection between each pair of SEEG contacts (i.e. an edge), we
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then took the raw tractogram of 10 million streamlines and as-
signed dynamic weights [0-1] to each streamline based on the loca-
tion of the endpoints relative to the SEEG contacts. For example, a
streamline would be highly sampled by the SWiNDL algorithm
with a weight close to 1.0 if each endpoint were near the centre of
a contact. Whereas, if one or both endpoints were far from the
two SEEG contacts of interest, then that streamline would be as-
signed a weight close to 0.0 based off the minimum Gaussian distri-
bution value of the two contacts. The weighted sum of the 10
million streamlines for each bivariate pair of contacts is summed
to achieve the structural connectivity for that edge. SWiNDL allows
for patient-specific SEEG contact-level connectomes that are dy-
namically weighted to the proximity of streamlines to the contacts
and does not rely on inconsistent probabilistic tractography seed-
ing between patients.

Using the SWINDL structural connectivity, we calculated the
average connectivity for SOZs, PZs and NIZs across a subset of 26
subjects that had available diffusion imaging. Finally, we evaluated
the structure-function coupling by calculating the ratio of struc-
tural to functional connectivity for each SEEG edge in a patient.
Specifically, we divided the intra-patient raw SWiNDL structural
connectivity (all positive values) by the raw functional connectivity
(all positive values), followed by intra-patient z-scoring. Thus, large
negative values of this coupling measure indicate a very low rela-
tive value of structural connectivity divided by functional connect-
ivity. Thus, we termed any connections that had disproportionality
high functional connectivity compared to average or low structural
connectivity as ‘hypercoupled’. To test against the null hypothesis
that distance does not correlate with structure-function coupling,
and that SOZs and PZs exhibit similar coupling to NIZs, we used a
two-way repeated measure ANOVA.

Using the functional and structural connectivity metrics outlined
before, we sought to test the efficacy of a support vector machine
(SVM) classification of individual SEEG nodes (i.e. bipolar channel
pairs) as SOZ, PZ or NIZ. For all SVM model development and evalu-
ation, we used a 5-fold nested cross-validation scheme that uses a
completely held-out test set for each fold of model training and val-
idation. In this way, we can repeatedly test a model’s generalizabil-
ity while minimizing overfitting the training data. All fold splits
were conducted at the patient level. We implemented a weighted
loss function to account for class imbalance.

First, we developed a model to classify each SEEG node as SOZ,
PZ or NIZ using only the resting-state functional connectivity me-
trics of ImCoh and PDC (6928 SEEG nodes for 81 subjects). Next,
we sought to evaluate whether the model improved with the add-
ition of patient-specific structural connectivity metrics obtained
from SWiNDL evaluation of DWI (2051 SEEG nodes from 26 sub-
jects). Finally, we trained a model using only functional data from
subjects who received resective or ablative therapy and achieved
Engel (free of disabling seizures) outcomes at least 1 year after sur-
gery (1431 SEEG nodes from 19 subjects), and then evaluated the
model on subjects who received resective or ablative therapy
with Engel II-IV (not seizure free) surgical outcomes (1265 SEEG
nodes from 15 subjects).

Data may be made available upon reasonable request.
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Results

Resting-state SEEG analysis with 81 subjects revealed that SOZs and
PZs exhibit significantly increased undirected connectivity compared
to NIZs. These undirected results were consistent across all frequency
bands for ImCoh, apart from high gamma (one-way ANOVA P-value <
0.05 for delta to low-gamma bands; Supplementary Fig. 1). The real
coherence results demonstrated similar significance to ImCoh across
all frequency bands with the exception of high gamma—i.e. real co-
herence showed a significant difference in the high-gamma band
(one-way ANOVA P-value = 4.89 x 10~%; Supplementary Fig. 2), where-
as ImCoh calculations demonstrated no difference across SOZ/PZ/NIZ
for the high-gamma band (one-way ANOVA P-value =7.05x 107%). The
alpha-band ImCoh results are depicted in Fig. 2A (one-way ANOVA,
P-value=2.13x10~% with post hoc multiple pairwise t-test compari-
sons depicted in the figure).

