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Background: Epilepsy imposes a substantial global burden, and drug-resistant epilepsy (DRE) accounts for a disproportionate share 
of morbidity due to persistent seizures and limited treatment options. Although MRI studies have reported gray-matter (GM) atrophy 
in DRE, its spatial specificity, accompanying changes in morphometric similarity network (MSN) connectivity strength, and the 
performance of an MRI-only supportive screening model for identifying DRE remain incompletely understood. We therefore tested 
whether GM atrophy clusters non-randomly in territories with high neurotransmitter-receptor, cellular, and mitochondrial distributions, 
whether MSNs are altered, and evaluated the feasibility of an MRI-only model to support DRE identification.
Methods: This study first used voxel-based morphometry (VBM) to map group GM atrophy, then constructed MSN from structural 
MRI features to analyze global, regional, and graph-theoretic metrics; we next tested the spatial correlation of the GM atrophy map 
with neurotransmitter receptor and cellular/mitochondrial distributions under family-wise FDR control. Finally, we trained classifiers 
using LASSO-selected MRI features to develop an MRI-based screening/support tool. All analyses were performed separately in two 
independent cohorts.
Results: Both cohorts showed temporo-limbic–anchored GM atrophy, with discovery-cohort stratification indicating broader thalamo– 
ventral temporal involvement in TLE and more focal cerebellar effects in non-TLE. MSNs showed preserved global indices with focal 
regional meanMS reductions (isthmus cingulate/medial orbitofrontal/pars triangularis), reproduced in TLE but not other subtype 
contrasts. The atrophy map co-localized with 5-HT1B and mGluR5 and with mitochondrial Complex I/IV (plus respiratory capacity 
and a neuronal subtype map) in discovery, while validation showed no FDR-significant correspondences and opposite directions for 
mGluR5 and respiratory capacity. The MRI-only panel achieved moderate external AUC (~0.75), consistent with a supportive 
screening application rather than diagnostic replacement.
Conclusion: GM atrophy in DRE aligns with neurotransmitter and mitochondrial distributions and coincides with regional meanMS 
reductions; an MRI-only model aids DRE identification, though causality and clinical utility await validation in larger longitudinal/ 
interventional studies.
Keywords: voxel-based morphometry, morphometric similarity networks, JuSpace, clinical prediction model

Introduction
Epilepsy affects around 50 million people worldwide, and approximately 20–30% of individuals continue to have 
seizures despite adequate antiseizure medication trials, meeting criteria for drug-resistant epilepsy (DRE). DRE con
tributes disproportionately to cognitive morbidity and public-health burden due to persistent seizures and limited 
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treatment options.1–3 Despite advances in antiseizure medications and emerging therapeutic approaches, a substantial 
proportion of patients remain drug-resistant, underscoring ongoing efforts to explore broader pharmacological strategies 
with careful attention to safety and toxicology.4,5 Pathophysiology spans multiple scales: GM atrophy and network 
disorganization at the macroscale,6 alongside alterations in neurotransmitter systems and cellular/mitochondrial biology 
at the micro/molecular levels.7–10 Accordingly, in imaging analyses, it is essential to link MRI findings to structural 
network organization and to neurochemical/cellular–energetic mechanisms, and to leverage these correspondences for 
interpretable, individualized assessment.

In macro-level imaging research, numerous studies based on GM volume and cortical morphometric indices have 
demonstrated marked morphological abnormalities in DRE.11,12 Further network investigations—including functional con
nectivity networks, morphometric similarity networks, and structural covariance networks also indicate convergent, cross- 
method alterations.13,14 Beyond descriptive mapping, large-scale network alterations in DRE can be interpreted in the context 
of experimentally established plasticity mechanisms. Recurrent seizures can drive maladaptive synaptic and homeostatic 
plasticity—often discussed as “learning-like” consolidation of pathological network states—thereby stabilizing epileptogenic 
circuits and shaping relapse-prone dynamics after transient control. This framework provides a translational rationale for 
linking MRI-derived network phenotypes to neurochemical and cellular–energetic systems that modulate plasticity and 
excitation–inhibition balance. At the biological level, evidence shows that disruptions of excitatory and inhibitory neuro
transmitter systems, together with multiple modulatory pathways, jointly disturb the excitation–inhibition balance;15 mean
while, region-specific distributions of different cell types and microstructural elements such as mitochondrial complexes 
determine spatial heterogeneity in energy supply and excitation–inhibition homeostasis.16,17

Despite substantial progress in understanding drug-resistant epilepsy (DRE), several critical gaps remain. It is still 
unclear whether DRE exhibits a reproducible and spatially specific pattern of gray-matter atrophy that can be robustly 
detected across independent cohorts; whether individual-level morphometric similarity networks (MSNs) show global 
reconfiguration or instead focal hub-level weakening; and to what extent MRI-derived structural patterns can be 
mechanistically contextualized using neurochemical and cellular–energetic reference maps. Against this background, 
we asked whether DRE-related MRI phenotypes yield non-random, cross-cohort–reproducible macrostructural and 
network-level signatures that can be meaningfully anchored to neurobiological reference systems. Specifically, we tested 
whether (i) the DRE–healthy control atrophy map demonstrates a consistent spatial patterns across cohorts, (ii) whether 
MSN alterations in DRE remain unclear at the global and regional level—specifically, whether they are better 
characterized by preserved global summaries with focal reductions in regional meanMS/strength within hub-like 
territories or by broader global reconfiguration, (iii) the group-level atrophy pattern shows selective spatial correspon
dence with pre-specified neurotransmitter-receptor and cellular/mitochondrial distributions—thereby motivating an 
interpretable MRI-only framework for screening/stratification and research cohort enrichment.

Multi-site, independently recruited cohorts offer a practical advantage for evaluating the robustness and general
izability of MRI-derived disease signatures, as cross-cohort replication helps distinguish stable, disease-related patterns 
from site- or sample-specific idiosyncrasies. MSN analysis yields an individual-level network phenotype by summarizing 
cross-regional morphometric similarity across multiple cortical features, enabling tests of whether case–control differ
ences manifest as global shifts or as focal hub-level weakening that may not be evident from atrophy topography 
alone.18,19 JuSpace further supports mechanistic contextualization by assessing spatial correspondence between the 
group-level atrophy pattern and a pre-specified panel of neurotransmitter-receptor, cell-type, and mitochondrial reference 
maps with appropriate control of specificity.20 Finally, evaluating an MRI-only prediction framework under frozen 
feature definitions and decision thresholds across cohorts provides a pragmatic appraisal of translational feasibility, 
aligning with use cases in screening/stratification and research cohort enrichment rather than diagnostic replacement.

Accordingly, we applied voxel-based morphometry (VBM), individual-level MSN analysis, and JuSpace-based GM- 
to-map alignment, and evaluated an MRI-only prediction framework in independent discovery and validation cohorts. 
This integrated strategy is intended to support applicability and translational relevance in several ways. First, by 
prioritizing cross-cohort reproducibility, it addresses a key prerequisite for clinical generalization—namely, whether 
MRI-derived phenotypes remain stable under real-world heterogeneity across settings. Second, pairing macrostructural 
mapping with individual-level network phenotyping provides complementary readouts that could facilitate clinically 
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meaningful stratification, for example, by distinguishing patients characterized by focal hub-level network vulnerability 
from those with more diffuse structural involvement. Third, anchoring structural patterns to established neurochemical 
and cellular–energetic reference systems offers a principled route to mechanism-oriented hypothesis generation, helping 
connect MRI observations to targets that are actionable in experimental and therapeutic research (eg., receptor- or 
metabolism-informed studies). Finally, if externally validated under frozen specifications, an MRI-only framework could 
be positioned as a practical, radiation-free tool for screening/triage and research cohort enrichment, complementing EEG 
and other modalities in presurgical evaluation and in the design of more targeted, mechanism-aware studies in DRE.

