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A B S T R A C T

Recent neuroimaging studies have provided converging evidence of structural and functional abnormalities of
the thalamus in patients with juvenile myoclonic epilepsy (JME). There has also been limited evidence indicating
involvement of the subcortical grey matter structures other than thalamus in JME, but with inconsistent findings
across the studies. In the present study, we combined volumetric MRI and diffusion tensor imaging analyses to
investigate macrostructural and microstructural alterations of the subcortical grey matter in 64 JME patients
compared to 58 matched control subjects. Raw volume, fractional anisotropy (FA), and mean diffusivity (MD) of
6 subcortical grey matter structures (amygdala, hippocampus, caudate, pallidum, putamen, thalamus) were
measured in both hemispheres. Between-group (controls versus patients) comparisons of normalized volume,
FA, and MD, as well as within-group (patients) correlation analyses between structural changes and clinical
variables were carried out. Compared to controls, JME patients exhibited significant volume reductions in left
pallidum and bilateral putamen and thalamus. Duration of epilepsy negatively correlated with bilateral putamen
volumes. Patients and controls did not differ in FA values of all structures. Compared to controls, JME patients
showed significant MD increases in left pallidum and bilateral hippocampus, putamen, and thalamus. Significant
positive correlations were found between duration of epilepsy and MD values of bilateral hippocampus and
thalamus. We have provided evidence that macrostructural and microstructural abnormalities may not only be
confined to the thalamus but also affect basal ganglia and hippocampus in JME. Our findings could further
support the pathophysiological hypothesis of striato-thalamo-frontal network abnormality underlying JME, and
may implicate disease progression.

1. Introduction

Juvenile myoclonic epilepsy (JME) represents a common sub-
syndrome of idiopathic generalized epilepsy (IGE) with a strong genetic
basis, accounting for approximately 4%–10% of all epilepsies (Camfield
et al., 2013). It usually begins in the age at puberty and is clinically
characterized by myoclonic jerks of the upper extremities preferentially
occurring early in the morning, generalized tonic-clonic seizures (GT-
CS), and, less frequently, absence seizures (Janz, 1985). Typical inter-
ictal electroencephalography (EEG) features of JME consist of 3–6 Hz
generalized spike-wave or polyspike-wave discharges on a normal
background, dominantly with frontocentral accentuation.

The fundamental pathogenesis of JME remains elusive; however,
cumulative evidence over the decades has suggested that the thalamus
along with aberrant thalamocortical circuit plays a pivotal role in the
generation of generalized spike-wave discharges (Blumenfeld, 2005). In
support of this finding from experimental studies, a number of neu-
roimaging studies have provided converging evidence of both structural

and functional abnormalities of the thalamus in patients with JME
(Anderson and Hamandi, 2011; Seneviratne et al., 2014). These ab-
normalities included thalamic volume reduction (Kim et al., 2013; Kim
et al., 2007; Mory et al., 2011; Pulsipher et al., 2009), metabolic dys-
function (Bernasconi et al., 2003; Hattingen et al., 2014; Helms et al.,
2006; Lin et al., 2009a), altered microstructural integrity of the thala-
mocortical network (Deppe et al., 2008; Keller et al., 2011; Kim et al.,
2012; von Podewils et al., 2015), increased thalamic blood oxygenation
level-dependent activity in relation to generalized spike-wave dis-
charges (Gotman et al., 2005; Pugnaghi et al., 2014; Tyvaert et al.,
2009), and thalamocortical functional dysconnectivity (Ji et al., 2015;
Kim et al., 2014; McGill et al., 2014; O'Muircheartaigh et al., 2012).

