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Abstract

Background
MRI-negative TLE (TLE-N) is a manifestation lacks visible MRI �ndings yet with detectable
electrophysiological changes. In this study, differences of gray matter in drug-controlled MRI negative
temporal lobe epilepsy (cTLE-N) and drug-resistant MRI negative temporal lobe epilepsy (rTLE-N) patients
were calculated and analyzed by voxel-based morphology (VBM) and surface-based morphology (SBM),
to discover the brain structural changes of TLE-N patients.

Materials and methods
Consecutive resident patients with 30 cTLE-N and 21 rTLE-N were recruited into respective groups, and 30
healthy controls’ structural MRI (sMRI) data collected as a control group. Open-source software based on
VBM and SBM was deployed as gray matter volume (GMV) and cortical thickness (CT) analytic tools.

Results
VBM analysis showed that GMV of bilateral thalamus and right lingual gyrus of cTLE-N group, and left
hippocampus, left fusiform gyrus and left thalamus of rTLE-N group were smaller compared to HC
group(FDR corrected, P<0.05), while right cerebellum, inferior temporal gyrus, hippocampus,
parahippocampal gyrus, amygdala, fusiform gyrus, orbital middle frontal gyrus, and left posterior central
gyrus in cTLE-N group, and bilateral cerebellum and middle temporal gyrus, right fusiform gyrus,
amygdala, hippocampus, and left middle occipital gyrus of rTLE-N group were greater than HC group(FDR
corrected, P<0.05). SBM analysis showed that CT of the left medial orbitofrontal cortex and lateral
occipital cortex in cTLE-N group, and thickness of the left medial orbitofrontal, temporal pole, middle
temporal gyrus and right anterior superior cingulate cortex in rTLE-N group were thinner, compared to HC
group. Correlation analysis showed that GMV and CT of different structures were correlated with age of
onset, disease duration, and MoCA score.

Conclusion
This study utilized two different sMRI analytic tools and discovered several brain morphological changes
in TLE-N. These morphological changes were also correlated with clinical variables. Further study may
indicate the potential of these �ndings on the recognition of the TLE-N epilepsy network.

Background
Temporal lobe epilepsy (TLE) is the most common type of focal epilepsy in adults, of which one-third of
patients are refractory to drug therapy[1]. The rapid development of neuroscience and neuroimaging
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technology provides a good foundation for detection lesions. However, about one-third of TLE patients
still show negative results on conventional MRI, and up to 80% of �rst-onset epilepsy patients, which
affects the establishment of appropriate treatment protocols for this group[2]. TLE is often thought to be
associated with hippocampal sclerosis (HS), however there is a signi�cant group of patients with TLE
that have no signs of HS or other signs in MRI visual analysis, the so-called MRI negative TLE (TLE-N)[3].

TLE is placed under a high incidence of drug resistance[4]. Compared to TLE patients with HS (TLE-HS),
TLE-N patients have a shorter course of disease, a good response to antiepileptic drugs, and less
impairment of memory function[2, 5, 6]. With the development of localization techniques, TLE-N patients
can also undergo surgical treatment, which often requires an invasive approach to localize the
epileptogenic focus preoperatively. A study on the postoperative prognosis of TLE showed that the cure
rate of MRI-positive patients was 76%, while that of TLE-N patients was only 38%[7]. Therefore, TLE-N still
needed further study.

The cerebral cortex plays a critical role in the occurrence and transmission and is an essential
determinant of seizure attacks[8]. Thus, the development of cortical structural exploration is fundamental
to understanding the initiation, establishment, and maintenance of networks associated with epileptic
seizures. Structural MRI (sMRI), as one of the fundamental methods for epilepsy research and diagnosis,
is receiving increasing attention in neuroanatomical morphology and classi�cation. Many studies are
evaluating cortical morphometrics in various types of epilepsy. Voxel-based morphometry (VBM) and
surface-based morphometry (SBM) are the two main methods of brain morphological analysis to
investigate the whole brain grey matter quantitatively.

