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Lateralizing the affected side of hippocampal sclerosis with
quantitative high angular resolution diffusion scalars: a preliminary
approach validated by diffusion spectrum imaging
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Background: Conflicts in regarding the lateralization of the seizure onset for mesial temporal lobe epilepsy
(MTLE) are frequently encountered during presurgical evaluation. As a more elaborate, quantified protocol,
indices of diffusion spectrum imaging (DSI) might be sensitive to evaluate the seizure involvement. However, the
accuracy was less revealed. Herein, we determined the lateralizing value of the DSI indices among MTLE patients.
Methods: Eleven MTLE patients were enrolled together with 11 matched health contrasts. All the participants
underwent a DSI scan and with reconstruction of the diffusion scalar, including quantitative anisotropy (QA),
isotropic (ISO), and track density imaging (TDI) values. Statistics of these indices were applied to identify the
differences between the healthy and ipsilateral sides, and those between the patients and the controls, with
special attention to areas of the crura of fornix (FORX), the parahippocampal radiation of the cingulum (PHCR),
the hippocampus (HP), parahippocampus (PHC), amygdala (AM) and entorhinal cortex (EC).

Results: Regarding lateralization, TDI of the FORX and the PHCR reached an AUC value of 0.95 and
0.93, respectively (P<0.05), and QA, ISO, TDI of the PHCR, as well as TDI of the FORX were statistically
significant amongst the laterals of the patients (P<0.05). Also, the QA of the PHCR were statistically
different in the patients' ipsilateral side relative to the contrasts (P<0.017). The diffusion level on different
grey matter structures were significantly decreased including HP, AM and EC in GQI space (P<0.017).
Conclusions: The quantitative diffusion scalars of the DSI, especially TDI of the FORX and the PHCR,
are sensitive indices to define the ipsilateral side for MTLE patients. For preliminary exploration, the use of
quantitative DST scalars may help to improve the seizure outcome by increasing the accuracy of localization
and lateralization for MTLE.
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Introduction

Mesial temporal lobe epilepsy (MTLE) is one of the most
common types of human epilepsy. Presurgical evaluation
is of immense importance in patients with MTLE because
surgical treatment can provide seizure relief in 60-80% of
the patients. However, 30-40% of patients with MTLE
show negative magnetic resonance imaging (MRI) results,
and the lateralization of the seizure in 1-15% cannot be
determined only with scalp electroencephalogram (EEG)
and MRI. It is necessary to optimize the noninvasive
presurgical evaluation workflow for MTLE patients to
provide less invasive surgery and better seizure outcome.

Comprehensive imaging modalities including functional
imaging and structural imaging can provide lateralization
or localization information for MTLE. Among them,
diffusion MRI (dMRI) has played an important role in the
presurgical evaluation of MTLE; it helps to determine
the microstructural damage caused by neuronal loss at
the seizure onset zone and allows the identification of
the extra-focal regions connected to the seizure focus to
be determined (1). Diffusion tensor imaging (DTI) has
been widely used in the presurgical evaluation of patents
with unilateral MTLE to assess the diffusion asymmetry
between the two hemispheres (1-6). Nazem-Zadeh et al.
have developed an important DTI-based response-driven
lateralization model for MTLE, which helps to reduce
diagnostic errors when determining laterality (7). However,
DTTI as one of the model-based methods cannot help
determine the crossing and termination of fibers, and also
generates multiple artifacts and false tracts, which may
decrease its accuracy in the clinical settings (8).

Diftusion spectrum imaging (DSI) has been developed as
a new, model-free method based on high angular resolution
imaging, which can overcome the limitations of DTI
(9,10). Preliminary experiments with this procedure have
showed the similarity of neuroanatomical features between
primates and human (10,11). Compared with DTI, DSI
improves quantitative resolution with intra-voxel diffusion
heterogeneity and does not resolve the average direction
difference; moreover, to some extent, DSI quantifies the
diffusion level more precisely than other methods. There
are limited studies using DSI in the presurgical evaluation
of the patients with MTLE. To the best of our knowledge,
there were no reports using this high-resolution technique
to investigate the heterogeneity of gray and white matter
between the two sides of unilateral MTLE. In this study,
we intend to (I) use DSI to quantitatively compare the
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microstructural differences of gray and white matter
of the two sides in MTLE and (II) assess the reliability
and effectiveness of DSI in lateralizing MTLE during
presurgical evaluation. We present the following article in
accordance with the STROBE reporting checklist (available
at http://dx.doi.org/10.21037/atm-20-5719).

