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Abstract

Epilepsy is a common brain network disorder associated with disrupted large-scale
excitatory and inhibitory neural interactions. Recent resting-state fMRI evidence indi-
cates that global signal (GS) fluctuations that have commonly been ignored are linked
to neural activity. However, the mechanisms underlying the altered global pattern of
fMRI spontaneous fluctuations in epilepsy remain unclear. Here, we quantified GS
topography using beta weights obtained from a multiple regression model in a large
group of epilepsy with different subtypes (98 focal temporal epilepsy; 116 generalized
epilepsy) and healthy population (n = 151). We revealed that the nonuniformly dis-
tributed GS topography across association and sensory areas in healthy controls was
significantly shifted in patients. Particularly, such shifts of GS topography distur-
bances were more widespread and bilaterally distributed in the midbrain, cerebellum,
visual cortex, and medial and orbital cortex in generalized epilepsy, whereas in focal
temporal epilepsy, these networks spread beyond the temporal areas but mainly
remain lateralized. Moreover, we found that these abnormal GS topography patterns
were likely to evolve over the course of a longer epilepsy disease. Our study demon-
strates that epileptic processes can potentially affect global excitation/inhibition bal-
ance and shift the normal GS topological distribution. These progressive
topographical GS disturbances in subcortical-cortical networks may underlie patho-

physiological mechanisms of global fluctuations in human epilepsy.
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1 | INTRODUCTION
The human brain contains multiple reciprocal excitatory and inhibitory
interconnections on the scale of local microcircuits and global network
interactions (Sporns, 2011, 2013). Resting-state fMRI allows investi-
gation of spatial patterns of such functional networks, which can be
achieved by mapping the temporal correlation of spontaneous fluctua-
tions among different brain regions (Fox et al., 2005; B. T. Yeo
et al,, 2011). These networks are functionally valuable for global neu-
ral signaling and normal information processing (van den Heuvel,
Kahn, Goni, & Sporns, 2012), and may also convey abnormal signals in
clinical brain disorders. Pathological states such as seizures may dis-
rupt functional organization of certain regions or extend globally to
networks because of widespread neurotransmitter abnormalities;
thus, they possibly have potential effects on global signals (GS) of the
brain. Determining the effects of intrinsic activity or seizure events on
spontaneous global changes may be important in understanding the
fundamental physiological principles of epileptic brain function.

Epilepsy has been regarded as a functional brain network disorder
associated with excessive synchronization of large neuronal
populations, which is characterized by sudden, unpredictable attacks
of altered motor activity, sensory phenomena, inappropriate behavior,
and loss of consciousness (Banerjee, Filippi, & Allen Hauser, 2009;
Blumenfeld, 2012). Conventionally, epilepsy is dichotomized into two
distinct types: generalized seizures and focal seizures (Fisher
et al., 2017). The generalized seizures are widespread, appearing
throughout the entire brain or bilaterally distributed networks. By
contrast, focal seizures originate from regions limited to one hemi-
sphere and may be discretely localized or widely distributed
(A. T. Berg et al., 2010). Growing evidence points toward disrupted
topological organization of the large-scale networks underlying the
core phenomena in either generalized or focal epilepsy, from seizure
generation to behavioral cognitive dysfunction (Blumenfeld
et al., 2004; Englot, Konrad, & Morgan, 2016; Kramer & Cash, 2012;
R. Li et al.,, 2016; Z. Zhang et al., 2011). The pathophysiology underly-
ing these two major subdivisions may be quite different, but they are
both characterized by recurrent spontaneous seizures through com-
mon network mechanisms. Numerous animal models and human neu-
roimaging studies have demonstrated that seizures occur with
widespread subcortical-cortical network disturbances not only in pri-
mary generalized seizures, but also in focal onset ones (Blumenfeld
et al., 2009; Englot et al., 2015; Gotman, 2008; Rong Li et al., 2019).
Subcortical-cortical network structures, such as the frontal and parie-
tal association cortex, and the subcortical hippocampus and
brainstem, are thought to be critical for synchronizing epileptic dis-
charges, thereby causing abnormal behavior and impaired awareness
in epilepsy (Centeno & Carmichael, 2014; Kramer & Cash, 2012).
Despite considerable progress in understanding the physiological pro-
cesses underlying epileptic networks, the mechanisms underlying the
global pattern of fMRI spontaneous fluctuations in human epilepsy
remain unknown.

The global fMRI fluctuations have been traditionally thought to
reflect nonneuronal sources, such as head motion or physiological

noises (J. D. Power et al., 2014), which can induce artifactual high cor-
relations across the brain. For most fMRI studies, discarding the con-
tributions of global fluctuations is a customary preprocessing step.
However, recent emerging evidence suggests that GS fluctuations are
likely of neuronal origins. Specifically, Scholvinck, Maier, Ye, Duyn,
and Leopold (2010) observed a widespread correlation of GS to local
field potential power sampled from a single cortical area, suggesting
that the often discarded global signal of fMRI fluctuations is tightly
coupled with underlying neural activity. In support of this view, a
recent study also demonstrated that input from the basal forebrain
regulates the global component of spontaneous activity across the
brain, implying a neural mechanism through which global signal fluctu-
ations stem from input through long-range anatomical projection
(Turchi et al., 2018). In addition, a simultaneous EEG-fMRI study iden-
tified notable electrophysiological correlates for temporal variations in
characteristics of the GS and provided a potential neuropsychological
basis for GS dynamics (Xu et al., 2018). In particular, functional con-
nectivity and spatial topography of GS have been further proven to
be relevant in clinical diseases, such as schizophrenia (Yang
et al., 2017), bipolar disorder (J. Zhang et al., 2018), and major depres-
sion (Murrough et al., 2016). These findings suggest that GS is not
merely nonneuronal noise but also an important neuronal source of
coherent brain networks. Epilepsy is ultimately a disorder of abnormal
neuronal synchronization, which can be investigated at the global
level of network. In this context, quantifying the spatial distribution of
GS topography across the brain may provide important clues to the
mechanism underlying the pathological processes in epilepsy.

