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ABSTRACT 

BACKGROUND AND PURPOSE: Epilepsy, a globally prevalent neurological disorder, necessitates precise identification of the 
epileptogenic zone (EZ) for effective surgical management. While the individual utilities of FDG PET and FMZ PET have been 
demonstrated, their combined efficacy in localizing the epileptogenic zone remains underexplored. We aim to improve the non-
invasive prediction of epileptogenic zone (EZ) in temporal lobe epilepsy (TLE) by combining FDG PET and FMZ PET with statistical 
feature extraction and machine learning.  

MATERIALS AND METHODS: This study included 20 drug-resistant unilateral TLE patients (14 mesial TLE, 6 lateral TLE), and two 
control groups (N=29 for FDG, N=20 for FMZ). EZ of each patient was confirmed by post-surgical pathology, and one-year follow-up, 
while propagation zone (PZ) and non-involved zone (NIZ) were derived from the epileptogenicity index based on presurgical stereo-
encephalography (SEEG) monitoring. Whole brain PET scans were obtained with dual tracers [18F]FDG and [18F]FMZ on separate days, 
from which standard uptake value ratio (SUVR) was calculated by global mean scaling. Low-order statistical parameters of SUVRs 
and t-maps derived against control groups were extracted. Additionally, fused FDG and FMZ features were created using arithmetic 
operations. Spearman correlation was used to investigate the associations between FDG and FMZ, while multiple linear regression 
analysis was used to explore the interaction effects of imaging features in predicting epileptogenicity. Crafted imaging features were 
used to train logistic regression models to predict EZ, whose performance was evaluated using 10-fold cross-validation at ROI-level, 
and leave-one-patient-out cross-validation at patient-level. 

RESULTS: FDG SUVR significantly decreased in EZ and PZ compared to NIZ, while FMZ SUVR in EZ significantly differed from PZ. 
Interaction effects were found between FDG and FMZ in their prediction of epileptogenicity. Fusion of FDG and FMZ provided the 
best prediction model with an area under the curve (AUC) of 0.86 [0.84-0.87] for EZ vs. NIZ and an AUC of 0.79 [0.77-0.81] for EZ 
vs. PZ, eliminating 100% false positives in 50% of patients, and ≥80% FPs in 90% patients at patient level. 

CONCLUSIONS: Combined FDG and FMZ offer a promising avenue for non-invasive localization of the epileptogenic zone in TLE, 
potentially refining surgical planning. 

ABBREVIATIONS: AUC = Area under the curve; EI = Epileptogenicity index; EZ = Epileptogenic zone; FMZ = Flumazenil; GABAA = 
Gamma-aminobutyric acid type A; NIZ = Non-involved zone; PZ = Propagation zone; SEEG = Stereo-electroencephalography; SUVR = 
Standard uptake value ratio; TLE = Temporal lobe epilepsy. 
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 SUMMARY SECTION 

PREVIOUS LITERATURE: Invasive stereo-electroencephalography (SEEG) is currently used to capture epileptogenic networks and to 
identify epileptogenic zones (EZ) for drug-resistant epilepsy patients. [18F]FDG PET is widely used to identify hypometabolic regions 
in the epileptic brain, which has been shown to correlate with SEEG-defined EZ; [18F]FMZ PET targets benzodiazepine sites on GABAA 
receptors, providing insights into inhibitory neurotransmission changes in epilepsy, yet no report had associated FMZ uptake with 
SEEG-defined epileptogenic networks. A meta-analysis of 34 [18F]FDG studies, 3 [11C]FMZ studies, and 7 combined studies reported 
comparable lesion detection performances. However, whether image fusion of FDG and FMZ enhances EZ prediction remains 
unexplored. 

KEY FINDINGS: [18F]FDG and [18F]FMZ uptake exhibit significant decreases in EZ, while showing an interaction effect in predicting 
epileptogenicity. Their image fusion features effectively distinguish EZ from propagation and non-involved zones, achieving an 80% 
true-positive rate for EZ prediction and reducing false positives by ≥80% in 90% of patients. 

KNOWLEDGE ADVANCEMENT: This study pioneers in characterizing FMZ uptake in SEEG-defined epileptogenic networks, uncovering 
the interaction effect between FDG and FMZ in the epileptic brain. Fusion of FDG and FMZ shows potential to reduce false positives 
and enhance accuracy in non-invasive prediction of EZ, offering to enhance diagnostic precision and guide interventions. 
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INTRODUCTION 

Epilepsy, affecting around 50 million people worldwide, is characterized by recurrent spontaneous seizures1. Approximately 30% of cases 
are drug-resistant, often require surgical resection2. Accurate localization of the epileptogenic zone (EZ) is crucial. The epileptogenicity 
index (EI), derived from Stereo-electroencephalography (SEEG) signals, can be used to classify brain regions as EZ, propagation zone 
(PZ), or non-involved zone (NIZ)3. However, SEEG is costly, samples the brain sparsely, and poses surgical risks4.  