Although no epileptogenic lesions were seen in the visual assessment of TLE-N by MRI, sMRI covariance
analysis based on gray matter volume (GMV) and cortical thickness (CT) can detect structural alterations
of the disease by quantitative measures when TLE-N was studied. Based on this approach, sMRI
covariance analysis was used to infer the structural networks of different types of TLE. Some researchers
have used optimized VBM to evaluate brain damage models between TLE-N and TLE-HS patients,
revealing a wide pattern of gray matter atrophy in TLE-HS and TLE-N patients[9, 10]. Mueller et al.
employed SBM to con�rm the existence of gray matter anomalies in a variety of brain areas in both TLE-
N and TLE-HS patients[11]. Regardless of the fact that the gray matter structure of the TLE-N brain has
been studied, studies related to cTLE-N and rTLE-N are still limited.

The neuroanatomical features of TLE-N patients have yet to be elucidated, and it is not clear whether
these neuroanatomical changes are helpful for clinical diagnosis. In this study, we aimed to explore the
alterations in the gray matter structure of cTLE-N and rTLE-N utilizing VBM and SBM analysis. We
hypothesized that: (1) there are different patterns of structural gray matter damage in cTLE-N and rTLE-N;
(2) there is a correlation between morphological features of abnormal brain regions and clinical variables;
and (3) morphological alterations can help us understand the pathological mechanisms of the disease.

Materials And Methods
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Subjects

Fifty-one patients with TLE and 30 healthy controls (HC) were recruited from the outpatient department of
the First A�liated Hospital of Xinjiang Medical University from February 2020 to May 2021. All the
participants were right-handed. Each patient was diagnosed separately by two senior neurologists. This
study was approved by the Clinical Trial Ethics Committee of Xinjiang Medical University, and all
participants or their family members signed informed consent forms.

Inclusion and exclusion criteria

Inclusion criteria for the TLE-N group: 1. Patients were diagnosed with TLE based on diagnostic criteria of
the International League Against Epilepsy (ILAE)[12]; 2. Refractory epilepsy was diagnosed according to
the ILAE 2010 consensus[13]; 3. All patients were monitored by instances of ictal-interictal video EEG
using sphenoid sinus electrodes to con�rm the source as temporal lobe; 4. All patients underwent a 3T
high resolution MRI with oblique coronal section perpendicular to the long axis of the hippocampus. A
comprehensive evaluation by two radiologists con�rmed that there were no underlying epileptic structural
abnormalities; 5. Age between 18 and 60 years. The exclusion criteria for the TLE-N group: 1. Long-term
history of alcohol or drug abuse; 2. Severe cognitive impairment; 3. Previous history of brain trauma,
cerebrovascular disease, or brain space-occupying lesions; 4. Poor image quality on MRI examination.

Inclusion criteria for the HC group: 1. No cerebral trauma, history of cerebrovascular disease, or other
brain lesions; 2. No family history of neurological diseases; 3. Age between 18 and 60 years; 4. No
contraindications to MRI examination. Exclusion criteria for the HC group: 1. De�nite personality, mental,
emotional disorders, migraine and other diseases that may affect brain functional network connectivity;
2. Severe liver or kidney diseases, diabetes mellitus, and other diseases affecting the nervous system; 3.
Long-term history of alcohol or drug abuse; 4. Inability to cooperate in completing the examination.

Materials

General information of the subjects, including name, age, gender, and education level, was recorded. The
disease duration, age of onset, EEG, MR, and other examination results and drug treatment for TLE
patients were collected. All subjects underwent neuropsychological testing to assess cognitive function
prior to MRI, using the Montreal Cognitive Assessment (MoCA) scale for each subject, designed to detect
cognitive dysfunction rapidly. It takes approximately 10-15 minutes to complete, and the total score is 30,
with lower scores indicating severe cognitive impairment (1 point is added for ≤12 years of education).