In the present study, the GS topography has been characterized
by computing beta weight maps from a multiple regression model
instead of calculating global brain connectivity (Geha, Cecchi, Todd
Constable, Abdallah, & Small, 2017; Murrough et al., 2016) or voxel-
wise correlations to the mean GS (Wang et al., 2019) as conducted in
previous studies. This measurement of GS topography has shown
advantages when aiming to account for contributions of GS to the
entire brain signal along with other nuisance regressors (Cole,
Anticevic, Repovs, & Barch, 2011; Yang et al., 2017). From a network
prospective, seizures may generate and propagate through the large-
scale excitatory and inhibitory interactions. Previous studies on epi-
leptic brain network consistently reported that specific subcortical
and cortical networks including the brainstem, thalamus, hippocampus
and cerebellum, as well as frontal and motor cortex are selectively
involved in the genesis, spread, and termination of not only primary
generalized, but also focal onset seizures (Bettus et al., 2009;
Blumenfeld et al.,, 2009; Kramer & Cash, 2012; Kuhnert, Elger, &
Lehnertz, 2010; Laufs & Duncan, 2007). Therefore, we hypothesized
that whether generalized or focal epilepsy might be associated with
some common GS topography alterations. In particular, the altered
global distributions of neuronal activity might occur in specific
subcortical-cortical structures responsible for the epilepsy's clinical
manifestations and its underlying pathophysiology, such as midbrain,
hippocampus temporal areas, primary sensory, and higher association
cortices on the basis of existing evidence for preferential epileptic

network alterations in epilepsy. We tested this hypothesis by
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investigating the spatial pattern of GS topography in a large sample of
healthy subjects and two most common epilepsy subtypes: idiopathic
generalized epilepsy (IGE) with generalized tonic-clonic seizures
(GTCS) and focal onset temporal lobe epilepsy (TLE). Given that the
causative factors and pathophysiological mechanisms underlying
these two major seizures may be quite different, we predicted that
patients with IGE-GTCS and TLE would also show some specific GS

topography changes across brain networks.

2 | MATERIALS AND METHODS

21 | Participants
The epilepsy patients in the current study were consecutively enrolled
from Jinling Hospital in Nanjing, China. All patients underwent a com-
prehensive clinical evaluation according to the epilepsy classifications
of the International League Against Epilepsy (ILAE) (Berg et al., 2010)
based on comprehensive evaluation, including seizure history and
semiology, neurological examination, diagnostic MRI, and electroen-
cephalogram (EEG) records. A subset of these patients had partici-
pated in our earlier studies (R. Li et al., 2016; Liu et al., 2017; Z. Zhang
et al.,, 2011; Z. Zhang et al., 2017). Patients with IGE were all diag-
nosed with only GTCS, and the inclusion criteria include (1) presence
of typical clinical symptoms of GTCS, including tic of limbs followed
by a clonic phase of rhythmic jerking of the extremities, loss of con-
sciousness during seizures, and no absence of partial seizures; (2) pres-
ence of generalized spike-and-wave or poly-spike-wave discharges in
their interictal scalp video EEG; (3) no evidence of a cause of second-
ary GTCS such as trauma, tumor, or intracranial infection; (4) no focal
abnormality in the structural MRI; and (5) no obvious history of etiol-
ogy. The exclusion criteria were as follows: (1) history of self-reported
neurologic or psychiatric disease other than epilepsy and (2) history of
partial seizures. Patients with clinically and video-EEG defined MRI-
negative TLE but with no evidence of hippocampal sclerosis (HS) or
potential epileptogenic structural abnormality were recruited. TLE
patients were included if they (1) epileptic discharge originated from
the temporal lobe based on EEG findings; (2) recurrent unprovoked
simple-partial or complex-partial seizures occurring with or without
secondary generalization; (3) with one or more typical symptoms of
TLE such as rising epigastric sensations, automatisms, dystonic postur-
ing of the limbs, affective phenomena, and altered consciousness (not
every case). Exclusion criterion were the following: (1) an MRI-visible
lesion or multifocal seizure onset and (2) history of self-reported neu-
rologic or psychiatric disease other than epilepsy. Finally, 127 patients
with IGE-GTCS and 114 with TLE were included in this study. In IGE-
GTCS group, 49 patients took antiepileptic drugs (AEDs), 22 patients
were drug-naive; in TLE group, 69 patients were under treatment, and
5 were drug-naive, and other patients had incomplete or unavailable
clinical information. Details of AEDs for IGE-GTCS and for TLE are
provided in Tables S1 and S2, respectively.

In addition, a group of 161 age- and gender-matched healthy con-

trols were recruited. Healthy controls were interviewed to confirm

the absence of a history of neurological disorder or psychiatric illness
and absence of gross abnormalities in brain MRI images. Written
informed consent were obtained from the patient and control groups
with a research protocol approved by the local Medical Ethics Com-
mittee at Jinling Hospital and Clinical School of Medical College at
Nanjing University.

2.2 | Data acquisition

All experiments were performed with a clinical 3T whole-body MR
imager (TIM Trio, Siemens Medical Solutions, Erlangen, Germany) by
using a standard birdcage head transmit-and-receive coil. Data were
acquired during the interictal periods. Foam padding was used to mini-
mize head motion for all subjects. The subjects were instructed to rest
with their eyes closed, not think of anything in particular, and not fall
asleep. Functional images were acquired by using a single-shot,
gradient-recalled echo-planar imaging sequence (repetition time
ms/echo time ms, 2,000/30; flip angle, 90°). Images of 30 transverse
sections (field of view, 240 x 240 mm?; in-plane matrix, 64 x 64;
section thickness, 4 mm; intersection gap, 0.4 mm; and voxel size,
3.75 x 3.75 x 4 mm?®) aligned along the anterior posterior commissure
line were acquired. For each subject, a total of 250 volumes were
acquired, resulting in an imaging time of 500 s. The high-spatial-
resolution 3D T1-weighted anatomic images were acquired with a fast
spoiled gradient-echo sequence (FSPGR): repetition time ms/echo
time ms, 2,300/2.98; flip angle, 9°; field of view, 256 x 256 mm>;
matrix size, 256 x 256; section thickness, 1 mm, without inter-
section gap; and voxel size, 0.5 x 0.5 x 1 mm? and 176 sections. At
the end, all participants were asked if they had fallen asleep during
the scanning.

