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Summary
Purpose—Past studies reported more widespread structural brain abnormalities in patients with
left compared to right temporal lobe epilepsy (TLE), but the profile of these differences remain
unknown. This study investigated the relationship between cortical thinning, white matter
compromise, epilepsy variables, and the side of seizure onset, in patients with TLE.

Methods—We performed diffusion tensor imaging tractography and cortical thickness analyses
of 18 patients with left TLE (LTLE), 18 patients with right TLE (RTLE), and 36 controls. We
investigated the relationship between brain structural abnormalities, side of seizure onset, age of
seizure onset, and disease duration.

Key findings—TLE groups displayed cortical thinning and white matter compromise,
predominately on the side ipsilateral to the seizure onset. Relative to RTLE, patients with LTLE
showed more widespread abnormalities, particularly in white matter fiber tracts. Greater
compromise in white matter integrity was associated with earlier age of seizure onset, while
cortical thinning was marginally associated with disease duration.

Significance—These data support previous findings of LTLE showing greater structural
compromise than RTLE, and suggest that mechanisms may not be uniform for gray and white
matter compromise in patients with LTLE and RTLE. These results may indicate that LTLE is
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different than RTLE, possibly due to greater vulnerability of the left hemisphere to early injury
and the progressive effects of seizures.
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INTRODUCTION
Patients with left temporal lobe epilepsy (LTLE) generally show greater impairment in
learning and memory than those with right temporal lobe epilepsy (RTLE), both before and
after surgical treatment (Bell & Davies, 1998; Helmstaedter & Elger, 2009). Although this
finding may partly relate to the higher sensitivity of neuropsychological measures for
detecting verbal than nonverbal impairments, there is accumulating evidence to suggest that
patients with LTLE show a more distributed, bilateral pattern of structural changes
compared to those with RTLE (Bonilha, et al., 2007; Riederer, et al., 2008; Coan, et al.,
2009). A number of studies have shown that patients with temporal lobe epilepsy (TLE)
generally demonstrate gray matter volume loss and cortical thinning beyond hippocampal
sclerosis (HS; Bonilha, et al., 2003; Bernasconi, et al., 2004; Keller & Roberts, 2008;
McDonald, et al., 2008; Bernhardt, et al., 2010), and that patients with LTLE exhibit more
pronounced atrophy in ipsilateral and contralateral regions than those with RTLE (Bonilha,
et al., 2007; Keller & Roberts, 2008). White matter disruptions have also been reported in
patients with TLE (Gross, et al., 2006; Focke, et al., 2008; Lin, et al., 2008; Concha, et al.,
2009; Bonilha, et al., 2010; Riley, et al., 2010), and there is evidence that those with LTLE
exhibit a more widespread pattern of white matter atrophy (Ahmadi, et al., 2009).

The mechanisms underlying the different patterns of abnormalities in LTLE versus RTLE
are not well understood. Developmental factors may explain differences in brain
vulnerability in these two groups. In particular, because the left hemisphere matures later
and more slowly than the right hemisphere, it may be more vulnerable to early insults from
febrile and early-onset seizures for a longer period of time (Corballis & Morgan, 1978). This
could disrupt white matter development to a greater extent than gray matter, given the
accelerated trajectory of frontotemporal white matter myelination during the first several
years of life (Pujol, et al., 2006). Indeed, children with recent-onset epilepsy already exhibit
abnormal white matter volume and integrity at the time of diagnosis, despite normal gray
matter volumes (Hermann, et al., 2010; Hutchinson, et al., 2010).

