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Abstract

Temporal lobe epilepsy (TLE) is one of the most common subtypes of focal epilepsy,
with mesial temporal sclerosis (MTS) being a common radiological and histopathologi-
cal finding. Accurate identification of MTS during presurgical evaluation confers an
increased chance of good surgical outcome. Here we propose the use of glutamate-
weighted chemical exchange saturation transfer (GIUCEST) magnetic resonance imag-
ing (MRI) at 7 Tesla for mapping hippocampal glutamate distribution in epilepsy,
allowing to differentiate lesional from non-lesional mesial TLE. We demonstrate that
a directional asymmetry index, which quantifies the relative difference between Glu-
CEST contrast in hippocampi ipsilateral and contralateral to the seizure onset zone,
can differentiate between sclerotic and non-sclerotic hippocampi, even in instances
where traditional presurgical MRI assessments did not provide evidence of sclerosis.
Overall, our results suggest that hippocampal glutamate mapping through GIUCEST
imaging is a valuable addition to the presurgical epilepsy evaluation toolbox.
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1 | INTRODUCTION

Approximately 1.2% of the US population suffers from active epilepsy
(Zack & Rosemarie, 2017), that is, patients are either currently taking
medication to control it, or had one or more seizures in the past year.
Furthermore, recent studies have shown that people with epilepsy
have 11 times higher odds of premature death compared with
matched controls (Bauman & Devinsky, 2021; Fazel et al., 2013). Epi-
lepsy classification is critical for surgical planning and appropriate
pharmacological treatment. In 2017, the International League Against
Epilepsy (ILAE) described four main types of epilepsy: focal, general-
ized, combined generalized and focal, and unknown (Scheffer
et al., 2017). Each of those subtypes can then be further subdivided
by their etiology, and if focal, by their localization. One of the most
common subtypes of focal epilepsy is temporal lobe epilepsy (TLE)
(Téllez-Zenteno & Herndndez-Ronquillo, 2011). Within TLE, if seizures
are identified as originating from the lateral or temporal poles, the
term neocortical temporal lobe epilepsy (nTLe) is utilized (Berg
et al., 2010; Téllez-Zenteno & Hernandez-Rongquillo, 2011). If seizures
are identified as originating from the amygdalo-hippocampal area, the
term mesial temporal lobe epilepsy (MTLe) is utilized (Berg
et al., 2010; Téllez-Zenteno & Hernandez-Ronquillo, 2011). Further-
more, within MTLe, the presence of sclerosis and/or atrophy of the
hippocampus, termed mesial temporal sclerosis (MTS) or MTLe with
hippocampal sclerosis (MTLe-HS), is one of the main causes of drug
resistant epilepsies referred for surgery, with high likelihood of post-
surgical seizure freedom (Asadi-Pooya et al., 2017; Elsharkawy
et al., 2009; Wieser et al., 2004). Some clinicians make a distinction
between MTS and MTLe-HS, in that changes in other mesial temporal
structures beyond the hippocampus are observed in MTS. However,
the terms are often used interchangeably (Thom, 2014). In this study,
we use the term lesional MTLe (MTLe-L) to refer to patients that have
either histopathological evidence of HS, qualitative and quantitative
(i.e., hippocampal volumetry) findings of HS, or both. Furthermore, we
use the term non-lesional MTLe (MTLe-NL) to refer to patients that
do not have evidence of hippocampal sclerosis.

MTS is characterized pathologically by neuronal loss and astrocyte
gliosis, with changes classically seen most prominently in the cornu
ammonis 1 (CA1) hippocampal subfield, and the dentate gyrus
(DG) (Thom, 2014). Compared with other etiologies of epilepsy,
patients with MTS are more likely to be medically refractory, with only
25-42% of patients being controlled on antiepileptic drugs alone
(Stephen et al., 2001). Fortunately, MTS is associated with a favorable
surgical outcome: 60-80% of patients are seizure-free after temporal
lobectomy (Elsharkawy et al., 2009; Wieser et al., 2004), placing signifi-
cant clinical value in correctly identifying MTS during presurgical evalu-
ation. Recently, there has been an increase in the usage of minimally
invasive laser interstitial thermal therapy (LITT) in the treatment of both
lesional and non-lesional MTLe (Kang et al., 2016; Le et al., 2018).
Appropriate localization of ablation targets within the hippocampus
with noninvasive imaging could minimize unnecessary tissue ablation,
obviate the need for intracranial electroencephalogram (EEG), and

potentially improve the likelihood of post-surgical seizure freedom.

