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Abstract
Purpose  Precise lateralizing the epileptogenic zone in patients with drug-resistant mesial temporal lobe epilepsy (mTLE) 
remains challenging, particularly when routine MRI scans are inconclusive (MRI-negative). This study aimed to investigate 
the synergy of fast, high-resolution, whole-brain MRSI in conjunction with simultaneous [18F]FDG PET for the lateraliza-
tion of mTLE.
Methods  Forty-eight drug-resistant mTLE patients (M/F 31/17, age 12–58) underwent MRSI and [18F]FDG PET on a hybrid 
PET/MR scanner. Lateralization of mTLE was evaluated by visual inspection and statistical classifiers of metabolic map-
pings against routine MRI. Additionally, this study explored how disease status influences the associations between altered 
N-acetyl aspartate (NAA) and FDG uptake using hierarchical moderated multiple regression.
Results  The high-resolution whole-brain MRSI data offers metabolite maps at comparable resolution to [18F]FDG PET. 
Visual examinations of combined MRSI and [18F]FDG PET showed an mTLE lateralization accuracy rate of 91.7% in a 
48-patient cohort, surpassing routine MRI (52.1%). Notably, out of 23 MRI-negative mTLE, combined MRSI and [18F]FDG 
PET helped detect 19 cases. Logistical regression models combining hippocampal NAA level and FDG uptake improved 
lateralization performance (AUC=0.856), while further incorporating extrahippocampal regions such as amygdala, thalamus, 
and superior temporal gyrus increased the AUC to 0.939. Concurrent MRSI/PET revealed a moderating influence of disease 
duration and hippocampal atrophy on the association between hippocampal NAA and glucose uptake, providing significant 
new insights into the disease’s trajectory.
Conclusion  This paper reports the first metabolic imaging study using simultaneous high-resolution MRSI and [18F]FDG 
PET, which help visualize MRI-unidentifiable lesions and may thus advance diagnostic tools and management strategies 
for drug-resistant mTLE.
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Introduction

Epilepsy is one of the most common neurological disorders 
that occurs in 1% population worldwide [1]. The major-
ity of drug-resistant epilepsy patients in need of surgical 
intervention are mesial temporal lobe epilepsy (mTLE) [2]. 
Precise lateralization of the epileptogenic zone (EZ), which 
is commonly associated with hippocampal sclerosis (HS) 
characterized by neuronal damage and reactive gliosis [3, 4], 
is crucial in the pre-surgical evaluation of mTLE. However, 
routine MRI examinations fail to identify lesions in approx-
imately 33% of mTLE patients (so-called MRI-negative 
cases) [5]. These cases require more comprehensive presur-
gical examinations in tertiary centers, and face a higher risk 
of post-surgical seizure recurrence [6]. There is a pressing 
need for neuroimaging techniques more sensitive to subtle 
lesions in MRI-negative patients to better guide intracra-
nial electroencephalography (icEEG) during the presurgical 
evaluation and potentially improve surgical outcomes [7, 8].

Molecular changes have been shown to present early, 
sensitive to emerging lesions prior to the formation of 
chronic epileptics [9, 10], and structural abnormalities 
[11–13]. 2-[18F]fuoro-2-deoxy-D-glucose ([18F]FDG) PET 
imaging has been widely adopted in presurgical evaluation 
of focal epilepsy, and has been shown to help improve 
surgical outcome of MRI-negative patients [14, 15]. On 
the other hand, the reported EZ detection rate by [18F]FDG 
PET varies from 60-73% [16], possibly as a result of subtle 
or extended interictal hypometabolism.

Magnetic resonance spectroscopy and spectroscopic 
imaging (MRS/I) capture multiple metabolites in a sin-
gle scan, such as N-acetyl aspartate (NAA), creatine (Cr), 
choline (Cho), myoinositol (mIn), glutamate (Glu), glu-
tamine (Gln), gamma-aminobutyric acid (GABA), etc. 
[17–20]. Previous studies had revealed consistent NAA 
reductions in epileptic lesions due to neuronal dysfunc-
tion [21–23]. However, conventional MRS approaches, 
known for their technical limitations such as long data 
acquisition time, low signal-to-noise ratio (SNR), low spa-
tial resolution (over 20 mm for single voxel and over 10 
mm for 2D MRSI), had mostly allowed investigations of 
metabolite profiles of combined mesial temporal structures 
per single-voxel [12, 20, 24], with sparse exploration of 
extratemporal metabolic alterations [25–29]. Accumulat-
ing evidence is showing abnormalities in broad epilepto-
genic networks of mTLE [30, 31], which emphasize the 
necessity of employing whole-brain high-resolution tech-
niques in mTLE imaging.

