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Abstract

Background: Juvenile myoclonic epilepsy (JME) is the most common syndrome of idiopathic generalized epilepsy.
Although resting-state functional magnetic resonance imaging (rs-fMRI) studies have found thalamocortical circuit
dysfunction in patients with JME, the pathophysiological mechanism of JME remains unclear. In this study, we used
three complementary parameters of rs-fMRI to investigate aberrant brain activity in JME patients in comparison to
that of healthy controls.

Methods: Rs-fMRIand clinical data were acquired from 49 patients with JME undergoing monotherapy and 44 age-
and sex-matched healthy controls. After fMRI data preprocessing, the fractional amplitude of low-frequency fluctua-
tion (fALFF), regional homogeneity (ReHo), and degree centrality (DC) were calculated and compared between the
two groups. Correlation analysis was conducted to explore the relationship between local brain abnormalities and
clinical features in JME patients.

Results: Compared with the controls, the JME patients exhibited significantly decreased fALFF, ReHo and DC in the
cerebellum, inferior parietal lobe, and visual cortex (including the fusiform and the lingual and middle occipital gyri),
and increased DC in the right orbitofrontal cortex. In the JME patients, there were no regions with reduced ReHo
compared to the controls. No significant correlation was observed between regional abnormalities of fALFF, ReHo or
DC, and clinical features.

Conclusions: We demonstrated a wide range of abnormal functional activity in the brains of patients with JME,
including the prefrontal cortex, visual cortex, default mode network, and cerebellum. The results suggest dysfunctions
of the cerebello-cerebral circuits, which provide a clue on the potential pathogenesis of JME.

Keywords: Juvenile myoclonic epilepsy, Resting-state functional magnetic resonance imaging, Fractional amplitude
of low-frequency fluctuation, Regional homogeneity, Degree centrality

Background

Juvenile myoclonic epilepsy (JME) is the most common
syndrome of idiopathic generalized epilepsy (IGE) [1].
JME is characterized by myoclonic jerks, sometimes with
generalized tonic-clonic seizures and less frequently with
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of JME are 3—4-Hz generalized polyspike-wave or spike-
wave discharges, and routine brain magnetic resonance
imaging (MRI) usually presents no structural abnormali-
ties [3, 4]. Resting-state functional MRI (rs-fMRI) reveals
intrinsic spontaneous neural activity without performing
a task and thus aids in investigation of the possible patho-
genesis of JME according to blood oxygen level-depend-
ent signals at the whole-brain level [5].

The rs-fMRI is widely used to explore various neurolog-
ical conditions using different analytical parameters. The
amplitude of low-frequency fluctuation (ALFF), the frac-
tional ALFF (fALFF), the regional homogeneity (ReHo)
and the degree centrality (DC) measure local brain
functions from various aspects and introduce a com-
plementary relationship. The fALFF reflects the inten-
sity of spontaneous neuronal activity at the voxel level,
ReHo measures the synchronization of activity at a given
voxel with its neighboring voxels, and DC demonstrates
the importance of a node within a cerebral network and
quantifies the centrality of node directly [6-8]. Using
these parameters, a previous study has found functional
changes and dysconnectivity among brain regions, espe-
cially in the thalamocortical circuit, in JME patients, thus
reflecting different intrinsic neural activities at different
levels in JME [9]. Additionally, widespread cortical (e.g.,
in the temporal, occipital, cingulate, and insular cortices)
and subcortical (e.g., in the pallidum, hippocampus, and
putamen) regional abnormalities have been evidenced in
patients with JME, suggesting that brain dysfunction in
JME occurs over a range of thalamofrontal regions [10,
11]. However, previous studies only used a single rs-fMRI
parameter to investigate local brain activity alterations in
JME patients [10, 12, 13].

In this study, we investigated aberrant brain functional
activities in a group of JME patients in comparison to
healthy controls (HCs), using three complementary
metrics. To prevent confounding effects from multiple
antiepileptic drugs, only JME patients undergoing mono-
therapy of valproate (VPA) or levetiracetam (LEV) were
included in this study.