Our group has previously demonstrated that a novel 7 Tesla mag-
netic resonance glutamate imaging technique, GIUCEST (glutamate-
weighted chemical exchange saturation transfer) (Cai et al., 2012), can
lateralize the epileptic focus in non-lesional epilepsy patients (Davis
et al., 2015; Hadar et al., 2021). The objective of this study was to
apply this imaging technique to medically refractory TLE patients to
further map the spatial distribution of glutamate changes in lesional
MTLe patients, and contrast the findings with those in a non-lesional
MTLe patient population. We also aimed to better define the utility of
GIUCEST in lateralizing and differentiating lesional from non-

lesional MTLe.

2 | METHODS

21 | Patient selection

This study was conducted under an approved Institutional Review
Board protocol at the University of Pennsylvania. Presurgical mesial
temporal lobe epilepsy patients (n = 14) were recruited from the Penn
Epilepsy Center. Inclusion criteria included age > 18 years, confirma-
tion of mesial temporal lobe epilepsy diagnosis by scalp EEG, clinical
MRI scan, and refractory epilepsy despite adequate trials of at least
two anti-seizure medications. We based our group definitions
(MTLe-L vs. MTLe-NL) on the clinical consensus from our epilepsy
surgical conference, radiological reads, and histopathology, when
available. In addition, we used quantitative evidence from hippocam-
pal volumetry, to corroborate our lateralization and group assign-
ments. Hippocampal volume has been shown to be an excellent
predictor of hippocampal sclerosis (Bernasconi, 2006; Princich
et al, 2021). In order of importance, we considered histopathology
first. In the absence of histopathology supporting MTS, the radiologi-
cal read was considered. In the absence of radiologically evident MTS,
hippocampal volumetry was considered, with a hippocampal absolute
asymmetry larger than 5.4% (maximum asymmetry in our control pop-
ulation), considered evidence of hippocampal atrophy. Meeting any of
the above criteria resulted in a subject defined as MTLe-L, whereas
absence of any of the above criteria resulted in a subject defined as
MTLe-NL. Exclusion criteria included prior intracranial surgical inter-
vention, contraindications to 7 T MRI scanning (e.g., metallic implant,
claustrophobia), and pregnancy. Ten healthy control subjects (three
male, aged 23 to 54 years; seven female, aged 24 to 56 years) were

also recruited.

2.2 | Patient demographics

Ten MTLe-L, four MTLe-NL, and 10 healthy controls were included in
the analysis. Detailed information for each patient can be found in
Table 1. All of the included epilepsy patients had medically refractory
epilepsy and underwent routine presurgical evaluation, which
included confirmation of seizure localization with scalp EEG with
video, clinical 3 T brain MRI, and FDG-PET.
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In the MTLe-L group, 8/10 subjects had either confirmed histopa-
thology or a definitive radiological read of MTS. The remaining 2/10
MTLe-L subjects had suspected MTS per radiological read, which was
later corroborated in laterality and degree by hippocampal volumetric
asymmetry above 5.4%. The four subjects not included in the MTLe-L
group had no histopathology available, however, they also had no evi-
dence of sclerosis on imaging, and had hippocampal volumetric asym-
metries within the range of our control subjects, therefore they were
assigned to the MTLe-NL group. In the MTLe-NL group, 2/4 subjects
were part of our previous 3D GIuCEST study.