In addition, the excitotoxic effect of uncontrolled and repetitive seizures may lead to
progressive changes in the neocortex and white matter in patients with TLE, due to more
extensive patterns of white matter connectivity within the left hemisphere in individuals who
are left hemisphere dominant for language (Powell, et al., 2007). Left hemisphere seizures
may propagate more diffusely, leading to greater damage over more widely distributed brain
regions. Supporting this hypothesis, cortical thinning in patients with TLE has been shown
to exceed the rate of atrophy associated with normal aging (Bernhardt, et al., 2009). Also,
the extent of extratemporal gray matter reduction in TLE is closely related to disease
duration in brain regions that are functionally and anatomically connected to the
hippocampus (Bernasconi, et al., 2005; Bonilha, et al., 2006). Importantly, this reduction is
greater in those with LTLE (Riederer, et al., 2008).

Few studies have focused on evaluating whether the patterns of structural compromise in
TLE are different depending on the side of seizure onset. The current study analyzed cortical
thickness and white matter compromise (as measured by fractional anisotropy; FA), in a
cohort of patients with medically refractory TLE. We also investigated the hypothesis that
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early seizures or duration of epilepsy may have different impacts on brain structures of
patients with LTLE and RTLE. We speculated that patients with LTLE have more
widespread white matter compromise and cortical thinning than controls and those with
RTLE. Furthermore, we predicted that earlier age of seizure onset would have a greater
impact on white matter integrity, whereas longer disease duration would contribute more to
cortical thinning in both patient groups.

METHODS
Participants

Thirty-six patients with medically refractory TLE and 36 age- and gender-matched controls
participated (Table 1). All patients were under evaluation for surgical treatment at the UCSD
Epilepsy Center. They were diagnosed with medically refractory epilepsy by experienced
epileptologists (E.S.T and V.J.I.), according to the criteria defined by the International
League Against Epilepsy (1989). Patients were classified into LTLE (n=18) or RTLE (n=18)
based on seizure onsets recorded by video-EEG, seizure semiology, and neuroimaging
results. Where clinically indicated, patients underwent Phase II video-EEG monitoring using
5-contact foramen ovale electrodes (n = 34) to exclude bilateral independent seizure onsets.
Clinical MRI scans were available on all patients (i.e., T1-weighted, T2-weighted, and
coronal FLAIR sequences with 1mm slices through the medial temporal lobe). MRIs were
visually inspected by a board-certified neuroradiologist for detection of HS and the
exclusion of contralateral temporal lobe structural abnormalities. In 25 patients (14 LTLEs,
11 RTLEs), MRI findings suggested the presence of ipsilateral HS. No patients showed
evidence of contralateral HS or extra-hippocampal pathology on clinical MRI. Eleven
patients had a history of febrile seizures (5 LTLE, 6 RTLE). Control participants were
screened for neurological or psychiatric conditions.

Procedure
Image Acquisition—Magnetic resonance imaging was performed on a General Electric
(GE) 1.5T EXCITE HD scanner with an 8-channel phased-array head coil. Image
acquisitions included a conventional 3-plane localizer, GE calibration scan, two T1-
weighted 3D structural scans (TE=3.8ms, TR=10.7ms, flip angle=8 degrees,
bandwidth=31.25 Hz/pixel, FOV=25.6 cm, matrix=192×256, slice thickness=1.0mm), and
three diffusion-weighted (DW) sequences. Diffusion data were acquired using single-shot
echo-planar imaging with isotropic 2.5 mm voxels (matrix size=96 × 96, FOV=24 cm, 47
axial slices, slice thickness=2.5 mm, partial k-space acquisition, TE=75.6 msec, TR=12.3
sec), covering the entire cerebrum and brainstem without gaps. One volume series was
acquired with 51 diffusion gradient directions using a b-value of 1000 mm2/s with an
additional b=0 volume. For use in nonlinear B0 distortion correction, two additional b=0
volumes were acquired with either forward or reverse phase-encode polarity. All patients
were seizure-free per self-report for a minimum of 24 hours prior to the MRI scan
(Yogarajah & Duncan, 2008).

Image Processing—Image files in DICOM format were transferred to a Linux
workstation for further processing.

