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Objective: We aimed to explore voxel-mirrored homotopic connectivity
(VMHC) abnormalities between the two brain hemispheres in left temporal
lobe epilepsy (ITLE) patients and to determine whether these alterations could
be leveraged to guide (TLE diagnosis.

Materials and methods: Fifty-eight [TLE patients and sixty healthy controls
(HCs) matched in age, sex, and education level were recruited to receive
resting state functional magnetic resonance imaging (rs-fMRI) scan. Then
VHMC analyses of bilateral brain regions were conducted based on the results
of these rs-fMRI scans. The resultant imaging data were further analyzed using
support vector machine (SVM) methods.

Results: Compared to HCs, patients with ITLE exhibited decreased VMHC
values in the bilateral middle temporal gyrus (MTG) and middle cingulum gyrus
(MCG), while no brain regions in these patients exhibited increased VMHC
values. SVM analyses revealed the diagnostic accuracy of reduced bilateral
MTG VMHC values to be 75.42% (89/118) when differentiating between ITLE
patients and HCs, with respective sensitivity and specificity values of 74.14%
(43/58) and 76.67% (46/60).

Conclusion: Patients with [TLE exhibit abnormal VMHC values corresponding
to the impairment of functional coordination between homotopic regions of
the brain. These altered MTG VMHC values may also offer value as a robust
neuroimaging biomarker that can guide (TLE patient diagnosis.

left temporal lobe epilepsy, voxel-mirrored homotopic connectivity, rs-fMRI, support
vector machine, neuroimaging biomarker
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Introduction

Epilepsy is a common neurological disorder that causes
affected patients to experience altered brain activity and
recurrent seizures (1). An estimated 50 million individuals
worldwide are thought to suffer from epilepsy, experiencing a
range of psychiatric and psychosocial comorbidities in addition
to the physical challenges and seizures that are inherent to
this disease state (2, 3). TLE is among the most prevalent
subtypes of partial epilepsy. While some left temporal lobe
epilepsy (ITLE) patients can attain significant from antiepileptic
drug (AED) treatment, others fail to achieve remission (4,
5). Findings in ITLE patients often include impaired speech
activity that may coincide with damage to the left hippocampus,
lateral white matter, and lateral temporal cortex regions of
the brain (6, 7). Recent work suggests that rather than
merely arising as a consequence of localized neurological
abnormalities, epilepsy may represent a form of network
disorder (8). Accordingly, the majority of patients with ITLE
experience varying types of cognitive dysfunction including
altered attention, consciousness, memory, or behavior after
experiencing recurrent seizures (8, 9). Efforts to diagnose
ITLE and other forms of epilepsy are currently based on
a combination of medical history and electroencephalogram
(EEG) analyses (10). While EEG can be highly effective in
this setting, only roughly half of epileptic discharges can
be successfully recorded in affected patients, and healthy
individuals may also exhibit false-positive results in this setting
(11). As epileptic seizures can occur suddenly and are transient
in nature, this can further complicate diagnostic efforts. As such,
there is a clear need for the establishment of reliable, accurate,
and specific approaches to diagnosing ITLE in order to guide
patient care efforts.