[18F]Fluorodeoxyglucose (FDG) PET non-invasively detects metabolic changes and is frequently utilized when MRI exams are 
inconclusive5,6. Reduced glucose uptake may be attributable to neuronal damage, cumulative mitochondrial stress, or enhanced glycogen 
storage caused by recurrent seizures7. Interictal hypometabolism enhances detection sensitivity in MRI-negative temporal lobe epilepsy 
(TLE)8,9 and focal cortical dysplasia (FCD) cases10. FDG uptake has been reported to decrease in both SEEG-defined EZ and PZ in FCD 
patients11.  

Flumazenil (FMZ)-based PET, such as [11C]FMZ and [18F]FMZ, target γ-aminobutyric acid receptor A (GABAA) receptors, have also 
been reported to aid the detection of seizure onset zone for drug-resistant TLE, even in MR-negative cases6,12,13. GABAA receptor-mediated 
inhibition is a key pathophysiologic mechanism driving increased neuronal excitability and leading to epileptogenesis14-17. To date, there 
is no report on FMZ uptake changes in SEEG-defined epileptogenic networks.  

A meta-analysis pooling 34 [18F]FDG studies, 3 [11C]FMZ studies, and 7 [11C]FMZ/[18F]FDG studies reported comparable lesion 
detection performances of FDG PET and FMZ PET18. Previous studies have demonstrated that reading both FMZ PET and FDG PET 
scans can assist in EZ localization during clinical pre-surgical evaluations13,19,20. This study hypothesizes that image feature fusion of FDG 
and FMZ could enhance epileptogenic zone localization accuracy, given their separate pathophysiological mechanisms. We assessed the 
performance of FDG and FMZ, both separately and combined, in classifying EZ in TLE patients using machine learning. We also explored 
interactions between FDG and FMZ changes to understand their synergy in localizing the EZ. Methods and results adhere to the STARD 
guidelines (Online Supplemental Data). 

MATERIALS AND METHODS 
 

Patient Recruitment 

This retrospective study was approved by the Institutional Review Board of Huashan Hospital (IRB No. KY2015-256), and informed 
consent was obtained from all participants who were drug-resistant TLE patients being considered for presurgical evaluations between 
2018 and 2022. Participants underwent both FDG and FMZ PET scans for clinical evaluations. Within this cohort, twenty subjects 
(male/female 11/9, aged 8-46) with SEEG recordings of 2-3 seizures and their EZ location confirmed by post-surgical outcomes and 
follow-up (Figure 1A).  

Three control groups were included for comparison: healthy volunteers for [18F]FDG PET scans (IRB No. KY2021-454), structural 
MRI data from the Human Connectome Project’s (HCP) 1200 subjects data release (https://www.humanconnectome.org/study/hcp-young-
adult/document/1200-subjects-data-release), and age-matched drug-resistant epilepsy patients who were scanned for presurgical 
evaluation with negative MRI and negative FMZ PET were selected as the FMZ control group. This choice was primarily constrained by 
ethical considerations, preventing the recruitment of healthy volunteers for FMZ PET. 

 
SEEG Recordings 

Video-SEEG monitoring employed intracerebral multi-contact electrodes, with 8-16 contacts (2 mm length, 0.8 mm diameter, 1.5 mm 
spacing). The iEEGview toolbox21 located each contact anatomically, assigning brain regions of interest (ROIs) per the Destrieux atlas22. 
Electrodes in white matter were excluded due to signal interpretation challenges23. Bipolar re-referencing minimized common reference 
and volume conduction effects24. 

The epileptogenic zone was defined by calculating the Epileptogenicity Index (EI) at each contact, based on high-frequency energy 
ratios relative to seizure onset time3. The channel with the highest EI was selected for regions with multiple channels. Brain areas with 
EI > 0.3 were classified as EZ; those with EI ≤ 0.3 and sustained seizure discharge as PZ; all others as NIZ3. 

 
Image Acquisition  

All PET imaging was performed on a Siemens Biograph mCT Flow Edge 128 scanner. [18F]FDG PET scans were conducted 50 minutes 
after injecting ~296MBq (8mCi) of [18F]FDG, lasting 10 minutes. Images were reconstructed with time-of-flight and TrueX algorithm (4 
iterations, 21 subsets), smoothed with a 3.5 mm Gaussian kernel, and attenuation-corrected with hybrid CT images. The reconstruction 
matrix was 256×256×148 with a resolution of 2mm×2mm×1.5mm.  

