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Abstract
Background Advances in MRI acquisition and data processing have become important for revealing brain structural changes.
Previous studies have reported widespread structural brain abnormalities and cortical thinning in patients with temporal lobe
epilepsy (TLE), as the most common form of focal epilepsy.
Methods In this research, healthy control cases (n = 20) and patients with left TLE (n = 19) and right TLE (n = 14) were recruited,
all underwent 3.0 T MRI with magnetization-prepared rapid gradient echo sequence to acquire T1-weighted images.
Morphometric alterations in gray matter were identified using voxel-based morphometry (VBM). Volumetric alterations in
subcortical structures and cortical thinning were also determined.
Results Patients with left TLE demonstrated more prevailing and widespread changes in subcortical volumes and cortical
thickness than right TLE, mainly in the left hemisphere, compared to the healthy group. Both VBM analysis and subcortical
volumetry detected significant hippocampal atrophy in ipsilateral compared to contralateral side in TLE group. In addition to
hippocampus, subcortical volumetry found the thalamus and pallidum bilaterally vulnerable to the TLE. Furthermore, the TLE
patients underwent cortical thinning beyond the temporal lobe, affecting gray matter cortices in frontal, parietal, and occipital
lobes in the majority of patients, more prevalently for left TLE cases. Exploiting volume changes in individual patients in the
hippocampus alone led to 63.6% sensitivity and 100% specificity for lateralization of TLE.
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Conclusion Alteration of gray matter volumes in subcortical regions and neocortical temporal structures and also cortical gray
matter thickness were evidenced as common effects of epileptogenicity, as manifested by the majority of cases in this study.
Keywords Temporal lobe epilepsy . T1-weighted MRI . Voxel-based morphometry . Hippocampus . Volumetric assessment .
Lateralization . Cortical thickness . Subcortical structures

Introduction
TLE and establishing the epileptogenic side According to the
World Health Organization (WHO), epilepsy is defined as a
“chronic neurological disorder affecting the brain at any age
from various reasons” distressing at least 50 million people
worldwide [1]. Epilepsy has diverse syndromes associated
with chronic seizures which differ in frequency contents patient by the patient [2–4]. Temporal lobe epilepsy (TLE) is the
most prevalent form of epilepsy in adults. Patients with refractory TLE form the majority of patients referred to epilepsy
surgery with at least one-third diagnosed as drug resistant,
for whom a resection of unilateral temporal structures such
as hippocampus would be a remedy [5, 6]. Intracranial EEG
monitoring remains the gold standard for establishing reliably
the epileptogenic side [7]. However, it may carry significant
risks of infection, hemorrhage, and elevated pressure [8–11].
Therefore, researchers are seeking a reliable way of establishing the side of epileptogenicity by noninvasive neuroimaging
markers through biological measurements that may be altered
in pathological processes [12]. However, the neuroimaging
assessments must be accompanied with computer-aided calculations and quantitative approaches in order to reliably capture the visually nonvisible of barely visible effects of interest
from the images.
Hippocampal atrophy as a marker of epileptogenicity About
40% of TLE cases have abnormalities with the shape and
positioning of the hippocampus and surrounding structures
[13]. High-resolution 3D anatomical T1-weighted imaging
by magnetic resonance imaging (MRI) has been used as a
technique to evaluate the morphology of the hippocampus
and other mesiotemporal lobe structures [14]. Hippocampus
volume measurement may serve as a helpful and trusted noninvasive method for clinical lateralizing of TLE [11, 15, 16].
The pattern of atrophy in hippocampus [17] and its subfields
[18] could commonly manifest on MRI scans, suggesting an
evidence of hippocampal sclerosis as the most common histologic abnormality linked to TLE.
Alterations in other temporal structures There is a common
agreement among the scientists that excitotoxic effects of

manifestation of epileptic seizures and deafferentation from
the hippocampal efferent fiber loss may consist the mechanisms underlying the initiation and progression of atrophic
alterations [19–21].
Group analysis has steadily established that TLE is accompanying with a large degree of brain atrophy extending further
into the limbic system and temporal lobe areas, including
amygdala and thalamus volumes [22], the anteromedial regions, including the entorhinal cortex, parahippocampal gyrus, and temporal pole [23, 24], and the regions functionally
and anatomically connected to the hippocampus [25–27].
Alterations in extratemporal regions Group analysis has
shown that the TLE cohorts compared to the healthy control
cohorts manifest gray and white matter volume alterations in
brain structures beyond the mesial temporal lobe [28, 29],
where the degree of atrophy in extrahippocampal regions
may be associated with the disease severity [30–32], or the
memory deficits [33].
Although it is now a consensus that TLE is associated
with significant limbic alteration in individual level [34],
the incidence rate for individual extratemporal alterations
is not yet established. In other words, it is important to
know the chance of extratemporal atrophy for an individual TLE case.
Cortical thickness measurements These measurements can
offer a more straight biologically meaningful way for quantifying structural integrity as they respect the folded part of
cortical structural anatomy [35]. Different patterns of neocortical atrophy or cortical thinning have been demonstrated by
neuroimaging studies [36, 37] supporting findings of morphometric traits [37–39]. Different cortical regions, including the
mesiotemporal, limbic, and central sensorimotor cortices,
show cerebral cortical thinning in mesial TLE patients in comparison with the control group [38–40]. Cortical thinning appear progressive in patients who have medically intractable
epilepsy [39, 41], mostly attributed to the effect of epilepsy
such as poor control of seizures [39]. Even though these findings are valid, a relatively similar pattern of cortical thinning is
observed in patients who have well-controlled epilepsy seizures [40].
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Voxel–based morphometry (VBM) VBM is an automated technique for whole brain analysis to estimate gray matter (GM)
concentration surrounding a given voxel. This technique of
quantitative MR analysis involves metrics of in vivo assessments for the structural integrity of the human brain [42, 43].
While most of the previous researches have focused on volumetric changes in medial temporal structures, the local morphometric alterations in gray matter and the pattern of cortical
thickness change in neocortical temporal, as well as
extratemporal regions, are evidenced as important markers
for volumetric changes. VBM permits the characterization of
regional differences at a local scale having discounted global
shape differences [44], bilateral reductions in gray matter volumes [45], and widespread alterations in thalamus volume
[46, 47]. It has repeatedly illustrated accurately in lateralizing
the seizure focus [14]. It can further demonstrate that brain
atrophy extends beyond the visual inspection of MRI images
[25, 48].
Problem statement and hypotheses For the clinical standpoint, however, it is vital to determine whether the pattern of
subcortical, neocortical, or cortical atrophy is a finding in the
majority of TLE patients to be characterized as the expected
disease behavior. Comparing the gray matter volume between
controls and patients with TLE, we aimed to investigate how
frequent the brain atrophy manifests in TLE. We hypothesize
that the observed overall atrophy in extrahippocampal and
extratemporal structures in TLE cases exhibits as a predominant mechanism and common phenomenon of TLE, implying
that the neuronal loss in TLE may incorporate broader regions
in temporal and extratemporal areas.
We further hypothesize that multiple computer-aided study
of the cortical and subcortical gray matter alterations in TLE
patients such as region-based volumetry, voxel-based morphometry, and cortical thickness in stereotaxically defined
brain voxels, regions of interest, or surface curvature [26,
48–50] can integrate more reliably into determination of epileptogenic side and patient candidacy for surgical resections.

