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Abstract

Background and Objectives

Surgery is an effective treatment for drug-resistant epilepsy, which modifies the brain’s
structure and networks to regulate seizure activity. Our objective was to examine the re-
lationship between brain structure and function to determine the extent to which this
relationship affects the success of the surgery in controlling seizures. We hypothesized that a
stronger association between brain structure and function would lead to improved seizure
control after surgery.

Methods

We constructed functional and structural brain networks in patients with drug-resistant focal
epilepsy by using presurgery functional data from intracranial EEG (iEEG) recordings, presurgery
and postsurgery structural data from T1-weighted MRI, and presurgery diffusion-weighted MRI.
We quantified the relationship (coupling) between structural and functional connectivity by using
the Spearman rank correlation and analyzed this structure-function coupling at 2 spatial scales:
(1) global iEEG network level and (2) individual iEEG electrode contacts using virtual surgeries.
We retrospectively predicted postoperative seizure freedom by incorporating the structure-
function connectivity coupling metrics and routine clinical variables into a cross-validated pre-
dictive model.

Results

We conducted a retrospective analysis on data from 39 patients who met our inclusion
criteria. Brain areas implanted with iEEG electrodes had stronger structure-function coupling
in seizure-free patients compared with those with seizure recurrence (p = 0.002, d = 0.76,
area under the receiver operating characteristic curve [AUC] = 0.78 [95% CI 0.62-0.93]).
Virtual surgeries on brain areas that resulted in stronger structure-function coupling of
the remaining network were associated with seizure-free outcomes (p = 0.007, d = 0.96,
AUC = 0.73 [95% CI 0.58-0.89]). The combination of global and local structure-function
coupling measures accurately predicted seizure outcomes with a cross-validated AUC of 0.81
(95% CI 0.67-0.94). These measures were complementary to other clinical variables and,
when included for prediction, resulted in a cross-validated AUC of 0.91 (95% CI 0.82-1.0),
accuracy of 92%, sensitivity of 93%, and specificity of 91%.

Discussion
Our study showed that the strength of structure-function connectivity coupling may play
a crucial role in determining the success of epilepsy surgery. By quantitatively incorporating
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Glossary

AUC = area under the receiver operating characteristic curve; ECOG = electrocorticography; FC = functional connectivity;
iEEG = intracranial EEG; ILAE = International League Against Epilepsy; NHNN = National Hospital for Neurology and
Neurosurgery; SC = structural connectivity; SEEG = stereotactic EEG; SVM = support vector machine.

structure-function coupling measures and standard-of-care clinical variables into presurgical evaluations, we may be able to
better localize epileptogenic tissue and select patients for epilepsy surgery.

Classification of Evidence

This is a Class IV retrospective case series showing that structure-function mapping may help determine the outcome from

surgical resection for treatment-resistant focal epilepsy.

Introduction

Surgery is an effective therapy for treating focal drug-resistant
epilepsy. Accurate localization and complete removal of the
epileptogenic tissues are essential for achieving seizure free-
dom.' However, localizing these tissues can sometimes be
challenging using noninvasive methods. To aid in localization,
intracranial EEG (iEEG) electrodes are implanted directly
in contact with the cortex.” Unfortunately, even after iEEG
implantation and surgery, 30%-40% of patients continue to
experience seizures.” This is often due to remaining epilep-
togenic tissues, which cause seizure recurrence.* Reasons for
incomplete resection include (1) incomplete or missed lo-
calization, (2) proximity to the eloquent cortex precluding
complete resection, or (3) a combination of both factors.*
Growing evidence suggests that epileptogenic tissue may con-
stitute a distributed network®” rather than a well-circumscribed
region.* In such cases, a circumscribed, spatially contiguous re-
section may not result in seizure freedom.*” There is a critical
need to quantify the extent of the epileptogenic tissue and
measure the impact of planned surgery to predict seizure out-
comes more accurately.w’11

Several studies have investigated both structural and functional
networks in epilepsy,'">>" but there is a need for more studies that
correlate the 2 types of networks, especially using iEEG.*>>*
Given that structural connectivity (SC) constraints functional
connectivity (FC), and FC modulates SC through plasticity
mechanisms, these relationships may offer valuable insights into
the underlying mechanisms.”**” A recent study showed increased
coupling between SC and iEEG-derived FC at seizure onset,
revealing the structural substrate that supports seizure spread.”
Other studies have also indicated that combining information
from both SC and FC could improve the localization of seizure
generators.””>***® Of interest, there is a lack of studies examining
the relationship between the efficacy of epilepsy surgery and
structure-function relationships. Surgical resection leads to
structural changes in the brain to control abnormal function, so
the structure-function relationships before and expected after
surgery could be crucial factors in determining surgical outcomes.
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Our primary research question is whether structure-function
mapping helps determine the outcome of surgical resection
for treatment-resistant focal epilepsy. We hypothesized that
surgical resection would effectively control seizures when
there is a strong coupling between brain structure and func-
tion. Our reasoning is that a stronger structure-function
coupling would provide a more effective means of trans-
mitting the structural changes in the epileptic network caused
by surgery to the FC that is necessary for seizure expression.
To test this hypothesis, we studied individuals with intractable
epilepsy who underwent resective surgery after iEEG im-
plantation. Initially, we quantified the structure-function
coupling at the global iEEG network level. Next, we per-
formed virtual surgeries retrospectively to estimate the effect
of removing individual brain areas on the remaining network
as a spatial map. This mapping enabled us to translate the
global-network metric of structure-function coupling into a
regional metric that aided in localization of epileptogenic
tissues. Finally, we emphasize the importance of considering
structure-function coupling measures in addition to other
clinical attributes to accurately predict seizure outcomes after

epilepsy surgery.

