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Background: Magnetic resonance imaging (MRI) changes in hippocampal sclerosis (HS) could be subtle
in a significant proportion of mesial temporal lobe epilepsy (nTLE) patients. In this study, we aimed to
document the structural and functional changes in the hippocampus and amygdala seen in HS patients.
Methods: Quantitative features of the hippocampus and amygdala were extracted from structural MRI
data in 66 mTLE patients and 28 controls. Structural covariance analysis was undertaken using volumetric
data from the amygdala and hippocampus. Functional connectivity (FC) measured using resting intracranial
electroencephalography (EEG) was analyzed in 22 HS patients and 16 non-HS disease controls.

Results: Hippocampal atrophy was present in both MRI-positive and MRI-negative HS groups (Mann-
Whitney U: 7.61, P<0.01; Mann-Whitney U: 6.51, P<0.01). Amygdala volumes were decreased in the
patient group (Mann-Whitney U: 2.92, P<0.05), especially in MRI-negative HS patients (Mann-Whitney
U: 2.75, P<0.05). The structural covariance analysis showed the normalized volumes of the amygdala and
hippocampus were tightly coupled in both controls and HS patients (Pspeuman =0.72, P<0.01). FC analysis
indicated that HS patients had significantly increased connectivity (Student’s #: 2.58, P=0.03) within the
hippocampus but decreased connectivity between the hippocampus and amygdala (Student’s #: 3.33, P=0.01),
particularly for MRI-negative HS patients.

Conclusions: Quantitative structural changes, including hippocampal atrophy and temporal pole blurring,
are present in both MRI-positive and MRI-negative HS patients, suggesting the potential usefulness of
incorporating quantitative analyses into clinical practice. HS is characterized by increased intra-hippocampal

EEG synchronization and decreased coupling between the hippocampus and amygdala.
Keywords: Hippocampal sclerosis (HS); quantitative structural analysis; functional connectivity (FC); mesial
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Introduction

Mesial temporal lobe epilepsy (mTLE) with hippocampus
sclerosis (HS) is one of the most common causes of drug-
resistant focal epilepsy and can be treated surgically (1).
However, only approximately 30% of mTLE patients are
thought to have normal MRI images (2). Identifying HS
using MRI strengthens the mTLE diagnosis and is crucial
for pre-surgical management, as it is strongly associated
with epileptogenicity and surgical outcome (3). Seizure
freedom after amygdala-hippocampectomy or temporal lobe
resection ranges from 60% to 80% for MRI-positive TLE,
when compared to MRI-negative TLE patients, who range
between 36% and 76% (4,5). The presurgical evaluation
of MRI-negative TLE patients remains challenging,
necessitating improved quantitative analyses of HS to
facilitate pre-surgical evaluations, leading to more favorable
surgical outcomes.

In clinical practice, the two main manifestations used
to identify HS are hippocampal atrophy seen in coronal
T1-weighted images and increased signal intensity of the
hippocampus on T2-weighted fluid-attenuated inversion
recovery (T2-FLAIR) images (6). Additionally, temporal
horn enlargement (7) and blurring of the gray mater-white
matter (GM/WM) margin in the temporal pole (6,7) may
accompany HS to varying degrees. Structural abnormalities
in other limbic structures (6) and the neocortex have
also been reported (8). The amygdala has a key role in
temporal lobe epilepsy. It is usually involved in the epileptic
network (9) and in certain patients it is regarded as an
independent epileptogenic focus (10). How the amygdala
manifests itself in TLE is disputed. Some studies
reported amygdala atrophy (11,12). Others had reported
enlargement of the amygdala (AE) in TLE patients with
normal hippocampi, considering it a distinct subtype of
TLE (13,14). Even in large-scale neuroimaging studies
undertaken by the ENIGMA-epilepsy consortium with over
700 mTLE patients, no amygdala atrophy or enlargement
was evident (8). Thus, it remains unclear whether
quantitative amygdala structural analysis would prove useful
in the presurgical evaluation.

