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SUMMARY

Objective: Elucidation of abnormal connections throughout the whole brain is neces-
sary to understand temporal lobe epilepsy (TLE). We examined abnormalities in
whole-brain white matter integrity and their relationship with duration of illness in
patients with TLE.

Methods: The subjects were 15 patients with TLE and |7 healthy controls. Mean dura-
tion of illness in the TLE group was 21.6 years. Tract-based spatial statistics (TBSS)
were used for diffusion tensor imaging (DTI) analysis. Four diffusion tensor metrics,
that is, fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and
radial diffusivity (RD) were calculated and then examined for differences between the
TLE and healthy control groups. We also examined for correlations between DTI
parameters and duration of iliness in the TLE group.

Results: In the TLE group, compared with the healthy control group, FA was reduced,
and MD and RD were increased, not only in the limbic and temporal lobe regions and
their directly connecting regions in both hemispheres, but also in remote white matter
regions. Duration of iliness showed a significant negative correlation with mean whole-
brain FA and a significant positive correlation with both mean whole-brain MD and
RD. Brain regions showing correlation between disease duration and DTI metrics also
extended to the limbic area and its connecting regions, and to remote white matter
regions.

Significance: The results of this study suggest that widespread abnormalities in white
matter integrity in patients with TLE are associated with long-term disease.

KEY WORDS: Diffusion tensor imaging, Temporal lobe epilepsy, Fractional aniso-
tropy, Tract-based spatial statistics, Duration of illness.

Temporal lobe epilepsy (TLE) is the most common cause
of drug-resistant epilepsy in adults."? Diffusion tensor
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imaging (DTI) is often used for quantification of white mat-
ter disorders. Fractional anisotropy (FA) is a scalar value
between zero and one that describes the degree of aniso-
tropy within a voxel, whereas mean diffusivity (MD) repre-
sents the magnitude of the diffusion. Furthermore, Axial
diffusivity (AD) and radial diffusivity (RD) estimate the
amount of the diffusion alongside the principal axis, the dif-
fusion tensor, and perpendicular to it, respectively. A recent
meta-analysis of DTI studies of TLE found that FA was
reduced and MD was increased compared with healthy con-
trols.” The patterns of reduction in FA and increase in MD
are related to chronic white matter degeneration and proba-
bly reflect a combination of axonal and myelin loss.*®
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KEY POINTS

e We used TBSS to assess white matter (WM) abnor-
malities and their relationship with duration of illness
in temporal lobe epilepsy (TLE)

e Fractional anisotropy (FA) values were significantly
decreased in TLE group compared to the healthy con-
trol (HC) group

e Both mean diffusivity (MD) and radial diffusivity
(RD) values were significantly increased in TLE
group compared to the HC group

e Jllness duration had a negative correlation with FA
values and showed positive correlations with MD and
RD values

e Thus, widespread microabnormalities in WM are
associated with long-term TLE disease

Previous studies have reported white matter abnormalities
in regions beyond the epileptic focal hemisphere, whereas
they were more prominent in areas closely related to the
affected temporal lobes, including the cingulum and for-
nix.>’

Recently, tract-based spatial statistics (TBSS) has
attracted attention as a method for analyzing DTI. The
TBSS method is a fully automated whole-brain analysis
technique that uses voxel-wise statistics on diffusion met-
rics but simultaneously minimizes the effects of misalign-
ment using a conventional voxel-based analysis method.® In
addition, TBSS allows for voxel-wise comparisons of not
only FA values but also of other tensor-derived measures,
and derives minute microstructural abnormality patterns in
white matter. TBSS studies in TLE have shown abnormal
white matter integrity in areas beyond the limbic and tempo-
ral lobe 1regi0ns.9’10 However, how the microstructural alter-
ations in white matter spread according to long-term TLE
duration remains unknown.'"'? So we compared FA, MD,
AD, and RD simultaneously using TBSS to examine abnor-
malities in whole-brain white matter integrity and its rela-
tionship with the duration of illness in patients with chronic
TLE. As far as we know, this is the first study to investigate
whole-brain differences of those 4 tensor-derived measures
between healthy controls (HCs) and TLE with long illness
duration and their relationships with long-term TLE
duration.

