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Purpose: The purpose of this study was to comprehensively evaluate alterations of
resting-state spontaneous brain activity in patients with idiopathic generalized epilepsy
(IGE) and its subgroups [juvenile myoclonic epilepsy (JME) and generalized tonic-clonic
seizures (GTCY)].

Methods: Resting state functional magnetic resonance imaging (fMRI) data were
acquired from 60 patients with IGE and 60 healthy controls (HCs). Amplitude of low
frequency fluctuation (ALFF), global functional connectivity density (gFCD), local FCD
(IFCD), and long range FCD (IrFCD) were used to evaluate spontaneous brain activity
in the whole brain. Moreover, the coupling between ALFF and FCDs (gFCD, IFCD, and
IrFCD) was analyzed on both voxel-wise and subject-wise levels. Two-sample t-tests
were used to analyze the difference in ALFF, FCDs and coupling on a subject-wise
level between the two groups. Nonparametric permutation tests were used to evaluate
differences in coupling on a voxel-wise level.

Key findings: Patients with IGE and its subgroups showed reduced ALFF, gFCD and
IrFFCD in posterior regions of the default mode network (DMN). In addition, decreased
ALFF and increased coupling with FCD were found in the cerebellum, while decreased
coupling was observed in the bilateral pre- and postcentral gyrus in IGE compared with
the coupling in HCs. Similar findings were found in the analysis between each of the two
subgroups of IGE (JME and GTCS) and HCs, and JME patients had increased coupling in
the cerebellum and bilateral middle occipital gyrus compared with coupling in the GTCS
patients.

Significance: This study demonstrated a multifactor abnormality of the DMN in IGE and
emphasized that the abnormality in the cerebellum was associated with dysfunctional
motor symptoms during seizures and might participate in the regulation of GSWDs in IGE.

Keywords: idiopathic generalized epilepsy, coupling, functional magnetic resonance imaging, amplitude of low
frequency fluctuation, functional connectivity density
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INTRODUCTION

Idiopathic generalized epilepsy (IGE) is characterized by
widespread  generalized epileptic  discharges, including
generalized tonic-clonic, absence, and myoclonic seizures
(1). As a main subtype of IGE, generalized tonic-clonic seizures
(GTCS) is often followed by irregular clonic jerking (2). Using
scalp electroencephalography (EEG), generalized spike-and-
wave discharges (GSWDs) at 2.5-5Hz are observed in GTCS.
Juvenile myoclonic epilepsy (JME), another subtype of IGE, often
presents with the onset of seizures predominantly between 12 and
18 years of age. JME is characterized clinically by myoclonic jerks
after awakening, tonic-clonic seizures, and an EEG with 3-4 Hz
poly-spikes and GSWDs with fronto-central predominance (3).
Accumulated evidence from previous studies has demonstrated
the participation of the thalamus and widespread cortical regions
in the generation and propagation of epileptic activity (4-6).
In recent years, non-invasive neuroimaging techniques such
as functional magnetic resonance imaging (fMRI) provided
helpful tools to uncover the potential mechanisms of IGE (7-9).
For example, functional connectivity (FC) analysis shows that
generalized seizures are related to bilateral distributed networks
(10). Recently, some researchers have proposed that the coupling
of fMRI features would provide a complementary strategy to
evaluate the state of the human brain (11). Thus, we analyzed the
brain dysfunction associated with IGE and its subgroups using a
coupling of fMRI features.

Amplitude of low frequency fluctuation (ALFF) and
functional connectivity density (FCD) are fundamental features
of fMRI that represent voxel-level local neural activity and
functional integration, respectively (12, 13). Many studies have
suggested that ALFF of fMRI signals are closely related to the
spontaneous neuronal electrophysiological activity such as
delta or alpha rhythm (14, 15). In previous studies, significant
differences in ALFF were revealed in the thalamus and prefrontal
cortex in patients with IGE (16, 17). Meanwhile, FCD reflects
communication between different regions. Tomasi and his
colleagues suggested that higher glucose metabolism in hub
regions supports a higher communication rate in these regions
(12). In GTCS, alterations of the functional hub was primarily
located in the sensorimotor network (SMN) and the default
mode network (DMN) (18). Furthermore, significantly increased
long range FCD (IrFCD) was demonstrated in sensorimotor
areas, and decreased IrFCD was demonstrated in the prefrontal,
inferior parietal and temporal cortices in GTCS (19). These
studies separately revealed changes in ALFF and FCD in
patients with IGE. Recent evidence indicated that combining
ALFF and FCD might improve the capability for focusing
detection and comprehensively revealing the intrinsic brain
network dysfunction (11, 20), although a specific neuronal
processes is difficult to find to match the coupling between two
resting state features. The decreased coupling of amplitude and
connectivity in mesial temporal regions and increased coupling
in posterior regions of the DMN have been revealed in patients
with temporal lobe epilepsy (11). Decreased coupling between
ALFF and FCD in the hippocampus and parahippocampus
was observed in systemic lupus erythematosus patients without

overt neuropsychiatric symptoms (20). In addition, a sliding
window approach has been used to evaluate the dynamic ALFF
and dynamic FC in patients with schizophrenia, and altered
coupling between dynamic ALFF and FC associated with
schizophrenia were revealed, suggesting a disruption of the
adaptive network property (21). However, there is no study that
has combined ALFF and FCD to comprehensively evaluate the
altered resting-state spontaneous brain activity in patients with
IGE. We hypothesized that altered ALFF and FCD would be
observed in IGE and its subgroup. Additionally, the coupling
of ALFF and FCD might be altered in some specific regions
related to motor manifestations such as sensorimotor cortex and
cerebellum.

The current study evaluated alterations in ALFF and FCDs
[global FCD (gFCD), local FCD (IFCD), and IrFCD] separately in
patients with IGE and its subgroups and healthy controls (HCs).
Moreover, the alteration of coupling between ALFF and FCDs
was also evaluated in patients and HCs. Additionally, correlation
analyses between functional features (ALFF, gFCD, IFCD, and
IrFCD) and clinical factors in patients were performed.

MATERIALS AND METHODS

Subjects

A total of 60 patients with IGE (31 females; mean age = 25.47
=+ 8.96 years; mean disease duration = 10.35 % 9.13 years) from
the Affiliated Hospital of University of Electronic Science and
Technology of China were recruited. Diagnosis was established
according to the clinical and seizure semiology information
consistent with the International League Against Epilepsy (ILAE)
guidelines (22). All patients were treated with antiepileptic
drugs (AEDs). The detail information is demonstrated in
Supplementary Table 1 in the supporting information. The
seizure frequency is demonstrated in Supplementary Table 2 in
the supporting information. These IGE patients were divided into
two subgroups according to their clinical epilepsy syndromes,
including 28 GTCS only (13 females; mean age = 26.96 & 10.79
years; mean disease duration = 9.57 £ 11.01 years) and 32
JME only (18 females; mean age = 24.16 £ 6.91 years; mean
disease duration = 11.03 & 7.22 years). Sixty gender- and age-
matched healthy subjects (32 female; mean age = 25.88 &+ 8.09
years) were recruited as the HCs group. All detail information
are shown in Table 1. All controls had no history of neurological
disorder or psychiatric illness and no gross abnormalities on
brain MRI images. Gender and age were considered covariates
in the subsequent statistical comparisons. Written informed
consent was obtained from each subject. This study was approved
by the ethical committee of the University of Electronic Science
and Technology of China according to the standards of the
Declaration of Helsinki.

