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To investigate white matter (WM) abnormalities in neocortical epilepsy, we extract supratentorial WM parameters from raw
tensor magnetic resonance images (MRI) with automated region-of-interest (ROI) registrations. Sixteen patients having neocortical
seizures with secondarily generalised convulsions and 16 age-matched normal subjects were imaged with high-resolution and
diffusion tensor MRIs. Automated demarcation of supratentorial fibers was accomplished with personalized fiber-labeled atlases.
From the individual atlases, we observed significant elevation of mean diffusivity (MD) in fornix (cres)/stria terminalis (FX/ST)
and sagittal stratum (SS) and a significant difference in fractional anisotropy (FA) among FX/ST, SS, posterior limb of the internal
capsule (PLIC), and posterior thalamic radiation (PTR). For patients with early-onset epilepsy, the diffusivities of the SS and the
retrolenticular part of the internal capsule were significantly elevated, and the anisotropies of the FX/ST and SS were significantly
decreased. In the drug-resistant subgroup, the MDs of SS and PTR and the FAs of SS and PLIC were significantly different. Onset age
was positively correlated with increases in FAs of the genu of the corpus callosum. Patients with neocortical seizures and secondary
generalisation had microstructural anomalies in WM. The changes in WM are relevant to early onset, progression, and severity of

epilepsy.

1. Introduction

Diffusion tensor imaging (DTI) is a magnetic resonance
imaging (MRI) technique that is sensitive to microscopic tis-
sue characteristics and is particularly effective for evaluating
white matter (WM) [1, 2]. Using DTI, researchers not only
demonstrate the abnormalities of WM fascicles in patients
with idiopathic generalized epilepsies (IGE), temporal lobe
epilepsy (TLE), and malformations of cortical development
but also correlate the WM alterations with clinical vari-
ables, psychomotor comorbidities, and therapeutic outcome

[3-11]. However, few neuroimaging studies have addressed
the abnormalities in the WM of patients with neocortical
epilepsy.

Currently, the common methods for analyzing the MRI
diffusion data include region-of-interest (ROI)-based and
whole brain voxel-based analyses [12-14]. Limitations in
achieving fairly objective assessments are the major disadvan-
tages of the use of ROI-based methods. Voxel-wise methods
are also imperfect; for example, they can cause undesir-
able partial volume averaging effects via smoothing when
using the statistical parametric mapping (SPM) approach for
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TABLE 1: The demographic and clinical data of study participants.

Case Gender Age Age at onset Disease duration Drug resistance Seizure focus/foci

1 F 21 12 9 Y RELF

2 F 42 36 6 N RET

3 F 25 8 17 Y LT

4 M 42 12 20 Y RT

5 F 24 2 22 N RO

6 M 30 2 28 Y LO

7 M 18 5 13 N RF

8 F 22 6 16 N LT

9 F 31 2 29 Y RF

10 M 21 Unclear Unclear N LO

11 F 40 Unclear Unclear N LF

12 M 45 31 14 Y LT

13 F 32 16 6 N LF

14 M 18 6 12 N RET

15 F 25 22 3 N LF

16 M 25 17 8 N LF

F: Frontal, T: temporal, O: occipital, Y: yes, N: no, R: right hemisphere, and L: left hemisphere.

determining statistical significance. Additionally, entire WM
measurements may not be taken into account when using the
tract-based approach [15, 16].

In this study, we transformed a popular fiber-labeled
MRI template in reference to each subject’s neuroanatomy
to generate personalized atlases for objective and automatic
ROI selection. This would enable us to precisely estimate
the diffusion parameters and to perform a comparison
of the diffusion properties of each WM fascicle between
patients and age-matched controls. Here, we investigated the
supratentorial WM structures from patients with neocortical
epilepsy and without any identifiable MRI lesion. These
patients shared a seizure semiology indicating secondary
generalisation. In this study, we tried to evaluate whether
patients with neocortical epilepsy also have WM alterations
and to determine which neural pathway/s may be affected and
which clinical demographic parameters may correlate with
those changes.

2. Materials and Methods

2.1. Subjects. We studied 16 patients (9 females and 7 males,
mean age = 28.8 + 9.0 years) with chronic partial epilepsy.
All patients had MRI scans and long-term EEG records.
Additionally, 16 volunteers were recruited as control group
subjects and also underwent MRI scans (9 females and 7
males with a mean age of 29.0 + 5.2 years). This study was
approved by the Buddhist Tzu Chi General Hospital Ethics
Committee, Hualian, Taiwan (IRB098-110 and IRB101-99),
and informed written consent was obtained from all subjects.
The patient demographics and clinical data are listed in
Table 1.