Methods

Patient Cohort

We retrospectively studied a patient cohort with drug-
resistant focal epilepsy, recruited at the National Hospital for
Neurology and Neurosurgery (NHNN), UK. The patients
underwent MRI sequences and iEEG monitoring using either
electrocorticography (ECOG) or stereotactic EEG (SEEG)
based on the clinical need. The surgical planning for removing
the seizure-onset zone in each case was made by mapping the
eloquent brain function and considering the risk-benefit ratio
of the resection. The patients were followed up for at least 12
months after surgery, and their seizure outcomes were eval-
uated using the International League Against Epilepsy (ILAE)
classification of postoperative seizure outcome.” We in-
cluded all patients with available iEEG and diffusion MRI data
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from 2009 to 2014, along with the routine MRI scans, without
any specific criteria for selection based on the laterality of the
implantation or seizure-onset zone.

Standard Protocol Approvals, Registrations,
and Patient Consents

The study was approved by the NHNN and Institute of
Neurology Joint Research Ethics Committee. The data were
analyzed with approval from the Newcastle University Ethics
Committee (ref: 1804/2020). The ethics board determined
that because this was a retrospective analysis of anonymized
data, participant consent was not required or waived.

MRI and iEEG Data Acquisition

Preoperatively, each patient underwent an anatomical T1-
weighted and diffusion-weighted MRI. After iEEG implanta-
tion, CT scans were obtained to localize electrode contacts,
and T1-weighted MRI was acquired 3-12 months after sur-
gery to outline the extent of resection.

The T1-weighted MRI was acquired on a 3T GE Signa HDx
scanner with standard imaging gradients, with a maximum
strength of 40 mT m ™" and slew rate 150 T m™"' s™". Standard
clinical sequences were performed, including a coronal
3-dimensional volumetric acquisition (matrix = 256 x 256 x
170; resolution = 0.9375 x 0.9375 x 1.1 mm).

Diffusion-weighted MRI was acquired with a single-shot spin-
echo planar imaging sequence using 52 noncollinear directions
(b value = 1,200 mm” s™", § = 21 milliseconds, A = 29 milli-
seconds using full-gradient strength of 40 mT m, echo time
73 milliseconds) and 60 contiguous 2.4 mm axial slices cov-
ering the brain, along with 6 nondiffusion weighted scans. The
field of view was 24 x 24 cm and the acquisition matrix size was
96 x 96 (zero-filled to 128 x 128), resulting in a voxel size of
1.875 x 1.875 x 2.4 mm and acquisition time of 25 minutes.

iEEG was sampled at 512 Hz or 1,024 Hz. Table 1 shows the
type of implantation (ECOG/SEEG) and the number of
implanted electrodes in each patient. We extracted 1-hour
segments of awake interictal EEG data, at least 2 hours away
from seizures, as identified by the clinical team and described
previously. 13

Data Preprocessing

We linearly registered the postoperative T1-weighted to
preoperative T1-weighted MRI using the FSL-FLIRT algo-
rithm. We manually drew a resection mask for every patient,
ensuring high interrater agreement to identify surgically
resected tissue.'' We ran the FreeSurfer “recon-all” pipeline
on preoperative T1-weighted MRI to generate gray and white

10,31
matter surfaces.”

Diftusion-weighted MRI was corrected for signal drift, eddy
current, and movement artifacts using the FSL eddy_correct
tool, and the b vectors were rotated using the FSL fdt-rotate-
bvecs tool.'”*" We applied generalized g-sampling imaging
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reconstruction in DSI studio with a diffusion sampling length
ratio of 125, followed by deterministic tractography.*
Tractography generated approximately 2 million tracts per
person with tracking parameters configured as follows:
Runge-Kutta method with step size 1 mm, whole-brain
seeding, initial propagation direction set to all fiber orienta-
tions, minimum tract length 15 mm, maximum tract length
300 mm, and topology-informed pruning applied with 1 it-
eration to remove false connections. Linear registration was
applied to transform the tracts generated in the diffusion
space to the preoperative T1-weighted MRI space.

Following our previous study,"® we processed the iEEG data in
3 steps: (1) removing artifactual channels by visual inspection,
(2) applying a common average reference to all remaining
channels, and (3) filtering each channel with a notch filter at SO
and 100 Hz (infinite impulse response filter with Q factor = 50,
fourth-order zero-phase lag) and bandpass filter (Butterworth
fourth-order zero-phase lag) between 1 and 70 Hz. For fre-
quency band-specific analysis, we separately filtered the
interictal signals in 6 frequency bands—delta (1-4 Hz), theta
(4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), gamma (30-80
Hz), and high gamma (80-150 Hz).

To delineate electrode contacts overlapping the tissue that
was subsequently resected, we linearly registered the CT
image to the presurgery T1-weighted MRI space and marked
the electrode coordinates semiautomatically.'> We consid-
ered any electrode within S mm of the surgically resected
tissue, as identified by the segmented postoperative MRI, as
resected. Figure 1, A-G illustrates an overview of different
imaging modalities.