Structural MRI processing: Two T1-weighted images were rigid body registered to each
other, averaged, and reoriented into a common space, similar to alignment based on the AC-
PC line. Images were corrected for non-linear warping caused by non-uniform fields created
by the gradient coils (Jovicich, et al., 2006). Image intensities were corrected for spatial
sensitivity inhomogeneities in the 8-channel head coil by normalizing with the ratio of a
body coil scan to a head coil scan.
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Diffusion image processing: Five pre-processing steps were performed 1.) Head motion
between scans was removed by rigid body registration between the b=0 images of each DW
scan. 2.) Within-scan motion was removed by calculating diffusion tensors, synthesizing of
DW volumes from those tensors, and rigid body registering each data volume to its
corresponding synthesized volume. 3.) Image distortion in the DW volumes caused by eddy
currents was minimized by nonlinear optimization 4.) Image distortion caused by magnetic
susceptibility artifacts was minimized with a nonlinear B0-unwarping method using paired
images with opposite phase-encode polarities (Chang & Fitzpatrick, 1992; Morgan, et al.,
2004; Reinsberg, et al., 2005). 5.) Images were resampled using cubic interpolation to 1.875
mm3 isotropic voxels.

Fiber Tracking and Calculations—Fiber tract FA values were derived using a
probabilistic diffusion tensor atlas that was developed using in-house software written in
Matlab and C++. A full description of the atlas and the steps used to create the atlas are
described elsewhere (Hagler, et al., 2009). In brief, the atlas was originally derived from a
training set of healthy controls and patients with TLE. FA and the first Eigenvector volumes
for each training participant were exported to DTI Studio (John Hopkins University,
Baltimore, MD) where manual tracings were performed according to the multiple region of
interest (ROI) procedure described by Wakana et al. (2007), excluding voxels with FA <
0.15. FA was calculated for each tract from the Eigenvalues obtained from the diffusion
images as described in Pierpaoli, et al. (1996) and Nucifora, et al. (2007). Data from this
manual training set were used to create a probabilistic fiber atlas that consisted of averaged
information about the locations and local orientations of 13 chosen fiber tracts.

For each participant, T1-weighted images were used to nonlinearly register the brain to a
common space, and diffusion tensor orientation estimates were compared to the atlas to
obtain a map of the relative probability that a voxel belongs to a particular fiber given the
location and similarity of diffusion orientations. Voxels identified with FreeSurfer’s
automated brain segmentation (Fischl, et al., 2002) as cerebrospinal fluid (CSF) or gray
matter were excluded from the fiber ROIs. Average FA was calculated for each fiber ROI,
weighted by fiber probability, so that voxels with low probability of belonging to a given
fiber contributed minimally to average FA values. In the current study, this probabilistic
atlas-based method was used to obtain the following fiber tracts due to their projections
from the temporal lobe, and therefore, likely involvement in TLE (Figure 1): fornix
(FORX), parahippocampal cingulum (PHC), uncinate fasciculus (UNC), inferior
longitudinal fasciculus (ILF), inferior fronto-occipital fasciculus (IFOF), and arcuate
fasciculus (ARC).

Surface reconstruction and parcellation—Individual T1-weighted images were used
to construct models of each participant’s cortical surfaces using FreeSurfer software 4.5.0
(http://surfer.nmr.mgh.harvard.edu). From this reconstructed surface, measures of cortical
thickness were obtained using the procedure described by Fischl and Dale (2000). Sulcal
and gyral features across individual participants were aligned by morphing each
participant’s brain to an average spherical representation that allows for accurate matching
of cortical thickness measurement locations among participants, while minimizing metric
distortion. To improve signal to noise ratio, thickness estimates were smoothed on the
average surface using a 15-mm full width at half maximum Gaussian kernel.

Cortical thickness estimates were computed at each vertex (~1mm spacing) across the
cortical mantle and within gyral-based ROIs, as described by Desikan et al. (2006). Mean
thickness for each ROI was calculated by averaging the cortical thickness measurements
based on the unsmoothed data at each vertex within a given ROI. In this study, these ROI
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measures were further combined and averaged to produce lobar (frontal, lateral temporal,
medial temporal, parietal, and occipital) ROIs.

