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SUMMARY

Purpose: By definition idiopathic generalized epilepsy

(IGE) is not associated with structural abnormalities on

conventional magnetic resonance imaging (MRI). How-

ever, recent quantitative studies suggest white and gray

matter alterations in IGE. The purpose of this study was

to investigate whether there are white and/or gray

matter structural differences between controls and two

subsets of IGE, namely juvenile myoclonic epilepsy (JME)

and IGE with generalized tonic–clonic seizures only

(IGE-GTC).

Methods: We assessed white matter integrity and gray

matter volume using diffusion tensor tractography–based

analysis of fractional anisotropy and voxel-based mor-

phometry, respectively, in 25 patients with IGE, all of

whom had experienced generalized tonic–clonic convul-

sions. Specifically, 15 patients with JME and 10 patients

with IGE-GTC were compared to two groups of similarly

matched controls separately. Correlations between total

lifetime generalized tonic–clonic seizures and fractional

anisotropy were investigated for both groups.

Key Findings: Tractography revealed lower fractional

anisotropy in specific tracts including the crus of the for-

nix, body of corpus callosum, uncinate fasciculi, superior

longitudinal fasciculi, anterior limb of internal capsule,

and corticospinal tracts in JME with respect to controls,

whereas there were no fractional anisotropy differences

in IGE-GTC. No correlation was found between fractional

anisotropy and total lifetime generalized tonic–clonic sei-

zures for either JME or IGE-GTC. Although false discov-

ery rate–corrected voxel-based morphometry (VBM)

showed no gray matter volume differences between

patient and control groups, spatial extent cluster–cor-

rected VBM analysis suggested a trend of gray matter vol-

ume reduction in frontal and central regions in both

patient groups, more lateral in JME and more medial in

IGE-GTC.

Significance: The findings support the idea that the clini-

cal syndromes of JME and IGE-GTC have unique anatomic

substrates. The fact that the primary clinical difference

between JME and IGE-GTC is the occurrence of myoclo-

nus in the former raises the possibility that disruption of

white matter integrity may be the underlying mechanism

responsible for myoclonus in JME. The cross-sectional

study design and relatively small number of subjects limits

the conclusions that can be drawn here; however, the

absence of a correlation between fractional anisotropy

and lifetime seizures is suggestive that the white matter

abnormalities observed in JME may not be secondary to

seizures.

KEY WORDS: Idiopathic generalized epilepsy, Juvenile

myoclonic epilepsy, Tractography, Diffusion tensor

imaging.

The underlying cause of idiopathic generalized epilepsy
(IGE) remains unknown. By definition IGE is not associated
with structural abnormalities on conventional magnetic
resonance imaging (MRI) (ILAE 1989). This, together with
recent genetic studies demonstrating ion channel and neuro-
transmitter receptor defects in a small number of pedigrees
with autosomal dominant inherited juvenile myoclonic

epilepsy (JME) (Cossette et al., 2002), has led to the notion that
the underlying pathophysiologic mechanisms responsible
for sporadic IGE occur at the molecular/membrane level.
IGE is subdivided into different syndromes based on the
predominant seizure type and age of onset (ILAE 1989;
Engel, 2001). JME, the most common IGE subsyndrome, is
associated with the occurrence of ‘‘impulsive petit mal’’ or
myoclonus, which is the primary clinical feature that distin-
guishes it from IGE with generalized tonic–clonic convul-
sions only (IGE-GTC) (Janz, 1985; Engel, 2001; Camfield
& Camfield, 2010). Recent genetic studies suggest that JME
should be considered separately from other subtypes of IGE
based on its distinct genetic bases (Zifkin et al., 2005). On
the other hand, the overlapping clinical phenotypes and lack
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of specificity of electroencephalography (EEG) manifesta-
tions makes the differentiation between the two syndromes
difficult (Janz, 1985; Andermann & Berkovic, 2001; Kou-
troumanidis & Smith, 2005).