Network Generation

We estimated the SC and FC between brain areas implanted
by electrodes. The brain tissue underlying each electrode
comprised the nodes of the network, so the number of net-
work nodes equaled the number of implanted electrodes
(excluding those affected by artifacts or outside the brain).

To estimate SC, we delineated the tracts intercepted by each
electrode. We used the following atlas-agnostic steps to de-
lineate these tracts from the whole-brain tractography data
(Figure 1G). First, for each contact in the neocortical gray
matter (pial) surface, we found the corresponding coordinate
on the white matter surface. This step was not necessary for
contacts in the white matter or deep brain structures (e.g,
hippocampus). Second, we sampled all tracts that passed
within a 2 mm spherical diameter and connected at least 2
electrodes. Third, we computed the total number of tracts
between electrodes to measure SC. Because all network nodes
have same spherical diameters, this connectivity metric can be
considered equivalent to streamline density, as used in many
other studies.*® Figure 1, H-J illustrates the tracts between
contacts and SC in 1 case. To verify the robustness of our
results, we recomputed SC with an alternate diffusion metric
that captures the average tract length between contacts and
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Table 1 Demographic and Clinical Data

Groups
Variables Seizure-free Not seizure-free Significance
Patients, n 15 24
Sex (male/female), n 8/7 8/16 )(2 =0.81
p=0.37
Side of surgery 8/7 12/12 X2 =0.02
(left/right), n p =0.90
Hippocampal 4(26.7) 3(12.5) x> =0.48
sclerosis, n (%) p=0.49
Preoperative MRI 4/11 1212 x>=122
(normal/abnormal), n p=0.27
History of FBTCS, n (%) 9 (60) 16 (66.7) x?=0.01
p=0.94
History of status 4(26.7) 5(20.8) )(2 <0.01
epilepticus, n (%) p=0.98
Electrode 4/11 717 x> =0.04
implantation type p=0.84
(ECOG/SEEG), n
Surgery location 10/5 12/12 x> =0.48
(TLE/eTLE), n p=0.49
Partial resection of 5(33.3) 16 (66.6) )(2 =2.89
the seizure-onset p=0.09
zone, n (%)
Unilateral seizure- 13 (86.6) 24 (100) x2 =1.19
onset zone, n (%) p=028
Unilateral iEEG 12 (80) 24 (100) x>=276
implantation, n (%) p=0.10
Age at surgery, y, 28.2+54 31.9+17.4 d=0.36
median + IQR p=0.46
Age at epilepsy onset, 10.0 £ 9.5 135+11.5 d=0.69
y, median + IQR p=0.07
Epilepsy duration, y, 225+7.2 19.6 £10.4 d=0.07
median + IQR p=0.57
All ASMs before 7+4 7+3 d=0.07
surgery, median + IQR p=0.87
Total electrode 73 +£45 73+34 d=0.002
contacts implanted, p=0.97

median = IQR

Abbreviations: x?> = chi-square test for categorical variables; d = Cohen
d score for the effect size; p = 2-tailed Wilcoxon rank-sum test; ASM = anti-
seizure medication; ECOG = electrocorticography; eTLE = extratemporal
lobe epilepsy; FBTCS = focal to bilateral tonic-clonic seizures; iEEG = in-
tracranial EEG; IQR = interquartile range; SEEG = stereo-EEG; TLE = temporal
lobe epilepsy.

by varying the spherical diameter at each contact with dif-
ferent thresholds at S mm (eFigures 1 and 2, links.lww.com/
WNL/D22).

We estimated FC between each electrode pair from the pre-
processed, 1-hour interictal segments of iEEG filtered in
broadband (1-70 Hz) and 6 frequency bands."* We applied
the Pearson correlation to 2-second sliding windows (without
overlap) and averaged the correlation matrices over all
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windows to obtain 1 FC network. Figure 1, Kand L illustrates
the FC network in 1 case, highlighting the structurally con-
nected (direct) and structurally unconnected (indirect)
functional connections.

eFigure 3 (links.lww.com/WNL/D22) illustrates the re-
producibility of 2 widely reported findings in our network
data®®: (1) significantly stronger mean FC between struc-
turally connected node pairs compared with structurally un-
connected node pairs and (2) decline in the strength of FC
between structurally connected and unconnected node pairs
in relation to Euclidean distance.

Structure-Function Coupling Analysis and
Virtual Resection Approach

We modeled the relationship between structural and func-
tional networks at the global iEEG network level resolution by
computing Spearman’s rank correlation between the con-
nections present in both the SC and FC networks (Figure 2, A
and B).

To investigate the localizing value of SC-FC coupling at a
more fine-grained resolution, we performed virtual surgeries
on brain networks (Figure 2, C-E). First, we removed a node
and its corresponding connections in SC and FC. Second, we
recomputed Spearman’s rank correlation between SC and FC
of the remaining network. Third, we obtained the difference
between the SC-FC coupling before surgery and after node
removal. This difference reflected the impact of removing that
node on the SC-FC coupling of the remaining network.”>**
We repeated these steps by removing 1 node at a time, noting
the changes in the SC-FC coupling each time, and expressing
these changes as a z score in each patient’s brain network to
generate a spatial map (Figure 2F).

We also applied another variation of a virtual resection ap-
proach to ensure robustness.'**® Instead of removing 1 node
at a time, we removed all nodes deemed resected, as defined
by the postoperative MRI, and compared the change in SC-
FC coupling with changes due to random resection of the
same number of nodes; eFigure 4 (links.Iww.com/WNL/
D22) describes this approach in detail.

