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Despite evidence for microstructural brain alterations in epilepsy patients, little is known
about how these develop with age and the progress of the disease. The aim of this
study was to investigate microstructural abnormalities of the white matter (WM) in children
with new-onset, untreated idiopathic-generalized epilepsy (IGE) using the MRI technique
of diffusion tensor imaging (DTI). The study was approved by the institutional review
board, and all individuals or their parents gave signed informed consent. In total, 45
patients with IGE (age 5-18 years, male: female 26:19) and 32 healthy controls (HCs;
age 5-18 years, male: female 21:11) were included. Voxel-based analysis (VBA) was
used to compare patients and controls, and Pearson correlation analysis was used to
investigate relationships between altered DTI metrics and clinical parameters. Compared
with controls, patients with IGE showed increased mean diffusivity (MD) in the left
splenium of the corpus callosum, increased fractional anisotropy (FA) in the right WM
of the superior and middle frontal gyri, increased axial diffusivity (AD) in the WM of right
corona radiata and left occipital lobe, and decreased AD in the WM of the left thalamus
and the right middle cerebellar peduncle. There was no correlation between the altered
diffusion parameters and clinical measures. Our study demonstrated several distinct
microstructural impairments in children with new-onset, untreated IGE, of which altered
AD might be the most sensitive marker of dysmyelination. The increased FA in the IGE
group might suggest an initiating or compensatory mechanism that is activated prior to
cognitive decline in these children.
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INTRODUCTION

Epilepsy is one of the commonest non-communicable neurologic conditions and a significant
cause of disability and mortality, affecting 70 million people worldwide (1). Idiopathic-generalized
epilepsies (IGE) are characterized by absence, myoclonic, and generalized tonic-clonic seizures
(GTCS), which can present alone or in various combinations. IGE mostly occurs in adolescence
or adulthood and may result in significant morbidity and even death (2-4). According to the
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latest International League Against Epilepsy (ILAE) classification
(5, 6), IGE includes 4-well established epilepsy syndromes—
childhood absence epilepsy (CAE), juvenile myoclonic epilepsy
(JME), juvenile absence epilepsy (JAE), and GTCS—although not
all patients are classifiable in these terms.

MRI has been widely used to investigate in vivo structural
and functional changes in neuropsychiatric diseases, such as
epilepsy. The MRI technique of diffusion tensor imaging
(DTI), which is sensitive to the directionally constrained
water diffusion along myelinated axons (7), has provided
new opportunities for studying hemispheric differences in
microscopic fiber characteristics. Several parameters can be used
to quantify this tissue water diffusion: fractional anisotropy
(FA) and mean diffusivity (MD) are widely used as markers
of the microstructural integrity of white matter (WM) (8, 9);
radial diffusivity (RD) and axial diffusivity (AD) represent
water diffusion perpendicular and parallel to the axonal fibers,
respectively. The magnitude and direction of diffusivity depend
on the WM microstructure (10) and can reveal epileptogenic
lesions that are not visible using conventional MRI.

A previous study (11) using DTT tractography demonstrated
that diffusivity variables reliably reflect the integrity of
WM  microstructures in patients with pediatric epilepsy.
Abnormalities in WM microstructural integrity have been widely
reported in focal epilepsy and IGE. However, most studies have
focused on chronic epilepsy, and the results may have been
influenced by both neurodevelopmental and disease processes.

Only three studies (12-14) have investigated WM
abnormalities in new-onset epilepsy, two (12, 14) using
region of interest (ROI) analysis methods and one (13) using
voxel-based analysis (VBA). An ROI-based study of children
with idiopathic epilepsy (12) found decreased FA in the posterior
corpus callosum and cingulum and increased MD in the
posterior corpus callosum. An ROI study in children with
JME (14) found decreased FA in the dorsolateral prefrontal
cortex, supplementary motor area, right thalamus, posterior
cingulate, anterior corpus callosum, corona radiata, and middle
frontal WM. A whole-brain analysis in children with generalized
epilepsy (13) found no abnormalities in FA or the apparent
diffusion coeflicient (ADC, which is similar to MD), but found
the decreased AD in the left middle temporal gyrus and the
anterior cingulum and increased AD in the cerebellar WM.
These divergent results in children with new-onset epilepsy
maybe related to differences in the data analysis methods,
sample sizes, participant demographics (seizure type, epilepsy
duration, frequency of seizures, age at onset, and duration of
anticonvulsant therapy), and scanners.

