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SUMMARY
The purpose of this investigation was to examine the diffusion properties of cerebral white matter in
children with recent onset epilepsy (n=19) compared to healthy controls (n=11). Subjects underwent
DTI with quantification of mean diffusion (MD), fractional anisotropy (FA), axial diffusivity (Dax)
and radial diffusivity (Drad) for regions of interest including anterior and posterior corpus callosum,
fornix, cingulum, and internal and external capsules. Quantitative volumetrics were also performed
for the corpus callosum and its subregions (anterior, midbody and posterior) and total lobar white
and gray matter for the frontal, parietal, temporal and occipital lobes. The results demonstrated no
group differences in total lobar gray or white matter volumes or volume of the corpus callosum and
its subregions, but did show reduced FA and increased Drad in the posterior corpus callosum and
cingulum. These results provide the earliest indication of microstructural abnormality in cerebral
white matter among children with idiopathic epilepsies. This abnormality occurs in the context of
normal volumetrics and suggests disruption in myelination processes.
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1. INTRODUCTION
Diffusion tensor imaging (DTI) studies have characterized abnormalities in the microstructral
integrity of cerebral white matter in patients with chronic epilepsy including temporal lobe
epilepsy (Duncan, 2008; Yogarajah et al., 2008; Yogarajah and Duncan, 2008) and other
epilepsy syndromes such as juvenile myoclonic epilepsy (Deppe et al., 2008). Among patients
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with temporal lobe epilepsy, DTI abnormalities have been reported in regions both near to as
well as distant from the primary epileptic zone (Arfanakis et al., 2002; Concha et al., 2005;
Concha et al., 2009; Gong et al., 2008; Gross et al., 2006; Kim et al., 2008; Lui et al., 2005;
Thivard et al., 2005).

The early onset and long duration of commonly investigated epilepsy syndromes such as
temporal lobe epilepsy raises the possibility that both neurodevelopmental and progressive
processes may underlie the presence and distributed nature of these abnormalities. To address
the neurodevelopmental contribution, investigation of children with a limited duration of
epilepsy might prove helpful, but a remarkably limited number of studies have utilized DTI to
understand the presence and course of white matter changes over time. Pediatric studies have
focused primarily on children with localization-related and predominantly temporal lobe
epilepsy. Findings include significantly reduced fractional anisotropy (FA) in the hippocampus
contralateral as well as ipsilateral to side of seizure onset (Kimiwada et al., 2006); decreased
anisotropy in white matter tracts (uncinate, arcuate, and inferior longitudinal fasiculi as well
as corticospinal tract) both contralateral as well as ispilateral to the side of seizure onset
(Govindan et al., 2008), and increased diffusivity in temporal lobe and cingulate gyrus white
matter but without significant differences in FA (Nilsson et al., 2008). Thus, even early in the
course of epilepsy the microstructural integrity of cerebral white matter is affected.

The purpose here is to build upon these observations by examining diffusion properties in
specific cerebral white matter tracts among children with recent onset and thereby very limited
duration of epilepsy, thus representing the earliest investigation of these tissue properties in
the natural course of childhood epilepsy. Our DTI studies were supplemented by examination
of corpus callosum and lobar gray and white matter tissue volumes. White matter volumes
were examined in order to determine whether abnormalities in diffusion properties occurred
independently of cerebral white matter volume differences. Gray matter volumes were
examined to address the possibility that diffusion abnormalities were a secondary consequence
of gray matter degradation. While several white matter tracts were examined in this study, a
specific focus was the corpus callosum where relatively direct comparisons could be made
between DTI and volume measurements.