We first selected epileptic patients with regional epilep-
tiform discharges using a data set of patients at the Bud-
dhist Tzu Chi Epilepsy Center. We referred to patients as

“MRI-negative” if radiologists did not identify any lesions,
including neoplasms, traumatic lesions, vascular anomalies,
well-defined developmental abnormalities, or hippocampal
atrophy on their routine brain MRIs. To completely exclude
mesial temporal lobe epilepsy, we did not include patients
with maximal ictal/interictal epileptiform discharges at T3,
T4, or sphenoid electrodes. We also determined the location
of the seizure focus or foci in individual patients through
ictal video-EEG recording. All of the enrolled patients had
seizure manifestations with the subsequent development of
generalised convulsions. Patient demographic information is
provided in Table 1.

According to the proposed 2009 ILAE definition, patients
who were not seizure-free following treatment with two tol-
erated and appropriately chosen antiepileptic drugs for over
two years were considered to have drug-resistant epilepsy. In
total, 6 of the 16 patients were defined as such. Furthermore,
patients were divided into two subgroups based on the
age of epilepsy onset (before or after 10 years) to assess
any correlations between their WM parameters and clinical
variables.

2.2. Acquisition of Structural MRI and DTI. All subjects
were scanned using a 3T MRI scanner (General Electric,
Waukesha, WI, USA). Anatomic Tl-weighted images were
acquired using a high-resolution, axial, three-dimensional,
Tl-weighted, fast spoiled gradient recalled echo (3D TI-
FSPGR) sequence. Congruent slices with a thickness of 1 mm
were generated with a repetition time (TR) of 11.812ms,
an echo time (TE) of 5.036 ms, a field of view (FOV) of
22 x 22cm, a flip angle of 15 degrees, and a 512 x 512
matrix. The DTI protocol consisted of a single-shot-spin-
echo planar-imaging sequence. Thirty-four contiguous slices
were acquired with a matrix size of 256 x 256, a voxel size
of Imm x I mm, a slice thickness of 3 mm, a TR of 8,000 ms,
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FIGURE 1: White matter parcellation map of the regions-of-interest transformations through DARTEL of individual subject diffusion images

for anatomical substrate recognition.

a TE of 82.4 ms, number of excitations of 2, and a FOV of
25 x 25 cm. Diffusion-weighted images were acquired in 25
directions (b = 1000 s/mm?), as was a null image (b = 0
s/mm?).

2.3. Personalized Anatomical Reference Atlas Creation. As
we planned to extract the original WM information for
each subject, we required a personalized atlas that encom-
passed the anatomical labels to achieve accurate parcella-
tion of the interested structures. The JHU-MNI-SS atlas
is a single-subject data with a comprehensive WM parcel-
lation developed at Johns Hopkins University. The JHU-
MNI-SS atlas coregistered the T1, T2, and DTI images,
as well as WM parcellation map (WMPM) [17, 18]. All
images measured 181 x 217 x 181/1 x 1 x 1 mm. One
version of the JHU-MNI-SS atlas (JHU-MNI-SS-WMPM-
Type-II), which was composed of commissural, association,
and projection fiber labels, was used for the delineation of
the nerve bundles. A brain structure template (JHU-MNI-
SS-T1) with anatomic concordance with the JHU-MNI-SS-
WMPM-Type-II was the medium of imaging preprocessing
before the atlas was deformed to fit individual brain shapes
(http://www.slicer.org/publications/item/view/1883). In the
preprocessing steps, we first resliced the individual SPGR
MRIs to fit the null tensor image resolution. All of the rigid
registration-MRIs were coordinated (0, 0, 0) from the centre
of the anterior commissure. Next, we used the SPM tool,
New Segment, to generate roughly aligned gray matter (GM)

and WM images of the subjects and JHU-MNI-SS-T1 via the
JHU-MNI space template. Additionally, we ran diffeomor-
phic anatomical registration through exponential Lie algebra
(DARTEL), which was embedded in SPMS8 [19, 20] to gener-
ate deformation information comprising two sets of imported
data from one subject and the T1 template. The deformation
information was used to determine the nonlinear deforma-
tions for warping the GM and WM images and JHU-MNI-
SS-T1. Thereafter, we warped the JHU-MNI-SS-WMPM-
Type-1I forward to match the subject based on the rigid
registration-MRIs to obtain personalized anatomical refer-
ence atlases for all subjects (Figure 1). Then two radiologists
validated the anatomical alignment accuracy of the deformed
JHU-MNI-SS atlases by comparing them to the individual FA
maps.

