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Abstract: Juvenile myoclonic epilepsy (JME) is a common subtype of idiopathic generalized epilepsies
(IGEs) and is characterized by myoclonic jerks, tonic-clonic seizures and infrequent absence seizures.
The network notion has been proposed to better characterize epilepsy. However, many issues remain
not fully understood in JME, such as the associations between discharge-affecting networks and the
relationships among resting-state networks. In this project, eigenspace maximal information canonical
correlation analysis (emiCCA) and functional network connectivity (FNC) analysis were applied to
simultaneous EEG-fMRI data from JME patients. The main findings of our study are as follows:
discharge-affecting networks comprising the default model (DMN), self-reference (SRN), basal ganglia
(BGN) and frontal networks have linear and nonlinear relationships with epileptic discharge informa-
tion in JME patients; the DMN, SRN and BGN have dense/specific associations with discharge-
affecting networks as well as resting-state networks; and compared with controls, significantly
increased FNCs between the salience network (SN) and resting-state networks are found in JME
patients. These findings suggest that the BGN, DMN and SRN may play intermediary roles in the mod-
ulation and propagation of epileptic discharges. These roles further tend to disturb the switching func-
tion of the SN in JME patients. We also postulate that emiCCA and FNC analysis may provide a
potential analysis platform to provide insights into our understanding of the pathophysiological mecha-
nism of epilepsy subtypes such as JME. Hum Brain Mapp 37:3515–3529, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Juvenile myoclonic epilepsy (JME), characterized by
myoclonic jerks occurring at full consciousness within
hours after awakening or sleep deprivation [Koepp et al.,
2014], tonic-clonic seizures and infrequent absence seiz-
ures, is a common subtype of idiopathic generalized epi-
lepsies (IGE) associated with an age-related onset of
seizures [1989; Genton et al., 2013; Janz, 1985]. The interic-
tal and ictal electrophysiological features of JME involve
rapid, often irregular 3–6 Hz generalized spike-wave dis-
charges (GSWDs) or polyspike-wave discharges, with a
fronto-central predominance [Janz, 1985; Koepp et al.,
2014]. Because of no underlying structural brain lesion
and/or other neurologic signs, the mechanism of JME is
not fully understood till now.

Recently, the notion of network abnormality has been
suggested to further understand the mechanism of epi-
lepsy without lesion such as JME [Centeno and Carmi-
chael, 2014; Spencer, 2002]. Using network concept,
generalized epileptic seizures are suggested as occurring
in and rapidly engaging bilaterally distributed networks
[Berg et al., 2010]. The thalamocortical network has been
found to be characteristically involved in the epileptic
activity in a number of studies in IGE [Aghakhani et al.,
2004; Gotman et al., 2005; Hamandi et al., 2006; Li et al.,
2009; Xue et al., 2014], and the thalamofrontal circuit,
which is a frontal lobe variant of thalamocortical network,
is further suggested to be involved in JME [Koepp, 2005;
Koepp et al., 2014; Pulsipher et al., 2009]. Using the net-
work framework, there are also various possible ways to
interpret the generation and propagation of epileptic dis-
charges. For example, discharges generated from a focal
epileptic zone may entrain a large neural network
[Spencer, 2002]; additionally, the discharges may be driven
by the pattern of connections in brain networks [Terry
et al., 2012]. Therefore, we presume that abnormality of
networks in JME may be affected by epileptic discharges.

With the development of functional magnetic resonance
imaging (fMRI), resting-state fMRI has been widely used
as a powerful tool for studying mechanisms of functional
alterations in epilepsy patients. Abnormalities in several
resting-state networks, including the default modal, basal
ganglia, sensorimotor networks, etc., have been found in
epilepsy patients [Luo et al., 2012, 2015; Zhang et al., 2014,
2015]. Furthermore, using functional network connectivity
(FNC) [Jafri et al., 2008], effects of epileptic discharges on
interactions between resting-state networks has been
investigated to gain a deeper understanding of epilepsy
[Centeno and Carmichael, 2014; Li et al., 2015; Luo et al.,
2011a; Zhang et al., 2014]. These findings may imply
potential impacts of epileptic discharges on resting-state
networks in epilepsy patients. However, because of nonre-
cording of electroencephalography (EEG) during fMRI
scanning, these effects are less directly investigated in
JME. Although EEG data are simultaneously recorded, the
EEG data are only simply utilized for analysis such as

identification of discharge subsessions, group classification
for comparative investigation or correlation analysis in epi-
lepsy [Luo et al., 2012; Zhang et al., 2014].

Due to the noninvasiveness and complementarity of the
spatio-temporal resolution, simultaneous EEG and fMRI
are quickly becoming a popular method to study human
brain function. The traditional approach of combining
simultaneous EEG and fMRI in epilepsy such as general
linear model (GLM) assumes that the relationships
between EEG and fMRI are linear [Gotman and Pittau,
2011; Huster et al., 2012]. However, potential nonlinearity
in EEG-fMRI integration should be acknowledged, and the
nonlinearity between epileptic discharges and blood oxy-
gen level-dependent (BOLD) signals may be an important
objective of JME studies. Because nonlinearity may be
caused by neurovascular coupling [Liu et al., 2010], HRF
variety in epilepsy patient and spike location [Beers et al.,
2015] and even by the variety of methods available to
quantify the multimodal signals [He et al., 2011]. Cur-
rently, a new method, named eigenspace maximal infor-
mation canonical correlation analysis (emiCCA) [Dong
et al., 2015], was developed to uncover the underlying lin-
ear and nonlinear relationships between two datasets. As
an unsupervised multivariate method, the advantages of
emiCCA are: (1) it unbiasedly uncovers the relationships
between EEG discharges and fMRI networks in JME, while
univariate method such as GLM cannot tackle the multi-
variate problem of comparing two datasets; (2) it further
captures the nonlinear relationships between datasets to
cope with possible nonlinear effects; (3) it is a data-driven
method without the practical choices of the key parameter
settings, thus, it may be suitable for studying of a disease
without being fully understood such as JME; (4) it identi-
fies associated variables of datasets in the original data
space, thus, it may have potential to quantify the effects of
epileptic discharges on networks; and (5) it has the poten-
tial for applications in other types of epilepsy involving
multimodal fusion.