Because the seizure type, epilepsy duration, and antiepileptic
drug may influence WM integrity, we wished to elucidate
the earliest brain changes in the natural course of childhood
epilepsy. We, therefore, performed DTI in children with new-
onset, untreated IGE: our first aim was to establish whether
this show altered WM integrity relative to age-matched controls.
Because neuropsychological impairments have been reported in
both chronic epilepsy (15, 16) and new-onset epilepsy (17), our
second aim was to establish whether the changes in diffusion
parameters correlate with clinical parameters, such as the age of

TABLE 1 | Demographic and clinical information on epilepsy patients and healthy
controls.

IGE (n = 45) HC (n = 32) P-value
Age (years) 10.6 (3.6) 10.6 (3.9) 0.95
Gender (male/female) 26/19 21/11 0.49
MMSE 23.8(6.2) 26.2 (5.2) 0.09
Age of onset 10.6 (3.2)
Duration of epilepsy (months) 3.4 (3.8)

IGE, idiopathic-generalized epilepsy patients; HC, healthy controls; MMSE, mini-mental
state examination; apart from gender, values shown are means, with SD in parentheses.

TABLE 2 | Location of brain regions with altered DTI measurements in patients
with IGE.

Cluster  Cluster P-value t-value MNI coordinate

no size

Region

X y z

Increased 55 <0.001 3.96 22 10 44 Right frontal lobe

FA
Increased 62 0.001 316 -26 50 18 Left SCC
MD
Increased 107  <0.001 3.96 28 —-18 24 Left occipital lobe
AD
59 0.003 277 =34 =50 16 Right corona
radiata
Decreased 43 <0.001 3.59 —18 —28 4 Left thalamus
AD
60 <0.001 3.42 22 —40 —42 Right middle
cerebellar
peduncle

DTI, diffusion tensor imaging; IGE, idiopathic generalized epilepsy patients; FA, fractional
anisotropy; MD, mean diffusivity; RD, radial diffusivity; AD, axial diffusivity; MNI, Montreal
Neurological Institute; SCC, splenium of the corpus callosum.

FIGURE 1 | Patients with IGE showed increased MD (refer to color scale) in
the WM of the left splenium of the corpus callosum compared with healthy
controls after AlphaSim correction (P < 0.05). MD, mean diffusivity; WM, white
matter.

onset, duration of epilepsy, and cognitive measures, assessed by
the mini-mental state examination (MMSE).

MATERIALS AND METHODS

Participants

The study was approved by the local Research Ethics Committee
and institutional review board. Written informed content and
developmental and clinical history pertinent to epilepsy and
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FIGURE 2 | Patients with IGE showed increased FA (refer to color scale) in the
deep WM of the right prefrontal lobe (as indicated by the red arrow) compared
with healthy controls after AlphaSim correction (P < 0.05). FA, fractional
anisotropy.

treatment of a child were obtained from the patient or the
parent. The ILAE diagnostic criteria were used to diagnose
epileptic seizures (18). The included patients all met the following
criteria: (1) presence of typical clinical symptoms of IGE,
such as loss of consciousness and no partial seizures; (2)
interictal electroencephalography (EEG) showing 2-4 or 4-
6 Hz generalized spike-waves (SW) or polyspike-waves (PSW)
on normal background activity, or the presence of at least
one typical attack recorded during video-EEG monitoring with
epileptiform activity and negative provocation test results; (3)
no focal abnormality on routine structural MRI examination;
(4) no other developmental disabilities or neurological disorders;
and (5) epilepsy diagnosed within the past 6 months and never
treated with an antiepileptic drug. The healthy controls (HCs)
were recruited through poster advertisements, and all met the
following criteria: no history of (1) any initial precipitating
event (e.g., simple or complex febrile seizures); (2) any
seizure or seizure-like episode; (3) neurological, psychological,
developmental, or systemic disease; or (4) loss of consciousness
>5min. All children were attending regular school and were
right-handed. A total of 60 patients with IGE and 37 matched
HCs were initially recruited from the Affiliated Hospital of
Southwest Medical University. MMSE measurements and MRI
scans were completed on the same day. Six patients and two
controls were excluded because of failure to finish either the
MRI scanning or the MMSE assessment. Nine patients and three
controls with head motion artifacts were also excluded. Finally,
45 patients with IGE (such as 2 with CAE, 1 with JAE, 11 with
JME, 21 with GTCS, and 10 with an unidentifiable subsyndrome)
and 32 matched HCs were enrolled in the study.