2.4. Regions-of-Interest. The personalized anatomical refer-
ence atlas was applied to automatically delineate the following
WM bundles: the commissural fibers, including the body of
the corpus callosum (BCC), the genu of the corpus callosum
(GCC), the splenium of the corpus callosum (SCC), and tap-
atum (TAP); the association fibers, including the cingulum
(cingulated gyrus) (CGC), cingulum (hippocampus) (CGH),
external capsule (EC), fornix (column and body) (FX), fornix
(cres) stria terminalis (FX/ST), inferior fronto-occipital fas-
ciculus (IFO), superior fronto-occipital fasciculus (SFO),
superior longitudinal fasciculus (SLF), sagittal stratum (SS),
and the uncinate fasciculus (UNC); and the projection fibers,
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FIGURE 2: Supratentorial neural pathways in a control subject are shown: body of the corpus callosum, BCC; genu of the corpus callosum,
GCC; splenium of the corpus callosum, SCC; tapatum, TAP; cingulum (cingulated gyrus), CGC; cingulum (hippocampus), CGH; external
capsule, EC; fornix (column and body), FX; fornix (cres) stria terminalis, FX/ST; inferior fronto-occipital fasciculus, IFO; superior fronto-
occipital fasciculus, SFO; superior longitudinal fasciculus, SLF; sagittal stratum, SS; uncinate fasciculus, UNC; anterior corona radiate, ACR;
anterior limb of internal capsule, ALIC; posterior corona radiate, PCR; posterior limb of internal capsule, PLIC; retrolenticular part of internal
capsule, RLIC; superior corona radiate, SCR; and posterior thalamic radiation (includes optic radiation), PTR.

including the anterior corona radiata (ACR), anterior limb
of internal capsule (ALIC), posterior corona radiata (PCR),
posterior limb of internal capsule (PLIC), retrolenticular
part of the internal capsule (RLIC), and the superior corona
radiata (SCR). Additionally, the posterior thalamic radiation
(PTR), including the optic radiation, was also included. For
each subject, the corresponding values of the MD and FA
were calculated for each automatically segmented region
(Figure 2).

2.5. Statistical Analysis. Using the independent-samples ¢-
test, the MD and FA values in the patient group were
compared with those in the control group, as well as within
the patient subgroups for the WM structures studied. To
investigate the underlying relationship between the signif-
icantly altered diffusion parameters of WM structures and
the progression of epilepsy, linear regression analysis was
performed. A significant difference was accepted if the P
value was less than 0.05.

3. Results

Individual anatomic reference atlases were generated to
investigate WM diffusivity and anisotropy alterations in the
fiber pathways of the original patient DTT data. Regardless of
statistical significance, the studied fibers tended to demon-
strate increased MD values and had minimal FA values.

3.1. Estimation of Diffusion Parameters from Personalized
Anatomical Reference Atlas. We inversely transformed the
JHU-MNI-SS atlas, which was created by linearly normal-
izing a single-subject DTI to the ICBM-152 (International
Consortium of Brain Mapping) template, to match individual
brain images. Grossly, these fibers had good spatial registra-
tion in the reference atlas. But after the radiologists exam-
ined the deformed JHU-MNI-SS atlas, there was minimal

incorrectness of anatomical alignment in the small regions
such as fornix (column and body) (FX). The rendered tap-
atum (TAP), FX, superior fronto-occipital fasciculus (SFO),
and the uncinate fasciculus (UNC) voxels were lower than
expected and ranged widely (voxel numbers = 315 + 91,
185 + 74, 255 + 68 and 233 + 69, range from 145 to 516,
47 to 360, 138 to 362, and 94 to 317, resp.) (see Supple-
mentary Table 2 in Supplementary Material available online
at http://dx.doi.org/10.1155/2014/419376). The small size and
curve shape of these structures may have been caused by the
inaccurate delineation of the boundary of these fibers from
the low-resolution FA maps and the EPI scan slicing thick-
ness. Therefore, the values of MD and FA from the TAP, FX,
SFO, and UNC were not taken into account. The patients had
significantly increased fornix (cres) stria terminalis (FX/ST)
(t = 2.050, P = 0.049) and sagittal stratum (SS) (¢ = 3.134,
P = 0.004) MD values. Additionally, they had significantly
reduced FX/ST (t = -2.231, P = 0.033), SS (t = —3.507,
P = 0.001), and the posterior thalamic radiation (PTR) (¢ =
—2.140, P = 0.041) FA values. A significantly increased FA
of the posterior limb of internal capsule (PLIC) (t = 2.353,
P = 0.025) was also observed (Table 2 and Supplementary
Table 1).