Methods
Patients and controls

A series of MTLE patients were recruited following the
specific inclusion and exclusion criteria. The inclusion
criteria were as follows: (I) unilateral MTLE, (IT) DSI
acquired with the same protocol, (III) diagnosis of MTLE
by a multidisciplinary team (MDT) or postoperative
pathology. The exclusion criteria were bilateral MTLE
or other types of temporal lobe epilepsy and lack of DSI
acquisition.

All the included patients have received the same
presurgical evaluation. First, DSI and three-dimensional
(3D) MRI imaging were performed after long-term video
scalp EEG examination and detailed semiology investigation.
Then, unilateral MTLE was defined by an MDT for both
lateralization and localization. Finally, anterior temporal
lobectomy (ATL) or stereoelectroencephalography (SEEG)-
guided radiofrequency thermocoagulation performed in
these patients with unilateral MTLE. The final diagnosis
was determined by MDT discussion or by SEEG results or
pathological results.

For the control group, the inclusion criteria were
as follows: (I) none of the controls had neurological or
psychotropic disorders, (I) all the controls underwent the
DSI scan following the same protocol, (III) age and sex be
matched with the patient group. The exclusion criteria were
healthy controls who did not agree to recruit or those with
neurological or psychotropic disorders. A brief description
of the characteristics of both patients and controls is
presented in Table 1.

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by the ethics committee at Xuanwu Hospital (NO.
LYS [2019] 097) and informed consent was taken from all
the patients.

MRI and DSI acquisition

All the raw data related to this study were acquired
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Table 1 Clinical data of the patients and controls
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Pt. Sex A(s)e Handedness Aiee;tj:ft History Types Frequency Pz:ItF;e- iE'DC: (sl deI-E/IrEe(Z]ion) SEEG MDT Pathology

MTLE patients
1 F 38 L 15 - FBTCS/FIAS 1-2/W T 2 LT L LHS /
2 F 22 L 13 - FBTCS 1-2/M /T, P 3 LT F - LHS HS
3 F 18 L 4 - FBTCS/FIAS 2-3/b R/MTEP 4 B/T - RHS HS
4 M 14 L 2 - FBTCS/FIAS  2-3/W /T, F 3 LT - LHS HS
5 M 33 L 13 - FBTCS/FIAS 3-5/D R/T 3 R/T, F - RHS HS
6 M 48 L 18 - FIAS 2-3/D R/T, F 3 R/T - RHS /
7 F 15 L 4 - FIAS 2-4/D UT RO 8 /T, F - LHS HS
8 M 33 L 13 - FBTCS 1-2/M R/T, P 3 R/T, F - RHS HS
9 F 36 L 26 - FIAS 3-4/M LT FEP 4 LT - LHS HS
10 M 22 L 10 - FBTCS/FIAS 1-2/M T 3 B/T, F - LHS HS
11 M 32 L 9 - FIAS 2-3/W T 4 T - LHS HS

Normal controls
1 M 25 L - None - - - - - - - -
2 M 30 L - None - - - - - - - -
3 M 21 L - None - - - - - - - -
4 F 21 L - None - - - - - - - -
5 F 24 L - None - - - - - - - -
6 F 30 L - None - - - - - - - -
7 M 29 L - None - - - - - - - -
8 M 24 L - None - - - - - - - -
9 F 27 L - None - - - - - - - -
10 F 24 L - None - - - - - - - -
11 M 21 L - None - - - - - - - -

MTLE, mesial temporal lobe epilepsy; M, male; F, female; L, left; R, right; FBTCS, focal to bilateral tonic-clonic seizure; FIAS, focal im-
paired awareness seizure; B, bilateral; T, temporal area; F, frontal area; P, parietal area; O, occipital area; W, week; M, month; D, day; HS,
hippocampal sclerosis. The side and the area of the EEG region were determined by the interictal scalp EEG.

using the same scanner (GE SIGNA Premier, General
Electric Healthcare, Waukesha, WI, USA) at Xuanwu
Hospital.