Table 1 Patient-related clinical
and investigative features

Methods
Subjects
Patients with refractory TLE were recruited consecutively
from those who were referred to the epilepsy long-term monitoring (LTM) clinics. Patients with disabling cognitive impairments or other neurological diseases, presence of other
serious systemic or psychological diseases, age more than
55 years old or less than 16 years old, and history of substance
or alcohol abuse, pregnancy, and breastfeeding were excluded. For establishing MRI-proven mesial temporal sclerosis,
approximated or fully recognizable abnormal alterations in
hippocampal imaging attributes including shrinkage in volume and shape on T1-weighted images or hyper signal intensity on T2 FLAIR (fluid attenuated inversion recovery) images were examined.
Along with MRI evidence, to establish the epileptogenic
side, diagnostic procedures have been performed based on
seizure semiology and video-EEG monitoring compatible
with TLE (Table 1):
(1) Described or observed clinical semiology consistent with
seizures of temporal lobe origin: behavioral arrest, staring, right limb dystonia, oral automatism, right versive
head/eye deviation, and right limb tonic contraction in
left TLE (L-TLE); behavioral arrest, staring, left hand
automatism, verbalization, and left versive head/eye deviation in right TLE (R-TLE).
(2) Electroencephalographic (EEG) evidence of either temporal intermittent rhythmic delta and theta activity or
temporal epileptiform discharges identified by the electrode location of spikes and/or slow waves: initial leftsided rhythmic theta and delta activity or spike/spikewave evolution in L-TLE; initial right-sided rhythmic
theta and delta activity or spike/spike-wave evolution in
R-TLE.
(3) Temporal onset seizures captured on EEG indicated by
site of onset: left temporal, frontotemporal, or

Group

Number of cases

Gender (M/F)

Mean age ± SD

Handedness

HC
L-TLE
R-TLE
ALL

20
19
14
53

10/10
11/8
10/4
31/22

27.95
32.10
28.28
29.53

19RT/1LT
17RT/1LT/1Both
13RT/1LT
49RT/3LT/1Both

R right, L left, T temporal, F frontal, P parietal

±
±
±
±

6.32
8.47
6.28
7.29
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posterotemporal regions in L-TLE; right temporal,
frontotemporal, or posterotemporal regions in R-TLE.
(4) Interictal irritative zone: left temporal or bilateral with
max left temporal in L-TLE; right temporal or bilateral
with max right temporal in R-TLE.

Fourteen out of thirty-three patients have undergone surgical resection and have achieved an Engel I outcome after
1 year, confirming the reliability of the applied criteria for
establishing the epileptogenic side in cases of TLE. None of
the case had undergone phase II intracranial monitoring before
the surgery. There were no dual pathologies reported such as
tumors, meningitis, or other infections for any of the patients.
All acquired evidence was discussed in a multidisciplinary
pre-surgical session, and the consented decision was used as
the gold standard for the existence of hippocampal sclerosis as
well as an epileptogenic side. This research involved fiftythree subjects, twenty healthy controls, nineteen L-TLE, and
fourteen R-TLE subjects. Informed consent was obtained
from all participants, had provided approval from the ethical
committee at Tehran University of Medical Sciences. Detailed
clinical characteristics of patients and control subjects are
summarized in Table 2.

Image acquisition
MRI data were collected using a 64-channel phased-array
head coil on a 3-Tesla scanner (Siemens Prisma, Erlangen,
Germany) with software version “Syngo MR E11” at Iranian
National Brain Mapping Laboratory (NMBL). Anatomic images were acquired for clinical diagnosis using a standardized
MPRAGE IR protocol for transverse T1-weighted images
with the following imaging parameters: TR = 1840 ms, TI =
900 ms, TE = 3.4 ms, flip angle = 8°, matrix = 224 × 224, inplane resolution = 1.0 × 1.0 mm2 slice thickness = 1.0 mm,
and pixel bandwidth = 250 Hz/pixel.