Predictive Model Design

We used a support vector machine (SVM) to predict seizure
freedom after surgery.'”*” The SVM inputs were 16 clinical
features (Table 1) and 2 coupling features, with binary out-
comes of seizure-free or not seizure-free. A linear kernel was
used for interpretable feature weights. The data were split into
training and testing sets using leave-one-out cross-validation,
and the SVM was trained on the training set and evaluated on
the test set to assess its performance.

To evaluate the feature importance, we used a method called
SVM recursive feature elimination. This approach involved
starting with all 16 clinical features and 2 coupling measures as
inputs for the SVM. The performance of the model was
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Figure 1 Overview of Network Generation
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Panels (A-D) show different modalities acquired for each patient. We aligned the CT scan in panel (A) to the presurgery TTw MRI in panel (D) to delineate the
coordinates of implanted electrodes shown in panel (E). We registered the postsurgery T1w MRI in (B) with the presurgery T1w MRI scan in (A) to manually
draw a resection mask in the presurgery T1w MRI space illustrated in panel (F). We performed the whole-brain fiber tracking on presurgery diffusion MRI in
the native space (C) and then aligned the tracts to the presurgery T1-MRI space shown in panel (G). In panel (H), we combined electrode coordinates, tracts,
and surgery information. The example case illustrated in the figure was not seizure-free after the surgery. From the whole-brain fiber tracts, we delineated the
tracts connecting each electrode shown in purple. Each electrode (in red) records the electrophysiologic signals (in black) directly from the cortical tissues. We
analyzed 1-hour interictal segments (in blue) at least 2 hours from seizures. By counting the number of tracts between each electrode, we constructed the
structural connectivity. Panel () maps the binarized structural connectivity network for illustrating connections between electrodes. Panel (J) shows the
weighted structural connectivity matrix with tract counts transformed on a log scale. Rows and columns of the connectivity matrix are the electrodes; spared
electrodes labeled in green, and resected electrodes labeled in black. Panel (K) depicts the functional connectivity network derived from 2-second windows of
1-hour interictal iEEG recordings. Functional connections with underlying structural connections are shown in white, and the remaining structurally un-
connected functional connections are shown in black. Panel (L) shows the weighted functional connectivity matrix with electrodes in rows and columns
reordered as spared (green) and resected (black) contacts. iEEG = intracranial EEG; T1w = T1 weighted.
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Figure 2 Virtual Resection Approach for Estimating Changes in Structure-Function Coupling
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Panel (A) conceptualizes a common framework to study surgical intervention and its impact on the SC and FC networks as 3 interlinked layers. Resecting localized
cortical tissue by surgery alters the brain anatomy and the underlying structural network. An assumption is that the structure and function are strongly interlinked,
and alteration to the structure would change the function to control the abnormal functional dynamics associated with seizures. Panel (B) illustrates structure-
function coupling modeled by Spearman’s rank correlation as a measure to evaluate the strength of interlinking between structure and function in brain areas
sampled by iEEG electrodes. Each point in the scatter plot represents a network connection. In panel (C-E), we estimated the impact of removing individual brain
areas on the structure-function coupling by applying virtual resection of network nodes. Panel (C) illustrates the removal of a node (drawn smaller) and
corresponding edges (in black). Removing a network node is equivalent to removing a row and a column from the structural and functional connectivity matrices
in (D). In panel (E), we re-evaluated Spearman’s rank correlation between the remaining connections of structure-function networks. We computed the change in
coupling between networks after virtual resection and the original network with all nodes intact. Panel (F) maps the changes in SC-FC coupling. We detected that
some cortical areas are coupling boosters (in red)—removing these nodes boosted the SC-FC coupling of the remaining network. Also, some other cortical areas
are coupling dampers (in blue)—removing these nodes dampened the SC-FC coupling of the remaining network. Removing the red coupling boosters may
improve the chance of seizure-free outcomes; however, these areas are scattered, indicating a distributed epileptogenic network. The illustrated case was not
seizure-free after the surgery. FC = functional connectivity; iEEG = intracranial EEG; SC = structural connectivity.

Compute change
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measured using the area under the receiver operating char-
acteristic curve (AUC), and the features were ranked based on
their relative importance. The least important feature was
then removed, and the SVM performance was re-evaluated
with 1 less feature. This process was repeated until only 1
feature remained, leading to the identification of the most
informative feature combination for predicting seizure out-
comes in the patient cohort.