The main aims of the current study are (1) to detect lin-
ear and nonlinear relationships between datasets from
EEG and fMRI in JME; some networks, termed discharge-
affecting networks, refer to the brain regions/resting-state
networks affected by the generation and propagation of
epileptic discharges in JME; and (2) to investigate the asso-
ciations between identified discharge-affecting networks as
well as the relationships among the resting-state networks
which may be influenced by aspects of epilepsy in JME. In
this study, group level independent component analysis
(ICA) [Calhoun et al., 2001] was used to extract spatiotem-
poral features (i.e., spatial components and the corre-
sponding time courses); then, emiCCA was utilized to
investigate the potential discharge-affecting networks in
spatially independent components. Further, associations
between discharge-affecting networks as well as the rela-
tionships among meaningful resting-state networks
were investigated using functional network connectivity
analysis.
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MATERIALS AND METHODS

Subjects

Eighteen JME patients (12 females/6 males; mean
age 5 21 years; standard deviation 5 7 years; age
range 5 15–34 years) were recruited for this study. All
patients were diagnosed by neurologists (P.W. and Y.Z.)
based on the clinical information consistent with the Inter-
national League Against Epilepsy (ILAE) guidelines [Engel
and International League Against, 2001]. Routine examina-
tions of CT and MRI scanning showed no structural abnor-
malities, and 24-h scalp EEG recordings demonstrated 3–6
Hz generalized spike-wave or polyspike-wave discharges.
The detailed demographic information and the clinical
characteristics of JME patients are summarized in Table I.
Age- and gender-matched, healthy subjects were also
recruited as controls (12 females/6 males; mean age 5 23
years; standard deviation 5 5.5 years; age range 5 17–35
years). A written consent form was obtained from each of
the patients and controls. The study was approved by the
Ethics Committee of the University of Electronic Science
and Technology of China (UESTC).

EEG and fMRI Recording

In this study, simultaneous EEG data of JME patients
were recorded using a 64-channel MR compatible EEG

system (Neuroscan, Charlotte, NC). Sixty-two EEG electro-
des were distributed according to 10–20 cap system, and
two additional electrodes, one placed below the left eye
and another attached approximately 4 cm below the clavi-
cle, were used for electrocardiogram (ECG) recording. The
sampling rate was set at 5,000 Hz.

Simultaneous fMRI data of JME patients were collected
using a 3-T MRI scanner (Discovery MR750, GE) in the
Center for Information in Medicine of UESTC. T1-
weighted images were acquired using a 3-dimensional fast
spoiled gradient echo (3D-FSPGR) sequence, and the scan
parameters were as follows: 152 axial slices, TR/TE5 5.936
ms/1.956 ms, flip angle 5 98, field of view 5 25.6 3

25.6 cm2, voxel size 5 1 3 1 3 1 mm3 and slice thickness
(no gap) 5 1 mm. Functional images were collected using
a gradient-echo echo-planar imaging (EPI) sequence, and
the scan parameters were as follows: 35 slices per volume,
TR/TE 5 2,000 ms/30 ms, flip angle 5 908, matrix size 5 64
3 64, field of view 5 24 3 24 cm2 and slice
thickness 5 4 mm. A total of 255 volumes were obtained
over each run period (510 s), and 5 repeated runs (a total
of 40.25 mins) were conducted for each JME patient. Dur-
ing scanning, all JME patients were instructed to close
their eyes and relax without falling asleep. In addition, for
controls, resting-state fMRI data were separately collected
over a run period using identical scan parameters, as
described above, and EEG data were not recorded.

TABLE I. Detailed demographic information and clinical characteristics of JME patients

Patient #
Male/
Female Age

Age of onset
(years) Family history

Antiepileptic
drugs

Frequency of
GSWDs

No. of volumes
with GSWDs in

selected run

1 F 17 10 — VPA 2 Hz 1
2 F 17 14 — LTG 3 Hz 20
3 F 33 20 — VPM 6 Hz 6
4 M 22 8 — VPM 4 Hz 3
5 F 19 12 Uncle with

GTCS
MgV 3 Hz 6

6 F 20 6 — VPM/LTG 2 Hz 111
7 M 15 5 — — 3�3.5 Hz 12
8 F 22 14 — VPA 3 Hz 2
9 F 17 3 Sister with JME VPA 3�3.5 Hz 2
10 F 17 13 Sister with JME VPA 2 Hz 8
11 F 29 10 — TCM/VPM 3�3.5 Hz 2
12 M 18 14 — VPM 5 Hz 2
13 F 27 16 Daughter with

GTCS
— 4 Hz 3

14 F 21 11 — VPM 2 Hz 117
15 M 10 5 Brother with

JME
VPM 4 Hz 2

16 M 13 9 — VPA 3�3.5 Hz 4
17 M 34 14 — TCM/VPM 3.5�4 Hz 4
18 F 34 18 — — 3 Hz 6

GSWDs: generalized spike-wave discharges; GTCS: generalized tonic-clonic seizures; VPA: valproic acid; LTG: lamotrigine; VPM: val-
promide; MgV: magnesium valproate; TCM, traditional Chinese medicine.
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Data Preprocessing

All EEG data were primarily analyzed using Curry 7
(Neuroscan software). Briefly, gradient artifacts were
removed using a local average artifact template procedure
[Allen et al., 2000]; then, the EEG data were pass-band fil-
tered (1–30 Hz) and down-sampled to 250 Hz and the bal-
listocardiogram (BCG) artifacts were removed by using
the OBS-based BCG correction [Niazy et al., 2005]. Finally,
all EEG data were re-referenced to the Cz reference, and
onsets of generalized spike-wave discharges (GSWDs)
were independently identified by two experienced neurol-
ogists (both in agreement).