Materials and Methods
Participants
Discovery analyses were conducted using the Imaging Database for Epilepsy and Surgery (IDEAS), a recently estab
lished, publicly available neuroimaging repository.21 We retrieved structural MRI scans for 98 healthy controls (HC) and 
116 patients with DRE. Groups were matched on sex. Per the IDEAS data-use policy, all images are anonymized and no 
additional ethics approval is required for secondary analyses.

To test reproducibility, we examined an independent cohort of 11 HC and 16 patients with refractory epilepsy 
recruited at the General Hospital of the Western Theater Command. Diagnoses followed International League Against 
Epilepsy (ILAE) criteria and were corroborated by clinical features and interictal/ictal EEG. Patient inclusion criteria 
were: (1) age 18–65 years; (2) confirmed epilepsy; (3) no intracranial or other neurological comorbidities on MRI (eg., 
cerebrovascular disease, tumors, neurodegenerative disorders); (4) no history of psychiatric illness, systemic disease, or 
substance/alcohol abuse; and (5) availability of high-quality 3D T1-weighted scans (Philips Achieva 3.0 T). HC were 
recruited from individuals undergoing routine health screening with no neurological or psychiatric history. All partici
pants provided written informed consent. The protocol was approved by the hospital’s Ethics Committee and complied 
with the Declaration of Helsinki.

MRI Data Acquisition
Discovery T1-weighted structural scans were obtained from the IDEAS repository. Imaging was performed on 3 T GE 
systems using site-standard epilepsy protocols, predominantly 3D FSPGR (voxel size ≈0.9375 × 0.9375 × 1.1 mm) or 
MPRAGE (1.0 × 1.0 × 1.0 mm). Validation scans were acquired at the General Hospital of the Western Theater 
Command on a Philips Achieva 3 T scanner using a high-resolution 3D T1-weighted sequence (TR/TE = 9.8/4.6 ms; 
flip angle = 9°; matrix = 256 × 256; slice thickness = 1 mm; 170 sagittal slices). The same visual quality-control (QC) 
criteria were applied to exclude motion or intensity artifacts; one HC scan failed QC and was removed.

Image Preprocessing
All structural MRI data were preprocessed with a uniform voxel-based morphometry (VBM) pipeline in MATLAB 
R2020b, SPM12, and CAT12 (v12.8.2), applied identically to the discovery (IDEAS) and validation cohorts. Native 3D 
T1-weighted images underwent visual QC and were processed with CAT12’s Segment module for adaptive bias-field 
correction and probabilistic tissue classification (GM/white matter/cerebrospinal fluid). Spatial normalization used 
CAT12 geodesic shooting to the ICBM/IXI template in MNI space. Gray-matter maps were Jacobian-modulated to 
preserve local volumes, resampled to a constant isotropic resolution across cohorts, and smoothed with an 8-mm FWHM 
Gaussian kernel. QC followed a pre-specified workflow based on CAT12’s composite Image Quality Rating (IQR) and its 
noise, bias, and resolution components; all segmentations and normalizations were visually reviewed, and scans with 
motion/ghosting, marked inhomogeneity, tissue misclassification, or poor normalization were excluded.

Morphometric Feature Extraction
Morphometric measures were obtained with CAT12 (SPM12; MATLAB R2020b) using its surface-based pipeline 
executed via the toolbox interface. For each participant, CAT12 produced vertex-wise maps of four complementary 
features—cortical thickness (projection-based thickness), local gyrification index, sulcal depth, and fractal dimension— 
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on the individual cortical surface. These maps were sampled to the Desikan–Killiany atlas (68 parcels, left/right), and 
parcel values were summarized as the robust mean of vertex values after excluding non-cortical vertices. The same 
CAT12 version, atlas, and extraction procedure were applied in both cohorts. This yielded a 68 × 4 region-by-feature 
matrix per subject that was used for subsequent group statistics and morphometric similarity network construction.

MSN Construction
For each participant, CAT12-derived maps of cortical thickness, gyrification, sulcal depth, and fractal dimension were 
parcellated using the Desikan–Killiany atlas, yielding a 68 × 4 region-by-feature matrix. To place features on a common 
scale, each feature was z-scored within-subject across regions. MSN edges were defined as pairwise Pearson correlations 
between each region’s four-dimensional feature vectors, producing a 68 × 68 weighted adjacency matrix (diagonal = 0; 
negative correlations set to 0). Negative correlations were set to zero (ie., treated as the absence of morphometric 
similarity), because MSNs are typically interpreted as non-negative similarity graphs and most subsequent network 
summaries (eg., AUC-based graph metrics) assume non-negative edge weights for interpretability and comparability 
across subjects.18,19 From each adjacency, we computed global meanMS (mean edge weight) and regional nodal strength 
(sum of incident weights) for statistical analyses. The pipeline—atlas, normalization, edge definition, and summary 
metrics—was held constant across cohorts, and all analyses were performed within cohort. Full details are provided in 
the Supplementary Methods (Supplementary Figure 1).

Neurobiological Reference Maps
We used a pre-specified panel to test whether gray-matter atrophy preferentially co-localizes with neurochemical, 
cellular, and bioenergetic architectures implicated in epilepsy. Neurotransmitter PET/SPECT maps comprised 5-HT1A,22 

5-HT1B,22 D1,23 D2,24 DAT,25 FDOPA,26 GABAa,25 SERT,22 NMDA,27 mGluR5,28 and VAChT,28 covering inhibitory 
(GABAa) and major excitatory/monoaminergic systems known to modulate seizure threshold and network 
excitability.15,29–35 Cell-type transcriptional maps targeted key cortical classes—interneurons (PVALB/L4–5, SST/ 
L5–6, VIP/L1–2), excitatory projection neurons (Ex6 subcortical-projecting L5/6; Ex7 corticothalamic), and glia (astro
cytes, microglia, oligodendrocytes)36–38—reflecting circuit elements central to excitation–inhibition balance, propagation 
pathways, and neuroinflammatory/myelination processes.39–43 Mitochondrial indices included Complex I (NADH dehy
drogenase), Complex IV (cytochrome-c oxidase), and respiratory capacity,44 given evidence that oxidative phosphoryla
tion and redox state shape seizure vulnerability and pharmacoresistance.45,46

Neurotransmitter PET/SPECT templates and additional reference maps were taken from the JuSpace v2.0 distribu
tion; the original sources for each template are listed in the accompanying Sources_templates_release.md file and were 
cited accordingly.

All subject-level MRI maps and reference templates were summarized within the same atlas (eg., Neuromorphometrics, 
119 regions) using JuSpace’s internal extraction routine. Specifically, JuSpace derives the regional ordering from the atlas 
label IDs and applies the identical label set to extract regional values from both MRI data and template maps, ensuring 
consistent ROI alignment without manual re-ordering.