Data Acquisition

The resting-state functional data were acquired using gradient
echo-planar imaging (EPI) sequences in a 3T GE scanner with
an eight-channel-phased array head coil (MR750; GE Discovery,
Milwaukee, WI) at the MRI research center of the University
of Electronic Science and Technology of China. The imaging
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TABLE 1 | Characteristics of patients and HC.

Characteristics IGE JME GTCS HC P1 P2 P3 P4
(n = 60) (n=32) (n =28) (n = 60)
Mean + SD Mean + SD Mean + SD Mean + SD
Age 25.47 + 8.96 2416 + 6.91 26.96 =+ 10.79 25.88 & 8.09 0.862 0.842 0.302 0.992
Gender (female/male) 31/29 18/14 13/15 32/28 0.855P 0.789P 0.546P 0.448°
Duration (year) 10.35 £ 9.13 11.08 £ 7.22 9.57 &£ 11.01 - - - - 0.282

P1 represent the test results of IGE and HC.

P2 represent the test results of JIME and HC.

P3 represent the test results of GTCS and HC;

P4 represent the test results of GTCS and JME.
aThe p-value obtained by Wald-Wolfowitz run test.
bThe p-value obtained by chi-square test.

parameters were as following: repetition time = 2,000 ms, echo
time = 30ms, flip angle = 90°, field of view = 24 x 24 cm?,
matrix size = 64 x 64, and slice thickness = 4 mm with 0.4 mm
gap and 255 volumes were collected in each run. Axial anatomical
T1-weighted images were acquired using a 3-dimensional fast
spoiled gradient echo (T1-3D FSPGR) sequence [repetition
time = 6.008 ms, echo time = 1.984 ms, flip angle = 90°, matrix
size = 256 x 256, field of view = 25.6 x 25.6 cm?, and slice
thickness = 1mm (no gap)] to generate 152 slices. During
fMRI acquisition, all subjects were instructed to have their eyes
closed, move as little as possible, stay awake and not think about
anything in particular. After scanning, subjects were asked about
their experiences during the scan, including sleep, comfort, and
noise.

Data Preprocessing

Preprocessing of fMRI data was completed using the SPM12
software package (statistical parametric mapping available at:
http://www.filion.ucl.ac.uk/spm). (1) The first 5 volumes were
excluded to ensure a steady magnetic field. (2) Slice timing
was corrected. (3) There was realignment to the remaining 250
images. No rotation or translation parameters in any given data
set exceeded 2mm or 2°. Moreover, we evaluated frame-wise
displacement (FD) in all groups using the following formula:
FD = (1/ (M — 1)) Y11, (1Ady| + |Ady,| + |Adw | + |Ady |1+
|Ady,| + |Ady,|), where M is the length of the time course
(M = 250 here), x;, y;, and z; are translations in the x, y, and
z directions at the ith time point, Ady, = x; — xi—1, and Ady,
and Ad, is calculated using similar formulas. Meanwhile, [;, m;
and #; are rotations in the x, y, and z directions at the ith time
point and Adj, = 50 x m x (li - li_l) /180 (similar formulas
were used for Ady,, and Ad,;). FD was regressed as a covariate
in the subsequent statistical calculation. (4) The realigned images
were spatially normalized to the Montreal Neurological Institute
(MNI) template using a 12-parameter affine transformation and
resliced with voxel size of 3 x 3 x 3 mm. Then, the data went
through separate and additional preprocessing for the calculation
of ALFF and FCDs. For the preprocessing for ALFE, all spatially
normalized data were smoothed with an 8 mm full width at
half maximum (FWHM) Gaussian kernel. For the preprocessing
of FCDs, in order to avoid artificially introducing local spatial
correlations, images were not smoothed after they were spatially

normalized (23). Then, we regressed out the nuisance signals,
including 6 head motion parameters, the white matter signal, the
cerebral spinal fluid signal and the linear drift signal. We did
not regress the global signal of the brain because global signal
regression probably leads to anticorrelations in fMRI data (24).
Finally, bandpass filtering (0.01-0.08 Hz) was conducted on the
time series of each voxel.

ALFF Analysis

ALFF analysis was conducted using REST software (http://
restfmri.net/forum/REST_V1.8) (25). The time series was
converted to the frequency domain by means of using the fast
Fourier transform (FFT) to obtain the power spectrum. Then,
the power spectrum was square-rooted and averaged across 0.01-
0.08 Hz at each voxel. These results were defined as ALFF (13).
Finally, we divided the ALFF value of each voxel by the global
mean value for each participant.

FCD Analysis

The IFCD and gFCD were calculated to evaluate the strength of
voxel-wise FC (12). FC was evaluated using Pearson’s correlation
analyses. The threshold of the correlation coefficient was set as
0.6, similar to our previous studies (26, 27).

The steps of the calculation of IFCD and gFCD included the
following (12). First, the IFCD at a given voxel xo was calculated
as the number of FC above threshold between voxel xy and
other voxels within its local cluster. A 3-dimensional searching
algorithm developed in Interactive Data Language (IDL) was
used to determine the local cluster of x¢. If voxel x; is adjacent
to a voxel which belongs to the list of neighbors of xy and the
correlation value between xy and x; exceeded the correlation
threshold (r = 0.6), the voxel x; was added to the list of neighbors
of x¢. This calculation was repeated for next voxel which was on
the list of neighbors. The computation of gFCD was similar to
the calculation of IFCD; however, it was not restricted within its
local cluster but extended to all other voxels in the gray matter
mask. The calculation of IFCD and gFCD was repeated for all
voxels within the gray matter mask. In this manner, the IFCD and
gFCD maps of all subjects were obtained. In addition, the IrFCD
was generated by subtracting the IFCD from the gFCD (28). The
individual FCD map was normalized by dividing by the mean
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value across voxel in the gray matter mask. Then, all FCD maps
were smoothed with 8 mm FWHM Gaussian kernel.

Coupling Between ALFF and FCDs

FCD could indicate brain functional integration, and ALFF
can reflect the brain functional segregation (29). Therefore,
the coupling between ALFF and FCDs could comprehensively
and synergistically expose the dysfunction in patients with IGE
and its subgroups. Based on previous studies (11, 20), Pearson
correlation was used to evaluate the coupling between ALFF
and FCDs. The Pearson correlations between ALFF and FCDs
were calculated both voxel-wise and subject-wise in the gray
matter mask which was generated by averaging the gray matter
segmentations of T1 weight scans from all subjects (30). The gray
matter mask was created by SPM masking toolbox (http://wwwO0.
cs.ucl.ac.uk/staff/g.ridgway/masking/).

For a given voxel vy, the correlation (voxel-wise) was
calculated across subjects. First, the ALFF value and the IFCD
value at same voxel vy were extracted for one group. The Pearson
correlation between one-dimensional vectors (across subjects)
of ALFF and IFCD was calculated to obtain the voxel-wise
correlation value at voxel vy. The calculation was repeated for
all voxels within the gray matter mask to obtain one voxel-wise
correlation map. In addition, the same steps were carried out for
the coupling between ALFF and gFCD and the coupling between
ALFF and IrFCD. All of these calculations were performed for the
HCs and patient groups.