FMRI data of both the patients and controls were ana-
lyzed in an identical fashion. The fMRI data preprocessing
comprised slice time correction, 3D motion detection and
correction, spatial normalization (3 3 3 3 3 mm3) and spa-
tial smoothing (8-mm full-width at half maximum
(FWHM) of an isotropic Gaussian filter). The analysis was
conducted using SPM8 software (http://www.fil.ion.ucl.
ac.uk/spm/software/spm8/).

In JME patients, runs with small head motion
(translation< 1 mm and rotation< 18), high cooperation of
patients (e.g., seldom complained of discomfort, no eye
blinks, no falling asleep, etc.) and high-quality of both
EEG and fMRI data were first identified. Then, one run
with maximum amount of GSWDs was selected for further
analysis. In addition, two sample t-test yielded no signifi-
cant differences between head motions of JME patients
and controls (P> 0.05).

Discharge-Affecting Network Analysis

To ascertain discharge-affecting networks in JME
patients, a specific approach was conducted in this work
(Fig. 1). To remove potential artifacts on individual-subject
data, nuisance parameters such as six head motion param-
eters, linear trend, individual white matter (WM) and cere-
brospinal fluid (CSF) mean signals were firstly regressed
out from fMRI data. Then, because epileptic discharges
only occurred in JME patients, group spatial independent
component analysis (ICA) [Calhoun et al., 2001] was sepa-
rately applied in JME patients and controls to extract the
spatiotemporal features (i.e., spatial components and the
corresponding time courses). The optimal number of inde-
pendent components (ICs) was estimated at 42 based on
the minimum description length criteria [Li et al., 2007],
and reliability of the ICs was achieved by using ICASSO
(30 times) [Himberg et al., 2004]. Then, IC time courses
were concatenated across JME patients to increase the sta-
tistical power and were defined as dataset Y. Three com-
ponents were first visually discarded due to possible
residual artifacts (e.g., located in the cerebrospinal fluid,
Supporting Information Fig. S4) for further investigation.
For EEG data, the onset times of GSWDs were convolved
with 4 SPM canonical HRFs peaking at 3, 5, 7 and 9 s
[Bagshaw et al., 2004], 1 Glover HRF [Glover, 1999] and 1

single Gamma HRF. And the dataset X was defined by a
design matrix containing the convolved onsets of GSWDs,
which were also concatenated across JME patients. Then,
emiCCA [Dong et al., 2015] was applied (http://www.
neuro.uestc.edu.cn/emiCCA.html). Briefly, the crucial point
of emiCCA is that the eigenvectors and eigenvalues from the
eigenspaces of the maximal information coefficient (MIC)
[Reshef et al., 2011] matrix of two datasets are utilized as a
new measure for assessing the relationships between data-
sets. Using emiCCA, weight values of each IC time courses
in dataset Y, which represented its weightiness to the rela-
tionships between two datasets, were estimated. And, ICs
with weights exceeding the 1.5 standard deviations of
weights values corresponding to significant (P< 0.001, Bon-
ferroni-corrected) maximal information eigen coefficients
(MIECs, which quantify the relationships between the two
datasets) were identified as the discharge-affecting net-
works. More details of emiCCA can be seen in Supporting
Information A. In addition, to assess the performance of the
aforementioned approach, traditional EEG-informed fMRI
analysis in epilepsy was also conducted (discharge-affecting
brain regions were studied using GLM, which implemented
4 canonical HRFs peaking at 3, 5, 7 and 9 s).

Functional Network Connectivity Analysis

Spatial ICA assumes that the time courses of brain
regions within one component are synchronous [Calhoun
et al., 2004]. However, the components are spatially inde-
pendent, and significant temporal dependency may exist
between the time courses of components. To examine the
possible associations between those discharge-affecting
networks identified by emiCCA, a constrained maximal
time-lagged correlation method, known as functional net-
work connectivity analysis [Jafri et al., 2008], was per-
formed. Briefly, for each subject, time courses of the
identified ICs were first filtered (0.01–0.08 Hz), interpo-
lated and circularly shifted from 25 to 15 s. The absolute
maximal lagged Pearson’s correlation was then calculated
and Fisher z-shifted. Lastly, temporal associations between
any 2 discharge-affecting networks were examined by the
one-sample t-test [P< 0.05, false discovery rate (FDR) cor-
rected]. To further assess the impacts of JME on associa-
tions between resting-state networks, FNC analysis was
also performed between meaningful resting-state networks
in JME patients and controls. Two-sample t-tests were per-
formed to study the difference of FNCs between JME
patients and controls (P< 0.05, FDR-corrected). The lag
values of FNCs in each group were examined by the two-
sided sign test (P< 0.05). Further, a two-sided Wilcoxon
rank sum test was used to study the difference of lags
between JME patients and controls (P< 0.05). In addition,
resting-state networks were first visually inspected and
matched (independently by L.D. and C.L.) according to
the networks described in earlier studies [Biswal et al.,
2010; D’Argembeau et al., 2005; Damoiseaux et al., 2006,
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2008; Luo et al., 2011a,; Smith et al., 2009]. Next, for the
disagreement of spatially matched resting-state networks,
the eta2 coefficient [Cohen et al., 2008] between networks
of each group were further calculated. And the networks
were finally matched corresponding to the maximal eta2.
The eta2 is equal to the fraction of the variance in one
image accounted for by variance in a second image where

comparisons are done on a point by point basis. In this
work, 12 components were considered as meaningful
resting-state networks, which included the posterior part
of the default mode network (postDMN), anterior part of
the DMN (antDMN), self-referential network (SRN), sali-
ence network (SN), left and right lateral frontoparietal net-
works (LFPN/RFPN), basal ganglia network (BGN),

Figure 1.