Structural covariance and functional connectivity (FC)
can also be used to understand the interactions between
brain regions (15). TLE can be conceptualized as a
network disorder involving brain regions far beyond the
hippocampus (16,17). In TLE patients, voxel-based studies
investigating the relationship between hippocampal and
extrahippocampal volume loss have shown limbic network
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pathology that depends on the amount of mesiotemporal
damage (18,19). Similarly, a surface-based study using the
entorhinal cortex as a seed for cortical thickness covariance
analysis showed alterations in limbic networks (20). FC
inferred from stereo-electroencephalography (SEEG) offers
a direct approach to investigating the functional coupling
between the hippocampus and amygdala in TLE (21).
Increased high-frequency broadband (HFB, 70-170 Hz)
power amplitude in SEEG recordings is an effective index
of local neural spiking and is associated with evoked or
spontaneous brain activity (22). Such a metric can be used
to measure quantitatively the FC properties of brain regions
in the interictal state (23). As part of the limbic structure,
involvement of the amygdala-hippocampus complex in
the initiation and propagation of mTLE seizures has been
demonstrated (9). By measuring both structural and FC
between the hippocampus and amygdala, we may gain
important insights into how these regions interact in TLE
and their potential uses in diagnosis.

In this study, our aims were: (I) to quantify structural
changes in the hippocampus and amygdala in mTLE; and
(II) to understand the interactions between the hippocampus
and amygdala using structural and FC analysis.

Methods
Participant selection

From a dataset of patients referred to Beijing Tiantan
Hospital and Beijing Fengtai Hospital for the investigation
of drug-resistant mTLE between 2015 and 2019, patients
were retrospectively selected, using these inclusion criteria:
(I) underwent anterior temporal lobectomy (ATL) or
selective amygdalohippocampectomy (SAH); (II) resected
hippocampal specimen suitable for histological analysis
defined using the International League Against Epilepsy
(ILAE) HS classification scheme (24); (III) not type III
FCD defined using histopathology (e.g., HS with FCD
in temporal lobe); (IV) high quality imaging data without
motion artefacts, aliasing, or rippling related to eye
movement and SEEG recordings without noise where
available; (V) no history of dystocia hypoxia, encephalitis,
or severe traumatic brain injury; (VI) no intracranial
lesions, such as malformations of cortical development,
epidermoid cyst, tumor, or vascular malformations; (VII) no
encephalomalacia and severe or diffuse brain atrophy; and
(VIII) non-reoperation.

All patients underwent preoperative 3.0 T clinical MRI,
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including at least T1-weighted magnetization prepared
rapid acquisition gradient echo (T1-MPGAGE) and T2-
FLAIR. All the patients underwent surgery after presurgical
evaluation. This evaluation included a comprehensive
history, evaluation of electroclinical and neuroimaging
data evaluation and, where appropriate, invasive pre-
surgical SEEG. Certain clinical information was extracted
from patient medical records: age; sex; lateralization of
affected hippocampus; age at epilepsy onset; duration of
epilepsy; radiological report; and postoperative histology.
For subgroup analysis, patient MRI scans were classified
as “MRI negative” (no visible abnormalities) or “MRI
positive” according to the radiology report. MRI images
were typically reviewed by two or more radiologists. The
diagnostic criteria included marked hippocampus atrophy,
hyperintensity on T2-FLAIR images, and partial loss of
internal architecture.

A group of healthy controls with no history of
neurological disease also underwent the same MRI
procedure. For SEEG FC analysis, the disease control
group needed to these criteria: (I) no recorded ictal SEEG
onset discharges in mesial temporal lobe structures; (II)
lesions detected by presurgical evaluation were not located
in the temporal lobe; and (III) intact brain structures. The
study was approved by the Ethics Committee of the Beijing
Tiantan Hospital and informed consent was obtained in
writing from all participants.