Materials and methods

Participants

Forty-nine patients with JME and 44 sex- and age-
matched HCs were recruited at the Epilepsy Center at
West China Hospital of Sichuan University from January
2016 to April 2019. The inclusion criteria were: (1) having
a diagnosis of JME by experienced neurologists accord-
ing to the criteria of the International League Against
Epilepsy guidelines, (2) having normal development, (3)
having normal routine brain MRI, (4) with no history
of psychiatric disorders, (5) with bilaterally synchro-
nous 3—4-Hz generalized polyspike-wave or spike-wave
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discharges shown at least once by EEG examination, with
a normal background, and (6) having been under mono-
therapy with VPA or LEV for >3 months. Four patients
were excluded due to the loss of original rs-fMRI images,
resulting in 45 patients for further analysis. The HCs had
no history of psychiatric or neurologic disorders. Nor did
they have any structural lesions on brain MRI. This study
was approved by the Local Ethics Committee of the West
China of Sichuan University (No0.2022[301]). All partici-
pants had provided written informed consent.

MRI acquisition

The fMRI data were obtained with a 3T MR scanner
(Siemens Medical Systems, Erlangen, Germany) with
an 8-channel phased-array head coil. A T2-weighted
gradient echoplanar imaging sequence was used
with the following protocols: repetition time/echo
time =2000/30ms, 30 axial slices per volume, 5-mm
slice thickness, no slice gap, matrix=64 x 64, field of
view = 240 x 240mm?, voxel size=3.75 x 3.75 x 5mm?>,
and flip angle =90°, 200 volumes, 406 s. During scanning,
participants were asked to relax and close their eyes.

The three-dimensional (3D) high-resolution
T1-weighted anatomical images were acquired using
a 3D-Magnetization Prepared Rapid Gradient Echo
sequence: 176 sagittal slices, repetition time=1900ms,
echo time=2.26ms, matrix=256 x 256, voxel size:
1x1x1mm?®  thickness/ gap=1/0mm, and flip
angle =90°. This session lasted for approximately 5 min.

Data preprocessing

All rs-fMRI data were preprocessed using the Data Pro-
cessing and Analysis for Brain Imaging (DPABI) tool-
box based on statistical parametric mapping (SPM12)
in MATLAB. After discarding the first 5 points, slice
timing and head motions were applied to the remain-
ing 195 points. No patient had head translation move-
ment >3 mm or head rotation >3°. The realigned mean
functional images were coregistered to individual
structural images. All functional images were subject
to spatial normalization to the Montreal Neurologi-
cal Institute space using the deformation fields derived
from the transformed structural images (resampling
voxel size=3 x 3 x 3mm?). The quality of the registra-
tion operation was checked, including coregistration
and spatial normalization. No patient was excluded due
to registration error. The linear trend of the time course
was removed. Nuisance covariates, including the Fris-
ton 24-parameter model, white matter and cerebrospinal
fluid signals, were regressed out, followed by band-pass
filtering (0.01-0.08 Hz).
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fALFF, ReHo and DC calculation

The fALFF values were calculated using DPABI. The fil-
tered time series for each voxel was converted into the
frequency domains using Fast Fourier Transform. The
square root of the power spectrum was calculated and
averaged across 0.01-0.08 Hz. This mean square root was
defined as the ALFF [14]. The fALFF was the ratio of the
ALFF at 0.01-0.08 Hz band to the ALFF across the whole
frequency range (0.01-0.25Hz) [7]. The fALFF is usually
less sensitive to ventricles and blood vessels and reflects
the intensity of spontaneous neuronal activity at a given
voxel.

ReHo values were calculated using DPABI and were
based on Kendall’s coefficient of concordance to measure
the local synchronization of the time series of the near-
est 26 voxels [6]. ReHo represents the consistency of the
brain activity in adjacent voxels [6].

DC values were calculated using DPABI. The time
course of each voxel within the whole-brain mask was
correlated with the time course of every other voxel, and
DC measures the strength of correlation to a given voxel
[15]. Each voxel represents a node on the graph, and each
significant FC in any voxel pair is an edge. The weighted
DC is the sum of weights from edges connecting to a
node [8]. Significant connections for calculating the DC
were identified as having a correlation coefficient thresh-
old of r>0.25. This threshold was selected to eliminate
counting voxels with low temporal correlations due to
signal noise [15]. DC refers to the brain’s intrinsic con-
nectivity in relation to the global information integration
function [16].