2.3 | MRl scans and data analysis

2.3.1 | Image acquisition

GIuCEST MRI was acquired on 7 T whole-brain MRI scanner (Siemens
Medical Systems) with a single-channel transmit/32-channel receive
proton head phased-array volume coil. The structural 7 T MRI proto-
col was as described in prior work (Davis et al., 2015; Hadar
et al., 2021), and consisted of T,-weighted anatomical magnetization-
prepared rapid gradient echo (MPRAGE) images of the whole brain
(176 axial slices, repetition-time/echo-time/inversion-time [TR/TE/
TI] = 2800/4.4/1500 ms, flip-angle = 7°,0.8 x 0.8 x 0.8 mm? resolu-
tion, iPAT = 2, scan-time 4 m:43 s), To,-weighted MRI using the vari-
able flip angle turbo spin echo (TSE_VFL) sequence (224 coronal
slices, TR/TE = 3000/388ms, 0.4 x 0.4 x 1.0 mm® resolution,
iPAT = 2, scan-time 7 m:42 s) followed by the acquisition of the Glu-
CEST sequences. GIUCEST acquisition parameters followed those
reported for 2D GIuCEST (Davis et al., 2015) and 3D GIuCEST (Hadar
et al.,, 2021) in prior studies. The 2D GIuCEST acquisition, consisted of
a single 5 mm slice perpendicular to the long axis of the hippocampus
with an in-plane resolution of 0.8 x 0.8 mmZ. The 3D volumetric Glu-
CEST acquisition, consisted of a partial 3D technique with 60, 1 mm
isotropic coronal slices with complete antero-posterior coverage of
the hippocampus. In addition, By and B1 maps of the same slices were
acquired and were used to correct By and B4 inhomogeneities in the
2D and 3D volumetric GIUCEST maps, as described previously (Cai
et al, 2012). Only 2D GIuCEST acquisitions were available for our

control population.

2.3.2 | Hippocampal subfield segmentation

The Automated Segmentation of Hippocampal Subfields (ASHS) algo-
rithm (Yushkevich et al., 2006; Yushkevich et al., 2015) was utilized to
generate subfield segmentations. Segmentations of bilateral hippo-
campal subfields (CA1, CA2, CA3, CA4/DG [dentate gyrus]) and hip-
pocampal tail were obtained from 7 T T,-weighted MRI images similar
to our previous work (Shah et al., 2018). Due to their small size, CA2
and CA3 segmentations were combined. The whole hippocampal seg-
mentation was derived by combining the individual subfield segmen-

tations. These segmentations were subsequently resliced into the

single 2D GIuCEST slice and into the 3D GIUCEST space for 2D and
3D GIuCEST analyses, respectively. The 2D and 3D GIUCEST maps
did not require registration to the structural scans from which the seg-
mentation was derived because their acquisition was immediately
after the structural sequences, and the subjects experienced minimal
movement between scans. Reslicing of the segmentations into their
corresponding 2D and 3D GIUCEST space was done using the C3D
package distributed with ITK-SNAP (Yushkevich et al., 2006). Using
the segmentations as a mask, the average GIUCEST contrast within
each subfield and across the entire hippocampus was measured. For
the subjects with 3D GIuCEST, an average across the entire volume of
the segmentation mask was used. For subjects with 2D GIuCEST, an
average across the entire area of the segmentation in the 2D slice
was used.

2.3.3 | Directional asymmetry calculation

Hippocampal measurements were divided into ipsilateral and contra-
lateral based on the lateralization of the epileptic seizure onset zone
as determined by pre-surgical evaluation. Control subjects' hippo-
campi were randomly assigned into ipsilateral or contralateral in equal
proportion to the MTLe-NL and MTLe-L subjects' lateralization. To
distinguish increased from decreased GIUCEST in the ipsilateral hippo-
campus, a directional asymmetry index (DAI) instead of the absolute
asymmetry index (Al) was calculated as follows for each subject's hip-

pocampal and subfield segmentation:

DAl = CESTipsi - CESTcontra
CESTipsi + CESTcontra

Under this definition, a negative DAI will suggest decreased Glu-
CEST in the ipsilateral side, or conversely, increased GIUCEST in the
contralateral side. An analogous calculation was carried out for the
ipsilateral and contralateral whole hippocampal volume, obtaining a
volumetric DAI. The absolute asymmetry index (Al), where reported,
was calculated as the absolute value of the DAI defined above.