The other subcortical grey matter (GM) structures have currently
received less attention than thalamus due to a robust finding of tha-
lamic involvement in JME. A few MRI studies showed a reduction in
volumes of putamen (Ciumas et al., 2008; Keller et al., 2011; Seeck
et al., 2005) and hippocampus (Kim et al., 2015; Lin et al., 2013) in
JME patients in comparison with healthy controls. However, the
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majority of above-mentioned studies used relatively a small number of
subjects, and the main findings were inconsistent across the studies and
not replicated in others (Goldberg et al., 2014; Saini et al., 2013). To
our knowledge, there is no currently available study that comprehen-
sively examined microstructural integrity of the subcortical GM struc-
tures using diffusion tensor imaging (DTI) in JME. DTI is an advanced
and noninvasive MRI technique that can detect the magnitude and di-
rectionality of water diffusion in vivo. The most widely used parameters
derived from DTI are fractional anisotropy (FA) and mean diffusivity
(MD), both of which can provide complementary information on mi-
crostructural integrity of the white matter tracts. Although DTI has
been primarily developed to evaluate white matter integrity, it is now
increasingly used to investigate microstructural changes of GM, parti-
cularly the subcortical GM (Cherubini et al., 2010; Luo et al., 2011). In
the present study, we combined volumetry and DTI analysis to in-
vestigate macrostructural and microstructural alterations of the sub-
cortical GM in a large cohort of JME patients compared with matched
healthy controls. We predicted that structural alterations may not only
be restricted to the thalamus but also affect other subcortical GM in
patients with JME. These in turn would be reflected in the disease status
of the patients, as predicted by their clinical variables (i.e., disease
duration, seizure frequency).

2. Methods

2.1. Participants

We prospectively recruited 67 patients with JME who were followed
up in the outpatient epilepsy clinic of Korea University Guro Hospital.
Thirty-three patients were identified from our previous studies (Kim
et al., 2012; Kim et al., 2013; Kim et al., 2014). The diagnosis of JME
was based on electroclinical criteria according to the ILAE (Interna-
tional League Against Epilepsy) classification. Inclusion criteria we used
were as follows: (1) myoclonic seizure preferentially occurring early in
the morning, with or without GTCS or absence seizure; (2) seizure
beginning from the teens or early twenties; (3) normal neurological
examination; (4) normal cognitive functions as briefly assessed by a
Mini-Mental State Examination score of 28 or higher (Crum et al.,
1993); (5) at least one EEG disclosing typical 3–6 Hz generalized spike-
wave discharges on a normal background; and (6) neither abnormal nor
unusual findings on clinical MR images. Patients with co-morbid neu-
rological, psychiatric, or chronic systemic disorders were excluded.
Demographic data and clinical information such as seizure semiology,
age of seizure onset, duration of epilepsy, total number of GTCS, and
current antiepileptic drugs were obtained through interviews with the
patients and their parents and reviews of medical records.

For group comparison, 60 healthy volunteers matched for age,
gender, and education years were prospectively recruited to serve as
controls. All control subjects underwent neurological examination and
a detailed interview to ensure that they had (1) no neurological ab-
normality and global cognitive impairment (Mini-Mental State
Examination score ≥ 28/30) (Crum et al., 1993); (2) no history of
neurological, psychiatric, or systemic disorders; (3) no family history of
epilepsy; and (4) no history of alcohol or drug abuse. Control subjects
with abnormal MRI findings were also excluded. The local ethics
committee approved the study protocol, and all participants gave
written informed consent prior to study inclusion.

2.2. MRI data acquisition

All participants were scanned on a Siemens Trio 3T scanner
(Erlangen, Germany) with a 12-channel phased array head coil. For
identification of structural abnormalities, the following clinical MR
images were acquired: axial T2-weighted and fluid-attenuated inversion
recovery images (4 mm thickness), and oblique coronal T2-weighted
and fluid-attenuated inversion recovery images perpendicular to the

long axis of hippocampus (3 mm thickness). The MR images were re-
viewed by a board-certified neuroradiologist (S.I.S.) for any structural
abnormalities and reported as normal in all participants.

For volumetric analysis, a high-resolution 3D magnetization-pre-
pared rapid gradient-echo sequence was acquired using the following
parameters: TR = 1780 ms, TE = 2.34 ms, matrix = 256 × 256,
FOV = 256 × 256 mm, voxel size = 1 mm3. For DTI analysis, a single-
shot spin-echo echoplanar imaging sequence was acquired with the
following parameters: 30 noncollinear diffusion directions (b-va-
lue = 1000 s/mm2) with two nondiffusion gradient (b-value = 0 s/
mm2), TR = 6500 ms, TE = 89 ms, matrix = 128 × 128,
FOV = 230 × 230 mm, voxel size = 1.8 × 1.8 × 3 mm3. The acqui-
sitions were repeated two times to improve the signal-to-noise ratio and
to reproduce more diffusion directionalities. Particular attention was
taken to center the subject in the head coil and to restrain head
movements with cushions and adhesive medical tape. Resting-state
functional MRI data were acquired simultaneously but not included in
the current analysis. All patients reported no seizure during the scan-
ning.