In a separate session, [18F]FMZ PET scans were acquired (Online Supplemental Data). [18F]Flumazenil was synthesized via standard 
nucleophilic radiofluorination of the corresponding nitro-analog precursor with K18F/kryptofix complex in DMF at 160°C for 30 minutes25, 
then purified by high-performance liquid chromatography and sterilized. Scanning began 20 minutes after injecting ~370MBq (10mCi) of 
[18F]FMZ, lasting 20 minutes, with reconstruction settings consistent with the FDG session.  

MRI structural images were obtained using a 3D Gradient-Echo BRAin VOlume (BRAVO) sequence with a resolution = 0.9×0.9×1.0 
mm3, TR/TE/TI = 8.2/3.2/450 ms, FOV = 240×240×200 mm3, and a 2D T2-weighted FLAIR sequence in three orthogonal directions with 
a resolution = 0.9×0.9 mm2, slice thickness = 3 mm, TR/TE/TI = 8490/90/2438 ms, FOV = 210×300 mm2, 46 slices (Online Supplemental 
Data). 

 
Data Processing and Feature Extraction 
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MRI structural images were parcellated using Freesurfer with Destrieux atlas, yielding 148 cortical and 14 subcortical ROIs22. ROI 
volumes were calculated after intracranial volume correction and normalized to z-scores using ComBat-adjusted HCP healthy controls26. 
Standard uptake value ratio (SUVR) maps of PET images were obtained via global mean scaling. Individual t-maps were calculated using 
statistical parametric mapping (SPM) in Montreal Neurological Institute (MNI) space, then transformed into individual T1 space (Figure 
1B).  

Low-order statistical parameters27 (mean, median, maximum, minimum, range, standard deviation, variance, root mean square (RMS), 
mean absolute deviation (MAD), uniformity, skewness, energy, entropy, kurtosis, totaling 14 features) were extracted for each ROI from 
SUVR maps and t-maps for both FDG and FMZ. SUVR features were further normalized as z-scores based on control groups.  

 

FIG 1. Workflow of data collection and processing. (A) Flow chart of patient inclusion. (B) Workflow of data processing and feature 
extraction. The SUVR maps of FDG and FMZ images are registered to T1-weighted space and parcellate into 162 ROIs. Individual 
t-maps of each patient compared to healthy subjects are calculated using statistical parametric mapping in MNI space and then 
transformed into individual T1 space. Low-order statistical parameters and fused molecular features are extracted for each ROI 
from both SUVR maps and t-maps for FDG and FMZ. The epileptogenicity index of the SEEG signals is calculated, with regions 
subsequently labeled as EZ, PZ, and NIZ based on their epileptogenicity. (C) The Mann-Whitney U test and the interaction effect 
analysis are employed to FDG and FMZ SUVR levels across brain regions with different epileptogenicity. Finally, the extracted 
molecular features are used to build logistic regression for EZ prediction. AMYG, amygdala; EZ, epileptogenic zone; HIP, 
hippocampus; L, left; MTG, middle temporal gyrus; NIZ, non-involved zone; PZ, propagation zone; R, right; SUVR, standard uptake 
value ratio; SPM, statistical parametric mapping. 

 
Feature Fusion 

Fused imaging features were engineered through arithmetic operations between FDG and FMZ SUVR features (Addition-s, Subtraction-
s, Product-s, and Logarithm-s, which is the product of logarithms) and their corresponding t-map features (Addition-t, Subtraction-t, 
Product-t, and Logarithm-t). Additionally, to account for associations between FDG and FMZ, linear fitting parameters between their t-
maps, Slope-t and Intercept-t, were included.  This resulted in a total of 10 fusion features. 

In this study, ‘fused’ specifically refers to fusion features, while ‘concatenated’ describes putting different feature vectors side-by-side 
to form a new feature vector. 

 
Statistical Analysis 

Gender was compared using the chi-square test, while age was compared with the Mann-Whitney U test. To confirm molecular changes 
in hippocampal sclerosis, the Wilcoxon rank-sum test was used to compare FDG and FMZ SUVR between the ipsilateral and contralateral 
hippocampi. To evaluate molecular differences among EZ, PZ, and NIZ, we performed analyses using a linear mixed-effects model to 
capture group-level differences while controlling for random effects across individuals. Group differences between EZ-PZ, EZ-NIZ, and 
PZ-NIZ were further examined using Mann-Whitney U tests with effect size calculations. Bonferroni-Holm corrections were applied for 
multiple comparisons. Additionally, to understand whether FDG and FMZ are correlated in the epileptogenic zone, their correlations in 
regions of varying epileptogenicity were analyzed using Spearman correlation. Statistical significance was set at p < 0.05. 
 