MR acquisition: Visual interpretation of the study results was comprehensively evaluated by two
experienced diagnostic radiologists. All subjects underwent image acquisition on a 3.0 T Siemens SKYRA
MRI scanner with a 12-channel head coil for scanning. All subjects were �rst examined with conventional
MRI, including axial T1WI, T2WI, and T2-FLAIR scans, to exclude other intracranial lesions. In addition,
T1WI acquisition of brain structures using a three-dimensional magnetization prepared rapid gradient
echo (MPRAGE) sequence with sagittal scanning, covering the whole brain. The three-dimensional T1-
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weighted MPRAGE sequence with the following parameters: repetition time = 2300 ms, echo time = 2.32
ms, �ip angle = 8°, scanning �eld of view= 256 mm × 256 mm, matrix size = 256 × 256, slice thickness =
0.9 mm, slice spacing= 0, scan time= 5 min21s.

Methods

VBM Preprocessing

VBM analysis was used to explore potential differences in GMV among subjects. Based on SPM12
software and cat12 (http://www.neuro.uni-jena.de/cat/) in MATLAB R2017a, the structural images were
�rstly aligned to the standard Montreal Neurology Institute (MNI) standard space[14]; Secondly, the
normalized T1 images were segmented into gray matter, white matter, and cerebrospinal �uid[15], and
whole brain volumes were obtained; Finally, 8mm half-height full-width (FWHM) Gauss check was used to
smooth the segmented image.

SBM Preprocessing

SBM analysis was performed to explore potential differences in CT among subjects. Based on the surf
�le generated from the above VBM analysis for further analysis, the cortical information processing was
performed under CAT12 interface, and the noise of the images was suppressed by resampling &
smoothing to improve the signal-to-noise ratio and reduce the anatomical differences among the images.
The size of the smoothing kernel for CT feature processing was 15mm.

Statistical analysis

Clinical information: SPSS26.0 software was used for data analysis. Gender was used as a relative
number composition ratio (%), and the χ² test was used. The measurement data of age, disease duration,
age of onset, and MoCA score of the two groups, which conformed to a normal distribution were
expressed as means ± SD. One-way analysis of variance (ANOVA) was used to compare multiple groups,
and a two-sample t-test was used to compare between two groups; the measurement data of non-normal
distribution were expressed as M (Q1, Q3), and Wilcoxon rank sum test was used. Differences were
considered statistically signi�cant at P <0.05.

VBM analysis: To assess the GMV differences among the three groups, a one-way analysis of variance
(ANOVA) was performed in a voxel-wise manner in the whole brain (P <0.001), with whole-brain volume
as covariant[16]. Then, the results of ANOVA were used as masks, and post-hoc T tests were used among
each group. Voxel-wise false discovery rate (FDR) correction was used for multicomparison correction to
control type I error (P <0.05, FDR corrected, cluster size >100 voxels). Save the signi�cant regions as
masks for further analysis, and mask extraction was done by the toolbox DPABI[17].

SBM analysis: To assess the CT differences among the three groups, a one-way analysis of variance
(ANOVA) was performed in a voxel-wise manner in the whole brain (P <0.001). Then, the results of ANOVA
were used as masks, and post-hoc T tests were used among each group. Voxel-wise false discovery rate
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(FDR) correction was used for multicomparison correction to control type I error (P <0.05, FDR corrected).
The Desikan-Killiany DK40 Atlas-based CT parameters were extracted for further analysis.

Correlation analysis: The GMV and CT of abnormal brain areas compared with healthy controls were
extracted and correlated with clinical variables such as age at onset, duration of disease, and MoCA
score, respectively (SPSS26.0), and Pearson correlation analysis was selected if the data of both groups
were normally distributed, and Spearman correlation analysis was used if either group did not conform to
the normal distribution, with P < 0.05 was considered a statistically signi�cant difference.