2.3. Volumetric analysis

Image preprocessing and volumetric measurement were performed
using FMRIB's Software Library (FSL 5.0.9, https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/). Automated segmentation of the subcortical GM was car-
ried out using FIRST (FMRIB's Integrated Registration and
Segmentation) that uses Bayesian probabilistic approach, as described
in detail elsewhere (Patenaude et al., 2011). Briefly, registration in
FIRST comprises an affine transformation (12 degrees of freedom) of
the raw, volumetric T1-weighted images to MNI 152 standard space.
After subcortical registration, subcortical masks were applied in order
to locate the different subcortical structures, followed by segmentation
based on shape models and voxel intensities. All segmentations were
visually inspected for accuracy prior to inclusion in the analysis. Ab-
solute volumes of bilateral amygdala, hippocampus, caudate, pallidum,
putamen, and thalamus were measured in cubic millimeters. To reduce
the effects of inter-individual variability in head size, volumetric scaling
factor was obtained for each subject by using SIENAX tool (http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/SIENA) from the corresponding volumetric
T1-weighted image. Thus, normalized volume for each GM was ob-
tained by multiplying the measured volume from FIRST by the volu-
metric scaling factor from SIENAX.

Data were first tested for normality of distribution and homogeneity
of variance assumption using Kolmogorov-Smirnov test and Levene test,
respectively. Differences in normalized volumes of 12 GM structures
between patients and controls were assessed by analysis of covariance
with age, gender, and education years as nuisance covariates. Given the
number of multiple comparisons, all p values were adjusted for multiple
significance testing using the false discovery rate (FDR) adjustment by
Benjamini and Hochberg (Benjamini and Hochberg, 1995). This ad-
justment avoids the inflated rate of false negatives arising from Bon-
ferroni adjustments while still controlling for false positives, and has
been recommended for use in health studies (Glickman et al., 2014).
Statistical significance was thresholded at FDR-corrected p < 0.05 in
all between-group comparisons. Possible relationships were explored
between normalized volumes of significant between-group differences
and duration of epilepsy and total number of GTCS using Pearson or
Spearman correlation analysis, where appropriate. In addition, partial
correlation coefficients were computed between volumes and duration
of epilepsy while controlling for the effect of age at seizure onset.
Correlations between volumes and duration of epilepsy could not be
corrected for age due to the multicollinearity between age and duration
of epilepsy (Pearson correlation coefficient, r = 0.901, p < 0.000001,
variance inflation factor = 5.300). All p values for correlations were
further corrected for multiple comparisons using FDR (corrected
p < 0.05). Statistical analyses were performed with the Statistical
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Package for Social Sciences (Version 21.0; IBM, Armonk, New York).

2.4. Diffusion tensor imaging analysis

DTI data were preprocessed using the FMRIB's Diffusion Toolbox
(FDT), part of FSL. First, DTI data were visually inspected for image
quality, and then corrected for eddy current and head motion by re-
gistering each subject's 30 diffusion weighted images to their own
nondiffusion-weighted image using FLIRT (FMRIB Linear Image
Registration Tool). Brain extraction tool (BET) implemented in FSL was
used to remove nonbrain tissues and background noise by applying a
fractional intensity threshold of 0.35. Next, a diffusion tensor model
was fitted at each voxel using DTIFIT to generate FA and MD maps.

In order to retrieve FA and MD values in native DTI space, each
subject's volumetric T1-weighted image was coregistered to the FA and
MD images using a three-dimensional rigid body registration with
FLIRT. The calculated transformation matrix was then applied to the
subcortical GM segmented from FIRST. Binary masks were created for
the bilateral amygdala, hippocampus, caudate, pallidum, putamen, and
thalamus. FA and MD values were then retrieved from these 12 GM
structures and fed into statistical analysis. Differences in FA and MD
values between patients and controls were assessed by analysis of
covariance adjusting for the effects of age, gender, and education years.
Possible relationships were explored between FA and MD values of
significant between-group differences and duration of epilepsy and total
number of GTCS by using Pearson or Spearman correlation analysis,
where appropriate. In addition, partial correlation coefficients were
computed between FA or MD values and duration of epilepsy while
controlling for the effect of age at seizure onset. Correlations between
FA or MD values and duration of epilepsy could not be corrected for age
due to the multicollinearity between age and duration of epilepsy.
Statistical significance for group comparisons and correlations was set
at FDR-corrected p < 0.05.