MRI acquisition and image processing

MRIs were acquired for all participants using a 3T Siemens
Verio scanner with a T1-MPRAGE sequence [repetition
time (TR) =2,300 ms, echo time (TE) =2.53 ms, flip angle
=12°, slice thickness =1 mm, no gap, voxel size =1 mm x
I mm x 1 mm] and an axial T2-FLAIR sequence (TR
=7,000 ms, TE =80 ms, flip angle =12°, slice thickness
=1 mm, no gap, voxel size =1.5 mm x 1.5 mm x 1.5 mm).

The overall analysis pipeline, including structural
analysis, FC analysis, and automated detection is shown in
Figure 1.

FreeSurfer version 6.0 (https://surfernmr.mgh.harvard.
edu) was used to create cortical reconstructions (25-27).
In brief, the processing involves (I) segmentation of white
matter; (II) tessellation of the gray/white matter boundary;
(ITI) inflation of the folded surface tessellation; (IV)
automatic correction of topological defects; and (V) FLAIR
data was used to improve pial surfaces. These steps have
been described in detail elsewhere (6,28). For FLAIR image
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processing, initially an anatomical segmentation was created
for the geometric transfer matrix (GTM), and then linear
registration was undertaken to register FLAIR images with
the anatomical images. Partial volume correction (PVC)
with Muller-Gartner analysis (29) was used to address the
partial volume effect and quantify intensity information
accurately. Intensity values were normalized by scaling
using the intensity in pons, and finally smoothed using
a 5-mm FWHM Gaussian diffusion kernel. Automated
segmentation of the amygdala and hippocampus was
performed with the segmentaHA_T1 command in FreeSurfer
(30,31). Preprocessing results of each subject were assessed
visually, and any inaccuracies were corrected manually

(Figure 1A).

Morphological/intensity features

Normalized hippocampus volume

After automated segmentation of the hippocampus, quality
control, and any necessary manual edits, the hippocampal
volumes from all participants were obtained using the
intrinsic module segrmentHA_T1. In addition, to correct for
individual variability in intracranial size, the value of the
hippocampus volume was normalized using the estimated
total intracranial volume (eTIV), obtained from the
individual’s intracranial volume and the scaling factor (32).

FLAIR signal intensity of hippocampus

After co-registration of T'1 images, intensity normalization,
and smoothing, as described above, the value of the
normalized FLAIR signal intensity was recorded.

Normalized volume of temporal horn of lateral ventricle
Similar to the normalized hippocampus volume, the volume

of the temporal horn of the lateral ventricle was corrected
for the e TIV.

Gray-white matter (GM/WM) boundary blurring in the
temporal pole

The contrast in intensity between GM and WM was
calculated, as blurring of GM/WM boundary in temporal
pole is commonly identified in HS (6). The GM/WM signal
intensity ratio was computed with the petsurfeon command
in FreeSurfer to the following equation:

100x (G — W)
"= 05 (1]
Sx(G+W)

where pet is the mean surface-wise GM/WM contrast,
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Figure 1 Schematic outline of the study. In total, 110 participants were included for neuroimaging analysis and 38 for SEEG analysis.

(A) Neuroimage preprocessing and quantitative features extraction, including cortical reconstruction of T1-MPRAGE images, co-

registration of T2-FLAIR images, and hippocampal segmentation. (B) Structural analysis. This involved volumetric analysis and structural

covariance analysis. (C) Functional connectivity analysis. This was conducted between the amygdala and hippocampus (amygdala-

hippocampal connectivity) and between two regions within the hippocampus (intra-hippocampal connectivity). HS, hippocampal sclerosis;

Con, healthy control group; MRI + HS, MRI-positive HS patient group; MRI-HS, MRI-negative HS patient group.

and G is the GM signal intensity sampled at 50% of the
cortical thickness above the GM/WM boundary. W is
the WM signal intensity sampled 1 mm below the white
surface. The more blurred the GM/WM boundary, the
closer pet is to zero.

Participants’ left/right hemispheric data were sorted
relative to the epileptogenic focus (e.g., ipsi- and
contralateral to the focus).