The emergence of hybrid PET/MR scanners presents 
remarkable opportunity for the simultaneous assessment of 
glucose uptake and intrinsic neuronal metabolites such as 
NAA. Previously, Lee et al. reported in lithium-pilocarpine 

animal model that FDG uptake, NAA, and Cho, reflecting 
glucose metabolism and neurochemical levels, revealed 
divergent course of evolution along the acute, sub-acute, 
and chronic stages of epileptogenesis [9]. The possibil-
ity of simultaneous [18F]FDG PET and MRS/I imaging of 
human brain largely eliminate confounding physiological 
fluctuations [32–34], which could offer a comprehensive 
view of neurometabolic profile, facilitating the explora-
tion of imaging markers in epileptic lesion detection and 
disease progression.

Enabled by a new MRSI technique known as Spectro-
scopic Imaging by exploiting spatiospectral CorrElation 
(referred to hereafter as SPICE) [35–39], it is feasible to 
obtain rapid, high-resolution, 3D metabolic imaging of the 
whole brain. Some related works have shown the feasibil-
ity and potential of SPICE in extracting cerebral metabolic 
information in stroke [40, 41] and tumor [42]. In this study, 
using a hybrid PET/MR scanner, we obtained 3D MRSI 
at the nominal resolution of 2.0 × 3.1 × 2.7 (or 3.8) mm3 
within 9–12 min, simultaneously with [18F]FDG PET from 
drug-resistant mTLE patients. We investigated the combined 
utility of high-resolution NAA map and [18F]FDG PET at 
comparable spatial resolution for lateralization of mTLE 
compared with routine MRI, utilizing both visual inspection 
and statistical classifiers, incorporating extrahippocampal 
regions as part of epileptogenic network. Additionally, we 
explored the influence of disease status on the associations 
between altered NAA levels and FDG uptake, unveiling 
novel insights into epilepsy progression.

Materials and methods

Participants

This study has been approved by the Internal Review Board 
of Ruijin Hospital, Shanghai Jiao Tong University School 
of Medicine (Approved No. 2016-128). All patients’ clini-
cal semiology, seizure onset age, duration of the disease, and 
seizure frequency were collected. The laterality of the seizure 
focus was determined through the comprehensive evaluation, 
including scalp video-EEG (at least 96 h), MRI, [18F]FDG 
PET, and neuropsychological testing, and where available ste-
reo-electroencephalography (SEEG) examinations and post-
operative histology of resected tissues in operated patients.

The patient inclusion flowchart is shown in Fig. 1. The 
inclusion criteria of patients are as follows: (1) clinical his-
tory, neurological examination, seizure semiologies, scalp 
video-EEG findings, and neuropsychological deficit pat-
tern that are consistent with the characteristics of unilateral 
mTLE; (2) MRI either normal or disclosed patterns sug-
gestive of HS. Exclusion criteria included: (1) generalized 
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epilepsy syndromes; (2) posttraumatic epilepsy, brain tumor 
or other neurological system lesions; (3) extratemporal EZ, 
bilateral EZ, or unknown seizure origin; (4) patients with 
missing scans or poor-quality images. Finally, 48 patients 
were included. Among them, 34 patients had conclusive 
SEEG, subsequent surgery, and pathological confirmation, 
while the remaining 14 patients chose not to go through 
surgery or SEEG evaluation. The age- and gender-matched 
healthy control (HC) group consisted of 36 subjects. None 
of the healthy participants had any history of neurologic or 
psychiatric illness or has taken chronic medications. Writ-
ten informed consents were obtained from all participants.

Data acquisition

MRI, MRSI, and PET scans were synchronously performed 
with an integrated 3.0 T hybrid PET/MR system (Biograph 
mMR; Siemens Healthcare, Erlangen, Germany). The acqui-
sition workflow of PET/MR scan is summarized in Supple-
mentary Fig. 1. Patients were monitored and confirmed to 
have no seizures within 24 h before the scans. All subjects 
were required to fast for 4–6 h before the PET/MR scan, and 
maintained awake with their eyes closed, throughout the scan.

MRI

MRI sequences included 3D T1-weighted anatomical images 
using MPRAGE (resolution 0.5 × 0.5 × 1.0 mm3, TR/TE/
TI 1900/2.44/900 ms, FOV 250 × 250 mm2, 192 slices), 

T2-weighted FLAIR (resolution 0.4 × 0.4 × 3.0 mm3, TR/
TE/TI 8460/92/2433 ms, FOV 220 × 220 mm2, 45 slices).