3. Results

3.1. Clinical characteristics

Three patients and two control subjects were excluded due to poor
image quality from excessive head motion or DTI distortion. A total of
64 patients with JME (32 women, mean age = 25.7 years) and 58
control subjects (30 women, mean age = 26.8 years) were finally in-
cluded for statistical analysis (Table 1). Patients and controls did not
differ in age, gender, education years, and Mini-Mental State Ex-
amination score. Mean age of seizure onset was 16.2 ± 3.5 years, and
mean duration of epilepsy was 9.5 ± 7.2 years. Total number of GTCS
was 5.7 ± 9.6. Semiological features included myoclonic seizure in 64
patients (100%), GTCS in 58 (91%), and absence seizure in 34 (53%).
Family history of epilepsy was reported in 21 patients (33%). The

antiepileptic drugs that patients received at the time of study consisted
of valproate monotherapy in 25 patients (39%), levetiracetam mono-
therapy in 12 (19%), topiramate monotherapy in 5 (8%), lamotrigine
monotherapy in 2 (3%), zonisamide monotherapy in 2 (3%), poly-
therapy with valproate and one of levetiracetam, topiramate, or la-
motrigine in 16 (25%), and none in 2 (3%).

3.2. Volumetric analysis

Normalized volumes for the 12 subcortical GM structures and sta-
tistical results are detailed in Table 2 and depicted in Fig. 1. Compared
to controls, JME patients had significant volume reductions in left
pallidum (F1,117 = 7.635, p= 0.007), left putamen (F1,117 = 5.728,
p = 0.018), right putamen (F1,117 = 7.136, p = 0.009), left thalamus
(F1,117 = 8.857, p = 0.004), and right thalamus (F1,117 = 6.289,
p = 0.014). These differences remained significant after correcting for
multiple comparisons using FDR. There were no significant differences
in normalized volumes of bilateral amygdala, hippocampus, caudate,
and right pallidum between controls and patients (all p > 0.05). No
differences were found in normalized volumes of all 12 GM structures
between JME patients with absence seizures (n= 34) and those
without (n = 30) (all p > 0.05).

In controls, no significant correlations were found between age and
volumes of left putamen (r =−0.073, p = 0.586) and right putamen
(r =−0.106, p = 0.428). In patients with JME, duration of epilepsy
negatively correlated with volumes of left putamen (r = −0.350,
p = 0.005) and right putamen (r =−0.333, p = 0.007) (Fig. 2). Par-
tial correlation analysis with duration of epilepsy controlling for age at
seizure onset also revealed significant negative correlations with vo-
lumes of left putamen (r= −0.349, p= 0.005) and right putamen
(r =−0.332, p = 0.008). These correlations remained significant after
FDR correction. No significant correlations were found between dura-
tion of epilepsy and volumes of left pallidum and bilateral thalamus (all
p > 0.05). There were no significant correlations between normalized
volumes of these 5 subcortical GM and total number of GTCS (all
p > 0.05).

3.3. FA and MD analysis

FA and MD values for the 12 subcortical GM structures and statis-
tical results are presented in Table 2 and depicted in Fig. 1. Patients and
controls did not differ in FA values of the 12 GM structures (all
p > 0.05). Compared to controls, JME patients exhibited significant
MD increases in left pallidum (F1,117 = 6.927, p= 0.010), left hippo-
campus (F1,117 = 10.750, p = 0.001), right hippocampus
(F1,117 = 6.949, p = 0.010), left putamen (F1,117 = 5.837, p = 0.017),
right putamen (F1,117 = 5.880, p = 0.017), left thalamus
(F1,117 = 9.686, p = 0.002), and right thalamus (F1,117 = 6.797,
p = 0.010). These differences remained significant after correcting for

Table 1
Demographic and clinical data.