Structural analysis

Patients were divided into three groups: control group,
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MRI-positive and MRI-negative HS patient groups.
Structural analysis consisted of two parts. First, an
evaluation of the degree of hippocampal atrophy and
amygdala enlargement in MRI-positive and MRI-negative
HS patients based on a structural volumetric analysis
comparing the hippocampal volume, FLAIR signal intensity,
volume of the temporal horn of the lateral ventricle, and
GW/WM boundary blurring in the temporal pole of
the amygdala and hippocampus between the 3 groups.
Additional comparisons were made of morphological
characteristics between the affected (ipsilateral) and
unaffected (contralateral) hippocampi in HS patients.
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Second, structural covariance analysis was undertaken
by calculating the linear correlation between normalized
volumes of the amygdala and hippocampus. To determine
the relative atrophy of the amygdala and hippocampus,
we calculated the volumetric ratio of the normalized
hippocampus volume divided by the normalized amygdala
volume (Figure 1B).

SEEG recordings

SEEG was recorded using a clinical long-term monitoring
system (Nihon-Kohden Neurofax EEG-1200, 192 or 256
channels, Tokyo, Japan) with a sampling rate of 1,000 or
2,000 Hz and a bandpass filter of 1.6-300 or 0.08-600 Hz.
Each depth electrode (Huake-Hengsheng Medical
Technology, Beijing, China) had a diameter of 0.8 mm with
8-16 contacts. The center-to-center spacing of contacts
was 3.5 mm. The strategy used for placing electrodes
was a clinical decision based on pre-surgical noninvasive
information which generated hypotheses concerning the
localization of epileptogenic zones. Depth electrodes were
placed using a CRW frame-based system (Integra Radionics,
Burlington, MA, USA). A postoperative computerized
tomography (CT) scan was used to confirm the absence of
intracranial bleeding and the accuracy of electrode position.
Long-term SEEG monitoring was undertaken for twenty-
four hours after electrode implantation in order to record
two or more habitual seizures. To reduce distortion during
recording, SEEG signals were referenced to the most
electrographically silent channel outside of the seizure
focus, which was typically a white matter channel.

The SEEG based FC analysis

Patients with depth electrodes covering the amygdala
and hippocampus were used for the FC analysis. In each
case, five 5 min SEEG segments which were at least six
hours before or after ictal discharges during sleep were
selected randomly. SEEG segments were exported from
NeuroWorkbench (Nihon-Kohden Tokyo, Japan) in edf
format and preprocessed through a bespoke MATLAB
pipeline that used functions for electrophysiological signal
processing from SPM12 (33) and Fieldtrip (34).

Signals were first down-sampled to 1,000 Hz. Next,
notch filtering was used to remove the 50 Hz line noise
and its harmonic. Then, a bipolar re-referencing was
undertaken (35). Next, we calculated the envelope signal of
HEFB (70-170 Hz) oscillations. The envelope signals were
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bandpass filtered using a fourth-order Butterworth filter
with 0.1-1 Hz frequency threshold. Each segment was split
into multiple 15 s epochs. Epochs contaminated by artifacts
were excluded. Contacts in the amygdala and hippocampus
were identified visually using coregistered presurgical MRI
and postsurgical CT images.

The bipolar re-referenced channel, which has two
corresponding contacts located within the amygdala or
hippocampus, with the highest amplitude, was selected as
the representative channel for each anatomical site. The
Pearson correlation coefficient of two 0.1-1 Hz filtered
envelope signals was used as a surrogate for the strength
of FC between two anatomical sites. Pearson correlation
coefficients of each epoch were then averaged at an
individual level (Figure 1C). The distance between two
bipolar channels was defined as the Euclidean distance
between the two centers of four contacts.

Statistical analysis

Lilliefors test was used to confirm that all data fitted a normal
distribution. Analysis of all participant demographic data
and all intergroup analysis was undertaken using Student’s
t-test or Mann-Whitney U test, as appropriate. The degree
of association in the structural covariance analysis was
calculated using a Pearson correlation coefficient () or
the Spearman rank correlation coefficient. All calculations
were undertaken using MATLAB 2018b version software
(R2018b, The Mathworks, Natick, MA, USA). Statistical
comparison was only undertaken for groups comprising six
or more patients. A two-sided P value less than 0.05 was
considered statistically significant. A false discovery rate
(FDR) correction was used for multiple comparisons.