After calculation, the data were normalized by dividing
the fALFF, ReHo and DC value of each voxel to the global
average fALFF, ReHo and DC value with a whole-brain
mask. Finally, all normalized images were smoothed with
a Gaussian kernel (4-mm full width at half maximum).

Statistical analysis

The age, sex, and clinical features of participants were
analyzed using the SPSS 21.0 (IBM, Armonk, NY). Group
difference in age was tested using two-sample t-tests;
group difference in sex was analyzed with chi-square test.
To identify the abnormalities of brain activity in patients
with JME, the normalized fALFF, ReHo and DC maps
were included for the second-level random-effects analy-
sis. Two-sample ¢-tests were performed, with age and sex
as nuisance covariates to eradicate their respective con-
tributions. The T-map threshold was set at a voxel level
of P<0.005 and a cluster level of P<0.05, by using the
Gaussian random field theory for multiple comparisons.
The values of clusters showing significant group-differ-
ences in the mean fALFF/ReHo/DC were extracted for
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correlation analysis. Pearson correlation analysis assessed
the relationships between the fALFF, ReHo or DC and
clinical features, including seizure-onset age and epilepsy
duration. Spearman’s correlation analysis was used to
estimate the relationships between fALFF, ReHo or DC
and the VPA or LEV dosage.

Results

Demographics and clinical characteristics

Table 1 shows the demographics and clinical character-
istics of the JME patients (n=45) and the HCs (n=44).
There was no significant difference in sex or age between
the two groups. All JME patients received a single type of
antiepileptic drugs, including 25 receiving the LEV mon-
otherapy and 20 receiving the VPA monotherapy.

There was no significant difference in age between the
VPA and LEV monotherapy groups. In the LEV groups,
20% of the patients (n=>5) were male, while 70% of the
patients (n=14) were male in the VPA group (Supple-
mentary Table S1).

Between-group comparisons of functional alterations
Compared with the HCs, the patients with JME showed
decreased fALFF in the left cerebral hemisphere, includ-
ing the fusiform/lingual gyrus, middle occipital/superior
parietal gyrus, inferior parietal lobe (IPL), right cuneus/
superior occipital gyrus, and cerebellum, and increased
fALFF in the left inferior temporal gyrus (Fig. 1, Table 2).

The JME patients also exhibited lower ReHo in the cer-
ebellum, the fusiform/lingual gyrus, the middle occipital
gyrus, and the IPL (Table 2, Fig. 2). No regions showed
increased ReHo in the JME patients compared to the
controls.

Compared with the HCs, the JME patients displayed
reduced DC in the left lingual/fusiform gyrus, cerebel-
lum, and the right IPL, and increased DC in the right
orbital middle frontal gyrus (Table 2, Fig. 3).

We further compared these parameters between the
VPA and the LEV monotherapy groups. Compared with
the VPA group, the JME patients with the LEV mono-
therapy showed decreased fALFF in the left middle

Table 1 Demographics and clinical characteristics of JME

patients and healthy controls

JME (n=45) HC(n=44) P value
Sex (male, %) 19 (42.2%) 19 (43.2%) 0.97
Age (year) 21.12+£749 21.00+£7.16 0.94
Seizure-onset age (year) 14.134+3.51 - -
Duration of epilepsy (month)  82.22+7585 - -




Qin et al. Acta Epileptologica (2022) 4:29

Page 4 of 8

Fig. 1 The group differences of fractional amplitude of low-frequency fluctuation (fALFF) between juvenile myoclonic epilepsy patients with
monotherapy and healthy controls. Cold colors indicate decreased fALFF in the left fusiform/lingual gyrus, the middle occipital/superior parietal
gyrus, the inferior parietal lobe, the right cuneus/superior occipital gyrus, and the cerebellum. Warm colors indicate an increase in fALFF in the left
inferior temporal gyrus (voxel-level P<0.005, cluster-level P<0.05, corrected for Gaussian random field theory)

temporal gyrus with 55 voxels in size (Supplementary
Fig. S1). No significant differences were detected in ReHo
and DC.

Correlation analysis

No significant correlations were found between the age of
seizure onset or epilepsy duration and the value of fALFE,
ReHo or DC in the brain regions that showed significant
differences between groups (P>0.05, corrected for false
discovery rate).

