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Abstract

Resting-state functional MRI (rs-fMRI) has been utilized to visualize large-scale brain networks. We
evaluated the usefulness of multitier network analysis using rs-fMRI in patients with focal epilepsy.
Structural and rs-fMRI data were retrospectively evaluated in 20 cases with medically refractory
focal epilepsy, who subsequently underwent surgery. First, structural changes were examined using
voxel-based morphometry analysis. Second, alterations in large-scale networks were evaluated
using dual-regression analysis. Third, changes in cortical hubs were analyzed and the relationship
between aberrant hubs and the epileptogenic zone (EZ) was evaluated. Finally, the relationship
between the hubs and the default mode network (DMN) was examined using spectral dynamic causal
modeling (spDCM). Dual-regression analysis revealed significant decrease in functional connectivity
in several networks including DMN in patients, although no structural difference was seen between
groups. Aberrant cortical hubs were observed in and around the EZ (EZ hubs) in 85% of the patients,
and a strong degree of EZ hubs correlated to good seizure outcomes postoperatively. In spDCM anal-
ysis, facilitation was often seen from the EZ hub to the contralateral side, while inhibition was seen
from the EZ hub to nodes of the DMN. Some cognition-related networks were impaired in patients
with focal epilepsy. The EZ hub appeared in the vicinity of EZ facilitating connections to distant
regions in the early phase, which may eventually generate secondary focus, while inhibiting connec-
tions to the DMN, which may cause cognitive deterioration. Our results demonstrate pathological
network alterations in epilepsy and suggest that earlier surgical intervention may be more effective.
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Introduction

Epilepsy is seen in 0.5—-1% of the entire population,
and 30% of the patients have medically uncontrollable
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epilepsy.! Surgical intervention is considered for these
patients, and focal epilepsy is a representative indi-
cation for epilepsy surgery. An important goal of
surgery is to achieve good seizure control, and there-
fore, the precise identification of epileptogenic zone
(EZ) is critical. Furthermore, preservation of function
after surgery is also crucial. To achieve these goals,
performing not only regional study for the identifica-
tion of the epileptogenic region but also network study
related to seizure propagation and/or brain function
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preoperatively is vital. Although focal epilepsy had
been considered as a regional disease, recent studies
have revealed widespread changes in brain networks
that spread beyond the EZ in patients with epilepsy.
Non- or less-invasive methods to evaluate such changes
are still needed.

Resting-state functional MRI (rs-fMRI) is one of
the promising methods for this purpose. Rs-fMRI
can be used to investigate synchronous fluctuations
of the blood oxygen level-dependent (BOLD) signal
among brain regions during resting state (task-free)
condition, making it possible to identify various
large-scale functional networks*® such as the default
mode network (DMN).”® Several approaches have
been employed to analyze rs-fMRI data including
seed-based connectivity analysis, independent
component analysis (ICA), and analysis based on
graph theory. Each of these methods has its own
merits and demerits. By combining these methods,
a more precise and reliable evaluation of network
alterations in brain disorders such as epilepsy could
be achieved.

In this study, we hypothesize that repeated seizures
may form alternative synaptic connections among
affected neurons and could lead to alterations in
large-scale networks in the brain. Accordingly, focal
epilepsy can be viewed as a disorder of brain networks,
and network-based analysis may contribute to a
preoperative interpretation of the pathology of disease
in each patient. This study aims to uncover network
alterations in patients with focal epilepsy using a
combination of methods to analyze rs-fMRI data. In
addition, we will discuss the usefulness of such
multitier network analysis with rs-fMRI for preop-
erative assessment in patients with focal epilepsy.

Materials and Methods

Subjects

In this study, patients were recruited based on
the following inclusion criteria: patients with focal
epilepsy, patients who were over 18 years old, and
candidates for epilepsy surgery. Patients provided
written informed consent before joining the study
and scanned preoperatively at the Brain & Mind
Research Center in Nagoya University between April
2014 and March 2018. They subsequently underwent
surgery and were postoperatively followed up for
more than 2 years at the Department of Neurosurgery
in Nagoya University Hospital. This study was
conducted in accordance with the “Ethical Guide-
lines for Medical and Health Research Involving
Human Subjects” and was approved by the local
ethical committee in Nagoya University (No. 2013-
0081).