2.34 | Hippocampal GIUCEST asymmetry maps

In order to better visualize the distribution of GIUCEST asymmetry in
sclerotic hippocampi, we developed a 2D shape-based registration
approach for doing a voxelwise GIUCEST contrast comparison
between ipsilateral and contralateral hippocampi. For MTLe-L and
control patients with 2D GIuCEST acquisitions, a 2D registration pro-
cess was carried out to a template hippocampal segmentation from
one of our control subjects. This specific template hippocampus seg-
mentation was chosen due to it being a healthy control, and due to
the hippocampus being highly symmetric to the contralateral hippo-
campus. Then, for each patient and control, a symmetric diffeo-
morphic 2D transformation was carried out between the 2D

hippocampal segmentation of each hippocampus (left and right) and
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the template hippocampal segmentation described previously. After
the registration to the template hippocampus was defined for each
subject and each hippocampus, the registration was applied to the
GIuCEST map masked by the original hippocampal segmentation,
resulting in a hippocampal GIUCEST map registered to the template
hippocampus. Finally, with a GIUCEST map of each hippocampus in
this template space, the absolute asymmetry (absolute value of the
DAI) in GIuCEST contrast between left and right hippocampi at each
voxel, and for each subject, was calculated. A two-sample t-test was
subsequently carried out at every voxel comparing MTLe-L and con-
trols, generating a spatial t-statistic map along the hippocampus. The
registration described above was carried out using the Symmetric
Normalization (SyN) algorithm proposed by Avants et al. (2008) and
implemented in DIPY 1.5.0 in Python 3.8. Only those patients with
2D GIUuCEST were used for this analysis because of the lack of a con-
trol population in the 3D GIuCEST dataset.

24 | Statistics

A one-way ANOVA with multiple comparisons was carried out to
compare the GIUCEST DAI as well the hippocampal volume DAI
between control, MTLe-L and MTLe-NL subjects for the whole hippo-
campal segmentation. For the subfield analysis, a two-sample t-test
was used to compare the means of each subfield DAI between the
MTLe-L and MTLe-NL groups. Bonferroni correction was used for
multiple comparisons. 2D and 3D GIUCEST whole hippocampus DAI

measurements for the MTLe-L group were compared using a non-

Control

ca1

CA2+CA3

DG

Subfield
Subfield
Subfield

Tail

Mean

0. K X ; 0.2 -0.2 >U‘| 0.0 U“ U‘Z
LEFT RIGHT ] CONTRA 02 01
GIUCEST DAI (AU.) GIUCEST DAI (AU,)

FIGURE 1

GIUCEST DAI (AU.)

parametric Mann-Whitney rank test, given the small sample sizes
used in this comparison. Statistical significance was defined at p < .05.
Results are presented as mean + SEM. Effect sizes, when reported,

are reported as Cohen's D values.

3 | RESULTS

3.1 | Whole hippocampus DAI

Figure 1a-c show the 2D distribution of GIUCEST in representative
control, MTLe-L and MTLe-NL subjects. Individual whole hippocam-
pus mean GIUCEST DAI values are shown in Table 1. Out of
10 MTLe-L subjects, nine had a negative DAI, including three subjects
with MRI-negative, but pathology confirmed MTLe-L (Patients P021,
P025, and P029, Figure 2). The average GIUuCEST DAI in the whole
hippocampus for the MTLe-L, control and MTLe-NL groups were
—0.063 £0.020, 0.017 £0.016, and 0.047 +0.017, respectively
(Figure 1d). Statistically significant differences were found between
the whole hippocampus mean GIUCEST DAl of MTLe-L and controls
(p < .01, corrected. Cohen's D, 1.38), and MTLe-L and MTLe-NL
(b < .01, corrected. Cohen's D, 2.16). No differences were found
between the hippocampal mean GIUCEST DAI of control and MTLe-
NL subjects (p = .610, corrected. Cohen's D, 0.71). No statistically sig-
nificant differences were found between 2D and 3D whole hippocam-
pus mean GIuCEST DAI for the MTLe-L group (p = .227), although
there was a moderately large effect size, with 3D GIUCEST hippocam-
pal DAl having a more negative DAI than 2D GIuCEST (Cohen's D,

