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Abstract

Background: Alterations to structural and functional brain networks have been reported across many
neurological conditions. However, the relationship between structure and function—their coupling—is
relatively unexplored, particularly in the context of an intervention. Epilepsy surgery alters the brain
structure and networks to control the functional abnormality of seizures. Given that surgery is a structural
modification aiming to alter the function, we hypothesized that stronger structure-function coupling, in
the area to be resected, preoperatively is associated with a greater chance of post-operative seizure

control.

Method: We constructed structural and functional brain networks in 39 subjects with medication-
resistant focal epilepsy using multimodal data from intracranial EEG (iEEG) recordings (pre-surgery),
structural MRI (pre-and post-surgery), and diffusion-weighted MRI (pre-surgery). We investigated pre-
operative structure-function coupling at two spatial scales: a) at the global iEEG network level and b) at
the resolution of individual iEEG electrode contacts using “virtual surgeries.” By incorporating these
structure-function coupling metrics and routine clinical variables in a cross-validated predictive model,

we benchmarked their added value to predict seizure outcomes.

Result: At a global network level, seizure-free individuals had stronger structure-function coupling pre-
operatively than those that were not seizure-free regardless of the choice of interictal segment or
frequency band. At the resolution of individual iEEG contacts, the virtual surgery approach provided
complementary information to localize epileptogenic tissues. In predicting seizure outcomes, structure-
function coupling measures were more important than clinical attributes, and together they predicted

seizure outcomes with an accuracy of 85% and sensitivity of 87%.

Conclusion: The underlying assumption that the structural changes induced by surgery translate to the
functional level to control seizures is valid when the structure-functional coupling is strong. Mapping
the regions that contribute to structure-functional coupling using virtual surgeries may help aid surgical

planning.



Introduction

Surgery is an effective therapy for many people with focal drug-resistant epilepsy!-. Accurate
localization and complete surgical removal of the epileptogenic zone are crucial for achieving seizure
freedom?®. Localizing the epileptogenic zone can sometimes be challenging with non-invasive methods
alone. In this situation, intracranial electroencephalography (i(EEG) may be employed, with electrodes
implanted directly in contact with the cortex*. Unfortunately, even after iEEG implantation and surgery,
30-40% of subjects experience seizures in the short term and nearly 50% relapse in the long term>~’. To
accurately inform the treatment plan and advise individuals before surgery, it is critical to assess how
well the epileptogenic tissues are localized by iIEEG and to identify those who are less likely to achieve

seizure freedom by a planned resection®.

Epileptogenic tissues remaining after surgery cause post-surgery seizure recurrence’!’. Reasons
for incomplete resection of epileptogenic tissue include a) pre-surgical assessment did not fully localize
this tissue, b) proximity to eloquent cortex precludes a complete resection that would have caused
significant deficits, or ¢) a combination of both factors®. It is increasingly recognized that epileptogenic
tissue constitutes a distributed network''~'4 rather than a well-circumscribed region’. Indeed, a
circumscribed spatially contiguous resection in individuals with distributed epileptogenic tissues may
not render them seizure-free if some epileptogenic network tissues are spared by surgery!>~'%. Thus, it
would be beneficial to identify and quantify the epileptogenic tissue pre-operatively and measure the

impact of a planned surgery on the epileptic network, to predict postoperative seizure outcomes!*2°,

Several studies have investigated structural and functional networks in epilepsy!'®—?, but there is
a lack of studies correlating the two modalities, particularly using iEEG*3¢. Given that structural
connectivity (SC) constrains functional connectivity (FC), and functional connectivity modulates the
structural connectivity via plasticity mechanisms, these relationships may offer insights into mechanisms
pertinent in intractable focal epilepsy>’°. A recent study showed increased coupling between structure
and iEEG-derived functional networks by analyzing seizures in individuals with medication-resistant
focal epilepsy?>. The authors highlighted a structural substrate supporting seizure spread and suggested
that complementary information in both modalities may help localize the brain regions producing
seizures. Epilepsy surgery comprises a structural change that is aimed to control abnormal function. The
efficacy of the intervention will depend on the structure-function relationships and how they are

impacted by the surgery.

We hypothesized that surgical resection would control seizures when there is a strong coupling
between brain structure and function. Our rationale is that a stronger structure-function coupling would
be a more effective medium to relay the structural alterations in the epileptic network, caused by surgery,

to the functional connectivity that is necessary for seizure expression. We tested our hypothesis on data



from individuals with intractable epilepsy who had iEEG implantations to localize epileptogenic tissues
to guide resective surgery. Initially, we quantified the coupling between structural and functional
networks at a global iIEEG network level. We next performed “virtual surgeries” to estimate the effect
of removing individual brain areas on the remaining functional network as a spatial map. This mapping
allowed us to translate the global-network metric of structure-function coupling to a regional metric that
can elucidate how well the iIEEG implantations captured the epileptogenic tissues. Finally, we highlight
the importance of considering structure-function coupling measures alongside other pre-surgical clinical

attributes of an individual to predict seizure outcomes after epilepsy surgery.



Methods

Participants

We studied 39 individuals with medication-resistant focal epilepsy recruited at the National
Hospital of Neurology and Neurosurgery, London, UK. Each person underwent a comprehensive pre-
surgical evaluation for localizing the epileptogenic tissue. We acquired MRI sequences with optimized
epilepsy protocols and performed iEEG monitoring using a combination of grid, strip, and depth
electrodes (electrocorticography, ECoG) or electrodes implanted stereotactically (sSEEG). All data was
reviewed in the multidisciplinary team meetings. Surgical resections were in the temporal lobe (n=22),
frontal lobe (n=12), parietal lobe (n=3), and occipital lobe (n=2). After surgery, each individual was
followed up for at least 12 months and were graded seizure outcomes using the ILAE classification of
post-operative seizure outcome®. 15 individuals were seizure-free (ILAE 1) after surgery, and 24 had
seizure recurrence (ILAE 2-5). Table 1 is a summary of clinical and demographics attributes, and Table

S1 tabulates the entire data.
[Table 1]

The study was approved by the National Hospital for Neurology and Neurosurgery and the
Institute of Neurology Joint Research Ethics Committee. We analysed the data in this study following
Newcastle University Ethics Committee approval (reference 1804/2020).