Recent advances in quantitative neuroimaging enable
detailed investigation of the brain in vivo. A few studies in
single voxel magnetic resonance spectroscopy (MRS) or
magnetic resonance spectroscopic imaging (MRSI) have
provided evidence of both cortical and deep gray matter
(GM) abnormalities, particularly in frontal lobe and thala-
mus, in IGE patients (Savic et al., 2000; Bernasconi et al.,
2003; Mory et al., 2003; Savic et al., 2004; Helms
et al., 2006; Haki et al., 2007; Lin et al., 2009; Doelken
et al., 2010). However, findings in IGE using MRI volume-
try and voxel-based morphometry (VBM) methods on
T1-weighted images have been inconsistent. The first quan-
titative MRI study on IGE reported significantly larger cor-
tical GM volumes (GMVs) in 45 syndrome-mixed IGE
patients compared to controls using a semiautomatic seg-
mentation method (Woermann et al., 1998). More recently,
a VBM study of 22 syndrome-mixed IGE patients reported
17 of them with increased cortical GMV and 7 patients with
either enlargement or atrophy of thalamus (Betting et al.,
2010). Two volumetry studies of the thalami in mixed IGE
patients did not detect differences (Natsume et al., 2003;
Seeck et al., 2005). In studies investigating JME indepen-
dently, some reported increased cortical GM in mesial
frontal lobes (Woermann et al., 1999; Kim et al., 2007a) or
the frontobasal region (Betting et al., 2006a). Other studies
suggest decreased GM concentration in the prefrontal lobe
(Tae et al., 2006) and thinner cortical thickness of frontal
and temporal gyri (Tae et al., 2008). A more recent study
reported decreased GM volume in the supplementary
motor area and posterior cingulate cortex in JME
(O’Muircheartaigh et al., 2011). On the other hand, a recent
VBM study failed to demonstrate significant GM
differences between JME and age-, sex-, and education-
matched controls (Roebling et al., 2009). Bilateral thalamic
atrophy was detected in only one VBM study of JME (Kim
et al., 2007a) but not in the other groups (Woermann et al.,
1999; Betting et al., 2006b; Tae et al., 2006). Some studies
also explored underlying GM abnormalities in IGE with
generalized tonic–clonic seizures as the predominant sei-
zure type with inconclusive results. One MRI volumetry
and VBM study of IGE-GTC revealed reduced cortical GM
in the frontal, parietal, and temporal cortices and cerebellum
and reduced subcortical GM in the thalamus, caudate, and
putamen (Ciumas & Savic, 2006), whereas another study
showed widespread cortical thinning in the frontocentral
areas and bilateral thalamic atrophy (Bernhardt et al.,
2009). A more recent study on IGE-GTC reported atrophy
in the left thalamus, left putamen, and bilateral globus palli-
dus (Du et al., 2011). However, a VBM study showed no
GM abnormality in the patients with generalized
tonic–clonic seizures on awakening (Betting et al., 2006a).

Overall, the most consistent structural findings have been
frontocentral alterations in JME with less consistent find-
ings in IGE-GTC patients.

In contrast to the numerous studies with a focus on GM,
there is a paucity of research on the white matter (WM) in
IGE. Diffusion tensor imaging (DTI) is a technique that
measures the diffusion and directionality of water (Basser
et al., 1994), which is in turn an indirect marker of key
microstructural components of the WM tracts such as axon
packing, myelination, and cumulative membrane circumfer-
ence (Beaulieu, 2002; Concha et al., 2010). Although there
have been numerous DTI studies highlighting extensive
WM abnormalities in temporal lobe epilepsy (Arfanakis
et al., 2002; Concha et al., 2005a; Thivard et al., 2005;
Ahmadi et al., 2009; Concha et al., 2009; Yogarajah et al.,
2009), it is unknown if similar findings will be observed in
IGE. There are four previous DTI studies of JME patients:
(1) voxel-based analysis (VBA) identified bilateral frac-
tional anisotropy (FA) reduction in the anterior limb of the
internal capsule that correlated with the frequency of gener-
alized tonic–clonic seizures (Deppe et al., 2008); (2) region-
of-interest (ROI) analysis showed reduced FA in frontal lobe
and thalamocortical WM fibers and increased FA in bilateral
putamen in the same group of JME patients studied in (1)
(Keller et al., 2011); (3) probabilistic tractography identi-
fied an FA reduction and mean diffusivity (MD) elevation of
the callosal tracts bridging the left and right supplementary
motor areas and left corticospinal tracts, and a small number
of fibers connecting to the primary motor cortex (Vulliemoz
et al., 2011); and (4) tract-based spatial statistics (TBSS)
showed reduced FA in the rostral body and splenium of the
corpus callosum (O’Muircheartaigh et al., 2011). There is
only one DTI study on IGE-GTC showing decreased FA in
cerebellum confirmed by VBA, TBSS, probabilistic tractog-
raphy, and ROI analyses (Li et al., 2011).