The framework of discharge-affecting network analysis using

emiCCA. A: For fMRI data, group ICA was first applied to

extract the spatiotemporal features of the fMRI data; then, the

IC time courses were concatenated across JME patients and

defined as dataset Y. For EEG data, the onsets of GSWDs were

first identified by neurologists. Then, the dataset X was defined

by a design matrix containing the onsets of GSWDs, which

were convolved with 4 SPM canonical HRFs (peaking at 3, 5, 7

and 9 s), 1 Glover HRF and 1 single Gamma HRF. B: emiCCA

was applied to identify the linear and nonlinear discharge-

affecting components with weights (a) exceeding the 1.5 stand-

ard deviations of weight values corresponding to the significant

maximal information eigen coefficients (MIECs). C: The maximal

time-lagged correlation method was used to examine the possi-

ble functional network connectivity between those discharge-

affecting networks identified by emiCCA. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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sensorimotor network (SMN), primary and extra-striate
visual networks (primVN/extraVN), auditory network
(AN) and Cerebellum. Here, six resting-state networks in
JME patients were labeled as follows (other six resting-
state networks can be seen in the section of results):

LFPN: the left lateral frontoparietal network showed
spatial patterns consisting of the left superior frontal gyrus
[Brodmann area (BA) 6/8], angular gyrus (BA39) and pre-
cuneus (BA7). The LFPN and RFPN were the only maps
to be strongly lateralized and were largely left–right mir-
rors of each other.

SN: the salience network [Luo et al., 2014; Manoliu
et al., 2013; Seeley et al., 2007; Uddin, 2015], showed spa-
tial patterns mainly consisting of the bilateral insula
(BA47) and supplementary motor area (BA6).

AN: the auditory network primarily encompassed the
bilateral superior temporal gyrus (BA22/41).

SMN: the sensorimotor network, corresponding to
sensory-motor function [Biswal et al., 1995; Fox et al.,
2006], included the bilateral medial frontal gyrus (BA6)
and paracentral lobule (BA6).

primVN: the primary visual network showed spatial
patterns consisting of the bilateral lingual gyrus (BA18)
and cuneus (BA18).extraVN: the extra-striate visual net-
work included the bilateral fusiform gyrus (BA19) and
inferior occipital gyrus (BA19).

Correlation between Clinical Features and FNCs

To detect the underlying relationships between
discharge-affecting FNCs (Fisher’s z-score) and clinical
features (including the age of epilepsy onset and the

duration of epilepsy), partial correlation analysis was per-
formed in JME patients, while controlling for the gender
(P< 0.05).

RESULTS

Discharge-Affecting Networks

Using emiCCA, significant relationships (P< 0.001,
Bonferroni-corrected for all MIECs) existed between the
EEG epileptic discharges (dataset X) and the fMRI time
courses (dataset Y). The EEG figure of discharge waves of
a typical JME patient can be seen in Supporting Informa-
tion B (Supporting Information Fig. S6). Eleven discharge-
affecting networks that corresponded to larger weights (>
1.5 standard deviations of weights) were also identified
and presented as follows [P< 0.05, family wise error
(FWE) corrected, Fig. 2 and Table II]:

IC10: the spatial distributions consisting of the bilateral
lingual gyrus (BA18/19). IC42: the spatial patterns consist-
ing of the supplementary motor area (BA6), superior parietal
lobule (BA7), middle frontal gyrus (BA10) and superior tem-
poral gyrus (BA22). IC20: the spatial distributions consisting
of the bilateral inferior parietal lobule (BA40) and right infe-
rior frontal gyrus (BA44). IC22: the spatial distributions
mainly consisting of the left cuneus (BA18/19), middle occi-
pital gyrus (BA19) and inferior parietal lobule (BA40). IC1:
the spatial patterns primarily encompassing the bilateral
superior temporal gyrus (temporal polar, BA38).

antDMN: the anterior part of the DMN; the spatial pat-
terns mainly consisting of the bilateral superior frontal
gyrus and middle frontal gyrus (BA9/10).

Figure 2.

Discharge-affecting networks identified by emiCCA in JME

patients. The T-maps of these spatial components (P< 0.05,

FWE-corrected) are shown. The size of the yellow circle

presents the weight of each time course in emiCCA, which rep-

resent the weightiness of each piece of dataset Y. Linear (blue

border) or nonlinear (red border) relationships between the

fMRI time courses of networks and the EEG discharges are also

shown. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Cerebellum: the spatial patterns primarily encompassing
the cerebellum posterior lobe and declive.

SRN: the self-referential network putatively related to
self-referential mental activity [D’Argembeau et al., 2005],
mainly including the bilateral medial-ventral prefrontal
cortex (BA10) and anterior cingulate (BA32).

postDMN: the spatial patterns primarily encompassing
the precuneus (BA31) and bilateral angular gyrus (BA39),
as well as the middle frontal gyrus (BA10) and sub-gyral
(BA43). Interestingly, the DMN was split into two compo-
nents, the anterior areas (antDMN) and the posterior
areas (postDMN), in the current study. A similar decom-
position of the DMN has been observed previously [Dam-
oiseaux et al., 2006, 2008; Luo et al., 2011a; Rombouts
et al., 2009].

BGN: the basal ganglia network; including the putamen,
caudate nucleus, pallidum and parahippocampus, which
are the main nuclei of the basal ganglia [Luo et al., 2012;
Robinson et al., 2009].