The development of novel neuroimaging platforms holds
great promise as a means of diagnosing ITLE and other
neurological diseases. For example, resting state functional
magnetic resonance imaging (rs-fMRI) is a non-invasive blood
oxygen level-dependent neuroimaging strategy that can be used
to directly visualize and assess functional connections among
regions of the brain in a quantitative manner, allowing for
the interrogation of neural network connections between the
hemispheres of the brain (12). Several rs-fMRI studies to
date have shown that TLE patients exhibit specific changes
in brain network functionality, particularly in the default
mode network (DMN), suggesting that these individuals may
be at an elevated risk of experiencing cognitive decline
(13, 14). Abnormal functional connectivity is thus likely
to underlie declines in cognitive function and performance
in individuals diagnosed with TLE, with several studies
having explored this topic. Recently, voxel-mirrored homotopic
connectivity (VMHC) was proposed as a conceptual approach
to characterizing the synchronicity of spontaneous functional
activity between geometrically consistent mirrored regions in
the two cerebral hemispheres (15). VMHC values can be used
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to gain quantitative insight regarding functional connections
based on time series correlations between mirrored voxels
on either side of the brain. Abnormal VMHC values have
been observed in the context of diseases including depression
(16), schizophrenia (17), congenital amusia (18), diabetes
mellitus (19), hyperthyroidism (20), and Parkinson’s disease
(21). As such, measuring VMHC represents a sensitive strategy
that can be leveraged to evaluate altered interhemispheric
coordination in physiological and pathological contexts. To
date, however, VMHC-based studies of ITLE patients have
been limited. In one report, Yang et al. (22) determined that
individuals diagnosed with idiopathic generalized epilepsy and
generalized tonic-clonic seizures exhibited significant increases
in VMHC values in the bilateral medial anterior curvature
and anterior cingulate gyrus, while negative correlations were
observed between illness duration and VMHC values in the
bilateral cerebellum, thalamus, and orbital frontal cortex in
these patients. In light of these prior observations, the present
study was developed based on the hypothesis that ITLE patients
may exhibit abnormal VMHC in the DMN, and that these
altered VMHC values may be correlated with the course of TLE
symptoms such that studying VMHC in these patients may offer
insight into the pathophysiology of cognitive dysfunction in this
patient population.

Artificial intelligence-based strategies have been used with
increasing frequency in the context of diagnostic neuroimaging,
with computer-aided SVM approaches being a subject of
growing interest in this field that can aid in automating
the diagnostic processing and identifying lesions. Owing
to their high-resolution, rapidity, and non-invasive nature,
neuroimaging techniques are commonly used to guide the
diagnosis and evaluation of epilepsy patients. For example,
abnormal degree centrality as a potential imaging biomarker
for right temporal lobe epilepsy (10); decreased network
homogeneity values in the right posterior cingulate cortex
(PCC)/precuneus may be a potential neuroimaging marker for
obsessive-compulsive disorder (23), and abnormal fractional
amplitude of low-frequency fluctuation as a potential imaging
biomarker for first-episode major depressive disorder (24).

Support vector machine (SVM) techniques enable the
automated recognition of patterns within particular datasets
(24), making them ideally suited to analyses of high-dimensional
data types in which the number of potential features is
greater than the number of samples available is common in
the context of fMRI imaging. SVM approaches can identify
an optimal separating hyperplane in high-dimensional space,
with the closest instance of this hyperplane being referred
to as a support vector. For fMRI analyses, SVM scales are
overlaid onto the original functional space, with important
scales then being plotted in different brain regions (25).
Prior work has demonstrated the benefits of leveraging SVM
techniques to transform high-dimensional neuroimaging data
into information that can guide clinical decision-making
(26), with SVM approaches having successfully used to
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differentiate between control individuals and persons diagnosed
with major depressive disorder (27), schizophrenia (28), and
bipolar disorder (29). No studies to date, however, have
employed an SVM analytical approach to assess whether altered
VMHC values can be used to differentiate between ITLE
patients and controls.

Here, a combination of VMHC values and an SVM
approach was utilized to assess resting-state functional
connectivity between the two hemispheres of the brain and
to examine how this relationship is linked to ITLE patient
clinical characteristics. The overall goal of this approach was
to establish the ability of altered VMHC values to facilitate the
neuroimaging-based diagnosis of ITLE patients.

Experimental procedures

Participants

In total, 58 ITLE patients that had been diagnosed as per
the criteria established by the International League Against
Epilepsy (2017) were recruited for the present study from
Tianyou Hospital affiliated with Wuhan University of Science
and Technology. In parallel, 60 age-, sex-, and education level-
matched healthy control (HC) participants were recruited.
All ITLE patients met a minimum of two of the following
criteria (30): a history of seizure-related symptoms consistent
with the location of epileptic foci within the left temporal
lobe; MRI or CT showed hippocampal sclerosis, atrophy,
or temporal lobe lesions in the left temporal lobe, and
interictal electroencephalographic traces revealing the presence
of epileptic foci within the left temporal lobe. The exclusion
criteria were as follows: age <14 years or age > 60 years; patients
who had a history of drug abuse or take drugs that could
impair cognition, such as cannabis users and others; history of
mental illness or systemic disease. exhibited a Mini-Mental State
Examination (MMSE) score <24, presented with MRI findings
consistent with the presence of other structural lesions in the
brain such as tumors or vascular malformations, had suffered
a traumatic brain injury, and exhibited contraindications that
precluded MRI scanning. All participants provided written
informed consent to participate. The Medical Ethics Committee
of Tianyou Hospital affiliated with Wuhan University of Science
and Technology approved this study, which was consistent with
the Helsinki Declaration.