Interaction Analysis 

Interaction effects between FDG and FMZ in predicting tissue epileptogenicity were examined through a multiple linear regression model28. 
Predictors included FDG, FMZ, and their interaction term (FDG×FMZ). Both variables were mean-centered before analysis29. A bias-
corrected bootstrap approach (5000 iterations) in IBM SPSS Statistics tested the significance of interaction effects. 
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Epileptogenic Zone Classification 

To evaluate whether combining FDG and FMZ imaging could enhance EZ localization, we employed machine learning methods, 
specifically the Least Absolute Shrinkage and Selection Operator (LASSO) and logistic regression. The LASSO algorithm was first 
implemented for feature selection by adding a penalty to the least-squares function to reduce redundancy30 and enhance predictive power 
for EI, using 10-fold cross-validation. Logistic regression models then evaluated the capabilities of different modalities in binary 
classifications of EZ vs. PZ, EZ vs. NIZ, and PZ vs. NIZ with the selected features at both ROI and patient levels. ROI-level classifications 
used a 10-fold cross-validation and 1,000 random trials to minimize random chance. We evaluated the classification efficacy of different 
logistic regression models that incorporated single modality features, concatenated features, and concatenated features together with fused 
imaging features as input. Performance metrics included accuracy, sensitivity, specificity, and the area under the curve (AUC) of receiver 
operating characteristic (ROC) curves. The Youden index determined optimal cut-off points, and DeLong’s test compared AUCs across 
models. Performance was further observed for mesial and lateral TLE groups using the same model.  

At the patient-level, the EZ was classified using leave-one-patient-out cross-validation. A prediction was considered a true positive 
(TP) if the model detected a brain region labeled as EZ that was included in the surgical resection area. The false positive (FP) rate was 
calculated by combining the results of EZ vs. PZ and EZ vs. NIZ to find the percentage of contacts falsely assigned as EZ per patient. 
Patient-level TP and FP were enumerated respectively for mesial and lateral TLE subgroups.  

RESULTS 
 

Patient Demographics  

Patient demographics and clinical information are provided in Table 1 (Online Supplemental Data), including 14 mesial TLE and 6 lateral 
TLE. All underwent SEEG and 1-year post-surgery follow-up. Among them, 14 had inconclusive MRI, with 11 bilateral MRI abnormalities 
and 3 MRI invisible. Patients were compared to healthy controls for FDG PET (sex, P = 0.99; age, P = 0.08) and the FMZ control group 
for FMZ (sex, P = 0.75; age, P = 0.12). Structural comparisons were also made with healthy HCP subjects (sex, P = 0.40; age, P = 0.12). 

Table 1 Patient demographics 

Parameter TLE HC1 HC2 HCP 

Number of subjects 20 29 20 1113 

Sex (male/female) 11/9 16/13 10/10 507/606 

Age at evaluation (year), median (range) 32(8-46) 37.5(11-52) 25(20-40) 28(22-36) 

Age at seizure onset (year), median (range) 16.5(4-40)    

Mesial/lateral TLE 14/6    

Epilepsy duration (year), median (range) 9.5(2-30)    

Seizure frequency (per year), median (range) 30(1-1277)    

Number of patients with SEEG evaluations 20    

Postsurgical outcome Engel Class (I/II-IV) 19/1    
Note: HC1, healthy control group for FDG comparison; HC2, control group for FMZ comparison; HCP, Human Connectome Project 

 
FMZ and FDG PET Show Concordant Findings in Temporal Lobe Epilepsy 

In a representative mesial TLE case, FDG SUVR showed hypometabolism in the right hippocampus, while FMZ SUVR displayed 
decreased Benzodiazepine-GABAA receptor binding in the same region (Figure 2A), consistent with FLAIR images. Subgroup 
comparisons revealed significant differences between the ipsilateral vs. contralateral hippocampus in the mesial TLE group (P = 0.003 for 
FDG and P = 0.01 for FMZ) (Online Supplemental Data). In a lateral TLE, an MRI-positive patient showed reduced FDG and FMZ SUVR 
in the right inferior temporal gyrus (Figure 2B). However, the lateral TLE group did not exhibit significant differences in the ipsilateral 
hippocampus (P = 0.16 for FDG and P = 0.96 for FMZ) (Online Supplemental Data). 
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FIG 2. Images of FDG PET and FMZ PET in representative cases. (A) Axial and coronal views of a patient diagnosed with mesial TLE 
and pathologically confirmed hippocampal sclerosis (patient #7), with T1-weighted image, FLAIR, [18F]FDG PET, [18F]FMZ PET, and 
corresponding z-scored maps of FDG and FMZ PET from left to right. (B) Axial and coronal views of a patient with lateral TLE in 
the right inferior temporal gyrus (patient #17).  