RFPN: the right lateral frontoparietal network; the spa-
tial patterns consisting of the bilateral middle frontal gyrus
(BA8/9), right angular gyrus (BA39) and precuneus (BA7).
These clusters lateralized to the right hemisphere puta-
tively associated with the dorsal attention network [Cor-
betta and Shulman, 2002].

In addition, the discharge-affecting brain regions in JME
patients revealed by traditional EEG-informed fMRI analy-
sis were mainly located in the left superior frontal gyrus
(BA6), bilateral anterior cingulate (BA32), supplementary
motor area (BA32), insula (BA47), temporal polar (BA28),

TABLE II. Spatial distributions of discharge-affecting networks identified by emiCCA in JME patients

(one-sample t-test, P < 0.05, FWE-corrected)

MNI coordinates

L/R Lobe Brodmannarea T Voxelsx y z

IC 10 12 251 23 R Lingual Gyrus BA18/19 30.16 2,807
221 254 29 L Lingual Gyrus BA19 26.97

IC 42 23 12 54 L Supplementary Motor Area BA6 24.19 3,033
227 272 54 L Superior Parietal Lobule BA7 11.07 56
230 54 21 L Middle Frontal Gyrus BA10 10.58 36

57 239 21 R Superior Temporal Gyrus BA22 9.48 42
51 263 215 R Middle Occipital Gyrus BA37 8.97 27

242 266 227 L Declive 8.87 28
IC 20 260 227 30 L Inferior Parietal Lobule BA40 26.78 1,037

66 218 24 R Inferior Parietal Lobule BA40 22.42 1,228
57 12 15 R Inferior Frontal Gyrus BA44 14.89 226

IC 22 224 281 27 L Cuneus BA18/19 24.93 3,534
224 281 39 L Middle Occipital Gyrus BA19 21.62

39 18 215 R Inferior Frontal Gyrus BA47 14.01 26
245 251 60 L Inferior Parietal Lobule BA40 10.72 27

IC 1 39 6 227 R Superior Temporal Gyrus BA38 17.37 261
239 9 230 L Superior Temporal Gyrus BA38 14.82 294

antDMN 212 60 21 L Superior Frontal Gyrus BA9/10 24.82 2,033
0 29 42 Cingulate Gyrus BA24 11.29 63

51 36 9 R Inferior Frontal Gyrus BA46 11.07 25
Cerebellum 218 266 215 L Cerebellum Posterior Lobe 22.33 4,520

30 254 218 R Declive 22.19
SRN 9 42 0 R Anterior Cingulate BA32 27.06 2,739

23 48 26 L Medial Frontal Gyrus BA10 25.42
postDMN 42 275 30 R Angular Gyrus BA39 20.21 300

26 260 15 L Precuneus BA31 19.49 439
248 266 21 L Middle Temporal Gyrus BA39 15.36 408

36 48 24 R Middle Frontal Gyrus BA10 10.74 114
3 29 78 R Superior Frontal Gyrus BA6 9.57 23

48 29 15 R Sub-Gyral BA43 9.46 62
BGN 221 0 9 L Putamen 28.08 1,549

27 3 212 R Putamen 21.87 1,401
RFPN 48 24 51 R Middle Frontal Gyrus BA8/9 24.8 1,793

51 260 36 R Angular Gyrus BA39 19.89 512
224 30 48 L Middle Frontal Gyrus BA8 17.3 823
251 212 3 L Superior Temporal Gyrus BA22 10.12 69

9 266 45 R Precuneus BA7 9.73 42
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thalamus, pallidum, putamen and cerebellum (Supporting
Information Fig. S1 and Table S1). Furthermore, to illus-
trate that linearity and nonlinearity may co-exist in neural
imaging, trend lines (referenced by polynomial curve fit-
ting, order 5 1, 2, 3 or 4) between the fMRI IC time courses
of discharge-affecting networks and the assumed
discharge-affecting BOLD responses (onset times of
GSWDs convolved with the optimal HRF) were also ana-
lyzed; these trend lines are shown in Supporting Informa-
tion Fig. S2. Briefly, the IC10, SRN, BGN and RFPN were
linearly related to the assumed discharge-affecting BOLD
responses, while the relationships of the IC42, IC20, IC22,
IC1, antDMN, cerebellum and postDMN were parabolic,
cubic or biquadrate.

Results of FNC Analysis

To understand the associations among the discharge-
affecting networks, FNC analysis was performed. Using
one-sample t-test, 24 out of the 55 possible combinations
were significant (P< 0.05, FDR-corrected) in the discharge-
affecting FNC diagram for JME patients (Fig. 3). A large
number of positive significant associations were detected
among discharge-affecting networks, while only two nega-
tive connectivities between BGN and antDMN/postDMN

were found. Figure 3 also shows the distribution of
degrees across these networks and the lags. The direction
of each arrow represents the lag between the two compo-
nents. For example, in Figure 3, an arrow connects IC10
and antDMN (points at antDMN), representing that
antDMN lags IC10 by certain time units. Notably, the
antDMN, postDMN and SRN show more connections with
networks, while the remaining networks show fewer
connections.

To further understand the impact of JME on the rela-
tionships among resting-state networks, six other resting-
state networks, which were not discharge-affecting net-
works, were identified from networks described in earlier
studies [Biswal et al., 2010; Damoiseaux et al., 2008; Smith
et al., 2009] (Fig. 4 and Table III).

Figure 5 depicts the FNC diagram for both JME patients
and controls (spatial distributions of resting-state networks
in controls can be observed in Supporting Information Fig.
S5 and Table S2). Significantly correlated resting-state net-
works are represented by red (positive) or blue (negative)
lines. Both controls and JME patients showed significant
positive network connectivities between resting-state net-
works; however, some of the connections between net-
works in JME patients and controls were different. Briefly,
(1) negative connectivities between the BGN and LFPN/

Figure 3.