Model Construction and Evaluation
Supervised classifiers were developed to distinguish DRE from HC using a pre-specified feature set derived from the 
MSN and JuSpace pipelines. To reduce dimensionality and collinearity, candidate predictors first underwent feature 
selection via LASSO-penalized logistic regression, with the regularization parameter tuned by stratified k-fold cross- 
validation; only features with non-zero coefficients across training folds were retained. This sparsity constraint yields 
a compact set of clinically interpretable predictors, because each selected feature corresponds to a named network or 
biological measure (eg., regional meanMS/graph metrics and cross-modal alignment strengths) that can be directly 
mapped to specific brain regions and neurobiological systems. Using this fixed subset, we trained four models—logistic 
regression, support vector machine, random forest, and LightGBM—with hyperparameters optimized by nested cross- 
validation within the discovery cohort. All preprocessing and selection were performed exclusively on training splits to 
prevent information leakage. After model selection, the chosen model was refit on the full exploration cohort and 
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evaluated once on the independent validation cohort. The primary endpoint was ROC–AUC (95% CI); balanced 
accuracy, sensitivity, specificity, F1-score, and Brier score were secondary metrics. The decision threshold was set on 
the discovery cohort and carried forward unchanged to validation.

Statistical Analyses
All analyses were conducted within each cohort (exploration and validation analyzed separately), with age, sex, and TIV 
included as covariates where applicable. Multiple comparisons were controlled using the Benjamini–Hochberg FDR as 
specified below.

Modulated, normalized, and smoothed GM maps were compared between DRE and HC using two-sample t-tests in 
SPM12, adjusting for age, sex, and TIV. Inference was performed at the cluster level with FWE correction; significant 
clusters are reported with peak MNI coordinates, cluster extent, and maximum t value.

In addition to the primary DRE–HC comparison, prespecified stratified analyses were performed to examine subtype- 
specific gray-matter volume alterations. Specifically, in discovery cohort, voxel-wise two-sample t-tests were conducted for 
temporal lobe epilepsy (TLE) vs HC, non-TLE vs HC, right TLE vs HC, and left TLE vs HC, using the same preprocessing 
outputs and GLM specification as the primary analysis, with age, sex, and TIV included as covariates. In validation cohort, 
voxel-wise comparisons were performed for TLE vs HC and non-TLE vs HC; due to the smaller sample size in validation 
cohort, we did not further stratify TLE by laterality (left vs right) to avoid underpowered and potentially unstable voxel-wise 
inference. For all subgroup contrasts, statistical inference was performed at the cluster level with FWE correction, and 
significant clusters were reported with peak MNI coordinates, cluster extent, and maximum t value.

Between-group effects on global meanMS, regional meanMS, and three graph measures (AUC-L, AUC-c, AUC-σ) 
were assessed using ANCOVA with HC3 heteroskedasticity-consistent standard errors, adjusting for age, sex. In addition to 
the primary DRE–HC comparison, prespecified stratified analyses were conducted for regional meanMS to characterize 
subtype-specific MSN alterations. In the discovery cohort, additional contrasts included TLE vs HC, non-TLE vs HC, right 
TLE vs HC, and left TLE vs HC; in the validation cohort, contrasts included TLE vs HC and non-TLE vs HC. Given the 
smaller sample size in the validation cohort, TLE was not further stratified by laterality (left vs right) to avoid underpowered 
and unstable estimates. For regional outcomes (68 regions), p-values were FDR-corrected across regions; for global and 
AUC summaries, FDR was applied across the family of MSN measures.

To relate atrophy to neurobiological reference maps, we used JuSpace (2.0) in two-group mode (list1 = DRE; list2 = HC). 
In addition, prespecified stratified analyses were conducted by redefining the two lists according to clinical subgroups: in the 
discovery cohort, we performed TLE vs HC, non-TLE vs HC, right TLE vs HC, and left TLE vs HC; in the validation cohort, 
we performed TLE vs HC and non-TLE vs HC.

For each PET/SPECT template, we computed Spearman rank correlations between the parcellated regional atrophy pattern 
and the template map. To avoid inflated significance due to spatial autocorrelation in map-to-map correspondence testing, 
statistical inference was based on spatial-null models rather than parametric p-values, following general recommendations for 
spatially informed correspondence analyses. Specifically, we used the exact spatial permutation procedure implemented in 
JuSpace, which generates an empirical null distribution for each template comparison; we used 10,000 permutations to obtain 
p_exact values, and we applied Benjamini–Hochberg FDR correction to these spatial-null p-values (p_exact_fdr_BH). Effects 
are reported as Spearman’s ρ with two-sided p_exact (and FDR-adjusted p_exact_fdr_BH).

As a sensitivity analysis, we additionally assessed statistical significance using Moran spectral randomization (MSR) 
as implemented in BrainSpace, which generates surrogate maps that preserve the spatial autocorrelation structure of the 
original parcellated volumetric map. We generated 10,000 MSR surrogates and computed two-sided empirical p-values 
for each template correlation, followed by BH-FDR correction across templates.47,48

Results
Cohort Characteristics
The discovery cohort comprised 116 DRE and 98 HC. Sex distribution did not differ between groups (female, 60.3% vs 
63.3%; p = 0.657), whereas age distribution differed modestly across bins (p = 0.007). Age strata ranged from 20 to 54 
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years in both groups; a small proportion of HC were ≥55 years (13.3%), with no participants ≥55 years in DRE. Within 
the DRE group, epilepsy subtype was further classified as right TLE (n = 42, 36.2%), left TLE (n = 50, 43.1%), and non- 
TLE (n = 24, 20.7%) (Tables 1 and 2). The validation cohort comprised 15 DRE and 11 HC, with similar sex ratios 
(male, 9/6 vs 7/4; p = 1.00) and comparable ages (29.8 ± 9.6 vs 28.6 ± 6.2 years; p = 0.73). In the validation DRE group, 
epilepsy subtype was categorized as TLE (n = 11, 73.3%) and non-TLE (n = 4, 26.7%) (Tables 1 and 2). All statistical 
analyses were performed using R software (version 4.2.3) and Python (version 3.11.4), along with Xsmart software 
(https://www.xsmartanalysis.com/).

Voxel-Based Morphometry
In the discovery cohort, VBM revealed widespread gray-matter reductions in DRE after cluster-level FWE correction, 
with prominent involvement of the ventral temporal cortex and extending into the occipital–parietal cortex and medial 
orbitofrontal/cingulate territories (Figure 1 and Supplementary Table 1). All models included age, sex, and TIV as 
covariates; only clusters surviving cluster-level FWE correction are displayed.