MRSI

High-resolution 3D metabolic imaging was performed 
using the SPICE MRSI sequence that covered an FOV 
of 240 × 240 × 96 mm3 with 2.0 × 3.1 × 2.7 mm3 or 
240 × 240 × 160 mm3 with 2.0 × 3.1 × 3.8 mm3 nominal spa-
tial resolution in 9 min 36 s or 12 min 35 s [38, 39], using 
scanner built-in automatic frequency and transmitter adjust-
ments, as well as static field shimming right before acqui-
sition. Briefly, in data acquisition, excitation pulses were 
applied without any water or lipid suppression; free induc-
tion decays were captured using fast echo-planar readouts; 
short TR (160 ms) was chosen for rapid imaging speed, and 
ultrashort TE (1.6 ms) was used to maximize SNR; inter-
leaved navigators were acquired to track magnetic field drift 
and subject motions.

In data processing, subject head motion and magnetic 
field drifts that occurred during the MRSI scan were detected 
and corrected using navigator signals. High-resolution field 
maps were determined from the water signals and used for 
magnetic field inhomogeneity induced frequency shifts 
correction. The spatiospectral function was reconstructed 
from the acquired data using a union-of-subspaces model, 
incorporating pre-learned spectral basis functions [37–39, 
43, 44]. Spectral quantification was done using an improved 
LCmodel-based algorithm that incorporated both spatial and 

Fig. 1   Workflow of patient 
inclusion. HS, hippocampal 
sclerosis; L, left; mTLE, mesial 
temporal lobe epilepsy; R, right; 
SEEG, stereoelectroencephalog-
raphy; EZ, epileptogenic zone
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spectral priors [37]. The estimated metabolite concentrations 
were normalized using the water reference to compensate for 
the B1 inhomogeneity of the head coil used in the experi-
ment. A more detailed description of SPICE is provided in 
the Supplementary Table 1 in line with the MRSinMRS 
Reporting Checklist [45].

[18F]FDG PET

All patients and controls were administered [18F]FDG intra-
venously using a mean dose of 184.8 ± 29.0 MBq (range 
133.2–247.9 MBq), with the scan being initiated 30–50 min 
after the injection. Static PET data were acquired in a sino-
gram mode for 15 min, matrix size 344 × 344, and post-filtered 
with an isotropic Gaussian kernel of 2 mm full-width half-
maximum (FWHM). The PET attenuation correction was 
performed using a unique 5-compartment model including 
bones [46]. The FDG standard uptake value ratios (SUVRs) 
from PET images were obtained by intensity normalization 
via global mean scaling to correct individual variations [47].

Data pre‑processing

ROI definition

The brain regions were automatically segmented from 
the T1-weighted image with the FreeSurfer v7.0 package 
(https://​surfer.​nmr.​mgh.​harva​rd.​edu). Using the Desikan-
Killiany atlas, we extracted 30 regions of interest (ROIs) 
from the temporal-limbic networks and seizure-relevant 
areas for further analysis [25, 30, 48], including 12 subcor-
tical ROIs (left and right hippocampus, amygdala, thalamus, 
putamen, caudate, and pallidum) and 18 cortical ROIs (left 
and right inferior temporal, middle temporal, superior tem-
poral gyrus, entorhinal, parahippocampal, transversetempo-
ral cortices, fusiform, temporal pole and insula).

Registration

The T1-weighted images, the SUVR maps, and the corre-
sponding ROI masks were coregistered to the MRSI images 
space. Specifically, T1-weighted images were registered to 
MRSI images space in reference to high-resolution SPICE 
water image. The SUVR maps were also registered to MRSI 
images using the T1-weighted image as the intermediate 
registration reference. These registrations were employed 
with affine transformation through the ANTs toolkit (http://​
stnava.​github.​io/​ANTs/).

Voxel‑based z‑score metabolic map generation

Voxel-wise metabolic concentration maps were derived 
from spectral quantification results. We further generated the 

NAA/Cr ratio map, using Cr as reference. Patient-specific 
metabolic ratio maps and z-score maps were processed (Sup-
plementary Fig. 2). Original metabolic maps were masked to 
alleviate cerebrospinal fluid (CSF) contaminations and then 
were spatially normalized into the Montreal Neurological 
Institute (MNI) space with the registered T1-weighted image 
in MRSI space as the intermediate registration reference. All 
normalized images were smoothed with Gaussian kernels (8 
mm FWHM). The z-score maps were generated by perform-
ing bootstrapping, a process of sampling with replacement, 
which was repeated 1000 times, to compare the patients with 
healthy controls. Afterward, we extracted the z-score maps 
of cerebral cortices and subcortical nuclei.

Visual assessment for lateralization

All images were visually analyzed by three experienced 
radiologists with certificates in both nuclear medicine and 
radiology. Readers were blinded for the clinical diagnosis 
of lateralization.