 
Relationships Between FMZ, FDG Uptake and Epileptogenicity 

The epileptogenicity index derived from SEEG classified brain regions into epileptogenic zone, propagation zone, and non-involved zone. 
Both FDG and FMZ demonstrated differences among EZ, PZ and NIZ in the linear mixed-effects model (P < 0.001 for FDG and P < 0.001 
for FMZ). Both z-scored FDG and FMZ uptakes significantly decrease in EZ compared to NIZ (P = 0.002, Cohen’s d = 0.49; P < 0.001, 
Cohen’s d = 0.54). FDG SUVR was decreased in PZ compared to NIZ (P < 0.001, Cohen’s d = 0.34), while FMZ SUVR decreased in EZ 
compared to PZ (P = 0.002, Cohen’s d = 0.41) (Figure 3A). The significance threshold was α < 0.008 (0.05/6) after correction for multiple 
comparisons. Gray matter volume shows a decreasing tendency in EZ compared to NIZ, though not significant after corrections (α < 0.017 
(0.05/3), Online Supplementary Data). FDG and FMZ exhibit stronger positive correlations in EZ than in PZ and NIZ (Figure 3B). These 
trends were consistent in mesial TLE but not in lateral TLE (Online Supplemental Data). A significant positive correlation between FDG 
and FMZ was observed in the EZ of each patient (Figure 3C), indicating an association between glucose uptake and GABAA receptor 
distribution changes within the epileptogenic zone. 

 
Interaction Effects Between FDG and FMZ  

A two-level multiple linear regression tested the interaction effects between FDG and FMZ in predicting EI. Formula (1) estimates the 
independent contributions of FDG and FMZ, while formula (2) incorporates an interaction term, ‘FDG×FMZ’. The analysis showed that 
FDG and FMZ SUVR independently predicted EI (P < 0.001) with predictive power significantly enhanced by the interaction term (∆R2 
= 0.03, P = 0.002). When FMZ is used as a conditional value, the negative association between FDG uptake and EI was strong (β = -0.19, 
P < 0.001) at low FMZ (1 SD below the mean), but not significant at medium or high FMZ levels (β = -0.09, P = 0.08, at mean FMZ; β = 
0.02, P = 0.81, 1 SD above the mean). Similarly, the negative association between FMZ and EI was strongest at low FDG (β = -0.35, P < 
0.001), moderate at medium FDG (β = -0.25, P < 0.001), and weakest at high FDG (β = -0.15, P = 0.03) (Figure 3D).  

 EI = −0.119FDG − 0.295FMZ (1) 

 EI = −0.051 − 0.087FDG − 0.250FMZ + 0.103FDG × FMZ (2) 
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FIG 3. The relationship of FDG and FMZ SUVR among brain regions with different epileptogenicity. (A) Boxplot of z-scored FDG 
SUVR (left) and boxplot of z-scored FMZ SUVR (right) in regions with different epileptogenicity noted as EZ, PZ, and NIZ. (B) The 
scatter plot of FMZ vs. FDG shows their associations change with epileptogenicity. (C) Correlation coefficients of FMZ and FDG in 
EZ of all patients. (D) Interaction effects between FDG and FMZ in predicting epileptogenicity. The relationship between FDG SUVR 
and EI at three FMZ levels (left). The relationship between FMZ SUVR and EI at three FDG levels (middle). Schematic of the 
interaction model between FDG and FMZ for EI prediction (right). *P < .05, **P < .01, Mann-Whitney U test under Bonferroni-Holm 
correction. 

 
Fused FMZ and FDG Provide Improved Prediction of Epileptogenic Zone  

Features were ranked by their LASSO regression coefficient (Figure 4A) with the fusion feature “addition of FMZ and FDG t-maps” 
showing the highest contribution. For EZ vs. NIZ classifications, FMZ performed comparably to FDG (AUC = 0.78 [0.76-0.79], vs. AUC 
= 0.80 [0.78-0.81]). Their concatenation slightly improved performance (AUC = 0.82 [0.81-0.84]), with fusion features achieving the best 
results (AUC = 0.86 [0.84-0.87]) (Figure 4B, C). DeLong’s test indicates that fusion features significantly outperformed single-modality 
inputs (P = 0.04 for FDG, P = 0.008 for FMZ). EZ vs. PZ classifications were more challenging, with PZ vs. NIZ separation proving the 
most difficult (AUC < 0.60). Models predicted EZ more accurately in mesial TLE than in lateral TLE (Online Supplemental Data). 

In patient-level EZ prediction, the concatenated FDG, FMZ and fusion model showed a similar detection rate as FDG alone in 80% of 
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patients (16/20) (Figure 5A), while eliminating all FPs in 50% of patients and ≥80% of FPs in 90% (18/20) of patients (Figure 5B). Both 
mesial and lateral TLE subtypes showed similar FP performance, but mesial TLE had a higher true positive rate compared to lateral TLE 
(Figure 5A, C). 