Results
Demographics

A total of 66 patients with HS confirmed by pathology
(32 females, 33 left TLE, mean + SD age =24.9+8.4 years,
mean = SD duration =12.3+8.0 years, mean + SD ipsilateral
amygdala volume =1702.5+264.7 mm’, mean = SD
ipsilateral hippocampus volume =2,617.5+402.8 mm”), 28
healthy controls (10 females, mean age =16.6+9.9 years,
mean bilateral amygdala volume =1,776.9+288.1 mm’, mean
bilateral hippocampus volume =3,420.8+476.4 mm’) and
16 epilepsy patients without HS but who had undergone
SEEG implantation (7 females, 6 lesions were located in the
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Table 1 Demographic and clinical data of participants

1787

) HS group Controls for imaging Epilepsy controls for
Variable . . .
Total (n=66) MR+ (n=42) MRI- (n=24) analy5|s (n:28) iEEG analy5|s (n:16)
Age (years) 24.9+8.4 25.6+8.2 23.8+8.7 16.6+9.9 24.0+10.1
Sex (female:male) 32:34 22:20 10:14 10:18 79
Hemi (left:right) 33:33 22:20 11:13 N/A 6:10
Onset (years) 12.7+8.3 13.6+8.2 11.1£8.5 N/A 13.3+£9.2
Duration (years) 12.3+8.0 12.0+8.3 12.7£7.7 N/A 10.6+6.8
Amygdala volume ~ 1,845.9+222.3" 1,830.8+199.8" 1,872.4+259.6" 1,776.9+288.1 N/A
3,
(mm) 1,702.5+264.7* 1,669.0+244.9* 1,761.2+292.3* Left: 1,818.7+291.9;
right: 1,735.1+283.1
Hippocampal 2,61 7.51—402.8# 2,588.7+41 4.0“ 2,667.91385.7# 3420.8+476.4 N/A

volume (mma)

3,5648.5+413.8*

3,675.4+439.2*

3,501.4+269.3*

Left: 3,316.0+431.8;
right: 3,525.5+503.1

Age, age at seizure onset, duration of epilepsy, volumes and years are displayed as mean + standard deviation. " ipsilateral to
epileptogenic focus; *: contralateral to epileptogenic focus. HS, hippocampal sclerosis; MRI+, MRI positive group; MRI-, MRI negative

group; Hemi, affected hippocampus.

left hemisphere, mean age =24.0£10.1 years, mean duration
=10.6+6.8 years) were included in the study (1able 1).

Twenty-two of the HS patients underwent depth
electrode implantation. All such patients had one or
more depth electrode implanted in the amygdala and one
implanted in the hippocampus. Ten patients had two or
more depth electrodes implanted in the hippocampus. Of
the 16 disease controls used in the SEEG FC analysis, 10
had one or more electrodes implanted in the amygdala
and one in the hippocampus, one had bilateral amygdala
and hippocampal implantation, and nine had two or more
electrodes implanted in the hippocampus. All the 16 SEEG
disease controls had focal resections. Eleven had FCD
(2 FCD 1, 4 FCD IIa, 5 FCD IIb), one had ganglioglioma
(WHO Grade I, GG), and four had gliosis only. Demographic
information for these patients is shown in Table 1. The
supplementary table 1 (see online: https://cdn.amegroups.cn/
static/public/qims-20-624-1.pdf) summarizes the demographic
and clinical information for all participants in the cohort.

Morphological/intensity features

The volumes of the amygdala and hippocampus were
compared between HS patients and controls. Ipsilateral
and contralateral volumes of corresponding anatomical
structures were also compared.