Results
General characteristics

Detailed demographic and clinical data for the cTLE-N, rTLE-N, and HC groups are shown in Table 1. The
three groups were well matched for age and gender, with no statistically signi�cant differences (P>0.05).
Likewise, the lateralization of TLE did not differ between the cTLE-N and rTLE-N group. RTLE-N patients
had a lower age of onset than cTLE-N (Z= -2.158, P=0.031). RTLE-N patients had a longer disease
duration than cTLE-N (Z= -2.211, P=0.027). In neurocognitive tests, rTLE-N patients had lower MoCA
score than cTLE-N patients (t=2.787, P=0.009).
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Table 1
Clinical Data of the TLE-N Patients and HC

characteristics HC(n=30) cTLE-N(n=30) rTLE-N(n=21) P

Age (y) 38.03±8.68 34.17±9.36 32.62±9.21 0.088*

Gender (male/female) 12/18 14/16 13/8 0.299#

Lateralization (L/R) - 18/12 15/6 0.553#

Age of onset (y) - 34(17.25,37) 18(14,20) 0.031+

Epilepsy durations (y) - 5.5(1,20) 13(6.5,18.5) 0.027+

MoCA Score - 25.73±2.57 23.10±3.77 0.009~

Data conforming to a normal distribution are expressed as mean, and non-normal distribution is
expressed as M(Q1, Q3).

* The P-value was obtained by analysis of variance.

# The P-value was obtained by a 2-tailed Pearson Chi-square test.

+ The P-value was obtained by Wilcoxon rank sum text.

~ The P-value was obtained by 2-sample 2-tailedttest.

Signi�cant statistical results are shown in bold.

Alterations of gray matter volume

A one-way ANOVA was performed to obtain the difference in GMV among the three groups (P< 0.001).
Supplementary Figure 1 illustrates the cerebral regions with signi�cant differences among groups, which
included the the bilateral hippocampus, middle temporal gyrus and precuneus, right temporal pole
(middle temporal gyrus), insula, orbital superior frontal gyrus, orbital middle frontal gyrus, frontal middle
gyrus, triangular inferior frontal gyrus, medial and paracingulate gyrus, superior parietal gyrus,
supplementary motor area and cerebellum, left middle occipital gyrus, thalamus, amygdala, central
precentral gyrus, and postcentral gyrus (Supplementary Table 1).

Post-hoc t-tests were conducted between the three groups to compare the GMV of these regions (Table 2).
Compared with the HC group, the cTLE-N group showed reduced GMV in the bilateral thalamus and right
lingual gyrus; increased GMV in the right cerebellum, inferior temporal gyrus, hippocampus,
parahippocampal gyrus, amygdala, fusiform gyrus and orbital middle frontal gyrus, and left postcentral
gyrus region (Figure 1). The rTLE-N group showed decreased GMV in the left hippocampus, fusiform
gyrus, and thalamus; increased GMV in the bilateral cerebellum and temporal pole (middle temporal
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gyrus), right fusiform gyrus, amygdala, and hippocampus, and left middle occipital gyrus regions (Figure
2). The rTLE-N group exhibited reduced GMV in the left hippocampus, right insula, and right precuneus
and increased GMV in the left middle occipital gyrus compared with the cTLE-N group (Supplementary
Figure 2).
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Table 2
Distribution of brain areas with differences in GMV between the two groups (P<0.05,

FDR corrected)
Brain Region(AAL) Hemisphere Cluster Size MNI(mm) t

  x y z

HC>cTLE-N            

Lingual R 156 15 -85.5 -13.5 4.03

Thalamus L 845 -19.5 -25.5 4.5 4.72

Thalamus R 165 16.5 -22.5 0 5.32

HC            

Cerebelum_Crus1 R 102 42 -72 -22.5 -6.17

Temporal_Inf R 165 54 -15 -34.5 -5.95

Hippocampus R 810 27 -4.5 -25.5 -6.88

ParaHippocampal R

Amygdala R

Fusiform R 163 48 -37.5 -28.5 -6.26

Frontal_Med_Orb R 257 9 57 -13.5 -6.32

Postcentral L 227 -21 -40.5 66 -6.34

HC>rTLE-N            

Hippocampus L 328 -36 -28.5 -13.5 4.41

Fusiform L 164 -19.5 -87 -9 4.51

Thalamus L 537 0 -9 13.5 4.83

HC            

Cerebelum_8 L 128 -21 -42 -49.5 -5.93

Cerebelum_6 R 582 36 -69 -21 -5.38

Fusiform R 229 36 -13.5 -34.5 -4.77

Temporal_Pole_Mid L 231 -52.5 12 -33 -5.52

Temporal_Pole_Mid R 179 49.5 21 -27 -5.02

Amygdala R 483 27 -4.5 -13.5 -4.93

Hippocampus R 103
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Brain Region(AAL) Hemisphere Cluster Size MNI(mm) t