The purpose of this study was to investigate whether
there are white and/or gray matter structural differences
between controls and two subsets of IGE, namely JME, and
IGE-GTC. White matter microstructure as indicated by FA
was analyzed using diffusion tensor tractography and ROI
analysis of 13 major white matter tracts. Regional gray mat-
ter volume was assessed using whole-brain VBM of three-
dimensional (3D) T1-weighted images. Correlations of FA
with lifetime seizures were measured in both IGE groups.

Subjects and Methods

Approval of the research protocol was obtained from the
University of Alberta Health Research Ethics Board, and
informed consent was obtained from all participants.

Subjects
Participants included 15 patients with JME (12

female/3 male, age 21 € 4 years, range 17–32 years) and
10 patients with IGE-GTC (3 female/7 male, age
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21 € 4 years, range 18–31 years) who were recruited
from the epilepsy clinic of the University of Alberta
Hospital. All patients had a history of GTC seizures,
normal intelligence, normal neurologic examination,
absence of focal EEG abnormalities, and normal clinical
MRI scans. Among the 15 JME patients, 4 were on two
AEDs and all the others were on a single medication.
Among the 10 IGE-GTC patients, 3 were on two AEDs
and all the others were on one medication. Precise total
lifetime GTC seizure number was available for 23 of 25
patients. For the remaining 2 patients who had 12–16
and 12–14 seizures, mean values of 14 and 13 were cho-
sen for the correlation analysis. There was no difference
in the number of lifetime GTC seizures between the two
patient groups (for JME, 6 € 4 lifetime GTC, range 1–14;
for IGE-GTC, 6 € 4 lifetime GTC, range 1–12; Student’s
t-test, p = 0.98). The 15 JME patients were compared to
a group of 15 age-matched controls (12 female/3 male,
age 21 € 4 years, range 17–31 years). The 10 IGE-GTC
patients were compared to another group of 10 age-
matched controls (3 female/7 male, age 21 € 4 years,
range 18–30 years) distinct from the 15 controls paired
with JME patients. All 25 control subjects had no history
of any neurologic or psychiatric disorders.

Image acquisition
All imaging was performed on a 1.5T Siemens Sonata

scanner (Erlangen, Germany). Three imaging protocols
were used, including magnetization prepared rapid acquisi-
tion gradient echo (MPRAGE), standard DTI, and
fluid-attenuated inversion recovery (FLAIR) DTI.
MPRAGE provides high resolution 3D T1-weighted images
that were acquired with the following parameters: 1 mm
slice thickness with no interslice gap, 144 axial slices, repe-
tition time (TR) = 1,890 ms, echo time (TE) = 4.38 ms,
inversion time (TI) = 1,100 ms, flip angle = 15 degrees,
number of excitations (NEX) = 1, acquisition matrix =
256 · 192 (interpolated to 512 · 384), field of view
(FOV) = 256 mm · 192 mm, voxel dimension 1 · 1 ·
1 mm3 (interpolated to 0.5 · 0.5 · 1 mm3), scan time =
6:03 min. The two DTI protocols used the same dual spin-
echo, single shot echo planar imaging (EPI) sequence
except an extra inversion pulse and fewer slices for
FLAIR DTI. The common parameters are: 2 mm thick axial
oblique slices with no interslice gap; TR = 10 s,
TE = 88 ms, acquisition matrix = 128 · 128 with 75%
phase partial Fourier (interpolated to 256 · 256), FOV =
256 mm · 256 mm, voxel dimension 2 · 2 · 2 mm3 (inter-
polated to 1 · 1 · 2 mm3), six diffusion directions,
b = 1,000 s/mm2, eight averages. The protocol differences
are 52 axial slices with coverage of whole brain for standard
DTI and 26 axial slices with coverage of fornix and cingu-
lum plus an inversion time of 2,200 ms for FLAIR DTI
(Concha et al., 2005b). Scan time for standard DTI and
FLAIR DTI was 9:30 and 8:30 min, respectively. The signal

to noise ratio (SNR) of the averaged b0 images in this study
was high (approximately 66 for standard DTI and approxi-
mately 51 for FLAIR DTI).