The subject-wise correlations between ALFF and FCDs was
computed for each subject. ALFF and IFCD maps within the gray
matter mask of each subject were reshaped as a one-dimensional
vector separately. Then, Pearson correlations between one-
dimensional vectors of ALFF and IFCD were calculated to obtain
the subject-wise coupling in each subject. The same calculation
was applied to the subject-wise correlation between ALFF and
gFCD and between ALFF and IrFCD. These three types of
subject-wise coupling were calculated in all subjects.

Statistical Analysis

We performed separate one-sample t-tests for ALFF, gFCD,
IFCD, and IrFCD maps to evaluate the distribution maps of these
features in all groups. Then, in order to assess alterations of the
above four imaging features in the IGE group relative to the maps
in the HCs group, a two-sample ¢-test was carried out within
the gray matter mask by threshold-free cluster enhancement
(TFCE) which was implemented in FSL (31) with p < 0.05 family-
wise error corrected. Furthermore, we divided the patient group
into JME and GTCS subgroups and performed the comparisons
between the JME, GTCS and HCs groups to assess differences
for each type of patient. Finally, Pearson correlation analyses
were calculated between the clinical factors in patients and the
above four imaging indicators for brain regions with significant
differences between groups.

For the coupling analyses, a two-sample ¢-test was conducted
on the Fishers r-to-z transformed results of the subject-wise
correlation between groups. On voxel-wise level, non-parametric
permutation tests with 10,000 repetitions were used to evaluate
the difference in coupling between ALFF and gFCD, IFCD,

and IrFCD in regions with significant correlations between
ALFF and FCDs in both groups. The significance level of the
non-parametric permutation test was set as a one-tailed p <
0.01 (uncorrected) and a cluster size of at least 30 voxels was used.
All neuroanatomical localization are based on Harmmers et al.
(32).

RESULTS

Imaging Feature Comparison Between
Patients and HCs

One-sample t-test results are shown in Supplementary Figure 1
in the supporting information and show the spatial distribution
of imaging parameters in all groups.

The significant differences in ALFF and FCDs between IGE
and HCs (TFCE, p < 0.05) are shown in Figure 1A and
Table 2. Compared with the HCs group, the IGE group had a
significantly increased ALFF in the right precentral gyrus and a
significantly decreased ALFF in the right superior parietal gyrus
and right cerebellum. The significantly increased IrFCD were
located in the left posterior temporal lobe and right middle and
inferior temporal gyrus and the significantly decreased IrFCD
were found in the right inferolateral remainder of parietal lobe,
left cingulate gyrus of posterior part and right superior frontal
gyrus. The significantly increased gFCD was located in the left
superior parietal gyrus, and the significantly decreased gFCD
were located in the left inferolateral remainder of parietal lobe,
left cingulate gyrus of posterior part and right superior frontal
gyrus. The significantly increased IFCD were located in the left
superior parietal gyrus, and the significantly decreased IFCD were
located in the right superior parietal gyrus and left inferolateral
remainder of parietal lobe.

The significant differences in ALFF and FCDs between the
JME and HCs groups (TFCE, p < 0.05) are shown in Figure 1B
and Table 3. Compared with the HCs group, the JME group
showed significantly increased ALFF in the bilateral precentral
gyrus and significantly decreased ALFF in the right cerebellum
and right superior parietal gyrus. Significantly increased IrFCD
were found in the left posterior temporal lobe and right middle
and inferior temporal gyrus, and significantly increased gFCD
and IFCD were located in the left superior parietal gyrus. In
addition, the significant differences in ALFF and FCDs between
the GTCS and HCs groups (TFCE, p < 0.05) are shown in
Figure 1C and Table 3. Compared with the HCs group, the GTCS
group had a significantly increased ALFF in the left postcentral
gyrus and left lateral orbital gyrus and significantly decreased
ALFF in the right cerebellum and superior parietal gyrus. The
significantly increased IrFCD was located in the left superior
parietal gyrus and significantly decreased IrFCD was located in
the right inferolateral remainder of parietal lobe. The significantly
increased gFCD was located in the left superior parietal gyrus and
significantly decreased gFCD was located in the left inferolateral
remainder of parietal lobe. The significantly increased IFCD was
located in the right superior parietal gyrus.

The significant differences in ALFF and FCDs between the
JME and GTCS groups (TFCE, p < 0.05) are shown in Figure 2
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A IGE vs HC

FIGURE 1 | (A) The significant differences of ALFF and FCDs between IGE and HC. (B) The significant differences of ALFF and FCDs between JME and HC. (C) The
significant differences of ALFF and FCDs between GTCS and HC (Threshold-Free Cluster Enhancement, p < 0.05). The significant increased regions were showed
with positive t-value and significant decreased regions with negative t-value. R, Right; L, Left.
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TABLE 2 | Significant differences of ALFF and FCDs between patients with IGE and HC.

Parameter Brain regions (Harmmers atlas) MNI coordinates Cluster size Peak t-value
(IGE > HC)
X Y z
ALFF Right precentral gyrus 30 —-12 63 2,611 7.1707
Right superior parietal gyrus 12 —66 36 3,600 —9.7908
Right cerebellum 6 —54 57 439 —7.1295
Right cerebellum 27 —-90 -27 1,004 —6.6404
IrFCD Left posterior temporal lobe —-33 —-33 -3 98 5.4034
Right middle and inferior temporal gyrus 42 —24 —21 208 5.2008
Right inferolateral remainder of parietal lobe 51 —63 21 200 —5.8661
Left cingulate gyrus, posterior part -9 —51 27 567 —5.4741
Right superior frontal gyrus 12 63 15 302 —5.4282
gFCD Left superior parietal gyrus —-15 —42 54 7 5.6583
Left inferolateral remainder of parietal lobe —36 —66 30 490 —5.2462
Left cingulate gyrus, posterior part -9 —51 27 417 —5.0217
Right superior frontal gyrus 15 63 15 389 —4.7921
IFCD Left superior parietal gyrus —-15 —42 54 797 5.8142
Right superior parietal gyrus 18 —51 21 104 —4.8566
Left inferolateral remainder of parietal lobe —60 —51 39 180 —4.2637

MNI, Montreal Neurological Institute.

and Table 4. Compared with the GTCS group, the JME group
had significantly increased ALFF in left superior temporal gyrus
of posterior part. The significantly increased IrFCD were located
in the left medial orbital gyrus, left middle and inferior temporal
gyrus and right fusiform gyrus and significantly decreased IrFCD
was located in the right precentral gyrus. The significantly
increased gFCD were located in the left parahippocampal and
ambient gyri and right middle and inferior temporal gyrus. The
significantly increased IFCD was located in the left anterior
temporal lobe of lateral part.

Altered Coupling Between ALFF and FCDs

The subject-wise correlations are shown in Table 5. Compared
with the HCs group, significant differences in coupling of
ALFF and IrFCD were found in IGE (p = 9.65x107°), JME
(p =3.30x 10~%), and GTCS (p = 0.0087) patients. Meanwhile,
no significant differences in the coupling of ALFF and gFCD
or ALFF and IFCD were found in patients with IGE, JME, and
GTCS.