For the directed analysis, SOZs and PZs demonstrated markedly
elevated inwards connectivity and lower outwards connectivity
compared to NIZs. More specifically, the mean PZ inwards and out-
wards connectivity was significantly different from that of SOZs
and NIZs (Fig. 2B and C; one-way ANOVA, P=1.75x 10"*? and 4.95
%107 for inwards and outwards respectively, with post hoc t-test
P<0.05 for all comparisons). The reciprocal connectivity (in-
wards-outwards) exhibited an increased significance with a one-
way ANOVA P-value of 3.13 x 1072 (Fig. 2D). The directed connect-
ivity results were consistent across all frequency bands (one-way
ANOVA, P<1x107° for reciprocal connectivity over all bands,
Supplemental Figs 3-5). When analysing mTLE versus non-mTLE,
two-way ANOVA ‘group’ variables (statistic for mTLE versus
non-mTLE) ranged from P=5.77x107> to 3.91x 1072 across all six
frequency bands. Whereas, SOZ/PZ/NIZ differences remained
strong across the cohort with P-values ranging from 1.49x 107 to
7.06 x 1072 across bands. These results indicate a slightly signifi-
cant difference between mTLE and non-MTLE. However, post hoc
one-way ANOVAs exhibited P-values ranging from P=6.22x 10"
to 1.32x107® for mTLE and P=7.00x10"° to 1.49x10™* for
non-mTLE. This demonstrates that increased inwards and de-
creased outwards connectivity of SOZs is observed for both mTLE
and non-mTLE, with mTLE showing a larger effect size. The boot-
strapping analyses revealed stability of observed differences in
SOZ connectivity down to a very conservative subsampling of five
random channels per SOZ/PZ/NIZ designation and 40 random pa-
tients per iteration (Supplementary Figs 6-11). The results across
all metrics and all frequency bands are summarized in
Supplementary Table 1. Overall, these findings suggest that high-
level functional organization of the epileptic network, as observed
on resting-state SEEG, shows a very high inwards flow of informa-
tion to SOZs and PZs characterized by elevated inwards connectiv-
ity and lower outwards connectivity.

When conducting SPES on non-SOZ SEEG contacts, we observed
that the SOZ power was markedly attenuated compared to baseline
and significantly attenuated compared to NIZs in the lowest fre-
quency band measured (theta, 4-7 Hz) for the 23 patients consented
for stimulation (Fig. 3A; SOZ single-population t-test, P=2.28 x 1074,
one-way ANOVA, P=2.50 x 1073, post hoc pairwise t-test comparison
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Figure 2 Resting-state SEEG connectivity. (A) Undirected alpha-band ImCoh was elevated for SOZs and PZs (one-way ANOVA P=2.13 x 10~% with post
hoc multiple pairwise t-test comparisons significant for SOZ-NIZ and PZ-NIZ. (B) Inwards PDC strength was elevated significantly for SOZs and PZs (one-
way ANOVA P =1.75 x 10~ *2 with post hoc multiple pairwise t-test comparisons significant between all three groups. (C) Outwards PDC strength was sig-
nificantly lower for SOZs and PZs (one-way ANOVA P=4.95x 10~*° with post hoc multiple pairwise t-test comparisons significant between all three
groups. (D) Inwards—outwards (reciprocal) connectivity exhibited a stronger signal to that of inwards or outwards separately (one-way ANOVA P=
3.13x 1073 with post hoc multiple pairwise t-test comparisons significant between all three groups). Box represents first quartile, mean and third quar-
tile. Whiskers represent maximum and minimum. *P <5x 1072, *P <5x 1073, **P <5 x 107°. n=81 subjects.

SOZ-NIZ, P=1.80 x 10~%). The SOZ and PZ power was not significantly
altered in the alpha band (8-12 Hz) (Fig. 3B). The SOZ and PZ power
was elevated compared to baseline in beta (13-30 Hz), low-gamma
(31-80 Hz) and high-gamma (81-150 Hz) bands, but post hoc multiple
comparisons revealed that the SOZ elevation in power was only sig-
nificantly different from NIZs in the beta band and only from PZs in
the low and high-gamma bands (Fig. 3C-E; beta: SOZ single-
population t-test P=9.00x 1073, one-way ANOVA P=2.98 x 1072, post
hoc pairwise t-test comparison SOZ-NIZ P=2.24x 1072 low gamma:
SOZ single-population t-test P=6.70x 107>, one-way ANOVA P=1.11
%1072, post hoc pairwise t-test comparison SOZ-PZ P=1.33x1072,
high gamma: SOZ single-population t-test P=7.5x107%, one-way
ANOVA P=3.72x 1072, post hoc pairwise t-test comparison SOZ-PZ
P=2.83x107%. When analysing the results across frequency bands

for each SOZ, PZ and NIZ separately, both SOZs and NIZs demon-
strated a significantly different response to SPES across frequency
bands (one-way ANOVA P=2.02x 10> for SOZ and P=0.02 for NIZ;
Fig. 3F). There was no observed statistically significant difference in
mTLE versus non-mTLE response to SPES as tested with a two-way
ANOVA (Supplementary Fig. 12). These results indicate that low-
frequency power is markedly attenuated and high-frequency power
is elevated in SOZs when other nodes of the network are stimulated.