Statistical Analysis—Statistical analyses were conducted with SPSS Statistics 17.0
(http://www.spss.com/). Analyses were evaluated at p < 0.01 to control for Type I errors.

Region of interest analysis: To examine group differences in FA values of fiber tracts
ROIs, repeated measures analyses of variance (RM ANOVAs) were performed, with ROI
(six levels) and side (left vs. right) as within-subject factors, and group (control, LTLE, and
RTLE) as a between-subject factor.

Surface-based analysis: Vertex-wise estimates of cortical thickness were obtained for each
group and used to create group difference maps. From the mean group difference maps, t-
statistical maps were calculated at each vertex, and cluster based-thresholding was
performed according to previously described procedures (Hagler, et al., 2006). Gaussian
Random Field Theory was used to model the distribution (Worsley, et al., 1996) and the
intrinsic smoothness of the data was estimated from normalized residuals. This yielded
significant clusters of thickness differences between groups corrected for multiple
comparisons (FWHM=23.5 mm; t-statistics thresholded at t > 2.0; cortical surface clusters <
344 mm2 excluded; corrected cluster p < 0.05).

Relationship with disease duration and age of seizure onset: Z-scores were calculated for
each fiber tract FA and lobar cortical thickness in each patient group based on the mean and
standard deviation of the controls. Data were organized in terms of “ipsilateral” and
“contralateral” structures, relative to the seizure onset. Pearson’s correlations were
calculated between disease-related variables (i.e., age of seizure onset/disease duration) and
the brain structural measurements (i.e., FA/cortical thickness) using ipsilateral and
contralateral z-scores.

Bivariate correlations were performed between brain structural measurements, and
demographic (age, education) and two disease-related variables. To determine the
contributions of the disease-related variables, hierarchical regression analyses were then
performed separately for the two patient groups. For FA values, age, age of seizure onset,
and disease duration were entered at steps 1, 2, and 3 respectively. For cortical thickness,
age and disease duration were entered at steps 1 and 2, respectively. The order of steps was
based on the assumption that factors associated with early onset precede chronic duration
effects. Age was included at step one to control for its significant associations with age of
seizure onset and disease duration. Age of onset was not entered as a predictor for cortical
thickness prediction, due to its lack of correlation with cortical thickness.

RESULTS
There were no statistically significant differences among the controls, LTLEs, or RTLEs in
age, or years of education (F[2,71] = .04, p > .10, F[2,70] = 2.99, p > .05, respectively). The
distribution of gender across the three groups was comparable (χ2[2] = .34, p = .85). There
were no statistically significant differences between the two patient groups in disease
duration (t =-.94, p >.10), age at seizure onset (t = .85, p > .10), or the number of patients
with HS (χ2[1] = 1.93, p = .16). The volume of the ipsilateral hippocampus did not differ
between the two patient groups, although there was a trend for those with LTLE to have
smaller ipsilateral volumes (t[34] = −1.99, p = .054). Both patient groups’ ipsilateral
hippocampal volumes were smaller when compared to the corresponding side of the controls
hippocampal volume (t[52] = 5.82, p = .001, and t[52] = 2.58, p = .02, LTLE and RTLE,
respectively), but their contralateral hippocampal volumes were not statistically different
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from the controls (t[52] = .916, p > .10, and t[52] = −.32, p > .10, LTLE and RTLE,
respectively).