In the ipsilateral hippocampus, both MRI-positive and
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MRI-negative patients had significantly lower normalized
volumes than healthy controls (Mann-Whitney U: 7.61,
P<0.01; Mann-Whitney U: 6.51, P<0.01, respectively;
Figure 24). However, only MRI-positive HS patients also
had increased FLAIR signal intensity in the ipsilateral
hippocampus (Student’s #: =2.05, P, correctea<0.05; Figure 2A).

In the ipsilateral amygdala, HS patients had significantly
lower normalized volume and higher FLAIR signal intensity
(Mann-Whitney U: 2.92, P<0.05; Student’s #: -3.57, P=0.01,
respectively; Figure 2B). These changes were mostly
observed in MRI-positive HS patients (amygdala volume:
Mann-Whitney U: 2.75, P<0.05; FLAIR signal: Student’s
t: =3.65, P=0.01, respectively; Figure 2B). There was no
significant difference between MRI-negative HS patients
and controls (amygdala volume: Mann-Whitney U: 1.93,
P>0.05; FLAIR signal: Student’s #: -1.95, P>0.05). There
were no inter-group significant differences in normalized
volume of the temporal horn of the lateral ventricle and
blurring of temporal pole (Figure 2C,D).

Although clear structural differences exist between
healthy controls and HS patients, there were no significant
quantifiable differences between MRI-positive and MRI-
negative patients. In controls, significant differences
between the left and right hippocampi were absent for any
of the four structural features (Figure S1).

For the hippocampus and amygdala, there were
significant differences between the ipsilateral and
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Figure 2 Structural features in controls and ipsilateral side of HS patients including MRI-positive and MRI-negative subgroups. (A)

Normalized hippocampal volume and FLAIR signal intensity; (B) normalized amygdala volume and FLAIR signal intensity; (C) normalized

temporal horn volume; (D) Gray-white matter blurring in the temporal pole. The red lines represent the mean values (solid circles) and

standard deviations (two ends); *: P<0.05; ***: P<0.001; n.s.: non-significant. All P values were adjusted for multiple comparison using the

FDR method. HippoVol, normalized volume of hippocampus; HippoFLAIR, normalized FLAIR signal intensity of hippocampus; AmygVol:

normalized volume of Amygdala; AmygFLAIR, normalized FLAIR signal intensity of amygdala; TempoHornVol, normalized volume of

temporal horn of lateral ventricle; TempoPoleBlur, GM/WM boundary blurring in the temporal pole; Con, control group; MRI + HS,
MRI-positive HS patient group; MRI-HS, MRI-negative HS patient group.
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contralateral sides in HS patients (Figure 3A4,B). Ipsilateral
hippocampi and the amygdala had decreased normalized
volumes (hippocampus: Student’s #: -14.58, P<0.01;
amygdala: Student’s : -4.26, P<0.01) and increased
FLAIR signal intensity (hippocampus: Student’s #: -2.24,
Pncorrectea=0.03; amygdala: Student’s #: 4.44, P<0.01).
Whereas, measured values for the contralateral hippocampi
and amygdala were similar to those of controls (hippocampal
volume: Mann-Whitney U: -0.86, P=0.39; hippocampal
FLAIR signal: Student’s #: 0.65, P=0.51; amygdala volume:
Mann-Whitney U: -1.16, P=0.24; amygdala FLAIR signal:
Student’s 7: 0.61, P=0.24, respectively). For the other
two features, the normalized volume of the ipsilateral
temporal horn was significantly greater when compared
to the contralateral side (Student’s #: 2.31, P=0.03) and
controls (Mann-Whitney U: 3.32, P<0.01). The temporal
pole was significantly less blurred on the contralateral side
compared to the ipsilateral side in HS patients (Student’s
t: 4.93, P<0.01) and controls (Student’s #: 2.81, P<0.01)
(Figure 3C,D). In summary, the hippocampal and amygdala
volume and FLAIR intensity were significantly different
between ipsilateral and contralateral sides, but the
corresponding values of the contralateral side were similar
to controls.