During this study period, 27 patients joined in
this study and scanned MRI, but 7 cases did not
underwent surgery, since the EZ was multiple and/
or located in the functionally dominant areas.
Therefore, 20 patients (10 females and 10 males)
with age ranging from 18 to 67 years (mean + SD:
34.85 * 15.46 years) matched the criteria and were
included in this study. No patient was lost in the
follow-up or refused to participate in the study.
They have frequently occurring seizures (5.9 £ 6.64
times per month, range: 1-30), which have been
uncontrolled by a combination of several anticon-
vulsants for years (mean-disease year: 14.6 + 12.36,
range: 3—42). Estimated total seizures in life (disease-
year X frequency of seizures per month x 12) was
790.80 * 644.64 (range: 36-2520). All patients
demonstrated focal onset seizures with impaired
awareness, although their focal symptoms varied
from cognitive, motor, sensory, and hyperkinetic
seizures with or without automatism. Out of
20 patients, 19 cases demonstrated MRI-positive
lesions including hippocampal sclerosis (n = 7), a
scar of ruptured arteriovenous malformation (n = 3),
focal cortical dysplasia (n = 3), dysembryoplastic
neuroepithelial tumor (n = 2), pilocytic astrocytoma
(n = 1), pleomorphic xhanthoastrocytoma (n = 1),
a scar of brain contusion (n = 1), and cavernous
malformation (n = 1). One patient had no MRI-
detectable lesion. Routine presurgical evaluations
including video-electroencephalography (EEG)
monitoring with extra- and/or intracranial EEG
electrodes, magnetoencephalography, 2-deoxy-2-[18F]
fluoroglucose positron emission tomography, and
neuropsychological examination were performed.
The location of the EZ was determined in all patients.
For the patients with lesions (n = 19), the seizure
onset zone was identified in the vicinity of their
lesions. For the patient without a lesion, the seizure
onset zone was suspected in the right posterior
temporal area. EZs were located in the temporal
lobe (n = 12, mesial = 8, lateral = 2, posterior = 2),
the frontal lobe (n = 4, orbitofrontal cortices = 2,
superior frontal gyrus = 1, middle cingulate gyrus = 1),
and the parietal lobe (n = 4, inferior parietal
lobule = 1, superior parietal lobule = 1, subcentral
gyrus = 1, inferior transverse parietal gyrus = 1).
EZs were located in the left side in 11 patients and
in the right side in 9 patients. Subsequent surgical
procedures were performed in all patients, including
lesionectomy (n = 11), standard anterior temporal
lobectomy (n = 7), and selective amygdalohippo-
campectomy (n = 2). All patients had postoperative
follow-up for more than 2 years (mean + SD: 45.05 *
13.99 months, range: 24-72 months). The patient
characteristics are summarized in Table 1.
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For the control group, rs-fMRI and structural MRI
data acquired from healthy volunteers who were
enrolled in our ongoing ‘Brain and Mind Research
Center Aging Gohort Study”!® were used. This study
was approved by the ethical committee of Nagoya
University (No. 2014-0068). For Analyses 1 and 2
(see in the following), age- and gender-matched
controls were chosen (10 females and 10 males,
mean [£SD] age: 34.5 [£15.12] years, range: 20 — 67
years) from the pool of participants. For Analysis
3 (hub analysis), 83 normal controls (26 males and
57 females) with age ranging from 21 to 59 years
(mean £+ SD: 38.55 £ 13.54 years) were included.
All control participants had normal cognition with
Addenbrooke’s Cognitive Examination—Revised total
score greater than 84. The ages of normal controls
and the patients were not significantly different
(p = 0.271, two-sample T test).