Magnetic resonance imaging and intracranial electrographic data acquisition

Pre-operatively, each person had anatomical T1-weighted MRI and diffusion-weighted MRI. X-
ray CT was acquired after intracranial EEG electrode placement to localize electrode contacts. T1-

weighted MRI was acquired 3-12 months after surgery to delineate the extent of resection.

MRI data were acquired on 3-T GE Signa HDx scanner (General Electric) with standard imaging
gradients with a maximum strength of 40 mTm™! and a slew rate 150 Tm!s!. All data were acquired
using a body coil for transmission and an eight-channel phased array coil for reception. Standard clinical
sequences were performed including a coronal three-dimensional T1-weighted volumetric acquisition

(matrix = 256%256x170; in-plane resolution = 0.9375%0.9375 mm, slice thickness = 1.1 mm).

Diffusion MRI data was acquired using a cardiac-triggered single-shot spin-echo planar imaging
sequence with echo time=73ms. Sets of 60 contiguous 2.4mm thick axial slices were obtained covering
the whole brain, with diffusion sensitizing gradients applied in each of 52 noncollinear directions (b-
value = 1200mm?s’!, § = 21ms, A = 29ms using full gradient strength of 40mTm™) along with 6 non-
diffusion weighted scans. The field of view was 24x24cm, and the acquisition matrix size was 96x96,
zero-filled to 128x128 during reconstruction, giving a reconstructed voxel size of 1.875x1.875%2.4mm.

The diffusion MRI acquisition time for a total of 3480 image slices was approximately 25min.



Intracranial EEG was sampled at 512Hz or 1024Hz. Depending on the clinical necessity, ECoG
or SEEG were implanted to localize the epileptogenic tissue. Table 1 shows the type of implantation and
number of implanted electrodes in each person. We extracted 1-hour segments of interictal EEG data at

least 2 hours away from seizures, as identified by the clinical team.

We acquired post-implantation whole-brain CT images with 171 contiguous, Imm thick axial

slices with a matrix size of 512x512 and voxel size 0.43x0.43x1mm to map the implanted electrodes.
Data pre-processing

We linearly registered the postoperative T1-weighted MRI to preoperative T1-weighted MRI
using the FSL-FLIRT algorithm*!. We manually drew a resection mask for every subject, ensuring high
inter-rater agreement to identify surgically resected tissue?®. We ran the FreeSurfer ‘recon-all’ pipeline

on preoperative T1-weighted MRI to generate grey and white matter surfaces.

Diffusion MRI data were corrected for signal drift, followed by eddy current and movement
artefacts correction using the FSL eddy correct tool*?, and b-vectors were rotated using the FSL fdt-
rotate-bvecs tool. We applied generalized g-sampling imaging (GQI) reconstruction in DSI studio with
diffusion sampling length ratio of 1.25 followed by deterministic tractography*. Tractography generated
approximately 2,000,000 tracts per person with tracking parameters configured as follows: Runge-Kutta
method with step size Imm, whole-brain seeding, initial propagation direction set to all fibre
orientations, minimum tract length 15mm, maximum tract length 300mm, and topology informed
pruning applied with one iteration to remove false connections. Linear registration converted the tracts

generated in diffusion space to preoperative T1-weighted MRI space.

We processed iEEG data in three steps, as in our previous study?’: a) removing artefactual
channels by visual inspection, b) applying common average reference to all remaining channels, and c)
filtering each channel with a notch filter at 50 Hz and 100 Hz (infinite impulse response filter with Q
factor = 50, 4th order zero-phase lag) and bandpass filter (Butterworth 4th order zero-phase lag) between
1 and 70 Hz. For frequency-band specific analysis, we separately filtered the interictal signals in six
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 with the tissue that was subsequently resected, we
linearly registered the CT image to pre-surgery T1-weighted MRI space and marked the electrode
coordinates semi-automatically?>. We deemed any electrode within 5 mm of the surgically resected
tissue to be resected and marked the other contacts as spared contacts. Figure 1(a-g) illustrates an

overview of different imaging modalities and outputs after each data pre-processing step.

[Figure 1]



Network generation

For each individual, we estimated the structural and functional connectivity networks between
brain areas implanted by electrodes. The brain tissue underlying each electrode comprised the nodes of
the network; thus, the number of network nodes equalled the number of implanted electrodes (excluding

those affected by artefacts).

Estimation of structural connectivity required delineating tracts intercepted by each electrode.
We applied the following—atlas agnostic—steps to delineate these tracts from the whole brain
tractography data in Figure 1g. First, for each contact in the neocortical grey matter (pial) surface, we
found the corresponding coordinate on the white matter surface. For contacts in the white matter, or deep
brain structures (e.g., hippocampus), this step was not necessary. Second, we sampled all tracts that
passed within a spherical diameter of 2mm, connecting at least two electrodes. Third, we computed the
total number of tracts between electrodes to measure structural connectivity between electrodes. Since
the spherical diameters of all network nodes are identical this connectivity metric can be considered
equivalent to streamline density, as used in a wide range of other studies®®**. Figure 1(h-j) illustrates the
tracts between contacts and structural connectivity network in one case. To verify the robustness of our
results, we recomputed the structural connectivity networks with alternative diffusion metric capturing
average tract length between contacts, and by varying spherical diameter at each contact with a different

threshold at Smm (Figure S1, S2).

We estimated functional connectivity between each electrode pair from the pre-processed, one-
hour interictal segments of electrophysiological data filtered in broad-band (1-70Hz) and six frequency
bands?2. We applied Pearson correlation to 2-second sliding windows (without overlap) and averaged
the correlation matrices over all windows to obtain one functional connectivity network. Figure 1(k, 1)
illustrates the functional connectivity network in one case, highlighting the structurally connected

(direct) and structurally unconnected (indirect) functional connections.