 

FIG 4. Classification of the epileptogenic zone (EZ) using single or concatenated molecular features at the ROI level. (A) Bar plot 
showing feature ranking based on LASSO regression coefficients for selected features. The arrow highlights the feature with the 
highest contribution, ‘the addition of FMZ and FDG t-maps’, in the LASSO regression model. (B) ROC curves of classification models 
that distinguish EZ from non-involved zone (NIZ) and (C) ROC curves of classification models that distinguish EZ from propagation 
zone (PZ) with four different feature inputs. The suffix ‘-t’ means t-map features, while ‘-s’ means SUVR features. RMS, root mean 
square. MAD, mean absolute deviation. 

 

FIG 5. Model performance using single or concatenated molecular features at the patient level. (A) The number of patients with 
true positive EZ prediction across all subtypes using FDG (a PET tracer for hypometabolism), FMZ (a PET tracer for GABAA receptor 
binding), and their fusion feature as inputs. (B) The patient-level false positive rate in all subtypes. (C) The patient-level false 
positive rate in mesial TLE (above) and lateral TLE (below). Different colors represent the range of false positive elimination: red 
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indicates 100% elimination; orange represents more than 80% elimination; cyan denotes less than 80% elimination; dark gray 
indicates the combination of 100% and more than 80% elimination; light gray represents less than 80% elimination. 

DISCUSSION 

This study demonstrates that [18F]FMZ PET complements the more commonly used [18F]FDG PET in the localization of the epileptogenic 
zone, reducing false positives. Significant decreases in both FDG and FMZ uptakes were observed in pathologically confirmed lesions. 
Multi-regression analysis reveals that FDG SUVR interacts with FMZ SUVR in predicting epileptogenicity, with their fused feature 
contributing the most in classification models.  

 
Interplays Between Glucose Uptake and GABAA Receptor Availability  

FDG and FMZ SUVR exhibited strong positive correlations in EZ of each patient, and weaker correlations in regions with lower 
epileptogenicity. Previous studies comparing FMZ PET and FDG PET primarily focused on lesion detection12, rather than their 
associations. In temporal lobe epilepsy, reduced glucose metabolism may impair GABAA receptor phosphorylation, affecting GABAergic 
inhibition31. In Huntington’s disease, glucose hypometabolism has been shown to precede GABAergic dysfunction32. Conversely, 
dysfunctional GABAA receptors may elevate neuronal activity, altering glucose metabolism by increasing energy demands33. GABAergic 
neuronal loss would result in decreased glucose uptake and GABAA receptor availability34. Our analysis reveals for the first time that FMZ 
SUVR interacts with FDG SUVR in predicting epileptogenicity, indicating their fusion may enhance EZ prediction.   

 
Feature Contributions to EZ Classification Models  

Machine learning evaluations support synergistic effects between FDG and FMZ. The fused FDG and FMZ feature ranked highest in 
feature importance, consistent with the interaction effect analysis. In patient-level classification, the dramatic elimination of false positives 
using fused molecular feature input may be explained by a lack of concurrent hypometabolism and GABAA down-regulation in regions 
with transient functional changes.   

Model comparisons revealed better performance for mesial than lateral TLE groups at both ROI-level and patient-level (Online 
Supplemental Data, Figure 5A), which may be attributed to the heterogeneous expression of GABAA receptor subunits and variations in 
lesion locations.  

 
Limitations  

First, the EZ defined by the epileptogenicity index differs conceptually from the seizure onset zone confirmed by post-surgical seizure 
freedom. Therefore, for patient-level true positive detection, we used only the EZ that corroborated the seizure onset zone for each patient. 
The advantage of using EI is that it provides additional insight into the epileptogenic network, including propagation and non-involved 
zones.  

Second, due to challenges in recruiting healthy volunteers for FMZ PET, and inherent bias between our data and the [11C]FMZ brain 
template (N=16)35 (e.g. demographic and tracer differences), we formed an FMZ control group comprised of radiologically “normal” 
epilepsy patients. 

Additionally, the small sample size may introduce random variability and bias in machine learning validation, affecting model 
performance and leading to overfitting. It may also result in an unreliable representation of subgroups, such as lateral versus mesial TLE, 
potentially skewing results.  

Finally, while this study offers valuable insights into the synergistic effects of FDG and FMZ in predicting epileptogenicity, future 
research should incorporate additional imaging modalities, such as high-resolution structural and functional imaging, to provide a more 
comprehensive understanding of epileptogenic network alterations in epilepsy.  