Image analysis
Voxel-based morphometry
VBM was conducted using computational anatomical toolbox
CAT12 (http://www.neuro.uni-jena.de/cat) and statistical
parametric map SPM12 (https://www.fil.ion.ucl.ac.uk/spm/
software/spm12). The Xjview tool was used for visualizing
the results (http://www.alivelearn.net/xjview). Images were
converted to NIFTI format and rigidly reoriented to standard
MNI space. The reoriented images were segmented into gray
and white matter maps using CAT12 as it obtains a more

sensitive volumetric analysis of the brain regions in
comparison with SPM8 [51]. The segmentation employed a
mixture model cluster analysis to identify voxel intensities
matching particular tissue types (gray matter, white matter,
and (CSF) combined with an a priori knowledge of the spatial
distribution of these tissues in normal subjects, derived from
prior probability maps [52]. Modulating in this step, the correction of volumetric changes for segmented images was performed through applying a linear deformation. Subsequently,
the signal to noise ratio (SNR) was enhanced through convolution with an isotropic Gaussian kernel of 8×8×8 (denoting
the full width half maximum (FWHM) in the X, Y, Z directions), which would further reduce the effect of missregistration between images [53]. For measurement of hippocampus and other ROI subcortical structure volumes, we used
Free-Surfer software as a powerful software application suitable for processing and analyzing human brain MRI images
(https://surfer.nmr.mgh.harvard.edu). It is capable of essential
processing steps such as skull stripping, image registration,
subcortical segmentation, cortical surface reconstruction,
cortical segmentation, and cortical thickness estimation.
Cortical thickness measurement
The essential parts of image processing for evaluating cortical
thickness includes skull stripping, inflation of the folded surface tessellation patterns, intensity normalization, segmentation of white matter and gray matter, and ultimately tessellation of the gray/white matter border and automated correction.
Then, a deformable surface algorithm is used to obtain the
gray/white and gray/cerebrospinal fluid (CSF) surfaces. In this
way, both intensity and information from the surfaces in deformation procedures are used to produce representations of
cortical thickness. By conducting this, the representations are
calculated as the closest distance from the gray/CSF boundary
to the gray/white boundary at each vertex on the tessellated
surface. Thickness measurements can be mapped on the inflated surface of the brain reconstruction of each subject,
allowing visualization of data across the entire cortical surface. Then, the maps determine the areas that show the statistically significant differences between the groups under the
study.

Statistical analysis
Voxel-based morphometry
The general linear model (GLM) was used to test our hypothesis [54]. We performed statistical analysis to identify the
significant structural changes between the experimental
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groups. In the basic model of CAT12, we chose analysis of
variance (ANOVA) test, since we had three groups of control,
L-TLE, and R-TLE. We adjusted the contrast in the final steps
of VBM between each group vs. control. Two covariates (total
intracranial volume (TIV) and age) have been used in our
model. The explicit mask was applied to specify the voxels
within the image volume of interest, with the value of absolute
threshold masking equaling to 0.2. Multiple-comparison correction was addressed using a false discovery rate (FDR) with
a p value set at a 0.05 as the level of significance and KEcluster thresholding set to 100. Results were then displayed as
overlays on a study-specific template created by normalizing
all native space images through transforming followed by
measuring the average of warped brain images. To understand
whether a temporal or extratemporal morphological process is
common mechanism in TLE, we calculate the number of patients undergoing VBM-bases atrophy for the structures with
significant mean value between TLE groups and control. Each
individual VBM-bases measurement was compared to the
corresponding average in control group. Then the incident rate
was calculated to decide whether the observed average effect
in group analysis is a common phenomenon observed in majority of TLE patients.
Volume measurements of subcortical structures
ANOVA and post hoc Bonferroni for addressing multiple comparisons After extracting volumes of all subcortical segments,
we ran ANOVA for three groups using IBM SPSS software
version 24. We performed Bonferroni adjustments to address
multiple comparisons across brain structures to be able to
correlate the significant ROI abnormalities between control,
L-TLE, and R-TLE groups. This approach would reveal a
subcortical structure(s) that may be useful for lateralizing
TLE patients. To understand whether a subcortical morphological process is common mechanism in TLE, we calculate
the number of patients undergoing an alteration for the subcortical regions with significant mean value between TLE
groups and control. Each individual measurement was compared to the corresponding average in control group. Then the
incident rate was calculated to decide whether the observed
average effect in group analysis is a common TLE fact.
Hippocampal volumetric for lateralization of TLE Both upper
and lower volume thresholds for hippocampus volumetric
were established, separating the entire range of these values
into three domains, patients with right-side atrophy, patients
with left-side atrophy, and other volume measurements not
worthy for the lateralization application. The atrophic side
would, in turn, be expected to enable prediction of the side

of epileptogenicity. We used control group volume measurements in healthy volunteers as normative data to determine
threshold values for decision making on atrophy in TLE cases
[15, 55]. The mean normal value minus two standard deviations (SD) defined the lower threshold value, and the mean
normal value plus two SD defined the upper threshold value.
If a measured value was two SD below or above the mean
normal values, they were categorized as right-sided or leftsided atrophy, respectively. On the other hand, if a measured
value fell within ± 2 SD of the mean normal values, they were
considered non-lateralizing measures.
Cortical thickness measurements
According to Desikan parcellation atlas [56], all cortical thickness regions between control and patient groups were assessed
using a vertex-by-vertex general linear model. The mean cortical thickness of each parcellated region was measured and
statistically compared using the Query Design Estimate
Contrast (QDEC) tool in Free-Surfer. The contrast was
assessed between control and patient groups using a twotailed t test with a p value < 0.05. Differences were tested
using the Student’s t tests. The adjusted correction for multiple
comparisons was made by considering 0.05/34 = 0.0015
(where 34 is the number of parcellated regions in each hemisphere of Desikan atlas) as an acceptable upper bound for p
value. Thus, we considered each cluster with a p value of <
0.0015 as significant clusters. Finally, cortical thinning clusters location obtained from the GLM with smoothing kernel
FWHM equal 20 to show clusters coordinate over the pial
surface. To understand whether a cortical morphological process is common mechanism in TLE, we calculate the number
of patients undergoing a cortical thinning for the cortical regions with significant mean value between TLE groups and
control [37]. Each individual measurement was compared to
the corresponding average in control group. Then the incident
rate was calculated to decide whether the observed average
effect in group analysis is common among TLE cases.