METHODS

Subjects

The subjects were 15 patients with temporal lobe epilepsy
(TLE group) and 17 healthy controls (HC group) (Table 1).
The subjects ranged in age from 16 to 60 years. Age- and
sex-matched control subjects were recruited as volunteers
who had normal magnetic resonance imaging (MRI) and no
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evidence of central nervous system disease. The diagnosis
of TLE was based mainly on typical temporal auras and
interictal electroencephalography (EEG) discharges with a
maximum over the temporal lobes'*!'* by a clinical special-
ist in epilepsy (TT), who is certified by the Japanese Epi-
lepsy Society and has had more than 15 years of clinical
experience. The interictal EEG studies always included rou-
tine awake and sleep-deprived recordings with supplemen-
tary T1 and T2 electrodes. We excluded patients who had
intellectual disability, psychiatric symptoms, a seizure-free
period of more than 1 year, or MRI abnormalities, except
for one TLE patient with hippocampal sclerosis (HS), who
was diagnosed using T2-weighted imaging. All of the TLE
patients were provided with an explanation of the examina-
tion to determine indications for epilepsy surgery. Three
patients had examinations but no treatment of selective sub-
temporal amygdalohippocampectomy was applicable to
them. The rest of the patients refused those examinations.
This study was approved by the Wakayama Medical
University Ethics Committee, and written informed consent
was obtained from all the subjects.

MRI data acquisition

All MRI examinations were performed using a 3.0T MR
scanner (Achieva TX 3.0T; Philips Medical Systems, Best,
The Netherlands) with a 32-element sensitivity encoding
head coil. DTI was performed with a single-shot spin-echo
echoplanar imaging diffusion sequence in 15 directions.
The DTI scan duration was 4 min and 4 s, with 935 images
obtained. Other DTI parameters included repetition time/
echo time (TR/TE) = 6421/69 msec, field of view
(FOV) = 224 mm, flip angle = 90 degrees, 55 slices,
acquisition voxel size = 2.0 x 2.0 x 2.5 mm, slice thick-
ness = 2.5 mm, slice gap = 0 mm, and 2b-values were 0
and 1,000. For anatomic MRI, T1-weighted 3-dimensional
(3D) fast field-echo imaging was performed. The TI1-
weighted 3D fast field-echo imaging studies were obtained
in the sagittal plane over a duration of 5 min. The MRI
parameters were TR/TE = 7.0/3.3 msec, FOV = 220 mm,
flip angle = 10 degrees, 210 slices, acquisition voxel

Table I. Demographic and clinical characteristics

(mean + SD)

TLE(n = 15) HC(n=17) p-value (test)
Age, years 362 £ 140 389 + 122 0.570 (t-test)
Sex, male/female 8/7 10/7 0.755 (2 test)
Onset age, years 147 £ 132
Disease duration, years  21.6 = 15.5
Interictal EEG
Unilateral right 4
Unilateral left 7
Bilateral 4

TLE, temporal lobe epilepsy; HC, healthy controls; EEG, electroen-
cephalography.




249

Abnormal White Matter Integrity in TLE

size = 0.86 x 0.86 x 0.9 mm, effective reconstructive
voxel size = 0.76 x 0.76 x 0.9 mm, and slice thick-
ness = 0.9 mm.