CONCLUSIONS 

The fusion of FDG and FMZ PET, in conjunction with machine learning techniques, represents a novel and powerful tool for detecting 
and characterizing the epileptogenic zone in TLE patients. This approach has potential implications for improving surgical planning and 
predicting surgical outcomes, thereby contributing to optimizing patient management in epilepsy care. 
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Table S1. STARD 2015 checklist 

 Section & Topic No Item Reported on page# 

 TITLE OR ABSTRACT    

  1 Identification as a study of diagnostic accuracy using at least one measure of accuracy 
(such as sensitivity, specificity, predictive values, or AUC) 

Page 1 

 ABSTRACT    

  2 Structured summary of study design, methods, results, and conclusions  
(for specific guidance, see STARD for Abstracts) 

Page 1 

 INTRODUCTION    

  3 Scientific and clinical background, including the intended use and clinical role of the index 
test 

Page 2 

  4 Study objectives and hypotheses Page 2 

 METHODS    

 Study design 5 Whether data collection was planned before the index test and reference standard  
were performed (prospective study) or after (retrospective study) 

Page 2 

 Participants 6 Eligibility criteria  Page 2 

  7 On what basis potentially eligible participants were identified  
(such as symptoms, results from previous tests, inclusion in registry) 

Page 2 

  8 Where and when potentially eligible participants were identified (setting, location and 
dates) 

Page 2 

  9 Whether participants formed a consecutive, random or convenience series Page 2 

 Test methods 10a Index test, in sufficient detail to allow replication Page 2 – 4 

  10b Reference standard, in sufficient detail to allow replication Page 2 – 4 

  11 Rationale for choosing the reference standard (if alternatives exist) Page 2 – 4 

  12a Definition of and rationale for test positivity cut-offs or result categories  
of the index test, distinguishing pre-specified from exploratory 

Page 4 

  12b Definition of and rationale for test positivity cut-offs or result categories  
of the reference standard, distinguishing pre-specified from exploratory 

Page 4 

  13a Whether clinical information and reference standard results were available  
to the performers/readers of the index test 

Page 2 

  13b Whether clinical information and index test results were available  
to the assessors of the reference standard 

Page 2 

 Analysis 14 Methods for estimating or comparing measures of diagnostic accuracy Page 4 

  15 How indeterminate index test or reference standard results were handled Page 4 

  16 How missing data on the index test and reference standard were handled Page 4 

  17 Any analyses of variability in diagnostic accuracy, distinguishing pre-specified from 
exploratory 

Page 2-4 

  18 Intended sample size and how it was determined Page 2 

 RESULTS    

 Participants 19 Flow of participants, using a diagram Page 3 

  20 Baseline demographic and clinical characteristics of participants Page 4  

  21a Distribution of severity of disease in those with the target condition Page 4 - 6 

  21b Distribution of alternative diagnoses in those without the target condition Page 4 – 6 

  22 Time interval and any clinical interventions between index test and reference standard Page 2 

 Test results 23 Cross tabulation of the index test results (or their distribution)  
by the results of the reference standard 

- 
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  24 Estimates of diagnostic accuracy and their precision (such as 95% confidence intervals) Page 6 - 7 

  25 Any adverse events from performing the index test or the reference standard - 

 DISCUSSION    

  26 Study limitations, including sources of potential bias, statistical uncertainty, and 
generalisability 

Page 8 

  27 Implications for practice, including the intended use and clinical role of the index test Page 8 

 OTHER 
INFORMATION 

   

  28 Registration number and name of registry Page 2 

  29 Where the full study protocol can be accessed Page 2 – 4 

  30 Sources of funding and other support; role of funders Page 1 
 
 
Table S2. Detailed patient demographic and clinical information* 

Patient 
ID Age Sex Age of onset 

(year) 
Epilepsy 

duration (year) 
Seizure 

frequency 
MRI 

diagnosis 
EZ 

location 
Engel class 
(>1 year) 

1 42 F 40 2 3-4/day B R HIP I 
2 29 F 5 24 7-8/month P L HIP I 
3 15 M 13 2 3/year B L HIP I 
4 21 F 14 7 1-2/year B L HIP I 
5 38 F 16 22 1/week B R HIP I 
6 32 M 27 5 6/year B R HIP I 
7 24 F 17 7 2-3/month B R HIP I 
8 29 M 9 20 2-3/month B R HIP I 
9 34 F 25 9 2-3/month B L HIP I 
10 32 M 27 5 3-4/week P L HIP I 
11 32 M 15 17 2-3/month B R HIP II 
12 27 M 1 26 4-5/month B R HIP I 
13 46 F 34 12 2-8/month N L HIP I 
14 32 M 16 15 2-3/month B R HIP I 
15 41 F 34 8 2/year N L TPO I 
16 52 F 20 32 1-2/month P R TPO I 
17 33 M 22 11 1-2/day P R ITG I 
18 33 M 23 10 2-3/week P L ITG I 
19 19 M 12 7 2-3/month P R TPO I 
20 8 M 4 4 1/month N L STG I 