Results
Voxel-based morphometry
In order to get accurate and acceptable VBM results, we first
compared spm8 and CAT12 tools. The most important difference between these two toolboxes is their method of segmentation, which can highly affect the results of VBM [42, 57].
Our comparison showed that CAT12 gives more sensitive and
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Table 3 Gray matter differences
between controls and L-TLE

Comparisons

Structural Shrinkage:
L-TLE < control

Structural enlargement:
L-TLE > control

Region

Temporal lobe
Parahippocampal
gyrus
Hippocampus
Frontal lobe
Cerebrum,
occipital lobe

Hemisphere

Cluster
size KE

Incident
rate

−38
−15

296
348

16/19
16/19

−15
54
−11

214
148
100

18/19
15/19
14/19

t
value

MNI coordinates

Left
Left

4.4944
5.56

−38
−29

14
−21

Left
Left
Left

5.56
5.17
4.70

−29
−38
−8

−21
−11
−89

xyz

FDR-corrected results p < 0.05

reliable results in a gray matter which is in line with a previous
study [51].
Comparison between L-TLE and control
VBM analysis revealed the L-TLE group undergoing significant gray matter volume atrophy compared to the control
group (L-TLE < control), with the most significant reductions
in left temporal lobe especially in the hippocampus and
parahippocampal gyrus, and also in some extratemporal regions of the frontal lobe (Table 3 and Fig. 1, median
incident rate of 16 out of 19 cases). We found a reversed effect
(structural enlargements; L-TLE > control) for some
extratemporal regions in the left cerebrum occipital lobe
(Table 3 and Fig. 2, median incident rate of 14 out of 19
cases).

Fig. 1 VBM analysis revealing the L-TLE group undergoing significant
volume atrophy in hippocampus and parahippocampal gyrus (temporal
lobe) compared to the control group (L-TLE < control). Color scales represent t-scores, and the crosshair in each contrast is set to the global

Comparison between R-TLE and control
R-TLE compared to the control group underwent gray matter
volume atrophy (R-TLE < control) in the right cerebrum (ipsilateral to the seizure zone), specifically in the right hippocampus (Table 4 and Fig. 3, median incident rate of 10 out of
14 cases). No significant gray matter volume abnormality was
observed for the reversed effect.

Comparison between R-TLE and L-TLE
In a direct comparison between R-TLE and L-TLE, we found
significant gray matter volume shrinkage in the left temporal
lobe especially in the hippocampus and parahippocampal gyrus (L-TLE < R-TLE; Table 5 and Fig. 4). No significant gray

maximum. The gray matter areas with significant volume atrophy were
superimposed on the ICBM 152 average template of healthy controls for
anatomical reference
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Fig. 2 VBM analysis revealing the L-TLE group undergoing significant
volume enlargement in occipital lobe compared to the control group (LTLE > control). Color scales represent t-scores, and the crosshair in each

contrast is set to the global maximum. The gray matter areas with significant volume enlargement were superimposed on the ICBM 152 average
template of healthy controls for anatomical reference

matter volume was observed for the reversed effect (L-TLE >
R-TLE).

underwent bilateral shrinkage compared to the control
group (p value < 0.013 and incident rate of 9 out of 14
cases and p value < 0.021 and incident rate of 8 out of 14
cases, for the left and right palladium, respectively). For
corpus callosum sub-volumes, we found significant
changes for all parts of the L-TLE group in comparison
with control group (p values < 0.002, 0.001, 0.0001, and
0.0001, for the posterior, central, mid-anterior, and midposterior parts of corpus callosum, respectively, with the
median incident rate of 16 out of 19 cases). For R-TLE,
only corpus callosum body (mid-anterior and midposterior parts) underwent significant atrophy compared
to control (p values < 0.029 and 0.004, respectively, with
the incident rate of 9 out of 14 cases).
The direct comparison between R-TLE and L-TLE
groups (Table 7) revealed that only right and left hippocampi were significant (p values < 0.007 and 0.009
respectively). Therefore, this result was demonstrated
appropriate for confidently lateralizing individual TLE
patients.

Alteration of subcortical volumetrics
ANOVA test was carried out on three groups followed by
Bonferroni adjustment for multiple comparisons at the
0.05 level of significance on mean volumetric differences
between control, L-TLE, and R-TLE groups (Table 6).
We found ipsilateral hippocampal volume shrinkage compared to the corresponding side in control for both TLE
groups with 95% confidence interval (CI) left hippocampus in L-TLE (p value < 0.0001, incident rate of 19 out of
19 cases) and right hippocampus (p value < 0.001, incident rate of 10 out of 14 cases) in R-TLE groups.
However, their contralateral hippocampal volume changes
were not statistically significant. Left thalamus proper
volume in the L-TLE group was smaller compared to
the control group (p value < 0.002, incident rate of 12
out of 19 cases). Pallidum volume in the R-TLE group

Table 4 Gray matter differences
between controls and R-TLE

Comparisons

Structural shrinkage:
R-TLE < control

Region

Cerebrum
Hippocampus

Hemisphere

Right
Right

t
value

MNI coordinates

4.211
4.211

26
26

xyz

FDR-corrected results p < 0.05 (structural shrinkage: R-TLE < control)

− 32
− 32

−5
−5

Cluster
size KE

Incident
rate

50
46

10/14
10/14
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Fig. 3 VBM analysis revealing the R-TLE group undergoing significant
gray matter volume atrophy in hippocampus (temporal lobe) compared to
the control group (R-TLE < control). Color scales represent t-scores, and

the crosshair in each contrast is set to the global maximum. The gray
matter areas with significant volume atrophy were superimposed on the
ICBM 152 average template of healthy controls for anatomical reference

For the bilateral subcortical structures with significant differences in volumetrics between control, L-TLE, and R-TLE
groups, i.e., thalamus proper, hippocampus, and pallidum
(Table 6), we compared the left vs. right sides in control group
and ipsilateral vs. contralateral sides in TLE group. Figure 5
shows the standard error plot of these subcortical volumes in
mm3. Paired t test was performed to compare between the left
and right sides of the subcortical structures in control group,
which showed no significant difference implying that there
was no laterality in subcortical structures for control cases
(Fig. 5, top left). Comparison between subcortical volumes
of control and TLE groups demonstrated significant bilateral
atrophy of thalamus proper, hippocampus, and pallidum for
TLE cases compared to control subjects (Fig. 5, top right).
Paired t test was also carried out to compare ipsilateral and
contralateral sides of the subcortical structures in TLE group,
where thalamus proper and hippocampus showed undergoing
significant interhemispheric changes (Fig. 5, bottom left). We
also compared subcortical volumes of ipsilateral and

contralateral sides of the subcortical structures in TLE group
vs. their average values (between left and right) in control
group. For TLE cases, the thalamus proper, hippocampus,
and pallidum showed significant unilateral atrophy compared
to control subjects, including ipsilateral atrophy of all three
structures, and contralateral atrophy for thalamus proper and
pallidum (Fig. 5, bottom right).