Routine MRI visual assessment

The MR images (T1-weighted, FLAIR, and T2-weighted 
images, with 2D axial and coronal views) were visually 
analyzed. MRI criteria indicative of HS included (1) atro-
phy of the hippocampus and/or morphology abnormalities 
of mesial temporal structures on T1-weighted, FLAIR, and 
T2-weighted images and (2) hyperintensity of the hippocam-
pus or amygdala on FLAIR or T2-weighted images. Other 
minor findings associated with HS, including dilatation of 
the temporal horns, loss of hippocampal head interdigita-
tions, blurry gray and white matter demarcation in the tem-
poral pole, and atrophy of the fornix, were also taken into 
consideration. A patient was classified as MRI-HS if the MR 
images were presented with evidence of HS; and as MRI-
negative if the MR images looked normal.

MRSI visual assessment

MRSI derived maps were shown in coronal and transverse 
views. We mainly compared the asymmetry of bilateral hip-
pocampus, amygdala, and temporal lobe. The hippocampus 
or temporal lobe that showed a lower NAA level than the 
opposite side was defined as positive. We combined NAA/Cr 
and NAA/Cr z-score results to determine patient’s laterality.

[18F]FDG PET visual assessment

PET images were divided into several zones (left and right 
frontal, temporal, parietal, and occipital lobe) with rainbow 
grading, and each zone with at least one well-defined PET 
hypometabolic focus was classified as positive. In PET 

https://surfer.nmr.mgh.harvard.edu
http://stnava.github.io/ANTs/
http://stnava.github.io/ANTs/
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z-score analysis, z-score decreasing clusters (hypometa-
bolic zone) were regarded as positive. The PET and PET 
z-score maps were both considered to determine the patient’s 
laterality.

Statistical analysis

Quantitative whole brain metabolic alteration analysis

The mean values of NAA/Cr were calculated for selected 
ROIs. Additionally, the asymmetry indices (AIs) were also 
calculated for each pair of bilateral ROIs with the following 
formula: AI = (L - R) / (L + R).

The two-tailed Wilcoxon signed-rank tests were applied 
to compare the metabolic ratios between the ipsilateral and 
contralateral ROIs in mTLE group. The two-tailed Wilcoxon 
rank-sum tests were used for group comparisons. False dis-
covery rate (FDR) was used to correct for multiple compari-
sons, and the P value below 0.05 was considered statistically 
significant.

Feature importance evaluation and classification 
for lateralization of mTLE

The AIs of NAA/Cr and FDG SUVR in hippocampus, amyg-
dala, superior temporal gyrus, thalamus, and insula were 
extracted as features for lateralization of MRI-negative 
mTLE. The importance of these features in lateralization 
was evaluated and ranked by calculating the Fisher score, 
a commonly supervised feature selection technique [49]. A 
higher Fisher score indicates that the feature is more inform-
ative in lateralization. Subsequently, the hippocampal NAA/
Cr, FDG SUVR, and top five features were added into the 
logistic regression model for lateralization. In the classifi-
cation models, MRI-negative left mTLE (LTLE) and right 
mTLE (RTLE) were defined as positive and negative sam-
ples respectively. Due to the limited sample sizes, a leave-
one-out cross-validation strategy was implemented to cor-
roborate the predictive generalizability of models. The area 
under the curve (AUC) of receiver operating characteristic 
(ROC) curve was calculated to evaluate the performance 
of each regression model. The critical brain regions were 
identified as the ROI combination with the best diagnostic 
performance (the highest AUC of the ROC).

Hierarchical moderated multiple regression analysis

To further elucidate the relationship of NAA/Cr and FDG 
SUVR, we performed targeted analyses in the hippocampus 
of mTLE. Coupling between changes of AINAA and AIFDG 
in the hippocampus was evaluated by Pearson’s correlations. 
To understand how disease (i.e., epilepsy duration since 
onset) impacts the relationship between AINAA and AIFDG, 

we applied the hierarchical moderated multiple regression 
[50]. To evaluate the moderating effect, we sequentially 
entered AINAA, epilepsy duration and the interaction term 
as ‘epilepsy duration × AINAA’ to a regression model to 
predict AIFDG as a response variable. In a separate model, 
AIFDG, epilepsy duration, and interaction term as ‘epilepsy 
duration × AIFDG’ were entered to predict AINAA. We tested 
whether adding the interaction term increased the variance 
explained by the model in successive regression steps (ΔR2, 
according to the available guidelines [51]). To control for 
confounds, gender and age were entered as nuisance vari-
ables. To interpret the moderating effects, we plotted simple 
slopes of significant interactions for the relationship between 
AINAA and the AIFDG when the levels of the moderator vari-
able (epilepsy duration) were one standard deviation above 
and below the mean. Similarly, we evaluated the moderating 
effect of brain region atrophy (defined as ROI_atrophy = 
(Volume_ROIcontral - Volume_ROIipsi) / Volume_ROIcontral).

Results

Patient demographics

The patient demographics and clinical information are pro-
vided in Table 1 and Supplementary Table 2, showing 48 
patients diagnosed with unilateral mTLE (22 right, 26 left, 
male/female 31/17, age range 10–58 years). For comparisons, 
age- and sex-matched healthy controls (male/female 19/17, 
age range 21–43 years) were included (sex, P = 0.275; age, 
P = 0.674).