Table 1 Baseline Characteristics of the Discovery 
Cohort

Characteristics DRE HC P-value
N = 116 N = 98

Gender (%) 0.657

Male 46 (39.7) 36 (36.7)

Female 70 (60.3) 62 (63.3)
Age (%) 0.007

Less than 20 0 (0.0) 3 (3.1)

20 to 24 18 (15.5) 13 (13.3)
25 to 29 16 (13.8) 9 (9.2)

30 to 34 17 (14.7) 11 (11.2)

35 to 39 20 (17.2) 15 (15.3)
40 to 44 16 (13.8) 11 (11.2)

45 to 49 13 (11.2) 9 (9.2)

50 to 54 16 (13.8) 14 (14.3)
Over 55 0 (0.0) 13 (13.3)

Epilepsy subtype (%) /

Right TLE 42 (36.2) /
Left TLE 50 (43.1) /

Non-TLE 24 (20.7) /

Table 2 Baseline Characteristics of the Validation Cohort

Characteristics DRE HC P-value
N = 15 N = 11

Gender (%) 1

Male 9 7
Female 6 4

Age (SD) 29.80 (9.61) 28.64 (6.19) 0.73

Epilepsy subtype (%) /
TLE 11 (73.3) /

Non-TLE 4 (26.7) /

Notes: Values are n (%); Age (SD) is mean (SD). P-values compare DRE vs 
HC within each cohort. N refers to participants after QC.
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Prespecified stratified analyses further indicated subtype-specific atrophy topographies in the discovery cohort 
(Supplementary Figure 2 and Supplementary Table 2). Compared with HC, TLE showed a broader pattern encompassing 
thalamic and ventral temporal regions, with additional involvement of medial frontal/cingulate territories and cerebellar clusters. 
In contrast, non-TLE exhibited a more focal pattern, with effects predominantly centered on the cerebellum. Laterality-defined 
analyses suggested partially overlapping but non-identical distributions: left TLE was characterized by thalamic involvement 
accompanied by inferior temporal and inferior parietal extensions, whereas right TLE showed thalamic and ventral temporal 
involvement with additional cerebellar effects.

In the validation cohort, the overall spatial pattern was broadly concordant, with gray-matter loss centered on 
temporal–limbic regions and smaller effects in orbitofrontal areas (Supplementary Figure 3 and Supplementary Table 3).

Prespecified stratified analyses in the validation cohort likewise suggested subtype-specific atrophy patterns. 
Compared with HC, TLE exhibited significant GM volume reductions primarily concentrated in ventral and mesial 
temporal regions, including the left fusiform gyrus and right parahippocampal gyrus/hippocampus, with additional 
involvement of the right superior temporal pole (Supplementary Figure 4 and Supplementary Table 4). In contrast, the 
non-TLE vs HC comparison did not yield any significant clusters after whole-brain correction, indicating no detectable 
subtype-specific atrophy at the current sample size and statistical threshold.

Morphometric Similarity Network
In the discovery cohort, ANCOVA with HC3 heteroskedasticity-consistent standard errors (covariates: age, sex, TIV) 
found no between-group differences after FDR correction in the global MSN metrics—global meanMS and the graph 
measures AUC-C, AUC-L, and AUC-σ (Figure 2A). By contrast, regional meanMS (nodal strength) identified three 
FDR-significant regions with lower values in DRE: left isthmus cingulate, right medial orbitofrontal, and right pars 
triangularis (Figure 2B and Table 3). In prespecified stratified analyses within the discovery cohort, the TLE vs HC 
contrast reproduced the same regional meanMS reductions, localized to the left isthmus cingulate, right medial 

Figure 1 Spatial pattern of gray-matter abnormalities in drug-resistant epilepsy. 
Notes: Axial slice overlays of brain regions showing significant gray matter (GM) volume differences in the discovery cohort based on voxel-wise two-sample t-tests in 
SPM12. All models included age, sex, and TIV as covariates. Statistical maps were thresholded at p < 0.05, cluster-level family-wise error (FWE) correction (whole-brain). 
The color bar represents T values (higher values indicate stronger between-group effects).
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Figure 2 (A) Group comparison of global MSN metrics (DRE vs HC). (B) Group comparison of regional MSN metrics (DRE vs HC). 
Notes: (A) Distribution of four global morphometric similarity network (MSN) metrics in the discovery cohort is shown for DRE and HC: global meanMS, AUC-C (area- 
under-the-curve of clustering coefficient), AUC-L (area-under-the-curve of characteristic path length), and AUC-σ (area-under-the-curve of small-worldness). Violin plots 
are overlaid with boxplots and jittered points. Group differences were assessed using heteroskedasticity-consistent linear models (HC3), with age and sex included as 
covariates, and FDR correction was applied across the four tests; all tests were two-sided. No comparison survived multiple-comparison correction (q ≥ 0.05). (B) (i–iii) 
Distributions of regional_meanMS in the discovery cohort for the left isthmus cingulate, right medial orbitofrontal, and right pars triangularis; (iv) cortical projection of 
significant parcels. Group differences were tested using HC3-robust linear models with age and sex included as covariates, with two-sided testing and FDR correction across 
parcels. All three parcels showed lower regional_meanMS in DRE than in HC (q < 0.05), indicating focal MSN weakening in limbic/orbitofrontal and frontal territories. 
Significance symbols: *q < 0.05, **q < 0.01, ***q < 0.001.
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orbitofrontal cortex, and right pars triangularis (Supplementary Figure 5). In contrast, the non-TLE vs HC, left TLE vs 
HC, and right TLE vs HC contrasts showed no FDR-significant regional meanMS differences. The validation cohort 
tested these three parcels a priori and observed directionally concordant reductions in DRE, although they did not reach 
statistical significance (Supplementary Figure 6). In stratified analyses within the validation cohort, none of the subtype- 
specific contrasts yielded FDR-significant regional meanMS differences.

Spatial Correlations with Neurobiological Maps
In the discovery cohort, JuSpace analyses identified significant spatial coupling between the atrophy map and two neurotrans
mitter templates—5-HT1B, and mGluR5—with positive associations after FDR correction (Figure 3A and Table 4). The 
cellular/mitochondrial panel showed that mitochondrial Complex I (NADH dehydrogenase), Complex IV (cytochrome 
c oxidase), and respiratory capacity remained positively associated with the atrophy pattern and survived FDR correction, and 
a neuronal subtype map (neuron-Ex6-SubcortProject-L56) also showed a significant positive association. In contrast, the 
remaining neuronal and glial-class maps did not survive FDR correction (Figure 3B and Table 4). Applying the same 
specification to the validation cohort yielded no FDR-significant correlations. Nonetheless, effect directions were concordant 
with the discovery cohort for 5-HT1B, neuron-Ex6-SubcortProject-L56, Complex I, and Complex IV, whereas mGluR5 and 
mitochondria-RespiratoryCapacity showed the opposite sign, which may reflect cohort heterogeneity and/or sampling varia
bility; this point is further discussed below. Full validation plots are provided in Supplementary Figure 7A and 7B.

In prespecified stratified analyses within the discovery cohort, the TLE vs HC contrast showed FDR-significant 
spatial correlations between the atrophy pattern and the distributions of 5-HT1B and mGluR5, whereas no cell-type or 
mitochondrial maps survived FDR correction in this contrast. The same pattern was observed in left TLE vs HC and right 
TLE vs HC, where 5-HT1B and mGluR5 remained FDR-significant, while cellular/mitochondrial associations were not 
significant after FDR correction (Supplementary Figures 8–10).

By contrast, the non-TLE vs HC contrast yielded a broader set of FDR-significant associations in the neurotransmitter 
panel, including 5-HT1B, D1, D2, NMDA, mGluR5, and VAChT, all showing positive spatial correlations with the 
atrophy pattern. In the cellular/mitochondrial panel, the non-TLE atrophy map also showed FDR-significant positive 
correlations with neuron-In1-VIP-RELN-NDNF-L12, neuron-Ex6-SubcortProject-L56, Glia-Oligo, mitochondrial 
Complex I (NADH dehydrogenase), mitochondrial Complex IV (cytochrome c oxidase), and mitochondria–respiratory 
capacity (Supplementary Figures 11 and 12).