Receive resting state functional
magnetic resonance imaging

An 30 T (Philips,
Netherlands) equipped with a standard head coil was used

Ingenia scanner Amsterdam,

to perform rs-fMRI scanning for all study participants.
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Scanning was conducted while participants remained still
while lying down with their heads fixed in place with a belt.
Foam padding and earplugs were used to mitigate scanner-
related noise and head movements. Participants were directed
to remain awake and not think about anything specific.
rs-fMRI scans

repetition time

were performed with the following settings:
= 2,000 ms, echo time = 25 ms, 36 axial slices,
slice thickness = 3 mm, gap = 1 mm, 90° flip angle, field of
view = 220 mm x 220 mm. The duration of rs-fMRI scanning
for each participant was 8 min, with 240 volumes being obtained

per participant.

Data pre-processing

The MATLAB Data Processing Assistant for rs-fMRI
(DPARSF) application was used to pre-process rs-fMRI data
(31). The initial five time points for each participant were
excluded from the analysis to mitigate the effects of initial
signal instability and ambient scanner noise on the resultant
data. Slice trimming was then conducted, after which the
images were realigned to correct for any head movement.
Participants were excluded from analysis if they exhibited
>2 mm maximal displacement along the x, y, or z axes or
>2° of maximal rotation. Data were then subjected to spatial
registration in the standard Montreal Neurological Institute
(MNI) space followed by resampling at 3 mm x 3 mm X 3 mm.
The resultant images were then smoothed using a Gaussian
kernel, linearly detrended, and subjected to bandpass filtering
(0.01-0.08 Hz). Covariates such as head movement parameters,
average whole-brain signals, white-matter signal, and signal
derived from a defined ventricular region of interest were
removed. Global signal was retained throughout rs-fMRI
connectivity data processing.

Voxel-mirrored homotopic
connectivity analyses

The RSET toolkit! was used to conduct VMHC analyses.
Prior to these analyses, images were standardized to a
symmetrical spatial template as follows: an average image for
all participants was generated by averaging all normalized
gray matter images; the established mean image was averaged
with its bilateral mirror version to produce a symmetrical
template mask to facilitate VMHC statistical analyses; and
individual gray matter images were registered to this template,
followed by non-linear transformation to yield functional
images. Images were then smoothed using a 6 mm full-width at
half-maximum isotropic Gaussian kernel. The time-series data

1  http://www.restfmri.net/forum/
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for each voxel in the cerebral hemisphere were then extracted for
each participant group following pretreatment and registration
to the standard Montreal (MNI) space, after which Pearson
correlation coeflicients were calculated between individual
voxels in symmetrical positions on either side of the brain to
generate VMHC values. The resultant data were then converted
via Fisher Z-transformation into a Z-value graph to facilitate
subsequent statistical comparisons between groups. VMHC
statistical analyses were performed using cerebral hemispheres
in the symmetric template generated above. A previous study
has described the details of VMHC acquisition (32).

Statistical analyses

SPSS 22.0 was used to analyze all data. Results were
reported as x £ s. Demographic and clinical data were
compared between ITLE patients and HCs using independent
sample t-tests, whereas gender ratios were compared between
groups using chi-square tests. Whole-brain VMHC profiles for
these two groups were subjected to voxel-based analyses of
covariance to examine between-group differences, with results
being Gaussian Random Field corrected at a threshold of
P < 0.01.(voxel significance: P < 0.001; cluster significance:
P <0.01).