Structural corrvelation and relative atrophy degree

In the structural covariance analysis, we evaluated the
relationship between the normalized hippocampal and
amygdala volumes. The Z-score normalized relative
amygdala and hippocampal volumes in controls and HS
patients were positively correlated: patients with larger
hippocampal volumes had larger amygdala volumes
(Pspearman=0.72, P<0.01) (Figure 4A4). Volume ratios between
hippocampus and amygdala were significantly higher in HS
group (Mann-Whitney U: 7.25, P<0.01, Mann-Whitney U:
10.66, P<0.01, respectively; Figure 4A4). Subgroup analysis
indicated that both MRI-positive and MRI-negative HS
groups had a high positive correlation between hippocampal
and amygdala volumes. However, their hippocampus/
amygdala volumetric ratio did not show a significant
difference (Mann-Whitney U: 0.33, P=0.74; Figure 4B).
Significant positive correlations were also observed for
ipsilateral and contralateral amygdala/hippocampus ratio
comparisons in the HS group. Moreover, the volumetric
ratio was not different for the contralateral amygdala/
hippocampus ratio between contralateral side of HS patients
and controls (Mann-Whitney U: 0.23, P=0.82) (Figure 4C).
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FC analysis between the amygdala and bippocampus

In total, 38 epilepsy patients were included in the SEEG
FC analysis. The SEEG cohort comprised 11 MRI-positive
HS patients, 11 MRI-negative HS patients, and 16 non-HS
disease controls. All patients had depth electrode coverage
of the amygdala and hippocampus. SEEG data comprised
5 randomly selected segments (mean + SD duration time
=5.2+1.1 minutes) from a hippocampal and an amygdala
contact for each patient during sleep.

The process of intracranial SEEG electrode localization
and visualization was undertaken using an established
protocol (36) (Figure 5A). For the FC calculation, the mean
+ SD distances between channel pairs were comparable
between groups. For the electrode pair within the
hippocampus, the Euclidean distances of control, MRI +
HS, and MRI- HS were 15.9+2.8, 14.9+3.2, 14.4+2.0 mm
respectively (one-way ANOVA, P=0.39). For amygdala-
hippocampus distances, the distances between groups
were 19.1+3.8, 18.8+4.1, 21.0+5.2 mm (one-way ANOVA,
P=0.41). In the interictal state, amygdala-hippocampus
connectivity was significantly reduced in HS patients
(Student’s #: 2.58, P=0.03) and particularly in MRI-negative
HS patients (Student’s #: 3.33, P=0.01). There was no
statistically significant difference between MRI-positive
and MRI-negative subgroups (Student’s 7: 1.55, P=0.14).
However, connectivity between electrodes within the
hippocampus of both MRI-positive and MRI-negative HS
patient groups was significantly increased when compared
to controls (Student’s #: -2.49, P=0.02) (Figure 5B).

Discussion

Patients with drug-resistant focal epilepsy but without
structural abnormalities in MRI are challenging in
presurgical evaluation, which is often longer, with a
poorer prognosis, an increased risk of neurological
complications, and a reduced likelihood of seizure freedom
post-operatively (37). HS is among the most common
pathologies found in this MRI-negative cohort (38).
We sought to improve the presurgical evaluation of HS
patients by quantifying structural and connectivity changes
characteristic of the condition. We found HS patients,
including MRI-negative cases, had structural and functional
abnormalities in the ipsilateral mesiotemporal lobe
structures. These features might be useful for developing
future work developing automatic frameworks to detect and
lateralise HS.
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The affected hippocampus in TLE patients had
significant structural abnormalities when compared to
controls, with decreased normalized volume and increased
normalized FLAIR signal in both MRI-positive and MRI-
negative patients. Only MRI-positive HS patients exhibited
temporal pole blurring, while the volume of the temporal
horn of the ventricles was the same between groups. In the
structural covariance analysis, volumes of the hippocampus
and amygdala on the affected side were tightly coupled in
HS patients. However, the atrophy was more pronounced in
the hippocampus than the amygdala in both MRI-positive
and MRI-negative patients. These results demonstrated that
at a group level, distinct structural abnormalities existed
in both MRI-positive and MRI-negative HS patients.
Nevertheless, it is important to recognize that group level
differences do not necessarily mean that all individuals have
quantifiable hippocampal atrophy. Previous work by Coan
et al. found quantifiable hippocampal atrophy in 13% of
MRI negative patients (39).