In the validation cohort, none of the subtype-specific contrasts (TLE vs HC; non-TLE vs HC) yielded FDR-significant 
spatial correlations in the neurotransmitter, cell-type, or mitochondrial panels.

Because the validation cohort yielded no FDR-significant map-to-map correspondences across the neurotransmitter 
and cellular/mitochondrial panels, we conducted an additional spatial-autocorrelation–aware sensitivity analysis (spatial- 
null inference) in the discovery cohort to mitigate inflation driven by spatial dependence. For DRE vs HC, the atrophy 
pattern remained significantly associated (after FDR correction) with the neurotransmitter maps of 5-HT1B and mGluR5, 
whereas no cell-type or mitochondrial maps survived FDR correction (Supplementary Table 5). In stratified analyses, the 
right TLE vs HC contrast retained an FDR-significant correspondence for 5-HT1B, while the mGluR5 association was 
not significant under the sensitivity analysis. In contrast, the TLE vs HC and left TLE vs HC contrasts showed no FDR- 

Table 3 Regional Nodal Strength Differences (MSN) Between 
DRE and HC

ROI β 95% CI t FDR-p

Left isthmus cingulate −0.009 (−0.014, −0.004) −3.71 0.02

Right pars triangularis −0.019 (−0.030, −0.008) −3.27 0.03

Right pars triangularis −0.021 (−0.034, −0.008) −3.17 0.04

Notes: Values are from analysis of covariance (ANCOVA) controlling for age and sex, 
with heteroscedasticity-consistent (HC3) standard errors. β denotes the estimated 
group effect (DRE vs HC); 95% CI, confidence interval; t, test statistic; FDR-p, 
p values adjusted for multiple comparisons using the false discovery rate procedure.
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Figure 3 (A) Spatial coupling between gray-matter atrophy and neurotransmitter maps. (B) Spatial correlations between gray-matter atrophy and cell-type/mitochondrial maps. 
Notes: (A) Boxplots depict Fisher’s z-transformed Spearman correlation coefficients between the DRE vs HC regional gray-matter atrophy pattern and reference PET/ 
SPECT neurotransmitter maps in the discovery dataset. Asterisks (*) denote associations surviving BH–FDR correction (q < 0.05). The atrophy pattern showed FDR- 
significant positive correlations with 5-HT1b and mGluR5, whereas correlations with the remaining neurotransmitter systems did not survive FDR correction. (B) Boxplots 
depict Fisher’s z-transformed Spearman correlation coefficients between the DRE vs HC regional gray-matter atrophy pattern and reference cell-type and mitochondrial 
maps in the discovery dataset. Asterisks (*) denote associations surviving BH–FDR correction (q < 0.05). The atrophy pattern showed FDR-significant positive correlations 
with neuron-Ex6-SubcortProject-L56, mitochondrial Complex I (NADH dehydrogenase), mitochondrial Complex IV (cytochrome c oxidase), and mitochondrial respiratory 
capacity, whereas correlations with the remaining neuronal and glial-class maps did not survive FDR correction.
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Table 4 Spatial Correspondence Between Group-Wise GM Atrophy and Neurotransmitter, Cell-Type, and Mitochondrial Maps

Neurotransmitter receptor/transporter distribution map

5HT1a 5HT1b D1 D2 DAT FDOPA GABAα SERT NMDA mGluR5 VAChT

DRE vs HC Fisher z 0.021 0.138 0.042 0.036 −0.029 −0.04 0.058 −0.019 0.013 0.132 0.043

FDR-p 0.510 <0.001 0.222 0.222 0.510 0.222 0.077 0.550 0.550 <0.001 0.210

Cell-type & mitochondrial maps

Neuron-In6- 
PVALB-L45

Neuron-In7- 
SST-CALB-NPY 

-L56

Neuron-In1-VIP 
-RELN-NDNF-L12

Neuron-Ex6- 
Subcort 

Project-L56

Neuron-Ex7- 
Corticothal 

Project

Glia-Astro Glia-Micro Glia-Oligo Mitochondria- 
Complex1- 

NADH

Mitochondria- 
Complex4- 

COX

Mitochondria- 
Respiratory  

Capacity

DRE vs HC Fisher z 0.063 −0.037 0.042 0.063 0.021 0.003 0.003 0.046 0.110 0.113 0.085

FDR-p 0.151 0.151 0.178 0.022 0.510 0.931 0.931 0.119 0.022 0.022 0.034

Notes: Entries show the Fisher z-transformed Spearman correlations between the group-wise GM atrophy map (DRE vs HC) and each reference template (neurotransmitter receptor/transporter, cell-type transcriptomic enrichment, 
mitochondrial indices). P-values are FDR-adjusted.
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significant correspondences for 5-HT1B or mGluR5, and the non-TLE vs HC contrast yielded no FDR-significant 
associations across the neurotransmitter or cellular/mitochondrial panels.

Predictive Modeling
From the MSN/JuSpace matrix, LASSO retained a compact set of nonzero predictors for DRE–HC classification (Figure 4). 
The most negative coefficient was for mGluR5, whereas the right pars triangularis had the largest positive coefficient; 
predictors reduced to zero were not displayed. Using this fixed subset, we trained logistic regression, LightGBM, random 
forest, and SVM under the same preprocessing pipeline and a fixed train/internal-test/external-validation split. ROC curves 
(Figure 5A–D) showed that logistic regression had the lowest discrimination, whereas the nonlinear models achieved higher 
AUCs in both internal testing and external validation. Calibration was model-dependent: logistic regression exhibited the 
greatest deviation from the reference line, LightGBM showed moderate miscalibration, and random forest and SVM were 
closer to ideal calibration across most probability ranges (Figure 5E–H). Overall, a parsimonious set of MSN- and JuSpace- 
derived features yielded reproducible out-of-sample discrimination between DRE and HC (Table 5).

Figure 4 LASSO-selected features and their weights. 
Notes: LASSO retained non-zero coefficient predictors to distinguish DRE from HC. Bar length denotes standardized coefficients, ordered by absolute magnitude; positive 
indicates greater values favor DRE, negative indicates the opposite. Variables shrunk to zero are omitted. Notably, mGluR5 and mitochondrial Complex I (NADH) showed 
the strongest negative weights, whereas right pars triangularis, left isthmus cingulate, and right medial orbitofrontal showed the leading positive weights.
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Discussion
In this study, we delineate a cross-center macrostructural signature of DRE: VBM shows temporo-limbic gray-matter 
loss; MSNs indicate relative global stability with focal reductions in regional meanMS (cingulate, medial orbitofrontal, 
inferior frontal pars triangularis). In parallel, group-wise atrophy showed spatial correspondence—under family-wise 
FDR control—with two neurotransmitter templates (5-HT1B and mGluR5) in the discovery cohort, while the cellular/ 
mitochondrial panel identified positive associations with mitochondrial Complex I/IV, respiratory capacity, and one 

Figure 5 Discrimination and calibration of four classifiers (DRE vs HC). 
Notes: (A–D) ROC curves for logistic regression, LightGBM, random forest, and support vector machine on the training, internal test, and external validation sets; AUC 
and accuracy are shown on the plots. (E–H) Corresponding probability calibration curves (observed vs predicted; dashed line indicates perfect calibration; curves are 
smoothed fits). All models used the same feature set and preprocessing and were evaluated on a fixed train/test/validation split. Full metrics are reported in Table 5.