Correlation analyses

Mean VMHC values from identified
regions were extracted, and Pearson’s correlation analyses were

abnormal brain

employed to assess the relationship between these values and
clinical parameters of interest.

Classification analyses

The MATLAB LIBSVM package was used to implement
an SVM analysis. The LIBSVM classifier was trained using
providing examples of the form, where x represents the VMHC
values of these abnormal clusters, and c is the class label
(c = + 1 represent patients with ITLE while ¢ = —1 for HCs). In
order to evaluate the classification performance of unobserved
data, the sample set of SVM was divided into training set
and test set. We perform classification and feature selection by
constructing random SVM cluster based on subjects’ brain fMRI
data. The grid search method and default functional kernels of
Gaussian radial basis were applied to optimize the parameters
with the “leave-one-subject-out” method to acquire the optimal
sensitivity and specificity. VMHC values extracted from the
bilateral middle cingulum gyrus (MCG) and middle temporal
gyrus (MTG) were assessed for their ability to differentiate
between ITLE patients and HC individuals using this approach
based the method.
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Results

In total, 58 patients with ITLE and 60 HCs were recruited for
the present study. The clinical and demographic characteristics
of these study participants are reported in Table 1. No significant
differences in age, sex, disease course, or years of education were
observed when comparing these groups.

Voxel-mirrored homotopic
connectivity differences between
groups

Significant reductions in VMHC values were observed in
the bilateral MCG and MTG when comparing patients with
ITLE to HC individuals (Figure 1 and Table 2). No analyzed
brain regions exhibited increased VMHC values in individuals
diagnosed with ITLE.

Support vector machine results

An SVM approach was next separately used to analyze the
observed VMHC reductions in the bilateral MCG and MTG
in ITLE patients, revealing that the lower VMHC values in the
MTG were associated with higher diagnostic accuracy (75.42%,
89/118) when differentiating between 1TLE patients and HC
individuals, with respective sensitivity and specificity values of
74.14% (43/58) and 76.67% (46/60) (Figure 2).

Correlations between voxel-mirrored
homotopic connectivity values and
clinical parameters

Lastly, mean VMHC values were obtained for the bilateral
MCG and MTG regions, with Pearson’s correlation analyses
then being used to examine the relationship between these
values and clinical parameters including age at seizure onset
and disease duration. However, no significant correlations

TABLE 1 The p-value for gender distribution was obtained by the
chi-square test.

Characteristics Patients (n =58) HCs (n=60) P-value
Gender (male/female) 58 (37/21) 60 (31/29) 0.183
Age, years 28.97 £+ 8.19 26.54 £ 4.96 0.052
Years of education, years 11.76 4 1.90 12.67 £2.33 0.023
illness duration, years 5.76 & 5.01

The p-values were obtained by two sample ¢-tests.
HCs, healthy controls.
Compared with HCs, P < 0.01.
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FIGURE 1

10.3389/fpsyt.2022.972939

+18mm +21mm

+15mm

Statistical maps showing VMHC differences between the subject groups. Blue denotes lower VMHC, red denotes higher VMHC, and the color

bar indicates the T-values from two-sample t-tests

TABLE 2 Regions showing significant differences in VMHC between
ITLE patients and HCs.

Cluster location  Peak (MNI) Number of voxels T-value
X Y Z

MTG +51 0 —30 82 —4.9412

MCG +15 —36 37 112 —5.3268

MNI, Montreal neurological institute; X, Y, Z, coordinate of primary peak locations in
the MNI space. MTG, middle cingulum gyrus; MCG, middle cingulum gyrus.

between VMHC values and these variables were detected in
this patient cohort.