  x y z

Occipital_Mid L 334 -30 -91.5 7.5 -5.28

cTLE-N>rTLE-N            

Hippocampus L 160 -36 -22.5 -18 5.71

Insula R 154 42 16.5 -7.5 5.67

Precuneus R 232 10.5 -69 33 5.57

cTLE-N            

Occipital_Mid L 105 -28.5 -94.5 7.5 -4.80

Alterations of Cortical thickness

A one-way ANOVA was performed to obtain the difference in CT among the three groups (P< 0.001).
Supplementary Figure 1 illustrates the cerebral regions with signi�cant differences among groups, which
included the bilateral parahippocampal gyrus, superior frontal gyrus and precentral gyrus, the left
supramarginal gyrus, inferior parietal gyrus, superior temporal gyrus, lateral occipital lobe, inferior middle
frontal gyrus, medial orbitofrontal and lateral orbitofrontal, and the right paracentral lobule, superior
anterior cingulate gyrus, precuneus, temporal pole, superior parietal gyrus and fusiform gyrus
(Supplementary Table 2).

Post-hoc t-tests were conducted between the three groups to compare the CT of these regions. The cTLE-
N group exhibited a thinner CT of the left medial orbitofrontal and lateral occipital cortex (Figure 1, Table
3). The rTLE-N group showed thinning of CT in the left medial orbitofrontal, temporal pole, middle
temporal gyrus and the upper right anterior cingulate gyrus (Figure 2, Table 4). No brain areas with
increased CT were noted in either TLE-N group compared to the control group. The rTLE-N group
compared to cTLE-N group showed thinning of CT in the upper anterior cingulate gyrus, precentral gyrus
and middle temporal gyrus bilaterally, left superior marginal gyrus, lower middle frontal gyrus, superior
temporal gyrus and inferior frontal gyrus orbitally, right postcentral gyrus, paracentral lobule, posterior
superior temporal gyrus, superior parietal gyrus, parietal gyrus, inferior parietal gyrus, superior frontal
gyrus and precuneus, inferior gyrus, superior frontal gyrus, superior middle frontal gyrus, and precuneus.
(Supplementary Figure 2, Table 5).
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Table 3
Brain regions with thinner CT in the cTLE-N group compared with controls (Desikan-Killiany

DK40 Atlas)
Left Hemisphere HC(Mean(SD)) cTLE-N(Mean(SD)) MNI t

x y z

medialorbitofrontal 2.75(0.30) 2.57(0.27) -7 52 -13 4.46

lateraloccipital 2.53(0.33) 2.28(0.14) -40 -35 -27 3.63

 
Table 4

Brain regions with thinner CT in the rTLE-N group compared with controls (Desikan-Killiany
DK40 Atlas)

Left Hemisphere HC(Mean(SD)) rTLE-N(Mean(SD)) MNI t

x y z

medialorbitofrontal 2.82(0.23) 2.56(0.26) 0 51 -16 5.36

temporalpole 3.73(0.27) 3.43(0.25) -28 62 -31 3.78

middletemporal 3.24(0.28) 3.01(0.33) -54 -15 -24 3.56

Right Hemisphere            

caudalanteriorcingulate 2.78(0.35) 2.63(0.33) 11 62 16 3.77
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Table 5
Brain regions with thinner CT in the rTLE-N group compared with cTLE-N (Desikan-Killiany DK40