JME patients Controls p-Value

Number of subjects 64 58
Gender (female:male) 32:32 30:28 0.721
Age (years) 25.7 ± 8.1 (range, 15–44) 26.8 ± 6.9 (range, 15–44) 0.390
Handedness (right:left) 61:3 56:2 > 0.999
Education years 13.9 ± 1.9 14.1 ± 2.0 0.581
MMSE score 29.5 ± 0.7 29.6 ± 0.6 0.245
Seizure semiology MS (100%), GTCS (91%), AS (53%)
Age of seizure onset (years) 16.2 ± 3.5 (range, 10–25)
Duration of epilepsy 9.5 ± 7.2 (range, 1–29)
Total number of GTCS 5.7 ± 9.6 (range, 0–53)

Abbreviations: AS = absence seizure; GTCS = generalized tonic-clonic seizure; JME = juvenile myoclonic epilepsy; MMSE =Mini-Mental State Examination; MS =myoclonic seizure.
Data are presented as mean ± standard deviation.
Group comparisons were made using two-sample t-test, chi-square test, or Fisher's exact test, where appropriate.
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multiple comparisons using FDR. MD values of the other GM structures
were not different between patients and controls (all p > 0.05). No
differences were found in FA and MD values of all 12 GM structures
between JME patients with absence seizures (n= 34) and those
without (n = 30) (all p > 0.05). In addition, Pearson correlation
coefficients were computed between normalized volume and MD values
of significantly altered subcortical GM structures to delineate re-
lationships between macrostructural and microstructural changes in
patient group. Significant correlations were found between volume and

MD value in left thalamus (r =−0.503, p < 0.001) and right tha-
lamus (r = −0.363, p = 0.003). The other structures (left pallidum,
bilateral hippocampus, bilateral putamen) showed no significant cor-
relations (all p > 0.05).

In controls, there were negative correlations between age and MD
values of left hippocampus (r =−0.395, p = 0.002) and right hippo-
campus (r= −0.310, p= 0.018), while no significant correlations
were observed between age and MD values of left thalamus
(r =−0.088, p= 0.513) and right thalamus (r = −0.054,

Table 2
Normalized volume, fractional anisotropy, and mean diffusivity of the subcortical grey matter structures in controls and patients with juvenile myoclonic epilepsy.

Subcortical structures Volume (mm3) Fractional anisotropy Mean diffusivity (10−3 mm2/s)

Controls Patients p-Value Controls Patients p-Value Controls Patients p-Value

L amygdala 1916 (283) 1909 (267) 0.947 0.222 (0.017) 0.221 (0.021) 0.609 1.012 (0.052) 1.032 (0.062) 0.064
R amygdala 2078 (299) 1985 (323) 0.117 0.209 (0.017) 0.210 (0.018) 0.919 1.073 (0.062) 1.082 (0.074) 0.486
L hippocampus 5093 (616) 4936 (576) 0.157 0.230 (0.017) 0.227 (0.019) 0.415 1.015 (0.059) 1.056 (0.080) 0.001⁎

R hippocampus 5153 (604) 4997 (602) 0.153 0.239 (0.016) 0.236 (0.019) 0.359 1.041 (0.060) 1.072 (0.077) 0.010⁎

L caudate 4855 (541) 4722 (431) 0.080 0.273 (0.023) 0.267 (0.027) 0.123 1.081 (0.103) 1.115 (0.115) 0.067
R caudate 4893 (581) 4726 (471) 0.058 0.267 (0.028) 0.265 (0.030) 0.577 1.151 (0.127) 1.179 (0.128) 0.200
L pallidum 2456 (199) 2367 (177) 0.007⁎ 0.417 (0.037) 0.417 (0.029) 0.878 0.712 (0.034) 0.726 (0.023) 0.010⁎

R pallidum 2448 (198) 2386 (164) 0.064 0.428 (0.036) 0.433 (0.032) 0.219 0.715 (0.029) 0.717 (0.023) 0.821
L putamen 6837 (611) 6597 (586) 0.018⁎ 0.308 (0.016) 0.309 (0.020) 0.604 0.735 (0.020) 0.743 (0.016) 0.017⁎

R putamen 6899 (614) 6630 (602) 0.009⁎ 0.313 (0.018) 0.316 (0.017) 0.233 0.722 (0.014) 0.729 (0.016) 0.017⁎

L thalamus 11,274 (1001) 10,793 (819) 0.004⁎ 0.314 (0.016) 0.309 (0.019) 0.159 1.087 (0.062) 1.124 (0.074) 0.002⁎

R thalamus 10,937 (967) 10,534 (848) 0.014⁎ 0.313 (0.016) 0.310 (0.019) 0.351 1.108 (0.065) 1.140 (0.086) 0.010⁎

Abbreviations: L = left; R = right.
Data are presented as mean (standard deviation).
Group comparisons were made using analysis of covariance adjusting for the effects of age, gender, and education years.