Discussion

In this study, we used rs-fMRI indices from three dimen-
sions to investigate focal and global alterations of func-
tional activity in patients with JME. The results showed
reduced localized spontaneous brain activity and degree
of global connectivity predominantly in the poste-
rior regions of brains of JME patients, including the

occipitoparietal cortex and cerebellum, compared with
the HCs. This suggests that the functional abnormalities
associated with JME have extended beyond the prefrontal
lobe. Our findings indicate alterations of the cerebello-
cerebral circuits, which may provide new information on
the potential neuropathology of JME.

Here, we found that the patients with JME had reduced
fALFF, ReHo, and DC in the parietooccipital cortex,
especially in the IPL and visual cortex. Previous rs-
fMRI studies have demonstrated aberrant neural activi-
ties in the parietooccipital cortex in patients with JME
[12], childhood absence epilepsy [17], and generalized
tonic-clonic seizures only [18]. Studies using both EEG
recording and fMRI showed that the JME patients display
impaired connections between the lower-level sensory
systems (including the primary visual and extravisual
networks) and higher-order cognitive networks (includ-
ing the default mode network [DMN]) [19]. Simultaneous
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Table 2 Regions showing abnormal fALFF, ReHo, and DC in with JME and healthy controls
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Brain region Sizes (mm3) Peak MNI coordinate
X y z Peak intensity
fALFF
JME >HCs Temporal_Inf_L 2052 —46 6 —48 44901
JME <HCs Fusiform_L/ Lingual_L/Cerebelum_6_L 6318 =21 —75 —15 —4.7825
Occipital_Mid_L/Parietal _Sup_L 2754 —24 -72 33 —44766
Cuneus_R/Occipital_Sup_R 1863 12 —87 24 —4.5746
Parietal_Inf_L 3051 —33 —48 48 —5.701
ReHo
JME <HCs Cerebellum_8_L 4374 3 —78 —42 —4.6132
Lingual_L/Fusiform_L/Cerebelum_6_L 9747 —33 —42 —24 —55768
Occipital_Mid_L 2538 —48 —69 3 —4.6853
Parietal_Inf_L 1971 —33 —48 45 —4.9336
DC
JME>HCs Frontal_Mid_Orb_R 2106 27 36 -21 43572
JME<HCs Lingual_L/Fusiform_L/Cerebelum_6_L 3699 —24 —60 —15 —4.6547
Parietal_Inf_R 2268 30 —51 45 —4.3324

acquisition of EEG-fMRI showed significantly reduced
connectivity between DMN and the occipital cortex in
patients with IGE and uncontrolled seizures [20]. Studies
have also reported aberrant cortical thickness and gray
matter volume in the occipital lobe in patients with JME,
mainly in the fusiform, lingual gyrus, and lateral occipi-
tal cortex [21, 22]. Our results of decreased functional
activity and global connectivity in the occipital cortex
are consistent with those findings. We speculate that the
abnormalities in the occipital cortex are the underlying
pathomechanisms of JME.

The IPL and cuneus are the posterior elements of the
DMN, which involves self-awareness, higher-order
cognition, and modulation of attentions [23]. Previous
studies have reported DMN dysfunction and decreased
functional connectivity (FC) between the thalamus and
DMN in JME patients [11]. In addition, each subtype
of IGE shows an apparent reduction in FC within the
DMN [24]. Another study showed generalized spike and
wave discharge (GSWD)-related deactivations in the
DMN, suggesting that GSWDs may interrupt the func-
tions of the DMN [25]. Dynamic effective connectivity
and independent component analyses showed complex
alterations of DMN and its components in drug-naive
JME patients, indicating DMN dysfunction in the early
stage of JME [26]. Interestingly, another study found sig-
nificantly reduced DMN connectivity in VPA-resistant
IGE patients with uncontrolled seizures, compared with
responsive patients and HCs [20]. In this study, the con-
current decreases of fALFF, ReHo, and DC in the DMN
imply aberrant local spontaneous brain activity and

reduced global connectivity in JME patients. Thus, the
DMN abnormalities might indicate disorders of essential
brain function in JME patients.