MRSI derived metabolic maps detect changes 
in epileptogenic zones

Representative whole-brain MRSI maps acquired from 
a patient with unilateral hippocampal sclerosis (HS) and 
the corresponding routine MRI images and [18F]FDG PET 
images are shown in Fig. 2. Visually decreased NAA in the 
left hippocampus as well as the left temporal lobe is read-
ily observed, consistent with hypometabolism in [18F]FDG 
PET. Increased mIn in left hippocampus is observed, con-
sistent with the hyperintensity in T2 FLAIR image. Spec-
tra of ipsilateral and contralateral hippocampi also show 
decreased NAA and increased mIn.

Four representative MRI-negative cases, where routine 
MRIs are inconclusive, are shown in Fig.  3. The NAA 
changes are visualized in the z-score maps in coronal 
views, and the clusters of suspicious lesions with decreased 
NAA/Cr are highlighted. The NAA/Cr reductions in the 
first three cases are shown around hippocampus (patient 
#7), hippocampus-thalamus (patient #11), and the amyg-
dala (patient #30), which are in accordance with the FDG 
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hypometabolism. In another case (patient #3) with normal 
[18F]FDG PET, the suspicious lesions with NAA decrease 
are readily observable in the left hippocampus, which was 
confirmed by presurgical intracranial SEEG.

[18F]FDG PET and NAA map are complementary 
in visual assessment

The detection rate of routine MRI is 25 out of 48 (52.1%; 
95% confidence interval: 38.3%, 65.5%). NAA maps showed 
improvement in diagnostic accuracy by detecting 41 out of 
48 (85.4%; 95% confidence interval: 72.8%, 92.8%), a per-
formance equivalent to that of [18F]FDG PET (85.4%; 95% 
confidence interval: 72.8%, 92.8%). Combined NAA maps 

and [18F]FDG PET correctly lateralized 44 out of 48 mTLE 
(91.7%; 95% confidence interval: 80.5%, 96.7%). We then 
divided mTLE patients into six subgroups (MRI-HS, MRI-
negative, FDG-positive, FDG-negative, NAA-positive, NAA-
negative) according to visual assessment and whether lesions 
were identifiable. Figure 4 shows the crossovers between the 
subgroups. Among the 23 MRI-negative patients, 18 were 
lateralized based on NAA maps, while three out of five 
remaining MRI-negative cases were clearly lateralized by 
[18F]FDG PET. On the other hand, [18F]FDG PET alone cor-
rectly lateralized 17/23 MRI negative cases, while four out of 
six MRI-negative PET-negative cases were clearly lateralized 
in NAA maps. Individual diagnosis results are summarized 
in Supplementary Table 2.

Table 1   Demographics 
and clinical information of 
participants

a)  Chi-square test; b) Two-sample t test. c) Postsurgical seizure outcome was assessed using the Engel post-
operative outcome scale (Engel, 1993)
HC, healthy control; mTLE, mesial temporal lobe epilepsy; SEEG, stereoelectroencephalography

mTLE HC P value

Number of subjects 48 36
Sex (male/female) 31/17 19/17 0.275a

Age at evaluation (year), median (range) 24 (10–58) 26 (21–43) 0.674b

Age at seizure onset (year), median (range) 15 (1–47)
Disease duration (year), median (range) 10 (1–43)
Seizure frequency (per year), median (range) 15 (1–300)
Number of patients with SEEG evaluations and had surgery 34
Postsurgical outcome Engel Classc (I/II–IV)/Miss 22/11/1

Fig. 2   Multimodal images from 
the representative MR-positive 
left hippocampal sclerosis case 
#24. a The T1-weighted image, 
T2 FLAIR, [18F]FDG PET, and 
b MRSI maps including NAA, 
Cr, Cho, and mIn are displayed 
in coronal views. Decreased 
NAA and increased mIn in left 
hippocampus are observed. All 
images were registered to the 
structural T1-weighted image. 
c Z-score maps corresponding 
to the NAA/Cr were masked to 
highlight the gray matter. To 
identify the suspicious lesion, 
the z-score NAA/Cr maps were 
thresholded using the z-score 
< -1 and a minimum cluster 
size of k > 40. d Spectra of 
ipsilateral vs. contralateral hip-
pocampus
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Widespread metabolic alterations in mTLE

Overall NAA/Cr changes are shown in Fig. 5 and Supple-
mentary Table 3 for MRI-HS and MRI-negative mTLE. 
MRI-HS (Fig. 5a) and MRI-negative mTLE (Fig. 5b) exhib-
ited significant NAA decrease in the ipsilateral hippocampi 
and amygdala compared to HC (MRI-HS: PFDR < 0.001 for 
hippocampus, PFDR < 0.001 for amygdala; MRI-negative: 

PFDR < 0.001 for hippocampus, PFDR < 0.001 for amyg-
dala). Extrahippocampal NAA/Cr reduction of all mTLE 
was found in widespread regions (Supplementary Table 3). 
Notably, thalamus, superior temporal gyrus, fusiform, trans-
verse temporal cortex, and insula show significant NAA/Cr 
reduction in both ipsilateral and contralateral sides of the 
MRI-HS group, while only show NAA/Cr reduction in the 
ipsilateral side of the MRI-negative group, compared to HC.