Data Acquisition

All participants were scanned using a single-shot spin-echo echo-
planar imaging (EPI) sequence on a 3.0T MR scanner (Intera
Achieva; Philips Medical Systems, Amsterdam, the Netherlands).
The EPI sequence was performed in 40 non-collinear gradient
directions with a b-value of 1,000 s/mm?, and a non-diffusion-
weighted image was used to obtain diffusion-weighted images.
The other parameters were as follows: repetition time (TR)
8,700 ms, optimized echo time (TE) 90-110 ms, the number of
excitations (NEX) 1, field of view (FOV) 24 x 24 cm?2, matrix
size 128 x 128, in-plane resolution 1.875 mm, and slice thickness
3.5mm. The average scanning time was 7 min. An average of 40
oblique axial slices was collected to cover the whole brain.

FIGURE 3 | Patients with IGE showed increased AD (refer to color scale) in the
WM of the left occipital lobe and the right corona radiata compared with
healthy controls after AlphaSim correction (P < 0.05). AD, axial diffusivity; WM,
white matter.

FIGURE 4 | Patients with IGE showed decreased AD (refer to color scale) in
the WM of the right middle cerebellar peduncle and left thalamus compared
with healthy controls after AlphaSim correction (P < 0.05). AD, axial diffusivity;
WM, white matter.

Data Analysis

Preprocessing was carried out using the FSL 4.1 software
package (Functional Magnetic Resonance Imaging of the Brain
Software Library; http://www.fmrib.ox.au.uk/fsl). First, the data
were corrected for head motion and eddy currents using affine
registration to the b0 image volume. Next, brain extraction
was performed to remove non-brain tissue from the whole-
head image. Finally, parameter maps for FA and MD were
calculated using dtifit, which fits a diffusion tensor model to
each voxel and estimates the principal directions of diffusion.
Also calculated were AD, which represents the highest diffusion
in the voxel and is assumed to run parallel to the main axon
fiber, and RD, which represents diffusion perpendicular to the
main diffusion direction of the axon fibers. A VBA was then
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performed with SPM8 (Statistical Parametric Mapping; Welcome
Trust Centre for Neuroimaging, London, England, http://fil.ion.
ucl.ac.uk) running in MATLAB 2012b (MathWorks, Natick, MA,
USA). Each b0 image was non-linearly normalized using the
EPI template supplied with SPM8 to estimate the normalization
parameter, which was applied to all parameter maps with each
voxel sized 2 mm x 2 mm X 2 mm. Finally, the normalized
parameter maps were smoothed using an isotropic Gaussian filter
(6-mm full width at half maximum).

Voxel-wise comparisons of FA, MD, AD, and RD between
patients with IGE and controls were performed using two-sample
t-tests and a WM mask in SPM8 with age and sex as covariates.
The statistical significance threshold was set to P < 0.005 at the
voxel level on uncorrected t maps. The correction for multiple
comparisons was performed using a Monte Carlo simulation
[5,000 simulations, full width at half maximum (FWHM) =
8 mm, and cluster connection radius = 5 mm] with an AlphaSim
corrected (http://www.restfmri.net/forum/) P < 0.05 at the
cluster level. The regions that showed group differences in FA
MD, AD, and RD were extracted for each patient, and partial
correlations using age and sex as covariates were computed to
examine the relationships between the altered DTI parameters
and clinical measures (such as the age of onset, duration of
epilepsy, and MMSE score).

RESULTS

Clinical Features

Anatomical MRI data from 77 participants were included in the
study: 45 patients with IGE and 32 HCs. The demographic and
clinical characteristics of the subjects are given in Table 1. The
baseline features of sex and age between the two groups (all P
> 0.05) were generally well-balanced. There was no significant
difference in MMSE scores between IGE and HC groups.