Acquisition and preprocessing of fMRI and
structural MRI data

rs-fMRI was preoperatively obtained using a 3.0
tesla Verio system (Siemens, Erlangen, Germany)
in all participants. Subjects were instructed to lie
still with eyes closed, but not to fall asleep, during
the scan. Functional data were acquired using a
gradient-echo echo-planar pulse sequence sensitive
to BOLD contrast with the following imaging
parameters: repetition time (TR) = 2.5 s, echo time
(TE) = 30 ms, 39 transverse slices with a 0.5-mm
inter-slice interval and 3-mm thickness, field of
view (FOV) = 192 mm, 64 x 64 matrix dimension,
flip angle = 80 degrees, and total scan time of 8
min and 15 s. Structural T1-weighted images were
also acquired using magnetization-prepared rapid
acquisition gradient-echo protocol with the following
imaging parameters: TR = 2500 ms, TE = 4.38 ms,
FOV = 230 mm, and voxel dimensions = 0.9 x 0.9 x
1.0 mm®. Image preprocessing was performed using
Statistical Parametric Mapping (SPM12; Wellcome
Trust Center for Neuroimaging, London, UK; http://
www.fil.ion.ucl.ac.uk/spm) running on Matlab
(R2016a; MathWorks, Natick, MA, USA). The
T1-weighted images were first segmented into
component images including gray matter (GM),
white matter (WM), and cerebrospinal fluid (CSF).
The segmented GM and WM images from all patients
were sent to Diffeomorphic Anatomical Registration
through Exponentiated Lie Algebra (DARTEL)'" for
non-linear image registration to create a group
template. This group template was normalized to
Montreal Neurological Institute (MNI) space, and
then the obtained transformation information,
together with the deformation field obtained using
DARTEL, was used to normalize the individual

component images to MNI. Normalized images were
modulated to preserve the total amount of signal
from each region, resampled to an isotropic voxel
size equal to 2 x 2 x 2 mm?, and smoothed using
an 8-mm full width at half maximum (FWHM)
Gaussian blurring kernel.

For each rs-fMRI dataset, we excluded the first
5 volumes in the series to account for the initial
scanner inhomogeneity. The remaining volumes
were then slice-time corrected relative to the middle
slice (slice 20) and then realigned relative to the
mean functional volume. The mean volume, together
with the realigned functional images, was then
co-registered to the bias-corrected T1-weighted
image. Using the transformation obtained during
segmentation, the functional images were normalized
to the MNI space, resampled to have an isotropic
voxel resolution equal to 2 x 2 x 2 mm? and
smoothed using an isotropic 8-mm FWHM 3D
Gaussian filter. To correct for head motion and
contribution from other nuisance signals, we regressed
out 24 motion-related regressors, signals within WM
and CSF, the global signal, and their derivatives.
The preprocessed data were then bandpass filtered
within 0.01-0.1 Hz. These additional preprocessing
were performed using in-house Matlab scripts. The
resulting datasets were used in the succeeding
analyses.

Analysis 1. Voxel-based morphometry (VBM)
analysis between patients with focal epilepsy and
controls

The total volume of GM, WM, and CSF was
calculated using the segmented components of the
T1-weighted images. The GM volume was analyzed
at the voxel level using a general linear model to
compare the patient group and age- and gender-
matched controls using SPM12. Two-sample T test
was used, and statistical significance level was set
at a corrected p <0.05.

Analysis 2. Dual regression analysis between focal
epilepsy group and controls

The preprocessed rs-fMRI datasets from the 40
subjects (20 patients and 20 age-matched controls)
were temporally concatenated and group ICA was
performed using the MELODIC software from the
FSL package.'” Twenty independent components
(ICs) were extracted and visually compared to a set
of reference RSN templates'® to identify several
well-known RSNs. In dual regression analysis,'® the
extracted group ICs were used as spatial regressors
and the temporal dynamics associated with each
IC for each subject were estimated. These time
courses were then used as temporal regressors in a
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second regression analysis to evaluate subject-specific
maps associated with each group IC. Statistical
analysis of each component map was performed
using a nonparametric permutation test (5000
permutations), and regions showing statistically
significant difference in connectivity were identified
between the two groups. All statistical maps were
corrected for multiple comparisons using family-wise
error (FWE) correction with p <0.05.