(d) p<0.01 (e)

p<0.01 _
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= — .
2 0.1 2 o
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= . = 5
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< = .o o -0.2-
B @ 014 ] o
5 3 -
o —
o o 02 2 -0
B 2
© 03— 06—
P v ~
& & F Q&
Q
= Q(\ AN s & $
) (9)
01 @ MTLeNL
CA1 . ¥ MTLe-L .
CA2+CA3: El v @
*DG < oo .'_/
Tail < v))/v
2 o1 v
cA1 17 v
CA2+CA3- O MTLeNL Q| .
*DG I MTLeL  ©
Tail
03
0.1 02 T T 1
CONTRA 03-02-01 0 01 02 03 04 0.2 0.0 0.2
GIUCEST DAI (Al) Volumetric DAI (A.U.)

(a-c) GIUCEST signal varies based on sclerosis. Top: Representative 2D GIuCEST slice for a control (a), MTLe-L (b) and MTLe-NL

(c) subject. * represents the ipsilateral side based on the lateralization of the epileptic seizure onset zone as determined by pre-surgical evaluation.
Subject PO51 mirrored for ease of comparison. Middle: The same slice but with only the hippocampal segmentation GIuCEST map, overlaid on
the T2 structural image. Bottom: GIUCEST DAl for each subfield, as well as the mean GIuCEST DAI across subfields. (d) Whole hippocampus
GIuCEST DA for the three groups. (e) Whole hippocampus volumetric DAI for the three groups. (f). Subfield DAI for the MTLe-L and MTLe-NL
groups. * represents that the subfield DAI between the groups is significantly different (p < .05). (g) Scatterplot with iteratively reweighted least
squares (IRLS) linear fit of volumetric DAI versus GIUCEST DAI. A.U., arbitrary units; DAL, directional asymmetry index
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GIUCEST Contrast

o

7T_P025: MRI-negative, surgically confirmed right MTS

*
>

GIuCEST Contrast

DAI =-0.19 0

7T_P021: MRI-negative, surgically confirmed right MTS

FIGURE 2 GIuCEST and MRI comparisons. Coronal (left), and axial (middle) 3T T2w MRI, as well as axial 3D GIuCEST slice (right) for two
MRI-negative surgically confirmed right MTS patients. Both patients had left sided seizure onset, as represented by the asterisk next to the
hippocampus. DAI stands for the GIUCEST contrast directional asymmetry index

0.81). A statistical comparison between 2D and 3D GIuCEST DAI for
the MTLe-NL was not done due to the small sample size, but the
values were consistent in range and sign for the two GIUCEST acquisi-
tion types, with a small effect size when comparing DAl between the
two acquisition modalities (Cohen's D, 0.25).

In addition to comparing GIUCEST DAl differences with the pro-
posed group assignments of MTLe-L and MTLe-NL, we also compared
two other potential group assignments based on the MRI-lesional sta-
tus and the degree of hippocampal volumetric asymmetry (Figure S1).
These alternative group assignments are independent of the presence
of histopathology, unlike our original assignments. For the MRI-
lesional status assignment (Figure S1A), we found no statistically sig-
nificant differences between the MRI-positive (MRI+) and the MRI-
negative (MRI-) groups (p = .37), although there was a moderate
effect size, with MRI+ subjects having a more negative GIUCEST DAl
than MRI- subjects (Cohen's D, 0.54). For the MRI- subjects that had
histopathology available (Figure S1B), and hence confirmed MTS, we
found a significantly lower GIUCEST DAl (p = .031. Cohen's D, 2.26),
compared with the MRI- subjects without available histopathology.
Finally, for the hippocampal volumetric asymmetry group assignment
(Figure S1C), subjects with high volumetric asymmetry (more than
5.4%, as defined in the Patient Selection section) had a significantly
lower GIUCEST DAI (p = .011. Cohen's D, 1.80). Overall, these find-
ings suggest that separating the subjects solely based on hippocampal
volumetric asymmetry would result in findings that are consistent
with the original MTLe-L and MTLe-NL group assignments, without
the need for histopathology. On the other hand, separating the groups
based on MRI lesional status alone leads to an MRI- group with a wide

distribution of GIUCEST DAI values, since that group might contain
subjects with and without histopathological MTS.