Diffusion tensor tractography and region of interest
analysis

Tensor calculation and tractography were performed on a
PC running ExploreDTI (A. Leemans, University Medical
Center, Utrecht, The Netherlands). The white matter tracts
focused on the corpus callosum, limbic tracts, and connec-
tions to the frontal lobe. These structures were chosen based
on previous observations in JME and IGE-GTC demonstrat-
ing: frontal lobe predominance of electroencephalographic
changes (Montalenti et al., 2001); structural changes in
frontal, parietal, and temporal lobe and cingulated cortex
(Woermann et al., 1999; Betting et al., 2006a; Ciumas &
Savic, 2006; Tae et al., 2006; Kim et al., 2007a; Tae et al.,
2008; Bernhardt et al., 2009; O’Muircheartaigh et al., 2011)
along with the corpus callosum (Tae et al., 2006; O’Muir-
cheartaigh et al., 2011); and functional changes (executive
function and memory), suggesting frontal lobe and limbic
system dysfunction (Kim et al., 2007b). For practical rea-
sons the tracts that were chosen are major white matter
tracts that are well identified using deterministic tractogra-
phy. Based on these, 12 major white matter tracts including
the crus of fornix (Fx), dorsal cingulum (dCg), parahippo-
campal cingulum (pCg), genu/body/splenium of corpus
callosum (gCC/bCC/sCC), inferior frontooccipital fasciculi
(IFO), inferior/superior longitudinal fasciculi (ILF/SLF),
uncinate fasciculi (UF), anterior limb of the internal capsule
(ALIC), and corticospinal tracts (CST) were identified with
tractography here (Fig. 1) and external capsule (EC), which
cannot be reliably delineated with tractography, was ana-
lyzed with ROI. ExploreDTI, which adopts a deterministic
streamline method to obtain fibers, was used to identify the
Fx using the 26 slice FLAIR DTI data sets, whereas all the
other tracts were delineated using the 52-slice standard DTI
by setting the FA thresholds to 0.25 and the angular thresh-
old to 60 degrees for UF and SLF and 30 degrees for all
other tracts. ROIs were manually placed using a two ROI
approach for each tract based on the methods and anatomy
described before (Wakana et al., 2007; Malykhin et al.,
2008). The bCC was defined as the central section of the
corpus callosum excluding the genu, splenium, and tape-
tum. As a result, the bCC contains mainly fibers associated
with premotor, supplementary motor, motor, and somato-
sensory cortices. FA was obtained by overlaying the tracts
on FA maps and averaging all the voxels for both hemi-
spheres to generate a single value per tract using an in-house
program written by L.C. The external capsule (EC) was ana-
lyzed by manually drawing a ROI on a single axial FA map
where the structure shows the clearest boundary.

Statistical analyses were administered using SPSS ver-
sion 18 (SPSS Inc., Chicago, IL, U.S.A.). Paired Student’s
t-test was used to evaluate the right and left symmetry of 10
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paired tracts within JME patients, IGE-GTC patients, and
each control group (the commissural tracts gCC/bCC/sCC
are not included). The FA of Fx showed a small but signifi-
cant asymmetry in JME patients (right = 0.42 € 0.03;
left = 0.43 € 0.03; p = 0.03) and their corresponding
15 controls (right = 0.45 € 0.02; left = 0.47 € 0.02; p =
0.01), but not in IGE-GTC patients (right = 0.44 € 0.03;
left = 0.45 € 0.02; p = 0.47) or their 10 matched controls
(right = 0.46 € 0.02; left = 0.45 € 0.02; p = 0.6). The FA
of SLF differed between left and right sides only in the 10
control group (right = 0.51 € 0.02; left = 0.50 € 0.02;
p = 0.04) but not in the others. No asymmetry was observed
for the other eight tracts. For simplicity, given the fact that
most tracts were not asymmetric and those that were showed
minimal FA differences, subsequent analysis was per-

formed using collapsed data (i.e., a single mean value per
subject combining both sides for each tract).