Image analysis

DTT data were processed using programs in the FMRIB
software Library (FSL), version 5.0.5'° and TBSS.® The
Brain Extraction Tool was used to create a binary mask
from the non—diffusion-weighted data, and the diffusion
tensor and associated parameters such as FA, MD, AD, and
RD maps were calculated using the DTIFIT program imple-
mented in FSL. Nonlinear transformation and affine regis-
tration were performed to normalize all FA data into a
standard space using the nonlinear registration tool, FNIRT.
Normalized FA images were averaged to create a mean FA
image, and a mean FA skeleton was created by taking the
centers of all tracts common to all subjects. The voxel val-
ues of each subject’s FA map were projected onto the skele-
ton by searching the local maxima along the perpendicular
direction from the skeleton. The MD, AD, and RD data were
also aligned into a standard space and projected onto the
mean FA skeleton using the FA data to find the projection
vectors. The resultant data were fed into the following
voxel-wise statistical analysis.

Statistical analyses

Voxel-wise statistics of the skeletonized FA data were
applied using FSL Randomise. We first examined group dif-
ferences in FA between the TLE and HC groups, using an
analysis of covariance design, with age and sex as nuisance
covariates. We randomly performed permutation-based
testing with 5000 permutations and inference using thresh-
old-free cluster enhancement (TFCE) with a threshold of
<0.05, corrected for multiple comparisons using the family-
wise error correction. Similarly, group comparisons of MD,
AD, and RD were conducted. Voxel-wise multiple regres-
sion analyses were carried out using TBSS to explore the
correlation between DTI parameters (FA, MD, AD, and RD
values) and duration of illness in the TLE group. We also
used 5000 times permutation-based nonparametric infer-
ence using TFCE by setting the p-value at <0.05. Partial cor-
relations between DTI parameters (mean FA, MD, AD, and
RD value on the whole white matter skeleton) and duration
of illness were investigated for TLE with age as a nuisance
covariate.

RESuULTS

Group comparison of DTI parameters

TBSS revealed significant group differences in FA, MD,
and RD between the TLE and HC groups in widespread
white matter regions across the brain (p < 0.05 corrected)
(Fig. 1). FA in the TLE group was significantly reduced
compared to that in the HC group across the major white
matter tracts including the corpus callosum, internal/

external capsule, right superior longitudinal fasciculus, infe-
rior longitudinal fasciculus, fornix, cingulum, anterior cor-
ona radiata, posterior thalamic radiation, and cerebral
peduncle (Fig. 1A). MD in the TLE group was significantly
increased compared to that in the HC group in the corpus
callosum, right anterior and left posterior limbs of the inter-
nal and external capsules, right superior longitudinal fasci-
culus, fornix, anterior corona radiata, posterior thalamic
radiation, uncinate fasciculus, and temporal lobe (Fig. 1B).
RD in the TLE group was significantly increased compared
to that in the HC group in the corpus callosum, anterior and
left posterior limbs of the internal and external capsules,
superior longitudinal fasciculus, inferior longitudinal fasci-
culus, cingulum, anterior corona radiata, posterior thalamic
radiation, and uncinate fasciculus (Fig. 1C). There were no
significant differences in AD in any regions between the
TLE and HC groups.

Correlations between DTI parameters in whole-brain
white matter skeleton and duration of illness in the TLE
group

In the TLE group, duration of illness was negatively and
significantly correlated with the mean FA of the whole brain
(r = —0.745, p = 0.002) and significantly correlated with
the mean MD (r = 0.680, p = 0.007) and RD (r = 0.733,
p = 0.003) of the whole brain. There was no significant cor-
relation between duration of illness and AD (Fig. 2). Dura-
tion of illness was still negatively correlated with the mean
FA (r = -0.749, p = 0.004) and positively correlated with
the mean MD (r = 0.657, p = 0.015) and RD (r = 0.718,
p = 0.006) if we removed one HS patient from our analysis.
In the TLE group, duration of illness was negatively and sig-
nificantly correlated with FA in the corpus callosum, ante-
rior and left posterior limbs of the internal and external
capsules, superior longitudinal fasciculus, inferior longitu-
dinal fasciculus, fornix, cingulum, corona radiata, posterior
thalamic radiation, uncinate fasciculus, and left cerebral
peduncle. Duration of illness was significantly correlated
with MD in the corpus callosum, right anterior and left pos-
terior limbs of the internal and external capsules, fornix,
corona radiata, posterior thalamic radiation, and uncinate
fasciculus and was significantly correlated with RD in the
corpus callosum, anterior and left posterior limbs of the
internal and external capsules, superior longitudinal fasci-
culus, inferior longitudinal fasciculus, fornix, cingulum,
corona radiata, posterior thalamic radiation, and uncinate
fasciculus (Fig. 3).