⁎ Significant at p < 0.05, corrected for multiple comparisons using false discovery rate.

Fig. 1. Mean (bars) and standard deviation (whiskers) for the normalized volumes (A, B) and mean diffusivity values (C, D) of the subcortical grey matter structures in controls and
patients with juvenile myoclonic epilepsy. The asterisk (*) indicates statistical significance between the groups (p < 0.05, corrected for multiple comparisons using false discovery rate).
Abbreviations: Amyg = amygdala; Hipp = hippocampus; Caud = caudate; Pall = pallidum; Puta = putamen; Thal = thalamus.
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p = 0.685). In patients with JME, significant positive correlations were
found between duration of epilepsy and MD values of left hippocampus
(r = 0.303, p = 0.015), right hippocampus (r = 0.301, p = 0.016), left
thalamus (r = 0.332, p= 0.007), and right thalamus (r = 0.509,
p < 0.001) (Fig. 2). Partial correlation analysis with duration of epi-
lepsy controlling for age at seizure onset also revealed significant po-
sitive correlations with MD values of left hippocampus (r = 0.302,
p = 0.016), right hippocampus (r = 0.303, p= 0.016), left thalamus
(r = 0.332, p= 0.008), and right thalamus (r = 0.508, p < 0.001).
These correlations remained significant after FDR correction. MD va-
lues of bilateral putamen did not correlate with duration of epilepsy
(both p > 0.05). No significant correlations were found between MD
values of these 7 GM and total number of GTCS (all p > 0.05).

4. Discussion

This study attempted to explore structural changes of the subcortical
GM in patients with JME using a multimodal MRI approach that took
into account volumetric and microstructural integrity changes. The
main findings are macrostructural or microstructural alterations of the
thalamus, basal ganglia, and hippocampus in JME patients, which may
extend our understanding of the neuroanatomical changes underlying
JME.

4.1. Thalamus

Our finding of thalamic volume reduction is in good accordance
with recent MRI studies that employed voxel-based morphometry or
manual volumetry (Kim et al., 2013; Kim et al., 2007; Kim et al., 2015;
Lin et al., 2009b; Mory et al., 2011; Pulsipher et al., 2009), strongly
suggesting a specific macrostructural alteration of the thalamus in JME.
In addition, we found evidence for the microstructural alteration of

increased thalamic MD in JME patients. MD, a sensitive DTI parameter
that provides information about microstructural integrity, increases
with microscopic barrier disruption and extracellular fluid accumula-
tion (Assaf, 2008). Concurrent macrostructural and microstructural
changes of the thalamus observed in our JME patients are in line with
previous studies revealing both reduced volume and increased MD in
the thalamus in patients with absence epilepsy (Luo et al., 2011) and
temporal lobe epilepsy with hippocampal sclerosis (Gong et al., 2008),
implicating structural disorganization and expansion of extracellular
space in the thalamus in the epileptogenesis underlying JME. Our ad-
ditional finding of increasing thalamic MD in relation to increasing
duration of epilepsy suggests that thalamic microstructural changes
may result from chronic, accumulating effect of epileptic spikes and be
the consequence of the long-standing burden of the disease. Taken to-
gether, compelling evidence from these neuroimaging studies could
provide a robust basis to the hypothesis of thalamic dysfunction in the
fundamental pathogenesis of JME.