Table 5 Comparison (L-TLE <
R-TLE)

Hippocampal measurements as a biomarker of
laterality
The value of normalized “right minus left hippocampal volumes” was used as the laterality index for quantifying unilateral hippocampal atrophy in cases of TLE. Patients with the
right (left) epileptogenic side showed a negative (positive)
median of − 261.6 mm3 (901.5 mm3), reflecting right (left)sided hippocampus atrophy. By this definition of laterality,
ten out of fourteen individual R-TLE patients showed a

Comparisons

Region

Hemisphere

t
value

MNI coordinate x y
z

Cluster
size KE

Structural alteration:
L-TLE < R-TLE

Cerebrum
Parahippocampal
gyrus
Hippocampus

Left
Left

4.929
4.929

− 29
− 29

− 18
− 18

− 20
− 20

246
240

Left

4.929

− 29

− 18

− 20

133

FDR-corrected results p < 0.05
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Fig. 4 VBM analysis revealing the L-TLE group undergoing significant
gray matter volume atrophy compared to the R-TLE group (L-TLE < RTLE). Color scales represent t-scores, and the crosshair in each contrast is

set to the global maximum. The gray matter areas with significant volume
alteration in these two groups were superimposed on the ICBM 152
average template of healthy controls for anatomical reference

negative laterality index hippocampal volume, while all nineteen individual L-TLE patients had this value greater than
zero.

For the second definition with an undecided margin,
the upper and lower threshold values (the mean normal
value plus/minus two SD) were derived from normative

Table 6 Results of post hoc
multiple comparisons, Bonferroni
analysis

Temporal
structures

Hemisphere

Group
(I)

Group
(J)

Mean difference
in mm3 (I-J)

Std.
deviation

p
value**

Incident
rate

Hippocampus

Left

Control

L-TLE
R-TLE

819.2*
111.5

200.0
217.5

0.0001
1.000

19/19

Right

Control

Left

Control

Right

Control

Left

Control

Right

Control

Posterior

Control

Central

Control

Mid-anterior

Control

Mid-posterior

Control

L-TLE
R-TLE
L-TLE
R-TLE
L-TLE
R-TLE
L-TLE
R-TLE
L-TLE
R-TLE
L-TLE
R-TLE
L-TLE
R-TLE
L-TLE
R-TLE
L-TLE
R-TLE

150.7
747.7*
1017.5*
680.0
498.8
648.6
232.50
309.5*
180.9
266.7*
175.6*
115.6
169.8*
114.7
234.3*
141.7*
145.0*
119.5*

174.7
190.07
285.92
311.0
266.6
290.0
95.3
103.7
86.9
94.5
49.2
53.5
42.7
46.5
48.5
52.8
31.9
34.7

1.000
0.001
0.002
0.100
0.202
0.089
0.055
0.013
0.128
0.021
0.002
0.107
0.001
0.051
0.0001
0.029
0.0001
0.004

Thalamus
proper

Pallidum

Corpus
callosum

10/14
12/19

9/14
8/14
13/19
14/19
17/19
9/14
16/19
12/14

* The mean difference is significant at the 0.05 level of significance. ** p values are after Bonferroni adjustment
for multiple comparisons
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Table 7

ANOVA test with Bonferroni adjustments to compare L-TLE and R-TLE groups

Temporal structures Hemisphere Group (I) Group (J) Mean difference in mm3 (I-J) Std. deviation p value** 95% confidence interval
Lower bound Upper bound
Hippocampus

Left
Right

R-TLE
R-TLE

L-TLE
L-TLE

707.7*
− 597.0*

219.81
192.1

0.007
0.009

163.0
− 1072.7

1252.2
− 121.3

*The mean difference is significant at the 0.05 level of Significance. Note that both right and left hippocampus volumes were significantly different
between TLE patient groups

data as 541.0 and − 297.2 mm3. As can be understood
from Table 8, there was no false positive that was detected by this laterality definition for the side of

epileptogenicity based on hippocampal volumetrics, and
the proposed method remained completely specific
(specificity rate = 100%). However, this laterality index

Fig. 5 Standard error plot of the subcortical volumes in mm3 (thalamus
proper, hippocampus, and pallidum). Top left: paired comparison
between the volumetrics of the left and right sides of the subcortical
structures in control group (no significant difference was shown. Top
right: comparison between subcortical volumes of control and TLE
groups. For TLE cases, the thalamus proper, hippocampus, and
pallidum showed significant bilateral atrophy compared to control
subjects. Bottom left: paired comparison between ipsilateral and
contralateral sides of the subcortical structures in TLE group. Thalamus

proper and hippocampus underwent significant interhemispheric
changes. Bottom right: comparison subcortical volumes of ipsilateral
and contralateral sides of the subcortical structures in TLE group vs. the
average values (between left and right) in control. For TLE cases, the
thalamus proper, hippocampus, and pallidum showed significant
unilateral atrophy compared to control subjects, including ipsilateral
atrophy of all three structures, and contralateral atrophy for thalamus
proper and pallidum. Top table note: Ipsi ipsilateral, Contra contralateral
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Table 8 Decision-making on the
epileptogenic side in TLE cases
based on the hippocampal
laterality index

Side of
epileptogenicity

Indeterminate
(− 297.2 < volume < 541.0)

Right-side
atrophy

Left-side atrophy hippocampus
volume
> 541.0 mm3

Hippocampus
volume
< − 297.2 mm3
Right (n = 14)
Left (n = 19)

8
0

based on hippocampal volumetric was not quite sensitive (sensitivity rate = 63.6%), since twelve out of thirtythree TLE cases (six out of fourteen R-TLE and six out
of nineteen L-TLE cases) fell within normal occurrence
range.