Inwards versus outwards connectivity remains
constant over long distances

When evaluating the effects of distance on functional connectiv-
ity on all 81 patients in the cohort, we observed that both
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Figure 3 SPES connectivity. Frequency-band specific low-frequency stimulation-induced change in PSD from prestimulation baseline. (A) SOZ theta
power is reduced when non-SOZ SEEG contacts are stimulated. (B) Alpha-band power was not observed to be significantly altered during stimulation.
(C-E) Beta, low-gamma and high-gamma band power in SOZs were elevated when non-SOZs were stimulated. (F) The inner quartiles are shown from
plots A-E and separate one-way ANOVAs were conducted for each SOZ, PZ and NIZ separately. *P <5x 1072, **P < 5x 1073, **P < 5 x 107°. n=23 subjects.

undirected and directed connectivity dropped significantly as
Euclidean edge length increased (Fig. 4A-C; two-way repeated
measures ANOVA distance effect P<1x 107 for undirected in-
wards and outwards connectivity). Furthermore, the SOZ, PZ
and NIZ undirected connectivity 95% confidence intervals of the
mean overlapped significantly for edge distances >20 mm.
However, inwards and outwards connectivity for SOZs, PZs and
NIZs remained significantly different from each other over the
span of Euclidean edge distances (two-way repeated measures
ANOVA group effect P<1x107% for inwards and outwards).
Calculating the reciprocal connectivity over distance, we ob-
served that the relationship between inwards versus outwards
connectivity remained mostly consistent over the span of dis-
tances as can be observed by the flattening of the trends in
Fig. 4D compared to prior plots (two-way repeated measures
ANOVA group effect P=2.6x10""2, interaction P=1.15x107%).
The bootstrapping analyses revealed stability of these results
down to a very conservative subsampling of 50 random edges
per distance bin and 40 random patients per iteration
(Supplementary Figs 13-18). The average Euclidean edge distance
for intra-SOZ edges, intra-PZ edges and intra-NIZ edges is sum-
marized in Supplementary Table 2. Overall, these results indicate
that the network’s potential functional suppression of SOZs and
PZs, as measured by increased inwards connectivity and

decreased outwards connectivity, scales proportionally as dis-
tance increases—thus suggesting whole network involvement
in SOZ and PZ activity regulation despite the apparent large con-
tribution of only local regions.

Seizure onset zones exhibit local structure-function
hypercoupling

Using the SWiNDL technique on 26 patients with DWI available, we
observed that SOZs and PZs demonstrated comparably increased
structural connectivity compared to NIZs despite only SOZs exhi-
biting significantly increased reciprocal functional connectivity in
this cohort (Fig. 5A; structural: one-way ANOVA P=5.18x1077,
SOZ-PZ P=1.2x1073, SOZ-NIZ P=3.30x 107; functional: one-way
ANOVA P=2.92x10"%, SOZ-NIZ P=7.88x10"7, PZ-NIZ P=5.13x
1077). This suggests that SOZs have enhanced functional connectiv-
ity over PZs despite a comparable SEEG-specific structural
connectivity.

We then observed that only the local (5-20 mm) structural
connectivity of SOZ and PZs appears to be driving the observed
increase in structural connectivity over NIZs due to the overlap-
ping of 95% confidence intervals for all distance thresholds
>20 mm (Fig. 5B). However, the structure-function hypercou-
pling of SOZs was significantly stronger extending to 35 mm
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Figure 4 SEEG resting-state connectivity over Euclidean distance. (A-C) Undirected and directed connectivity declined rapidly with increasing network
edge Euclidean distance thresholds (two-way repeated measures ANOVA distance effect P-value < 1x 10~ *° for undirected inwards and outwards con-
nectivity). (D) Reciprocal connectivity (inwards-outwards PDC strength) demonstrates a consistent relationship spanning all distance thresholds mea-
sured (two-way repeated measures ANOVA group effect P-value=2.6 x 10~*2, interaction P-value =1.15x 107°). Error bars represent 95% confidence

intervals of the mean.

compared to NIZs, with PZs exhibiting an intermediate local
(5-20 mm) structure-function hypercoupling (Fig. 5C; two-way
repeated measures ANOVA group effect P=7.27 x 10~%, distance
effect P=8.63x107"°, interaction P=9.76 x 107%). These results
indicate that SOZs exhibit an inherently increased resting-state
structure—function hypercoupling over short to medium range
distances despite a comparable structural connectivity to that
of PZs.