The3D MRI (T1-Weighted 3D magnetization prepared
rapid acquisition gradient echo sequence, TIW1-3D-
MPRAGE) scanning parameters and conditions were as
follows: slice thickness = 1 mm; repetition time (TR) =2,420 ms;
echo time (TE) =2.376 ms; inversion time =900 ms; field
of view =512 mm x 512 mm; number of excitations =1, and
acquisition time =6 min.

© Annals of Translational Medicine. All rights reserved.

The DSI scanning (half-q-space DSI with 256 directions)
parameters and conditions were as follows: 64 channel head
coils, b values range from 0 to 7,000 s/mm’; TR =5,548 ms;
TE =84.1 ms; voxel size =2 mm x 2 mm x 2 mm; layer
thickness =2 mm; imaging field =112 mm x 112 mm, flip
angle =90°; parallel acquisition acceleration value =2; phase
coding acceleration value =3; and acquisition time =26 min.
The data processing and quality control were assessed
by two experienced radiologists, while ensuring no head
motion or other processing errors.
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Figure 1 Raw data pre-processing flow chart. All raw data collections followed the same workflow. This chart demonstrates the process of

diffusion scalar derivation, region of interest (ROI) exportation and quantitative analysis. Orientation distribution functions (ODF) maps for

the 22 individuals were first reconstructed following the generalized q-sampling imaging (GQI) algorithm. ROIs were exported from DSI-

studio followed by the quantitative comparison.

Raw data pre-processing

All data reconstruction was performed with DSI-
Studio software (http://dsi-studio.labsolver.org). Post-
reconstruction quality check was performed using the DSI-
Studio software to confirm the absence of registration
error (R>0.6). Each voxel and the orientation distribution
functions (ODF) were extracted with the generalized
g-sampling imaging (GQI) algorithm for individual
comparison (12). The reconstruction parameters for
reconstruction were as follows: CSF calibration selected,
diffusion sampling length ratio: 1.10; ODF tessellation:
20 folds; and number of fibers resolved: 10. A total of 22
individual representations of the ODF map in GQI space
were created using the quantitative anisotropy (QA) and
isotropic (ISO) values of each individual DSI data (Figure I).

Track density imaging (T'DI) value was another scalar
in this study. It provides a relatively novel and quantitative
method to produce high-quality white matter images

© Annals of Translational Medicine. All rights reserved.

with high spatial resolution (13-15). For each TDI
reconstruction, the individual tracking threshold was set
at 60% of the maximum value with MATLAB R2018a
(Mathworks, Natick, Mass, USA). Whole brain seeding was
processed with an angular threshold of 90°. For gray matter,
the step size was 0.1, minimum (Min) length =0 mm,
and maximum (Max) length =5 mm. For white matter
fiber bundles, the step size was 0.5, Min length =5 mm,
Max length =300 mm, the fiber tracking stopped when the
maximum number of seeds was 2,000,000 (Figure I).

Region of interest (ROI) selection and extraction

In this study, the bilateral hippocampus (HP),
parahippocampus (PHC), amygdala (AM), and entorhinal
cortex (EC) were the main gray matter structures examined,
and for white matter, the crus of fornix (FORX) and the
parahippocampal radiation of the cingulum (PHCR) were
selected to compare the heterogeneity of the examined
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scalars between the two sides of MTLE patients and
controls.

For HP, PHC, AM, and EC, the ROI in GQI space can
be exported and saved from the embedded template in DSI
studio software. As for bilateral FORX, fiber tracking and
reconstruction methods were used, and calculated region was
restricted only to the crus of the bilateral fornix. The tracking
parameters were as follows: step size =0.1, angular threshold
=90°, Min length =5 mm, and Max length =300 mm.
The fiber tracking stopped when the maximum number
of seeds was 50,000. The FORX in GQI space were then
exported (Figure I).