Atlas)

  cTLE-N(Mean(SD)) rTLE-N(Mean(SD)) MNI   t

Left Hemisphere x y z

supramarginal 2.96(0.23) 2.74(0.17) -56 -57 14 4.20

rostralanteriorcingulate 2.84(0.18) 2.61(0.21) -1 23 -4 4.92

rostralmiddlefrontal 2.80(0.18) 2.66(0.13) -39 26 30 4.20

precentral 2.77(0.32) 2.49(0.33) -31 -44 55 3.82

superiortemporal 3.04(0.22) 2.82(0.25) -61 -35 -2 4.16

parsorbitalis 3.01( 0.23) 2.84(0.19) -47 17 6 3.62

middletemporal 3.57(0.29) 3.40(0.29) -57 8 -9 3.56

Right Hemisphere            

caudalanteriorcingulate 2.72(0.20) 2.46(0.26) 7 23 23 5.03

postcentral 2.45(0.14) 2.26(0.20) 38 -42 35 5.27

paracentral 2.89(0.20) 2.67(0.23) 9 -36 34 5.68

bankssts 2.94(0.14) 2.78(0.21) 51 -47 -8 4.32

precentral 3.00(0.20) 2.82(0.22) 62 -3 16 4.24

superiorparietal 2.35(0.18) 2.19(0.16) 14 -88 4 5.63

inferiorparietal 2.75(0.17) 2.56(0.18) 54 -54 1 4.67

superiorfrontal 3.31(0.23) 3.10(0.24) 7 7 44 4.10

caudalmiddlefrontal 2.88(0.22) 2.75(0.14) 52 3 35 4.09

precuneus 2.93(0.22) 2.78(0.17) 3 -58 3 4.06

middletemporal 3.16(0.23) 2.93(0.24) 58 -35 -14 3.95

Correlation analysis

In cTLE-N group, GMV of left thalamus (rs =-0.399, P=0.029), right thalamus (rs =-0.404, P=0.027), right
fusiform gyrus (rs =-0.580, P=0.001), right orbital middle frontal gyrus (rs=-0.643, P=0.001) were
negatively correlated with onset age. The right hippocampal GMV was negatively correlated with the
disease duration (rs =-0.454, P=0.012), and the right hippocampal GMV was positively correlated with
MoCA score (rp =0.425, P=0.019) (Supplementary Table 3). In the rTLE-N group, GMV of the left
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hippocampus (rp=0.603, P=0.004), left fusiform gyrus (rp=0.634, P=0.002), left thalamus (rp=0.489,
P=0.024), left temporal pole middle temporal gyrus (rs=0.524, P=0.015), and left occipital middle gyrus
(rp=0.655, P=0.001) were correlated with MoCA score was positively correlated. Left thalamus GMV was
negatively related to disease duration (rs=-0.540, P=0.011) (Supplementary Table 4).

In the cTLE-N group, CT of the left lateral occipital lobe (rs=-0.477, P=0.008) and left medial orbitofrontal
(rs=-0.425, P=0.019) was negatively correlated with age at onset. The CT of the left lateral occipital lobe
(rs=-0.400, P=0.029) and left medial orbitofrontal cortex (rs=-0.451, P=0.012) was negatively correlated
with disease duration. The CT of left medial orbitofrontal (rp=0.466, P=0.009) was positively correlated
with MoCA score (Supplementary Table 5). In the rTLE-N group, left medial orbitofrontal (rs=-0.598,
P=0.004) and left middle temporal gyrus (rs=-0.560, P=0.008) CT was negatively correlated with disease
duration. The left medial orbitofrontal (rs=0.411, P=0.024), left temporal pole (rp=0.503, P=0.020) and left
middle temporal gyrus (rp=0.602, P=0.004) were positively correlated with MoCA score (Supplementary
Table 5).

Discussion
The purpose of this study was to study the GMV of the TLE-N patients without visible epileptogenic foci
by using VBM and SBM morphological analysis methods and to quantitatively detect the regional
morphological changes of gray matter in cTLE-N and rTLE-N patients. The morphological differences
may help to distinguish rTLE-N patients from cTLE-N patients, to understand the epileptic network of TLE-
N patients, and to explain the pathological mechanism and clinical manifestations.