2.3 | Preprocessing

Functional data preprocessing was performed using Data Processing
Assistant for Resting-State fMRI software (DPARSF Advanced Edition,
v4.3; http://www.restfmri.net/forum/). The initial 10 functional images
of each subject were discarded for magnetic saturation. Subsequently,
we conducted slice timing and alignment correction for the remaining
240 frames. The transient movement during the scanning was required
to be no more than 3 mm of translation and 3° of rotation. Images
were then spatially normalized to the Montreal Neurological Institute
(MNI) template at a resolution of 3 x 3 x 3 mm?®. Based on the poten-
tial confounding effects of movement-induced artifactual fluctuations
(J. D. Power, Barnes, Snyder, Schlaggar, & Petersen, 2012), instanta-
neous changes in head position or framewise displacement (FD) were
calculated as the sum of the absolute values of changes in the six
parameters for transitional and rotational displacement between
frames (J. Power et al., 2012). Image frames with possible movement
effect fluctuations were identified via two criteria. First, frames with
FD > 0.5 mm along with the preceding one and the latter two

frames were labeled as high-motion frames. Participants with over


http://www.restfmri.net/forum/

Ll ET AL

WILEY_L *5

20% high-motion frames were excluded. Second, subjects with the mean
FD bigger than 0.5 mm were excluded from the analyses. Then, linear
detrend and temporal band-pass filter (0.01-0.08 Hz) was conducted to
reduce the effects of low-frequency drifts and high-frequency physiolog-
ical noise. Finally, multiple linear regression was performed to model the
BOLD signal for each voxel, including 24 head motion parameters, cere-
brospinal fluid (CSF), and white matter signals as regressors. Additional
artifact removal was performed prior to further data analysis. Signal to
noise ratio (SNR) was calculated over time for each voxel [20 x log (mean
BOLD signal/standard deviation of the BOLD signal)] and then averaged
over the whole brain. An arbitrary cut-off of 30 dB was set for exclusion
as previous study did (Killory et al., 2011). The resulting fMRI data were
prepared for further processing.

24 | GS beta weight maps calculation

We aimed to examine the spatial pattern of GS topography for
healthy controls and epilepsy patients. Instead of calculating global
brain connectivity or voxel-wise correlations to the mean GS as many
previous studies had done (Geha et al., 2017; Murrough et al., 2016;
Wang et al., 2019), we characterized the GS topography by computing
beta weight maps using a multiple regression model. This measure of
GS topography has the advantage of specifically accounting for contri-
butions of GS at a voxel level along with weights of multiple regres-
sors such as white matter and CSF signals (results obtained by
computing global brain connectivity are also shown in Figure S1 for
comparison). Here, we performed a GS regression model analysis
using standard widely used procedures as previous studies had
suggested (Cole et al., 2011; Cole, Pathak, & Schneider, 2010; Yang
et al., 2017). First, the GS time series for each participant was
obtained by calculating mean BOLD signals averaged over all gray
matter voxels by explicitly removing signals of CSF and white matter.
Then, this obtained GS time series was used as a predictor term of
interest within a multiple linear regression model along with other nui-
sance predictor terms (CSF signal, white matter signal, and 24 head
movement parameters). Finally, we calculated the multiple regression
with a single GS-related variable to yield voxel-wise GS beta weight
values. The multiple regression model was defined as (Yang
et al., 2017):

BOLD;aW (t) =bo+ Zl 1bixi + BOLDEreprocessed (t),
=bo +bgsGS(t) + 27:2bixi + BOLDEreprocessed t),

where BOLD;?(t) denotes the raw BOLD signal of voxel k as a func-
tion of time t, by is the intercept that contains the trend parameters of
the scan, X; represents various covariates that need to be regressed
(e.g., white matter or CSF signal), and b; is the corresponding beta
weight value for the regressor X;. After regressing all the regressors,
we obtained the residual BOLDEre"mcessed(t) as the preprocessed
BOLD signal at voxel k. Notably, the regressors include CSF signal,
white matter signal, global signal, and 24 movement parameters. The

GS beta weight was obtained by computing the bgs values from the
multiple regression model. GS(t) is calculated as the average of the

BOLD signal across all gray matter voxels:

_ 2 rBOLD(t)

GS(t) —

2.5 | Spatial distribution of GS topography
in healthy controls

We first quantified the GS weight beta maps across all gray matter
voxels in healthy subjects to obtain the spatial topographical distribu-
tion of GS, thereby producing a group-level T-map of voxel-wise with
GS beta values (one-sample t-test, p < .05, FDR corrected). We fur-
ther extracted the mean beta weight using a prior seven resting-state
functional networks parcellation (B. T. Yeo et al., 2011) to verify the
nonuniform spatial distribution of GS topography as previous study
suggested (Yang et al., 2017). The higher-order association networks
include the dorsal attention (DAN), ventral attention (VAN),
frontoparietal control (FPN), default mode (DMN) and limbic networks
(LN), and primary sensory-motor networks include the somatomotor
(SMN), and visual networks (VN). It is worth to note that although the
limbic network (LN) is not a classic high-order network, because of its
widespread connections with prefrontal and parietal areas we divided
it into association networks to cover the whole cerebral cortex. Mean
beta weight values between the higher-order association networks
and primary sensory-motor networks were compared using paired

two-sample t-test, with significance level of p < .05.