Before proceeding to the comparisons between patients
and controls, the two control groups (n1 = 15, n2 = 10) were
first tested against each other for FA of each of the 13 WM
structures using an independent student t-test. The FA did
not show a difference between the two control groups and
the minimum p-value among the 13 tracts was 0.23. FA was
then compared between the JME group (n = 15) and its cor-
responding control group (n = 15) and between the IGE-
GTC group (n = 10) and its corresponding control group
(n = 10) for each of the 13 WM structures using an indepen-
dent t-test. Because the age and gender distributions were
similar in the two comparisons, these variables were not
included in the statistical model. False discovery rate (FDR)
at p = 0.05 level was used to adjust for multiple comparison
correction. To better understand the FA changes, parallel
diffusivity (k||) and perpendicular diffusivity (k?), as well as
mean diffusivity (MD), were queried subsequently for the
tracts demonstrating significant between group differences
using an independent student t-test. Furthermore, correla-
tion between total lifetime GTC and FA of each abnormal
tract within each patient group and in all patients combined
was computed using Pearson’s correlation coefficient at
p < 0.05 with FDR correction.

Voxel-based morphometry on gray matter
Automated, whole-brain VBM was performed on T1-

weighted structural images using SPM8 (Wellcome Depart-
ment of Cognitive Neurology, London, United Kingdom)
and VBM8 toolbox (Revision 343, Christian Gaser, http://
dbm.neuro.uni-jena.de/vbm/). In summary, all images were
spatially normalized into the stereotaxic space using the
high-dimensional Dartel method (Ashburner, 2007) and
segmented into GM/WM/cerebrospinal fluid (CSF). The
resultant GM images were modulated by Jacobian determi-
nant only for the nonlinear terms so that not only the quan-
tity of tissue that was deformed during nonlinear
normalization was preserved but also individual brain sizes
were corrected. This step yielded inference about regional
GMV change in the following statistical analysis. The mod-
ulated GM images were smoothed using a 10-mm isotropic
Gaussian Kernel. Relative GMV differences were assessed
between the JME group (n = 15) and its corresponding con-
trol group (n = 15) and between the IGE-GTC group
(n = 10) and its corresponding control group (n = 10) on a
voxel wise basis using analysis of variance (ANOVA). An
absolute GM threshold masking of 0.1 was applied to avoid
confounding results around GM and WM edges and to
exclude nonbrain voxels. Two T-contrast {1, )1} and {)1,
1} were defined for the comparisons to detect regional
GMV increases or reductions. The voxel wise multiple com-
parisons were corrected using a FDR at p < 0.05 (Genovese
et al., 2002). If no difference was found after FDR correc-
tion, a less stringent uncorrected threshold (p < 0.001) and

Figure 1.

Three-dimensional visualization of 12 tracts derived from trac-

tography in a 17-year-old female JME patient. There was no

statistically significant differences in FA between JME and

controls for tracts in green, whereas tracts in orange had signif-

icantly lower FA in JME. Measurement of the fornix was

constrained to the crus part as indicated by black lines cutting

coronally at the fusion of left and right fornices. The dorsal cin-

gulum was limited between the most posterior coronal slice of

genu of corpus callosum and the most anterior coronal slice of

splenium of the corpus callosum. The parahippocampal cingu-

lum was limited below the lower body of the splenium. Fx, the

crus of fornix; dCg, dorsal cingulum; pCg, parahippocampal cin-

gulum; gCC/bCC/sCC, genu/body/splenium of corpus callo-

sum; IFO, inferior frontooccipital fasciculi; ILF/SLF, inferior/

superior longitudinal fasciculi; UF, uncinate fasciculi; ALIC,

anterior limb of the internal capsule; and CST, corticospinal

tracts.
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extent threshold (k) defined by the expected number of vox-
els per cluster based on random field theory (readable from
SPM output, kJME = 106 voxels in the JME comparison and
kIGE-GTC = 90 voxels in the IGE-GTC comparison) were
used to detect potential GMV difference between groups.
To probe a possible relationship between the identified
GMV abnormality and total lifetime GTC, a correlation
analysis was conducted by extracting the mean GMV within
each abnormal cluster for each patient and correlating them
with total lifetime GTC using Pearson’s correlation coeffi-
cient at p < 0.05 with Bonferroni correction.