Cortical thickness
Cortical thinning in L-TLE compared to control
The direct comparison of cortical thickness abnormalities
between control and L-TLE patient groups revealed clusters of cortical thinning over left hemisphere mainly on
parietal and occipital lobes (supramarginal, cuneus), and
frontal lobe (caudal middle frontal). Right hemisphere also showed clusters of cortical thinning on frontal lobe
(superior frontal, caudal middle frontal), and parietal and
occipital lobes (superior parietal). Table 9 illustrates the
size of significant clusters, and Fig. 6 shows the clusters
over pial surfaces. The median incident rate for the cortical thinning in L-TLE compared to control was 16 out of
19 cases.

Table 9

6
6

0
13

Cortical thinning in R-TLE compared to control
The direct comparison of cortical thickness abnormalities revealed a cluster of cortical thinning of R-TLE on the left
hemisphere spreading over the frontal lobe (superior frontal),
and parietal and occipital lobes (supramarginal). The right
hemisphere also showed clusters of cortical thinning with
larger sizes over parietal and occipital lobes (supramarginal),
and frontal lobe (lateral orbitofrontal). For more details and an
illustration of the significant clusters, see Table 10 and Fig. 7.
The median incident rate for the cortical thinning in R-TLE
compared to control was 10 out of 14 cases.
Unilateral and bilateral cortical thinning
For the bilateral cortical regions with significant differences in cortical thickness between control, L-TLE, and
R-TLE groups, i.e., caudal middle frontal, cuneus, superior
frontal, and supramarginal gyri, as well as lateral
orbitofrontal cortex and superior parietal lobule (Tables 9
and 10), we compared the thickness of the left vs. right
cortical regions in control group and ipsilateral vs.

Cluster-based t-statistic of cortical thinning for control vs. L-TLE
X

Y

Z

Number of
vertices

p value

Incident
rate

Cluster Cluster lobe
no

Hemisphere TVertex
statistic max

Size
(mm2)

1

Left

3.3228 56,650

2039.52 − 38.1 17.9

48.5 3785

0.00047555* 15/19

Left

3.9680 30,376

1109.15 − 46.5 − 37.0 39.3 2918

0.00010765* 17/19

Left
Right
Right

3.0138 12,908
3.9006 72,039
3.3821 37,211

391.45
868.58
418.00

− 17.1 − 71.4 15.7 657
22.0 27.3 38.9 1600
33.6 10.4 32.9 894

0.00096872* 16/19
0.00012572* 16/19
0.00041486* 16/19

Right

3.0112 130,216 589.96

2
3
4
5
6

Caudal middle frontal (frontal
lobe)
Supramarginal (parietal and
occipital)
Cuneus (parietal and occipital)
Superior frontal (frontal lobe)
Caudal middle frontal (frontal
lobe)
Superior parietal (parietal and
occipital lobe)

*The adjusted correction for multiple comparisons were made at p value < 0.0015

16.3

− 86.8 37.1 848

0.00097454* 15/19
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Fig. 6 Cluster-based t-statistic surface maps of cortical thinning in patients with L-TLE vs. control. White stars (*) indicate statistically significant
cortical morphometries after adjusted correction for multiple comparisons (p value < 0.0015)

(Fig. 8, top right). Paired t test was also carried out to
compare ipsilateral and contralateral sides of the cortical
regions in TLE group, where significant cortical interhemispheric alteration (ipsilateral < contralateral) was seen in
caudal middle frontal gyrus (Fig. 8, bottom left). We also
compared the thickness of ipsilateral and contralateral regions of the cortical areas in TLE group vs. their average
values (between left and right) in control group. For TLE
cases, the caudal middle frontal, cuneus, superior frontal,
and supramarginal gyri, as well as superior parietal lobule,
showed significant contralateral atrophy compared to

contralateral regions in TLE group. Figure 8 shows the
standard error plot of the thickness of these cortical regions
in mm. Paired t test was performed to compare between the
left and right cortical regions in control group, which
showed no significant difference implying that there was
no unilateral difference in the thickness of cortical regions
for control cases (Fig. 8, top left). Comparison between
cortical thickness of control and TLE groups demonstrated
significant bilateral cortical thinning in caudal middle frontal, cuneus, and supramarginal gyri, as well as superior
parietal lobule for TLE cases compared to control subjects

Table 10

Cluster-based t-statistic of cortical thinning for control vs. R-TLE

Cluster Cluster (lobe)
no

Hemisphere TVertex
statistic max

Size
(mm2)

X

Y

1

Superior frontal (frontal lobe)

Left

3.4968 11,260

507.36

− 9.0

2

Supramarginal (parietal and
occipital lobe)
Lateral orbitofrontal (frontal
lobe)
Supramarginal (Parietal and
occipital lobe)

Left

3
4

Number of
vertices

p value

− 11.4 63.3

1235

0.0003185* 11/14

2.9745 150,090 566.41

− 46.7 − 36.2 37.9

1453

0.0010605* 9/14

Right

3.0527 160,221 123.07

17.2

13.5

Right

3.5784 74,834

44.9

− 37.4 19.7

287.85

*The adjusted correction for multiple comparisons were made at p value < 0.0015

Z

− 14.6 304
725

Incident
rate

0.000885*

10/14

0.000264*

12/14
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Fig. 7 Cluster-based t-statistic surface maps of cortical thinning in patients with R-TLE vs. control. White stars (*) indicate statistically significant
cortical morphometries after adjusted correction for multiple comparisons (p value < 0.0015)

control subjects, along with ipsilateral atrophy in the caudal middle frontal and supramarginal gyri, as well as superior parietal lobule (Fig. 8, bottom right).
Table 11 summarizes all significant findings by different
assessment approaches.