Figure S7 illustrates the reproducibility of two widely reported findings in our network data*: a)
significantly stronger mean functional connectivity between structurally connected node pairs compared
to structurally unconnected node pairs, and b) decline in the strength of functional connectivity between

structurally connected and unconnected node pairs in relation to Euclidean distance.
Structure-function coupling analysis and virtual resection approach

We modelled the relationship between structural and functional networks in an epileptic brain at
a global iIEEG network level resolution. We computed the non-parametric Spearman’s rank correlation
between the connections present in the structural network and the corresponding connections in the
functional network. Figure 2(a, b) illustrates the conceptualization of structure-function coupling in one

case before surgery.



To investigate the potential impact of surgery on structure-function coupling at a more fine-
grained resolution, we performed “virtual surgeries” on brain networks, illustrated in Figure 2(c-e). First,
we removed a node and its corresponding connections in the structural and functional connectivity
networks. Second, we recomputed Spearman’s rank correlation between the structural and functional
connections of the remaining network. Third, we obtained the difference between the structure-function
coupling before surgery and after node removal. This difference reflected the impact of removing that
node on the structure-function coupling of the remaining network®>*, We repeated these steps by
removing one node at a time, noting the changes in the structure-function coupling each time, and

ultimately expressing these changes as z-score in each subject’s brain network.
[Figure 2]

Virtual resections quantified coupling changes at a spatial resolution of an individual node by
estimating the effect of removing individual brain areas on the remaining network. Performing virtual
surgeries across all network nodes allowed us to generate a spatial map that quantified expected
structural-function coupling changes at a regional level. Figure 2f shows a spatial map for one case
illustrating the structure-function coupling changes expected by removing individual regions. We
quantified the localizing value of these spatial maps by measuring the effect size of discrimination
between the resected and spared tissues by computing the area under the receiver operating characteristic
curve, AUC. AUC is a patient-specific, non-parametric summary statistic that verifies associations

between SC-FC coupling changes and seizure outcomes after surgery.

We also applied another variation of the virtual resection approach to ensure robustness?-#%,

Instead of removing one 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 the changes due to random

resection of the same number of nodes; Figure S4 describes this approach in detail.
Predictive model design

We implemented a support vector machine (SVM) learning algorithm to assess the
generalisability of coupling measures when used alongside other clinical attributes to predict patient-
specific chances of seizure freedom after surgery!>*’. Table 1 summarises the 15 features—13 clinical
variables and 2 coupling measures—incorporated as the SVM’s input. Binary seizure outcomes—
labelled as seizure-free or not seizure-free—were the SVM’s output. We implemented a linear kernel in
SVM because this enabled a direct interpretation of weights as relative feature importance. We applied
a leave-one-out cross-validation scheme in which the data was divided into training and testing folds.
SVMs were trained on the training fold and tested on the data in the test fold, thus enabling assessment

of the out-of-sample generalization.



We applied SVM recursive feature elimination strategy to assess feature importance.
Specifically, in the first iteration of SVM training and testing, we included all 15 features. We recorded
the performance of SVM (AUC + 95% CI) and ranked the 15 features in the order of their relative feature
importance. Ranking features indicated metrics that were important for prediction performance as
opposed to those that may be confounding. In the second iteration of SVM training and testing, we
removed the least important feature and reassessed SVM performance with 14 features. We continued
eliminating the least important features recursively until only a single feature remained, thus, identifying
the combination of most informative features that maximized generalization of seizure outcome

prediction in our cohort.
Statistical analysis

To model the coupling between structure and function, we performed robust estimation to obtain
the regression line and computed non-parametric 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 the structure-function coupling is higher in seizure-free individuals
than those that are not seizure-free, we applied a one-tailed non-parametric Wilcoxon rank sum test and
effect size as Cohen’s d score. Results were declared significant for p<0.05. To correct multiple
comparisons, we applied Benjamini-Hochberg false discovery rate correction at a significance level of
5%. In simulations of virtual resections, we computed the effect size of discrimination between spared
and resected tissue non-parametrically by calculating the area under the receiver operating characteristic
curve (AUC). In machine learning analysis for assessing generalisability, we report 95% confidence
intervals of AUC using a bias-corrected and accelerated percentile method from 10,000 bootstraps

resamples with replacement.
Data availability

We make available all the anonymized brain networks, electrode coordinates with resection

indicators, and clinical attributes of 39 subjects included in this study at https://doi.org/zenodo.



Results

The main objective of our study was to assess the coupling between structural and functional
networks derived from diffusion-weighted MRI and iEEG. First, we investigated if stronger structure-
function coupling before surgery is an indicator of seizure-free surgical outcomes at a global iEEG
network level. Second, we mapped the estimated impact of removing individual brain areas on
increase/decrease in structure-function coupling to quantify how well the iIEEG implantations captured
the epileptogenic tissues. Third, we assessed the potential predictive value of using structure-function
coupling measures during the pre-surgical workup, alongside common clinical attributes, to determine

post-surgery seizure outcomes.

Table 1 summarises an individual’s clinical attributes and highlights that these attributes,
including the type of electrode implantations (SEEG vs. ECoG) or number of implanted electrode

contacts amongst others, did not differentiate between seizure outcomes.

Stronger structure-function coupling before surgery in individuals that are seizure-free after

surgery

Brain areas implanted by iEEG electrodes had stronger coupling between structural and
functional networks in seizure-free subjects than those that were not seizure-free. Figure 3(a-f) illustrates
iIEEG implantations in two cases: case 1 was not seizure-free and case 2 was seizure-free after surgery.
At the location of iIEEG implantation, Figure 3(b, €) maps the patient-specific structural and interictal
functional connectivity matrices measured from the brain regions underlying each electrode. We
quantified the SC-FC coupling by computing the non-parametric Spearman’s ranked correlation between
the connections present in the SC network and the corresponding connections in the FC network. We
found that the seizure-free case 2 had a higher SC-FC coupling (rtho = 0.36 [95%CI 0.28, 0.44]) than the
not seizure-free case 1 (rho = 0.20 [95%CI 0.12, 0.26]).