2.6 | Altered GS topography in patients with
IGE-GTCS and TLE

Subsequently, to identify the group differences for topographical dis-
tribution of GS among epilepsy patients and healthy controls, we first
performed one-way analysis of variance (ANOVA) on the GS beta
weight maps at voxel level among HC (n = 151), IGE-GTCS (n = 116)
and TLE (n = 98). The resulting statistical map was Gaussian random
field (GRF) theory corrected for cluster-level multiple comparisons
(cluster significance p <.05 and voxel significance p <.01 with z
scores greater than 2.33). Brain regions showing significant differ-
ences based on the results of one-way ANOVA were defined as
regions of interest (ROI) for further posthoc analysis using the
Bonferroni correction. Six ROls (bilateral posterior cerebellum, bilat-
eral orbital frontal cortex, left middle temporal gyrus, subcortical mid-
brain tegmentum extending to adjacent parahippocampus/
hippocampus) were created by saving the brain clusters that survived
GREF cluster-level multiple comparisons. The significance level was set
as p < .05 divided by the number of ROIs and the total number of
comparisons (p < .05/(6 x 3) = 0.003). In order to further assess the

common GS topography alteration in the two major types of epilepsy,
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we conducted a two-sample t-test by comparing the GS beta weights
between pooled IGE and TLE patients (n = 214) and HC (n = 151). In
addition, to investigate the specific alterations in GS topography in
different subtypes of epilepsy, we conducted two-sample t-tests
directly comparing patients with IGE-GTCS and TLE versus HC,
respectively. Because both left (n = 59) and right (n = 39) TLE patients
were included, we assessed the influence of seizure lateralization on
GS topography by separately comparing GS beta weights with con-
trols. Finally, to address the GS changes in specific networks in
patients we also performed group comparisons of mean GS beta
weights in each resting-state functional network between TLE/IGE
and controls. GRF theory were used for correction of cluster-level
multiple comparisons for above analyses (cluster significance p < .05

and voxel significance p < .01 with z scores greater than 2.33).

2.7 | Clinical relevance of GS topography
in patients

To explore the potential clinical relevance of GS topography alter-
ations, we investigated the relationships between topographical GS
changes in patients and clinical features. Pearson's correlation analysis
was utilized to assess correlations between the GS beta weights and
duration of epilepsy. We created ROIs by intersecting corrected brain
clusters showing significantly GS topography differences in one-way
ANOVA group comparisons (p < .05, GRF corrected). In addition, pre-
vious GS studies have related clinical neuropsychological function
with GS imaging findings (Murrough et al, 2016; J. Zhang
et al., 2018), here we repeated GS topography analysis in an indepen-
dent clinical sample of TLE patients which underwent neuropsycho-
logical evaluation of intelligence (IQ). This test sample includes
51 healthy controls (mean age = 30.67 + 9.01, 19 female and 32 male)
and 30 patients with TLE (mean age = 28.50 + 10.10, 16 female and
14 male). The detailed demographic and clinical characteristics of this
test sample are summarized in Table S3. General IQ including verbal
1Q (91.73 + 13.93), performance 1Q (94.07 + 15.97), and full-scale 1Q
(92.63 + 14.31) was assessed in TLE patients using the Chinese ver-
sion of the Wechsler Intelligence Scale. The potential clinical neuro-
psychological relevance of GS topography alterations was examined
in this test sample. Statistical threshold of p < .05 was considered sig-

nificant for the correlation analyses.

28 |
analyses

Verification and confounding control

There were several confounding factors when comparing GS topog-
raphy between healthy controls and epilepsy patients. First, to
ensure our results are robust to the preprocessing strategies, we
adopted a component based noise correction method (CompCor)
(Behzadi, Restom, Liau, & Liu, 2007; BT Thomas Yeo, Tandi, &
Chee, 2015) instead of white matter and CSF regression. Briefly, the
top five principal components were derived from the white matter

and CSF signals and then included as nuisance parameters within
multiple linear regression models. The group differences for GS
topography among epilepsy patients and healthy controls were
investigated. Second, given that there were significant differences of
mean FD between TLE/IGE-GTCS and controls, we further con-
ducted a Pearson's correlation between GS beta weights and mean
FD values of patients to verify the possible influence of head motion
on GS findings. The mean GS beta weights of the brain regions show-
ing significant group differences were correlated with the mean FD
values of TLE and IGE-GTCS patients, respectively. Third, considering
there is slight difference between disease duration of TLE and IGE-
GTCS groups (p = .02), additional analyses were performed to control
for duration effect. Two-sample t-tests were implemented by directly
comparing GS beta weights between patients with IGE-GTCS and
TLE without and with the duration as covariant, respectively. Finally,
to clarify whether AEDs taken by some patients would have an influ-
ence on the observed GS weights difference between patients and
controls, we conducted a ROI-wise Bonferroni correction posthoc
analysis in a subset of patients who were drug-naive and under AEDs
treatment. Specifically, brain regions showing significant GS group
difference between patients with IGE-GTCS and healthy controls
were defined as ROIs (as shown in Figure 3). Posthoc analyses were
performed on each of the ROIs across healthy controls (n = 151),
IGE-treatment patient group (n = 49), and IGE-naive patient group
(n = 22). The three groups did not differ significantly in terms of age
and gender distributions (p > .05), whereas the IGE-treatment patient
group had a longer epilepsy duration than the IGE-naive patient
group (p = .001). Given the relatively small sample size of drug-naive
TLE patients (n = 5), we did not analyze the AEDs effect in TLE
group.

3 | RESULTS

3.1 | Demographics and clinical characteristics

A total of 402 subjects (161 healthy controls, 114 TLE, 127 IGE-
GTCS) completed all MRI procedures. Two IGE-GTCS patients and
one healthy control had to be excluded for translational or rotational
head motion. Sixteen TLE and nine IGE-GTCS patients and nine
healthy controls with more than 20% high-motion frames or a large
mean FD > 0.5 mm were discarded. Because all of the fMRI runs of
the patients and healthy controls exceeded the SNR threshold of
30 dB, no subject was deleted in this step. Finally yielded a final sam-
ple of 151 healthy controls, 98 TLE, and 116 IGE-GTCS patients in
the current study. Of TLE patients, 59 patients arose from the left side
and 39 patients arose from the right side. The three groups did not
differ significantly in terms of age and gender distributions (all
p > .05). A weak significant difference was observed between TLE and
IGE-GTCS on duration of disease (p = .02). There were significant
group differences of mean D values between TLE (0.19 + 0.07), IGE-
GTCS (0.19 £ 0.08), and HC (0.15 + 0.07), in which TLE and IGE-GTCS
both showed greater head movements than controls (all p <.001).
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TABLE 1 . Demograp.hl.c and clinical Characteristics HC (n = 151) TLE (n = 98) IGE-GTCS (n = 116) p value
characteristics of all participants
Age (years) 24.77 + 5.68 26.74 + 8.89 2493 +7.81 .09°
Gender (female:male) 72:79 43:55 4373 22°
Duration (months) — 109.40 + 87.76 79.21 £ 94.25 .02¢
Onset age (years) — 17.64 + 9.53 18.33 £ 8.74 .58¢
Treatment 69/5¢ 49/22¢

Note: Values are presented as mean + SD.
20ne-way analysis of variance (ANOVA).