Table 5 Discrimination and Calibration Metrics of Four Classifiers Across Train, 
Internal Test, and External Validation Sets

Model AUC ACC SEN SPE PPV NPV F1 Brier

Train SVM 0.82 0.77 0.84 0.68 0.76 0.78 0.80 0.17

RF 0.78 0.74 0.79 0.68 0.74 0.73 0.77 0.19
Logistic 0.82 0.77 0.89 0.63 0.74 0.83 0.81 0.17

LighGBM 0.97 0.94 0.99 0.88 0.91 0.76 0.95 0.08

Test SVM 0.80 0.75 0.89 0.60 0.72 0.82 0.79 0.18
RF 0.77 0.71 0.80 0.60 0.70 0.72 0.75 0.19

Logistic 0.81 0.75 0.86 0.63 0.73 0.79 0.79 0.17

LighGBM 0.81 0.74 0.83 0.63 0.73 0.76 0.77 0.18
Validation SVM 0.76 0.73 0.80 0.64 0.75 0.70 0.77 0.19

RF 0.75 0.65 0.60 0.73 0.75 0.57 0.67 0.20

Logistic 0.61 0.58 0.67 0.45 0.62 0.50 0.65 0.27
LighGBM 0.75 0.62 0.53 0.73 0.73 0.53 0.62 0.21

Notes: Models (SVM, random forest, logistic regression, LightGBM) were evaluated using the same feature 
set and preprocessing. AUC was derived from ROC curves; all other metrics were computed at a pre- 
specified operating threshold held constant across datasets (see Methods). 
Abbreviations: AUC, area under the ROC curve; ACC, accuracy; SEN, sensitivity; SPE, specificity; PPV, 
positive predictive value; NPV, negative predictive value; F1, F1 score; Brier, Brier score.
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neuronal subtype map (neuron-Ex6-SubcortProject-L56). Applying the same JuSpace specification in the validation 
cohort yielded no FDR-significant correspondences; however, effect directions remained concordant for 5-HT1B, 
neuron-Ex6-SubcortProject-L56, and mitochondrial Complex I/IV, whereas mGluR5 and respiratory capacity showed 
opposite directions, suggesting cohort heterogeneity and/or sampling variability (discussed further below). Together, 
these findings answer our three questions by (i) demonstrating reproducible MSN reorganization at the regional—but not 
global—level, (ii) linking macrostructural change to specific neurochemical/bioenergetic geographies with controlled 
specificity, and (iii) supporting interpretable, cross-cohort discrimination from a pre-specified MSN-derived feature 
subset under fixed analysis settings, external evaluation, and calibration. This constitutes a testable imaging-to-biology 
framework in which subject-level MSNs enable group-level inference and GM-to-map alignment anchors macro- 
phenotypes to candidate neurochemical and bioenergetic axes, yielding near-term, falsifiable predictions (eg., receptor- 
specific PET or metabolic modulation targeted to overlapping cortical territories).

At the GM level, both cohorts exhibited a temporo-limbic–anchored pattern of loss that delineates a cortical 
vulnerability landscape rather than a wholesale cortical decline.12 Within a purely macrostructural account, recurrent 
seizure activity and activity-dependent plasticity can concentrate tissue stress in hippocampal–paralimbic and ventral 
frontal extensions, where high recurrence, hubness, and long-range convergence make regions more exposed to 
excitotoxic load and cumulative metabolic demand.16,49,50 The resulting focal volume loss provides a parsimonious 
substrate for lowered seizure threshold and efficient propagation routes, and it coheres with the clinical pattern of 
memory and executive–affective comorbidities.51 Our findings are in agreement with large multisite reports in epilepsy— 
most notably ENIGMA-Epilepsy—which highlight temporo-limbic-anchored atrophy.12,52

Building on this shared temporo-limbic anchor, the prespecified subtype analyses further suggest that atrophy 
topographies are not uniform across clinical localization phenotypes, but instead track the dominant seizure network 
and its downstream propagation routes. In the discovery cohort, the broader thalamo–ventral temporal pattern in TLE 
(with additional medial frontal/cingulate and cerebellar involvement) is mechanistically compatible with a hippocampo– 
thalamo–cortical axis in which recurrent limbic discharges engage thalamic relay/association nuclei,53–55 recruit medial 
prefrontal–cingulate control circuitry,56 and entrain cerebello-thalamo-cortical loops that may support compensatory 
timing57 and inhibition.58 The preferential involvement of cerebellar territories in non-TLE, as opposed to the circum
scribed temporo-limbic pattern in TLE, likely reflects two complementary processes.59,60 First, the inherent etiologic 
heterogeneity of extra-temporal epilepsies may preclude the detection of a convergent cortical signature at the group 
level, leaving only common downstream nodes—such as the cerebellum—detectable.59 Second, the cerebellum may 
serve as a “vulnerability bottleneck” within the cerebello-thalamo-cortical loops; its prominent atrophy may result from 
a combination of transsynaptic degeneration secondary to widespread extra-temporal insults and the cumulative meta
bolic stress of chronic seizure modulation.58,61,62 The laterality-stratified TLE maps showed substantial overlap but were 
not mirror images.63–66 This pattern is compatible with known left–right asymmetries in limbic circuitry and side- 
dependent propagation routes,67 such that hippocampal–parahippocampal abnormalities on each side may preferentially 
extend to partially distinct thalamic and associative cortical regions.68 In the validation cohort, the TLE vs HC 
comparison reproduced a temporo-limbic/ventral temporal signature (fusiform, parahippocampal/hippocampal, and 
temporal pole involvement), whereas non-TLE vs HC did not survive correction, plausibly reflecting reduced power 
and greater subtype heterogeneity rather than true absence of effects. Notably, these mechanistic interpretations should be 
viewed as anatomically informed inferences rather than direct evidence of dynamic seizure propagation; without 
concurrent electrophysiological or functional measures (eg., intracranial EEG/EEG–fMRI), cross-sectional macrostruc
tural maps cannot adjudicate the directionality or temporal dynamics of spread.

These subtype-dependent patterns broadly align with prior network-oriented and multisite evidence. ENIGMA- 
Epilepsy and related large-scale morphometric studies consistently report a temporo-limbic predilection in TLE, often 
implicating mesial temporal structures and extending toward ventral temporal and limbic association cortices,60,69 with 
variable thalamic engagement depending on disease burden and phenotyping granularity.54,70 The additional thalamic and 
medial frontal/cingulate components observed in our discovery TLE subgroup are likewise compatible with prior 
observations that thalamic involvement scales with long-standing or more severe epileptic activity and that fronto- 
limbic circuitry is frequently implicated in executive–affective comorbidity profiles. Conversely, the weaker and more 
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focal signal in non-TLE is in line with reports emphasizing the heterogeneity of extra-temporal epilepsies and the 
consequent challenge of identifying a single convergent morphometric signature at the group level. Taken together, the 
stratified results refine the cohort-level “vulnerability landscape” by indicating that the temporo-limbic anchor is robust.

