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A B S T R A C T

Background: The orbitofrontal cortex (OFC) represents a promising yet underexplored neuromodulation target for 
negative symptoms in schizophrenia, and the macroscale and microscale mechanisms underlying its therapeutic 
effects remain unclear.
Methods: In a randomized, double-blind, sham-controlled trial, 84 patients with drug-naïve first-episode 
schizophrenia received consecutive 20 days of active 1-Hz repetitive transcranial magnetic stimulation (rTMS) 
over the right OFC (n = 45) or sham (n = 39). Resting-state fMRI gradient mapping was integrated with imaging 
transcriptomics to characterize multiscale neural reorganization and predict treatment response.
Results: Active rTMS was associated with greater improvement in negative symptoms and general psychopa
thology compared with sham stimulation. Gradient analyses indicated a renormalization of macroscale func
tional hierarchy, with increased principal gradient scores in transmodal nodes (e.g., right middle occipital gyrus 
and angular gyri) and decreased scores in salience-related regions (e.g., anterior cingulate cortex). These spatial 
patterns were coupled to transcriptomic signatures enriched for synaptic plasticity and ion transport, with cell- 
type enrichment implicating cortical interneurons and oligodendrocytes. In addition, baseline gradient topog
raphies in the right middle occipital gyrus and ventral attention network predicted improvements in negative and 
general symptoms, respectively.
Conclusions: Low-frequency OFC-rTMS was associated with alleviation of negative symptoms in first-episode 
schizophrenia, alongside a reconfiguration of cortical functional hierarchy. The observed gradient effects were 
spatially linked to molecular pathways underlying synaptic plasticity and excitation–inhibition regulation, 
supporting functional gradients as biomarkers for precision neuromodulation in early-stage schizophrenia.

1. Introduction

Schizophrenia is a debilitating psychiatric disorder characterized by 
a constellation of perceptual, cognitive, and behavioral impairments, 
among which negative symptoms and cognitive dysfunction are partic
ularly refractory to conventional pharmacological intervention 

(Miyamoto et al., 2012; Siever Larry and Davis Kenneth, 2004). While 
repetitive transcranial magnetic stimulation (rTMS) has emerged as a 
safe and promising neuromodulatory approach (Blyth et al., 2025), 
clinical outcomes targeting conventional targets, such as the dorsolat
eral prefrontal cortex (DLPFC) and temporoparietal cortex (TPC), 
remain highly heterogeneous (Freitas et al., 2009; He et al., 2017; Yi 
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et al., 2024). Consequently, recent research has shifted toward the 
orbitofrontal cortex (OFC) (Robin and Bastin, 2025), a critical hub for 
emotion regulation, reward processing, and decision-making (Rolls, 
2023; Rolls et al., 2020; Rudebeck and Rich, 2018). Structural and 
functional abnormalities within the OFC, including altered cortical 
thickness, white matter connections, and diminished striatal coupling, 
have been closely associated with the severity of negative symptoms in 
schizophrenia (Ohtani et al., 2014; Shukla et al., 2019a; Walton et al., 
2018). Building on this evidence, our recent randomized, double-blind, 
sham-controlled trial demonstrated that 1-Hz rTMS applied to the right 
OFC produced significant improvements in negative symptoms and 
cognitive performance in drug-naïve patients with first-episode schizo
phrenia (Hu et al., 2023). Despite these encouraging clinical results, the 
system-level network mechanisms mediating recovery and the molecu
lar substrates underlying rTMS‑induced plasticity remain to be 
elucidated.