[Figure 3]

Across the entire cohort, we detected significantly higher SC-FC coupling in the seizure-free
group than the not seizure-free group (p = 0.002, d = 0.76). Figure 3(g) illustrates the consistency of our
findings for three different choices of interictal time segments to estimate functional connectivity. Figure
3(h) shows the frequency band-limited estimation of interictal functional connectivity to compute SC-
FC coupling. We did not find that a specific frequency band drives the significantly higher SC-FC

coupling in seizure-free individuals, rather it was consistent across the frequency bands.

We estimated variations of structural connectivity by changing the size of the regions modelled
by the sphere centred at the location of each electrode coordinate and using alternative diffusion MRI

metric. Figure S1 and Figure S2 illustrates the consistency of our results to these variations in estimating



SC. We also investigated if simple geometric measures such as the Euclidian distance between the
implanted electrode contacts explain surgical outcomes. Structural connectivity, functional connectivity,
and Euclidian distance between contacts capture complementary but different organizational properties
of the brain network. Figure S3 demonstrates that SC-FC coupling explains the association with surgical
outcomes more strongly than Euclidian distance. Figure S6 shows the effect of implant and SC-FC

coupling for each group with ILAE seizure outcomes at one-year after surgery.

In summary, surgery—a structural procedure—is more effective in controlling the abnormal
functional dynamics—seizures—when it is performed on brain networks with stronger coupling between

structural and functional connectivity.
Epileptogenic tissues are localized by coupling boosters

Next, we investigated how well the iEEG implantations captured epileptogenic tissue. We
mapped the estimated impact of removing individual brain areas on increase/decrease in structure-
function coupling. We applied a virtual resection approach at the network node (region) level to quantify
these coupling changes. Specifically, we removed individual nodes (one at a time), recomputed the SC-
FC coupling of the remaining network, and quantified the change from the baseline SC-FC coupling of
the full network. Quantifying these coupling changes enabled us to compute a spatial map at the
resolution of individual brain areas that estimated the impact of removing that brain area on the network
level structure-function relationships. By assessing seizure outcomes and overlap of surgery with the
spatial maps of the estimated SC-FC coupling changes, we analysed how good the localization of the

epileptogenic tissues was.
[Figure 4]

Figure 4(a, b) colour codes the electrode contacts of the same two cases based on the SC-FC
coupling changes. Red contacts with lower negative z-scores are coupling boosters—removing these
contacts boosted the coupling of the expected remaining network. Blue contacts with higher positive z-
scores are coupling dampers—removing these contacts dampened the coupling of the expected
remaining network. The lower horizontal panel in Figure 4(a, b) plots the electrode contacts sorted by
SC-FC coupling changes. The electrode contacts marked in black in the panel above the colour bar
indicates the resected electrode that overlapped with the surgery mask. We found that surgery overlapped
more with coupling dampers in not seizure-free individuals, whereas in those that were seizure-free,
surgery overlapped more with coupling boosters. These results indicate that the iIEEG electrodes

identified as coupling boosters can localize epileptogenic tissues.

With each electrode characterized in each individual as coupling booster/damper, we computed
non-parametric effect size (AUC) for discriminating resected and spared contacts. This effect size is a

patient-specific measure that quantifies a) the probability of resecting coupling dampers for 0.5<AUC<I,



b) probability of resecting coupling boosters for 0<SAUC<0.5, and c) chance level probability of resecting
coupling boosters or dampers for AUC=0.5. This AUC measure is identical to distinguishability
statistics?2. Figure 4(c, €) illustrate the discrimination between resected and spared electrodes in two
cases and Figure 4d plots the effect size between seizure-free and not seizure-free groups. We found that
the probability of resecting coupling dampers in individuals that are not seizure free is significantly
higher than the probability of resecting coupling boosters in those that are seizure free (p = 0.007, d =
0.96 [95% CI 0.34, 1.56]). Therefore, the discrimination between resected and spared contacts

characterized 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 Figure
S4. In this alternative approach, we removed all electrodes deemed resected by surgery, recomputed the
SC-FC coupling of the remaining network, and statistically quantified the change in SC-FC coupling
against 1000 instances of randomly removing the same number of electrodes. In Figure S5, we illustrate
consistent results from an MRI derived expected post-surgery structural network. In summary, our
results consistently show that surgery is more associated with seizure-free outcomes if it resects those

brain areas whose removal is expected to boost the structure-function coupling of the remaining network.

Structure-function coupling measurements complement clinical variables in predicting seizure

outcomes

In previous sections, we measured the structure-function relationships at the two spatial scales:
a) at the resolution of the entire iIEEG network comprised of brain areas implanted with electrodes, and
b) at the resolution of individual brain areas, estimating their impact on network level structure-function
relationships. In this section, we treated these novel measures quantifying structure-function
relationships as bivariate features. We assessed if these measures contained complementary information
to discriminate surgical outcomes more effectively. Figure 5(a) plots each subject on a 2D plane defined
by the two coupling measures and draws linear decision boundaries for mapping the likelihood of seizure
recurrence. We found that these coupling measures were not correlated (r = -0.21, p = 0.19); and
combining them in a bivariate model discriminated seizure-free and not seizure-free individuals with the

area under receiver operator characteristic curve (AUC) of 0.79.
[Figure 5]

Next, we combined the two coupling measures with 13 common clinical attributes to predict
seizure outcomes. We incorporated these 15 measures as input features in a linear SVM model and
implemented a leave-one-out cross-validation scheme to predict seizure recurrence. We noted the AUC
for predicting seizure recurrence and the relative importance of input features in making that prediction.
We removed the least important feature and re-assessed the performance of the SVM model in predicting

seizure recurrence. This recursive feature elimination technique enabled the detection of the best



combination of features that led to the highest AUC. Figure 5b illustrates each step of recursive feature
elimination, with each feature ranked in the order of their relative importance. AUC was maximum at
0.83 [95%CI 0.70, 0.95] when SVM combined coupling metrics, the two most important features, with
six clinical variables: number of anti-seizure medications (ASMs) taken before surgery, lesional vs non-
lesional MRI, number of electrodes implanted, temporal lobe epilepsy (TLE) vs extra temporal lobe
epilepsy (ETLE), epilepsy onset age, and history of status epilepticus. Figure 5S¢ shows the ROC curve
with the confusion matrix drawn at the optimal operating point. These results indicate that our measures
quantifying structure-function relationships are important factors that can be used alongside routine

clinical variables to predict post-surgery seizure outcomes.