For PHCR, the module of segmentation editor used was
3D Slicer software (https://www.slicer.org). The QA map
in the Montreal Neurological Institute (MNI) region was
first created using Functional Magnetic Resonance Imaging
of the Brain(FMIRB) Linear Image Registration Tool
(FLIRT) in FSL (FMRIB Software Library) combining the
MNI152 (http://nist.mni.mcgill.ca/?page_id=714) template
and the HCP1201 (http://brain.labsolver.org/diffusion-mri-
templates/hcp-842-hcp-1021) template. The diffusion MR
map in MNI space was then used in 3D Slicer to restrict
the threshold with only the white matter visible (no gray
matter). The visualized white matter regions adjacent to the
PHC were extracted as PHCR with a comparable length
to the PHC. Finally, the bilateral PHCR in the MNI space
was imported to DSI-Studio software and exported as ROIs
in GQI space (Figure 1).

Quantitative analysis of ROIs

As the patients included herein had a definitive diagnosis of
MTLE, the capability of FORX and PHCR to determine
lateralization was assessed in our study. The bilateral
QA, ISO and TDI values of the FORX and PHCR were
compared between the ipsilateral side (the side with
MTLE) and the contralateral side using Paired #-test or
the Wilcoxon test if the data set did not fit the normal
distribution. The comparison between the two ROIs were
further investigated among the ipsilateral side, contralateral
side, and the controls separately. Finally, in order to observe
whether FORX_TDI and PHCR_TDI can be lateralized
for MTLE, a descriptive analysis of the sensitivity and
specificity between the two structures were compared
in lateralization of MTLE using receiver operating
characteristic (ROC) curve.

The quantitative analysis for gray matter structures
was conducted between the HP, PHC, AM and EC. The
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heterogeneity between the bilateral mesial temporal areas
in patients with MTLE were first processed. The four
ipsilateral ROIs were compared to each other and P<0.05
was considered statistically significant. The bilateral side of
the four ROIs were compared separately with the control
data collected from the volunteers. Specificity was calculated
between them with the Independent-samples 7-test or the
Mann-Whitney U test. Significant level a (0=0.05) was
adjusted as 0.017 using Bonferroni method in order to
avoid Type I error when performed multiple comparisons
of QA and ISO among ipsilateral and contralateral values,
and controls. TDI values were only compared between
ipsilateral and contralateral regions, thus the level o was
determined as 0.05.

Statistical analysis

All statistical analyses were performed with the Solutions
Statistical Package for the Social Sciences (SPSS, Version
22; IBM, Armonk, New York, USA). The figures in our
study were editing and drawing using Photoshop (Version
CC 2019 for Mac, Adobe Systems Incorporated, San Jose,
USA) and GraphPad Prism (Version 8.0 for Mac, GraphPad
Software, San Diego, USA).

Results
General information

In this study, we recruited 11 patients (6 men and 5 women,
age: 28.3+10.8 years) with unilateral medial temporal
lobe epilepsy (7 left and 4 right) from the Department of
Neurosurgery in Xuanwu Hospital between May 2019 and
January 2020. In these 11 patients, we observed a series of
abnormal discharges during the interictal phase. Most of
the patients have a lateralization on the scalp-EEG results
with some of the patients showing bilateral asynchronous
discharges during the ictal and interictal period (7able 1 and
Figure 2). All the patients had a definite diagnosis of MTLE
after intensive discussion by the MDT consisting of a
neurosurgeon, a neurologist, and a radiologist. The seizure
type of the 11 patients were listed according to the 2017
ILAE classification, all the patients suffered from the focal
onset with FBTCS (focal to bilateral tonic-clonic seizure)
and/or FIAS (focal impaired awareness seizure) (16).
Among the 11 patients included, nine underwent a
standard ATL with a clear pathology diagnosis of HP
sclerosis (1able I). One patient underwent the implantation
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Table 2 Statistics results between ipsilateral and contralateral sides
ROls Ipsilateral side Contralateral side t/z P
PHCR_TDI 86.26+44.7 124.1+61.25 -3.253 0.009
PHCR_QA 1.02+0.14 1.24+0.21 -4.432 0.001
PHCR_ISO 3.06+0.26 3.3+0.28 -3.752 0.004
HP_TDI 4.85+0.67 5.07+1.16 —-0.753 0.469
HP_QA 1.17+0.23 1.18+0.20 -0.078 0.939
HP_ISO 3.23+0.33 3.59+0.30 —7.426 0.000022
EC_TDI 6.31+1.64 6.51+1.62 -0.474 0.646
EC_QA 0.8+0.08 0.88+0.14 -1.928 0.083
EC_ISO 2.66+0.55 3.04+0.47 —2.455 0.034
PHC_TDI 5.46+1.14 5.45+1.93 0.033 0.974
PHC_QA 0.86 (0.75, 0.9) 0.81(0.72, 1.03) -0.178 0.859
PHC_ISO 3.03 (2.71, 3.06) 3.19 (2.67, 3.46) -1.824 0.068
AM_TDI 5.96+1.46 7.35+1.71 —2.844 0.017
AM_QA 1.03+0.11 1.05+0.12 -1.005 0.339
AM_ISO 3.53+0.36 4.01+0.46 -6.785 0.00048
FORX_TDI 544.41+462.02 702.57+622.17 —2.384 0.038
FORX_QA 1.92+0.5 1.99+0.44 —-0.646 0.533
FORX_ISO 2.78 (2.66, 3.45) 2.81(2.69, 3.38) -0.089 0.929