PKruskal-Wallis ANOVA.
“Two-sample t-test.

9Missed clinical information.

Abbreviations: HC, healthy controls; TLE, temporal lobe epilepsy; IGE-GTCS, idiopathic generalized epi-
lepsy with generalized tonic-clonic seizure.

The demographic and clinical characteristics of all participants are

summarized in Table 1.

3.2 | Nonuniformly distributed GS beta weights
in healthy controls

We quantified the beta coefficients across all gray matter voxels in
151 healthy controls, producing a group-level T-map of voxel-wise GS
beta weights (p <.05, FDR corrected and an extent threshold of
10 contiguous voxels, Figure 1). The resulting statistical maps demon-
strated that the GS topography is nonuniformly distributed across
brain networks. Specifically, the paired two-sample t-test showed that
the spatial distribution of the averaged GS beta weights was higher in
the primary sensory-motor networks and lower in the higher-order
association networks. These results replicated the finding from the

previous study that initially observed a strong difference in GS repre-

sentations across association versus sensory networks (Yang
et al., 2017).
3.3 | Shared GS topography distribution in

IGE-GTCS and TLE

Our main goal in the current study was to investigate the potential
topographical disturbances of GS in epilepsy patients. First, one-way
ANOVA revealed significant group differences in the bilateral poste-
rior cerebellum, bilateral orbital frontal cortex, left middle temporal
gyrus, and subcortical midbrain tegmentum (including midbrain and
pons) and adjacent parahippocampus/hippocampus, using GRF theory
correction of cluster-level multiple comparisons (Figure 2a, p <.05, see
Table 2 for statistical survived region information). Post hoc analyses
were performed on the ROIs encompassing each of these regions
(Figure 2b, p <.05, Bonferroni correction). Compared with HC, the
IGE-GTCS group exhibited significantly increased GS beta weights in
the bilateral orbital frontal cortex and decreased GS beta weights in
the bilateral cerebellum and midbrain, the TLE group only showed sig-

nificant higher GS beta weights in the right orbital frontal cortex and

lower GS values in the left middle temporal gyrus and midbrain. Given
that we hypothesized whether generalized or focal epilepsy might be
associated with some common GS topography alterations, we subse-
quently conducted the comparison between pooled IGE-GTCS and
TLE patients and healthy subjects. Consistent with our hypothesis,
this yielded significant common decreased GS distribution in the mid-
brain tegmentum and adjacent parahippocampus/hippocampus, while
increased GS distribution in the right orbital frontal cortex (Figures 2c,
d, GRF corrected, cluster significance p <.05 and voxel signifi-
cance p < .01).

3.4 | Distinct GS topography distribution in
IGE-GTCS and TLE

To detect the specific alterations in GS topography in the various
types of epilepsy, we conducted two-sample t-tests comparing IGE-
GTCS and TLE with HC, respectively. Compared to HC, IGE-GTCS
exhibited significantly increased GS beta weights in the bilateral
orbital and medial frontal cortex, and decreased GS beta weights in
the bilateral calcarine gyrus, posterior cerebellum, and midbrain teg-
with

(Figure 3, GRF corrected, cluster significance p < .05 and voxel signifi-

mentum in  conjunction parahippocampus/hippocampus
cance p < .01). The TLE group showed significantly increased GS beta
weights in the right orbital frontal cortex, and decreased GS beta
weights in the left middle temporal gyrus (Figure 4, GRF corrected,
cluster significance p < .05 and voxel significance p < .01). We next
examined the influence of seizure lateralization on GS topography.
Compared to controls, left TLE patients showed significant reduction
of GS contribution in the ipsilateral cerebellum, hippocampus (includ-
ing the parahippocampus and midbrain), middle and superior temporal
gyrus, while increased GS contribution in the contralateral orbital
frontal cortex. Right TLE patients showed prominent decreased GS
contribution in the ipsilateral hippocampus and middle temporal gyrus,
as well as slight reduction in the contralateral middle temporal gyrus,
while increased GS contribution in the bilateral orbital and middle
frontal cortex (Figure S2). These results indicated the GS topography
alterations are mainly located in the ipsilateral limbic temporal areas
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FIGURE 1 Spatial distribution maps of GS beta weights in healthy controls. (a) Surface and (b) volume-based visualization of voxel-wise
whole-brain GS beta coefficient values in healthy controls. (c) Resting-state functional networks were obtained by obtained from Yeo et al., 2011
to verify the spatial distribution of beta weights across association networks including the dorsal attention (DAN), ventral attention (VAN),
frontoparietal control (FPN), default mode (DMN), and limbic networks (LN), and primary sensory-motor networks including the somatomotor
(SMN) and visual networks (VN). (d) Paired two-sample t-test was performed to compare the mean beta weights between association and
sensory-motor networks. Results showed a nonuniform spatial distribution of GS beta weights across the brain, whereby the averaged GS beta
weights was maximal in the primary sensory-motor networks including the visual, temporal, and motor cortices, and minimal in the higher-order
association networks including the frontoparietal and temporal-parietal junction. Maps were obtained by FDR-corrected one-sample t-test with

p < .05 and an extent threshold of 10 contiguous voxels. ***p < .0001

extending to midline structure (midbrain), and contralateral frontal
cortex. Finally, by comparing the GS beta weights of each functional
network between TLE/IGE patients and controls we found no signifi-
cant changes (all p > .05).