For the voxel-wise correlations, all groups showed positive
correlations in the cerebellum and cortical structures as shown in
Supplementary Figure 2. The significant differences in coupling
of ALFF and FCDs between patients (in the IGE, JME, and GTCS
groups) and HCs and between patients in the GTCS and JME
groups are shown in Figure 3 and Supplementary Table 3.

The non-parametric permutation test with 10,000 repetitions,
with voxel-wise p < 0.01, to assess coupling of ALFF and FCDs.
For coupling of ALFF and IrFCD, patients with IGE (JME and
GTCS) showed significantly increased coupling in the cerebellum
and significantly decreased coupling in the right precentral and
postcentral gyrus compared with the HCs. Significantly decreased

coupling in the right lateral remainder of occipital lobe was
revealed in patients with IGE, significantly decreased coupling
in the right anterior temporal lobe of lateral part was revealed
in patients with JME and a significantly increased correlation
in the right putamen was obtained in patients with GTCS.
Compared with patients in the JME group, patients in the
GTCS group showed significantly increased coupling in the right
cerebellum, right inferolateral remainder of parietal lobe and
significantly decreased coupling in the right cerebellum. For
coupling of ALFF and gFCD, the IGE group had significantly
increased coupling in the right cerebellum and left anterior
temporal lobe of lateral part and significantly decreased coupling
in the right precentral gyrus and postcentral gyrus compared
with the coupling in the HCs group. The JME group showed
significantly increased coupling in the right cerebellum and
significantly decreased coupling in the right precentral gyrus.
In addition, significantly increased coupling was revealed in the
cerebellum and left lingual gyrus, and significantly decreased
coupling was revealed in the left middle frontal lobe and
bilateral precentral gyrus in the GTCS group. Compared with
the JME group, the GTCS group had significantly decreased
coupling in the right cerebellum, left middle and inferior
temporal gyrus and bilateral lateral remainder of occipital lobe.
For coupling of ALFF and IFCD, the IGE group exhibited
significantly increased coupling in the right cerebellum, left
anterior temporal lobe of medial part and right lateral remainder
of occipital lobe and significantly decreased coupling in the
right postcentral gyrus. The JME group showed significantly
increased coupling in the left cerebellum and right anterior
temporal lobe of lateral part and significantly decreased coupling
in the right precentral gyrus. In addition, the GTCS group
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TABLE 3 | Significant differences of ALFF and FCDs between patients with JME and HCs, patients with GTCS and HC.

Parameter Brain regions (Harmmers atlas) MNI Coordinates Cluster size Peak t-value
X Y z

JME > HC

ALFF Right precentral gyrus 27 —15 63 1,556 7.6361
Left precentral gyrus —24 —-15 63 296 5.6764
Right superior parietal gyrus 12 —66 36 2,089 —7.7847
Right cerebellum 6 57 —54 1,459 —6.3976

[rFCD Left posterior temporal lobe —-33 —-33 -3 965 74777
Right middle and inferior temporal gyrus 42 —24 —21 519 6.7156
Left superior parietal gyrus -9 —54 21 208 —4.3469

gFCD Left superior parietal gyrus —15 —42 51 60 5.6151
Right inferolateral remainder of parietal lobe 51 —63 24 59 —4.0931

IFCD Left superior parietal gyrus —-15 —42 51 366 6.0595

GTCS > HC

ALFF Left postcentral gyrus —45 —21 54 651 6.6488
Left lateral orbital gyrus —33 36 -9 1186 6.2284
Right superior parietal gyrus 9 —66 36 2,659 —7.5734
Right cerebellum 54 —63 -33 460 —5.4859

[rFCD Left superior parietal gyrus —-18 —42 57 409 4.673
Right inferolateral remainder of parietal lobe 54 —66 24 76 —4.5046

gFCD Left superior parietal gyrus -3 57 63 375 5.1948
Left inferolateral remainder of parietal lobe —42 —63 30 98 —3.9728

IFCD Right superior parietal gyrus 6 —51 57 251 4.5439

MNI, Montreal Neurological Institute.

JME vs GTCS

FIGURE 2 | The significant differences of ALFF and FCDs between JME and GTCS (Threshold-Free Cluster Enhancement, p < 0.05). The significant increased
regions were showed with positive t-value and significant decreased regions with negative t-value. R, Right; L, Left.

showed significantly increased coupling in the cerebellum and
right cuneus and significantly decreased coupling in the right
precentral and left postcentral gyrus. Compared with the JME
group, the GTCS group showed significantly increased coupling
in the right cerebellum and significantly decreased coupling
in the left postcentral gyrus, left cerebellum and right lateral
remainder of occipital lobe.

Correlation Analysis
After regressed out the age of onset, a significant positive
correlation between the mean value of ALFF in the right

cerebellum and the duration of disease was revealed
in the IGE group (R = 0528, P = 1.484 x 1075)
(Figure4). In addition, there was no significant

correlations between other clinical data and the value
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TABLE 4 | Significant differences of ALFF and FCDs between patients with JME and GTCS.

Parameter Brain regions (Harmmers atlas) MNI coordinates Cluster size Peak t-value
X Y 4
JME > GTCS
ALFF Left superior temporal gyrus, posterior part —57 0 —-15 83 5.5433
IrFCD Left medial orbital gyrus -3 48 -15 295 5.8404
Left middle and inferior temporal gyrus —57 -3 —24 469 5.1236
Right fusiform gyrus 39 —-12 —36 195 4.7339
Right precentral gyrus 42 —-12 42 63 —4.3247
gFCD Left parahippocampal and ambient gyri —21 —21 -30 701 5.328
Right middle and inferior temporal gyrus 63 3 27 243 4.8044
IFCD Left anterior temporal lobe, lateral part —54 6 —27 162 4.4284
MNI, Montreal Neurological Institute.
TABLE 5 | The correlation of ALFF and FCDs (IFFCD, gFCD, IFCD) in subject-wise.
Correlation IGE JME GTCS HC P1 P2 P3 P4
(n=60) (n =32) (n=28) (n=60)
Mean + SD Mean+SD Mean+SD Mean+SD
ALFF-IrFFCD 0.39 £+ 0.11 0.37 £ 0.11 0.40+0.10 0.47 £0.13 9.65 x107°5" 3.30 x107% 0.0087* 0.3267
ALFF-gFCD 0.53 +0.10 0.53 £+ 0.11 0.52 +0.12 0.56 &+ 0.10 0.1127 0.1690 0.1268 0.7954
ALFF-IFCD 0.48 £0.11 0.48 £0.12 0.47 £0.11 0.48 £0.10 0.7224 0.8182 0.9643 0.8231

P1 represent the test results of IGE and HC.

P2 represent the test results of JME and HC.
P3 represent the test results of GTCS and HC.
P4 represent the test results of GTCS and JME.

*There was significant difference of coupling between ALFF and FCDs between patients and HCs (p-value obtained by two-sample t-test of correlation coefficient which Fisher’s r-to-z

transformed).

of ALFF and FCDs in neither the JME nor the GTCS
groups.