Discussion
Neuroimaging techniques are proficient in investigating brain
structural changes in patients with epilepsy. Epileptogenicity
in the case of TLE may cause hippocampal atrophy [28, 53,
58] as well as cortical thinning in neocortical areas of temporal
or extratemporal lobes [59–62].
In our study, VBM analysis detected significant subcortical
volumetric atrophy in ipsilateral hippocampus compared to
contralateral hippocampus in TLE group as well as bilateral
hippocampus in control group. Subcortical volumetry found
the thalamus, hippocampus, and pallidum bilaterally vulnerable to the TLE (comparing with control group), with a more
pronounced effect in ipsilateral side than contralateral side.
Among them, thalamus and hippocampus showed significant
atrophy in ipsilateral vs. contralateral side. Cortical thickness
analysis showed the cortical regions of bilateral caudal middle

frontal gyrus, cuneus gyrus, and supramarginal gyrus, superior parietal lobule vulnerable to the TLE (comparing to control
group), but here with a more pronounced effect in contralateral side than ipsilateral side. Caudal middle frontal gyrus was
found to be the only cortical region with significant thinning
in ipsilateral side compared to the contralateral side of epileptogenic zone.
There are discrepant findings on the effects of TLE on the
volumetric changes in both temporal and extratemporal regions. Some studies demonstrated severe hippocampal atrophy ipsilateral to the epileptogenic [63–68]. Some other studies have reported bilateral hippocampal volume change in
right TLE patients [63, 69] and in left TLE [64, 65, 70–74].
In our study, the left TLE showed gray matter loss in left side
of the brain mainly in parietal lobe and temporal lobe, especially in parahippocampal gyrus and hippocampus, which is in
line with previous studies [26, 28, 53, 58, 75]. For reversed
contrast, the left regions in occipital lobe showed statistically
significant enlargement in left TLE compared with the control
group, however, no enlargement was observed for amygdala
despite some other studies [53]. Comparing the right TLE and
healthy control group revealed gray matter reduction in the
right hemisphere especially in the right hippocampus that is
consistent with previous studies [26, 58, 75]. It is worth
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Fig. 8 Standard error plot of the cortical thickness in mm (caudal middle
frontal, cuneus, superior frontal, and supramarginal gyri, as well as lateral
orbitofrontal cortex and superior parietal lobule). Top left: paired
comparison between the thickness of the left and right sides of the
cortical regions in control group (no significant difference was shown.
Top right: comparison between thickness of cortical areas in control and
TLE groups. TLE cases showed significant bilateral thinning in caudal
middle frontal, cuneus, and supramarginal gyri, as well as superior
parietal lobule compared to control subjects. Bottom left: paired
comparison between the thickness of ipsilateral and contralateral

cortical regions in TLE group. Cortical interhemispheric alteration
(ipsilateral < contralateral) was seen in caudal middle frontal gyrus.
Bottom right: comparison between the thickness of ipsilateral and
contralateral cortical regions in TLE group vs. the average values
(between left and right) in control. For TLE cases, the caudal middle
frontal, cuneus, superior frontal, and supramarginal gyri, as well as
superior parietal lobule, showed significant contralateral atrophy
compared to control subjects, along with ipsilateral atrophy in the
caudal middle frontal and supramarginal gyri, as well as superior
parietal lobule. Top Table note: Ipsi ipsilateral, Contra contralateral

mentioning that the size of the regions with significant volume
changes in the R-TLE cases was smaller compared to the left
TLE cases.
Patients with TLE demonstrate a deviation from typical
(left) language lateralization [76]. About 25% of TLE patients
show a bilateral or a right-lateralized language function, compared to less than 10% incident rate for healthy subjects (considering right-handed and left-handed together). Atypical language lateralization is most common in left hemispheric epilepsy patients with an acquired injury to the language cortex in
childhood. Although less common, but the language functional reorganization has been reported for left hemispheric

epilepsy patients with damage distant to the language cortex
or with genetic lesions, as well as for patients with right hemispheric epilepsy. Atypical language lateralization is rare for
the left hemispheric epilepsy patients with developmental lesions though [76]. We substantiated in this study that left TLE
is more vulnerable than right TLE to the gray matter alterations. The evidenced widespread atrophy in the cortex and
subcortical structures in left TLE would be the main cause of
atypical language lateralization for TLE patients in general,
and our TLE patients in specific, with documented problems
in language articulation and comprehension. Nevertheless, we
are going to inspect the association of language dominance
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Table 11 The summery of
findings by different assessments

Voxel-based
morphometry

Subcortical volumetry

Cortical thickness assessment

L

L hippocampus, L thalamus
proper, corpus callosum
(posterior, central,
mid-anterior,
mid-posterior)
R hippocampus, R and L
pallidum, corpus
callosum (mid-anterior,
mid-posterior)
L hippocampus

L and R caudal middle frontal
gyrus, L supramarginal
gyrus, L cuneus gyrus, R
superior frontal gyrus, R
superior parietal gyrus
L Superior Frontal Gyrus,

–
(Bilateral)

R Hippocampus
(Bilateral)

–
(Bilateral)

Hippocampus

Thalamus, hippocampus,
pallidum

Ipsilateral < control

Hippocampus

Thalamus, hippocampus,
pallidum

Contralateral < control

–

Thalamus, pallidum

Ipsilateral < contralateral

Hippocampus

Thalamus, hippocampus

Caudal middle frontal gyrus,
cuneus gyrus,
supramarginal gyrus,
superior parietal lobule
Caudal middle frontal gyrus,
supramarginal gyrus,
superior parietal lobule
Caudal middle frontal gyrus,
cuneus gyrus, superior
frontal gyrus,
supramarginal gyrus,
superior parietal lobule
Caudal middle frontal gyrus