3.5 | Correlations between the GS topography
distribution and epilepsy duration

Secondary correlation analyses showed that the decreased GS beta
weights in the bilateral posterior cerebellum and midbrain in IGE-
GTCS was negatively correlated with duration of disease (Figure 5a-c,
p < .05). Additionally, we observed inverse correlations between dura-
tion of disease and GS beta weights in the left MTG and midbrain in
the TLE group (Figure 5d,e, p < .05). Additionally, we found very simi-
lar pattern of GS topography changes in the test sample of TLE
patients (see Figure S3), however, we failed to identify any significant

correlation between the IQ scores and GS beta weights (all p > .05).

There are several possible reasons for these observations. One possi-
bility is that the GS topography changes in epilepsy patients may be
more related to clinical features of epilepsy rather than the cognitive
functions. Another possibility is that IQ may not provide a complete
assessment of neuropsychological function of TLE giving memory is
the most frequently reported problem in TLE (Lespinet, Bresson,
N'Kaoua, Rougier, & Claverie, 2002).

3.6 |
analyses

Verification and confounding control

First, the analysis of GS topography disturbances with different
preprocessing strategy (Figures S4-S6) repeated the main findings
(Figures 2-4). Statistical analyses revealed that the CompCor and
white matter and cerebrospinal fluid signals regression (the original
preprocessing pipeline) yielded similar pattern of GS topography
changes among IGE-GTCS and TLE patients and healthy controls,
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FIGURE 2 Group differences of GS beta weights among TLE, IGE-GTCS, and HC. (a) Brain regions with significant group differences in GS
beta weights revealed by one-way ANOVA. Significant differences were observed in the bilateral cerebellum, upper midbrain tegmentum, left
middle temporal gyrus, and bilateral orbital frontal cortex. (b) Bar graph showing one-way ANOVA ROI-wise posthoc analysis results. (c) Two-
sample t-test was performed to determine the common GS disturbances in epilepsy by comparing pooled IGE+ TLE (n = 214) and HC (n = 151).
We found significant decreased GS beta weights in the brain clusters of the midbrain tegmentum and adjacent parahippocampus/hippocampus,
and increased GS beta weights in the right orbital frontal cortex. (d) Mean GS beta weight values for areas defined in (c). Results were corrected
for multiple comparisons using GRF theory with cluster significance p < .05 and voxel significance p < .01. **p < .05, Bonferroni corrected. HC,
healthy controls; IGE-GTCS, idiopathic generalized epilepsy with generalized tonic-clonic seizures; TLE, temporal lobe epilepsy

which suggests that our results are robust to preprocessing strategies.
Second, we did not identify any significant correlation between the
mean FD scores and GS beta weights in regions that showing GS
changes (all p > .05, Figure S7), suggesting that at least in our data,
the greater head motion was unlikely to have a significant effect on
our GS findings. In addition, group comparison between IGE-GTCS
and TLE revealed that IGE-GTCS showed significant increased GS
beta weights in the left orbital frontal cortex and decreased GS beta

weights in the right cerebellum (see Figure S8a). Disease duration

regression did not change the pattern of GS differences (Figure S8b),
which supports that the GS topography differences between IGE-
GTCS and TLE are largely an indication of different pathophysiological
mechanisms rather than the different disease duration. Finally, The
AEDs analysis revealed that group significance of GS beta weights in
the left cerebellum, right cerebellum in conjunction with midbrain and
adjacent parahippocampus/hippocampus, calcarine gyrus, as well as
the left orbital frontal cortex persisted in the drug-naive condition

(see Figure S9). We therefore conclude that the medication did not
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MNI coordinates

Brain regions X Y z Peak F value
Left posterior cerebellum -36 -57 -30 14.29
Right posterior cerebellum 33 -54 -48 9.01
Left orbital frontal cortex —45 48 -15 9.65
Right orbital frontal cortex 30 60 -6 11.72
Midbrain tegmentum 9 -30 -15 10.26
Left middle temporal gyrus -57 -51 3 9.92

TABLE 2 Brain regions that showed
significant differences in GS beta weights
Number of voxels among three groups
682
262
158
216
164

124

Note: One-way ANOVA revealed significant differences in GS beta weights among TLE, IGE-GTCS and
HC. All clusters were Gaussian random field (GRF) theory corrected for cluster-level multiple comparisons
(cluster significance p < .05 and voxel significance p < .01 with z scores greater than 2.33). Cluster size is
reported in number of voxels and stereotaxic coordinates are reported in the Montreal Neurological Insti-

tute (MNI) standard space.

Abbreviations: HC, healthy controls; IGE-GTCS, idiopathic generalized epilepsy with generalized tonic-

clonic seizures; TLE, temporal lobe epilepsy.
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FIGURE 3 Altered spatial distribution of GS beta weights in IGE-GTCS. (a) Voxel-wise surface and volume-based T-map comparing GS beta
values between IGE-GTCS and HC. Compared with HC, IGE-GTCS showed increased GS beta weights (warm colors) in the bilateral orbital frontal
cortex and medial frontal cortex, and decreased GS beta weights (cool colors) in the left cerebellum, right cerebellum extending to midbrain
tegmentum and adjacent parahippocampus/hippocampus, and calcarine gyrus. Results were corrected for multiple comparisons using GRF theory
with cluster significance p <.05 and voxel significance p < .01. (b) Voxels of significantly increased and decreased GS beta weights were defined in
IGE-GTCS as “HC < IGE” and “HC > IGE.” We present the group distributions and mean GS beta weight values for areas defined in (a). **p < .05,
Bonferroni correction. HC, healthy controls; IGE-GTCS, idiopathic generalized epilepsy with generalized tonic-clonic seizures

have a significant effect on our main findings. While for the right
orbital and medial frontal cortex, we did not found significant group
difference between healthy controls and IGE-naive patient group.
One possibility is that the sample size of IGE-naive patient group is
too small (n = 22) to survive the statistical analysis, as IGE-naive
patient group showed a similar tendency compared to IGE-treatment
group. It also could be a consequence of AEDs effect as previous fMRI
studies have shown that AEDs such as topiramate and valproic acid
could induce specific changes in the prefrontal cortex (Jansen
et al,, 2006; X. Li et al., 2011).