3.2. Correlations with Age at Seizure Onset, Duration, and
Severity of Epilepsy. The patients who experienced early
seizure onset had significantly higher MD values of the
retrolenticular part of the internal capsule (t = 2.606, P =
0.017) and lower FA values of the FX/ST (t = -2.669,
P = 0.014) and SS (t = -3.748, P = 0.001) (Table 2 and
Supplementary Table 3). The patients with drug resistance
had significantly increased MD values of the PTR (¢ = 2.714,
P =0.013) and significantly increased FA values of the PLIC
(t = 2.493, P = 0.022). The greatest differences in the MD
and FA values were observed in the SS in the patient group
(Table 2 and Supplementary Table 4).
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TABLE 2: Significant differences (P < 0.05) between the patient and normal groups in terms of MD and FA in white matter integrity.

Age at seizure onset (year)
FA MD FA
>10(n=7) <10(mn=7) >10(n="7)

Fibers MD FA MD
<10 (n=7)

Drug resistance

Yes (n=6) No(n=10) Yes(n=6) No(n=10)

Commissural
BCC
GCC
SCC
Association
CGC
CGH
EC
FX/ST
IFO
SLF
SS P>N P<N
Projection
ACR
ALIC
PCR
PLIC
RLIC
SCR
Other
PTR P<N

P>N P<N P<N

P>N P>N P<N

P>N
P>N

P<N P>N P>N P<N P<N

P>N

P>N

ACR: anterior corona radiata; ALIC: anterior limb of internal capsule; BCC: body of the corpus callosum; CGC: cingulum (cingulated gyrus); CGH: cingulum
(hippocampus); EC: external capsule; FX/ST: fornix (cres) stria terminalis; GCC: genu of the corpus callosum; IFO: inferior fronto-occipital fasciculus; PCR:
posterior corona radiata; PLIC: posterior limb of internal capsule; PTR: posterior thalamic radiation (include optic radiation); RLIC: retrolenticular part of
internal capsule; SCC: splenium of the corpus callosum; SCR: superior corona radiata; SLF: superior longitudinal fasciculus and SS: sagittal stratum.

Capital P versus N indicates the significant difference between patient and control groups.

There was a significant positive correlation between the
genu of the corpus callosum (r = 0.575, P = 0.005) FA
values and the age at seizure onset. Regardless of statistical
significance, the MD values of the commissural, association,
and projection fibers decreased with onset age and increased
with disease duration (Figure 3).

4. Discussion

In this study, we observed that focal cortical seizures with sec-
ondarily generalised tonic-clonic convulsions are associated
with variable changes in the supratentorial WM of individ-
ual patients. Additionally, we observed that microstructural
alterations of neural fibers were associated with seizure onset
age, disease duration, and drug-resistance.

In approximately 20-30% of epilepsy patients with drug
resistance, the apparent lesions that are responsible for epilep-
togenesis are not visible on conventional MRIs [21]. Due to
recent improvements in structural neuroimaging technolo-
gies, including new MRI sequences and signal processing
methods, radiologists and epileptologists can now interpret
the underlying pathologies in many patients with “crypto-
genic” epilepsy. For instance, focal cortical dysplasia, which

has been recognized as the most common aetiology of drug-
resistant epilepsy, may be imaged after enhancing the signal to
noise ratio using the proper combination of radiofrequency
pulses and gradients [22, 23]. While epilepsy is typically con-
sidered a GM disease, the WM abnormalities associated with
epilepsies have also been investigated since the development
of the DTI technique [1, 24]. This enables investigators to
select ROI/s that is/are responsible for epileptogenesis and to
correlate the WM alterations with clinical variables. Specifi-
cally, they can evaluate changes in the diffusion of the selected
ROI that may be responsible for differentiated psychomotor
functions to explain the coexistence of psychobehavioural
disorders. Moreover, the outcomes and complications of
epilepsy surgery may be anticipated by depicting the neural
networks of surgical regions. The use of these ROI-based
methods for further analysis in population studies, however,
is time consuming and error-prone. Although VBM-SPM
can objectively demonstrate MRI differences across subject
groups, there is much criticism regarding this approach.
In particular, many researchers are concerned about the
accuracy of the spatial normalization [15, 16]. The other voxel-
based analysis tool, TBSS, uses a “mean FA skeleton” to
measure the anisotropic water diffusion in WM tracts [25].
The advantages of TBSS include its capacity for precise spatial
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FIGURE 3: The commissural, association, and projection fiber MD values show decreased and increased tendency to correlate with age
at seizure onset and disease duration, respectively. Each regressed line was represented with the mean values of 3 commissural tracts, 7

association tracts, and 6 projection tracts respectively.