Paired t-test or Wilcoxon test was used between ipsilateral and contralateral sides (PHC_QA, PHC_ISO, FORX_ISO were analyzed using
Wilcoxon test). PHCR, parahippocampal radiation of the cingulum; TDI, track density imaging; QA, quantitative anisotropy; FORX, fornix.

of frameless SEEG electrodes (Alcis, Besancon, France)
and long-term intracranial EEG recording with definite
SEEG results. Only one patient had no invasive treatment
following a clear diagnosis of MTLE after MDT discussion.

Meanwhile, 11 healthy volunteers (6 men and 5 women,
age: 25.1£3.5) were recruited and became the control
group. There were no significant differences in age and sex
between patients and controls (P=0.371 and 1.00).

Comparison between the ROIs in patients and controls

For PHCR and FORX, the quantitative analysis was first
processed between the ipsilateral and contralateral sides of
the patients. Our results showed that, for PHCR, the value
of QA, ISO and TDI values were significantly decreased
than those of the contralateral side (P=0.001, 0.004, 0.009,
respectively, Paired 7-test, Bonferroni correction). As for
the FORX, the value of TDI was significantly decreased
(P=0.038, Paired t-test, Bonferroni correction) with

© Annals of Translational Medicine. All rights reserved.

another two scalars showing no difference between the
two sides (Paired z-test for QA values and Wilco xon for
ISO values, P>0.05). The results are displayed on Table 2.
Next, the comparison between the patients and controls
was performed. Since TDI determination was performed
with a different threshold when fiber tracking and the
error cannot be eliminated when comparing patients and
controls (the individual tracking threshold was set at 60%
of the maximum value), the QA and ISO were selected to
finish the comparison. Results showed that the difference
in ipsilateral PHCR_QA and PHCR_ISO in the patients
were greatly significant compared with the volunteers
(Independent-Sample #test, P<0.05), while PHCR_QA still
showing significant difference after correction for multiple
comparisons (P<0.017). When comparing the contralateral
side with the control groups, there were no differences in
FORX and PHCR (Table 3 and Table 4). Additionally, the
reconstruction of cingulum and fornix are shown as QA
values on Figure 3 and Figure 4.

Ann Transl Med 2021;9(4):297 | http://dx.doi.org/10.21037/atm-20-5719
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Table 3 Statistical results between ipsilateral side and control group

Wang et al. DSI for mesial temporal lobe epilepsy

ROls Ipsilateral side Control group t/z P

PHCR_QA 1.02+0.14 1.23+0.19 -3.291 0.002
PHCR_ISO 3.06+0.26 3.28+0.28 —2.261 0.031
HP_QA 1.17+0.23 1.23+0.19 -0.701 0.488
HP_ISO 3.23+0.33 3.54+0.32 -2.634 0.013
EC_QA 0.8+0.08 0.93+0.15 -2.615 0.014
EC_ISO 2.66+0.55 2.99+0.55 -1.602 0.119
PHC_QA 0.86 (0.75, 0.9) 0.92 (0.81, 1.18) -1.893 0.058
PHC_ISO 3.03 (2.71, 3.06) 3.11(2.96, 3.4) —-2.083 0.037
AM_QA 1.03+0.11 1.11£0.15 -1.655 0.108
AM_ISO 3.53+0.36 3.85+0.48 -1.901 0.067
FORX_QA 1.92+0.5 2.10+0.21 -1.17 0.265
FORX_ISO 2.78 (2.66, 3.45) 2.83(2.74,3.12) -0.382 0.702