Group differences in FA values
Figure 2 shows raw FA values of fiber tracts studied, and mean FA z-values are provided in
Supplemental Table 2. The RM ANOVA on FA z-score revealed main effects of group
(F[2,68] = 16.31, p < .001) and side (F[1,68] = 7.34, p = .009), as well as a group by side
interaction (F[2,68]= 6.95, p = .002). Patients with LTLE overall showed smaller FA z-
scores relative to controls and patients with RTLE, and the FA z-scores of the left
hemisphere were smaller than those of the right. However, the group by side interaction
indicated that this left-right difference was especially driven by the lower FA z-scores in the
ipsilateral hemisphere of the LTLE group. Pair-wise comparisons involving the two patient
groups indicated that patients with LTLE demonstrated smaller FA z-scores in the ipsilateral
hemisphere of the UNC (ipsilateral; −1.647, contralateral: −0.997, p = .007) and ILF
(ipsilateral; −1.679, contralateral; −0.866, p = .009). A non-significant but similar trend was
observed for the PHC, ARC, and IFOF, p < .025. Patients with RTLE showed a trend of
smaller ipsilateral FA values only in the PHC (p = .012).

Group differences in cortical thickness
Figure 3 displays cluster-size thresholded t-statistic surface maps of cortical thinning in
patients with LTLE versus controls, RTLE versus controls, and LTLE versus RTLE. Both
patient groups showed cortical thinning across frontal, temporal, and parietal cortex, when
compared to healthy controls, especially in the ipsilateral hemisphere. Visual inspection of
these results suggest that patients with LTLE showed more widespread, bilateral thinning,
while patients with RTLE showed thinning that was greatest in ipsilateral frontoparietal
regions. Direct comparison of LTLE and RTLE revealed suprathreshold clusters of greater
thinning in LTLE in the left medial and inferior temporal regions, retrosplenial cortex, and
in the right orbital frontal and frontal polar regions. Group means of the lobar ROIs are
provided in Supplemental Table 1.

Hierarchical regression analyses
Initial correlation analyses demonstrated no statistically significant relationship between
demographic variables (i.e., age and years of education) and FA values (rs ranged between
−.556 and .302, and −.445 and .380, respectively). Years of education did not correlate with
cortical thickness in any of the groups (rs ranged between −.286 and .374), while age
significantly correlated with cortical thickness of the right lateral temporal lobe (r = −.501, p
= .002) and right frontal lobe (r = −.525, p = .001) of healthy controls, and bilateral lateral
temporal lobes (r = −.623, p = .006, r = −.789, p < .001, left and right, respectively) and
right occipital lobe (r = −.597, p = .009) of the LTLE group.

In patients with LTLE, lower FA of the ipsilateral PHC was associated with an earlier age at
seizure onset (r = .629, p < .01) and longer disease duration (r = −.775, p < .01). Lower FA
of the ipsilateral UNC was also associated with longer disease duration (r = −.682, p < .01).
There were no significant correlations between these disease-related variables and FA values
in patients with RTLE (rs ranged from −.313 to .453). Zero-order correlations also revealed
that longer disease duration in patients with LTLE was associated with thinner cortex in the
ipsilateral parietal lobe (r = −.598, p = .009) and a strong trend for thinning in the
contralateral frontal lobe (r = −.545, p = .019). Patients with RTLE did not show any
significant correlations between disease duration and cortical thickness (rs ranged from −.
498 to −.231). Age at seizure onset did not correlate with thickness measures in either
patient group (rs ranged from −.287 to .354).
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Tables 2 and 3 show the results of the hierarchical regression analyses. After controlling for
age, age at seizure onset was a significant predictor of FA values of the ipsilateral PHC and
bilateral UNC, and marginally significant as a predictor of FA values of the ipsilateral ILF,
while the RTLE group did not show such relationship. For cortical thickness, disease
duration was a marginally significant predictor of the ipsilateral parietal lobe in patients with
LTLE.

DISCUSSION
The current study investigated (1) the degree of white matter compromise and regional
neocortical thinning in patients with RTLE and LTLE, and (2) how two disease-related
variables, i.e., age of seizure onset and disease duration, differentially contribute to
structural abnormality in each group. Our data suggest that patients with LTLE showed
significant reduction in white matter integrity relative to those with RTLE and to healthy
controls in fiber tracts that project from or traverse the temporal lobe. In addition, patients
with LTLE showed a significant left-right asymmetry in their FA values, with ipsilateral
fiber tracts showing smaller FA values than contralateral ones. Patients with RTLE did not
demonstrate this asymmetry.