Analysis 3. Hub analysis

Using the preprocessed rs-fMRI datasets, the
voxel-level degree was computed as follows.'® The
time course of each voxel was extracted, and the
Pearson’s correlation coefficients with all other
voxels’ time courses were calculated. The voxel’s
degree, which represents the number of voxels with
time courses that are strongly correlated (r >0.8)
with that of the given voxel, was then computed.
We used a relatively high threshold value to include
only voxels with very significant connectivity to
the given voxel. This process was then repeated for
every voxels in the brain resulting in a degree map.
Clusters with high degree values represent hubs.
The degree maps were further standardized by
converting the degree values into z-scores (subtracting
the mean degree across the whole brain and dividing
the difference with the standard deviation) so that
maps across participants could be averaged and
compared. Using the standardized degree maps from
the 83 healthy controls, the mean and standard
deviation of the degree maps across healthy controls
were created for reference.

The individual standardized degree map for each
patient with focal epilepsy was compared to the
obtained reference map from controls by estimating
the z-score of the degree at each voxel relative to
that of the healthy controls. Cluster of voxels with
z-score greater than 3 and that appeared in and
around the presumed focus were identified and
referred to as “EZ” hub. In addition, hubs that
appeared in the contralateral region to the epileptic
focus were also identified as “contralateral” hubs.
Preoperatively presumed EZ was identified using
other presurgical evaluation methods and was
designated as the surgically resected area. The
location of resected area in each patient was demar-
cated by neurosurgeons, referring to postoperative
images. The number of voxels in a given anatomical
automatic labeling region of interest'® and the mean
z-scores in each clusters were calculated. The result
was visualized using the xjView toolbox (http://
www.alivelearn.net/xjview).

We also evaluated the laterality index (LI) using
the relation LI = (EZ hub - contralateral hub)/
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(EZ hub + contralateral hub). Postoperative seizure
control was evaluated by Engel’s classification and
compared to the z-scores of EZ hub, contralateral
hub, and LI. Correlation between each z-score and
LI and preoperative patients’ characteristics including
age, seizure type, disease year, frequency of seizure,
and estimated total number of seizures were also
analyzed. Spearman's rank correlation coefficient
and Wilcoxon signed-rank test were used for
nonparametric statistics.

Analysis 4. Effective connectivity using spectral
DCM analysis

Spectral dynamic causal modeling (spDCM)'” was
used to analyze the effective connectivity among
several volumes-of-interest (VOIs). Specifically, we
examined the effective connectivity of the EZ hub
in two network configurations. In one configuration,
the EZ hub, the contralateral hub, and 3 additional
hubs with the 3 highest z-values were used as nodes.
Using the MNI coordinates of the peak z-values
within each cluster, spherical VOIs with 5-mm
radius were created and used in the spDCM analysis.
For the other network configuration, the EZ hub
and 4 nodes of the DMN (middle prefrontal cortex
[MNI coordinate (x, y, z): 3, 54, —2], posterior
cingulate cortex [PCC; 0, -52, 26], and bilateral
inferior parietal lobules [-50, —63, 32 and 48, —69,
35]) were used as nodes. Spherical VOIs were simi-
larly created for spDCM analysis. For each config-
uration, only models with connectivity from and/
or to the EZ hub were evaluated. To identify the
best model, we used a fixed—effects Bayesian model
selection as implemented in SPM12. All spDCM
analyses were performed at the individual level.

Results

VBM analysis between patients with focal epilepsy
and controls

In the VBM analysis of the structural T1-weighted
images, there was no significant difference in the
GM volume between patient group and controls.

Dual regression analysis between focal epilepsy
group and controls

In the group ICA using rs-fMRI datasets of 40
subjects, 20 ICs were extracted. Of the 20 ICs, 12
canonical RSNs were identified including dorsal
DMN, precuneus network, ventral DMN, dorsal
attention network, anterior salience network, left
and right executive control networks, sensorimotor
network, language network, primary visual network,
higher visual network, and basal ganglia network
(as shown in the supplementary data, available Online).
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Fig. 1 Representative networks showing decrease in functional connectivity in epilepsy patients compared to
controls. The center of the cursor represents the regions with statistically significant decrease (FWE, p <0.05):
(A) bilateral middle prefrontal cortex in the default mode network, (B) right inferior parietal lobule in the salience
network, (C) left prefrontal cortex in the left executive control network, and (D) precuneus in the precuneus
network. Upper row is the coronal section, middle row is the axial section, and lower row is the sagittal section.