Di1SCUSSION

To our knowledge, this is the first study of FA, MD, AD,
and RD measures simultaneously using TBSS to examine
abnormalities in whole-brain white matter integrity in TLE
and their relationship with duration of illness. In the TLE
group, compared with the HC group, FA was reduced and
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Figure I.

Regions that were significantly abnormal in the TLE group compared to the HC group with TBSS (p < 0.05, corrected for multiple com-
parisons with the permutation method with age and sex as nuisance covariates). Green indicates mean FA skeleton of all participants. (A)
Red indicates brain regions where the FA values were significantly reduced in the TLE group. (B) Blue indicates brain regions where MD
values were significantly increased in the TLE group. (C) Blue indicates brain regions where RD values were significantly increased in the
TLE group. Axial slices from Z = —32 to 40 in Montreal Neurological Institute (MNI) coordinate are shown at intervals of 8 for FA, MD,

and RD respectively. L, left; R, right.
Epilepsia Open © ILAE

MD and RD were increased, not only in the limbic (fornix,
cingulum) and temporal lobe regions and their directly con-
necting regions (corpus callosum, internal/external capsule,
uncinate fasciculus) in both hemispheres, but also in remote
white matter regions (posterior thalamic radiation, cerebral
peduncle). In addition, duration of illness showed a signifi-
cant negative correlation with mean whole-brain FA but a
significant positive correlation with both the mean whole-
brain MD and RD. These results suggest that widespread

Epilepsia Open, 3(2):247-254, 2018
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abnormalities in white matter integrity are associated with
long-term TLE.

Our TLE group results showed that microstructural
abnormalities of the white matter was widespread, not lim-
ited to the region of the limbic/temporal lobe system adja-
cent to the seizure focal point and their directly connecting
areas. Liu et al.” employed TBSS in patients with TLE and
showed that FA was reduced in widespread white matter
regions bilaterally, whereas MD was increased in
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widespread white matter regions in the left hemisphere.’
Oguz et al.'"® employed TBSS in patients with unilateral
TLE and showed bilateral and extensive reductions in FA
and increased MD in the white matter, more prominent ipsi-
lateral to the affected hippocampus.'® Other studies using
TBSS also showed widespread reduction in FA, such as the
mesial temporal lobe ipsilateral and the frontoparietal lobe
contralateral to, the side of seizure onset.'%!” According to
a meta-analysis of DTI studies relating to TLE, reductions
in FA and increases in MD are seen in both hemispheres,
but MD tends to be higher in white matter connected to the
temporal lobe than in the distant white matter.’> In our
report, the regions showing a reduction in FA and increases
in MD and RD in the TLE group were widespread and
almost the same in both hemispheres. The reason for this
bilateral widespread abnormal white matter integrity may
be partially explained by the longer duration of illness in our
TLE group than those in the earlier study, which showed
bilateral FA reduction but a unilateral MD increase.” In
addition, although many earlier studies also reported reduc-
tion in FA and increase in MD, our present study

additionally found that RD was increased in nearly overlap-
ping regions, while AD did not change. The patterns of
reduction in FA, increases in MD and RD, and no change in
AD reflect a state in which the membrane density decreases
and the extracellular volume increases, that is, a combina-
tion of myelin and axon loss.*