2. Methods
2.1 Subject groups

The participants were children 8-18 years of age including 19 patients with recent onset
idiopathic epilepsy (average age +/- s.d. = 12.5 +/- 3.4 years; 8 female, 11 male) and 11 healthy
controls (average age +/- s.d. = 13.8 +/- 3.4 years; 6 female, 5 male). In addition to age
requirements, inclusion criteria for the patient group included a diagnosis of epilepsy within
the past 12 months and no other developmental disabilities or neurological disorder. The
patients met ILAE criteria for idiopathic epilepsy, meaning that there were no identifiable
lesions or other abnormalities on clinical MRI nor neurological deficits on examination. The
group was composed of 11 children with idiopathic generalized (average age +/- s.d. = 10.5
+/- 1.8 years; 4 female, 7 male) and 8 with localization related epilepsies (average age +/- s.d.
= 15.2 +/- 3.2 years; 4 female, 4 male). Age was accounted for by all analysis methods and the
distribution of syndromes within the patient group is given in table 1.

The following process was used to define the electroclinical syndromes. All children with
epilepsy underwent a standard clinical EEG which was digitized and independently reviewed
and coded by the project pediatric epileptologist for the following: 1) background rhythm, 2)
presence/rate of diffuse slow waves, 3) presence, laterality and location of focal slow waves,
4) presence, laterality and location of epileptiform discharges, 5) presence of abnormalities
activated by sleep, and 6) results of seizure onset if ictal recordings were obtained. This review
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was conducted while blinded to all MRI, cognitive, and psychiatric data. This information was
used with clinical characterization of seizures and history to define electroclinical syndromes
in consensus conference.

Controls were first-degree cousins who were age and gender matched with no history of
seizures, early initial precipitating injuries (e.g., febrile convulsions), no other developmental
or neurological disease, or loss of consciousness greater than five minutes. Participants in both
groups attended regular school. Further details regarding subject selection criteria are available
in (Hermann et al., 2006). There were no significant differences between the epilepsy and
control groups in age (12.6 vs. 13.6, p=.43), gender (53% male vs. 45% male, p=.70), or Full
Scale IQ (96.6 vs. 97.1, p=.89).

2.2 Imaging parameters
Images were obtained on a 1.5 Tesla GE Signa MR scanner. Sequences acquired for each
participant included: (i) T1-weighted, three-dimensional SPGR acquired with the following
parameters: TE = 5ms, TR = 24ms, flip angle = 40deg, NEX = 1, slice thickness = 1.5 mm,
slices = 124, plane = coronal, FOV = 20 × 20 cm2, matrix = 256X256; (ii) proton density (PD)
and (iii) T2-weighted images acquired with the following parameters: TE = 36ms (for PD) or
96 msec (for T2), TR = 3000 ms, NEX = 1, slice thickness = 3.0 mm, slices = 64, slice plane
= coronal, FOV = 20 × 20 cm2, matrix = 256X256; (iv) EPI DTI data series of one reference
image (b=0 s/mm2) and 13 diffusion weighted images (b=1000 s/mm2, non-colinear gradient
orientations) with the following parameters: TE = 76.6 msec, TR = 4000 msec, NEX = 4, slice
thickness = 4 mm and gap thickness = 4 mm, slices=15, slice plane = axial, FOV = 24 × 24
cm2, matrix = 256 × 256 (reconstructed).

2.3 Volumetric postacquisition processing
MRIs were processed using a semi-automated software package, i.e., Brain Research: Analysis
of Images, Networks, and Systems (BRAINS2) (Andreasen et al., 1996; Harris et al., 1999).
Neuroimaging analyses were conducted blinded to group status and both clinical and
demographic characteristics of the subjects. The T1-weighted images were spatially
normalized so that the anterior-posterior axis of the brain was realigned parallel to the anterior
commissure - posterior commissure (ACPC) line, and the interhemispheric fissure was aligned
on the other two axes. A six-point linear transformation was used to warp the standard Talairach
atlas space onto the resampled image. Images from the three pulse sequences were then
coregistered using a local adaptation of automated image registration software. Following
alignment of the image sets, all images were resampled into 1 mm cubic voxels, following
which an automated algorithm classified each voxel as gray matter, white matter, CSF, blood,
or “other.” Manual inspection and correction of the output of the neural network tracing was
conducted. The brain images were then volume rendered using local utilities, producing tissue
volumes for regions of interest within the brain. The six outer boundaries of the brain form a
bounding box that along with the AC-PC line produces a volumetric grid based on the Talairach
divisions. Each lobar volume measured is defined in this proportional coordinate system. Thus,
all measurements are obtained in the image space of the subject without morphing the image
to fit a standard brain atlas. Dependent measures were white and gray matter volumes of the
left and right frontal, parietal, temporal and occipital lobes. All volumes were adjusted for age
and total intracranial volume (ICV).