Note: *all subjects had an interval of more than 24 hours to ensure decay of the radioisotope and less than 1 year between the two scans. B, bilateral 
abnormalities, indicates inconclusive findings on MRI; F, female; L HIP, left hippocampus; L ITG, left inferior temporal gyrus; L STG, superior temporal gyrus; 
L TPO: left temporal pole; M, male; N, cases with MRI-negative findings; P, cases with MRI-positive findings that are distinctly lateralized; R HIP: right 
hippocampus; R ITG, right inferior temporal gyrus; R TPO: right temporal pole. 
 
 
Table S3. Performance evaluations of epileptogenic zone prediction in all patients 

 EZ vs. NIZ EZ vs. PZ PZ vs. NIZ 

Parameters AUC Acc Sen Spe AUC Acc Sen Spe AUC Acc Sen Spe 

FDG 0.80 0.78 0.67 0.81 0.74 0.74 0.63 0.77 0.59 0.59 0.52 0.67 

FMZ 0.78 0.74 0.68 0.76 0.72 0.65 0.74 0.63 0.57 0.57 0.40 0.74 

FDG+FMZ 0.82 0.77 0.78 0.77 0.77 0.72 0.73 0.72 0.61 0.60 0.66 0.54 

FDG+FMZ+Fusion 0.86 0.82 0.76 0.84 0.79 0.74 0.71 0.75 0.62 0.60 0.59 0.62 
Note: AUC, the area under the curve; ACC, accuracy; EZ, epileptogenic zone; NIZ non-involved zone; PZ, propagation zone; Sen, sensitivity; Spe, specificity. 

 
Table S4. Performance evaluations of epileptogenic zone prediction in mesial TLE patients 

 EZ vs. NIZ EZ vs. PZ PZ vs. NIZ 

Parameters AUC Acc Sen Spe AUC Acc Sen Spe AUC Acc Sen Spe 

FDG 0.85 0.81 0.71 0.83 0.79 0.75 0.68 0.76 0.62 0.61 0.53 0.70 

FMZ 0.81 0.76 0.73 0.77 0.77 0.68 0.77 0.66 0.57 0.57 0.39 0.75 

FDG+FMZ 0.87 0.82 0.81 0.82 0.81 0.74 0.78 0.74 0.63 0.62 0.69 0.55 

FDG+FMZ+Fusion 0.89 0.86 0.79 0.87 0.83 0.77 0.77 0.77 0.64 0.62 0.61 0.64 
Note: AUC, the area under the curve; ACC, accuracy; EZ, epileptogenic zone; NIZ non-involved zone; PZ, propagation zone; Sen, sensitivity; Spe, specificity. 
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Table S5. Performance evaluations of epileptogenic zone prediction in lateral TLE patients 
 EZ vs. NIZ EZ vs. PZ PZ vs. NIZ 

Parameters AUC Acc Sen Spe AUC Acc Sen Spe AUC Acc Sen Spe 

FDG 0.66 0.71 0.56 0.75 0.62 0.72 0.50 0.80 0.52 0.52 0.47 0.57 

FMZ 0.68 0.70 0.57 0.74 0.59 0.58 0.66 0.55 0.56 0.57 0.42 0.71 

FDG+FMZ 0.69 0.66 0.70 0.64 0.65 0.64 0.62 0.65 0.55 0.53 0.57 0.49 

FDG+FMZ+Fusion 0.76 0.72 0.70 0.73 0.67 0.67 0.58 0.70 0.55 0.54 0.53 0.55 
Note: AUC, the area under the curve; ACC, accuracy; EZ, epileptogenic zone; NIZ non-involved zone; PZ, propagation zone; Sen, sensitivity; Spe, specificity. 

 

 

Figure S1. Comparison of ipsilateral vs. contralateral FDG and FMZ SUVR in the hippocampus of (A) mesial TLE patients and (B) 
lateral TLE patients. 
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Figure S2. Comparisons of FDG and FMZ SUVR among brain regions with different epileptogenicity in patients with (A) mesial TLE 
and (B) lateral TLE. ***P < .001, Mann-Whitney U test under Bonferroni-Holm correction. 

 

 

 

Figure S3. Comparisons of gray matter volume in regions with different epileptogenicity of different subgroups: (A) all patients, 
(B) mesial TLE patients, and (C) lateral TLE patients. Mann-Whitney U test under Bonferroni-Holm correction. 
  



14 

 

 

Figure S4. The MR imaging protocols. 