FWE: family-wise error.

In dual regression analysis, the dorsal DMN, ante-
rior salience network, left executive control network,
dorsal attention network, sensorimotor network,
higher visual network, and language network showed
statistically significant (FWE, p <0.05) decrease in
functional connectivity in the patient group compared
to controls. Shown in Fig. 1 are representative
regions with a significant decrease in functional
connectivity that included the bilateral middle
prefrontal cortex in the DMN, the right inferior
parietal lobule in the salience network, the left
prefrontal cortex in the left executive control network,
and the precuneus in the precuneus network.

Hub analysis at the individual level

Hub analysis was performed and degree maps
were created in all patients and normal cohorts.
Although we examined four different threshold
values for the correlation coefficient r (0.25, 0.5,
0.75, 0.8) in constructing the degree maps, identified
clusters were more restrained within the sub-lobar
parts such as a group of gyri when the highest

threshold value (>0.8) was used, so that we preferred
to use the highest threshold. In each patient, clus-
ters showing z-score values greater than 3 were
located in various locations, and the average number
of those clusters were 34.6 (range: 21-55 clusters).
The hubs showing maximum z-scores (maximum
hub) appeared to be located randomly, with no
specific preference in terms of location. An EZ hub
was seen in 17 of the 20 patients (85%) with z-score
values ranging from 3.31 to 47.44 (average: 14.41).
The EZ hubs were located inside the resected area
in 12 patients and in nearby areas in 5 patients.
Z-scores of the EZ hub were negatively correlated
with the Engel’s classification (r = —0.625, p = 0.001).
A contralateral hub was seen in 16 of 20 patients
(80%). Z-score of contralateral hubs ranged from
4.60 to 54.22 (average: 16.26) and was not signifi-
cantly different from the score of EZ hubs (p = 0.295).
Z-scores of contralateral hubs positively correlated
to disease year and total seizure in life (r = 0.440,
p = 0.009, and r = 0.426, p = 0.01, respectively).
The LI was negatively correlated to seizure per
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month and total seizure in life (r = -0.468, p = 0.038,
and r = —-0.554, p = 0.011, respectively). Further-
more, the LI demonstrates a high negative correla-
tion to Engel’s classification (r = -0.737, p <0.001).
These results are summarized in Table 2, and the
cortical hub map of each patient is shown in Fig. 2.

Effective connectivity between the EZ hub and
contralateral hub and the EZ hub and canonical
nodes of the DMN

Spectral DCM was used to examine the effective
connectivity between the EZ hub and contralateral
hub in 12 patients who manifested both hubs. In
one patient (patient 3), the analysis could not be
performed because both the EZ and contralateral
hubs were located in the anterior cingulate cortex
and were very close to each other. A driving connec-
tion from the EZ hub to the contralateral hub was
observed in 8 of the 12 cases (66.6%), an inhibiting
connection was observed in 2 cases, and no signif-
icant connection was observed in 2 cases. Of the
8 cases with driving connection from the EZ hub

to the contralateral hub, 7 cases (87.5%) had Engel’s
classification 1 postoperatively. In the analysis
between the EZ hub and the canonical nodes of the
DMN, inhibiting connection was most frequently
observed from the EZ hub to the PCC (11/17, 64.7%),
followed by driving connection (4/17, 23.5%) and
no significant connection (2/17, 11.7%).

Discussion

Compared to healthy controls, patients with focal
epilepsy demonstrated a significant decrease in
functional connectivity in several resting state
networks including the default mode, the precuneus,
the dorsal attention, the executive control, and the
salience networks. These networks are known to
mediate higher brain functions,*!¥ and the observed
decrease connection within these networks may
cause global deterioration of cognition in epilepsy
patients. Several similar findings have already been
reported in the literature.??? Although these network
alterations are assumed to result from accumulating

Table 2 The results of hub analysis and DCM analysis in 20 focal epilepsy patients