To elucidate how focal stimulation of the OFC propagates to reor
ganize large-scale brain function, it is essential to move beyond assess
ments of local activity and interrogate the topological architecture of the 
cortex. Recent advances in connectomic have reconceptualized cortical 
organization as a continuous functional gradient that spanning from 
unimodal sensorimotor territories to transmodal association areas 
(Huntenburg et al., 2018; Margulies et al., 2016). In schizophrenia, this 
macroscale hierarchy is frequently compressed from the sensorimotor 
region (Dong et al., 2023; Uslu et al., 2025), reflecting a fundamental 
failure to integrate incoming sensory information with higher-order 
cognitive processes, a phenomenon often described as a dysconnection 
syndrome (Friston, 1999). Because the OFC occupies a distinct position 
within this hierarchical gradient, targeted modulation of OFC activity 
with rTMS has the potential to induce widespread reorganization of the 
principal functional gradient. To date, however, few studies have 
directly investigated whether the clinical benefits of OFC-directed rTMS 
are mediated by restoration of these global cortical gradients, particu
larly in the early stages of the illness where neural plasticity and network 
malleability are most critical.

Macroscale reorganization is ultimately grounded in microscale 
molecular processes, particularly those governing synaptic plasticity 
and excitation-inhibition balance. While direct in vivo visualization of 
these molecular landscapes remains challenging in humans, imaging 
transcriptomics provides a robust framework to bridge this gap by 
linking macroscopic neuroimaging phenotypes with high-resolution 
gene expression profiles from the Allen Human Brain Atlas (AHBA) 
(Shen et al., 2012). Emerging evidence indicates that the spatial 
topography of functional gradients is tightly coupled with the expression 
profiles of genes enriched for synaptic signaling and neuronal develop
ment in schizophrenia (Xiang et al., 2025). Specifically, in patients with 
drug-naïve first-episode schizophrenia, dysfunction in the principal 
functional gradient has been shown to spatially covary with transcrip
tional signatures related to specific cell types and signaling pathways, 
which in turn hold predictive value for treatment response (Yao et al., 
2024). By applying this approach to map rTMS-induced gradient alter
ations against transcriptomic atlases, it becomes possible to identify the 
specific biological mechanisms that facilitate network recovery 
following neuromodulation.

In the present study, resting-state fMRI data from a prior randomized 
controlled trial was leveraged to elucidate the multiscale mechanisms of 
1-Hz OFC-rTMS in drug-naïve, first-episode schizophrenia. A high- 
resolution parcellation (Schaefer 400) (Schaefer et al., 2018) was 
employed to calculate the principal functional gradient, and treatment- 
related reorganization was quantified at the global, subnetwork, and 
nodal levels (Xie et al., 2024). Partial least squares (PLS) regression was 
then utilized to link these gradient alterations to spatial gene expression 
profiles (Datta, 2018), followed by comprehensive enrichment analyses 
spanning functional pathways, cognitive terms, and Context-Specific 
Expression Analysis (CSEA) (Dougherty et al., 2010). It was hypothe
sized that: (1) normalization of the principal cortical gradient, 

particularly within transmodal networks, would be induced by active 
rTMS; (2) this reorganization would be spatially associated with the 
expression of genes enriched for synaptic plasticity and neurotransmis
sion; and (3) baseline gradient topography would be identified as a 
predictive biomarker for clinical improvement.