In addition, we observed widespread neocortical thinning in patients with TLE, a finding
that is supported by previous imaging studies (Bonilha, et al., 2003; Bernasconi, et al., 2004;
Bonilha, et al., 2004; Bonilha, et al., 2007; Keller & Roberts, 2008; Bernhardt, et al., 2010),
and by recent postmortem evidence of bilateral neocortical and white matter pathology in
TLE (Blanc, et al., 2011). In the current study, patients with LTLE demonstrated significant
thinning of the cortical gray matter relative to controls. In contrast, patients with RTLE
showed a pattern that suggests more restricted regional thinning. Direct comparison between
LTLE and RTLE indicate areas of greater thinning in left TLE. Therefore, although the
differences in cortical atrophy between our patient groups were small, they consistently
favor more widespread, pronounced thinning in patients with LTLE. Of note, the greater
neocortical thinning and white matter abnormality in LTLE group, when compared to RLTE
group, cannot be accounted for by known clinical variables. Specifically, the two groups
have comparable age of seizure onset, epilepsy duration, seizure frequency, anticonvulsant
medication exposure, and proportion of patients with a history of febrile seizure (see Table
1).

Regression analyses demonstrated that patients with LTLE and RLTE showed different
relationships between disease-related variables and brain structural measures. In LTLE,
early age at seizure onset was a strong predictor of more disrupted fiber tract integrity.
Conversely, longer disease duration was associated with more marked cortical thinning in
LTLE. These associations were not observed in patients with RTLE. The lack of significant
correlations in patients with RTLE could possibly be explained by the generally smaller
differences from controls in their brain structural measurement. It has also been suggested
that patients with RTLE are a more heterogeneous group than those with LTLE in terms of
hippocampal pathology (Cheung, et al., 2009). Although our brain structural measurements
did not support this hypothesis, perhaps there are other aspects of heterogeneity in patients
with RTLE that were not captured by our measures, but attenuate the clinico-anatomic
relationships that were observed in our LTLE group.

Another important finding is that white matter compromise and cortical thinning may be
mediated by different mechanisms. Our results within patients with LTLE indicated that an
earlier age of seizure onset was associated with greater white matter compromise in
frontotemporal fiber tracts, but that it was not associated with greater cortical thinning. This
observation is consistent with past studies of children with epilepsy of recent onset, which
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showed that white matter compromise was observed early in the course of the disease and
may be related to early insults or developmental anomalies that likely precede the effects
from refractory seizures (Hutchinson, et al., 2010). In addition, Hermann et al. (2010) have
shown that the trajectory of white matter development in children with epilepsy lags behind
the course observed in healthy children, whereas cortical volumes did not differ between the
groups. In another study comparing individuals with early and late onset TLE, the early
onset group had significantly greater reduction in white matter volume, which also
correlated with lower neuropsychological scores (Hermann, et al., 2002). Our data support
these findings and further demonstrate that the association between age at seizure onset and
white matter compromise is particularly apparent in patients with LTLE, indicating that the
left hemisphere may in fact be more vulnerable to early insults in patients with TLE.

Past studies point to multiple factors that may result in a greater vulnerability of the left
hemisphere to various developmental insults (Njiokiktjien, 2006). It was postulated that the
left hemisphere is immature at birth and then undergoes a rapid, but prolonged maturation
process, rendering it more vulnerable (especially the white matter) to early brain insults
(Corballis & Morgan, 1978). Furthermore, due to perinatal vascular asymmetry in the two
hemispheres, the left hemisphere is shown to be more vulnerable to hypoxic-ischemic insults
(Mullaart, et al., 1995) that are known to have devastating effects on the hippocampus and
surrounding regions (Schmidt-Kastner & Freund, 1991). If the left hemisphere is indeed
vulnerable for a longer period of time relative to the right, then left temporal lobe seizures
during this critical time of development may disrupt more white matter maturation both
ipsilaterally and contralaterally.