DISCUSSION

In the current study, we combined analyses of FCDs and
ALFF to comprehensively evaluate the alteration of resting-
state spontaneous brain activity in patients with IGE and
its subgroups. In our study, patients with IGE, including
GTCS and JME, showed reduced ALFF in cerebellum and
regions in the DMN (primarily in the posterior part) and
increased ALFF in the frontal regions related to motor function.
Interestingly, decreased gFCD and IrFCD were also observed
in regions of the DMN in patients with IGE, suggesting
disruption in the DMN with multifactorial abnormality in
IGE. Moreover, increased coupling between FCDs and ALFF
was found in the cerebellum, while decreased coupling was
observed in the bilateral pre- and postcentral gyrus in
IGE compared with coupling in the HCs group. Similar
findings were also found in the two subgroups of patients
compared with HCs. Importantly, when the comparison was
performed between the two subgroups of patients, the decreased
coupling was found in the cerebellum and the bilateral
middle occipital gyrus in the GTCS group compared with
coupling in the JME group. It could be emphasized that the

abnormality in the cerebellum not only was associated with
dysfunctional motor symptoms during seizures but also might
participate in the regulation of GSWDs in IGE. However,
no significant difference was observed between the two
subgroups of IGE. These results may provide new insights into
understanding the pathophysiological mechanisms in patients
with IGE.

Consistent with previous studies, an abnormality of the
DMN was observed in patients with IGE in this study.
In epilepsy, previous studies showed deactivation in the
DMN during GSWDs, suggesting that GSWDs may suspend
normal function of the brain DMN (6, 33, 34). In addition,
the functional connectivity in the DMN was abnormal in
IGE even when GSWDs are not present. In this study,
we provided more information using BOLD signals and
functional connectivity to support an abnormality of the
DMN in IGE. Moreover, the alteration of the DMN was
similar across variable seizure phenotypes (35). Combined
with co-alterations of ALFF and FCDs within the DMN
regions in patients, we speculated that the abnormality in
the DMN might suggest disturbances of fundamental brain
function in patients with IGE and its subgroup. This view
was also verified by the similar DMN alternations with
brain disorders such as schizophrenia and Parkinson’s disease
(36-38).
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FIGURE 3 | (A) Statistic p-map demonstrating the significant difference between the IGE and HC. (B) Statistic p-map demonstrating the significant difference
between the JME and HC. (C) Statistic p-map demonstrating the significant difference between the GTCS and HC. (D) Statistic p-map demonstrating the significant
difference between the GTCS and JME (non-parametric permutation test, p < 0.01). The hot color reflects increased value and cool color represents decreased value
in contrasts IGE vs. HC, GTCS vs. JME, JME vs. HC, GTCS vs. JME. R, Right; L, Left.

JME vs. HC

0.0001

Motor manifestations are observed in some types of
generalized seizures, such as tonic-clonic and myoclonic seizures.
Consistent with this view, we found increased ALFF and FCDs
in the pre- and postcentral gyrus and paracentral lobule in
IGE patients, both JME and GTCS patients, who have serious
motor symptoms during seizures. Moreover, this increase was
shown in the two subgroups of patients when compared with the
HCs group separately. The abnormal enhancement of the BOLD
signal and functional connectivity in primary sensorimotor
cortex is correlated with the motor manifestations in patients

with JME and GTCS. Consistent with this finding, the structural
and functional abnormalities were observed in previous studies
(39-41). For example, the increased local spontaneous brain
activation in the precentral gyrus has been found in epilepsy
(42). Similarly, using EEG-fMRI, GSWD-related activations in
motor-related regions were observed in IGE (43). In addition,
the previous study also showed that tonic-clonic and myoclonic
seizures were most markedly reduced by biofeedback training
of the sensorimotor electroencephalogram rhythm in man (44).
More interestingly, it was also suggested that the somatosensory
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FIGURE 4 | The correlation between the value of ALFF in right cerebellum and
the duration of disease for IGE. Y* represent the disease duration years after
regressed out the age of onset.

cortex might take part in the generation of GSWDs in IGE
(45, 46).

Interestingly, the decreased coupling of ALFF and FCDs in
primary sensorimotor cortex was also illustrated in patients, and
this decreased coupling may be responsible for the dysfunction
of executing voluntary movement in patients with IGE (47).
Apart from the primary cortex in the motor system, the
decreased ALFF and abnormal coupling of ALFF and FCDs
in the cerebellum were observed in patients with IGE in this
study. In general, the cerebellum has been considered to play
an important role in motor control, such as coordination,
precision and accurate timing (48). A clear higher activation in
the cerebellum in patients with IGE was found in a previous
study using EEG-fMRI (34). Thus, the altered coupling in motor-
related intrinsic networks might imply multi-levels abnormality
related to motor function in IGE. In addition, the cerebellum
may be associated with the regulation of epileptic discharges
in IGE (8). In previous EEG-fMRI studies, patients with IGE
showed significant activation related to GSWDs in the cerebellum
(6, 34). Moreover, the output of cerebellar neurons might
regulate spike-and-wave discharges, opening a window for the
development of potential treatments for epilepsy, such as deep
brain stimulation (49, 50). Thus, our findings of a significantly
decreased ALFF in patients with IGE and its subgroups may
reflect motor dysfunction, especially myoclonic seizures. Recent
studies have suggested that rhythmic output from cerebellum

may contribute to the maintenance of generalized petit mal
seizures and combination of EEG and fMRI have found
activation of cerebellum related to GSWD (51-53). Therefore,
to some extent, we presume that the functional alteration in the
cerebellum could reflect the contribution effects of cerebellar to
the GSWDs in IGE.

Importantly, the coupling of ALFF and FCDs in patients was
further analyzed at a subject-wise level. Compared with people in
the HCs group, patients with IGE, JME and GTCS had significant
decreases in coupling of ALFF and IrFCD. The tight coupling
between ALFF and FCDs had been demonstrated in the healthy
physiological state (54). Therefore, the decreased coupling of
ALFF and IrFCD may reflect pathological uncoupling in patients
with IGE and its subgroups.

In summary, we assessed the resting-state fMRI alterations in
ALFF and FCDs in patients with IGE. Furthermore, ALFF and
FCDs were combined to comprehensively evaluate the altered
features of resting-state fMRI in IGE. The abnormality of the
DMN obtained using features of BOLD signals and functional
connectivity was found in both subgroups of IGE. In addition, the
changes of coupling between ALFF and FCDs in the cerebellum
and motor-related cortex might be important in IGE, and these
findings contribute to a deeper understanding of the motor
symptoms and GTCS regulation in IGE.

Limitations and Suggestions for Future

Our study still had several limitations. First, relatively small
samples of patients were enrolled in our study, which might
reduce the reliability of the findings. Finally, it has been suggested
that the global signal could obscure underlying neuroanatomical
relationships and should be removed (55). Because the global
signal might reflect the state of patients with neuro-psychiatric
disorders such as schizophrenia (56) and epilepsy (57, 58), the
effect of removing the global signal on FC remains unknown.
In this study, inclusion of global signal might have affected
the findings. In future, the abnormal functional and causal
connectivity of IGE at the network-level, such as large-scale
network should be considered. In particularly, default mode
network and cerebellum should be analyzed according to present
results.

AUTHOR CONTRIBUTIONS

XJ, CL, and S] generated the idea of this study. SM, LY, and QZ
diagnosed patients as IGE and its subgroups (JME and GTCS),
interpreted pathology data. XJ, SJ, HS, and XC designed this
study, finished the calculation, and interpreted imaging data. XJ
and CL drafted the manuscript. XJ, CL, SJ, DY, and DD revised
the manuscript.