2. Materials and methods

2.1. Participants

This study was designed as a randomized, double-blind, sham- 
controlled clinical trial (Hu et al., 2023). Patients with first-episode 
schizophrenia were recruited from the Department of Psychiatry at the 
First Psychiatric Hospital of Harbin. A total of 98 patients were initially 
recruited and randomly assigned to either the active rTMS group or the 
sham rTMS group. After accounting for dropouts due to incomplete as
sessments, the final sample consisted of 89 patients: 47 in the active 
rTMS group and 42 in the sham rTMS group. For the present neuro
imaging analysis, five additional patients were excluded because of 
excessive head motion, resulting in a final sample of 84 patients, 
including 45 in the active rTMS group and 39 in the sham group. The 
inclusion criteria were as follows: (1) a diagnosis of schizophrenia ac
cording to DSM-5 criteria; (2) age between 15 and 45 years; (3) an in
telligence quotient (IQ) > 69; (4) rug-naïve and experiencing their first 
episode of psychosis; (5) a Positive and Negative Syndrome Scale 
(PANSS) total score ≥ 60; and (6) a Clinical Global Impression (CGI) 
score ≥ 4. After enrollment, patients received atypical antipsychotic 
treatment. In the parent neuroimaging sample, 40 patients in the active 
rTMS group and 36 in the sham group were treated with olanzapine, 
whereas 5 and 3 patients, respectively, received aripiprazole; the pre
scribed dose range was 10-15 mg per day, with sedatives such as al
prazolam and zolpidem tartrate used as needed. There was no significant 
between-group difference in antipsychotic medication type (χ2 = 0.283, 
p = 0.594). Exclusion criteria included sensorimotor disorders, neuro
logical diseases (e.g., epilepsy), metal implants contraindicating MRI/ 
TMS, history of electroconvulsive therapy (ECT) within the past month, 
substance abuse, or pregnancy. Participants were assigned to groups 
using computer-generated randomization by an independent third 
party. Both patients and clinical raters were blinded to the treatment 
allocation.

The study protocol was approved by the Research Ethics Committee 
of the First Psychiatric Hospital of Harbin and was registered with the 
Chinese Clinical Trial Register (ChiCTR2000041106). Written informed 
consent was obtained from all participants prior to enrollment.

2.2. Clinical assessments

The primary clinical outcome was assessed using the Positive and 
Negative Syndrome Scale (PANSS) (Kay et al., 1987), which includes 
positive, negative, and general psychopathology to capture a compre
hensive profile of symptom dimensions. Secondary outcomes regarding 
overall functional and illness severity, evaluated using the Global 
Assessment of Functioning (GAF) scale (Endicott et al., 1976) and the 
Clinical Global Impressions (CGI) scale (Forkmann et al., 2011), 
respectively. Symptom severity and global functioning were evaluated 
by experienced psychiatrists who were blinded to treatment allocation. 
Clinical measurements were administered at two points: baseline and 
immediately upon completion of the intervention. The inter-rater reli
ability for the clinical assessments was 0.86, indicating good consistency 
across raters.

2.3. rTMS protocol

rTMS was delivered using a MagPro X100 stimulator (Medtronic, 
Denmark) equipped with a butterfly coil (Cool D-B80). In the active 
group, the coil was positioned over the OFC, corresponding to the AF8 
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electrode location in the international 10-10 EEG system. Stimulation 
was applied at 1 Hz and intensity of 110% of the resting motor threshold 
(RMT). RMT was determined over the primary motor cortex using a 
visual method, with the contralateral abductor pollicis brevis (APB) 
serving as the target muscle. Stimulation intensity was adjusted in 1% - 
2% increments, and the threshold was defined as the minimum intensity 
that elicited a clearly visible contraction of the APB in at least 5 of 10 
consecutive trials. Treatment was administered once daily for 20 
consecutive days. Each session consisted of 12 trains of 60 s, separated 
by 30-second inter-train intervals, for a total of 720 pulses per session. 
Although this motor-threshold-based dosing approach is widely used in 
clinical rTMS studies, it does not fully account for anatomical and 
excitability differences between the motor cortex and the OFC. Without 
target-specific dose adjustment or electric field modeling, the effective 
cortical dose delivered to the OFC may therefore have varied across 
participants. In the sham group, the same coil, target location, and 
stimulation schedule were used, but the coil was flipped 180◦ to reduce 
effective brain stimulation while preserving the general acoustic artifact 
and part of the scalp sensation associated with active stimulation. It 
should be noted that this sham procedure may not represent a fully inert 
placebo condition and may not completely reproduce the somatosensory 
features of active OFC stimulation.