2.4 Corpus callosum guidelines
Manual trace of the corpus callosum began in the midsagittal plane. Using a previously
established tracing protocol (Hermann et al., 2003b), three co-registered image sets were used
simultaneously to delineate the corpus callosum. Boundary identification was based on a pre-
manipulated trimodal image (a composite of the T1, T2, and PD images) as the primary image
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set, with reference to the continuously segmented image, and a discretely segmented image in
areas of poorly defined borders (such as the confluence of the fornix and the ventral callosum).
Additionally, voxel signal intensities were used to separate white matter voxels from
neighboring voxels of cerebral spinal fluid, blood vessel wall, and gray matter. In addition to
the midsagittal slice, two additional slices extending laterally from the midsagittal view were
traced. The anterior and posterior extreme of the corpus callosum trace were kept consistent
when extending the trace to parasagittal slices. Although the lateral extent of the corpus
callosum extends beyond the central five sagittal slices, these regions were excluded from the
trace due to difficulty in boundary determination. In addition, a BRAINS2 script was applied
to automatically partition the CC into seven regions defined by Witelson (Witelson, 1989).
This technique used the inner convexity of the genu as a landmark in conjunction with the
rostral-caudal axis length to subdivide the callosum. Witelson regions were then summed to
create anterior (1-3), midbody (4-5), and posterior (6-7) regions (Hermann et al., 2003a). An
interrater agreement (kappa) of .99 was achieved. Dependent measures were the volumes of
the total corpus callosum as well as the anterior, midbody and posterior regions of the corpus
callosum. In order to account for head size volumetric differences, all callosal volumes were
adjusted for age and total intracranial volume (ICV).

2.5 DTI postacquisition processing
Offline processing of the DTI datasets was completed using the diffusion II toolbox for SPM5
in Matlab. The reference and diffusion weighted images were first corrected for motion and
field inhomogeneity artifacts by corregistration of the image volumes. Next, the diffusion
tensor was calculated at each voxel and maps for the mean diffusion (MD), fractional
anisotropy (FA), axial diffusivity (Dax) and radial diffusivity (Drad) were calculated for each
subject.

In order to quantify diffusion indices of six specific white matter structures, the anterior and
posterior corpus callosum, fornix, cingulum, internal capsule and external capsule, binary
masks of regions of interest (ROIs) were created using FSL software (Smith et al., 2004) and
according to anatomical landmarks on axial slices of the FA map. All ROI masks were bilateral.
For the anterior and posterior corpus callosum a single axial slice was selected for which the
structure was the most apparent and ROIs were constrained to the medial 13.5 mm of each
structure for consistency with volumetric data. For the other white matter structures, all slices
containing a given structure were included in creating the ROI mask. Initially, masks were
coarsely drawn to include structure edges and surrounding gray matter, but to exclude all other
white matter. Next, an FA threshold was applied to refine the rough masks to include only
white matter voxels. This FA threshold was set at 0.5 for the corpus callosum regions and 0.45
for the other regions. For the anterior and posterior corpus callosum masks, the anterior and
posterior edges were further eroded by two voxels in order to reduce partial volume effects
near the structure edges. ROI masks were applied to DTI index maps to calculate mean values
for each structure for each subject. The FA map for a representative subject is shown in figure
1 with the ROI masks overlaid. Analysis of covariance with age as a covariate was used to test
for group differences after accounting for age effects.