FUNDING

This study was funded by grants from the National Natural
Science Foundation of China (81771822, 81701778, 31771149,
81471638, 81330032, 81271547), the PCSIRT project (IRT0910),
the 111 project (B12027) and the Project of Science and
Technology Department of Sichuan Province (2017HHO0001,
2017SZ0004).

Frontiers in Neurology | www.frontiersin.org

10

October 2018 | Volume 9 | Article 838


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Jia et al.

Disrupted fMRI Features Coupling in IGE

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at:

https://www.frontiersin.org/articles/10.3389/fneur.

2018.00838/full#supplementary-material

Supplementary Figure 1 | The ALFF and FCDs results for patients with IGE and
its subtypes(JME and GTCS) and healthy control. The T-values of one-sample
t-test were showed in each group, respectively. R, Right; L, Left.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Listed N. Proposal for revised classification of epilepsies and epileptic

syndromes. Commission on classification and
international league against epilepsy. Epilepsia
doi: 10.1111/j.1528-1157.1989.tb05316.x

terminology of the
(1989)  30:389-99.

. Bell WL, Walczak TS, Shin C, Radtke RA. Painful generalized clonic and tonic-

clonic seizures with retained consciousness. J Neurol Neurosurg Psychiatry
(1997) 63:792-5. doi: 10.1136/jnnp.63.6.792

. Janz D. Epilepsy with impulsive petit mal (juvenile myoclonic epilepsy).

Acta  Neurol Scand.

00900.x

(1985) 72:449. doi: 10.1111/j.1600-0404.1985.tb

. Jiang S, Luo C, Gong J, Peng R, Ma S, Tan S, et al. Aberrant thalamocortical

connectivity in juvenile myoclonic epilepsy. Int ] Neural Syst. (2018)
28:1750034. doi: 10.1142/50129065717500344

. Xue K, Luo C, Zhang D, Yang T, Li J, Gong D, et al. Diffusion

tensor tractography reveals disrupted structural
childhood absence epilepsy.  Epilepsy  Res.

doi: 10.1016/j.eplepsyres.2013.10.002

connectivity in
(2014)  108:125-38.

. LiQ,Luo C, Yang T, Yao Z, He L, Liu L, et al. EEG-fMRI study on the interictal

and ictal generalized spike-wave discharges in patients with childhood absence
epilepsy. Epilepsy Res. (2009) 87:160-8. doi: 10.1016/j.eplepsyres.2009.
08.018

. Gong]J, Chang X, Jiang S, Klugah-Brown B, Tan S, Yao D, et al. Microstructural

alterations of white matter in juvenile myoclonic epilepsy. Epilepsy Res. (2017)
135:1-8. doi: 10.1016/j.eplepsyres.2017.04.002

. Dong L, Luo C, Zhu Y, Hou C, Jiang S, Wang P, et al. Complex discharge-

affecting networks in juvenile myoclonic epilepsy: a simultaneous EEG-fMRI
study. Human Brain Mapp. (2016) 37:3515-29. doi: 10.1002/hbm.23256

. Li R, Liao W, Li Y, Yu Y, Zhang Z, Lu G, et al. Disrupted structural and

functional rich club organization of the brain connectome in patients with
generalized tonic-clonic seizure. Human Brain Mapp. (2016) 37:4487-99.
doi: 10.1002/hbm.23323

Berg AT, Berkovic SE Brodie MJ, Buchhalter ], Cross JH, van Emde Boas
W, et al. Revised terminology and concepts for organization of seizures and
epilepsies: report of the ILAE commission on classification and terminology,
2005-2009. Epilepsia (2010) 51:676-85. doi: 10.1111/j.1528-1167.2010.02522.x
Zhang Z, Xu Q, Liao W, Wang Z, Li Q, Yang F, et al. Pathological uncoupling
between amplitude and connectivity of brain fluctuations in epilepsy. Human
Brain Mapp. (2015) 36:2756-66. doi: 10.1002/hbm.22805

Tomasi D, Volkow ND. Functional connectivity density mapping. Proc Natl
Acad Sci USA. (2010) 107:9885-90. doi: 10.1073/pnas.1001414107

Zang YE, He Y, Zhu CZ, Cao QJ, Sui MQ, Liang M, et al. Altered baseline
brain activity in children with ADHD revealed by resting-state functional
MRI. Brain Dev. (2007) 29:83-91. doi: 10.1016/j.braindev.2006.07.002

Lu H, Zuo Y, Gu H, Waltz JA, Zhan W, Scholl CA, et al. Synchronized delta
oscillations correlate with the resting-state functional MRI signal. Proc Natl
Acad Sci USA. (2007) 104:18265-9. doi: 10.1073/pnas.0705791104

Goldman RI, Stern JM, Jerome Engel J, Cohen MS. Simultaneous
EEG and fMRI of the alpha rhythm. Neuroreport (2002) 13:2487-92.
doi: 10.1097/00001756-200212200-00022

Wang Z, Zhang Z, Liao W, Xu Q, Zhang J, Lu W, et al. Frequency-
dependent amplitude alterations of resting-state spontaneous fluctuations
in idiopathic generalized epilepsy. Epilepsy Res. (2014) 108:853-60.
doi: 10.1016/j.eplepsyres.2014.03.003

Supplementary Figure 2 | The results of coupling between ALFF and FCDs on
voxel-wise for patients with IGE and its subtypes (JME and GTCS) and healthy
control. R, Right; L, Left.

Supplementary Table 1 | Clinical information about antiepileptic drugs of GTCS
and JME.

Supplementary Table 2 | Clinical information about seizure frequency of GTCS
and JME.

Supplementary Table 3 | The significant differences of coupling between IGE
and HC, GTCS and JME, JME and HC, GTCS and HC.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Mcgill ML, Orrin D, Xiuyuan W, Quinn BT, Heath P, Chad C, et al. Functional
neuroimaging abnormalities in idiopathic generalized epilepsy. Neuroimage
Clin. (2014) 6:455-62. doi: 10.1016/j.nicl.2014.10.008

Zhang Z, Cheng HY, Chen XH, Ma CL, editors. Frequency-specific
alterations of functional hub in generalized tonic-clonic seizure. In: Ieee/acis
International Conference on Computer and Information Science. Okayama
(2016).