Discharge-affecting FNCs in JME patients (P< 0.05, FDR-cor-

rected). The lines show the significant positive (red) and nega-

tive (blue) correlation connections in JME patients from the 55

possible correlation combinations. The size of circles in the bot-

tom right represents the degree of the node in functional net-

work connectivity (containing positive and negative), and the

green color represents the networks, which are also the

resting-state networks. The lags, which are the amount of delay

between component time courses, are also shown on the right

(P< 0.05). A ! B: component B lags component A by some cal-

culated seconds. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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antDMN/postDMN/extraVN and positive connectivity of
the BGN and AN were only found in JME patients; (2)
negative connectivity of the antDMN and AN was only

found in controls, while positive connectivity of the SRN
and SMN was only found in JME patients; (3) negative
connectivities between the RFPN and SN/SMN/extraVN

Figure 4.

Other 6 meaningful resting-state networks in JME patients (P< 0.05, FWE-corrected). L: left; R:

right. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE III. Other meaningful resting-state networks in JME patients (one-sample t-test, P < 0.05, FWE-corrected)

MNI coordinates

L/R Lobe Brodmannarea T Voxelsx y z

LPFN 212 24 60 L Superior Frontal Gyrus BA6/8 26.49 2,068
251 266 27 L Angular Gyrus BA39 22.86 715
26 263 30 L Precuneus BA31 13.66 63
60 23 6 R Superior Temporal Gyrus BA22 9.98 36

23 245 42 L Precuneus BA31 9.24 52
SN 245 18 29 L Insula BA47 27.41 1,603

42 21 212 R Insula BA47 28.62 1,081
29 6 60 L Supplementary Motor Area BA6 16.56 373

257 245 27 L Supramarginal Gyrus BA40 11.3 41
242 3 42 L Precentral Gyrus BA6 10.54 86
227 54 24 L Middle Frontal Gyrus BA10 8.69 39

AN 51 212 3 R Superior Temporal Gyrus BA22 28.17 1,067
251 224 12 L Superior Temporal Gyrus BA41 17.78 1,011

SMN 0 212 81 Medial Frontal Gyrus BA6 25.59 2,186
6 227 66 R Paracentral Lobule BA6 22.44

primVN 3 296 3 R Cuneus BA18 28.3 1,921
29 287 212 L Lingual Gyrus BA18 21.94

extraVN 236 272 218 L Fusiform Gyrus BA19 19.77 1,871
33 278 26 R Inferior Occipital Gyrus BA19 10.84
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were only found in controls; (4) negative connectivities
between the SN and LFPN/antDMN/postDMN, were
only found in controls, while positive connectivities
between the SN and SMN/primVN were only found in
JME patients. To understand the difference of FNC
between groups, two-sample t-tests were further per-
formed (P< 0.05, FDR-corrected). Figure 5 shows that (1)
JME patients had higher mean correlations than controls for
connections between SRN and antDMN/RFPN/primVN,
(2) JME patients had greater correlations than controls for
connections between the SN and postDMN/antDMN/
RFPN/LFPN/SMN/primVN, (3) controls had higher corre-
lations than JME patients for connections between the
postDMN and BGN/RFPN/LFPN/antDMN and (4) con-
trols had a lower correlation than JME patients for the con-
nection between the postDMN and extraVN. Figure 5 also
shows the significant lags between the two networks in

each group. An arrow connects components A and B
(points at component B), representing that component B
lags component A by certain time units. The significant dif-
ference of lags between JME patients and controls are also
shown. An arrow (from component A to B) represents that
the delay (component B lags component A) in JME patients
is larger than controls. In addition, the FNCs of all 17
meaningful ICs in JME patients can be seen in Fig. S3 (Sup-
porting Information B). It showed that wide associations
between discharge-affecting networks and resting-state net-
works existed in JME patients (P< 0.05, FDR-corrected).

Relationship between FNCs and Clinical Features

The z-scores of discharge-affecting FNCs were partially
correlated with the epilepsy duration and the age of

Figure 5.

The FNCs of resting-state networks in JME patients and con-

trols (P< 0.05, FDR-corrected) and the differences of FNCs

between them. For FNCs in each group, the red lines represent

positive connections, and blue lines represent negative connec-

tions. The lag (P< 0.05), A !; B, represents that component B

lags component A by some calculated seconds. For the differen-

ces between two groups, red lines represent that JME patients

show greater correlations than controls, while blue lines repre-

senting that JME patients show lower connections. The yellow

color represents the discharge-affecting resting-state networks.

The delay (P< 0.05), A ! B (Patients>Controls), represents

that the delay (component B lags component A) in JME patients

is larger than controls. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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epilepsy onset, while controlling for the gender. Significant
partial correlations were found between the age of epi-
lepsy onset and FNC between the IC10 and SRN
(R 5 20.54, P 5 0.013) as well as the onset age and FNC
between IC20 and BGN (R 5 20.15, P 5 0.007) (Fig. 6). The
partial correlations between epilepsy duration and the z-
scores of FNC were not significant.

DISCUSSION

In this study, we investigated the complex discharge-
affecting networks and FNCs in patients suffering from
JME using simultaneous EEG-fMRI. Briefly, the main find-
ings of the present study were as follows: (1) several
discharge-affecting networks (the BGN, DMN and SRN,
among others) in JME were identified using emiCCA, in
which linear and nonlinear relationships between EEG
and fMRI features existed; (2) discharge-affecting FNCs in
JME patients perhaps revealed the crucial roles of specific
networks, including the DMN, SRN and BGN; (3) signifi-
cant alterations of the FNCs of resting-state networks (e.g.,
the SN) in JME patients were discovered; and (4) relation-
ships between FNCs and the age of epilepsy onset were
also found.