4.2. Basal ganglia

In addition to the well-known thalamic involvement, a growing
body of evidence suggests a possible role of basal ganglia in the mod-
ulation of generalized spike-waves or seizures in IGE (Deransart et al.,
2000; Deransart et al., 1998). Specifically, an electrophysiological study
using an animal genetic model of absence epilepsy demonstrated
aberrant electrical events in the striatal output neurons in the corti-
costriatal pathway during spontaneous generalized spike-wave dis-
charges, implicating the basal ganglia in the promotion or termination
of absence seizures (Slaght et al., 2004). Simultaneous EEG-functional
MRI studies have shown a reduction in blood oxygenation level-de-
pendent activity of the basal ganglia in association with generalized
spike-wave discharges in patients with IGE (Hamandi et al., 2006; Li

Fig. 2. Correlations between duration of epilepsy and bilateral putamen volumes (A, B) and mean diffusivity values of bilateral hippocampus (C, D) and thalamus (E, F). All correlations
presented in the figure remained significant after false discovery rate correction.
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et al., 2009; Moeller et al., 2008). A resting-state functional MRI study
also found enhanced functional connectivity within the basal ganglia
network in IGE patients compared with controls, pointing to a mod-
ulatory role of basal ganglia in IGE (Luo et al., 2012). It is generally
accepted that the striatum modulates the activity of the output nuclei of
the basal ganglia, which tonically inhibit their target nuclei in the
thalamus and brainstem. Reduced activity in these output nuclei may
cause a disinhibition of the thalamocortical projections, leading to a
subsequent enhancement in cortical excitability (Alexander and
Crutcher, 1990). It is therefore conceivable that functional impairment
in the striatum (e.g., putamen) may exaggerate thalamocortical acti-
vation and result in promotion of generalized spike-wave discharges or
seizures in IGE, although no robust evidence is currently available in
human IGE.

In the current study, we observed that volumes of bilateral putamen
and left pallidum were significantly reduced in JME patients relative to
controls, and that bilateral putamen volumes negatively correlated with
duration of epilepsy. Our findings are consistent with those of prior
volumetric or morphometric studies on various IGE syndromes (Ciumas
and Savic, 2006; Ciumas et al., 2008; Du et al., 2011; Keller et al., 2011;
Luo et al., 2011; Seeck et al., 2005), further providing evidence for the
macrostructural changes of the putamen and pallidum in IGE. More-
over, we observed significant MD increases in bilateral putamen and
left pallidum in JME patients compared to controls, according well with
a DTI study performed on patients with absence epilepsy (Luo et al.,
2011). Functional impairment of the putamen has also been suggested
by a recent positron emission tomography study that demonstrated a
reduction in dopamine receptor binding restricted to the posterior pu-
tamen in patients with JME (Landvogt et al., 2010). Given the strong
connections between the basal ganglia and frontal lobe, our findings of
concomitant macrostructural and microstructural abnormalities of the
putamen and pallidum are congruent with previous neurophysiologic
studies suggesting preferential involvement of striato-thalamo-frontal
networks in JME or IGE (Ciumas et al., 2008; Lin et al., 2009a; Moeller
et al., 2008; Yang et al., 2014; Zhang et al., 2016).

4.3. Hippocampus

Several lines of evidence suggest that the hippocampus is involved
in the epileptogenic network of JME. A limited number of MRI revealed
hippocampal volume reduction (Kim et al., 2015; Lin et al., 2013) and
metabolic dysfunction (Ristic et al., 2011) in JME patients relative to
controls. In an electrophysiological study using source analysis of dense
array scalp EEG, epileptiform discharges of JME were localized not only
to the orbitofrontal/medial frontopolar cortex but also to the basal-
medial temporal cortex (Holmes et al., 2010). However, such a finding
of hippocampal volume reduction was not replicated in our study and
others (Goldberg et al., 2014; Saini et al., 2013; Seneviratne et al.,
2014). This discrepancy between the studies could not be properly
explained but may be attributed in part to genetic heterogeneity and
differences in sample size, methods for volumetric measurement, and
magnetic field strength.