Propagation zone connectivity differs based on
surgical outcome

When re-evaluating resting-state SEEG functional connectivity
over distance in subjects with Engel I versus Engel II-IV surgical

outcomes, we observed that PZs exhibited the largest identifiable
difference in connectivity profiles. Specifically, PZs exhibit an
intermediate connectivity profile to that of SOZs and NIZs in sub-
jects with Engel I outcomes (Fig. 6; two-way repeated measures
ANOVA group effect P=1.16 x 1072, distance effect-value =1.26 x
1072, interaction P=5.15x107?). Conversely, PZ 95% confidence
intervals become indistinguishable from NIZs and significantly
different from SOZs for subjects with Engel II-IV outcomes
(Fig. 6B; two-way repeated measures ANOVA group effect P=
1.73x107%, distance effect P=7.83x107?, interaction P=3.01x
1073). Finally, the mean variance of SOZ versus PZ reciprocal con-
nectivity was 0.414 for Engel I and 0.280 for Engel II-IV (two-
sample t-test P=0.394), indicating that PZ connectivity in Engel
II-IV subjects was not only lower, but also more consistently



Interictal suppression in focal epilepsy

BRAIN 2023: 146; 2828-2845 | 2837

A - .
Structure-Function Coupling n=26
L = Lower SC ' Higher SC ]
5 28 —k \ Isolines
§3 !
-0
S 5 201 i \
S ﬁ 15 |
X | e
=N ;
= 'E- 1.0 4 - |
>
£ £ 0.5 | - I
Qo Higher FC | & Higher FC
S 0.0- Higher FC_ ~ - E S . HigherFC|
g 5 0.0 ? é Lower FC L Lower FC
g O 0.5 4 - |
T 40 OnewayANOVA | ! * P<0.05,* P<5x10° ** P<5x10°
' p = 5.18e-7 | LowerSC HigherSC | i ) !
— ] ——
W soz e —— N E— :
M Pz One-way ANOVA i
4 — 1 p=292e-8
T T T I T T
-0.2 0.0 0.2 0.4 0.6 0.8
SWIiNDL Structural Connectivity, Z-Scored
B Structural Connectivity C Structure-Function Coupling
By Distance By Distance
3.5 - 0.5
3.0 {
0.0
B 2% EE:
§ 2.0 4 -% 3 05
N N
5 SN
85151 = o
22 5210
%G 104 ER Increased
Q .
§ o E §_1'5_ Hypercoupling
o » O
0.0 -
-2.0
-0.54
-1.0 T T T T T -2.5 T T T T T
520 20-35 3550 50-65 65-80 520 20-35 35-50 5065 65-80

Euclidean Distance, mm

Euclidean Distance, mm

Figure 5 Structure-function coupling over Euclidean distance. (A) The left boxplots show the functional connectivity (PDC inwards strength minus out-
wards strength) of SOZ, PZ and NIZ. The bottom boxplots show structural connectivity as measured by SWiNDL. The contours in the middle show the
2D distribution of the scatterplot of functional versus structural connectivity. (B) Structural connectivity over Euclidean edge distance. Error bars re-
present 95% confidence intervals. Repeated measures two-way ANOVA: SOZ/PZ/NIZ effect P=7.52 x 1073, distance effect P=1.75 x 107%%, interaction ef-
fect P=5.44x 107, (C) Structural-functional connectivity over Euclidean edge distance. Repeated measures two-way ANOVA: SOZ/PZ/NIZ effect P=7.27
x107%, distance effect P=8.63 x 107, interaction effect P=9.76 x 1072, Post-ANOVA multiple comparison: **P <5x 1073, **P <5 x 107°. n= 26 patients.

resembled NIZ connectivity compared to Engel I subjects. These
results could indicate a fundamental difference of PZ connectiv-
ity in subjects with Engel II-IV surgical outcome or could reflect
different SEEG sampling and subsequently different ictal event
interpretation in these subjects.

A structure-function coupling model most
accurately classifies SEEG nodes as SOZ, PZ or NIZ

Using a nested cross-validation model (Fig. 7A), we first trained an
SVM with only the resting-state SEEG functional connectivity data
summarized in Fig. 2 to classify individual SEEG nodes as residing
in an SOZ, PZ or NIZ (Fig. 7B). The model achieved an overall accuracy

of 84.4% (+2.1% SD) and individual true positive rates of 92.0 +6.9%
for SOZs, 81.6 +5.4% for PZs and 53.0 + 1.8% for NIZs. Incorporating
SWINDL structural connectivity derived from DWI data into the
model raised the test set overall accuracy to 92.0 +2.2% and the indi-
vidual true positive rates to 92.5+7.2% for SOZs, 93.0 +5.3% for PZs
and 71.2 +2.0% for NIZs (Fig. 7C).