3. Results
3.1 Lobar gray and white matter volumes

There were no significant differences between the epilepsy and control groups in age and ICV
adjusted gray and white matter volumes. Specifically, there were no significant univariate
effects for lobar frontal (p=.94), parietal (p=.46), temporal (p=.56), or occipital (p=.98) white
matter volumes. There were also no significant univariate effects for lobar frontal (.73), parietal
(p=.38), temporal (p=.46) or occipital (p=.44) gray matter volumes (see figure 2).
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3.2 Corpus callosum volumes
There were no significant differences between the epilepsy and control groups in age and ICV
corrected volumes of the total corpus callosum (p=.69) as well as the anterior (p=.60), midbody
(p=.98), and posterior (p=.15) regions (see figure 3).

3.3 Diffusion indices
DTI indices of FA, MD, Dax and Drad were analyzed for the anterior and posterior corpus
callosum, fornix, cingulum, internal capsule and external capsule and compared between
epilepsy patients and controls. Analysis of covariance with age as a covariate showed a group
difference of reduced FA for the posterior corpus callosum (p=0.04) and cingulum (p=0.04)
in the epilepsy group. Additionally, there was an increase in MD for the posterior corpus
callosum (p=0.03). There were no significant group differences for Dax in any region. However,
Drad was significantly increased in the cingulum (p=0.03) and posterior corpus callosum (p=.
03) (see figure 4).

When the epilepsy group was divided into localization related (LRE) and idiopathic generalized
(IGE) groups, non-significant trends were observed to follow the findings of the pooled group
for both the posterior corpus callosum and cingulum. Additionally, there was significantly
increased MD and Drad (p= 0.039 and 0.043 respectively) in the fornix of the LRE group, but
not the IGE group compared to controls (see supplemental table 1).

4. Discussion
The primary finding of this study is the presence of DTI abnormalities in the white matter of
children with very recent onset idiopathic epilepsies compared to control children. These
diffusion abnormalities occur in the context of comparable volumes of lobar gray and white
matter in the frontal, parietal, temporal and occipital lobes. Volumetric analysis of the corpus
callosum also shows no difference for the total corpus callosum as well as for the anterior,
posterior or middle subregions in particular. Taken together, these findings imply an early
vulnerability of the structural integrity of cerebral white matter in new-onset epilepsy to which
DTI, but not volumetric analysis, is sensitive. Our results extend previous DTI investigations
of children with epilepsy (Govindan et al., 2008; Kimiwada et al., 2006; Nilsson et al., 2008)
by demonstrating that not only are these abnormalities evident in children with a relatively
short duration of disorder, but that they can be seen near to the time of diagnosis of epilepsy,
and occur in other epilepsy syndromes.

The corpus callosum has been previously implicated in adults with chronic temporal lobe
epilepsy and to incur both DTI (Arfanakis et al., 2002; Kim et al., 2008; Thivard et al., 2005)
and volumetric (Hermann et al., 2003b; Weber et al., 2007) abnormalities. In the present study
the posterior corpus callosum exhibits reduced FA, increased Drad and increased MD in
epilepsy patients compared to controls. Interestingly, the finding of abnormal DTI took place
in the absence of volumetric change in the same callosal region. This finding is in direct support
of the idea that DTI is able to detect abnormalities not evident using conventional MRI
techniques (Duncan, 2002). Other MRI studies have shown DTI abnormalities in the presence
of volumetric differences (Gong et al., 2008), however to our knowledge this is the first study
of epilepsy patients to exhibit a structure specific abnormality in diffusion but not volume.