In this study, we distinguished between cTLE-N and rTLE-N patients and found atrophy of hippocampal
volume in rTLE-N patients. This suggests that it may be possible to distinguish between cTLE-N and
rTLE-N patients using VBM analysis, which detects atrophy of hippocampal volume. Several previous
morphological studies showed that hippocampal atrophy was not observed in TLE-N and indicated that
TLE-N was a different disease from TLE-HS[18, 19]. It has also been suggested that TLE-N has the same
atrophy of hippocampal subregions as TLE-HS, but to a lesser extent, although the total hippocampal
volume was not atrophied[20, 21]. Our study detected the presence of hippocampal volume atrophy in
rTLE-N patients by means of structural MRI covariance analysis based on the GMV, which was consistent
with the pathological conclusion that TLE-N has relatively mild hippocampal neuronal cell loss[22]. The
observation may support the hypothesis that rTLE-N may be a mild manifestation of TLE-HS that has not
yet shown changes in hippocampal volume observable to the naked eye.

Another signi�cant �nding was atrophy of thalamic GMV in both groups of TLE-N groups. The thalamus
plays an essential role in the regulation, diffusion and termination of epileptic seizures[23–25], which
may be due to the epileptogenic network connecting the anterior thalamus and the medial temporal lobe.
These results further support the idea that the thalamus is an essential part of the TLE-N epileptogenic
network, and the GMV of the thalamus plays a crucial pathophysiological role in the disease. A clinical
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study found that deep brain stimulation surgery in the subthalamic nucleus was effective in controlling
seizures [26], which may become a routine and effective treatment for rTLE-N patients.

It has been suggested that extensive GMV atrophy in TLE-N patients [18]. This does not appear to be the
case. In our study, one unanticipated result was increased GMV in the limbic system (right hippocampus,
right amygdala), temporal lobe structures (inferior temporal gyrus, temporal pole) and fusiform gyrus in
both cTLE-N and rTLE-N patients. Clinical studies have shown that patients' brain structures, when
affected by epileptic discharges, initially exhibit brain cell death and later a large number of glial cells
proliferate. These cells are involved in the repair and regeneration of the nervous system, thus causing a
larger volume in the relevant brain regions[27]. The results of this study may explain this view from the
perspective of morphological structure, that is, the hippocampus and peripheral regions, as areas
affected by long-lasting epileptic discharge, may undergo volume changes as described above. We also
found that amygdala enlargement was in both groups. In recent years, amygdala enlargement (AE)-
associated TLE has been considered a subtype of TLE-N[28]. Sone et al found that the amygdala volume
increased in TLE-AE patients compared with the control group, and the hippocampal volume also
increased slightly in TLE-AE patients[29]. We found an increase in the right amygdala and hippocampus
volume in both cTLE-N and rTLE-N groups, which were different from TLE-HS. In rTLE-N patients, the
GMV of the left hippocampus and fusiform gyrus was atrophic, and the GMV of the right hippocampus
and the fusiform gyrus was increased, which were represented by atrophy on one side and compensation
on the other side. In cTLE-N patients, the GMV of the right hippocampus and the fusiform gyrus only
increased. According to these data, we can infer that cTLE-N may be a pre-expression of rTLE-N. The
morphology of the similar structures described above may suggest that cTLE-N and rTLE-N have similar
pathological mechanisms from the morphological perspective. Compared with cTLE-N, rTLE-N patients
showed atrophy of GMV in the left hippocampus, right insula, and right precuneus, suggesting that there
were some differences between rTLE-N and cTLE-N epileptogenic network, with severe damage to rTLE-N
in the appealed structures.