Discussion

We analysed the structure-function coupling in individuals using diffusion-weighted MRI and
iIEEG. We found that stronger coupling between structure and function was associated with seizure-free
outcomes after surgery. Virtual resection of individual brain areas revealed that individuals have a higher
likelihood of seizure freedom if the structure-function coupling was expected to increase after the
surgery. By mapping cortical tissues underlying each iEEG contact as coupling boosters or dampers, we
show that the structure-function relationships can be probed at the resolution of individual brain areas.
This can be done during iEEG monitoring to improve the depiction of the extent of epileptogenic tissues.
The coupling between structure and function is an important predictor of seizure outcome that could be
used alongside clinical variables to identify individuals who are less likely to achieve seizure freedom

by a planned resection.

Strong coupling between the brain’s structural and functional network at rest is a hallmark of a
healthy brain3®43%3; in comparison, a drop in SC-FC coupling is associated with epilepsy and longer
epilepsy duration®2. In healthy subjects, numerous studies suggested moderate to tight coupling; a recent
study demonstrated that the structure-function coupling could be as high as 0.9 + 0.1 at group level and
0.55 + 0.1 at individual subject level®. In people with epilepsy, Zhang et al. demonstrated reduced SC-
FC coupling, with the greatest reductions in those with longest disease duration®?. We found that in
individuals with medication-resistant focal epilepsy, there is a weaker structure-function coupling in
those who are not seizure-free after surgery compared to those who are seizure free. Our results indicate
that refractory epilepsy is likely associated with disruption of structure-function relationships, and when

there is a substantial loss of coupling strength, surgery is less likely to control seizures.

In subjects implanted with iEEG electrodes, it is crucial to determine if the epileptogenic zone is
sampled entirely and if an individual has a high chance of seizure remission!®>3, Using only the iEEG
data, previous work developed quantitative measures including node strength, seizure likelihood?*-4,
brain network ictogenicity®?, source-sink score, neural fragility>, synchronizability index>’ amongst
others, to address these critical needs. Despite surgical resection being a structural procedure to control
function, most previous work overlooked the structure-function relationships of brain areas implanted
by iEEG electrodes*>-%>°. By measuring the patient-specific structural brain network sampled by iEEG
electrodes, in this study, we mapped the expected impact of resecting brain tissues underlying each
electrode on changes in structure-function coupling. Our results suggest that removing epileptogenic
cortex may cause the structure-function coupling of the remaining network to become stronger, thus
normalizing patients towards controls. However, if surgery does not remove the epileptogenic zone,

there is failure to control seizures and structure-function coupling of the remaining network can weaken.

We have shown the expected impact of removing individual brain areas on structure-function coupling



strength as a spatial map using only the pre-surgical data. We envision these spatial maps could help
probe the overlap of a planned resection with epileptogenic tissues and the likelihood of seizure freedom

with high accuracy during an individual’s pre-surgical monitoring.

What is the added value in identifying structure-function relationships during pre-surgical
workup over other measures already available in clinical practice? While some clinical variables like
presence of focal to bilateral tonic-clonic seizures are indicators of poor seizure outcomes, most studies
report inconsistent findings; features found predictive of seizure outcome in some studies are not
predictive in others®®. The analysis by Bell et al. is one the most comprehensive studies that combined
27 clinical variables on a mixed cohort of people with temporal and extratemporal epilepsy to estimate
the probability of seizure freedom®. Jehi et al. incorporated some of these variables on nomograms to
evaluate the risk of poor surgical outcomes®. Our recent work benchmarked non-invasive surgical
outcome measures against 13 clinical variables, and other studies adopted a similar approach to
benchmarking novel quantitative measures from iEEG network analysis against those already
proposed!®. Such comparisons demonstrate the added value of new measures. We envision combining
these multimodal measures with unimodal measures derived from structural or functional imaging
modalities and clinical data to make a comprehensive software tool for accurately 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 structure-function coupling between controls
and individuals. People without epilepsy rarely undergo iEEG implantations, and it is difficult to
estimate the strength of structure-function coupling in a healthy population in areas where individuals
had iEEG implantations. However, future studies can leverage our recently proposed normative iEEG
atlas as a promising alternative to circumvent the challenges associated with case-control analysis with
iEEG data®®%*, Second, our analysis does not focus on reducing the invasiveness of iEEG. iEEG is
amongst 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 or
replacing it with complementary non-invasive modalities (e.g., fMRI, MEG, or high-density scalp
EEG)®. Third, our analysis does not investigate the networks that remain after surgery. Estimating the
expected remaining network follows our previous approaches, designed for future prospective
applications for any intended surgery. Nonetheless, validation on actual post-surgery data is important,
and it can highlight the mechanisms of network changes due to surgery and its relation to outcomes'®-%°,
Finally, our analysis only incorporated the interictal/seizure-free epochs of iEEG data, which could be

both a strength and a weakness. Many studies reported remarkable state changes in the pre-ictal and ictal

epochs that we do not analyse in this study>. However, a major strength is that making predictions from



seizure-free epochs can substantially reduce the time a person remains in an epilepsy monitoring unit

with iEEG electrodes implanted waiting for multiple seizure episodes.