2.4. MRI data acquisition

Magnetic resonance imaging (MRI) data were acquired using a 3.0- 
Tesla GE Discovery MR750 scanner equipped with a 32-channel head 
coil. Resting-state functional MRI (fMRI) images were obtained using an 
echo-planar imaging (EPI) sequence with the following parameters: 
repetition time (TR) = 2000 ms; echo time (TE) = 45 ms; flip angle (FA) 
= 90◦; field of view (FOV) = 256 x  256 mm; matrix size = 64 x 64; slice 
thickness = 4 mm, voxel size = 3.125 mm x 3.125 mm x 4.5 mm, 180 
volumes. Anatomical T1-weight images were acquired using a 3D fast 
gradient echo sequence following the parameters: TR = 8.20 ms, TE =
3.22 ms, FA = 12◦, FOV = 256 x 256 mm, matrix size = 512 x 512, slice 
thickness = 1 mm, 184 slices. During scanning, participants were 
instructed to keep their eyes closed, stay awake, and minimize head 
movement.

2.5. fMRI preprocessing

Preprocessing of resting-sate fMRI data was performed using stan
dard DPABI toolbox pipelines (https://rfmri.org/DPABI) implemented 
on the SPM12 platform (https://www.fil.ion.ucl.ac.uk/spm). The pre
processing steps included: (1) removal of the first 10 time points to allow 
for signal equilibrium; (2) slice timing correction; (3) realignment for 
head motion correction; (4) co-registration of the functional images to 
T1-weighted structural image; (5) segmentation of the T1-weighted 
image into gray matter, white matter, and cerebrospinal fluid tissue 
probability maps; (6) spatial normalization to Montreal Neurological 
Institute (MNI) space using the DARTEL algorithm, with images 
resampled to 3-mm isotropic voxels; (7) nuisance regression including 
the Friston-24 head motion parameters, white matter signal, cerebro
spinal fluid signal, and global signal; (8) spatial smoothing with a 6-mm 
full width at half maximum (FWHM) Gaussian kernel; and (9) temporal 
band-pass filtering was applied (0.01–0.1 Hz). Global signal regression 
was included to reduce widespread non-neuronal variance and motion- 
related global artifacts, thereby improving the specificity of functional 
connectivity estimates, although it is recognized that this preprocessing 
choice remains methodologically debated (Ciric et al., 2017; Murphy 
and Fox, 2017). Head motion was quantified using mean framewise 
displacement (FD) according to the method of Power et al (Power et al., 
2012). Participants with mean FD > 0.3 mm were excluded from further 
analysis. The preprocessed functional data were then parcellated into 
400 cortical regions of interest (ROIs) using the Schaefer 400-parcella
tion atlas, which assigns parcels to the seven canonical Yeo networks 

(Visual, Somatomotor, Dorsal Attention, Ventral Attention, Limbic, 
Frontoparietal, and Default Mode) (Thomas Yeo et al., 2011).

2.6. Functional gradient analysis

The BrainSpace toolbox (Vos de Wael et al., 2020) was used to es
timate the principal functional gradient. For each participant, a 400 x 
400 functional connectivity matrix was first constructed using Pearson 
correlation. To reduce the contribution of weak and potentially noisy 
connections while preserving the dominant large-scale topological 
structure of the connectome, each matrix was thresholded to retain the 
top 10% of connections. The thresholded matrix was subsequently 
transformed into an affinity matrix using cosine similarity (kernel =
cosine), which quantifies the similarity of connectivity profiles between 
cortical regions and is commonly used in connectome gradient studies. 
Laplacian eigenmaps (approach = le) were subsequently applied to 
decompose the affinity matrix into manifold components (gradients). 
This nonlinear embedding approach was selected because it provides a 
robust representation of continuous macroscale cortical organization 
and has been widely adopted in prior gradient-mapping studies (Hong 
et al., 2020). Although no single threshold or kernel is universally 
optimal, the present parameter settings were chosen to align with 
commonly used practices in connectome gradient analysis and to bal
ance noise suppression with preservation of meaningful large-scale 
connectivity structure (Margulies et al., 2016). Analyses were then 
focused on the principal gradient (Gradient 1), which explains the 
largest variance in the connectivity data and captures the primary axis of 
macroscale cortical organization.