Relation Contra- Contra- Lateral- DCM EZ DCM EZ Total
between EZ hub, EZ hub, MNI lateral lateral . hub to number
EZ huband  T-value  coordinate hub, hub, MNI Ny contralateral hub to of cortical
resection area T-value  coordinate index hub PCC hub (T >3)
1 In 16.13 -42, 6, -40 12.18 42, 4, -36 0.139 Driving Driving 32
2 In 12.06 -30, -32, 20 18.90 30,-26,18 -0.221 Driving Inhibition 22
3 In 11.11 -2,-18, 42 11.11 1, -16, 40 0.000 NA Inhibition 46
4  Anterior 3.66 —42,0, -24 0.00 NA 1.000 Driving Driving 21
5 In 9.83 —-48, -32, 34 0.00 NA 1.000 NA No 25
6  Posterior 13.59 -54,-44,-22  18.18 46, -46,-16 -0.144 NA Inhibition 33
7 In 19.32 -36, -6, 14 0.00 NA 1.000 NA Inhibition 53
8 In 9.05 -22,-2,-16 10.58 20,-12,-8 -0.078 Driving Inhibition 39
9 In 47.44 -46, -36, -30 54.22 40, 2, -34 -0.067 No Driving 32
10 In 25.53 28, -26, —20 39.75 —-34,0,-26 -0.218 Driving Inhibition 29
11 None 0.00 NA 6.52 -30,48,32 -1.000 NA NA 48
12 None 0.00 NA 41.73 -38, 4, 14 -1.000 NA NA 28
13 In 4.92 52, -34, 12 37.19 -52,-10,-6 -0.766 No No 28
14 Superior 5.86 56, -16, 4 17.07 -38,-26,8 -0.489 Driving Inhibition 29
15 In 36.07 38, 20, 42 32.88 -22,10, -40 0.046 Driving Inhibition 37
16 Lateral 13.46 46, 14, 50 10.12 -34, 14, 62 0.142 Driving Driving 31
17 None 0.00 NA 5.51 -50,-2,-4 -1.000 NA NA 40
18 In 7.29 -20, -34, -18 0.00 NA 1.000 NA Inhibition 55
19 Superior 3.31 -32, 30, -4 4.69 40, 40, -6 -0.173  Inhibiting Inhibition 33
20 In 6.26 —40, -24, -16 4.60 38,-16,-16  0.153 Inhibiting Inhibition 31

DCM: dynamic causal modeling, EZ: epileptogenic zone, MNI: Montreal Imaging Institute, PCC: posterior cingulate cortex,

NA: not attribute, L: left, R: right.
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Fig. 2 Results of hub analysis in 20 patients with focal epilepsy. The cortical hubs, clusters with z-values >3,
are overlaid on top of the anatomical image of each patient. In panel A, the patients obtained Engel class 1
outcome. In panel B, the patients obtained class 2 or 3 outcome. The number represents case number as shown
in Tables 1 and 2. Yellow arrows indicate identified EZ hubs. White outlines indicate the resected area. All
14 cases showed EZ hub in and around the resected area in panel A, whereas 3 out of 6 cases had no EZ hub
in panel B. The contralateral hubs can also be seen in all cases except for cases 4, 5, 7, and 18. EZ: epileptogenic

Zone.

microscopic structural damages, in addition to
synaptic changes, due to repeated seizures, no
significant structural changes were observed in the
cortex using VBM analysis. In our study, 19 out of
20 cases had MRI-detectable lesions. These cases
had some changes in the cortices that might influ-
ence results in group analysis of VBM and dual
regression analysis. Therefore, no significant changes
observed in VBM analysis may be explained by the
variability in the locations of the lesions in this
patient cohort. However, it is noteworthy that the
alterations in functional connectivity of several
well-known brain networks were detected at the
group level in spite of the individual differences
in the location of the EZ. The location of decreased
connectivity in each network was not evaluated in
this study. Such an analysis may not be useful for
the detection of the EZ, because it is difficult to be
performed at the individual level, but it may
contribute to evaluate the type of epilepsy, the
disease stage, and/or the response to therapy as
biomarkers.