Independent-samples t-test or the Mann-Whitney U test was used between ipsilateral side and control group (PHC_QA, PHC_ISO and
FORX_ISO were calculated using Mann-Whitney U test). PHCR, parahippocampal radiation of the cingulum; QA, quantitative anisotropy;
ISO, isotropic; HP, hippocampus; EC, entorhinal cortex; PHC, parahippocampus; AM, amygdala; FORX, fornix.

Table 4 Statistical results between contralateral side and control group

ROls Contralateral side Control group t/z P

PHCR_QA 1.24+0.21 1.23+0.19 0.074 0.941
PHCR_ISO 3.3+0.28 3.28+0.28 0.123 0.903
HP_QA 1.18+0.20 1.23+0.19 -0.669 0.508
HP_ISO 3.59+0.30 3.54+0.32 0.446 0.659
EC_QA 0.88+0.14 0.93+0.15 -0.869 0.391
EC_ISO 3.04+0.47 2.99+0.55 0.294 0.771
PHC_QA 0.81(0.72, 1.03) 0.92 (0.81,1.18) -1.739 0.082
PHC_ISO 3.19 (2.67, 3.46) 3.11 (2.96, 3.4) -0.325 0.745
AM_QA 1.05+0.12 1.11£0.15 -1.08 0.288
AM_ISO 4.01+0.46 3.85+0.48 0.91 0.370
FORX_QA 1.99+0.44 2.1+0.21 -0.787 0.446
FORX_ISO 2.81(2.69, 3.38) 2.83(2.74,3.12) -0.401 0.688

Independent-samples t-test or the Mann-Whitney U test was used between ipsilateral side and control group (PHC_QA, PHC_ISO and
FORX_ISO were calculated using Mann-Whitney U test). PHCR, parahippocampal radiation of the cingulum; QA, quantitative anisotropy;
ISO, isotropic; HP, hippocampus; EC, entorhinal cortex; PHC, parahippocampus; AM, amygdala; FORX, fornix.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(4):297 | http://dx.doi.org/10.21037/atm-20-5719
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Figure 3 Bilateral cingulum and quantitative anisotropy (QA) visualization for 11 patients. The bilateral cingulum is reconstructed and
quantitatively analyzed. The QA value is visibly referenced by the color bar on DSI-Studio. The QA value on the ipsilateral side on the
parahippocampal radiation of the cingulum (PHCR) area is significantly decreased.

qa=1.95
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Figure 4 Bilateral fornix and quantitative anisotropy (QA) visualization for 11 patients. The fornix is reconstructed and quantitatively

analyzed following the study protocol. The QA value is visibly referenced by the color bar on DSI-Studio. The QA value on the ipsilateral

side of the crus of fornix (FORX) area is significantly decreased.

As both FORX_TDI and PHCR_TDI measurements
showed significantly decreased values in the ipsilateral side,
which was better in finding the asymmetry than QA and
ISO values, the comparison of sensitivity and specificity
in detecting the lateralization of MTLE between FORX_
TDI and PHCR_TDI was conducted with ROC curve for
both patients and controls. There were 9/11 patients whose

© Annals of Translational Medicine. All rights reserved.

pathologic findings were consistent with PHCR_TDI
abnormalities, and 0/11 healthy volunteers had PHCR_TDI
abnormalities, which indicated the sensitivity was 89.5%
and specificity 100.0% for PHCR_TDI (area under curve
=0.93, P=0.019; Table 5, Figure 5). Meanwhile, there were
10/11 patients whose pathologic findings were consistent
with FORX_TDI abnormalities, and 0/11 healthy