Building on this macrostructural landscape, we next asked whether network organization—captured by morphometric 
similarity—shows global reconfiguration or focal weakening. The observation of unchanged global MSN indices 
alongside lower regional meanMS in the cingulate, medial orbitofrontal cortex, and pars triangularis points to 
a selective weakening of morphometric affinity rather than a system-wide topological shift.18 In the discovery cohort, 
prespecified stratified analyses indicated that this three-parcel signature was most evident in the TLE vs HC contrast, 
while non-TLE vs HC and laterality-defined contrasts did not yield FDR-significant regional meanMS effects; in the 
validation cohort, these parcels showed directionally concordant reductions but did not reach statistical significance. 
Within the MSN framework—where similarity indexes the alignment of local microarchitectural profiles with the cortex- 
wide scaffold—these reductions suggest regional decoupling from integrative backbones that bridge default-mode and 
fronto-limbic streams. This pattern is consistent with our a priori view that high-traffic, integrative junctions carry 
disproportionate hub load (recurrent activation, cross-network transfer, context-dependent plasticity),49 making them 
prone to profile dispersion even when the mesoscale scaffold remains intact. Functionally, such focal disalignment on 
a preserved backbone offers a parsimonious account of efficient propagation corridors71 and the prominence of 
executive-affective/self-referential disturbances anchored to cingulo-frontal systems.72

More specifically, focal MSN weakening in cingulo–orbitofrontal and inferior frontal territories may be relevant to 
domains often impaired in chronic epilepsy, including behavioral flexibility and affective regulation.73–75 

Mechanistically, reduced regional meanMS suggests that these hub-like parcels become less morphometrically “aligned” 
with the cortex-wide scaffold—their multifeature profiles (thickness/gyrification/sulcal depth/fractal dimension) diverge 
from those of other regions. This divergence is plausibly driven by activity-dependent and seizure-related remodeling 
(recurrent excitation, excitotoxic/metabolic stress, neuroinflammation, and maladaptive synaptic/structural plasticity), 
which can be spatially concentrated in temporo-limbic and fronto-cingulate circuits and progressively disrupt coordinated 
microarchitectural organization.76 However, the stratified and validation results caution against treating this mechanism 
as uniformly expressed across all phenotypes: extra-temporal epilepsies are etiologically and anatomically heteroge
neous, and splitting by subtype/laterality reduces effective sample size while increasing the multiple-testing burden under 
FDR control, together lowering sensitivity to modest focal effects. Accordingly, the three-parcel pattern is best inter
preted as a circuit-selective vulnerability most detectable in TLE-enriched comparisons, pending larger subtype-balanced 
validation. Functionally, because orbitofrontal–cingulate systems support updating of action–outcome contingencies and 
adaptive control,77 decoupling within these hubs may bias the system toward reduced flexibility and poorer affective 
regulation,78 consistent with executive–affective comorbidities in DRE. More broadly, repeated cycles of seizure 
recurrence and transient control may consolidate maladaptive network configurations, making it easier for the system 
to re-enter seizure-permissive states—a conceptual parallel to relapse-prone network states described in experimental 
neuropsychopharmacology.4

Our findings converge with reports in epilepsy describing local decreases in coupling within posterior–anterior 
cingulate links79 and diminished interactions between medial temporal and fronto-orbitocingulate territories, and they 
are compatible with diffusion/structural-covariance evidence for fronto-limbic and peri-temporal disconnection.14 

Beyond epilepsy, a comparable “global preservation with regional disruption” motif has been noted in major depressive 
disorder (fronto-limbic hypoconnectivity),72 schizophrenia (regional morphometric-similarity anomalies amid modest 
global change),80 and Alzheimer’s disease (limbic-anchored network downstream effects),81 supporting a circuit- 
selective, hub-stress account rather than a unitary global deficit. In contrast to studies reporting differences in global 
efficiency or small-worldness, we detected no group effect on global MSN metrics; this divergence could reflect cohort 
composition (syndrome mix, disease stage), analytic choices (atlas grain, handling of negative edges, MST and density 
ranges, covariate strategy), site/medication heterogeneity, or statistical power.

To anchor macrostructural observations to putative mechanisms, we examined spatial correspondence between the 
group-wise atrophy pattern and reference neurotransmitter, cell-type, and mitochondrial templates using JuSpace with 
BH–FDR control. Throughout, we interpret significant map-to-map correspondence as shared spatial vulnerability rather 
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than evidence of receptor up-/down-regulation or direct causal mediation, because our neurotransmitter and cellular/ 
mitochondrial maps are normative reference templates and the atrophy pattern is derived from structural MRI.20,47

The positive spatial correspondence with the 5-HT1B template suggests that the DRE atrophy landscape preferen
tially overlaps territories characterized by dense serotonergic modulatory architecture, consistent with a neuromodulatory 
“gain-control” account in which serotonergic signaling shapes cortical excitability, synchrony, and the propensity for 
seizure recruitment and spread.82–85 Although spatial alignment does not imply receptor availability changes in our 
cohort, it supports the view that regions embedded in 5-HT–rich circuitry may be disproportionately exposed to recurrent 
activity-dependent remodeling and cumulative metabolic stress.86 This interpretation is compatible with preclinical 
evidence linking 5-HT1B signaling to seizure dynamics, where pharmacological manipulation of 5-HT1B can modulate 
seizure threshold and propagation in rodent models, providing a plausible mechanistic bridge between serotonergic 
topography and propagation-prone networks.87,88

In humans, serotonergic involvement in focal epilepsy is most robustly supported by PET studies of 5-HT1A, which 
commonly report reduced binding in temporal lobe epilepsy and related limbic territories, consistent with a broader role 
of serotonergic modulation in seizure susceptibility and network instability.89,90 Direct 5-HT1B PET evidence in focal 
epilepsy is comparatively limited; therefore, the present 5-HT1B correspondence is best viewed as extending the 
serotonergic PET literature (which is dominated by 5-HT1A) by implicating a presynaptic serotonergic axis as 
a spatial constraint on macrostructural vulnerability.91

The mGluR5 correspondence is mechanistically coherent with glutamate-dependent plasticity and excitability control. 
Group-I mGluRs, including mGluR5, can be pro-convulsant under hyperexcitable conditions, shape synaptic potentia
tion, and participate in epileptogenesis.92,93 Importantly, convergent human imaging and tissue evidence supports 
mGluR5 abnormalities in epilepsy. Lam et al (2019, Annals of Neurology) reported that [11C]ABP688 PET reveals 
focally reduced mGluR5 availability in the epileptogenic zone in MTLE, interpreted as receptor internalization and/or 
conformational changes under excessive glutamatergic drive.94 Complementing in vivo PET, Zimmermann et al (2022) 
reported reduced ABP688 binding in epileptogenic tissue, consistent with altered receptor state.95 Longitudinal pre
clinical PET further indicates that mGluR5 changes can evolve across epileptogenesis, supporting a stage-dependent 
relationship between glutamatergic signaling and the evolving structural phenotype.96

In the discovery cohort, the primary JuSpace specification yielded FDR-significant positive correspondences with 
mitochondrial Complex I, Complex IV, and respiratory capacity, and with one neuronal subtype map (neuron-Ex6- 
SubcortProject-L56). A mechanistic reading is that repeated seizure activity imposes sustained bioenergetic demand, 
calcium loading, and oxidative stress, making regions with higher oxidative phosphorylation requirements more vulner
able to cumulative tissue loss.97,98 This interpretation is consistent with classic human tissue evidence in TLE: Kunz et al 
(2000, Annals of Neurology) reported a specific deficiency of mitochondrial Complex I in the epileptic focus, directly 
linking seizure networks to respiratory chain99 vulnerability.