At the individual level, we have identified EZ
hubs, regions with a relatively strong connectivity
with several other regions, in the vicinity of the

EZ in 85% of the patients. The strength of the
connectivity in these EZ hubs strongly correlated
with better seizure outcome. We also found that
contralateral hubs appeared with approximately the
same frequency and the same intensity as those of
EZ hubs. When we evaluated the LI, the higher
laterality of the EZ hub in terms of connectivity
significantly correlated with better outcome. Further-
more, the LI also negatively correlated with the
monthly frequency of seizures and total seizure in
life. Similar to our study, increased regional connec-
tivity around the EZ has been reported in studies
using rs-fMRI, magnetoencephalography, and elec-
trocorticography in humans as well as in animals,?#7
although other studies also reported opposite find-
ings.?®?9 The observed discrepancy may be due to
differences in the disease stage of the patient cohort.
Electrophysiological relationship between such hubs
and the frequency, amplitude, and localization of
the interictal spikes were not clear, and further
evaluation is necessary. To expound, we hypothesize
that alterations in the connectivity of large-scale
networks in patients with focal epilepsy evolve as
follows: initially, an increase in connectivity will
occur within or near the EZ, leading to the
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Fig. 3 A diagram illustrating the hypothesized mechanism underlying the alterations observed in large-scale
networks in focal epilepsy patients. (A) Early disease stage and (B) late disease stage. Circle, intensity of regional
connectivity (=hub, large means strong intensity); white arrow, driving connection; black arrow, inhibiting connec-
tion; and dotted line, surgical resection. Driving connection appears from the EZ to distant areas including the
contralateral region in the early disease stage. Inhibiting connection to the core regions of the DMN also appears.
(A, upper). Epilepsy surgery is effective in such early stage (A, lower). However, secondary focuses start to mani-
fest in connected distant areas over time (B, upper), and epilepsy surgery is less effective for these cases (B, lower).

EZ: epileptogenic zone.

formation of an EZ hub. A driving connection will
then start to manifest from the EZ hub to some
distant areas, including the contralateral mirror-
image region, in the early phase of the disease.
Over time, the driven region will start to evolve as
a secondary focus, which will manifest as a contra-
lateral hub. In the late phase, this distant cortical
hub becomes relatively stronger, the pathological
network becomes more complicated, and epilepsy
surgery such as lesionectomy becomes less effective
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(Fig. 3). Although still speculative, this hypothesis
is supported by the result of the spDCM analysis,
which demonstrated the driving connection from
the EZ hub to the contralateral hub. Finally, the
inhibiting connection to the DMN may also be
related to the mechanism of cognitive dysfunction
observed in patients with focal epilepsy. After
lesionectomy, it is a great interest how the networks
will change over years. Such a longitudinal evalu-
ation is scheduled as a next study, although some
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managements will be necessary to avoid artifacts
of metallic devices and resection cavities.

The multitier network analysis of rs-fMRI used
in this study successfully revealed pathological
alterations in large-scale networks in focal epilepsy.
However, there are two major limitations in this
study. First, the number of subjects is relatively
small. Second, the various types of etiologies are
analyzed together, which may have caused a kind
of mixed results. In addition, to utilize this approach
for preoperative settings, some limitations need to
be addressed. Group analysis, such as Analysis 1
and 2, is not very useful to detect the EZ in each
patient, although this can be used to reliably iden-
tify group level changes, for instance, in the
connectivity of large-scale functional networks. For
detection of the EZ, reliable analysis methods at
the individual level will be required. The proposed
hub analysis (Analysis 3) can be performed at the
individual level; however, the identified aberrant
hubs using the approach are widespread and the
relevant EZ hub, the one localized within or near
the EZ, does not have the maximum intensity. For
this, additional information is needed in order to
distinguish EZ hubs from other hubs. Estimating
the causal relationship among the identified hubs
using spDCM may provide the needed information
to identify hubs that drive the network; however,
the computational requirement to evaluate all possible
connection models is still challenging even for a
very limited number of nodes in the used model.
Furthermore, dynamic changes of resting state
networks possibly driven by the occurrence of spikes
during the scan®” should also be considered as more
recent studies have started to evaluate dynamics in
resting state networks.*? Since the main purpose of
preoperative evaluation in epilepsy surgery is detec-
tion of the EZ to utilize rs-fMRI analysis for epilepsy
surgery, further methodological improvement is
necessary.
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