Structural studies of the normal development of white matter in children suggest that the
anterior corpus callosum matures before the mid or posterior regions (Giedd et al., 1999; Hasan
et al., 2009). Our finding of DTI abnormality in the posterior but not anterior corpus callosum
may indicate a preferential damage to later myelinating callosal regions. Furthermore, radial
but not axial diffusivity was altered in the posterior corpus callosum. Although there is no
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definitive microstructural change certain to underlie this pattern, there are a growing number
of DTI studies relating altered Drad to myelination abnormalities (Budde et al., 2007; Song et
al., 2005) and showing a reduction of Drad during normal white matter development in humans
thought to correspond to compacting fibers and myelination (Alexander et al., 2007; Hasan et
al., 2009; Snook et al., 2005). It is possible that the myelination of axons in the patients is
slowed by the epileptogenic process or that there is seizure-related damage to the posterior
corpus callosum myelin sheath surrounding the onset of epilepsy. In support of the view of
myelin as a primary target, there is no observed group difference in gray matter volume in any
lobar region to suggest axonal degeneration secondary to neuronal loss, although the limitations
of volumetric measurements are recognized as specific layers of the neuropil may be affected
but not detected by these volumetric measurements.

The other region that displays abnormal DTI values is the cingulum, in which FA is reduced
and Drad is increased. This finding is in agreement with several studies of chronic temporal
lobe epilepsy populations (Concha et al., 2005; Concha et al., 2009; McDonald et al., 2008)
and suggests a vulnerability of the cingulum that may accompany the onset of epilepsy. The
internal capsule, external capsule and fornix were not significantly different from control
values. It is possible that there is no change in these structures; however, they should not be
ruled out of future studies without first addressing the limitations of this study.

Future studies will be needed to more fully characterize the structural state of the newly
epileptic brain. This study provides an important initial characterization of DTI indices in this
group, however there are several limitations that must be addressed. These include the small
sample size and mixed epilepsy syndromes of the patient group and the imaging limitations of
resolution and acquisition gap thickness, which was large and precluded the use of tractography
or analysis of small white matter structures as well as measurement of complete white matter
structures.

The finding of white matter vulnerability in this study is in conceptual agreement with previous
MRI studies of patients with epilepsy. Diffuse abnormalities in cerebral white matter in focal
epilepsy have been reported using both traditional volumetrics and voxel based morphometry
(Hermann et al., 2003b; McMillan et al., 2004; Mueller et al., 2006; Seidenberg et al., 2005;
Yu et al., 2008). Vulnerability of frontal-temporal connections including the uncinate and
arcuate fasciculi have been described in temporal lobe epilepsy (Lin et al., 2008; Rodrigo et
al., 2007) with verification of this abnormal connectivity and demonstration of their important
linkages to well known cognitive abnormalities (Diehl et al., 2008; Flugel et al., 2006; Lui et
al., 2005; McDonald et al., 2008; Powell et al., 2007; Yogarajah et al., 2008). Understanding
the cause, course, and consequences of microstructural abnormalities of cerebral white matter
should help to understand the etiology of neurobehavioral comorbidities of epilepsy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Three axial slices from a representative FA map show image quality and ROI locations. Color
coded ROIs are labeled as follows: cyan anterior corpus callosum, yellow - posterior corpus
callosum, red - fornix, magenta - cingulum, green - internal capsule, blue - external capsule.

Hutchinson et al. Page 10

Epilepsy Res. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Mean total white (left panel) and gray (right panel) matter volumes for frontal, parietal,
temporal and occipital lobes in children with epilepsy compared to healthy controls. There
were no group differences across any of these regions of interest.
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Figure 3.
Mean volumes for anterior, midbody, posterior and total corpus callosum in children with
epilepsy compared to healthy controls. There were no group differences across any of these
regions of interest.
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Figure 4.
Mean DTI values (FA, MD, Dax and Drad) of six white matter structures (anterior and posterior
corpus callosum, fornix, cingulum, internal capsule and external capsule) for epilepsy and
control groups. * indicates p<0.05 for group difference by analysis of covariance and error
bars indicate standard error.
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