We then sought to test the accuracy of a functional connectivity
model only trained on Engel I outcome subjects (Fig. 7D). For this
model, the test set overall model accuracy increased compared to
the accuracy for the entire cohort to 89.5 +2.8%, with true positive
rate increasing for PZ and NIZs, but remaining unchanged for
SOZs. Next, when using the Engel I model on Engel II-IV subjects,
the accuracies dropped to a mean of 67.1+0.4%. Overall, these
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Figure 6 Functional connectivity by Engel outcome. (A) SOZ, PZ and NIZ connectivity for subjects with Engel 1 outcomes (two-way repeated measures
ANOVA group effect P=1.16 x 1072, distance effect P=1.26 x 1072, interaction P=5.15 x 1072). (B) PZs exhibit lower connectivity in subjects with Engel II-
IV outcomes (two-way repeated measures ANOVA group effect P=1.73x107%, distance effect P=7.83x 107?, interaction P=3.01x 10~3). Error bars re-

present 95% confidence intervals of the mean.

findings suggest that a model trained on readily available resting-
state SEEG data can accurately classify SOZs, PZs and NIZs, but accur-
acy increases if DWI data are available. Furthermore, the large drop in
accuracy when using the Engel I model on Engel II-IV subjects could
suggest that Engel II-IV subjects have a fundamentally different con-
nectivity profile to that of subjects who achieved Engel I outcomes.
Alternatively, this drop in model performance could be attributed
to clinically defined SOZ (and thus potential EZs) being more likely
to be inaccurate in patients with Engel II-IV outcomes.

Discussion

The concept of excitation and inhibition in epilepsy has been inves-
tigated for decades.?*#%82 Specifically, at the cellular level, GABA sig-
nalling is thought to play a pivotal role in seizure initiation and
termination when investigated in vitro, ex vivo and with optoge-
netics.®2®> When abstracted to electrographic networks, the concept
of inhibition and excitation has been explored as it relates to inwards
and outwards connectivity of epileptogenic zones. Recent evidence
has suggested that epileptogenic zones have increased inwards con-
nectivity, which could relate to interictal suppression of epileptiform
activity!9:2027:343940.86-88. hereas other works have focused on ob-
servations of increased outwards connectivity from SOZs to the
rest of the network.**”# In response to the existing variety of obser-
vations and interpretations of functional connectivity in the epilep-
tic network, this work sought to partially test the specific hypothesis
of interictal suppression of SOZs (the ISH) at the electrographic net-
work level by characterizing the direction and relative elevation or
attenuation of neural activity.

Properly testing the ISH with only resting-state SEEG connectiv-
ity is challenging due to the difficulty of interpreting whether
resting-state functional connectivity is excitatory, inhibitory or
neutral. For example, increased inwards connectivity could be

interpreted with known directed connectivity motifs, but it will
not directly indicate if this increase in inwards connectivity corre-
lates to any region being suppressed or excited. Thus, we conducted
SPES to (i) provide additional insight into the directionality of net-
work connectivity with another paradigm; and (ii) quantify eleva-
tion or attenuation of frequency-band power by measuring the
change in relative band power from the prestimulation baseline.
Using SPES, we can gain insight into the potential excitatory and in-
hibitory nature of the network connectivity. However, it is import-
ant to consider that SPES itself may be altering the network
dynamics away from the resting state. Thus, interpretation of
resting-state SEEG and SPES findings must be carefully integrated.