Results

Diffusion tensor tractography and region of interest
analysis

No subjective differences of the 12 tracts between JME,
IGE-GTC, and their corresponding controls was observed in
terms of tract shape, and there were no differences in tract
volume (data not shown, tested by independent t-test and
p < 0.05). The FDR corrected t-tests demonstrated six tracts
with significantly lower FA values in the JME group with

respect to its control group, whereas there were no statisti-
cally significant differences between the IGE-GTC group
and its corresponding control group (Figs. 1 and 2). The six
tracts and their FDR corrected significance values as well as
the percentages of FA reduction were as follows: Fx
(p = 0.036, 6.9%), bCC (p = 0.042, 2.6%), UF (p = 0.029,
6.7%), SLF (p = 0.043, 2.9%), ALIC (p = 0.019, 3.5%),
and CST (p = 0.042, 3.6%). The FA reduction resulted from
an elevation of k? in all cases (p < 0.05 in each individual
tract without multiple comparison correction). There was no
significant correlation between FA and lifetime GTC num-
ber in any of the six abnormal tracts for either JME group,
IGE-GTC group, or in all epilepsy patients combined.

Voxel-based morphometry on gray matter
In regional gray matter volume (GMV), neither increases

nor decreases were detected in JME or IGE-GTC patients as
compared to their corresponding controls after FDR correc-
tion (p < 0.05). However, the spatial cluster extent cor-
rected threshold showed GMV reduction in both JME and
IGE-GTC, albeit in different regions (Fig. 3). JME patients
showed GMV reductions in the right precentral gyrus (peak

A

B

Figure 2.

Mean and 95% CI of fractional

anisotropy (FA) for the 13 white

matter structures (12 tracts ana-

lyzed with tractography as well as

the external capsule, which was ana-

lyzed with ROIs) examined in JME

with respect to its corresponding

control group (panel A, n = 15 in

each group) and in IGE-GTC with

respect to its corresponding control

group (panel B, n = 10 in each

group). Significantly lower FA was

observed in the six tracts marked by

asterisks in JME, whereas no signifi-

cant FA differences were detected

in IGE-GTC. Fx, the crus of fornix;

dCg, dorsal cingulum; pCg, parahip-

pocampal cingulum; gCC/bCC/sCC,

genu/body/splenium of corpus callo-

sum; IFO, inferior frontooccipital

fasciculi; ILF/SLF, inferior/superior

longitudinal fasciculi; UF, uncinate

fasciculi; ALIC, anterior limb of the

internal capsule; and CST, corti-

cospinal tracts.
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voxel, x, y, z = 33, )18, 49; T = 4.4), left and right middle
frontal gyri (peak voxel, left x, y, z = )32, 15, 46, T = 4.53;
right x, y, z = 35, 0, 51, T = 4.34), left temporal pole (peak
voxel, x, y, z = )51, 18, )29, T = 3.86), and left superior
parietal gyrus (peak voxel, x, y, z = )12, )76, 49,
T = 4.02). The percentage reduction of these significant
clusters in JME was19% compared to controls. IGE-GTC
patients showed GMV reductions in left and right supple-
mentary motor areas (peak voxel, left x, y, z = )5, 9, 70,

T = 5.22; right x, y, z = 3, 8, 51; T = 4.95), left and right
frontal lobes (peak voxel, left x, y, z = )44, 18, )12,
T = 5.56; right x, y, z = 26, )7, 61; T = 5.16), left paracen-
tral lobule (peak voxel, x, y, z = 0, )19, 67, T = 6.23), and
right middle temporal gyrus (peak voxel, x, y, z = 69, )7,
)17, T = 4.24). The percentage reduction of these signifi-
cant clusters in IGE-GTC was 20% compared to controls.
The detected regions in both patient groups were concen-
trated in frontal and central regions, but were separate from
each other. JME GMV areas were more lateral, whereas
IGE-GTC GMV areas were more medial. No significant
correlation between the decreased GM region volumes of
the significant clusters in JME and IGE-GTC patients and
their total lifetime GTC number was observed at p < 0.05.

Discussion

The main finding of the study was that the two IGE sub-
syndromes, that is, JME and IGE-GTC, have distinct DTI
findings, namely JME demonstrated reduction of FA in six
white matter regions with four of them related to the tempo-
ral and/or frontal lobes, whereas IGE-GTC showed no such
FA differences. Although corrected VBM analysis showed
no differences between patient and control groups, the spa-
tial extent cluster corrected VBM analysis suggested a trend
of gray matter volume reduction in frontal and central
regions in both patient groups, more lateral in JME and
more medial in IGE-GTC.