Ann Transl Med 2021;9(4):297 | http://dx.doi.org/10.21037/atm-20-5719
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volunteers had FORX_TDI abnormalities, which indicated
the sensitivity was 95.0% with the specificity 100% for
FORX (area under curve=0.95, P=0.040, Table 5, Figure 5).
As a quantitative diffusion modality, DSI may have some
advantages in finding heterogeneity between white matters.
In this study, ROC curves were used to assess effectiveness
of TDI scalar and comparing the sensitivity between
PHCR_TDI and FORX_TDI. Our results showed that
these two white matter structures in TDI can effectively
be used to detect the lateralization of MTLE. Moreover,
FORX_TDI appeared more sensitive than PHCR_TDI.
For the gray matter, as a matter of priority, the values
of bilateral HP, PHC, AM, and EC were compared to

Table 5 ROC analysis
95% confidence interval
AUG Standard
error Min Max

Test variable: PHCR_TDI

0.930 0.058 0.019 0.816 1.000
Test variable: FORX_TDI
0.950 0.049 0.040 0.854 1.000

ROC, receiver operating characteristic; PHCR, parahippocampal
radiation of the cingulum; TDI, Track density imaging; FORX,
fornix.
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assess the diffusion heterogeneity between the ipsilateral
and contralateral mesial temporal area. Our results showed
that the values of HP_ISO, EC_ISO, AM_TDI, and AM_
ISO were significantly different on the contralateral side
(Paired z-test, P<0.05). Moreover, HP_ISO still survived
after the Bonferroni method correction (P<0.017) with
the rest of the values showing a decreasing trend with no
statistically significant difference (7able 2). The values of
bilateral HP, PHC, AM and EC between the ipsilateral
and contralateral sides and the controls were compared
to further assess the heterogeneity. At first, the ipsilateral
side of the four ROIs were compared with those of the
control group. The results showed that the value of HP_
ISO, EC_QA, and PHC_ISO were significantly decreased
on the ipsilateral side (Independent-Sample #-test for HP_
ISO and EC_QA, Mann-Whitney U test for PHC_ISO,
P<0.05). After the correction, HP_ISO and EC_QA showed
significantly difference with the other regions showing no
differences between groups (P<0.017, Table 3). Moreover,
the contralateral side of the MTLE patients showed no
difference when compared to that of the healthy controls
(1able 4). All the statistical results can be seen in Figure 6.

Discussion

In our study, we quantitatively demonstrated the

B ROC curve

0.8

0.6

Sensitivity

0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

1-specificity

Figure 5 ROC curve for PHCR_TDI and FORX_TDI. (A) The ROC curve for PHCR_TDI shows that the area under curve was 0.93. (B)
The area under curve for FORX_TDI is 0.95, which is higher than PHCR_TDI. PHCR, parahippocampal radiation of the cingulum; ROC,

receiver operating characteristic; TDI, Track density imaging.

© Annals of Translational Medicine. All rights reserved.
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heterogeneity on the diffusion level in patients with MTLE
using DSI. To the best of our knowledge, this is the first
report using the GQI algorithm in DSI to quantify the
diffusion differentiation between the two sides of unilateral
MTLE. Based on our results, we concluded a decreased
level of diffusion existed on some of the mesial temporal
structures. As a preliminary exploration, DSI, with its high
angular resolution may be a reliable and effective modality
for the presurgical evaluation of MTLE patients.

PHCR and FORX—important input and output from the
HP

In our 11 unilateral MTLE patients, significant differences
were found on the bilateral PHCR and FORX. A series
of decreased values were found on the ipsilateral side of
the MTLE patients. The cingulum and fornix are the two
important parts of the Papez circuit (17). Within the circuit,
the cingulum bundle forms a collection of fibers that
project from the cingulate gyrus to the EC and PHC, and
this connection is reported to be associated with a series of
functions such as emotion, reward, pain and memory (6,18).
In contrast, the fornix forms a connection with the HP and
the mammillary bodies, mainly affecting the major function
of memory (19). As hippocampal sclerosis is the major
pathological change in MTLE, microstructural changes in
relation to the HP may occur due to the repetitive seizure
attacks (1).