Fig. 3   Multimodal images 
from representative cases with 
MRI-negative mTLE. FLAIR, 
[18F]FDG PET, z-score maps 
of NAA/Cr, and thresholded 
z-score maps of NAA/Cr from 
MRI-negative PET-positive 
mTLE cases #7 (Left mTLE), 
#11 (Right mTLE), #30 (Left 
mTLE), and MRI-negative PET-
negative case #3 (Left mTLE). 
All images were registered 
to the structural T1-weighted 
images. The z-score maps cor-
responding to the NAA/Cr were 
masked to highlight the gray 
matter. To identify the suspi-
cious lesions, z-score NAA/Cr 
maps were thresholded using 
the z-score < -1 and a minimum 
cluster size of k > 40

Fig. 4   Upset diagram showing 
the results of the visual assess-
ment. The horizontal bar chart 
shows the count of each sub-
group among mTLE patients. 
The black dots and connecting 
lines indicate crossover among 
subgroups; The counts of each 
crossover combo are shown 
on the top of vertical bars. The 
(+) symbol indicates that the 
corresponding modality has 
succeeded in lateralizing the 
epileptogenic zone, whereas the 
(-) symbol denotes failure. For 
example, in the leftmost bar, 
17 patients were identified as 
MRI(-) but FDG(+)
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Among the pairwise comparisons between NAA/Cr of 
ipsilateral and contralateral ROIs, the ipsilateral hippocam-
pus (PFDR = 0.029), amygdala (PFDR = 0.026) and superior 
temporal gyrus (PFDR = 0.026) of MRI-HS had significantly 
lower NAA/Cr compared to the contralateral ROIs (Fig. 5c). 
For MRI-negative patients, decreased NAA/Cr were signif-
icant in hippocampus (PFDR = 0.041), thalamus (PFDR = 
0.048), amygdala (PFDR = 0.041), and insula (PFDR = 0.048) 
(Fig. 5d). In addition, the ipsilateral hippocampal of MRI-
HS mTLE showed significantly higher mIn/Cr compared 
with contralateral hippocampus. No statistically significant 
differences of mIn/Cr were found in other ROIs, or in Cho/
Cr (Supplementary Fig. 3).

Combined asymmetry indices of NAA/Cr and FDG 
uptake improve MRI‑negative mTLE lateralization

The asymmetry indices (AI) of NAA/Cr and FDG SUVR 
between ipsilateral and contralateral hippocampus, amyg-
dala, superior temporal gyrus, thalamus, and insula were 
used to automate lateralization of MRI-negative mTLE. 

Importance of features are ranked by Fisher score (Fig. 6a). 
The AIs of FDG SUVR in hippocampus and thalamus, 
NAA/Cr in amygdala, insula, and thalamus are ranked top 
five.

Logistic regression models were used to evaluate the 
performance of NAA, FDG, and NAA+FDG in lateraliz-
ing MRI-negative mTLE patients. The combination of hip-
pocampal NAA+FDG reached a higher AUC of 0.856, than 
hippocampal FDG (AUC = 0.811) or hippocampal NAA/Cr 
(AUC = 0.697). The top five features together obtained the 
best performance with the highest AUC of 0.939 (Fig. 6b). At 
the best operating point, 91.3% (21/23) of MRI-negative cases 
were accurately lateralized using the best model (Fig. 6c).

The moderator effect of disease duration 
and hippocampal atrophy on the coupling 
between NAA and FDG

In hippocampus, we found significant associations between 
AINAA and AIFDG (r = 0.46, P = 0.001) (Fig. 7a). Hierar-
chical moderated multiple regression analysis revealed 