We also observed significantly decreased fALFF, ReHo,
and DC in the cerebellum. Numerous neuroimaging
studies have identified structural and functional abnor-
malities in the cerebellum of JME patients [10, 12, 27].
The cerebellum also shows enhanced FC with the thala-
mus [11], and decreased FC with the frontalparietal
cortex [28], indicating that the cerebellum affects the
thalamocortical circuit functions in JME. Furthermore,
the JME patients demonstrate alterations of efferent
and afferent fibers between the cerebellum and different
regions of the cerebral cortex [28]. These findings indi-
cate disrupted cerebello-cerebral connectivity in JME.
Simultaneous EEG-fMRI revealed activations in the cer-
ebellum during GSWDs [25, 29], and functional coupling
among the cerebellum, thalamus, frontal cortex, and
sensorimotor-related regions [30]. Therefore, the cerebel-
lum may be involved in the generation and propagation
of epileptic activities. Increasing studies have suggested
that the cerebellum, which has widespread connections
with the prefrontal, temporal, parietal and occipital cor-
tices, is associated with cognitive function and emotional
processing [31]. The fALFF, ReHo, and DC changes in the
cerebellum and cerebral cortices in our study might be
related to the disrupted cerebello-cerebral circuit.

DC reflects the importance of voxels in brain func-
tional connectivity alterations and represents the most
localized and directly quantifiable measure of centrality.
Altered DC in a brain region indicates an aberrant degree
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Fig. 2 Aberrant regional homogeneity (ReHo) in the juvenile myoclonic epilepsy patients with monotherapy compared with healthy controls. Cold
colors indicate decreased fALFF in the left fusiform/lingual gyrus, the middle occipital gyrus, and the inferior parietal lobe. (voxel-level P<0.005,
cluster-level P<0.05, corrected for Gaussian random field theory). No regions showed increased ReHo

of its global connectivity. Compared with the other
two metrics in this study, DC depicts the importance
of the brain region in the whole brain and is less sensi-
tive to aberrations. In contrast to the above-mentioned
decreased DC in the occipital cortex and IPL, the orbito-
frontal cortex exhibited increased DC. The orbitofron-
tal cortex is an important subdivision of the prefrontal
cortex, and is connected to structures involved in emo-
tion processing and cognition, such as the hippocampus,
amygdala, and dorsolateral prefrontal cortex. Previous
rs-fMRI studies have reported increased intrinsic activ-
ity and functional coupling in the prefrontal cortex in
patients with JME [10, 12, 27]. During a verbal memory
task, researchers observed low activations in the amyg-
dala, hippocampus and frontotemporal cortices in JME
patients [32]. Structural neuroimaging studies have con-
firmed increased cortical thickness in the prefrontal
cortex of JME patients [33, 34]. Neuropsychological and
neuroimaging studies have revealed that the JME patients

present impaired behavioral functions, working memory,
and executive functions, which are associated with a dys-
functional prefrontal lobe [35]. The increased degree of
global connectivity in the prefrontal cortex reflects the
role of the prefrontal cortex in regulating activities of the
whole brain. Disruption of the prefrontal cortex might
underlie the pathophysiological mechanisms of JME.

The limitations of our study included a small sample size
and an unbalanced representation of patients receiving
LEV and VPA monotherapies in a cross-sectional design.
Thus, our results could not explain a direct casual rela-
tionship. Longitudinal follow-up of larger cohorts of JME
patients undergoing monotherapy is needed to establish
patterns of functional change in specific brain regions.

Conclusions

In summary, we demonstrated that JME patients
undergoing monotherapy exhibited decreased func-
tional activity in the occipitoparietal lobe and
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Fig. 3 The group differences of degree centrality (DC) between juvenile myoclonic epilepsy patients with monotherapy and healthy controls. Cold
colors indicate decreased DC in the left fusiform/lingual gyrus, the right inferior parietal lobe, and cerebellum, Warm colors indicate an increase of
DC in the right orbitofrontal cortex (voxel-level P<0.005, cluster-level P<0.05, corrected for Gaussian random field theory)

cerebellum, and increased functional activity in
the prefrontal cortex compared with the HCs. JME
involves a wide range of abnormal functional activities
across the brain, including the DMN, the cerebellum,
and the frontal and visual cortices. Our results sug-
gest that combining the fALFF, ReHo, and DC metrics
enables effective detection of brain functional abnor-
malities. The findings of dysfunctions of cerebello-cer-
ebral circuits may provide a clue for understanding the
potential pathogenesis of JME.
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