SEEG based FC revealed hypersynchronous electrical
activity within the hippocampus and hypoconnectivity
between the amygdala and hippocampus in both MRI-
positive and MRI-negative HS patients. The amygdala and
hippocampus are both allocortical regions that are highly
interconnected and often form part of the epileptogenic
network (40). Seizures originating from the hippocampus
may result in progressive and secondary atrophy of the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

amygdala. SEEG assesses the FC between amygdala
and hippocampus. In this study, amygdala-hippocampal
connectivity was decreased, in accordance with previous
fMRI hippocampal seed-based analysis (41). This may
be due to dysfunction of the epileptogenic hippocampus
causing less functional connections to other brain regions,
including the amygdala. However, increased intra-
hippocampus FC was also evident. This may be as a result
of epileptiform activity, such as interictal discharge, within
the affected hippocampus (16).

In clinical practice, identification of HS typically
relies on hippocampal atrophy in coronal T1 imaging,
hyperintensity in T2 or FLAIR imaging, and loss of internal
architecture. However, such diagnosis requires experienced
neuroradiologists and a proper diagnosis can be missed.
In our single center, the detection rate of pathologically
confirmed HS using radiology was 63.6% (42/66), with
the accuracy rising to 87.9% (58/66) after epilepsy surgery
evaluation by a multidisciplinary team that in addition to
MRI data analysis, semiology, EEG discharge pattern, PET
hypometabolism zone and SEEG data where available.
Given the difficulty detecting HS in 36.4% of patients,
automated quantification of hippocampal structures might
assist in the presurgical clinical evaluation of these patients.
However, quantifying individual features is unlikely to
greatly improve HS detection, as only a limited proportion
of MRI-negative patients will have quantifiable hippocampal
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Diagram displays the anatomic relationship of the amygdala and hippocampus as well as an example of depth electrode positions for the

amygdala-hippocampus and hippocampus-hippocampus analyses. The bar plot displays the coefficient of functional connectivity among the

control and HS subgroups. There were only four MRI-positive HS patients with two or more electrodes in hippocampus, thus no analysis

was performed between control and HS subgroups. *: P<0.05; n.s.: non-significant. Con, control group; All-HS, all HS patients; MRI + HS,
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atrophy. To circumvent such restrictions, we have pursued a
multivariate approach.

Despite a modest sample size, and subtle electrode
placement differences in the SEEG analysis, we demonstrate
structural and functional changes in patients with temporal
lobe epilepsy due to hippocampal sclerosis (HS). These
findings provide motivation for future work incorporating
these structural and functional features in a multi-variate
approach to detect and lateralise HS. Moreover, using
a multivariate Mahalanobis distance could improve
the robustness of our results, as it is less influenced by
measurement noise, assuming this is independent, normally

distributed, and orthogonal (42).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Conclusions

Quantitative structural changes in the amygdala and
hippocampus occur in both MRI-positive and -negative
HS patients. Such changes are accompanied by functional
changes including increased functional coupling within the
affected hippocampus and decreased coupling between the
hippocampus and amygdala.
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Figure S1 Comparison of 4 structural features used in the present study between bilateral sides of healthy controls. Morphometric alteration
was similar between left and right side of healthy controls. Con_Left: left side in controls; Con_Right: right side in controls; HippoVol:
normalized volume of hippocampus; HippoFLAIR: normalized FLAIR signal intensity of hippocampus; TempoHornVol: normalized
volume of temporal horn of lateral ventricle; TempoPoleBlur: GM/WM boundary blurring in temporal pole; n.s.: non-significant; The red

dots represent the mean values and color lines represent standard deviations.
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