Unlike age of seizure onset, disease duration was not associated with fiber tract FA values
once age and age of seizure onset were taken into consideration. Rather, longer disease
duration was related to cortical thinning in the ipsilateral parietal and contralateral frontal
lobes, and this relationship only emerged in LTLE. Our statistical approach of controlling
for effects of age, and evidence from past longitudinal studies (Bernhardt, et al., 2009; Coan,
et al., 2009; Bernhardt, et al., 2010), indicate that this relationship is likely above and
beyond normal aging processes. Although the reason for more pronounced thinning in LTLE
is unclear, Keller et al. (2002) have hypothesized that there are inherent differences between
LTLE and RTLE in extrahippocampal brain structures, with LTLE resulting in a more
bilateral, extensive pattern of atrophy. Potentially more intricate connections of the
hippocampus with the rest of the brain in the dominant hemisphere can give rise to more
excitotoxic damage from seizures, or to more neuronal loss from deafferentation secondary
to hippocampal atrophy (Bonilha, et al., 2007; Coan, et al., 2009). Furthermore, vascular
differences in blood perfusion to the left versus right hemisphere may result in more
frequent and extreme damage to the left hemisphere in both children and adults (Njiokiktjien
et al., 2006). Together, these studies suggest that patients with LTLE are more susceptible to
bilateral neocortical atrophy resulting from refractory seizures, and that this pattern may be
accentuated in their more vulnerable, ipsilateral hemisphere.

In summary, the current study used multiple neuroimaging measures to unveil unique
patterns of white matter compromise and cortical thinning in a well-characterized group of
patients with refractory LTLE and RTLE. Our study is limited by both its cross-sectional
design and modest sample size. Longitudinal studies that track large cohorts of normal
developing children and children with TLE will be quite valuable, but have their own
limitations (i.e., cohort effects, changes in scanning protocols). In addition, although our
LTLE and RTLE patients did not statistically differ in their ipsilateral hippocampal volumes,
inspection of Table 1 reveals that the mean ipsilateral volume for the LTLE patients was
numerically smaller than the mean for the RTLE patients, and three more patients with
LTLE were identified as having MTS. Therefore, it is possible that modest differences in
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hippocampal pathology could have contributed to some of the observed findings. However,
a post-hoc analysis including only LTLE and RTLE patients with MTS revealed the same
pattern of results, despite similar levels of ipsilateral hippocampal atrophy (LTLE ipsilateral
hippocampal volume = 2766 cm; RLTE = 3120; t[23] = −1.3; p = .26). Our analysis of the
fiber tracts may be also limited by partial voluming effects, which may differ between fibers
because of relative size and proximity to ventricles. For instance, we observed lower mean
FA values in the FORX and PHC relative to the other fiber tracts. Although voxels
identified as CSF and gray matter were excluded from fiber tract ROIs, voxels on the outer
boundary of the fiber tracts were likely affected to some extent by partial voluming.
Inclusion of signals from CSF and gray matter would reduce the average FA, an effect more
pronounced for small diameter fiber bundles surrounded by CSF (Concha, et al., 2005).
However, because partial voluming of these fibers reduced FA across all three groups, it is
unlikely to have accounted for the between-group differences in FA. Another limitation is
the difficulty inherent in patients’ self-report. It is often challenging to pinpoint the age at
which seizures began because many patients do not report or recognize seizures until they
have become problematic. It is also difficult to quantify the frequency and magnitude of
generalized tonic-clonic seizures based on patient self-report, although this could also
account for differences in brain atrophy. Nevertheless, our results highlight differential
contributions of developmental factors versus progressive refractory epilepsy on white and
gray matter compromise, as well as a more pronounced pattern of atrophy in patients with
LTLE. In addition, our patient group was carefully selected to exclude patients with bilateral
temporal or extratemporal onsets, as are seen in up to 24% of patients with unilateral MTS
(Kansal, et al., 2010). Whether TLE is a progressive disorder has been previously debated in
the literature (Sutula, 2004; Kuzniecky, et al., 2009), as have the possible developmental
precursors necessary to develop TLE (Hermann, et al., 2010; Roper, et al., 2011). Our study
provides new insights into the putative mechanisms that result in brain structural
compromise in TLE, and reveals different patterns in LTLE versus RTLE, which in turn
begins to disentangle the contributions of early cerebral insults, differential vulnerability of
the two hemispheres, and the impact of refractory seizures in TLE.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sagittal views of the selected fiber tracts. Individual fiber tracts are shown projected on their
corresponding T1-weighted images using Tractoview software. Color-coding is included to
assist with identification of the fibers in the superimposed images.
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Figure 2.
White matter fractional anistropy (FA) of selected fiber tract ROIs in patients with LTLE
and RTLE and healthy controls. Error bars represent standard errors.
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Figure 3.
Cluster-based t-statistic surface maps of cortical thinning in patients with LTLE versus
controls (top), RTLE versus controls (middle), and RTLEs versus LTLEs (bottom). Cluster
maps are thresholded at t > 2, corrected p-values < .05. In the top and middle graphs, blue
areas represent areas of thinner cortex in patients compared to controls and red areas
represent areas of thinner cortex in controls compared to patients. In the bottom graph red
areas represent thinner cortex in patients with LTLE compared to patients with RTLE. Areas
of blue represent thinner cortex in patients with RTLE.
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Table 1