Impaired white matter structures were demonstrated pre-
viously in JME patients based on a voxel-by-voxel compari-
son of FA maps (Deppe et al., 2008) and an ROI analysis in
the frontal lobe and thalamocortical white matter (Keller
et al., 2011). Our tractography findings of significant FA
reductions in the anterior limb of the internal capsule (col-
lapsed left and right) in JME are in agreement with the main
finding of lowered FA in bilateral anterior limb of internal
capsule (Deppe et al., 2008) and reduced FA in thalamocor-
tical white matter fibers (Keller et al., 2011). Another DTI
study of JME using probabilistic tractography demonstrated
decreased FA in the connection of the supplementary motor
area, which consists mainly of a portion of body of corpus
callosum connecting to the contralateral supplementary
motor area, and some ipsilateral corticospinal tracts
(Vulliemoz et al., 2011). The same research group extended
these findings on a larger JME sample by using TBSS to
show FA reduction in the part of body of corpus callosum
that projects to superior frontal regions, including the sup-
plementary motor area (O’Muircheartaigh et al., 2011). Our
finding of reduced FA in the body of corpus callosum is in
agreement with these two studies. We also found reduced
FA in the fornix, uncinate fasciculi, superior longitudinal
fasciculi, and cortical spinal tracts in JME related to
controls. It is interesting to note that the fornix, uncinate fas-
ciculi, superior longitudinal fasciculi, and anterior limb of
internal capsule were also reported abnormal in temporal

Figure 3.

VBM analyses detected regions that showed reduced gray mat-

ter volume (GMV) in JME (orange), IGE-GTC (blue) at a spatial

cluster extent corrected statistical threshold (p < 0.001,

kJME = 106 voxels, kIGE-GTC = 90 voxels) presented on the

same 17-year-old female JME patient presented in Fig. 1 after

the T1-weighted image was transformed into Montreal Neuro-

logical Institute space. Regions of GMV reduction in JME inclu-

ded right precentral gyrus, left and right middle frontal gyri, left

temporal pole, and left superior parietal gyrus. Regions of GMV

reduction in IGE-GTC included left and right supplementary

motor areas, left and right frontal lobes, left paracentral lobule,

and right middle temporal gyrus. The detected regions in both

patient groups were concentrated in frontal and central regions

yet were separate from each other. JME GMV areas were more

lateral and IGE-GTC GMV areas were more medial.
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lobe epilepsy (McDonald et al., 2008; Ahmadi et al., 2009;
Concha et al., 2009), suggesting the susceptibility of these
white matter tracts in distinctly different epilepsy syn-
dromes, whereas other affected tracts in temporal lobe epi-
lepsy, such as inferior longitudinal fasciculi, inferior
frontooccipital fasciculi and cingulum, were spared in JME.
The percentage of FA reduction in the fornix observed in
our JME patients (6.9%) was not as large as that of temporal
lobe epilepsy patients with unilateral mesial temporal scle-
rosis (10%) previously reported by our group (Concha et al.,
2005a, 2009). This could explain the mild or absent memory
impairment reported in JME (O’Muircheartaigh et al.,
2011) that is typically more severe in temporal lobe epilepsy
(Oyegbile et al., 2004). On the other hand, the corticospinal
tracts seem to be exclusively affected in JME but not in tem-
poral lobe epilepsy (McDonald et al., 2008). The body of
the corpus callosum, which connects bilateral motor
regions, was abnormal in JME but not in temporal lobe epi-
lepsy (Kim et al., 2008), whereas the genu and splenium
were affected in temporal lobe epilepsy but not in JME
(Deppe et al., 2008; O’Muircheartaigh et al., 2011; Vullie-
moz et al., 2011). Using multiple analytic approaches such
as VBA, TBSS, probabilistic tractography, and ROI analy-
sis, the only DTI study on IGE-GTC showed reduced FA in
cerebellum but not in the other white matter areas (Li et al.,
2011). This is in agreement with the lack of DTI differences
of IGE-GTC patients in our study. Because some of our DTI
data did not cover the whole cerebellum due to the variation
of individual brain size (cerebrums were fully covered pri-
marily in these cases), we did not perform tractography for
cerebellum tracts such as medial cerebellar peduncle.