The volumetric DAIs in the whole hippocampus for the MTLe-L,
control and MTLe-NL groups were —0.17 + 0.05, —0.001 + 0.009,
and —0.014 £ 0.011, respectively (Figure 1e). Statistically significant
differences were found between the whole hippocampus volumetric
DAl of MTLe-L and controls (p < .05, corrected. Cohen's D, 1.44). No
differences in volumetric DAl were found between MTLe-NL and
controls (p = .99, corrected. Cohen's D, 0.51), and MTLe-NL and
MTLe-L (p = .31, corrected. Cohen's D, 1.34). An apparent positive
correlation can be visualized between the volumetric DAI and average
GIuCEST DA (Figure 1f). Subject PO21 corresponds to the point that
falls outside of the general trend of the other subjects (very positive
volumetric DAI with negative GIUCEST DA, likely due to non-lesional
MRI but pathological MTS). Iteratively reweighted least squares (IRLS)
was used to fit a linear model to the data while also taking into
account large deviations from the trend. The slope of the model was
found to be positive (0.84), but not statistically different
from O (p = .10).

3.2 | Subfield DAI

In addition to trying to quantify the asymmetry of the mean GIUCEST
in the hippocampus, we wanted to better understand what was the
distribution of asymmetries across the hippocampal subfields. The
average DAI for each analyzed subfield in the MTLe-NL and MTLe-L
groups are shown in Figure 1f. In the MTLe-L group, the average
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FIGURE 3 2D hippocampal registration results. (a) Shows the distribution of subfields along the hippocampal template used. (b) Shows the

absolute asymmetry index (Al) hippocampal maps between left and right hemispheres at each voxel averaged across all subjects for Control and
MTLe-L. (c) t-statistic comparing the MTLe-L to the control hippocampal maps shown in part B. Positive values represent larger asymmetry in

MTLe-L, whereas negative values represent larger asymmetries in controls

subfield DAIls were: —0.043 +£0.019, —-0.129 +0.043, -0.084
+0.026, —0.036 + 0.037, for CA1, CA2 + CA3, DG and the hippo-
campal tail. In the MTLe-NL group, the average subfield DAIs were:
0.036 + 0.014, 0.020 + 0.053, 0.062 + 0.023, and 0.111 + 0.046, for
CA1, CA2 + CA3, DG, and the hippocampal tail. The Cohen's D values
between MTLe-L and MTLe-NL were 1.68, 1.22, 2.18, 1.39 for CA1,
CA2 + CA3, DG, and the hippocampal tail. The DAIs for the DG were
significantly different between the two groups (p < .05, corrected).
This last finding is consistent with the DG being highly glutamatergic
(Tamminga et al., 2012) and involved in MTS (Scharfman, 2019). Fur-
thermore, the subfield with the second largest effect size between the
groups was CA1, which is the other subfield commonly implicated in
MTS (Thom, 2014).

3.2.1 | Hippocampal GIUCEST asymmetry maps

Figure 3 shows the results of the 2D hippocampal registration.
Figure 3b shows a comparison of the distribution of absolute asym-
metries across control and MTLe-L patients. The distribution of asym-
metry for controls demonstrates a homogeneous asymmetry across
the entire hippocampus. For the MTLe-L patients, we see that the dis-
tribution of asymmetry is more heterogeneous, demonstrating
increased asymmetry in the region corresponding to the DG, DG +-
CA1, CA1 and the hippocampal tail. The statistical map shown in
Figure 3c showed a positive t-statistic cluster in the DG and along the
DG + CA1/CA1 region, showing that these regions had increased

absolute asymmetry in MTLe-L relative to controls.

4 | DISCUSSION

Our findings suggest that GIUCEST directional asymmetry differs in
MTLe-L versus MTLe-NL. In MTLe-L, the mean GIUCEST contrast is
lower in the ipsilateral hippocampus, whereas for MTLe-NL patients
the concentration is higher in the ipsilateral hippocampus. GIUCEST
lateralization was also consistent with hippocampal pathology in three

subjects who had seemingly non-lesional pathology on MRI but were

later confirmed to have MTS on surgical pathology (Patients P021,
P025, and P029 on Table 1 and Figure 2). These findings highlight the
potential of GIUCEST for detecting MTS in instances where structural
MRI is negative.