Neurology | Volume 101, Number 13 | September 26, 2023

To address the potential impact of the small dataset size on the bias-
variance trade-off, we conducted a stability analysis using nested
cross-validation. In this method, 10% of the patients were set aside
for testing, and the remaining patients underwent k-fold cross-
validation (with k = S) to train and evaluate the model. The entire
analysis was then repeated 5,000 times to randomly hold out the test
dataset. This allowed us to evaluate the consistency of the model’s
predictions by assessing the variability in predicted outcomes.
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Figure 3 Structure-Function Coupling Is Significantly Higher in the SF Group Than in the nSF Group
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Panels (A-C) illustrate example case 1 who was nSF after surgery: electrode coordinates in (A), SC and FC matrices in (B), and SC-FC coupling between
structural and functional edges in (C). The histograms in (C) show the distribution of structural and functional edges in purple and blue, respectively. Panels
(D-F) show equivalent plots for an individual who is SF after surgery. SF case 2 had a significantly higher (nonoverlapping 95% Cl of p) SC-FC coupling than nSF
person 1. Panel (G) illustrates the SC-FC coupling at the group level between SF (in teal) and nSF (in orange) individuals across 3 different interictal time
segments of iEEG recordings. Those who were SF have a significantly higher structure-function coupling than those who were not. Statistical estimates:
Segment 1: p =0.002, d =0.76, AUC = 0.78 (95% Cl 0.62-0.93); segment 2: p = 0.009, d = 0.77, AUC = 0.73 (95% CI 0.56-0.90); and segment 3: p = 0.008, d = 0.70,
AUC =0.74 (95% Cl1 0.57-0.91). In panel (H), we evaluated the structure-function coupling between SF and nSF individuals across different frequency bands.
Across all frequency bands, the structure-function coupling is significantly higher in those who are SF than in those who are not. Statistical estimates: delta
(1-4 Hz): p=0.003, d = 0.68, AUC=0.76 (95% CI 0.60-0.92); theta (4-8 Hz): p = 0.001, d = 0.83, AUC = 0.79 (95% CI 0.64-0.95); alpha (8-13 Hz): p = 0.003, d = 0.81,
AUC = 0.76 (95% Cl 0.60-0.92); beta (13-30 Hz): p = 0.015, d = 0.66, AUC = 0.71 (95% CI 0.53-0.88); gamma (30-80 Hz): p = 0.033, d = 0.56, AUC = 0.68
(95% C10.5-0.86); and high gamma (80-150 Hz): p =0.01, d =0.79, AUC = 0.72 (95% Cl 0.55-0.89). AUC = area under the receiver operating characteristic curve;
FC = functional connectivity; iEEG = intracranial EEG; ILAE = International League Against Epilepsy; nSF = not seizure-free; SC = structural connectivity; SF =
seizure-free.

Statistical Analysis

To model the coupling between structure and function, we
performed robust estimation to obtain the regression line and
calculated the nonparametric Spearman’s rank correlation.
These approaches are less sensitive to the effect of outliers and
appropriate when the normal distribution in data cannot be
assumed. For testing the hypothesis that structure-function
coupling is higher in seizure-free individuals compared with
those who are not seizure-free, we applied a 1-tailed non-
parametric Wilcoxon rank-sum test and calculated the effect
size as Cohen’s d score and nonparametric effect size as AUC.

Neurology.org/N

Results were considered significant for p < 0.0S. To correct
multiple comparisons, we applied Benjamini-Hochberg false
discovery rate correction at a significance level of 5%. In
machine learning analysis, we report the 95% CI of the AUC
using a bias-corrected and accelerated percentile method from
10,000 bootstrap resamples with replacement.'®*"

Data Availability

All anonymized brain networks and electrode coordinates
with resection indicators included in this study are available at
https://doi.org/10.5281/zenodo.8246573.
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Figure 4 Surgeries in Not Seizure-Free Individuals Overlap With Coupling Dampers, Whereas in Those Who Are Seizure-
Free, Surgery Overlaps With Coupling Boosters
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Panel (A) plots the iEEG electrodes as coupling boosters and dampers for case 1 (not seizure-free). The surgery mask in the sagittal view shows the location
of the resected tissue. The color bar plotted horizontally shows the implanted electrodes in case 1 sorted by coupling booster-damper metric, and the
binary plot in black highlights the resected electrodes. Panel (B) shows the equivalent contrasting plots for case 2 (seizure-free). Panel (C) quantifies the
overlap between surgery and coupling booster-damper metric of electrodes for case 1 by computing the AUC. Panel (D) shows the equivalent plot for case
2.AUCis a nonparametric effect size to discriminate between resected and spared tissues. This effect size is a patient-specific measure that quantifies the
probability of resecting coupling dampers for 0.5 < AUC < 1, resecting coupling boosters for 0 < AUC < 0.5, and chance-level probability of resecting
coupling boosters or dampers for AUC = 0.5. The violin plots in the inset show coupling booster-damper data points for each electrode categorized as
resected or spared. Panel (E) shows that the effect size between resected and spared tissues (AUC) is significantly higher in individuals who are not
seizure-free thanin those who are seizure-free (p =0.007, d = 0.96 [95% CI 0.34-1.56]). AUC = area under the receiver operating characteristic curve; iEEG =
intracranial EEG.

Results

Participants

We retrospectively analyzed 39 patients with drug-resistant
focal epilepsy. Table 1 provides a summary of the clinical and
demographic characteristics of the study participants. A
more comprehensive view is available in eTable 1 (links.Iww.
com/WNL/D23). During the study, 28 patients underwent
iEEG monitoring using ECOG, and 11 received SEEG. The
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surgical resections were performed in various brain regions,
including the temporal lobe (n = 22), frontal lobe (n = 12),
parietal lobe (n = 3), and occipital lobe (n = 2). We found
that 1S patients were seizure-free (ILAE 1), and 24 had
seizure recurrence (ILAE 2-5). Demographic information
and clinical attributes, such as the type of electrode im-
plantation (SEEG vs ECOG) or the number of implanted
electrode contacts, did not differentiate between seizure
outcomes.