comparability and its ability to prevent partial volume effects
and cross-contamination of different tissues. However, the
values of FA or MD of the underlying GM are not calculable
with this approach. Additionally, investigators require a
superimposed reference atlas to recognize the anatomy of
clusters that have meaningful diffusion differences.

In 2007, Ashburner published a diffeomorphic registra-
tion algorithm (DARTEL) that improved the computational
anatomy and functional MRI data analyses as they allowed
for more precise intersubject alignments. Using the SPM
plus DARTEL, we succeeded in obtaining personalised and
anatomical reference atlases by inversely deforming a com-
monly used template to match individual brain shapes. As a
result, we were able to extract the raw diffusion parameter
data of specific neural tracts of interest. We think that
this is an another way to assess WM features, in addition
to VBM- or manual ROI-based methods, especially when
trying to conduct comparisons of “subcortical structures”
from patients with “MRI-negative cortical disorders” with
health controls. However, to assess the diffusion features
of small fiber bundle, such as uncinate fasciculus (UNC),
is limited by our method. In tract-based ROI methods,
for example, Concha et al. demonstrated that the WM
diffusion abnormalities reflect microstructure derangement
and correlate with clinical variables. Manual dissection of
the small fiber tract to obtain ROIs may be irreplaceable
[26].

Excluding the fields of IGE or TLE, only a relatively
small number of studies have addressed WM abnormalities,
beneath or beyond the seizure focus, in patients with MRI-
negative epilepsy. Rugg-Gunn and colleagues found diffusion
abnormalities in 8 of 30 patients and increased diftusivity in
6 out of 8 observed patients in patients with “cryptogenic”

partial seizures [27]. Thivard studied 16 patients with MRI-
negative partial seizures who underwent intracranial EEG
recording and showed that 9 out of the 14 patients (64.3%)
had areas of diffusion changes that were consistent with
the localization of intracerebral EEG [28]. To address the
low resolution and signal-to-noise ratios on a relatively low
field MR system (1.5 T), Chen and colleagues used 3T MRI
to verify whether DTI could help in locating epileptogenic
areas. In their 13 patients, significant MD changes in different
regions were displayed, and they observed that electroclinical
seizures colocalized with diffusivity alterations in 7 of these
patients [29]. In contrast to the 3 reports using voxel-based
analysis, Widjaja et al. used a ROI-based method to investi-
gate correlations between WM abnormalities and neuropsy-
chological impairments in 40 children with localization-
related epilepsy. They observed widespread regional WM
abnormalities and an association between right temporal FA
values and seizure onset age [11]. However, they only studied
the 4 lobular regions by manual tracing using a transformed
template consisting of the bilateral frontal, temporal, parietal,
and occipital lobes and the corpus callosum. Mao et al.
performed ROI-independent fiber tract analysis to correlate
epilepsy duration and arcuate fasciculus abnormalities with
psychoticism in 65 individuals with MRI-negative epilepsy
[30].

In addition to identifying microstructural integrity
abnormalities in the WM of chronic epilepsy patients, certain
correlations between diffusion parameter changes and onset
age or disease duration have also been found. In an early
paper, Arfanakis et al. manually selected the left and right
sides of the external capsule, anterior and posterior corpus
callosum, and the anterior and posterior limbs of the internal
capsule to study the diffusion characteristics. They found that



BioMed Research International

diffusion anisotropy correlated with age at onset of epilepsy
in the posterior corpus callosum [5]. Lin, Riley, and their
colleagues reported a positive correlation of onset age with
UNC FA by using a ROI-based method followed by TBSS in
12 TLE subjects [9, 31]. Govindan et al. correlated the duration
of TLE with diffusion changes in two major tracts from
the temporal lobe, the left uncinate, and arcuate fasciculus
[32]. Thivard et al. did not find any correlation between
disease duration and diffusion abnormalities by using VBM
in 35 patients with mesial TLE [33]. Widjaja observed a
weak relationship between FA of the right temporal WM
and the body of the corpus callosum with the duration of
epilepsy. They did not detect any relationship between lobar
mean diffusivity and duration of epilepsy [11]. We found a
correlation between early onset age and lower genu of the
corpus callosum FA. When we investigated the diffusion
abnormalities of the commissural, association, and projection
fibers, we observed that for the lower MD values, there
were tendencies of decreasing MD values with onset age
and increasing MD values with disease duration. Excluding
the sagittal stratum (SS), higher MD values in the posterior
thalamic radiation and higher FA valued in the posterior
limb of internal capsule (PLIC) were found in our drug-
resistant patients. Deppe et al. correlated FA reductions with
the frequency of generalized convulsions in patients with
JME [4]. Our findings support the concepts that in patients
with chronic and severe epilepsy, preexisting abnormalities
are present and that progressive degeneration occurs.