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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Table 1: Demographic and clinical data
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Abbreviations—IQR: interquartile range; TLE: temporal lobe epilepsy; eTLE: extratemporal lobe
epilepsy; MRI: magnetic resonance imaging; ECoG: electrocorticography; sEEG: stereo-
electroencephalography; FBTCS: focal to bilateral tonic-clonic seizures; ASM: antiseizure medication;
n: sample size; p: two-tailed Wilcoxon rank-sum test; d: Cohen’s d score for effect size.
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Figure 1: Overview of network generation. Panels (a-d) show different modalities acquired for each

subject. We aligned the CT scan in panel (a) to the pre-surgery T1w MRI in panel (d) for delineating



the coordinates of implanted electrodes shown in panel (e). We registered the post-surgery T1w MRI in
(b) with the pre-surgery T1w MRI scan in (a) to manually draw a resection mask in the pre-surgery T1w
MRI space illustrated in panel (f). We performed the whole-brain fibre tracking on pre-surgery diffusion
MRI in native space (¢) and then aligned the tracts to the pre-surgery 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 fibre tracts, we
delineated the tracts connecting each electrode shown in purple. Each electrode (in red) records the
electrophysiological signals (in black) directly from the cortical tissues. We analysed one-hour inter-
ictal segments (in blue) at least two hours from seizures. By counting the number of tracts between each
electrode, we constructed the structural connectivity. Panel (i) 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 labelled in green and resected electrodes labelled in black.
Panel (k) depicts the functional connectivity network derived from 2-sec windows of one-hour interictal
iEEG recordings. Functional connections with underlying structural connections are shown in white, and
the remaining structurally unconnected functional connections are shown in black. Panel (I) shows the
weighted functional connectivity matrix with electrodes in rows and columns reordered as spared (green)

and resected (black) contacts.
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Figure 2: Virtual resection approach for estimating changes in structure-function coupling. Panel
(a) conceptualizes a common framework to study surgical intervention and its impact on the structural
connectivity (SC) and functional connectivity (FC) networks as three 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 modelled 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 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.



Case 1: Not seizure-free, ILAE>1 Case 2: Seizure-free, ILAE=1
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Figure 3: Structure-function coupling is significantly higher in seizure-free group than in not
seizure-free group. Panel (a-c) illustrates example case 1 who was not seizure-free after surgery:
electrode coordinates in (a), structural connectivity (SC) and functional connectivity (FC) matrices in
(b), and SC-FC coupling between structural and functional edges in (c). The histograms in (¢) shows the
distribution of structural and functional edges in purple and blue respectively. Panel (d-f) shows
equivalent plots for an individual who is seizure-free after surgery. Seizure-free case 2 had significantly
higher (non-overlapping 95% CI of rho) SC-FC coupling than the not seizure-free person 1. Panel (g)
illustrates SC-FC coupling at group level between seizure-free (SF in teal) and not-seizure free (nSF in
orange) individuals across three different interictal time segments of iEEG recordings. Those who were
seizure free have significantly higher structure-function coupling than those who were not. Statistical
estimates. Segment 1: p = 0.002, d = 0.76, Segment 2: p = 0.009, d = 0.77; Segment 3: p = 0.008, d =
0.70. In panel (h), we evaluated structure-function coupling between seizure-free and not seizure-free
individuals across different frequency bands. Across all frequency bands, the structure-function coupling

is significantly higher in those that are seizure free than in those that are not. Statistical estimates. delta



(1-4 Hz): p = 0.003, d = 0.68; theta (4-8 Hz): p = 0.001, d = 0.83; alpha (8-13 Hz): p = 0.003, d =
0.81; beta (13-30 Hz): p = 0.015, d = 0.66, gamma (30-80 Hz): p = 0.033, d = 0.56, and high gamma
(80-150 Hz) p = 0.01, d = 0.79.
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Figure 4: Surgeries in not seizure-free individuals overlap with coupling dampers, whereas in
those that are seizure free, surgery overlaps with coupling boosters. Panel (a) plots the iIEEG
electrodes as coupling boosters and dampers for case 1 (not seizure-free). The surgery mask in sagittal
view shows the location of the resected tissue. The colour 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 area under the receiver operating characteristic curve (AUC). Panel (d) shows the
equivalent plot for case 2. AUC is a non-parametric 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<], resecting coupling boosters for 0<SAUC<0.5, 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 the



effect size between resected and spared tissues (AUC) is significantly higher in individuals that are not

seizure-free than in those that are seizure free (p = 0.007, d = 0.96 [95% CI 0.34, 1.56]).
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Figure S: Structure-function coupling measures rank high in feature importance compared to
clinical variables. Panel (a) shows the scatter plot between the structure-function coupling of brain
networks before surgery and the discrimination between resected and spared tissue obtained from the
coupling booster-damper metric. The two-dimensional plane is colour coded as a probability map of
seizure recurrence likelihood. Each dot represents an individual; those that are seizure free are in teal,
and those that are not seizure free are in orange. The two coupling measures are not correlated; together,
they have complementary information that discriminates those that are seizure free from those that are
not seizure free. (b) We incorporated the two coupling measures with 13 clinical features in the linear
SVM model to predict seizure outcome after surgery. In the first iteration, we included all 15 features in
the model, evaluated feature importance, and noted model performance. In the subsequent iterations, we

recursively removed the least important feature and noted model performance until a single feature