Demographic Characteristics of the Patients and Control Samples

LTLE
(n = 18)

RTLE
(n = 18)

Controls
(n = 36)

Age (Y) 36.56 (11.40) 37.58 (11.21) 37.07 (11.13)

Education (Y) 13.83 (1.86) 13.28 (1.78) 14.83 (1.92)

Gender (F/M) 11/7 10/8 19/17

Left Hippocampal volume (mm3) 3031.28 4068.22 4026.78

Right Hippocampal volume (mm3) 4009.44 3553.89 4128.53

Age of seizure onset (Y) 16.72 (12.89) 13.28 (11.53) -

Duration of illness (Y) 19.50 (11.85) 23.72 (14.89) -

Seizure frequency (/mo) 9.94 (9.96) 5.06 (4.02) -

Number of anticonvulsant meds 2.22 (0.81) 2.39 (0.61) -

Number of patients with HS 14 11 -

History of febrile seizure 5 6 -

Note. TLE = temporal lobe epilepsy; F = female; M = male; meds = medications; /mo = per month; Y = years. Unless otherwise noted, the data
represent means followed by standard deviations in parentheses. Seizure frequency refers to the number of self-reported complex-partial seizures
per month. HS refers to the number of patients who showed sclerosis of the ipsilateral hippocampus as diagnosed by clinical MRI. History of
febrile seizure refers to the number of patients who had a history of febrile seizures.
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Table 3

Proportion of Variance (R2Δ) of Lober Cortical Thickness Accounted For by Disease Duration After
Covarying for Age

LTLE RTLE

Disease
Duration

Disease
Duration

R2Δ p R2Δ p

Medial Temporal

Ipsilateral .03 .50 .08 .26

Contralateral .02 .58 .03 .50

Lateral Temporal

Ipsilateral .05 .25 .10 .18

Contralateral .05 .15 .15 .12

Frontal

Ipsilateral .08 .22 .02 .70

Contralateral .15 .07 .02 .55

Parietal

Ipsilateral .23 .029 .09 .21

Contralateral .13 .09 .02 .54

Occipital

Ipsilateral .03 .46 .04 .42

Contralateral .00 .85 .13 .16

Note. TLE = temporal lobe epilepsy. Underline indicates R2 marginally significant.
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