More than 70% of patients with focal seizures experience
secondary generalization [34]. Before evolving into globally
vibratory movements and finally clonic jerks, asymmetrical
tonic spasm of the face and deviation of the head and neck
are commonly present after a period of focal seizure. Evolving
general convulsion from focal seizures theoretically requires
subcortical structures for seizure propagation. The SS is a
major cortico-subcortical WM fiber bundle that conveys
fibers from the parietal, occipital, cingulate, and temporal
regions to destinations in the subcortical thalamus and brain-
stem structures [35]. We identified aberrant microstructures
in this important neural pathway. Specifically, diffusivity ele-
vation and anisotropy reduction were consistently observed
in this structure in the different subgroups. Using TBSS,
Kieseppa et al. identified a trend towards decreased FA in
the left SS of patients with depression. They assumed that
the reduced FA values contributed to depression because
of the functional connection of the SS with emotional
regulation. Notably, depression and anxiety disorders are the
most frequent comorbidities in patients with epilepsy [36].
Our findings indirectly support this and further encourage
the study of correlations between psycho-behaviour and
neuroimaging in patients with extratemporal epilepsy.

The PLIC contains corticospinal tract, sensory fibers
from the body, and a few corticobulbar fibers. The corti-
cospinal tract should be the crucial destination of seizure
propagation that is responsible for generalized convulsion.
In 2008, Govindan demonstrated lower tensor indices of
corticospinal tract using ROI drawing procedure to calculate
the diffusion parameters. But only one boy suffered from
generalized tonic-clonic activity of their 13 children with

left TLE [32]. In 2011, Liu investigated the WM differences
between normal controls and two subsets of IGE, juvenile
myoclonic epilepsy and IGE with generalized tonic-clonic
seizures only. Higher FA values of patients with generalized
convulsion were showed. The findings support our finding:
repetitive kindling for generalized seizures enhances the
reorganization of the long motor tract [3].

5. Conclusion

In this study, we used a novel method for analyzing original
DTI data while maintaining the undeformed MR images
with currently available tools. This method does not have the
disadvantages that occur with manual ROI selection or the
information deficiencies that develop with whole brain voxel-
based analyses. Therefore, it is rational to use this method
to obtain other personalized anatomical reference atlases to
perform cerebral cortex or subcortical structure morphom-
etry or volumetry analyses. Subcortical WM involvement
in the pathogenesis of chronic neocortical epilepsy is sup-
ported by our DTI-derived evidence. However, a longitudinal
study is needed to determine whether the neurodegenera-
tion observed in subcortical regions in neocortical epilepsy
patients is accelerated beyond the effects of normal aging.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported in part by the National Science
Council (NSC), Taiwan, under project 102-2220-E-009-001;
“Aim for the Top University Plan” of the National Chiao Tung
University and Ministry of Education, Taiwan; and by the
National Science Council (NSC), Taiwan, under project 100-
2220-E-303-001 and by Buddhist Tzu Chi Research Grant
(TCRDI100-53-1).

References

[1] P.J. Basser, J. Mattiello, and D. LeBihan, “MR diffusion tensor
spectroscopy and imaging,” Biophysical Journal, vol. 66, no. 1,
pp. 259-267, 1994.

[2] A. L. Alexander, J. E. Lee, M. Lazar, and A. S. Field, “Diffusion
tensor imaging of the brain,” Neurotherapeutics, vol. 4, no. 3, pp.
316-329, 2007.

[3] M. Liu, L. Concha, C. Beaulieu, and D. W. Gross, “Distinct
white matter abnormalities in different idiopathic generalized
epilepsy syndromes,” Epilepsia, vol. 52, no. 12, pp. 2267-2275,
2011.