Fig. 5   Metabolic patterns of NAA/Cr in MRI-HS and MRI-negative 
mTLE patients. Significant NAA/Cr alteration in MRI-HS a and 
MRI-negative b mTLE patients in comparison to healthy controls. 
ROIs are colored according to their corresponding z-statistics of Wil-
coxon rank-sum tests. Pairwise comparisons of NAA/Cr in the ipsilat-
eral thalamus, hippocampus, amygdala, superior temporal gyrus and 

insula in MRI-HS c and MRI-negative mTLE patients d to NAA/Cr 
in the contralateral ROIs. Each patient’s values are connected by solid 
line. Wilcoxon signed-rank tests are used. *PFDR < 0.05, corrected 
by FDR. AMY, amygdala; HIP, hippocampus; INS, insula; SUP-TP, 
superior temporal gyrus; THA, thalamus
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significant two-way interactions between ‘epilepsy dura-
tion × AINAA’ in the hippocampus that predicted changes 
in AIFDG (P = 0.002) (Fig. 7b), while no significant interac-
tions were found in ‘epilepsy duration × AIFDG’ that predict 
changes in AINAA (P = 0.851), indicating that epilepsy dura-
tion moderates the associations between AINAA and AIFDG. 
Specifically, the conditional effect of AINAA on predicting 
AIFDG was high (β = 1.291, P < 0.001) at longer epilepsy 
durations (> 22 years, 1 SD above the mean), moderate (β 
= 0.762, P < 0.001) at medium epilepsy duration, but not 
significant (β = 0.233, P = 0.343) at short epilepsy durations 
(<= 2 years, 1 SD below the mean), which indicated that 
longer epilepsy duration led to higher slope when predicting 
AIFDG using AINAA. Additionally, we observed significant 
moderation effects of hippocampal atrophy on the predictive 
relationship of AINAA to AIFDG (P = 0.007), while severer 
atrophy corresponds to higher slope (Fig. 7c).

Discussion

This pilot study shows the remarkable efficacy of simulta-
neous 3D whole brain MRSI and [18F]FDG PET imaging 
in a clinical setting and its potential benefits to the diag-
nosis of MRI-negative mTLE. Further, this study pioneers 
the simultaneous mapping of NAA levels and FDG uptake 
in hippocampal sclerosis. Remarkably, the data acquisition 
of SPICE is user-friendly and operator independent. High-
quality whole-brain MRSI was made possible by several 
key features of SPICE technology: (1) built-in capability 
for water referencing; (2) motion correction; (3) detection 
and correction of magnetic field inhomogeneity and drift; 
and (4) denoising capability. We obtained 3D maps of NAA, 
mIn, and Cho concurrently at a nominal spatial resolution 

of 2.0 × 3.1 × 2.7 mm3 or 2.0 × 3.1 × 3.8 mm3 of epilepsy 
patients in 9–12 min, within a clinically acceptable time.

In this study, we correctly lateralized 85.4% (41/48) of 
mTLE patients using NAA-to-Cr ratio, surpassing 52.1% 
(25/48) using routine MRI in visual assessment. Adding 
FDG hypometabolism further enhanced the lateralization 
accuracy to 91.7% (44/48). Integrating both MRSI and [18F]
FDG PET into logistic models, MRI-negative mTLE lat-
eralization accuracy reached 91.3%. A recent worldwide 
ENIGMA-epilepsy study employing artificial intelligence 
and ROI-level diffusion MRI demonstrated accuracy rates 
of 53–62% for non-lesional patients in the lateralization of 
mTLE in an assembled cohort of 275 patients [52]. The 
study highlights the potential of neurometabolic mapping 
in visualizing MRI-unidentifiable lesions, thus improving 
presurgical evaluations for mTLE.

Previously, despite many observations of metabolic pro-
file changes in the mesial temporal brain area using MRS, 
only a few have discussed any specific ROIs beyond the hip-
pocampus, such as the decrease of NAA in thalamus [26, 
53], insula [29], and the overall brain tissue [54]. Enabled 
by high-resolution whole-brain mapping of SPICE, we sys-
tematically explored the metabolic changes within the epi-
leptogenic network of mTLE, and found widespread regional 
NAA/Cr reduction in the hippocampus, amygdala, thalamus, 
and insula, and superior temporal gyrus, which can provide 
valuable information for lateralization. Especially for MRI-
negative cases, the NAA/Cr in amygdala and thalamus were 
ranked higher in feature importance compared to hippocam-
pal NAA/Cr, while they appeared normal on T2 FLAIR 
images. The observed NAA decrease are in line with evi-
dence supporting neuronal damage progressively expanding 
from the hippocampus to the limbic structure and thalamus 
during the epileptogenesis by electrophysiological study [55, 

Fig. 6   Lateralization of MRI-negative mTLE using single or com-
bined metabolic features. a Bar plot of feature importance of Fisher 
scores on selected features. b The AUC of the hippocampal NAA/Cr, 
FDG PET, and top n (n = 1 to 5) most important features of NAA, 
FDG, and NAA+FDG combination for lateralization. c The ROC 

curves demonstrate the performance of the classification models. 
AMY, amygdala; AUC, area under the curve; HIP, hippocampus; 
INS, insula; ROC, receiver operating characteristic; SUP-TP, superior 
temporal gyrus; THA, thalamus
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56], and animal models [9, 57]. Cortical NAA decrease also 
aligns with glucose hypometabolism detected by [18F]FDG 
PET in the insula, superior temporal gyrus [58], and extra-
hippocampal gray matter atrophy indicated by voxel-based 
morphometry [59, 60]. These findings highlight that high-
resolution whole-brain MRSI has the potential to character-
ize comprehensive metabolic changes in the epileptogenic 
network.