Glutamate concentration, as measured using magnetic resonance
methods, is thought to represent the total parenchymal glutamate
pool, including both synaptic and metabolic components (intra- and
extracellular) (Cai et al., 2012). Prior work has shown that MTS
patients have a 35-40% loss of glutamate synthetase protein and
activity in astrocytes of the hippocampus (Eid et al., 2004) when com-
pared with autopsy controls. Magnetic resonance spectroscopy (MRS)
studies in humans (Gonen et al., 2020; Pimentel-Silva et al., 2020)
have demonstrated decreased hippocampal glutamate in MTS ipsilat-
eral to the seizure focus. These findings are consistent with the nega-
tive hippocampal DAI observed in the MTLe-L subjects presented in
this study. In addition, our results suggest that in the hippocampi,
there is an apparent positive correlation between the degree of volu-
metric asymmetry and the mean GIUCEST asymmetry in most MTLe-L
subjects, although this is not the case for all subjects. Since we nor-
malize by segmentation volume/area by using mean GIuCEST, the
volumetric-GIuCEST DAI correlation is consistent with the idea that
as sclerotic tissue populates the affected hippocampus, the glutama-
tergic synapses decrease proportionally. Furthermore, it is known that
the DG is both highly glutamatergic (Tamminga et al., 2012) and
involved in MTS (Scharfman, 2019), which supports the significant dif-
ference in DAI observed in the DG between MTLe-L and MTLe-NL.

TLE is increasingly recognized as a heterogeneous disease, and
phenotypic differences between different subtypes of TLE have been
identified across a range of neuroimaging modalities (Bernhardt
et al., 2010; Bernhardt et al., 2015; Shah et al., 2019). The differences
between MTLe-L and MTLe-NL hippocampal glutamate concentra-
tions presented in this study further support the disease heterogene-
ity of TLE, and in particular of mesial temporal lobe epilepsy.
Relatedly, our prior work by Shah and colleagues (Shah et al., 2019)
demonstrated an analogous pattern of asymmetry in functional con-
nectivity to the one shown by the GIUCEST contrast in this study.
Shah's study demonstrated a negative functional network directional

asymmetry for the MTLe-L subjects and a positive functional
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directional asymmetry for the MTLe-NL subjects ipsilateral to the sei-
zure onset zone, as compared with controls. Furthermore, about half
of the patients used in that study were also included in this current
study. The glutamate concentration asymmetry seen in these two
subtypes of TLE might be one of the drivers for the differences in
functional asymmetry detected between them.

In this study, we also provided a comparison between GIuCEST
asymmetry in MTLe-L and controls at a voxel level, by registering con-
trol and patient's hippocampi to the same template. With this
approach, we were able to obtain the distribution of GIUCEST contrast
asymmetries at a group level, across the hippocampus. This provides a
clear advantage over single voxel MRS strategies (Gonen et al., 2020;
Pimentel-Silva et al., 2020), since spatial information can be used for
more precise localization of abnormal/sclerotic regions in the hippo-
campus. While only reported here at the group level, this approach
can also be used at the single subject level by coregistering both hip-
pocampi together, showing the distribution of asymmetries for a sin-
gle subject. It is currently not clear whether the regions with high
glutamate asymmetries are necessarily the ones driving epileptogeni-
city, but longitudinal studies, where GIUCEST measurements are done
before and after surgical resection or ablation, could help identify
whether this is the case. In future studies, colocalization of GIuCEST
contrast with FLAIR hyperintensities, as well as other structural met-
rics that correlate with sclerosis, could help spatially distinguish par-
tially sclerotic regions with some glutamatergic activity, from those
without glutamatergic activity. As epilepsy surgery becomes less inva-
sive, spatially precise identification and characterization of sclerotic
foci could improve surgical outcomes, reduce unnecessary tissue
removal, and obviate the need for intracranial EEG in some cases.