Among the subjects included in this study, rTLE-N patients were found to have an earlier age of onset and
a longer disease duration than cTLE-N patients. Structures such as the hippocampus are in growth and
maturity during infancy. They are susceptible to external in�uences, and that various injuries during
infancy (such as birth injury, trauma, thermal convulsion, etc.) lead to hypoxia of brain tissue,
degeneration, necrosis, loss and reactive gliosis of hippocampus neurons, which gradually evolve into
HS[30]. The rTLE-N patients included in our study were consistent with this clinical change, and the
atrophy of the left hippocampus was negatively correlated with the disease duration and positively
correlated with MoCA score. Long-term atrophy of the hippocampus could affect cognitive function.
Meanwhile, the GMV of the left fusiform gyrus, thalamus, temporal pole middle temporal gyrus and
middle occipital gyrus was correlated with MoCA score, and only the right hippocampal volume correlated
with MoCA score in cTLE-N patients. The fusiform gyrus is located in the superior part of the
parahippocamal gyrus and lingual gyrus, and in the lower part of the inferior temporal gyrus. The
fusiform gyrus is associated with neural pathways related to visual recognition[31, 32]. The middle
occipital gyrus plays a signi�cant role in vision and language[33]. The temporal lobe is generally related
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to language, hearing, memory, emotion and other functions, and its main function is processing
language[34]. These structural abnormalities are correlated with clinical variables and can be utilized to
explain clinical phenomena. But further explanation and veri�cation need to be combined with functional
imaging studies.

When the CT of subjects was studied based on SBM, we found that the CT of some brain regions was
thinned in cTLE-N and rTLE-N group and no thickened area. The cTLE-N group showed thinning of the left
medial orbitofrontal and lateral occipital cortex. In contrast, the rTLE-N group showed CT thinning of the
left medial orbitofrontal, temporal pole, middle temporal gyrus and the right anterior superior cingulate
cortex. Moreover, combined with the results of VBM analysis, we found that CT atrophy of temporal lobe
structures was also decreased on the ipsilateral side of the hippocampal atrophy. It has been con�rmed
that chronic epileptic discharge in the structure of the medial temporal lobe leads to structural changes.
Thinning of medial orbitofrontal cortex was found in both cTLE-N and rTLE-N groups. The medial
orbitofrontal cortex is located in the prefrontal lobe, which is closely connected between the prefrontal
and hippocampus and plays an essential role in higher cognitive functions[35, 36]. Studies have shown
that through the connection between the prefrontal lobe and hippocampus, epileptic discharges
propagate to the prefrontal region, leading to its structural alterations[37], and we discovered a negative
correlation between alterations in medial orbitofrontal CT and disease duration and a positive correlation
with MoCA scores in both groups of patients, and the abnormalities in frontal lobe structure may be due
to long-term epileptic discharges in the hippocampus and consequently affect the cognitive function of
the patients. Hence, it could conceivably be hypothesized that the frontal lobe structure had been involved
before the hippocampal atrophy in the cTLE-N group, and thus cTLE-N may be a prodromal manifestation
of rTLE-N.

There are several limitations of this study. First, the number of patients enrolled in the two case groups
was small. A larger sample is needed to validate our �ndings. Second, the potential pathological causes
associated with morphological alterations in different brain regions still need further in-depth analysis in
combination with clinical or relevant functional imaging, etc. Third, the lack of consensus on the ideal
setting of parameters in neuroimaging by the structural image-based morphological analysis approach
can lead to discrepancies among the existing relevant studies. Despite these limitations, our �ndings may
also contribute to the use of VBM and SBM to understand the epileptic network of TLE-N.

Conclusions
It was shown that the presence of regional gray matter morphological alterations in cTLE-N and rTLE-N
patients could be quanti�ed by both VBM and SBM morphological analysis. These morphological
changes were correlated with clinical variables. There were similar morphological changes between cTLE-
N and rTLE-N, and we speculated that the two might also have similar pathological mechanisms. CTLE-N
might be a precursor of rTLE-N and rTLE-N might be a mild TLE-HS. Due to the complexity of epilepsy
networks, more studies are needed to verify this conclusion.
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Figures

Figure 1

VBM and SBM analysis between cTLE-N group and HC group

(In the VBM results, blue represents the decreased GMV of cTLE-N group, and yellow represents the
increased GMV of cTLE-N group; In SBM results, color labeling indicated cortical thinning areas in cTLE-N
group)

Figure 2

VBM and SBM analysis between rTLE-N group and HC group

(In the VBM results, blue represents the decreased GMV of rTLE-N group, and yellow represents the
increased GMV of rTLE-N group; In SBM results, color labeling indicated cortical thinning areas in rTLE-N
group)
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