4 | DISCUSSION

The present study demonstrates a specific nonuniform GS topography
pattern across association and sensory-motor networks by quantifying
the resting-state GS topography weight betas in a large sample of
healthy subjects and epilepsy patient. Furthermore, this spatial pattern
was found to be significantly shifted in epilepsy patients, whereby
patients showed decreased GS contribution in the sensory areas
including visual cortex, middle temporal gyrus, as well as cerebellum,

and subcortical structures of the midbrain tegmentum associated with
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the hippocampus/parahippocampus, conversely increased GS repre-
sentation in the higher-order orbital and medial frontal cortex. Inter-
estingly, the GS topography disturbances of subcortical-cortical
networks were found to be more widespread and bilaterally distrib-
uted in IGE-GTCS, whereas in TLE, they are spread beyond the tem-
poral lobe but remain lateralized. Finally, we demonstrated that these
abnormal GS topography patterns were related specifically to a longer
epilepsy duration, suggesting GS topography changes likely develop
and reorganize over time with the course of the disease. Our findings
highlighted the GS topography disturbances in the subcortical-cortical
networks in epilepsy, which may have potential implications for
understanding the pathophysiological mechanisms of global excita-
tion/inhibition imbalance of seizure-related neural fluctuations.

Previous evidence has emphasized functional organization of
large-scale excitatory and inhibitory interactions involved in epileptic
network but do not address the potential GS topography disturbances
in epilepsy patients. This study provides a novel insight into findings
implicating abnormal global synchronous changes across widespread
neural areas. Substantial evidence suggests that the gray matter sig-
nals of neural systems subserving higher-order association and cogni-
tive processes are more temporally variable than those engaged in
primary sensory and motor processing (Mueller et al, 2013; Van
Essen & Dierker, 2007; Yang et al., 2016). Thus, the variable signals of
association networks statistically tend to weaken with averaging,
thereby producing a lower contribution to the GS, whereas the rela-
tively stable sensory processing may contribute to higher levels of
correlated activity throughout sensory networks and lead to a stron-
ger GS contribution. A recent simultaneous EEG-fMRI study showed
that the functional dynamics of specific regions such as the majority
of the visual and sensorimotor cortices were more sensitive to the GS
regression, providing evidence for the spatially heterogeneous distri-
bution of GS effects and potential neural sources and functional rele-
vance of the GS (Xu et al, 2018). Consistent with previous GS
findings (Han et al., 2019; Wang et al., 2019), our results demonstrate
the nonuniform GS topography contributions of the association and
sensory-motor networks in healthy subjects. Furthermore, we found
that this nonuniformly spatial distributed GS coupling pattern signifi-
cantly shifted in both patients with focal and generalized epilepsy,
with the primary sensory (visual and temporal cortex, cerebellum) and
subcortical structures showing a reduced GS contribution, while the
higher-order orbital and medial frontal cortex showing an increased
contribution to the GS.

Numerous clinical and neuroimaging studies have indicated the
disrupted balance of cortical excitatory and inhibitory influences
underlying focal and generalized epilepsy (Badawy, Curatolo, Newton,
Berkovic, & Macdonell, 2007; Spencer, 2002). These findings could
reflect neural activity and connectivity changes in a number of brain
networks involved in epileptogenic, frontoparietal association corti-
ces, and sensory-motor processing areas (Blumenfeld, 2003; Englot
et al., 2015; R. Li et al., 2016; Spencer, 2002). Supporting this view,
our findings confirmed that epileptic processes might potentially
affect global excitation/inhibition balance and shift the heterogeneous

distribution of the GS weights, manifesting as decreased GS

contributions in primary visual, temporal, cerebellar regions, and
increased GS contributions in frontal areas. More importantly, this
abnormal regional GS topography was found to be related to longer
epilepsy illness duration. In particular, we identified significant nega-
tive relationships between IGE epilepsy duration and decreased GS
weights of the bilateral cerebellum and midbrain tegmentum. Similarly,
the decreased GS contributions of the left temporal lobe cortex and
midbrain tegmentum in TLE was negatively correlated with a longer
duration of illness. These progressive topographical GS disturbances
in generalized and focal epilepsy patients suggest that the GS topog-
raphy changes likely develop and reorganize over time with the course
of the disease. It is interesting that we did not find significant GS
changes in resting-state functional network by using prior parcellation
maps of the cerebral cortex (B. T. Yeo et al., 2011). It is likely that the
GS topography alterations maybe confined to the local brain regions,
and are not significantly at the functional network level. One possible
reason is that Yeo et al. parcellation only includes cortical regions,
which may made it difficult to capture the GS changes in subcortical
network. Moreover, the severity of iliness and cognitive decline in epi-
lepsy patients may be related to the overall GS changes in cortical
functional networks, our current study did not assess the cognitive
functions for patients, so could not totally address the possible GS
changes in specific functional networks. Nevertheless, the possible GS
changes in relation to functional networks should be investigated fur-
ther in future work.

In addition to altered GS topography in the cortical regions, signif-
icantly decreased GS beta values were also observed in the subcorti-
cal brainstem tegmentum in both IGE-GTCS and TLE patients. It has
been assumed that the entire cortex may receive neurochemical input
from subcortical structures, such as ascending reticular activating sys-
tem (ARAS) and basal forebrain, leading to widespread brain
responses via local neurovascular coupling (Scholvinck et al., 2010;
Turchi et al., 2018). This decrease in GS weights in subcortical regions
including the midbrain and limbic parahippocampus/hippocampus
might reflect a disruption of normal neural information flow of the
brain induced by the epileptic processes. In addition, much previous
work supports an important role for the brainstem, an important
region of ARAS, in propagating seizure activity and producing
impaired consciousness in human epilepsy (Blumenfeld et al., 2009;
Englot et al., 2017; Rong Li et al., 2019; Motelow et al., 2015; Nor-
den & Blumenfeld, 2002). Generally, loss of consciousness is thought
to occur in generalized seizures because of direct involvement of a
pathological pattern of synchronous neuronal discharges in extensive
networks. However, focal seizures can also be associated with
impaired or lost consciousness due to the spread of epileptic activity
to the midline subcortical structures through long-range network
interactions (Blumenfeld, 2014). Thus, the decreased GS coupling in
the subcortical structures in these two different seizure subtypes sug-
gests that they may share common subcortical network substrates for
seizure propagation and abnormal behavioral manifestations such as
loss of consciousness. It is possible that recurrent generalized or focal
seizures arising from cortical regions would disrupt the midline sub-