An unexpected but intriguing finding of our results is increased MD
of the hippocampus in JME patients. This is a new finding and therefore
requires careful interpretation. Since it is widely believed that an in-
crease in MD indicates an enlargement of the extracellular space due to
altered cytoarchitecture, our finding of increased hippocampal MD
might reflect either primary pathologic change or secondary degen-
eration due to disruption of white matter tracts connecting the hippo-
campus to other structures, possibly leading to cortical dysfunction. In
support of the latter hypothesis, recent studies have shown subtle mi-
crostructural abnormalities of the temporal lobe white matter and other
regions anatomically connected to the hippocampus in patients with
JME or IGE (Kim et al., 2015; O'Muircheartaigh et al., 2011; Xue et al.,
2014; Yang et al., 2012). Based on the finding that microstructural
change of the hippocampus is a more sensitive indicator of memory

impairment than hippocampal volumetry, as demonstrated in healthy
elderly individuals (Carlesimo et al., 2010) and in patients with neu-
rodegenerative diseases (Carlesimo et al., 2012; Cherubini et al., 2010),
future study using combined DTI and a comprehensive cognitive as-
sessment should elucidate relationships between microstructural al-
terations of the hippocampus and memory dysfunctions in this patient
group (Lin et al., 2013; Pascalicchio et al., 2007; Sonmez et al., 2004).

4.4. Limitations and future directions

Several limitations of the present study should be addressed. First,
our study is cross-sectional, and thus, our results with respect to causal
relation are limited. Given our findings of significant correlations be-
tween disease duration and volumetric or DTI data, we speculated that
structural changes of the subcortical GM might be the consequence of
cumulative epileptic spikes and repeated seizures, and that these al-
terations could have a potential role as a biomarker for the disease
progression in JME. Future prospective studies incorporating a long-
itudinal design would provide a hint to disentangle causal relations
between structural changes and disease progression. Second, only JME
patients were included in our study. Although IGE subsyndromes are
considered to share a common pathogenetic mechanism (Nordli, 2005),
a possible difference in neuroanatomical substrate between the sub-
syndromes has been suggested in several neuroimaging studies (Ciumas
et al., 2010; Liu et al., 2011; Savic et al., 2004). Indeed, our results have
some similarities as well as inconsistencies with previous investigations
studying patients with absence epilepsy, IGE with GTCS, or hetero-
genous IGE syndromes. For instance, Luo et al. (2011) observed that
patients with absence epilepsy had reduced volume and increased MD
in the thalamus and basal ganglia structures as compared to controls.
However, we failed to find any differences in volume, FA, and MD of all
12 subcortical grey matter structures between JME patients with ab-
sence seizure and those without. To our knowledge, there is no well-
designed study available to date investigating structural differences in
the subcortical GM between the IGE subsyndromes. Therefore, future
studies using homogenous patient groups of subsyndromes should de-
termine whether the structural alterations observed in our study are
specific to JME or common to IGE. Third, the possible effects of anti-
epileptic drugs on subcortical GM could not be entirely ruled out. The
majority (64%) of our patients were taking valproate, a drug of choice
for the treatment of JME, at the time of study inclusion. Although an-
ecdotal case reports showed that valproate could cause pseudoatrophy
of the brain (Papazian et al., 1995), there has been no evidence that the
chronic use of valproate affected subcortical GM volumes. No difference
in thalamic volume between IGE patients with and without valproate
exposure was found in a longitudinal volumetric study (Pulsipher et al.,
2011). With regard to DTI, there is also currently little evidence for the
influence of valproate on FA or MD of the subcortical GM (Hafeman
et al., 2012). In our study, we failed to find significant differences in
either volumes or FA/MD values of all subcortical GM between patients
treated with valproate (n = 41) and patients not treated with valproate
(n = 23). Moreover, no significant correlations were found between
MRI data (putamen volume, hippocampal MD, thalamic MD) and dose
and exposure duration of valproate in 41 patients. Thus, our results
seem to be independent of the use of antiepileptic drugs. Lastly, non-
isotropic voxels (1.8 × 1.8 × 3 mm3) of our DTI data may introduce
bias or underestimation of the quantitative assessment of DTI metrics,
and cause geometric distortions of the brain structures, particularly the
frontal base and medial temporal lobe (Fujiwara et al., 2007; Oouchi
et al., 2007).

5. Conclusion

Combining volumetric and DTI analyses, we have provided evi-
dence for concomitant macrostructural and microstructural alterations
of the subcortical GM in patients with JME, suggesting that structural
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abnormalities may not only be confined to the thalamus but also affect
basal ganglia and hippocampus in JME. Our findings of decreasing
putamen volume and increasing MD of thalamus and hippocampus in
relation to increasing disease duration could support the pathophysio-
logical hypothesis of striato-thalamo-frontal network abnormality un-
derlying JME, and may implicate disease progression.
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