MRI Results

After AlphaSim correction, the patients with IGE showed
significant alterations in several diffusion parameters compared
with the HCs (Table 2). Compared with HCs, the IGE group had
increased MD in the WM of the left splenium of the corpus
callosum (Figure 1; Table 2), increased FA in the deep WM
of the right frontal gyrus (Figure 2; Table 2), increased AD in
the WM of the right corona radiata and left occipital lobe,
and decreased AD in the WM of the left thalamus and right
middle cerebellar peduncle (Figures 3, 4; Table 2). There were no
significant correlations between the MD, FA, and AD values and
any of the clinical measures.

DISCUSSION

The current study investigated WM microstructural changes
in children with new-onset, untreated IGE to help understand
the dynamic microstructural alterations and the possible
mechanisms leading to cognitive decline in the later, chronic
stage of IGE. Consistent with previous studies (12, 19), we
found increased MD in the left splenium of the corpus callosum
(Figure 1). However, in contrast to the observations of decreased

FA in WM of the frontal lobe in previous studies of chronic focal
epilepsy and IGE (20-22), we observed increased FAs in the deep
WM of the frontal lobe (Figure 2). In addition, we found both
increased and decreased ADs in several brain areas (Figures 3,
4). None of these altered diffusion indices were associated with
the clinical parameters. We will discuss these points in turn.

Increased FA in the Deep WM of the Right

Frontal Lobe

Our most striking observation is of increased FA in the deep
WM of the right frontal lobe. The mesial frontal regions play
a crucial role in the spreading and generalization of epileptic
discharges in IGE (23, 24), and stimulation of the frontal cortex
(25) elicits spike-wave phenomena suggesting that this area is
essential for initiation or propagation of epileptiform activity. So
abnormalities in this area are not unexpected and indeed have
been observed: but what has been reported in both adults (20, 22)
and children (21) with IGE is decreased FA in the prefrontal
WM, the opposite of our finding. Also, our finding of increased
FA in the deep WM of the right prefrontal lobe differ from the
findings of previous studies in patients with new-onset epilepsy,
one employing an ROI approach (12, 14) and the other using a
whole-brain analysis (13). Such discrepancies between reported
DTI findings might reflect technical factors, such as different
sample sizes, antiepileptic medications, illness durations, and
analytic methods. However, it is worth considering what maybe
the implications for the underlying neuropathology.

Decreased FA has been interpreted as reflecting poor fiber
coherence and myelination, often considered a hallmark of
neurodegenerative and similar disorders (10). Increased FA has
been reported more rarely, in neuropsychiatric diseases, such as
Williams syndrome (26), bipolar disorder (27), multiple sclerosis
(28), and preclinical Alzheimer’s disease (29). The possible
implications of higher FA include greater brain reserve, which
might be complemented by or a manifestation of cognitive
reserve (29), loss of dendrites and/or swelling of neuronal cell
bodies (28), increases in myelination, microscopic deficits of
axonal structures, or decreases in axonal diameter, packing
density, and branching (9).

Another possible explanation of our finding of increased FA is
arelationship to fiber crossings: several areas of the brain (e.g., the
centrum semiovale, uncinate fasciculi, and transpontine fibers)
with considerable fiber crossings have low FA (10, 30). It might
be that the increased FA we observed in the deep WM of the right
frontal lobe (which includes the centrum semiovale) might reflect
a smaller number of WM crossings (more homogeneity in the
underlying fiber orientation) than in controls.

Taking together the absence of FA abnormalities reported
using a similar whole-brain analytic method in children with
new-onset IGE, but with greater illness duration than in our
study (13), and the decreased FA reported in chronic adult IGE
(20, 22), we tentatively suggest that brain microstructural changes
in IGE are dynamic, with increased FA in some brain areas in the
early stages that progress to decreased FA in the chronic stage.
The increased FA we observed may be particularly relevant early
on, perhaps as part of a compensatory mechanism to maintain
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normal cognitive function, while the decreased FA reported in
chronic epilepsy might reflect a cause of cognitive dysfunction.
Future longitudinal imaging studies are needed to characterize
changes over the course of IGE and their relationship with
cognitive measurements.