7 T imaging has recently been approved for clinical use by regula-
tory agencies in both the United States and Europe, significantly
increasing the incentive for hospitals to adopt this technology
(Cosottini & Roccatagliata, 2021). We believe that GIuCEST provides
a novel, but also highly practical application for 7 T imaging, particu-
larly in the context of epilepsy. However, our GIUCEST acquisition
approaches are currently restricted to either a single slice, or a limited
3D field of view. Our group is currently working on expanding the
GIuCEST acquisition to a larger field of view which provides 3D whole
brain coverage, expanding the ability to study glutamate distributions
across the cerebral cortex in both mesial and extra-mesial temporal
lobe epilepsy.

One limitation of this study is that it relies on asymmetry mea-
sures. Asymmetry measurements are a common strategy in lateralized
epilepsy studies since the contralateral hemisphere provides an inter-
nal control for normalizing quantities of interest. Contralateral hippo-
campal involvement, however, is a well-known phenomenon, even in
well lateralized epilepsies (Keller & Roberts, 2008; Liu et al., 2012;
Passarelli et al., 2015). Involvement of the contralateral hippocampus
in this study could have led to a potentially skewed hippocampal Glu-
CEST contrast and volumetric DAl measurement. Another limitation
of this study is that the use of DAI as presented requires a priori
knowledge of either the seizure onset lateralization or the epilepsy

subtype. However, in combination with clinical evidence, and other

commonly acquired noninvasive testing during epilepsy presurgical
evaluation, GIUCEST hippocampal asymmetry can be used to confirm
the presence of MTS, and potentially to show the distribution of scle-
rosis in the hippocampus. Accurate pre-surgical distinction between
MTLe-NL and MTLe-L using GIUCEST has prognostic implications,
since the presence of hippocampal sclerosis is one of the most impor-
tant positive predictive factors for a good surgical outcome (Spencer
et al., 2005). Another limitation of this work is the small sample size,
particularly in the MTLe-NL group. Fortunately, the increased contra-
lateral GIUCEST contrast in the MTLe-NL group has been consistently
demonstrated in prior studies from our group in both 2D (Davis
et al., 2015) and 3D (Hadar et al., 2021) GIuCEST acquisitions. We
also acknowledge that our MTLe-NL group is a group assignment of
exclusion, and without histopathological confirmation, there is no way
of knowing whether our MTLe-NL subjects are truly MTLe-NL. How-
ever, our results suggest that if we had defined the lesional and non-
lesional status of the subjects based on hippocampal volumetry alone,
without incorporating histopathological measurements, our conclu-
sions would have remained the same. This is particularly relevant for
future studies since as LITT becomes more common, less histopatho-
logical samples will be available, and therefore the definition of
lesional and non-lesional MTLe will have to be done exclusively based
on MRI. Fortunately, past studies have established that hippocampal
volumetry is an excellent predictor of hippocampal sclerosis
(Bernasconi, 2006; Princich et al., 2021), therefore as we recruit more
subjects for a larger GIUCEST study, group assignments will likely be
defined by hippocampal volumetry together with MRI lesional status.
Future studies from our group aim at acquiring a larger sample size of
MTLe-L, MTLe-NL and controls subjects in order to perform a well-
powered study where differences between these groups can be
explored in both an ROI and voxel-wise fashion without the need for
asymmetry measurements. Additionally, subjects will have multimodal
imaging data (functional magnetic resonance imaging, diffusion tensor
imaging, and arterial spin labeling imaging) which could help elucidate
the neurobiological mechanisms that might be driving these changes

in glutamate contrast.

5 | CONCLUSION

The results presented in this study suggest that GIUCEST hippocampal
asymmetry in the form of DAI is negative in MTLe-L and positive in
MTLe-NL, and that the magnitude of the DAI correlates with the
degree of hippocampal volume loss. These findings provide a compli-
mentary, and necessary, expansion to the current applicability of Glu-
CEST in epilepsy. Our findings further suggest that GIUCEST has the
potential to contribute to the pre-surgical evaluation of temporal lobe
epilepsy by providing noninvasive information about epilepsy subtype,
lateralization, as well as distribution of sclerosis.
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