Identified Discharge-Affecting Networks

The concept of network abnormality refers to the brain
regions/resting-state networks affected by the generation
and propagation of epileptic activity; such notion has been
used to further understand epilepsy [Centeno and Carmi-
chael, 2014; Spencer, 2002]. Using emiCCA, several linear
or nonlinear discharge-affecting networks in JME were
identified in the current study (Fig. 2). Frontal lobe struc-
tural and functional changes in JME patients have been
widely reported in various studies [Koepp et al., 2014;
Wolf et al., 2015], and these changes may indicate the dis-

tinct cognitive impairment pattern in JME. The identified
component IC42, which mainly contained the supplemen-
tary motor area and middle frontal gyrus, perhaps was a
part of the thalamofrontal network involved in JME, as
suggested in the previous studies [Koepp, 2005; Koepp
et al., 2014; Pulsipher et al., 2009], and reflected the effects
of JME on the cognitive functions of the frontal lobe. The
BGN, which contained the main nuclei of the basal gan-
glia, was found to be associated with the epileptic dis-
charges in JME. It has been suggested that the basal
ganglia play important roles in the regulation of epileptic
discharges [Norden and Blumenfeld, 2002]. Using resting-
state fMRI, Luo et al., found that IGE patients show signif-
icantly enhanced integration within the BGN during peri-
ods with and without discharges and suggested that BGN
perhaps plays a role as an important modulator in IGE
[Luo et al., 2012]. Further evidence for the involvement of
the basal ganglia in the modulation of epileptic discharges
has been suggested in the studies of diffusion tensor imag-
ing (DTI) in absence epilepsy [Luo et al., 2011b], neuro-
pharmacology [Danober et al., 1998; Deransart et al., 1998],
deep brain stimulation in epilepsy [Loddenkemper et al.,
2001] and computational evidence of absence seizures
[Chen et al., 2014]. In this study, our findings indicated
that the BGN may also be associated with the modulation
and propagation of epileptic discharges in JME. The wide-
spread deactivation of regions such as the bilateral precu-
neus/posterior cingulate cortex, angular gyrus and middle
frontal gyrus, so called “default mode” networks [Raichle
et al., 2001], has been commonly found in a number of
studies of epilepsy [Aghakhani et al., 2004; Gotman et al.,
2005; Hamandi et al., 2006; Li et al., 2009]. These previous
findings perhaps represent downstream consequences of
GSWDs. Here, our results indicate that DMN may also be
influenced by epileptic discharges of JME. Furthermore,
various components such as the SRN, which is putatively
related to self-referential processing [D’Argembeau et al.,
2005], the RFPN, which is associated with dorsal attention

Figure 6.

Partial correlations between discharge-affecting FNCs (Fisher’s z-score) and the age of epilepsy

onset in JME patients, while controlling for the gender. R: partial correlation coefficient; P: P-

value.
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network [Corbetta and Shulman, 2002], the cerebellum,
visual components (IC10 and IC22), the IC20 and the IC1
were found to be influenced by epileptic discharges in
JME; these findings may indicate that epilepsy has a wide-
spread impact on brain function in terms of networks. In
addition, in JME patients, the aforementioned results are
similar to the discharge-affecting regions revealed by tradi-
tional EEG-informed fMRI analysis, such as the basal gan-
glia, superior frontal gyrus, supplementary motor area,
temporal polar and cerebellum (Supporting Information
Fig. S1 and Table S1).

FNCs Between Discharge-Affecting Networks

As an extension of functional connectivity, FNC analysis
has been widely used as an effective method to evaluate
the temporal associations between resting-state networks
in a healthy population [Liao et al., 2010], patients with
schizophrenia [Jafri et al., 2008; Sakoglu et al., 2010] and
epilepsy patients [Li et al., 2015; Luo et al., 2011a] using
fMRI. To understand the associations between the identi-
fied discharge-affecting networks, functional network con-
nectivity analysis was performed in the current study.
Dense FNCs were observed among the discharge-affecting
networks constructed in JME patients (Fig. 3); this finding
may indicate strong communication of information
between these discharge-affecting networks in JME.
Because discharges generated from a focal epileptic zone
may entrain a large neural network [Spencer, 2002] and
the epileptic discharges perhaps are driven by the pattern
of connections in brain networks [Terry et al., 2012], these
widespread associations between discharge-affecting net-
works may to some extent contribute to the generation
and propagation of epileptic activity in JME. Furthermore,
it is worth noting that the antDMN, postDMN and SRN
have larger degrees of connectivity in the discharge-
affecting networks. Regions from the DMN have been sug-
gested to serve as cortical hubs for information integration,
especially in posterior cingulate cortex [Buckner et al.,
2009]. In previous resting-state fMRI studies [Li et al.,
2011; Liao et al., 2010], the DMN and SRN were also found
to be involved in the high flow of information among the
meaningful resting-state networks. The DMN and SRN
may play important roles in the process of resting-state
information transfer and integration, respectively. There-
fore, our results indicated that the DMN and SRN might
play crucial roles in the propagation of epileptic activity
between discharge-affecting networks. Another interesting
finding of our results was the negative connectivity
between the BGN and DMN. This finding further sup-
ported that the BGN might play an important role in the
regulation [Norden and Blumenfeld, 2002] and modulation
[Luo et al., 2011b,] of epileptic discharges in JME. More-
over, interesting links between FNCs (SRN-IC10 and BGN-
IC20) and clinical feature have been provided by signifi-
cant negative correlations with the age of epilepsy onset.

This finding further supported the crucial roles of the SRN
and BGN in the propagation of epileptic activity in JME.