Further complicating this discussion, one cannot assume that at-
tenuation in a certain frequency-band power aligns with inhibition.
As an example, there is a large body of evidence that an increase in
beta power correlates to inhibition of motor circuits, particularly in
Parkinson’s disease.” For the sake of clarity, we will use the term
‘elevation’ to refer to an increase in signal band power, and ‘attenu-
ation’ to refer to a decrease. We will reserve the terms ‘excitation’
and ‘inhibition/suppression’ for the concept of how a modification
in neural activity relates to a change in a clinically observable behav-
iour of interest (e.g. seizure versus no seizure). Furthermore, we use
the term ‘seizure-onset zone’ to indicate an area of first observed elec-
trographic epileptiform changes. We reserve the use of the term ‘epi-
leptogenic zone’ (i.e. ‘site of the beginning of the epileptic seizures
and of their primary organization’) for discussion of an electro-
clinically defined region that must be resected to render the subject
seizure free and typically contains an SOZ.'° Finally, a hinderance
to meaningful comparison of studies across research groups is the
variety of brain atlases to segment the brain for connectivity ana-
lyses.*® Thus, we have implemented a series of electrographic and
structural analyses that do not rely on any atlas parcellations. With
these considerations and definitions in mind, we will discuss our in-
terpretation of the pertinent findings in this work.
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Figure 7 Classification of SOZ, PZ and NIZs using an SVM. (A) A 5-fold nested cross-validation scheme was used to evaluate the SVM’s ability to classify
SOZ versus PZ versus NIZ. A completely withheld testing set delineated at the patient level was used for each model evaluation. (B) Confusion matrix
when only functional connectivity was used to generate the model. Overall held-out test set accuracy of 84.4 + 2.1% (mean + SD). Confusion matrix per-
centages are normalized by column—i.e. each confusion matrix entry can be interpreted as ‘If the model predicts this SEEG contact is a [SOZ/PZ/NIZ],
then there is an X% chance it truly is’. (C) Confusion matrix for a model using functional and structural connectivity with overall held-out test set ac-
curacy of 0.920 +2.2%. (D) Confusion matrix for a model generated with only Engel I subjects with overall held-out test set accuracy of 89.5 +2.8% (E)
Confusion matrix for Engel II-IV subjects tested with the model generated from Engel I subjects (i.e. model ‘D’) with overall held-out test set accuracy of

67.1+0.4%.
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In this study, we observed imbalanced reciprocal (inwards-out-
wards) connectivity of SOZs and PZs: specifically, SOZs demon-
strated a large increase in inwards connectivity and a moderate
decrease in outwards connectivity in resting-state SEEG analyses.
These results are consistent across all frequency bands for directed
connectivity. PZs showed a similar imbalance in reciprocal con-
nectivity to SOZs, but to an intermediate extent. Important for in-
terpretation, NIZ reciprocal connectivity was approximately zero
—i.e. regions not directly involved in seizure onset or early propa-
gation have roughly equal inwards and outwards connectivity.
This suggests that SOZs and PZs interact with the network differ-
ently than presumably healthy regions of the brain. One interpret-
ation of this finding is that SOZs are actively isolated or segregated
by other regions of the brain. It is possible that healthy regions are
sending inhibitory signals to the SOZs and PZs (increased inwards
connectivity) and thus suppress their ability to communicate
with the rest of the network and initiate seizures (decreased out-
wards connectivity).

Further evidence for SOZ segregation was exhibited in the recip-
rocal connectivity elucidated with low-frequency stimulation.
First, itis important to note that our PSD approach is fundamentally
different than metrics that rely on cortico-cortical evoked potential
waveform morphology. Specifically, evoked potentials can be diffi-
cult to interpret with depth electrodes due to the inconsistency of
evoked potential amplitude due to orientation uncertainty relative
to pyramidal neurons.***°** These methodological differences are
important to interpret our PSD approaches compared to evoked po-
tential approaches that may initially appear to show conflicting re-
sults.” Overall, when presumably healthy regions were stimulated,
the SOZ theta (4-8 Hz) relative band power was markedly decreased
from prestimulation baseline. Conversely, SOZ beta (13-30 Hz),
low-gamma (31-80 Hz) and high-gamma (81-150 Hz) relative band
power increased when healthy regions were stimulated.
Increased inwards evoked gamma band power in SOZs is in align-
ment with previous low-frequency stimulation findings.**
Notably, reciprocal evoked alpha-band power was not altered
across all region designations, and PZ relative band power was
not significantly altered for any frequency band measured.