Neurology.org/N
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Figure 5 Importance of the Structure-Function Coupling in Seizure Outcome Prediction
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Panel (A) shows a scatter plot of the relationship between the structure-function coupling of brain networks before surgery and the discrimination
between resected and spared tissue using the coupling booster-damper metric. The 2-dimensional plane is color coded to indicate the likelihood of
seizure recurrence. The dots represent individual patients, with those who are seizure-free in teal and those who are not seizure-free in orange. The 2
coupling measures are not correlated but together provide complementary information that distinguishes those who are seizure-free from those who
arenot. (B) The 2 coupling measures were combined with 16 clinical features in a linear SYM model to predict seizure outcomes after surgery. The feature
importance was evaluated through a recursive removal process, and the model performance was noted after each iteration. The color plot shows the
normalized feature importance after each round, and the graph on the left shows the AUC + 95% Cl. The blue box highlights the iteration where AUC was
maximized. Panel (C) shows the ROC curve atiteration 6 (highlighted in blue), with the confusion matrix in the inset. The predictive performance estimates
are as follows: Number of features =6, AUC = 0.91 (95% Cl 0.82-1.0), with accuracy = 92%, sensitivity = 93%, and specificity = 91% at the optimal operating
point (represented by the blue dot on the ROC curve). Panel (D) compares the efficacy of different models in predicting surgical outcomes based on inputs
consisting of only clinical features (AUC 0.78 [95% Cl 0.64-0.92]), only connectivity coupling features (AUC 0.81 [95% Cl 0.67-0.94]), and a combination of
both (AUC 0.91 [95% CI 0.82-1.0]). The results show that combining connectivity coupling measures with clinical variables leads to improved prediction of
seizure outcomes. ASMs = antiseizure medications; AUC = area under the ROC curve; ECOG = electrocorticography; ETLE = extratemporal lobe epilepsy;
FBTCS = focal to bilateral tonic-clonic seizures; ILAE = International League Against Epilepsy; ROC = receiver operating characteristic; SEEG = stereo-EEG;
SOZ = seizure-onset zone; SVM = support vector machine; TLE = temporal lobe epilepsy.

Impact of SC-FC Coupling on Seizure Outcomes implantations in 2 cases: not seizure-free case 1 and seizure-
After Epilepsy Surgery free case 2. At the location of iEEG implantation, Figure 3, B

Brain areas implanted by iEEG electrodes had a stronger and E maps patient-specific SC and FC measured from brain
SC-FC coupling in seizure-free patients than those who  regions underlying each electrode. We found that seizure-
were not seizure-free. Figure 3, A-F illustrates iEEG free case 2 had a higher SC-FC coupling (p = 0.36 [95% CI
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0.28-0.44]) than not seizure-free case 1 (p = 0.20 [95% CI
0.12-0.26]).

Across the entire cohort, we detected a significantly higher
SC-FC coupling in the seizure-free group than the not seizure-
free group (p = 0.002, d = 0.76, AUC = 0.78 [95% CI
0.62-0.93]), regardless of the choice of interictal time seg-
ments to estimate FC (Figure 3G). We did not find a specific
frequency band driving the significantly higher SC-FC cou-
pling in seizure-free individuals; rather, it was consistent
across frequency bands (Figure 3H).

eFigures 1 and 2 (linksIww.com/WNL/D22) illustrate the
consistency of our findings for variations in SC measurements
estimated from the alternate diffusion metric and region size.
Controlling for spatial biases,"? eFigure 5 demonstrates that
SC-FC coupling explains the association with surgical out-
comes more strongly than Euclidian distance. eFigure 6 shows
the effect of implantation (ECOG vs SEEG) and alternate
grouping of ILAE outcomes on SC-FC coupling. eFigures 7
and 8 show the consistency of our findings with alternate
choices of iEEG rereferencing techniques. eFigure 9 shows
that the contacts in the gray matter primarily drive our results;
however, removing the contacts in the white matter led to a
drop in the effect size.

Identifying Epileptogenic Tissues by

Coupling Boosters

The virtual resection approach enabled us to quantify the im-
pact of removing a specific brain area on SC-FC coupling. These
coupling changes are presented as spatial maps at the resolution
of individual brain areas underlying iEEG contacts (Figure 4, A
and B). Red contacts with lower negative z scores are coupling
boosters—removing these contacts boosts the coupling of the
expected remaining network. Blue contacts with higher positive
z scores are coupling dampers—removing these contacts
dampens the coupling of the expected remaining network. The
lower horizontal panel in Figure 4, A and B plots the electrode
contacts sorted by SC-FC coupling changes. The electrode
contacts marked in black in the panel above the color bar in-
dicate the resected contacts. We found that surgery overlapped
more with coupling dampers in patients who were not seizure-
free, whereas in those who were seizure-free, surgery overlapped
more with coupling boosters. Thus, regions identified as cou-
pling boosters can help localize epileptogenic tissues.

With each electrode characterized as a coupling booster or
damper, we computed a nonparametric effect size (AUC),
identical to distinguishability statistics," to distinguish between
resected and spared contacts. Figure 4, C and D illustrates the
discrimination between resected and spared electrodes in 2
cases, and Figure 4E plots the effect size between seizure-free
and not seizure-free groups. The probability of resecting cou-
pling dampers in individuals who are not seizure-free is sig-
nificantly higher than the probability of resecting coupling
boosters in those who are seizure-free (p = 0.007, d = 0.96 [95%
CI 0.34-1.56], AUC = 0.73 [95% CI 0.58-0.89]). Thus,

Neurology | Volume 101, Number 13 | September 26, 2023

discrimination between resected and spared contacts charac-
terized as coupling boosters and dampers is an important
metric to determine seizure outcomes.