remained. The colour plot maps the normalized feature importance after each round of recursive feature
removal, and the graph on the left shows the AUC + 95% CI. The blue box highlights the iteration at
which AUC maximizes. Panel (c¢) shows the ROC curve at iteration 8 with the confusion matrix drawn
in the inset. Predictive performance estimates: number of features = 8, AUC = 0.83 [95% CI1 0.70, 0.95],
at the optimal operating point (blue dot on ROC) accuracy = 85%, sensitivity = 87%, specificity = 83%.
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Figure S1: Consistent results with structural connectivity networks estimated by applying a sphere
diameter of 5mm on each iEEG contacts. As opposed to the main manuscript where we estimated the
structural connectivity between iIEEG contacts by placing a sphere of 2mm diameter at each contact,
here we estimated structural connectivity by applying an alternative threshold by placing a sphere of
Smm diameter at each contact. Consistent results are shown. Panel (a) illustrates SC-FC coupling at
group level between seizure-free (SF in teal) and not seizure-free (nSF in orange) individuals across
three different interictal time segments of iEEG recordings. Seizure-free individuals have significantly
stronger structure-function coupling than not seizure-free individuals. Segment 1: p = 0.002, d = 0.76;
Segment 2: p = 0.009, d = 0.77; Segment 3: p = 0.008, d = 0.69. In panel (b), we evaluated structure-
function coupling between seizure-free and not seizure-free individuals across different frequency bands.
Across all frequency bands, the structure-function coupling is significantly higher in seizure-free
individuals than in not seizure-free individuals. Statistical estimates. delta (1-4 Hz): p = 0.004, d = 0.68;
theta (4-8 Hz): p < 0.001, d = 0.83; alpha (8-13 Hz): p = 0.003, d = 0.81; beta (13-30 Hz): p = 0.015,
d = 0.66; gamma (30-80 Hz): p = 0.03, d = 0.56, and high gamma (80-150 Hz) p = 0.01, d = 0.79.
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Figure S2: Consistent results with structural connectivity networks estimated from tract length
between iEEG electrode contacts. We estimated the structural connectivity between iEEG contacts from
the mean tract length metric of the diffusion MRI tractography data as opposed to tract counts metric
shown in the main manuscript. Tract count and tract length metrics are inversely related. As expected,
the coupling between structure-function with structure networks inferred from mean tract length, are in
the opposite direction compared to those shown in manuscript. Panel (a) illustrates SC-FC coupling at
group level between seizure-free (SF in teal) and not seizure-free (nSF in orange) individuals across
three different interictal time segments of iEEG recordings. Seizure-free individuals have significantly
stronger structure-function coupling than not seizure-free individuals. Statistical estimates. Segment 1:
p =0.001,d=1.1; Segment 2: p = 0.002, d = 1.1; Segment 3: p = 0.002, d = 1.2. In panel (b), we
evaluated structure-function coupling between seizure-free and not seizure-free individuals across
different frequency bands. Across all frequency bands, the structure-function coupling is significantly
higher in seizure-free individuals than in not seizure-free individuals. Statistical estimates. delta (1-4
Hz): p = 0.004, d = 0.98; theta (4-8 Hz): p < 0.001, d = 1.16, alpha (8-13 Hz): p = 0.001, d = 1.06;
beta (13-30 Hz): p = 0.007, d = 0.84, gamma (30-80 Hz): p = 0.014, d = 0.81, and high gamma (80-
150 Hz) p = 0.007, d = 0.83.
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Figure S3: Structure-function coupling is associated with surgical outcomes more strongly than
coupling of structure or function with Euclidian distance between iEEG contacts. The box plot shows
the comparison between coupling strength from a) structural and functional connectivity between iEEG
contacts (SC-FC), b) structural connectivity and Euclidean distance between contacts (SC-ED), c)
functional connectivity and Euclidean distance between contacts (FC-ED), d) functional connectivity
and Euclidean distance between contacts which are connected by a direct structural connections (FC-
ED(SC)). For each measure of coupling strength, the effect size distinguishing the seizure-free (SF) and
not seizure-free individuals (nSF) are shown. Compared to other measures involving Euclidian distance,

structure-function coupling strength discriminated seizure-free and not seizure-free individuals with the
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highest effect size of d = 0.76.
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Figure S4: Results are robust with an alternative virtual resection analysis method. In the main
manuscript, we performed virtual surgeries by removing one node at a time. An alternative could be
to remove a set of nodes removed during actual resection and compare the change in structure-function
coupling with the same number of nodes removed randomly (following the approach in Sinha et al.
2017, Brain)?. In panels a) and b), we have shown the same two cased as in the main manuscript.
Consistent with our results in the main manuscript, we find that in panel a) for the not seizure-free case,
the structure-function coupling was expected to reduce compared to random resections. In panel b) for
the seizure-free case, the structure-function coupling was expected to reduce compared to random
resections. A caveat of this approach is that when a more extensive resection removed more contacts,
only a few contacts would remain to compare the random surgeries unless the random resections overlap
with the actual resection. Thus, to expand the results to the entire cohort, we performed a four-step
analysis. Step 1: Remove nodes resected and compute the SC-FC coupling of the remaining network
expected after the original resection. Step 2: Remove the same number of nodes randomly chosen from
the entire network. Compute the overlap between original resection and random resection. Constrain
overlap at threshold T (T=1 random resection completely overlaps with original resection, T=0 random
resections do not overlap with original resection). Step 3: Compute SC-FC coupling of network
remaining after random resection (10,000 times) at overlap thresholds from 0.1 to 1 in steps of 0.1. Step

4: Compute the z-score of the original resection from the distribution of random resections in each



patient. Z > 0 denotes that the original resections are expected to increase in the SC-FC coupling more
so that the resections performed at random. The z-scores with 95% CI are shown in the y-axis of panel
c) and the threshold T is shown in the x-axis (star represents p < 0.05). Panel ¢) show that the seizure-
free group had significantly increased SC-FC coupling expected post-surgery compared to surgery
performed at random. In contrast, the not seizure-free group had decreased SC-FC coupling expected
post-surgery compared to random resection, and an alternative seizure may have increased SC-FC

coupling. Panel d) expands the data at an example overlap threshold T = 0.3.