cortical arousal systems, disrupting their normal activating function
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and diminish their coupling with global fluctuations. It is worth to note
that not every case with TLE would have impaired consciousness dur-
ing seizures. Simple-partial seizures terminate without impaired con-
sciousness, whereas complex-partial seizures progress to impaired
consciousness (Anne T. Berg et al., 2010). Given that TLE patients
only with simple-partial seizures in clinics were rare, and some
patients with partial epilepsy might experience secondary generaliza-
tion, we did not divide TLE patients into subgroups in the current
study. Therefore, these results must be considered preliminary, partic-
ularly with regard to the subcortical GS topography mechanisms
underlying consciousness in TLE patients, until they are replicated
with more homogeneous groups.

We also identified distinct GS topography changes in these two
epilepsy types in addition to the shared GS disturbances. Specifically,
the IGE-GTCS group showed significantly decreased GS weight spe-
cifically in the bilateral lateral cerebellum, whereas this effect was not
found in TLE. The cerebellum is known to contain somatotopic func-
tions that may explain the complex tonic motor manifestations during
generalized seizures. Prior studies using SPECT has shown increased
cerebellar activity during and following tonic-clonic seizures
(Blumenfeld et al., 2009; Kros et al., 2015). In addition, Purkinje cells
of the cerebellum can send inhibitory outputs to influence
subcortical-cortical circuits (Mittmann, Koch, & Hausser, 2005);
increased cerebellar activity was postulated to aid in preventing sei-
zure propagation in the postictal period. In this context, the decreased
GS contribution of the bilateral cerebellum in the IGE-GTCS group
suggests that the cerebellum is likely to show more variable activity
during the occurrence of seizures, which may support the potential
importance of the cerebellum in suppressing generalized seizures. In
addition, the GS topography disturbances were found to be engaged
bilaterally in IGE-GTCS, whereas in TLE they spread to midbrain and
frontal cortex beyond the temporal lobe structures but mainly
remained lateralized. These distinct distribution of GS alterations were
in accordance with the contention that generalized seizures often
bilaterally and synchronously involve the two hemispheres while focal
seizures originate within networks confined to a single cerebral hemi-
sphere and may be discretely localized or more widely distributed.
Although we observed GS alterations in the contralateral temporal
and frontal areas in right TLE patients, this could be due to the effects
of AEDs or the heterogeneity of this study, as some TLE patients with
partial seizures might experience secondary generalization and
disrupted contralateral regions. Nevertheless, our findings provide evi-
dence for different pathophysiological mechanisms related to the
global excitation/inhibition imbalance underlie focal and generalized
epilepsy.

Interestingly, we found that IGE-GTCS and TLE patients exhibited
significantly increased topographical GS contributions in the orbital
and medial frontal cortex. Although the majority of fMRI studies
report decreases of functional organization within the epileptogenic
network, increased activity or connectivity have been reported in
areas outside the epileptogenic regions (Bai et al., 2011; Luo
et al., 2012; Mankinen et al., 2011), which may suggest a compensa-
tory mechanism. A previous study has provided relevant insights into

the compensatory changes in TLE, which demonstrated an increase in
functional connectivity of the hippocampus contralateral to epilepsy
(Bettus et al., 2009). The current finding of increased GS contributions
from the orbital and medial frontal areas in epilepsy patients may also
serve as an adaptive mechanism that a reasonable level of abnormality
may be required for frontal regions to support function retrieval in a
compensatory manner.

The current study is limited in several ways but lays the ground-
work for additional important future investigations. First, previous
studies have shown that the changes in global fluctuations might be
related to shifts in vigilance and arousal (Chang et al., 2016; Pisauro,
Benucci, & Carandini, 2016; Wong, Olafsson, Tal, & Liu, 2013; Xu
et al., 2018). The lack of tracking and recording the arousal state dur-
ing fMRI scanning in our study precludes the assessment of arousal-
related influences on GS topography difference across subjects. Fur-
ther investigation of the relationships between GS disturbances and
ongoing arousal states could be achieved through simultaneous EEG-
fMRI scanning or behavioral eye movement monitoring in epilepsy
patients. Second, the antiepileptic medications taken by some patients
may have confounded GS topography findings. Although we assess
for the treatment effect on GS weights in a limited number of drug-
naive IGE-GTCS patients, given the variability of AEDs, combination
of medications, doses, and other confounders such as disease sever-
ity, these findings require replication in a larger homogeneous pro-
spective investigation. Third, given that cognitive impairment is a
common comorbidity of epilepsy (Abarrategui, Parejo-Carbonell, Gar-
cia Garcia, Di Capua, & Garcia-Morales, 2018; Lespinet et al., 2002), it
would be important to relate the GS findings and cognitive functions
of patients in future studies. In addition, because the fMRI data used
in our study was acquired without simultaneous EEG recording, possi-
ble effects of interictal epileptic discharges on the GS topography dis-
turbances cannot be totally excluded. Thus, further examining the
potential influence of interictal discharges is necessary. Finally, given
the dynamic nature of the brain, exploring the dynamic characteristics
of the GS topography is necessary to enable further understanding of
the pathophysiological mechanisms of epileptic discharges.

In summary, we were able to demonstrate spatial shifts of non-
uniform GS topography across higher-order prefrontal cortex and sen-
sory regions in both generalized and focal epilepsy. Notably, the GS
topography disturbances of subcortical-cortical networks were
engaged bilaterally in IGE-GTCS, whereas in TLE, they spread beyond
the temporal areas but mainly remained lateralized. This study sug-
gests that the epileptic pathological process may affect global excita-
tion/inhibition balance and shift the normal neural information flow of
the brain. The findings have potential implications for understanding
the neuronal mechanisms of disrupted global brain balance in

epilepsy.
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