The fact that the primary clinical difference between JME
and IGE-GTC is the occurrence of myoclonus raises the
possibility that disruption of white matter integrity may be
the underlying mechanism responsible for myoclonus in
JME. The reduced FA of the corticospinal tracts could be
consistent with a disruption of the primary motor pathways
in JME. Although it is impossible to confirm what underly-
ing mechanism is responsible for the reduced FA observed
in JME patients, an intriguing hypothesis would be that dis-
ruption of myelination is present, which in turn results in
abnormal conduction of impulses in motor pathways result-
ing in ephaptic transmission as a possible explanation for
the occurrence of myoclonus in JME.

The demonstration of ion channel and neurotransmitter
receptor defects in Mendelian inherited IGE pedigrees has
supported the assumption that changes in membrane excit-
ability that occur at the molecular level are the primary path-
ophysiologic mechanism resulting in IGE (Cossette et al.,
2002). Although previously considered to have no structural
abnormalities, there is a growing body of quantitative imag-
ing literature demonstrating such differences in IGE
patients. Two reports on IGE patients with GTC as the pre-
dominant seizure type have demonstrated reduced GM
(Ciumas & Savic, 2006; Bernhardt et al., 2009). The

reported GM findings in JME have been more variable with
some studies suggesting increased gray matter volume,
whereas others reported decreased gray matter volume in
different regions or no difference between JME and controls
(Woermann et al., 1998, 1999; Ciumas & Savic, 2006; Tae
et al., 2006; Roebling et al., 2009; O’Muircheartaigh et al.,
2011). We did not find significant gray matter changes after
multiple comparison correction, which is likely related to
our relatively small sample size. Although caution must be
maintained in drawing conclusions from VBM using spatial
extent threshold due to the potential risk of false positives,
the observation of reduced cortical gray matter volume
bilaterally in both syndromes is in agreement with a number
of previous studies (Ciumas & Savic, 2006; Tae et al.,
2006; Bernhardt et al., 2009; O’Muircheartaigh et al.,
2011). As opposed to previous reports (Ciumas & Savic,
2006; Kim et al., 2007a; Betting et al., 2010; Du et al.,
2011), we did not observe volume difference of any subcor-
tical gray matter in either patient group, which again may be
explained by the relatively small sample size and the gener-
ality of the VBM method. A more dedicated volumetry
study would be a better way to study subcortical gray matter
specifically.

As previously stated, the current assumption is that spo-
radic JME and IGE-GTC are most likely caused by defects
at the molecular level. Because it is difficult to directly asso-
ciate an ion channel or neurotransmitter receptor defect with
structural changes, the most reasonable explanation for the
gray matter atrophy reported in both JME and IGE-GTC
and the white matter abnormalities reported solely in JME
by us and the other four previous studies is that these struc-
tural changes are a secondary effect of seizures (Deppe
et al., 2008; Keller et al., 2011; O’Muircheartaigh et al.,
2011; Vulliemoz et al., 2011). This concept was supported
by the finding of Deppe et al. of a negative correlation
between lifetime seizure number and FA. In contrast to their
study, we did not find any correlations between lifetime sei-
zures and FA for any white matter region, and we did not
find any significant correlations between lifetime seizures
and gray matter atrophy. Differences in subjects may
account for this disagreement, in particular the fact that 3 of
10 subjects in the JME group of Deppe et al. had never
experienced a generalized convulsion. Although the cross-
sectional study design and relatively small number of sub-
jects limit the conclusions that can be drawn from our study,
our finding of an absence of a correlation does not support
the idea that either the gray or white matter abnormalities
are secondary to seizures. Because both the JME and IGE-
GTC groups had experienced a similar number of lifetime
generalized seizures (mean of 6, range 1–12 for JME and
range 1–14 for IGE-GTC), the most compelling argument
against the structural changes being secondary to seizures is
that the two groups had distinctly different anatomic find-
ings (different gray matter abnormalities in JME and IGE-
GTC and white matter abnormalities in JME only), while
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experiencing the same number of lifetime generalized
tonic–clonic convulsions.

In summary, our findings demonstrate white matter
abnormalities in JME but not in IGE-GTC and potential
gray matter atrophy in both JME and IGE-GTC, which sup-
port the notion that JME and IGE-GTC may be associated
with distinctly different anatomic substrates.
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