We verified the consistency of our findings with a different
virtual resection strategy in eFigure 4 (links.lww.com/WNL/
D22) and an MRI-derived expected postsurgery structural
network, as in our previous studies,1 ’"" in eFigure 10.

Predicting Seizure Outcomes With
Connectivity Coupling and Clinical Variables
We combined the SC-FC coupling measures from both the
global iEEG network and individual brain areas as bivariate
features. Figure SA shows each patient on a 2-dimensional
plane defined by these 2 coupling measures, and linear de-
cision boundaries are drawn to map the likelihood of seizure
recurrence. The 2 coupling measures were not correlated (r =
-0.21, p =0.19), and using a bivariate SVM model to combine
them resulted in the discrimination of seizure-free and not
seizure-free individuals with an AUC of 0.81 (95% CI
0.67-0.94). eFigure 11 (links.Iww.com/WNL/D22) shows
that the SC-FC coupling measures are not driven by a specific

epilepsy subtype.

Next, we used the 2 coupling measures and the 16 clinical
features listed in Table 1 to predict seizure outcomes. The
linear SVM model was used with the leave-one-out cross-
validation technique to predict seizure recurrence, and re-
cursive feature elimination was applied to assess feature
importance. Figure SB shows the process of recursive feature
elimination, with each feature ranked based on its relative
importance (color coded in red). The highest AUC value was
0.91 (95% CI 0.82-1.0) when the SVM model combined the
2 connectivity coupling measures (the most important fea-
tures) with 4 clinical variables: the type of electrode implan-
tation, laterality of iEEG implantation, number of antiseizure
medications taken before surgery, and history of focal to bi-
lateral tonic-clonic seizures (Figure SC). This combination of
factors was found to best capture the variability in the data
that predict surgical outcomes.

To evaluate the benefits of combining connectivity coupling
measures with clinical variables in predicting surgical out-
comes, we re-evaluated our analysis by using only the 16
clinical features listed in Table 1 and excluding the coupling
measures. The results showed that using only the clinical
variables resulted in an AUC of 0.78 (95% CI 0.64-0.92)
(Figure SD). Without the coupling measures, the S most
important factors in determining surgical outcomes were
partial resection of the seizure-onset zone, laterality of the
iEEG implantation, lesional vs nonlesional MRI, age at epi-
lepsy onset, and number of electrodes implanted (eFigure 12,
links.Iww.com/WNL/D22). Our findings suggest that com-
bining the connectivity coupling measures with clinical vari-
ables enhances the prediction of seizure outcomes, with an
accuracy of 92%, sensitivity of 93%, and specificity of 91%,
compared with relying solely on clinical variables.

Neurology.org/N
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To verify the accuracy of our predictions, we used a nested
cross-validation approach that included a 10% hold-out data
and an internal S-fold cross-validation. eFigure 13 (links.Iww.
com/WNL/D22) provides more information about this
method and shows that it produced similar results to our
original analysis, with an AUC of 0.90 and visualizations of the
variability in predicted outcomes for individual patients.

Classification of Evidence

This is a Class IV retrospective case series showing that
structure-function mapping may help determine outcomes
from surgical resection for treatment-resistant focal epilepsy.

Discussion

We analyzed the relationship between structure and function
in patients with drug-resistant focal epilepsy using a combi-
nation of diffusion-weighted MRI and iEEG. We found that a
stronger relationship between structure and function was as-
sociated with seizure-free outcomes after surgery. Our find-
ings suggest that patients are more likely to achieve seizure
freedom if the relationship between structure and function
becomes stronger after surgery. By identifying individual brain
areas underlying each iEEG contact as coupling boosters or
dampers, we demonstrate that the relationship between
structure and function can be analyzed at a higher spatial
resolution. This information could be useful during iEEG
monitoring to identify the location of epileptogenic tissue
more accurately. Our study demonstrates that by quantifying
the relationship between structure and function in drug-
resistant epilepsy, it is possible to make more accurate pre-
dictions about seizure outcomes. When used in conjunction
with routine clinical variables, this information can help
identify patients who are less likely to achieve seizure freedom
through planned resection.

A strong coupling between the structural and functional
networks of the brain is considered a hallmark of a healthy
brain, as demonstrated in numerous studies.>***** By con-
trast, a drop in SC-FC coupling has been linked to epilepsy
and longer disease duration.** Healthy patients have been
shown to have moderate to tight coupling, with levels as high
as 0.9 = 0.1 at the group level and 0.55 + 0.1 at the individual
patient level.*® In people with epilepsy, reduced SC-FC
coupling has been observed, particularly in those with longer
disease duration.*” We found that individuals with drug-
resistant focal epilepsy who are not seizure-free after surgery
have weaker structure-function coupling compared with those
who are seizure-free. Our study provides evidence that the
strength of structure-function connectivity coupling plays a
significant role in determining the success of epilepsy surgery.
Individuals with a stronger structure-function coupling before
surgery and who undergo surgical resections that increase the
structure-function coupling of the remaining network are
more likely to achieve seizure-free outcomes. Our findings
align with previous studies that have shown the importance of
structure-function connectivity coupling in maintaining a

Neurology.org/N

healthy brain and highlight the potential for using this metric
to optimize surgical interventions for epilepsy.