[4] M. Deppe, C. Kellinghaus, T. Duning et al., “Nerve fiber
impairment of anterior thalamocortical circuitry in juvenile
myoclonic epilepsy;” Neurology, vol. 71, no. 24, pp. 1981-1985,
2008.

[5] K. Arfanakis, B. P. Hermann, B. P. Rogers, J. D. Carew, M.
Seidenberg, and M. E. Meyerand, “Diffusion tensor MRI in



temporal lobe epilepsy;” Magnetic Resonance Imaging, vol. 20,
no. 7, pp. 511-519, 2002.

[6] D. W. Gross, “Diffusion tensor imaging in temporal lobe
epilepsy,” Epilepsia, vol. 52, no. 4, pp. 32-34, 2011.

[7] S.-K. Lee, D. I. Kim, S. Mori et al., “Diffusion tensor MRI
visualizes decreased subcortical fiber connectivity in focal
cortical dysplasia,” Neurolmage, vol. 22, no. 4, pp. 1826-1829,
2004.

[8] E. Widjaja, S. Blaser, E. Miller et al., “Evaluation of subcortical
white matter and deep white matter tracts in malformations of
cortical development,” Epilepsia, vol. 48, no. 8, pp. 1460-1469,
2007.

J. D. Riley, D. L. Franklin, V. Choi et al,, “Altered white matter
integrity in temporal lobe epilepsy: association with cognitive
and clinical profiles,” Epilepsia, vol. 51, no. 4, pp. 536-545, 2010.
[10] S.V. Okonma, J. P. Blount, and R. E. Gross, “Planning extent of
resection in epilepsy: limited versus large resections,” Epilepsy
and Behavior, vol. 20, no. 2, pp. 233-240, 2011.

E. Widjaja, J. Skocic, C. Go, O. C. Snead, D. Mabbott, and M.
L. Smith, “Abnormal white matter correlates with neuropsy-
chological impairment in children with localization-related
epilepsy;” Epilepsia, vol. 54, pp. 1065-1073, 2013.

[12] D. W. Gross, L. Concha, and C. Beaulieu, “Extratemporal
white matter abnormalities in mesial temporal lobe epilepsy
demonstrated with diffusion tensor imaging,” Epilepsia, vol. 47,
no. 8, pp. 1360-1363, 2006.

[13] N. K. Focke, M. Yogarajah, S. B. Bonelli, P. A. Bartlett, M.
R. Symms, and J. S. Duncan, “Voxel-based diffusion tensor
imaging in patients with mesial temporal lobe epilepsy and
hippocampal sclerosis,” Neurolmage, vol. 40, no. 2, pp. 728-737,
2008.

[14] C. R. McDonald, M. E. Ahmadi, D. J. Hagler et al., “Diffusion
tensor imaging correlates of memory and language impair-
ments in temporal lobe epilepsy;” Neurology, vol. 71, no. 23, pp.
1869-1876, 2008.

[15] E. Widjaja, S. Geibprasert, H. Otsubo, O. C. Snead III, and
S. Z. Mahmoodabadi, “Diffusion tensor imaging assessment
of the epileptogenic zone in children with localization-related
epilepsy,” American Journal of Neuroradiology, vol. 32, no. 10,
pp. 1789-1794, 2011.

[16] M. Afzali, H. Soltanian-Zadeh, and K. V. Elisevich, “Tract
based spatial statistical analysis and voxel based morphometry
of diffusion indices in temporal lobe epilepsy,” Computers in
Biology and Medicine, vol. 41, no. 12, pp. 1082-1091, 2011.

[17] K. Oishi, A. Faria, H. Jiang et al., “Atlas-based whole brain white
matter analysis using large deformation diffeomorphic metric
mapping: application to normal elderly and Alzheimer’s disease
participants,” NeuroImage, vol. 46, no. 2, pp. 486-499, 2009.

[18] K. Oishi, A. Faria, and S. Mori, JHU-MNI-ss Atlas, ” 05, 2010.

[19] J. Ashburner, “A fast diffeomorphic image registration algo-
rithm,” NeuroImage, vol. 38, no. 1, pp. 95-113, 2007.

[20] A.Klein, J. Andersson, B. A. Ardekani et al., “Evaluation of 14
nonlinear deformation algorithms applied to human brain MRI
registration,” Neurolmage, vol. 46, no. 3, pp. 786-802, 2009.

[21] J. S. Duncan, “Imaging and epilepsy;” Brain, vol. 120, no. 2, pp.
339-377,1997.