It has been long known that theta spectral power accounts for a
significantly larger portion of whole-band power on EEG recordings
compared to beta and gamma power.”* Additionally, theta power is
thought to be involved with long-range integration of brain regions,
whereas gamma power is considered important for local integra-
tion.®*~%” Thus, simultaneous attenuation of a high-power spectral
band (theta), in parallel with excitation of a locally integrating fre-
quency band (gamma), suggests that SOZ functional segregation
isincreased when NIZs are stimulated. Furthermore, gamma activ-
ity is thought to reflect GABA inhibitory interneuron activity.*®~°
Thus, increased inwardly activated gamma band power in SOZs
could reflect a direct change in the GABA interneuron balance.
Furthermore, important to consider is that gamma activity, in
the form of low-voltage fast activity, is commonly observed on
intracranial EEG immediately before ictal onset and increased
baseline gamma power is thought to be a biomarker for the ‘ictal
core’.’%1%% Thuys, it is possible that the observed SOZ increase in
gamma power when non-SOZ nodes are stimulated is simply
SOZs demonstrating an enhancement of an intrinsic pathologically
distinct phenomenon and could actually be driving SOZs towards an
ictal state. To further detail this discussion, it is important to
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integrate previous works that argue ‘low-gamma oscillations’ but
not ‘broad-band high-gamma activities (not oscillations)’ are in-
volved in GABAergic inhibition.?>'®* In this regard, the argument
of network inhibition is complicated by the fact that both low-
gamma (reflecting GABA activities in the presence of oscillations)
and high-gamma (proxy of neuronal firing) power are elevated in
SOZs when non-SOZs are stimulated at low frequencies. Finally,
previous work has shown that poststimulation SOZ decrease in low-
frequency power and increase in high-frequency power correlates
to favourable surgical outcome.'® It is difficult to disentangle
stimulation-induced changes in low- and high-frequency spectral
power of SOZs due to the complex biophysical origin of spectral
power within the brain. The direct source of the changes in spectral
power remains unknown and the current evidence is not sufficient
to completely test the ISH. Overall, the SPES findings simply provide
evidence for an electrographic network-level increase in inwards
connectivity to the SOZ and can provide insight into the frequency-
specific behaviour of SOZs during stimulation, but more work is
needed to further test the ISH.

We sought to investigate whether findings of increased inwards
connectivity to SOZs were affected by Euclidean distance and/or es-
timates of anatomical white-matter connectivity between SEEG
contacts. Past work has demonstrated the importance of consider-
ing Euclidean edge distance when analysing functional epilepto-
genic networks.'® Specifically, it has been demonstrated that
short-range structural connections drive most of the aberrant
SOZ connectivity and could dictate seizure spread.*®'%”+1% This ob-
servation of rapid functional connectivity decay with increasing
edge length was recapitulated in this work’s undirected and direc-
ted resting-state findings. However, long-range connections are
thought to add diversity and complexity to brain networks and
could be important contributors to widescale integration.'®®
Concordantly, our finding that resting-state reciprocal connectivity
is relatively constant across distance suggests that distant brain re-
gions may still play an important role in SOZ excitation and
inhibition.

Beyond simple Euclidean distance metrics, diffusion-derived
structural connectivity characteristics can be used to investigate
potential pathological SOZ connectivity.’'%*® We saw that SOZs
and PZs to have increased structural connectivity relative to NIZs,
which is in alignment with past SEEG-informed diffusion imaging
studies.’" This increase could represent an intrinsic pathological
biomarker of the epileptogenic network or could possibly be due
toimplantation bias increasing the density of SEEG contacts around
suspected SOZs. Of more pertinent interest to testing the ISH, we
investigated whether structural connectivity variation could ex-
plain our observed differences in functional connectivity. The
‘coupling’ between structure and function is the term commonly
used when the strength of structural connections predicts the
strength of functional connections.’™” Thus, a region exhibits
strong structure-function coupling when the ratio of their relative
functional and structural connections is unity. We use the term
‘hypercoupling’ to refer to connections that exceed the functional
connection strength expected from structural connectivity. We ob-
served that SOZs demonstrate markedly increased local hypercou-
pling—i.e. the increased inwards functional connectivity strength
is disproportionally elevated above the average structure-function
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coupling by two standard deviations for edge connections within
5-20 mm. This suggests an abnormal functional reorganization
around the SOZs disproportionate to any alterations in structural
connectivity.

A subanalysis with Engel I versus Engel II-1V surgical resection out-
comes demonstrated that PZ connectivity resembled NIZ connect-
ivity in Engel II-IV subjects. This could be due to an intrinsic
difference in SOZ/PZ connectivity between surgical responders
and non-responders (perhaps a difference in focality of SOZs for
surgical responders), a difference in SEEG implantation strategy be-
tween the patient groups that affects network observations or a dif-
ference inictal interpretation that affects node designation.*”-**119
With this observation as motivation, we developed SVM models to
classify SOZs, PZs and NIZs. The models were able to classify SOZs
with very high accuracy (range of 91.4-92.5% accuracy) but differed
in ability to differentiate PZs from NIZs (range of 81.6-93.0% accur-
acy). Notably, our SVM model to classify individual SEEG bipolar
pairs confused PZs and NIZs when the entire subject cohort was
used in model generation and testing (31.9% false identification of
PZs as NIZs). When restricted to Engel I subjects, the model im-
proved classification between PZs and NIZs, with subsequently
very poor performance when this model was used to test Engel II-
IV subjects. Of note, the best model was produced when diffusion-
derived metrics were included, but these data are less commonly
collected during presurgical workup. Overall, the models very ac-
curately classified SOZs, but we encourage other groups to include
PZ classification into model design because it may be an important
factor for prognosticating surgical outcome.