Notably, however, the spatial-autocorrelation–aware sensitivity analysis using Moran spectral randomization did not 
preserve FDR-significant cell-type/mitochondrial correspondences in DRE vs HC, whereas the transmitter correspondences 
did. This divergence suggests a hierarchy of robustness: neurotransmitter alignments appear comparatively stable to stricter 
spatial-null inference, while mitochondrial/cell-type associations may be more sensitive to spatial dependence, subgrouping, 
and sampling variability. Accordingly, the mitochondrial/cell-type findings are best framed as biologically plausible, hypoth
esis-generating enrichments that motivate targeted replication in larger, harmonized, and subtype-balanced cohorts.

Subtype-stratified analyses further suggested phenotype-dependent correspondence profiles. In the discovery cohort, 
TLE vs HC showed selective transmitter alignment with 5-HT1B and mGluR5 after FDR correction, while no cell-type 
or mitochondrial maps survived FDR correction in this contrast. The same pattern was observed in left TLE vs HC and 
right TLE vs HC, where 5-HT1B and mGluR5 remained FDR-significant but cellular/mitochondrial associations did not. 
Under spatial-null sensitivity testing, stratified correspondences were largely attenuated: right TLE vs HC retained an 
FDR-significant correspondence for 5-HT1B, whereas mGluR5 was no longer significant, and TLE vs HC and left TLE 
vs HC showed no FDR-significant transmitter correspondences. This pattern is consistent with expected reductions in 
effective sample size and increased multiplicity under subgrouping, compounded by stricter spatial-null inference.47,100
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By contrast, non-TLE vs HC in the discovery cohort yielded a broader set of positive transmitter correspondences in 
the primary analysis (including 5-HT1B, D1, D2, NMDA, mGluR5, and VAChT) alongside several cell-type/mitochon
drial associations (including neuron-In1-VIP-RELN-NDNF-L12, neuron-Ex6-SubcortProject-L56, Glia-Oligo, Complex 
I/IV, and respiratory capacity). A conservative synthesis is that extra-temporal epilepsies may exhibit greater etiologic 
and network heterogeneity,59 such that group-level convergence can appear as broader—but potentially less stable— 
molecular enrichments when evaluated under the primary specification. The subsequent attenuation of these non-TLE 
correspondences under spatial-null sensitivity analysis, together with the absence of FDR-significant correspondences in 
the validation cohort, supports interpreting the broader non-TLE alignment profile as exploratory rather than definitive.

The direction inconsistency for mGluR5 and mitochondrial respiratory capacity—across cohorts is likely multi
factorial. First, the validation cohort is modest in size and yielded no FDR-significant correspondences overall, making 
weak map-to-map correlations particularly susceptible to sampling variability and sign instability when effect sizes are 
close to zero. Second, cohort differences in clinical composition (eg., disease stage and seizure burden, focus distribution/ 
laterality, antiseizure medication exposure, and neuropsychiatric comorbidity) may shift the balance between excitatory 
drive and compensatory adaptations, thereby altering the apparent glutamatergic/energetic alignment under identical 
analysis settings. Third, cross-site heterogeneity in MRI acquisition and processing (scanner vendor/field strength, 
sequence and coil, reconstruction, motion, and residual registration biases) can influence parcel-wise gray-matter 
estimates and their alignment with reference templates; in this regime, even small systematic differences are sufficient 
to flip the sign of borderline correspondences. Taken together, these sign reversals most plausibly reflect a combination of 
limited power and cohort/site heterogeneity, and they argue for a cautious interpretation of directionality in template- 
based correspondences.

Finally, to gauge practical utility, we tested whether an a priori subset of MSN- and alignment-derived features 
supports interpretable out-of-sample discrimination between DRE and HC. All features of our predictive model are 
derived from routine, non-invasive, and repeatable T1 MRI: atlas-based morphometry (CT/SA/GI/SD) to build MSNs, 
plus alignment to public receptor/mitochondrial maps (JuSpace/Complex I/IV). This makes the pipeline radiation-free, 
low-cost, batchable on standard workstations, and feasible across centers. Relative to prior DRE studies emphasizing 
radiomics or EEG, we systematically introduce regional morphometric similarity and neurochemical/energetic geography 
as interpretable features; discrimination is jointly driven by meanMS reductions in cingulate/orbitofrontal/pars triangu
laris and alignment to 5-HT1B/D2/mGluR5 and Complex I/IV, consistent with a “circuit-vulnerability × molecular/ 
energetic” substrate. In a heterogeneous setting (stage, laterality, medication, mood), an external AUC of 0.745 is realistic 
and useful; because features/thresholds were fixed in discovery and validation was single-shot, this estimate likely 
reflects transferable performance. Accordingly, we position the model as an aid for screening/triage and cohort enrich
ment, rather than a diagnostic replacement—prioritizing candidates for receptor-PET/metabolic imaging or presurgical 
work-ups and indicating putative sampling/modulation territories. In multimodal pathways, the approach complements 
radiomics/EEG; further multicenter work should quantify net clinical benefit via decision-curve analysis and PPV/NPV at 
clinical thresholds.

While these findings address our three questions, it should be noted that our study has several limitations. First, because 
this is a cross-sectional study, the observed imaging results and MSN findings reflect associations rather than causation; 
likewise, the JuSpace analyses quantify spatial correspondence between the group-level GM map and reference templates 
without implying directional or mechanistic causality. Second, the validation cohort is modest in size, so effects near zero— 
most visibly the mGluR5 alignment—are more sensitive to sampling variation. Third, information on potential clinical 
effect modifiers (disease stage, seizure-focus laterality, medication exposure, mood comorbidity) was incomplete in our 
cohorts, precluding stratified analyses and limiting subgroup-specific inferences. Fourth, our classifier targets DRE–HC 
separation and shows moderate generalization (AUC = 0.745), making it better suited for screening/triage and cohort 
enrichment than diagnostic replacement. Finally, MSN results can be method-dependent (atlas granularity, correlation 
metric, handling of negative edges, MST/density range); we mitigated flexibility with a pre-specified pipeline and family- 
wise corrections, but replication under alternative constructions remains important.

Neuropsychiatric Disease and Treatment 2026:22                                                                              https://doi.org/10.2147/NDT.S582833                                                                                                                                                                                                                                                                                                                                                                                                      17

Zhao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Conclusion
In conclusion, we found that GM atrophy in DRE is spatially correlated with neurotransmitter receptor and mitochondrial 
complex distributions, and MSN analyses indicated regional reductions in meanMS. Finally, we propose an MRI-only 
prediction model intended as a supportive tool for screening, stratification, and research cohort enrichment, rather than 
a diagnostic replacement, to help prioritize patients for further clinical evaluation. However, establishing the causal 
relationship between GM and the distributions of neurotransmitters and mitochondrial complexes, and further enhancing 
the clinical utility of the prediction model, will require larger-scale longitudinal and interventional studies.
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