FNCs Between Resting-State Networks

To further understand the potential impacts of JME on
the relationships between resting-state networks, the maxi-
mal time-lagged correlation method was performed in
JME patients and controls and alterations of FNC in JME
patients were further investigated. As shown in Figure 5,
overall, JME patients preferentially displayed impaired
connections between the systems of lower-level sensory
(e.g., AN, SMN, primVN and extraVN) and higher-order
cognitive networks (e.g., DMN, RPFN, LPFN, SRN and
SN), while the intra-system connections were preserved to
some extent. This hierarchical impairment in epilepsy was
in accordance with a previous study, in which the loss of
interactions among the intersystem were found in patients
with partial epilepsy [Luo et al., 2011a]. This phenomenon
might indicate that the FNC impairment in JME patients
also had a hierarchical selectivity and that the selective
impairment had an important functional and theoretical
implication; therefore suitable to understand JME from the
perspective of a complex network. Another interesting
finding was that negative connectivities of the BGN and
LFPN/antDMN/postDMN/extraVN and the positive con-
nectivity of the BGN and AN were only found in JME
patients. Because of the important roles of the BGN in the
regulation [Norden and Blumenfeld, 2002] and modulation
[Luo et al., 2011b,] of epileptic discharges, the results fur-
ther indicated that the BGN may related to the modulation
and propagation of epileptic discharges in JME.

Furthermore, compared with controls, meaningful find-
ings indicated that JME patients had higher correlations for
connections between the SRN and antDMN/RFPN/
primVN, and lower mean correlations for connections
between the postDMN and antDMN/RPFN/LPFN/BGN.
The SRN has been suggested to have an intermediary role
in information exchange between the systems of lower-level
sensory (primVN, etc.) and higher-order cognitive (DMN
and RFPN, etc.) networks [Li et al., 2011; Liao et al., 2010],
and the DMN is pivotal in the process of information trans-
fer and integration [Buckner et al., 2009; Li et al., 2011; Liao
et al., 2010]. Therefore, our findings suggest that the DMN
and SRN may contribute to the propagation of epileptic dis-
charges between resting-state networks in JME. Moreover,
the findings of increased correlations for connections
between the SN and DMN/RFPN/LFPN/SMN/primVN in
JME patients were also found in the current study. The sali-
ence network, with key nodes in the insular cortices, has a
crucial role in salience processing across multiple sensory
and cognitive domains [Seeley et al., 2007; Uddin, 2015]
and in switching between the DMN and central executive
network [Sridharan et al., 2008]. Disturbance of the SN sys-
tem, which has been posited to contribute to the aberrant
salience processing, has been observed in patients with
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certain disorders such as schizophrenia [Manoliu et al.,
2013] and childhood absence epilepsy [Luo et al., 2014]. In
addition, the differences of lags between JME patients and
controls were also found between resting-state networks. It
perhaps demonstrated the impact of JME on the delay rela-
tionships between two resting-state networks. Combining
these findings, we presume that in JME patients, the DMN
and SRN may play important roles to extend the propaga-
tion of epileptic discharges into resting-state networks,
especially into the SN system, thus affecting the switching
function of the SN.

Methodological Considerations and Limitations

Several methodological issues and limitations should be
considered in this study. First, many potential factors may
lead to nonlinearity in neural imaging, for example, the
nonlinearity may be caused by neurovascular coupling
[Liu et al., 2010] or even the variety of methods used to
quantify the multimodal signals [Dong et al., 2014; He
et al., 2011]. Moreover, HRFs vary in epilepsy patients and
spike locations [Beers et al., 2015; Masterton et al., 2010]
and across brain regions and subjects [Handwerker et al.,
2004], and this variation may also potentially lead to nonli-
nearity. Therefore, the nonlinearity may be acknowledged
in the EEG-fMRI study of epilepsy. Because emiCCA can
tolerate several variably shaped HRFs and has the ability
to perform nonlinear processing [Dong et al., 2015], this
method may extend our perspectives from linearity to
nonlinearity and help us to further understand epilepsy.
Second, notably, open questions about ICA remain, such
as the number of independent components and the reli-
ability of IC maps. In this work, the minimum description
length criterion was used to determine the number of ICs
[Li et al., 2007], and ICASSO was used to achieve reliable
ICs [Himberg et al., 2004]. In addition, considering group
ICA itself has capability for separating noises, we also
directly conducted group ICA on fMRI data without
regressing out nuisance signals, and then calculated the
results using the same procedure. Together with the
results of unregressed (Supporting Information C) and
regressed fMRI data, it perhaps also supported that the
important roles of BGN, SRN and DMN in JME and the
potentials of emiCCA and FNC analysis to provide impor-
tant insights into understanding JME. Third, due to the
limited sample size (only 18 JME patients), future studies
should include larger sample sizes to determine these
mechanisms underlying the connections found in the cur-
rent study. In addition, because neuropsychological evalu-
ations in JME patients were not conducted in this study,
relationships between SN system and cognitive impair-
ment in JME patients would be investigated in the future.
Lastly, antiepileptic drugs may influence the functional
and discharge-affecting networks despite the fact that the
JME patients had discontinued medication for approxi-
mately 24 h in the current study. Therefore, this issue may

confound the findings in this study due to the potential
effects of antiepileptic drugs on brain cognitive function.

CONCLUSION

In conclusion, the present study provided evidence of
complex discharge-affecting networks (including the BGN,
DMN, SRN and frontal networks, among others) in JME
patients, in which linear and nonlinear relationships
between EEG and fMRI features existed. Furthermore, our
results suggested that BGN may be associated with the
modulation and propagation of epileptic discharges in
JME. Moreover, the DMN and SRN may play intermediary
roles in the propagation of epileptic discharges between
discharge-affecting networks, as well as propagation
between resting-state networks. These roles may contribute
to the increased FNCs between the SN and resting-state
networks in JME patients. The switching function of SN
may be disturbed by these roles, which account for the
cognitive impairment of JME patients. We presumed that
emiCCA and FNC analysis may be potential tools to inves-
tigate the epilepsy using simultaneous EEG-fMRI and pro-
vided important insights into understanding the
pathophysiological mechanism of epilepsy such as JME.
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