Our findings have significant clinical implications. First, our
results can aid in identifying the focality of iEEG implanta-
tion.*! We generated patient-specific maps of the relation-
ship between structural and functional brain networks,
which classified the brain tissue under each iEEG contact as
either a coupling booster or damper. Epileptogenic tissues
(ie., resections in seizure-free patients) were identified by the
presence of coupling boosters. Thus, if coupling boosters are
widespread, the epileptogenic tissue is dispersed, whereas if
they are localized to a specific area, the epileptogenic tissue is
focal. Second, our results can help predict seizure outcomes
after surgery. Even with accurate iEEG localization, a patient
may not be seizure-free if surgery cannot remove the entire
epileptogenic tissue. Our study showed that determining the
difference in coupling boosters and dampers between tissues
that were removed and those that were preserved can predict
seizure outcomes. Furthermore, at the iEEG network level,
patients with reduced structural-functional coupling had a
propensity toward seizure recurrence. Third, our analysis can
aid in developing alternative surgical plans. The spatial maps
quantifying the focality of iEEG implantation and predicting
surgical outcomes for individual patients can guide treatment
strategies prospectively. For example, a patient with a diffuse
iEEG focus may be a better candidate for palliative therapies
by neuromodulation.

Other studies have also made substantial progress in
addressing these clinical challenges, leading to the de-
velopment of quantitative measures such as node strength,
seizure likelihood,'*>® brain network ictogenicity,?'l neural
f1ragili‘fy,42 and epileptogenicity index, " among others.”*%%°
However, despite surgical resection being a structural pro-
cedure to control function, most previous works overlooked
the structure-function relationships of brain areas implanted
by iEEG electrodes.”>*** Our study adds to this growing
body of literature and closes a key gap in the field by pro-
posing novel methods to combine iEEG and structural brain
imaging for guiding epilepsy surgeries.

What is the added value in identifying structure-function rela-
tionships during presurgical workup over other measures already
in clinical practice? Although some clinical variables such as a
history of focal to bilateral tonic-clonic seizures are indicators of
poor seizure outcomes, most studies report inconsistent find-
ings; features found predictive of seizure outcomes in some
studies are not predictive in others. A comprehensive analysis
combined 27 clinical variables on a mixed cohort of people with
temporal and extratemporal epilepsy to estimate the probability
of seizure freedom.”” Another study incorporated some of these
variables on nomograms to evaluate the risk of poor surgical
outcomes.*® Our recent work benchmarked noninvasive surgical
outcome measures against 13 clinical variables,'® which we also
incorporate in this study to demonstrate the added value of new
measures over routine clinical variables. We envision combining
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these multimodal measures with unimodal measures from
structural or functional imaging modalities and presurgical clin-
ical data into a software tool"' for identifying individuals who are
less likely to achieve seizure freedom.

Our study has limitations and important caveats that future
studies should address. First, we could not directly perform a
case-control analysis to compare the structure-function cou-
pling between controls and epilepsy cases. People without
epilepsy rarely undergo iEEG implantations, and it is difficult
to estimate the strength of the structure-function coupling in a
healthy population in areas where patients had iEEG im-
plantations. However, future studies can leverage our recently
proposed normative iEEG atlas as a promising alternative to
circumvent the challenges associated with case-control anal-
ysis with iEEG data.*”*® Second, our analysis does not focus
on reducing the invasiveness of iEEG. iEEG is among the
most invasive diagnostic tools and should be used sparingly
on carefully selected individuals who are highly likely to
benefit from undergoing iEEG-related surgical procedures.
Future studies could expand our analysis to a multilayer
framework for making iEEG minimally invasive, including the
development of robust methods for EMG artifact rejection,*’
or replacing it with complementary noninvasive modalities
(e.g, IMRI, MEG, or high-density scalp EEG). Third, our
analysis does not investigate the actual postsurgery networks,
and the virtual surgery approach does not account for the
second- or higher-order connectivity between nodes. Esti-
mating the expected remaining network follows our previous
approaches,'”"" designed for future prospective applications
for any intended surgery. Nonetheless, validation on actual
postsurgery data is important, and it can highlight the
mechanisms of network changes due to surgery and its relation
1011 Bourth, our study dataset is limited in size and
sourced from only 1 epilepsy center. Despite conducting sta-
bility analysis and various cross-validation techniques, surgical
practices may differ across other epilepsy centers.*® This study
serves as a foundational step toward future multicenter research
with a larger dataset. Finally, our analysis incorporated only the
interictal/seizure-free epochs of iEEG data, which could be
both a strength and a weakness. Many studies reported re-
markable state changes in the preictal and ictal epochs that we
do not analyze in this study.23 However, a major strength in
making predictions from seizure-free epochs is the reduction in
time and injury risk associated with eliciting multiple seizures
during iEEG monitoring.

to outcomes.

In conclusion, we have shown that SC-FC coupling is an
important measure that is related to seizure freedom after
surgery. Structural alteration by surgery is more likely to
control the abnormal functional dynamics associated with
seizures when the coupling between structure and function is
high. We suggest that mapping the impact of coupling
changes at the resolution of individual brain areas can better
evaluate surgical outcomes and create choices for alternative
resection strategies, thus assisting the planning of epilepsy
surgeries.
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