High resolution diffusion scalar of the FROX and PHCR

Studies focusing on cingulum and fornix have found the
diffusion differences. Reports have stated the presence
of widespread white and gray matter abnormalities in
patients with TLE (2). Urbach ez 4/. reported a reduction
in the bilateral cingulum fiber in unilateral temporal lobe
epilepsy with HS (6).To the best of our knowledge, most
of the previously reported studies have used the technique
of DTT to quantify the changes, which may lead to
inaccuracy results as it only decodes the average trend of
the orientation of fibers for each voxel. Lemkaddem ez al.
(2014) has used high angular resolution DSI to investigate
the microstructural alterations in TLE. They found that the
network topology of the unilateral TLE was less efficient
to detect structural connectivity in patients compared to
the control group from the aspect of structural connectivity
based on the anisotropy of the diffusion (3). However, they
failed to assess the diffusion heterogeneity between the

© Annals of Translational Medicine. All rights reserved.
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two sides in MTLE patients with the help of DSI in GQI
space. Besides QA and ISO using GQI algorithm, TDI
has been the preferred quantitative image reconstruction
method of choice for dMRI to provide spatial resolution
and anatomical information, which cannot be obtained
by routine methods, especially for the white matter
(14,15). In this study, we observed a significantly decreased
diffusion level in the PHCR and FORX, corresponded
with the microstructural changes for the white matter of
MTLE patients. Moreover, the sensitivity and specificity
for PHCR_TDI and FORX_TDI values were compared
between the two structure in detecting the lateralization
of MTLE. Our results showed that both ROIs in TDI
had 100% specificity and higher sensitivity (89.5% and
95%, respectively) to detect the ipsilateral lateralization of
MTLE. FORX in TDI tended to be more sensitive than
PHCR in TDI (AUC =0.93 vs. AUC =0.95).

Diffusion changes of the other major structures

The diffusion level between the different subcortical
structures on the bilateral side has also been quantified with
DSI. As tractography is a useful method for presurgical
evaluation, itis being increasingly used to investigate
epilepsy, specifically TLE (4,7,20). Studies have found that
on DTI, the subcortical structures, including the amygdala,
HP and thalamus, ipsilateral to the seizure side, have low
fractional anisotropy values (2,21-23). As DSI can resolve
intravoxel diffusion heterogeneity by measuring its diffusion
density spectra estimator, it tends to be more precise than
DTI methods in the quantification of the diffusion level
(9,24). However, no study has assessed the diffusion changes
between mesial temporal gray matter structures using DSI
in patients with MTLE. In our study, the diffusion level on
different ROIs were significantly decreased including the
HP, AM and EC in GQI space (P<0.017). Our preliminary
results showed that although diffusion may have some
advantages in finding heterogeneity between white matters,
there still existed some differences between subcortical
structures like HP. The diffusion level may vary in MTLE
patients for both white matter and grey matter and a further
investigation may be needed from the aspect of both brain
networks and connection omics.

Limitations

Limitations still exist in our present study. First, the sample
size we evaluated was small. There may have been some

Ann Transl Med 2021;9(4):297 | http://dx.doi.org/10.21037/atm-20-5719
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selection bias for these data because of the small sample size.
Moreover, as DSI is a newly developed imaging modality,
the results presented herein are preliminary. As DSI will
gradually be a routine method for both clinical and scientific
use, a larger number of patients and controls may be
required for further assessment. Second, in this study, we did
not perform a comparison of the accuracy between DTT and
DSl in lateralization of MTLE in this study. The conclusion
that DSI has higher angular resolution was summarized from
the previous study (24,25). A further study on simultaneously
acquired D'TT and DSI scans may be performed if necessary.
Finally, other parts of the ROIs such as the uncinate gyrus
were not included in our comparisons and need to be further
investigated in our future studies.

Conclusions

We have compared the diffusion differences between
patients with MTLE and healthy controls using highly
angular DSI with GQI algorithm in unilateral MTLE.
We investigated the heterogeneity in both gray and
white matters between the two sides and found that the
quantitative diffusion scalars of the DSI are sufficiently
sensitive to define the ipsilateral lateralization of MTLE
during the presurgical evaluations. As a preliminary result,
this quantitative technique may play a supplementary
noninvasive role in presurgical assessment of MTLE
patients, especially in cases when conventional MRI findings
tends to be negative.
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