. Ling Z, Li Y, Wang Y, Rong L, Zhang Z, Lu G, et al. Aberrant long-range

functional connectivity density in generalized tonic-clonic seizures. Medicine
(2016) 95:3893. doi: 10.1097/MD.0000000000003893

Zhang XD, Jiang XL, Cheng Z, Zhou Y, Xu Q, Zhang ZQ, et al. Decreased
coupling between functional connectivity density and amplitude of low
frequency fluctuation in non-neuropsychiatric systemic lupus erythematosus:
a resting-stage functional MRI study. Mol Neurobiol. (2017) 54:5225-35.
doi: 10.1007/s12035-016-0050-9

FuZ, TuY, DiX, DuY, Pearlson GD, Turner JA, et al. Characterizing dynamic
amplitude of low-frequency fluctuation and its relationship with dynamic
functional connectivity: an application to schizophrenia. Neuroimage (2017)
180:619-31. doi: 10.1016/j.neuroimage.2017.09.035

Engel J Jr, International League Against Epilepsy (ILAE). A proposed
diagnostic scheme for people with epileptic seizures and with epilepsy : report
of the ILAE task force on classification and terminology. Epilepsia (2001)
42:796-803. doi: 10.1046/j.1528-1157.2001.10401.x

Achard S, Salvador R, Whitcher B, Suckling J, Bullmore E. A resilient,
low-frequency, small-world human brain functional network with highly
connected association cortical hubs. ] Neurosci Off ] Soc Neurosci. (2006)
26:63-72. doi: 10.1523/JNEUROSCI.3874-05.2006

Murphy K, Birn RM, Handwerker DA, Jones TB, Bandettini PA. The
impact of global signal regression on resting state correlations: are
anti-correlated networks introduced? Neuroimage (2009) 44:893-905.
doi: 10.1016/j.neuroimage.2008.09.036

Song XW, Dong ZY, Long XY, Li SE, Zuo XN, Zhu CZ, et al. REST: a toolkit
for resting-state functional magnetic resonance imaging data processing. Plos
ONE (2011) 6:¢25031. doi: 10.1371/journal.pone.0025031

Chen X, Duan M, Xie Q, Lai Y, Dong L, Cao W, et al. Functional disconnection
between the visual cortex and the sensorimotor cortex suggests a potential
mechanism for self-disorder in schizophrenia. Schizophr Res. (2015) 166:151-
7. doi: 10.1016/j.schres.2015.06.014

Luo C, Tu S, Peng Y, Gao S, Li ], Dong L, et al. Long-term effects of musical
training and functional plasticity in salience system. Neural Plast. (2014)
2014:180138. doi: 10.1155/2014/180138

Dardo T, Volkow ND. Aging and functional brain networks. Mol Psychiatry
(2012) 17:471, 549-58. doi: 10.1038/mp.2011.81

Tomasi D, Wang R, Wang GJ, Volkow ND. Functional connectivity and
brain activation: a synergistic approach. Cerebral Cortex (2014) 24:2619-29.
doi: 10.1093/cercor/bht119

Ridgway GR, Omar R, Ourselin S, Hill DL, Warren JD, Fox NC. Issues
with threshold masking in voxel-based morphometry of atrophied brains.
Neuroimage (2009) 44:99-111. doi: 10.1016/j.neuroimage.2008.08.045

Smith  SM, Nichols TE. Threshold-free cluster enhancement:
addressing  problems of smoothing, threshold dependence and
localisation in  cluster inference. Neuroimage (2009) 44:83-98.

doi: 10.1016/j.neuroimage.2008.03.061
Hammers A, Allom R, Koepp MJ, Free SL, Myers R, Lemieux L, et al. Three-
dimensional maximum probability atlas of the human brain, with particular

Frontiers in Neurology | www.frontiersin.org

October 2018 | Volume 9 | Article 838


https://www.frontiersin.org/articles/10.3389/fneur.2018.00838/full#supplementary-material
https://doi.org/10.1111/j.1528-1157.1989.tb05316.x
https://doi.org/10.1136/jnnp.63.6.792
https://doi.org/10.1111/j.1600-0404.1985.tb00900.x
https://doi.org/10.1142/S0129065717500344
https://doi.org/10.1016/j.eplepsyres.2013.10.002
https://doi.org/10.1016/j.eplepsyres.2009.08.018
https://doi.org/10.1016/j.eplepsyres.2017.04.002
https://doi.org/10.1002/hbm.23256
https://doi.org/10.1002/hbm.23323
https://doi.org/10.1111/j.1528-1167.2010.02522.x
https://doi.org/10.1002/hbm.22805
https://doi.org/10.1073/pnas.1001414107
https://doi.org/10.1016/j.braindev.2006.07.002
https://doi.org/10.1073/pnas.0705791104
https://doi.org/10.1097/00001756-200212200-00022
https://doi.org/10.1016/j.eplepsyres.2014.03.003
https://doi.org/10.1016/j.nicl.2014.10.008
https://doi.org/10.1097/MD.0000000000003893
https://doi.org/10.1007/s12035-016-0050-9
https://doi.org/10.1016/j.neuroimage.2017.09.035
https://doi.org/10.1046/j.1528-1157.2001.10401.x
https://doi.org/10.1523/JNEUROSCI.3874-05.2006
https://doi.org/10.1016/j.neuroimage.2008.09.036
https://doi.org/10.1371/journal.pone.0025031
https://doi.org/10.1016/j.schres.2015.06.014
https://doi.org/10.1155/2014/180138
https://doi.org/10.1038/mp.2011.81
https://doi.org/10.1093/cercor/bht119
https://doi.org/10.1016/j.neuroimage.2008.08.045
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Jia et al.

Disrupted fMRI Features Coupling in IGE

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

reference to the temporal lobe. Human Brain Mapp. (2010) 19:224-47.
doi: 10.1002/hbm.10123

Laufs H, Hamandi K, Salek-Haddadi A, Kleinschmidt AK, Duncan JS,
Lemieux L. Temporal lobe interictal epileptic discharges affect cerebral activity
in “default mode” brain regions. Human Brain Mapp. (2007) 28:1023-32.
doi: 10.1002/hbm.20323

Gotman ], Grova C, Bagshaw A, Kobayashi E, Aghakhani Y, Dubeau
F. Generalized epileptic discharges show thalamocortical activation and
suspension of the default state of the brain. Proc Natl Acad Sci USA. (2005)
102:15236-40. doi: 10.1073/pnas.0504935102

Li Q, Cao W, Liao X, Chen Z, Yang T, Gong Q, et al. Altered resting state
functional network connectivity in children absence epilepsy. J Neurol Sci.
(2015) 354:79-85. doi: 10.1016/.jns.2015.04.054

Jiang Y, Luo C, Li X, Li Y, Yang H, Li J, et al. White-matter functional
networks changes in patients with schizophrenia. Neurolmage (2018).
doi: 10.1016/j.neuroimage.2018.04.018. [Epub ahead of print].

Jiang Y, Luo C, Li X, Duan M, He H, Chen X, et al. Progressive
reduction in gray matter in patients with schizophrenia assessed with MR
imaging by using causal network analysis. Radiology (2018) 287:633-42.
doi: 10.1148/radiol.2017171832

Tan Y, Tan ], Deng J, Cui W, He H, Yang F, et al. Alteration of basal ganglia
and right frontoparietal network in early drug-naive Parkinson’s disease
during heat pain stimuli and resting state. Front Hum Neurosci. (2015) 9:467.
doi: 10.3389/fnhum.2015.00467

Bernhardt BC, Rozen DA, Worsley KJ, Evans AC, Bernasconi N, Bernasconi
A. Thalamo-cortical network pathology in idiopathic generalized epilepsy:
insights from MRI-based morphometric correlation analysis. Neurolmage
(2009) 46:373-81. doi: 10.1016/j.neuroimage.2009.01.055

Liu F Wang YE Li ML, Wang WQ, Li R, Zhang ZQ, et al. Dynamic
functional network connectivity in idiopathic generalized epilepsy with
generalized tonic-clonic seizure. Human Brain Mapp. (2017) 38:957-73.
doi: 10.1002/hbm.23430