This work uses multiple analysis techniques to test the ISH but is
limited by the ambiguity of network neuroscience interpretation
and integration. Electrographic phenomena observed on SEEG and
probabilistic tractography performed on diffusion imaging are re-
moved from underlying neurophysiology and neuropathology.
Thus, interpretation of functional and structural network connectiv-
ity findings must resist the proclivity towards self-justified and cir-
cular conclusions. Further complicating interpretation is the lack
of control groups for these populations because SEEG control data
does not exist. All scientific inferences and hypothesis testing were
conducted on comparisons to regions presumably not involved in
the genesis or early propagation of epileptiform activity. For subjects
with epilepsy, it could be reasonable to assume that the entire brain
network is sick and thus intra-patient normalization to ‘healthy’ re-
gions could be an ill-posed analytical model. As more depth electro-
des are being used for therapy in people with varying psychiatric and
neurological disorders, large-scale data sharing to expand our un-
derstanding of baseline electrographic phenomena across a more di-
verse population could help address these issues.

Important to discuss are interpretations of the existing data that
are at odds with the ISH. It is possible that the observed increase in
inwards and decrease in outwards connectivity are not actually sug-
gestive of suppression. For example, the increase in inwards connec-
tions could be a long-term activating signal that eventually pushes
the SOZs past a critical threshold to cause a seizure. Another inter-
pretation could be that the decreased outwards connectivity of
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SOZs represents an SOZ segregation that enables seizure origination
because a healthier integration with surrounding brain regions
would actually lead to suppression. Due to the complexity of under-
standing brain networks, multiple explanations to these data are
possible and it is important to balance our interpretations.

Beyond potential interpretation differences, methodological
limitations to discuss include the assignment of SOZ/PZ/NIZ la-
bels, SEEG interictal epileptiform events, stimulation parameters
and structure-function coupling assumptions. Specifically, epilep-
tologist variability in seizure annotations could lead to varied SOZ/
PZ/NIZ assignment. An alternative approach with multiple new epi-
leptologists that each review all seizure events with formal disagree-
ment protocols could help address this limitation. Furthermore, the
definition of PZs to be within 10 s of observed ictal onset does not al-
low for individual patient differences in propagation patterns and
could be an oversimplification of real ictal dynamics. Regarding in-
terictal epileptiform events, we made the decision to avoid potential-
ly biased manual segmentation of the resting-state SEEG to reject
possible discharges in favour of averaging the results of multiple
2-min raw epochs to capture the variability of network connectivity.
However, this approach could introduce mathematical eccentricities
in the connectivity calculations with high amplitude discharges and
is an important limitation to consider. Next, a single stimulation
paradigm was used for SPES and jittering was not applied to the elec-
trical stimulus during SPES to mitigate possible entrainment effects
that could lead to power changes. Ideally, implementing multiple
SPES protocols would help address these limitations, but practical
data collection limitations such as time, clinical workflow and pa-
tient tolerance need to be considered. Finally, one assumption
made about the phenomenon of ‘hypercoupling’ is that it occurs
when functional connectivity exceeds structural connectivity be-
tween two nodes. However, the hypercoupling phenomenon may
simply reflect functional connectivity that is a result of indirect
structural paths or routes across the network. Structural connectiv-
ity metrics such as ‘search information’ incorporate all possible
structural paths between nodes into the connectivity metric and
may help resolve the contributions of indirect structural connections
towards functional connectivity.'*°

Conclusions

In summary, using resting-state SEEG analyses and low-frequency
stimulation, we observed electrographic evidence that could support
the hypothesis of interictal functional suppression of SOZs and PZs.
When controlling for distance and structural connectivity, we found
that SOZs and PZs demonstrate consistent long-range relative recip-
rocal connectivity, but elevated local hypercoupling of functional
connectivity that could indicate enhanced local interictal suppres-
sion of SOZs. Finally, we have demonstrated that a clinically useful
model can be generated using only SEEG data to classify SOZs, PZs
and NIZs. However, inclusion of DWI-derived structural connectivity
can increase the model accuracy. Overall, we believe this work sup-
ports the hypothesis of interictal suppression of SOZs and could
have practical implications to reduce the morbidity of the presurgi-
cal workup and aid clinical decision making for this devastating
neurological disorder.
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