Left TLE < control

parahippocampal gyrus, L
hippocampus
Right TLE < control

Left TLE < right TLE

R hippocampus

L

L & R Supramarginal Gyrus,
R Lateral Orbitofrontal Cortex
–

parahippocampal gyrus, L
hippocampus
Right TLE < left TLE
TLE < control

detected by Wada test and neuropsychological evaluations in
our TLE patient with the side of epileptogenicity in accordance with exact individual etiology, risk factor, evidence
lesions on MRI, onset age and duration of epilepsy, and handedness attributes, and explore the pattern of atypical language
lateralization across a variety of our TLE patients.
We found a more severe reduction in gray matter volume of
left parahippocampal gyrus and hippocampus in left TLE
compared to right TLE cases. In addition to voxel-based morphometry, ROI-based morphometry was performed, where
hippocampus was the only subcortical structure that showed
a statistically significant difference between the structure volumes of left and right TLE patient groups. Therefore, the
hippocampal volume was explored and confirmed as an appropriate candidate for lateralization of TLE.
Prior research has shown that quantitative analysis may
identify asymmetry that is not obvious by visual analysis
[77]. Quantitative inspections including neuroimaging are

increasingly used as means of lateralizing TLE in attempts
to lessen diagnostic ambiguity [16]. Specifically, threedimensional quantitative inspection on hippocampal volume
as an indication of the TLE laterality may be missed by a
simple visual inspection, routinely performed two dimensionally. Where a confident lateralization is not possible by
presurgical assessments, patients may undergo implantation
of intracranial electrodes to clarify the situation and must, in
turn, bear the risk of such intervention [16].
In this work, to establish MRI-proven mesial temporal sclerosis (MTS), neuroradiologists visually examined the approximated or fully recognizable abnormal alterations in hippocampal imaging attributes including shrinkage in volume
and shape on T1-weighted images, or hyper signal intensity
on T2 FLAIR (fluid attenuated inversion recovery) images.
Based on all MRI evidence, twenty-three out of thirty-three
TLE cases were identified as MTS along with a clear unilateral TLE. Exclusively based on visual inspection of
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hippocampal volumes for a large interhemispheric difference
and ignoring the hyperintensity of FLAIR signal, only twelve
cases were visually identified as MTS. By our quantitative
approach, we compared the laterality index (right
hippocampus-left hippocampus) to zero, where a negative value indicates right-sided and a positive value suggests a leftside atrophy [15, 55]. This technique lateralized twenty-nine
out of thirty-three TLE cases correctly based on hippocampal
volume: ten out of fourteen R-TLE patients showed a negative
laterality index, and all nineteen L-TLE patients had this value
greater than zero. Therefore, four cases showed wrong
laterality based on this technique. As a more conservative
decision-making, we calculated the mean ± 2 SD for hippocampal volumes from the control group, by which the
laterality index was compared for individual TLE cases [15,
55]. Using this technique, we were able to lateralize the epileptogenic side correctly for twenty-one out of thirty-three
patients (63.6% sensitivity) with no false lateralization
(100% specificity). Although this technique resulted a lower
sensitivity, its specificity is not compromised; thus, it is more
reliable and favorable compared to the first technique in real
clinical setups. We conclude that this quantitative technique
was able to identify nine (27%) more TLE cases than exclusively visual inspections by the neuroradiologists.
Nevertheless, we admit that there is evidence of variability
in hippocampal volumetrics in unilateral TLE patients [78,
79]. The hippocampal interhemispheric variations can be attributed to subject-specific and genetical factors alone, rather
than to actual pathophysiological process of epileptogenicity
[10]. Some patients may have significant interhemispheric
variations in their hippocampal volumetrics just by natural
physiological occurrences, even before they develop
epileptogenicity. Furthermore, the epileptogenicity may be
expressed interhemispherically variably in each patient [80].
Multiple epilepsy-related confounds including etiologies, seizure etiology, seizure frequency, epilepsy duration, antiepileptic medicine and the used dosage, the number of anticonvulsants, and syndromic presentations may influence the pattern
of morphological changes differently across the TLE patients.
Therefore, there are active investigations to establish lateralization response models to actually lateralize the site of
epileptogenicity based merely upon the pathology-induced
interhemispheric variation in the case of a unilateral TLE,
beyond the natural physiological occurrences [10, 16] The
direct comparison between control and patient groups revealed that L-TLE has undergone cortical thinning of clusters
more than R-TLE mainly in left brain hemisphere. Moreover,
the clusters in L-TLE were larger in size in comparison with
R-TLE. This is in agreement with the previous research
[59–62]. L-TLE demonstrates significant cortical thinning

which has a larger size in left hemisphere in comparison with
right hemisphere of the same group. Moreover, R-TLE demonstrates significant cortical thinning mainly in right hemisphere, where the clusters were larger in size in comparison
with left hemisphere of the same group. Considering the relatively small sample size, we could not establish a meaningful
relation between gray matter abnormalities and other covariates such as seizure frequency. Nevertheless, the VBM may
suggest that hippocampal volume atrophy is in correlation
with the side of epileptogenicity obtained by electrophysiological and clinical evidence of seizure onset zone. It can be
used as evidence of mesial temporal sclerosis for surgical
candidacy without undergoing invasive intracranial
monitoring.

Conclusion
In this study, we utilized voxel-based morphometry and cortical thickness measurements as quantitative analysis methods
to evaluate gray matter abnormalities in temporal lobe epilepsy patients. Our finding evidenced that temporal lobe epilepsy
not only alters gray matter structures in subcortical regions but
also influences the neocortical temporal structures and cortical
gray matter thickness. We found this effect in the majority of
the cases, asserting a common effect of epileptogenicity. Our
analysis has revealed that left TLE patients are more at risk for
cortical thickness abnormalities in comparison with right TLE
patients, with more predominant changes for both in the ipsilateral sides in the cortex and subcortical structures. Due to the
limited sample size in our study, we were unable to identify
the correlation between gray matter atrophy and seizure
frequency.
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