Discussion

Here, rs-fMRI data were used to compare differences in
interhemispheric VMHC values between 1TLE patients and HC
individuals. Relative to these controls, ITLE patients exhibited
reduced VMHC values in the bilateral MTG and bilateral MCG.
This is the first report to our knowledge to have employed
an SVM approach to gauge the diagnostic utility of VMHC
abnormalities in the bilateral MTG and MCG as an ITLE-related
neuroimaging biomarker. This strategy ultimately revealed that
reduced bilateral MTG VMHC values may offer significant value
as a sensitive and specific biomarker capable of distinguishing
between ITLE patients and HCs.
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Prior work has shown that ITLE patients exhibit reduced
VMHC values in the MTG, bilateral medial superior frontal
gyrus, bilateral inferior parietal lobule, and supplementary
motor area (33). Zhao et al. (34) observed significant reductions
in the bilateral MTG connectivity in ITLE patients, in line
with the VMHC results from the present study. The inferior
temporal gyrus (ITG) and superior temporal gyrus (STG) are,
respectively, located on the dorsal and ventral sides of the MTG.
While once considered a structurally homogenous brain region
(35), recent work has shown the MTG to play diverse roles
in the context of social cognition, logical reasoning, memory,
auditory processing, language, and emotion (9). One meta-
analysis reported the MTG to be associated with the DMN
and the semantic memory network (36). MTG impairment has
been found to be associated with many different psychiatric and
neurological disorders including autism spectrum disorder (37),
major depressive disorder (38), bipolar disorder (39), TLE (40),
and obsessive compulsive disorder (41). The MTG has also been
identified as a promising target for surgical intervention in TLE
patients via the trans-MTG approach (42). The MTG can be
subdivided based on patterns of anatomical connectivity into
the aMTG, mMTG, pMTG, and sMTG subregions. Of these,
the aMTG is primarily connected to DMN-associated regions
of the brain, indicating that it may be a critical component of
the DMN (43). In contrast, the mMTG plays an essential role in
the context of semantic memory (44), while the pM TG facilitates
language processing, particularly in the context of repetition and
reading (45), and the sMTG is linked to speech comprehension
(46). Reductions in VMHC between the bilateral MTG has
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FIGURE 2
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Category label

11 D
Healthy Controls
1
0 20 40 60 80
The sample of testing group

Visualization of classifications through support vector machine (SVM) using the decreased VMHC values in the MTG to discriminate (TLE patients
from HCs. Left: SVM parameters result of 3D view. Right: Classified map of the VMHC values in the MTG.

the potential to contribute to complex visual abnormalities,
language disorders, memory impairment, and other cognitive
deficits. In a study of patients with diabetes, researchers
reported a positive correlation between MTG VMHC values
and scores on the Montreal Cognitive Assessment Scale (19),
with reductions in MTG VMHC values potentially explaining
the cognitive impairment that these patients develop. As such,
reduced MTG homotopy may similarly be linked to cognitive
impairment in TLE patients.

The cingulate gyrus functions as an important mediator of
learning and retention in addition to connecting the medial
temporal lobe and the PCC (47, 48). The cingulum is a
key marginal lobe component that connects different cerebral
lobes together (48). The cingulate gyrus is broadly separated
into four subregions based on structural characteristics and
receptor distributions, including the anterior/PCC, the posterior
splenic cortex, and the middle lingual cortex (49). Of these
regions, the middle cingulate cortex has been linked to negative
affect and cognitive control (50), primarily facilitating response
selection based on the relevance of those potential responses
to associated motivations (48). Several memory task-based
analyses have shown the MCG in particular to be critically
important in the context of working memory (51). Decreased
PCC flexibility has been reported in individuals diagnosed
with ITLE who experience memory impairment, particularly in
the right hemisphere with a ~22% reduction in connectional
flexibility (52). These researchers were successfully able to
utilize contralateral resting PCC flexibility as a biomarker to
differentiate between individuals with and without memory
impairment based on memory status, with an overall accuracy
of 94% consistent with a link between PCC flexibility and
memory function in ITLE patients. Other reports have identified
significant shifts in normal resting-state activity in the cingulate
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gyrus in TLE patients, potentially accounting for the psychiatric
symptoms, memory/learning deficits, and loss of consciousness
that these patients experience. These results further highlight the
potential for the impairment of the MCG to act as a critical node
linked with ITLE-related cognitive dysfunction.