Research with hybrid [18F]FDG PET/MR system has been 
conducted in epilepsy patients. Most of them focus on fusion 
of FDG with high-resolution anatomical MR images [61, 
62], with emerging investigations on the synergy between 
FDG and MRI-based morphometric [63], functional [64, 
65], microstructure [58], relaxometry [66], and perfusion 
markers [67]. Hybrid PET/MRI system facilitates identically 
controlled physiological condition: awake, resting state, fast, 
for both modalities. Given possible physiological driven 
fluctuations in glucose uptake [32, 34] and NAA [33] at 
varying hours or days, this setup presents a unique opportu-
nity to explore the concurrent pathophysiological status of 
NAA and glucose uptake, bolstering the reliability of find-
ings. To our knowledge, this study is the first simultaneous 
PET/MRSI attempt to investigate the concurrent metabolic 
alterations associated with epileptogenesis in mTLE.

As a unique and abundant neuronal metabolite, NAA 
has potential to specifically reflect neuronal mitochondrial 
dysfunction in epileptic brain [68, 69]. On the other hand, 
interictal cerebral glucose uptake is also considered to be 
driven by oxidative neuronal metabolism which primarily 
takes place in the mitochondria. In this study, we found the 
association between NAA and FDG in hippocampus was 
moderated by epilepsy disease duration. The longer epilepsy 
durations correspond to higher correlation coefficient (β = 
1.291) of NAA predicting glucose metabolism. At short 
disease duration, the decoupling between NAA level and 
glucose uptake may indicate divergent underlying mecha-
nisms. In such instances, reduced NAA may result from its 
role as a glutamate reservoir [70], or as acetyl-CoA reservoir 
upon oxidative stress [68], while FDG uptake might appear 
normal potentially due to the subsequent activation of glia 
cells upon neuronal stress [9, 71]. As the disease progresses, 
cumulative seizure-induced damage to the glial-neuronal 
unit may strengthen the relationship between NAA and [18F]
FDG PET. Severe atrophy also exhibit similar moderation 
effects, which may suggest when neuronal loss dominate 
neuropathology of HS, NAA level and FDG uptake converge 
on reflecting the same process. Collectively, these findings 
support the progressive nature of mTLE, where repeated 
seizures contribute to the worsening of neuropathology. Note 
that, only NAA reduction showed very high sensitivity at 
short disease duration, which indicated its unique clinical 
value as a highly sensitive imaging marker for patients at a 
relatively early stage of the disease.

This study has limitations. Firstly, our cohort comprised 
a relatively small sample size of 48 mTLE patients, which 
necessitated the utilization of leave-one-out cross-validation 
for testing the classification models. Future studies with 
larger-scale cohorts are warranted to fully explore the poten-
tial of whole-brain high-resolution metabolic mapping, and 
to quantify the variability of the metabolic alteration pro-
files across the full range of clinical presentations, including 

Fig. 7   Moderator effects of disease duration and hippocampal atro-
phy on the couplings between AINAA and AIFDG. a The scatter plot 
illustrates the correlation between these two measures in the hip-
pocampus. Panels b and c demonstrate the moderator effects of epi-
lepsy duration and hippocampal atrophy, respectively, on the coupling 
between hippocampal AINAA and AIFDG. The left side of each panel 
depicts a schematic of the moderator model, while the right side 
shows the relationship between AINAA and AIFDG at three fixed mod-
erator levels (mean, mean + 1 SD, mean – 1 SD)
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different types of epileptic lesions. Secondly, we only focused 
on gray matter NAA in this study. Given the role of NAA 
in myelination and previous findings on possible demyelina-
tion in mTLE, investigations in white matter NAA would be 
worthwhile. Further improvements and investigations could 
help clinical usage, especially in the following aspects: (1) 
Advanced feature generation or machine learning approaches 
may further enhance the classification performance. (2) More 
subtle neuronal metabolites and neurotransmitters such as 
Glu, Gln, and GABA could be obtained at higher magnetic 
field strength (e.g., 7 T) and/or with technical improvements. 
Simultaneous mapping of their concentration changes may 
shed lights in better understanding and characterization of 
epileptogenic network and treatment response.

Conclusion

In conclusion, these findings highlight MRSI’s potential 
added value in the precise lateralization of mTLE, both as 
part of MRI examination protocol on a stand-alone MRI and 
in combination with [18F]FDG PET. Concurrent associations 
between glucose uptake and NAA level are moderated by 
disease progression of epilepsy.
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