Lack of Correlation With Cognitive Deficit
Previous studies have reported a relationship between cognitive
deficit and frontal dysfunction in IGE (15, 16), and between
the duration of epilepsy and cognitive decline (15). A study
(14) of new-onset JME revealed significantly worse results in
neuropsychological tests and some correlations with FA values
in some regions. Practical considerations did not allow us
to perform more sophisticated tests than MMSE, for which
we found no correlation with altered FA (or in fact any
diffusion parameter). This may be because our patients, new-
onset children with a limited duration of epilepsy, covered
to narrow a range of structural and functional changes for
such a correlation to reach statistical significance, at least for
this relatively limited sample size. Alternatively, the balance of
primary pathophysiology and compensatory changes early on
may make the relationship function more complicated.

Increased MD in the Left Splenium of the

Corpus Callosum

Another notable finding of the current study is the increased
MD in the left splenium of the corpus callosum in patients
with IGE. Increased diffusivity is usually explained by excitotoxic
mechanisms caused by seizures, which lead to cell lysis and
death (31) and result in the expansion of the extracellular space.
The corpus callosum plays a key role in connecting cognitive
and sensory information between the bilateral hemispheres (32),
and the posterior part of the corpus callosum connects the
visual areas in the occipital lobe. Consistent with our result,
increased MD in the splenium of the corpus callosum has been
reported in children with idiopathic epilepsy (12) and patients
with periventricular nodular heterotopia (33). The present study
helps to demonstrate the important role of the corpus callosum
in the early stage in children with IGE.

Changes in AD

Changes in AD were quite complicated (Figures 3, 4). Although
several areas showed abnormal AD, only one area exhibited
abnormal FA or MD. Other studies have reported similar findings
(13) of increased or decreased ADs in children with new-onset
IGE accompanied by no abnormalities in FA, ADC, or RD.
Why this should be so is not obvious. It may be relevant that
a study (34) in the shiverer mouse model found that AD was
the most sensitive marker of dysmyelination. The increased AD
in the left occipital lobe may reflect an increased extra-axonal
space in the occipital lobe. It may be relevant that the left
splenium of the corpus callosum, which connects the visual areas
in the occipital lobe, showed increased MD (Figure 2). Thus, we
speculate that the occipital lobe sensitively reflects the early WM
injury of epilepsy.

However, we did not find any alterations in RD, which is
considered to reflect impaired myelin integrity or decreased axon

fiber density in WM pathways (34). A study in the mouse (35)
found that the absence of myelin increased RD with minimal
influence on AD.

Implications for Brain Circuitry

We found altered diffusion parameters in areas of the brain which
have often been reported to be abnormal in epilepsy. In particular,
the corona radiata, corpus callosum, thalamus, and frontal and
occipital lobes frequently show abnormal diffusion indices in
patients with IGE (14, 21, 22, 36). Abnormal thalamocortical
circuitry plays an important role in the generation of PSW
discharges (37, 38). The corona radiata and the frontal WM,
where we found abnormalities, comprise the thalamofrontal
connections, which make up the major epileptic brain network
(38). The clinical efficacy of corpus callosotomy shows that the
corpus callosum is the principal pathway of cross-hemisphere
discharge synchronization and seizure spread (39). Our results
are consistent with this thalamocortical circuit model in IGE.
The varied abnormalities of diffusion metrics might suggest that
seizure propagation is widespread in children with new-onset,
untreated IGE.

LIMITATIONS OF THE STUDY

First, the number of children studied was modest, and we were
unable to conduct any subgroup analysis. Second, MMSE is
not well-suited to evaluate subtle neuropsychological changes in
new-onset epilepsy. Third, it is of course difficult to fully interpret
the DTT findings in the absence of histopathological assessments:
future studies using animal models of epilepsy may help with this.
Finally, this cross-sectional study cannot address the dynamic
evolution of these abnormalities: longitudinal follow-ups will
help to elucidate this.

In summary, our results indicate that microstructural
abnormalities exist from the very beginning of IGE and that AD
may be more affected than FA, MD, and RD in the initial stages in
children with IGE. Calculating all the diffusion parameters allows
the detection of more WM microstructural changes in children
with IGE than simply analyzing FA and MD. The increased
FA in children with new-onset, untreated IGE differs markedly
from chronic patients with IGE, perhaps evidence of gradual
progression of cognitive impairments and possible compensatory
mechanisms in IGE prior to cognitive decline. Longitudinal
studies are needed to determine how the FA and other diffusion
parameters change over the course of IGE and the potential
impact of therapeutic intervention on these parameters.
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