Here, reduced bilateral MTG and MCG VMHC values
were evident in ITLE patients. The key regions of the
DMN include the MTG and the PCC/precuneus (53), which
coordinate processes associated with visuospatial functionality,
self-reflection, and consciousness (54). Prior work has similarly
confirmed that TLE patients exhibit reductions in functional
connectivity in the DMN (40), and that repeated or prolonged
epileptic discharges can impact this network. In one study,
significant resting-state weakening was observed in several
DMN-associated brain regions in individuals diagnosed with
TLE (55). Consistently, medial TLE patients affected by
hippocampal sclerosis were found to exhibit significant
reductions in functional connection strength and structural
connections between most regions of the brain in the DMN
and other non-DMN regions of the brain (56). In line with
these prior reports, the present study explored the link between
the DMN and cognitive dysfunction in ITLE patients, with this
relationship potentially linked to altered cognition and memory.
In other reports, resting-state DMN activity has been shown
to be significantly altered in individuals with TLE, potentially
contributing to certain symptoms that these patients experience
including psychiatric symptoms, memory or learning disorders,
and loss of consciousness (57). The consistency between these
previous reports and the present study further support a
link between altered DMN activity and the pathophysiological
development of TLE, with the reduced VMHC observed in
ITLE patients in this study suggesting that reductions in DMN
interhemispheric integration or coordination may contribute
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to the cognitive impairment experienced by patients with this
disease. Roughly 40% of individuals diagnosed with epilepsy
exhibit multiple forms of cognitive impairment (58), and prior
work has revealed damage in several functional brain networks
in patients with TLE including the alert network (59) and
the executive network (40). These networks exhibit homotopy
with respect to their structure and function, with the joint
activity of both cerebral hemispheres being important for the
maintenance of normal cognitive and emotional functionality.
Altered information exchange or integration between these
hemispheres can result in functional alterations such that the
impaired homotopy observed in certain regions of the brain in
individuals diagnosed with TLE may partially account for the
functional deficits in these patients. Decreased VMHC values
in the DMN thus offer neuroimaging-based support for prior
evidence supporting a link between the pathogenesis of TLE and
neurodegeneration.

The advent of increasingly advanced artificial intelligence
strategies has been leveraged to guide neuroimaging-based
computer-guided diagnostic efforts for patients with a range
of neurological and pathological diseases. Novel MRI scanning
and reconstructive strategies have been successfully leveraged to
aid in diagnosing various diseases. Gao et al. (10), for example,
found that a combination of elevated DC values in the left
SFGdor and right SFGmed could be used as a neuroimaging
biomarker for rTLE, with respective accuracy, sensitivity, and
specificity values of 99.34, 100.00, and 98.55%. SVM strategies
have been employed to aid in diagnosing psychiatric conditions
such as schizophrenia (28) and major depression (24). Here, an
SVM approach was used to assess abnormally altered VMHC
values in the bilateral MTG and MCG, revealing that altered
MTG VMHC values offered value as a biomarker capable of
distinguishing between ITLE patients and HCs, with respective
accuracy, sensitivity, and specificity values of 75.42, 74.14, and
76.67%. This study is the first to our knowledge to have explored
the ability of altered MTG VMHC values to serve as an ITLE-
related neuroimaging biomarker.

There are certain limitations to this analysis. For one,
patients were treated for an extended period with AEDs,
potentially altering rs-fMRI signals and associated study results.
Indeed, as some AEDs have been shown to alter nervous
system activation, it is not possible to exclude that AED
treatment may have impacted the inter-group differences
observed herein, underscoring the need for further research
regarding the link between AED use and VMHC changes.
Second, this was a cross-sectional study. Future longitudinal
analyses are warranted to explore dynamic VMHC changes
in particular regions of the brain. Lastly, this study was
based on resting-state analyses, and further experiments
combining both resting- and task-state fMRI have the
potential to provide further insight regarding the magnitude
of VMHC alterations in different regions of the brain under
task conditions.
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In summary, altered VHMC values in the bilateral MCG and
MTG may correspond to altered resting-state activity in these
areas in ITLE patients. Changes in VMHC values in the MTG
may also offer great potential as a neuroimaging biomarker that
can guide ITLE diagnosis.
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