0.7 -
2 0.6 —% *— — *— %
205 ° ° .
§ 0.4 i @ €] C ]
g 0.3+ ° % : © 906 © |’
5 (el (S} . ® ® ) :
€ 0.2 S, 3 A oMe °
v01r  ,@° ° B ° N
g 0+ ° ° 5 ° ® ’ ®
2-01F
n
-0.2 -
@
-0.3 ¢ 1 1 1 ! !
nSF SF nSF SF nSF SF
Time segment 1 Time segment 2 Time segment 3
(1 hlong) (1 hlong) (1 hlong)

Figure S§5: Consistency of results with expected post-surgery networks estimated from combining
structural MRI, diffusion MRI and resection masks. We estimated the expected post-surgery structural
networks following the approach illustrated in Sinha et al. 2021, Neurology'®; Taylor et al. 2018,

Neuroimage Clinical®

. The box plot shows the structure-function coupling between expected post-
surgery structural network and functional networks between iEEG contacts at three interictal segments.
Seizure-free individuals had boosted coupling between expected post-surgery structural network and
functional networks compared to not seizure-free individuals, regardless of the choice of interictal
segments. Statistical estimates—segment 1: p = 0.003, d = 0.74, segment 2: p = 0.04, d = 0.56, segment

3:p=0.01,d=0.68.
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Figure S6: Effect of implantation and seizure outcomes at one year after surgery. Panel a) groups
individuals into seizure-free and not seizure-free categories based on the type of iEEG implantation. 11
individuals were implanted with SEEG, and 28 were implanted with ECoG electrodes. In 28 individuals
with ECoG implantations, the seizure-free group had significantly higher structure-function coupling
than the not seizure-free group (p <0.001, d = 1.27). In individuals with SEEG implantations, the sample
size of 11 subjects, 7/4 split, did not reveal any significant effect. As opposed seizure outcome at the last
known follow-up reported in the main manuscript, panel b) shows the structure-function coupling across

different categories of ILAE outcomes at one-year after surgery.
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Figure S7: Relation of FC to connectedness and Euclidean distance. Two widely reported findings

(e.g., Goni et al., 2013, PNAS*) reproduced on the SC-FC data generated between iEEG contacts: a)

significantly stronger (p < 0.005) mean functional connectivity between structurally connected node

pairs compared to structurally unconnected node pairs, and b) decline in the strength of functional

connectivity between structurally connected and unconnected node pairs in relation to Euclidean

distance between contacts.



Table S1: Demographic and clinical data

Subjects

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27

Female
Male
Female
Female
Male
Female
Male
Female
Male
Male
Female
Female
Male
Female
Female
Male
Female
Male
Male
Male
Male
Male
Male
Female
Male
Male
Female

Side of Hippocampal

Surgery

Right
Right
Left
Left
Left
Right
Left
Right
Left
Left
Right
Right
Left
Left
Right
Right
Left
Right
Right
Right
Left
Right
Right
Left
Left
Left
Right

sclerosis

Yes
Yes
No
Yes
Yes

MRI
normal

History
of

History of
status

FBTCS | epilepticus

Yes
Yes
Yes

IEEG

ECoG
SEEG
ECoG
ECoG
ECoG
ECoG
ECoG
ECoG
SEEG
ECoG
SEEG
ECoG
ECoG
ECoG
SEEG
ECoG
ECoG
ECoG
ECoG
SEEG
ECoG
SEEG
SEEG
ECoG
ECoG
ECoG
SEEG

Surgery
Location

Temporal
Temporal
Temporal
Temporal
Temporal
Temporal
Frontal
Frontal
Temporal
Frontal
Temporal
Temporal
Frontal
Frontal
Temporal
Temporal
Frontal
Parietal
Parietal
Temporal
Frontal
Frontal
Temporal
Temporal
Frontal
Temporal
Temporal

Age at

surgery

(years)
22.2
20.6
28.1
31.0
26.4
30.2
29.6
28.2
52.9
279
32.5
25.3
32.5
27.6
25.0
45.9
60.3
322
28.4
42.7
56.3
21.4
33.5
31.6
23.3
35.2
447

Age at

epilepsy
onset

(years)
14.0

11.0
3.0
16.0
7.0
25
12.0
10.0
16.0
14.0
10.0
7.0
9.0
3.0
0.7
14.0
25.0
12.0
7.0
25.0
8.0
5.0
15.0
13.0
11.0
20.0
23.0

Epilepsy
duration
(years)

8.2
9.6
25.1
15.0
19.4
27.7
17.6
18.2
36.9
13.9
22.5
18.3
23.5
24.6
243
31.9
353
20.2
21.4
17.7
48.3
16.4
18.5
18.6
12.3
15.2
21.7

Pre-

surgery
ASMs

()
6
5
12
8
5
9
14

| W WD | W oo

—_
S

ENRENRRVSREN R HEN RINoRRV, NIEN RNV e N ) QANe]

# of
electrodes

88
81
52
63
26
32
77
104
32
84
54
102
124
109
73
71
94
90
76
27
82
64
53
72
120
58
28

Outcome

NSF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF
SF

NSF

NSF

NSF

NSF

NSF

NSF

NSF

NSF

NSF

NSF

NSF



P28
P29
P30
P31
P32
P33
P34
P35
P36
P37
P38
P39

Male
Male
Male
Male
Female
Female
Male
Male
Female
Female
Male
Male

Right
Left
Right
Left
Left
Left
Right
Left
Right
Left
Right
Left

SEEG
ECoG
ECoG
ECoG
ECoG
ECoG
ECoG
SEEG
SEEG
ECoG
ECoG
ECoG

Temporal
Temporal
Frontal
Parietal
Frontal
Temporal
Temporal
Occipital
Occipital
Frontal
Temporal
Temporal

47.7
31.7
27.5
39.6
233
45.3
26.2
223
38.9
43.0
24.7
26.6

14.0
4.5
6.0
6.0
8.0
15.0
13.0
1.0
20.0
19.0
19.0
15.0

33.7
272
21.5
33.6
15.3
30.3
13.2
213
18.9
24.0
5.7
11.6

38
97
122
51

57
74
74
50
68
72
96

NSF
NSF
NSF
NSF
NSF
NSF
NSF
NSF
NSF
NSF
NSF
NSF