In the TLE group, the duration of illness showed a signifi-
cant negative correlation with whole-brain mean FA and
significant positive correlations with whole-brain mean MD
and RD while the effect of age was statistically controlled.
In addition, the sites that correlated significantly with dura-
tion of illness were widespread white matter areas beyond
the limbic and temporal regions. Among previous TLE
reports, associations between the metrics of white matter
integrity and the duration of illness were reported inconsis-
tently.” For TLE patients with unilateral hippocampal scle-
rosis, Keller et al.'® showed that the duration of illness was
correlated significantly with reduced FA of the ipsilateral
parahippocampal gyrus and temporal lobe, bilateral thala-
mus, and posterior regions of the corpus callosum, using
region of interest (ROI) manual approaches.'® Some

Epilepsia Open, 3(2):247-254,2018
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Figure 3.

Brain regions whose DTI parameters were significantly correlated with duration of iliness using a linear regression analysis with TBSS
(p < 0.05, corrected for multiple comparisons with the permutation method with age and sex as nuisance covariates). Green indicates
the mean FA skeleton of the TLE groups. (A) Red indicates brain regions where FA values were negatively correlated with duration of ill-
ness. (B) Blue indicates brain regions where MD values were positively correlated with duration of iliness. (C) Blue indicates brain regions
where RD values positively correlated with duration of illness. Axial slices from Z = —32 to 40 in MNI coordinate are shown at intervals

of 8 for FA, MD, and RD, respectively. L, left; R, right.
Epilepsia Open © ILAE

previous TLE studies reported significant correlations
between duration of illness and reduced FA and increased
MD in the whole brain® and with reduced FA' and
increased MD? in the hippocampus, using ROI manual
approaches. Scanlon et al.'” reported that the microstruc-
tural abnormalities in the corpus callosum were related to
hippocampal volume in TLE patients and hypothesized that
the excitotoxic effects of spreading epileptogenic activity

Epilepsia Open, 3(2):247-254, 2018
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might lead to broad white matter abnormalities, especially
in TLE patients with mesial temporal sclerosis. Further-
more, Coan et al.*' revealed the relationship between gray
matter atrophy and the duration of epilepsy. On the other
hand, a previous TLE study reported no significant correla-
tion between the duration of illness and FA.'* In addition,
Scanlon et al.'” pointed out that white matter is better pro-
tected against the effects of seizures after the completion of
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myelination,!” which is supported by animal models that
demonstrated a protective effect of myelin-associated gly-
coprotein against the excitotoxic effects of kainate-induced
seizures.”” To our knowledge, this is the first TBSS study
showing widespread white matter regions where DTI met-
rics were significantly correlated with the duration of illness
in patients with TLE. These results suggest that widespread
white matter microstructural abnormalities might be related
with long-term duration of TLE.

The current study had some limitations. First, we did
not use ictal recordings to diagnose TLE in non-hip-
pocampal sclerosis (non-HS) (or HS) patients. Second,
we did not consider the effects of the classifications of
TLE, such as with or without medial temporal lobe
sclerosis. Third, potential effect of antiepilepsy drugs
and seizure frequency and severity on DTI metrics
should be considered carefully because our TLE groups
have long duration of illness. In addition, seizure fre-
quency and severity, age at onset, and sex may also
have affected the results. Further research is needed
with more homogeneous subjects to control for these
possible confounding factors. Fourth, widespread abnor-
malities in white matter found in our study might have
been the result of unilateral or bilateral TLE. However,
we could not distinguish the 2 conditions, although both
diseases are associated with different underlying net-
works.”® Future studies are needed to investigate how
the 2 conditions (unilateral TLE vs bilateral TLE) may
affect widespread brain regions differently. Finally, our
study is entirely cross-sectional, so we should note that
the results did not show progression of abnormalities in
individual subjects. Future longitudinal studies are also
needed.

CONCLUSIONS

Our TLE group results showed a significant reduction in
FA and significant increases in MD and RD in widespread
white matter regions, and these DTI parameters were signif-
icantly correlated with the duration of illness. The results of
this study suggest that abnormalities in whole-brain white
matter integrity in patients with TLE are associated with
long-term disease.
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