[22] K. Krakow, U. C. Wieshmann, F. G. Woermann et al., “Multi-
modal MR imaging: functional, diffusion tensor, and chemical
shift imaging in a patient with localization-related epilepsy,”
Epilepsia, vol. 40, no. 10, pp. 1459-1462, 1999.

5

(11

BioMed Research International

[23] S.H. Eriksson, E J. Rugg-Gunn, M. R. Symms, G. J. Barker, and
J. S. Duncan, “Diffusion tensor imaging in patients with epilepsy
and malformations of cortical development,” Brain, vol. 124, no.
3, pp. 617-626, 2001.

[24] P. J. Basser, J. Mattiello, and D. Lebihan, “Estimation of the
effective self-diffusion tensor from the NMR spin echo,” Journal
of Magnetic Resonance, Series B, vol. 103, no. 3, pp. 247-254,
1994.

[25] S. M. Smith, M. Jenkinson, H. Johansen-Berg et al., “Tract-
based spatial statistics: voxelwise analysis of multi-subject
diffusion data,” NeuroImage, vol. 31, no. 4, pp. 1487-1505, 2006.

[26] L. Concha, H. Kim, A. Bernasconi, B. C. Bernhardt, and N.
Bernasconi, “Spatial patterns of water diffusion along white
matter tracts in temporal lobe epilepsy,” Neurology, vol. 79, pp.
455-462, 2012.

[27] E J. Rugg-Gunn, S. H. Eriksson, M. R. Symms, G. J. Barker,
and J. S. Duncan, “Diffusion tensor imaging of cryptogenic and
acquired partial epilepsies,” Brain, vol. 124, no. 3, pp. 627-636,
2001.

[28] L. Thivard, C. Adam, D. Hasboun et al., “Interictal diffusion
MRI in partial epilepsies explored with intracerebral elec-
trodes,” Brain, vol. 129, no. 2, pp. 375-385, 2006.

[29] Q. Chen, S. Lui, C.-X. Li et al., “MRI-negative refractory partial
epilepsy: role for diffusion tensor imaging in high field MRI,
Epilepsy Research, vol. 80, no. 1, pp. 83-89, 2008.

[30] L.-Y. Mao, J. Ding, W.-E. Peng et al., “Disease duration and
arcuate fasciculus abnormalities correlate with psychoticism in
patients with epilepsy;” Seizure, vol. 20, no. 10, pp. 741-747, 2011.

[31] J.J. Lin, J. D. Riley, J. Juranek, and S. C. Cramer, “Vulnerability
of the frontal-temporal connections in temporal lobe epilepsy;’
Epilepsy Research, vol. 82, no. 2-3, pp. 162-170, 2008.

[32] R. M. Govindan, M. I. Makki, S. K. Sundaram, C. Juhdsz,
and H. T. Chugani, “Diffusion tensor analysis of temporal and
extra-temporal lobe tracts in temporal lobe epilepsy;” Epilepsy
Research, vol. 80, no. 1, pp. 30-41, 2008.

[33] L. Thivard, S. Lehéricy, A. Krainik et al., “Diffusion tensor
imaging in medial temporal lobe epilepsy with hippocampal
sclerosis,” NeuroImage, vol. 28, no. 3, pp. 682-690, 2005.

[34] L. Forsgren, G. Bucht, S. Eriksson, and L. Bergmark, “Incidence
and clinical characterization of unprovoked seizures in adults:
a prospective population-based study,” Epilepsia, vol. 37, no. 3,
pp. 224-229,1996.

[35] J. D. Schmahmann and D. N. Pandya, Fiber Pathways of the
Brain, Oxford University Press, 2006.

[36] T. Kieseppd, M. Eerola, R. Mintyld et al., “Major depressive
disorder and white matter abnormalities: a diffusion tensor
imaging study with tract-based spatial statistics,” Journal of
Affective Disorders, vol. 120, no. 1-3, pp. 240-244, 2010.



MEDIATORS

INFLAMMATION

The SCientiﬁc Gastroentero\ogy & . Journal of )
World Journal Research and Practice Diabetes Research Disease Markers

International Journal of

Endocrinology

Journal of
Immunology Research

Hindawi

Submit your manuscripts at
http://www.hindawi.com

BioMed
PPAR Research Research International

Journal "’f
Obesity

Evidence-Based

Journal of Stem CGHS Complementary and L o' ‘ Journal of
Ophthalmology International Alternative Medicine & Oncology

Parkinson’s
Disease

Computational and . z
Mathematical Methods Behavioural AI DS Oxidative Medicine and
in Medicine Neurology Research and Treatment Cellular Longevity