Zhang ZQ, Liao W, Chen HF Mantini D, Ding JR, Xu Q, et al.
Altered functional-structural coupling of large-scale brain networks in
idiopathic generalized epilepsy. Brain ] Neurol. (2011) 134:2912-28.
doi: 10.1093/brain/awr223

Jiang S, Luo C, Liu Z, Hou C, Wang P, Dong L, et al. Altered local spontaneous
brain activity in juvenile myoclonic epilepsy: a preliminary resting-state fMRI
study. Neural Plast. (2016) 2016:3547203. doi: 10.1155/2016/3547203

Archer JS, Abbott DE, Waites AB, Jackson GD. fMRI “deactivation” of the
posterior cingulate during generalized spike and wave. Neuroimage (2003)
20:1915-22. doi: 10.1016/S1053-8119(03)00294-5

Sterman MB, Macdonald LR, Stone RK. Biofeedback training of the
sensorimotor electroencephalogram rhythm in man: effects on epilepsy.
Epilepsia (2010) 15:395-416. doi: 10.1111/j.1528-1157.1974.tb04016.x

Polack PO, Mahon S, Chavez M, Charpier S. Inactivation of the
somatosensory cortex prevents paroxysmal oscillations in cortical and related
thalamic neurons in a genetic model of absence epilepsy. Cereb Cortex (2009)
19:2078-91. doi: 10.1093/cercor/bhn237

Zheng TW, O’Brien TJ], Morris MJ, Reid CA, Jovanovska V, O’Brien P,
et al. Rhythmic neuronal activity in S2 somatosensory and insular cortices
contribute to the initiation of absence-related spike-and-wave discharges.
Epilepsia (2012) 53:1948-58. doi: 10.1111/j.1528-1167.2012.03720.x

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Satow T, Ikeda A, Yamamoto J, Begum T, Thuy DH, Matsuhashi M, et al.
Role of primary sensorimotor cortex and supplementary motor area in
volitional swallowing: a movement-related cortical potential study. Am |
Physiol Gastrointest Liver Physiol. (2004) 287:G459-70. doi: 10.1152/ajpgi.00
323.2003

Li Y, Du H, Xie B, Wu N, Wang J, Wu G, et al. Cerebellum
abnormalities in idiopathic generalized epilepsy with generalized tonic-clonic
seizures revealed by diffusion tensor imaging. PLoS ONE (2010) 5:e15219.
doi: 10.1371/journal.pone.0015219

Kros L, Rooda OH, De Zeeuw CI, Hoebeek FE. Controlling cerebellar
output to treat refractory epilepsy. Trends Neurosci. (2015) 38:787-99.
doi: 10.1016/j.tins.2015.10.002

Kros L, Eelkman Rooda OH, Spanke JK, Alva P, van Dongen MN, Karapatis
A, et al. Cerebellar output controls generalized spike-and-wave discharge
occurrence. Ann Neurol. (2015) 77:1027-49. doi: 10.1002/ana.24399

Davis R, Emmonds SE. Cerebellar stimulation for seizure control: 17-year
study. Stereotact Funct Neurosurgery (1992) 58:200-8. doi: 10.1159/0000
98996

Kandel A, Buzsi kG. Cerebellar neuronal activity correlates with
spike and wave EEG patterns in the rat. Epilepsy Res. (1993) 16:1-9.
doi: 10.1016/0920-1211(93)90033-4

Moeller F, Maneshi M, Pittau F, Gholipour T, Bellec P, Dubeau F, et al.
Functional connectivity in patients with idiopathic generalized epilepsy.
Epilepsia (2011) 52:515-22. doi: 10.1111/j.1528-1167.2010.02938.x

Yan CG, Yang Z, Colcombe SJ, Zuo XN, Milham MP. Concordance
among indices of intrinsic brain function: insights from inter-
individual variation and temporal dynamics. Sci Bull. (2017) 62:1572-84.
doi: 10.1016/j.s¢ib.2017.09.015

Fox MD, Zhang D, Snyder AZ, Raichle ME. The global signal and observed
anticorrelated resting state brain networks. ] Neurophysiol. (2009) 101:3270-
83. doi: 10.1152/jn.90777.2008

Yang GJ, Murray JD, Repovs G, Cole MW, Savic A, Glasser MF, et al.
Altered global brain signal in schizophrenia. Proc Natl Acad Sci USA. (2014)
111:7438-43. doi: 10.1073/pnas.1405289111

Luo C,LiQ, Lai Y, Xia Y, Qin Y, Liao W, et al. Altered functional connectivity
in default mode network in absence epilepsy: a resting-state fMRI study. Hum
Brain Mapp. (2011) 32:438-49. doi: 10.1002/hbm.21034

Yang T, Luo C, Li Q, Guo Z, Liu L, Gong Q, et al. Altered resting-state
connectivity during interictal generalized spike-wave discharges in drug-
naive childhood absence epilepsy. Hum Brain Mapp. (2013) 34:1761-7.
doi: 10.1002/hbm.22025

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Jia, Ma, Jiang, Sun, Dong, Chang, Zhu, Yao, Yu and Luo. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neurology | www.frontiersin.org

12

October 2018 | Volume 9 | Article 838


https://doi.org/10.1002/hbm.10123
https://doi.org/10.1002/hbm.20323
https://doi.org/10.1073/pnas.0504935102
https://doi.org/10.1016/j.jns.2015.04.054
https://doi.org/10.1016/j.neuroimage.2018.04.018
https://doi.org/10.1148/radiol.2017171832
https://doi.org/10.3389/fnhum.2015.00467
https://doi.org/10.1016/j.neuroimage.2009.01.055
https://doi.org/10.1002/hbm.23430
https://doi.org/10.1093/brain/awr223
https://doi.org/10.1155/2016/3547203
https://doi.org/10.1016/S1053-8119(03)00294-5
https://doi.org/10.1111/j.1528-1157.1974.tb04016.x
https://doi.org/10.1093/cercor/bhn237
https://doi.org/10.1111/j.1528-1167.2012.03720.x
https://doi.org/10.1152/ajpgi.00323.2003
https://doi.org/10.1371/journal.pone.0015219
https://doi.org/10.1016/j.tins.2015.10.002
https://doi.org/10.1002/ana.24399
https://doi.org/10.1159/000098996
https://doi.org/10.1016/0920-1211(93)90033-4
https://doi.org/10.1111/j.1528-1167.2010.02938.x
https://doi.org/10.1016/j.scib.2017.09.015
https://doi.org/10.1152/jn.90777.2008
https://doi.org/10.1073/pnas.1405289111
https://doi.org/10.1002/hbm.21034
https://doi.org/10.1002/hbm.22025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Disrupted Coupling Between the Spontaneous Fluctuation and Functional Connectivity in Idiopathic Generalized Epilepsy
	Introduction
	Materials and Methods
	Subjects
	Data Acquisition
	Data Preprocessing
	ALFF Analysis
	FCD Analysis
	Coupling Between ALFF and FCDs
	Statistical Analysis

	Results
	Imaging Feature Comparison Between Patients and HCs
	Altered Coupling Between ALFF and FCDs
	Correlation Analysis

	Discussion
	Limitations and Suggestions for Future

	Author Contributions
	Funding
	Supplementary Material
	References