To ensure topographical comparability across individuals and time 
points, individual gradient maps were aligned to a group-level template 
constructed from the baseline data using Procrustes Alignment. Four 
complementary metrics were computed to characterize gradient 
topography: (1) gradient scores, defined as the value of each node along 
the principal gradient axis; (2) gradient range, defined as the difference 
between the maximum and minimum gradient scores, indexing the 
expansion or compression of the functional hierarchy; (3) gradient 
variance, indicating the variability of gradient scores across the cortex; 
and (4) explained ratio, defined as the proportion of the total con
nectome variance accounted for by the principal gradient.

Statistical comparisons were conducted at multiple spatial scales, 
including the global level (range and variance), subnetwork level (mean 
gradient scores within each of the seven canonical networks), and nodal 
level, to evaluate effects of group (rTMS vs. Sham) and time (Base vs. 
Post). The significance threshold was set at p < 0.05. Multiple com
parisons were controlled using false discovery rate (FDR) correction for 
subnetwork- and nodal-level analyses, as appropriate. Age, sex, and 
years of education were included as covariates in all relevant models.

2.7. Imaging transcriptomics

To investigate the molecular substrates underlying rTMS-induced 
gradient reorganization, microarray gene expression data from the 
AHBA were leveraged. AHBA data were preprocessed using the abagen 
toolbox following standardizing workflows (Markello et al., 2021). 
Probes were reannotated, and expression values were normalized and 
mapped to the Schaefer 400 parcellation scheme. To ensure robustness, 
only genes demonstrating high differential stability (> 0.5) across do
nors were retained for subsequent analyses. Partial Least Squares (PLS) 
regression was then performed to identify genes whose spatial expres
sion patterns covaried with the cortical map of rTMS-induced gradient 
changes. The statistical significance of the PLS components was assessed 
using permutation testing. To account for spatial autocorrelation 
intrinsic to both neuroimaging and transcriptomic data, spin- 
permutation tests were additionally applied to generate spatially con
strained null models. Genes were considered significant if they survived 
FDR correction (p < 0.05). From the resulting gene set, genes 
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contributing most strongly to the spatial association were selected for 
downstream enrichment analyses using a stringent threshold on 
normalized PLS weights (Z > 5 or Z < − 5).

2.8. Functional decoding and cell type enrichment

Cognitive decoding was performed using the Neurosynth database 
(https://neurosynth.org), enabling quantitative associations between 
the identified gradient maps and meta-analytic cognitive terms (e.g., 
“memory,” “executive function”). To further delineate the cellular sub
strates of these gene signatures, CSEA was conducted using the CSEA 
web tool (https://doughertytools.wustl.edu/CSEAtool.html). The sig
nificant gene list derived from the PLS analysis was input into the CSEA 
to test enrichment across specific cell types and across human devel
opmental stages and adult brain regions. Statistical significance of cell- 
type enrichment was evaluated using Fisher’s exact test with FDR 
correction (p < 0.05).

2.9. Prediction analysis

A unified PLS regression framework was employed to examine 
whether baseline functional hierarchy moderates therapeutic responses. 

For each clinical outcome (PANSS subscale), the response variable was 
defined as the longitudinal score change (Post - Pre). The predictor 
matrix comprised standardized baseline gradient features, at either the 
nodal or subnetwork levels, together with their interaction terms with 
treatment assignment (Baseline x Group). Model complexity was opti
mized using 5-fold cross-validation, and predictive performance was 
quantified by the coefficient of determination (R2). Statistical signifi
cance of the overall model was assessed using permutation testing with 
300 iterations. PLS weights and variable Importance in Projection (VIP) 
scores were further computed to identify gradient features contributing 
most strongly to the interaction effects; features with VIP scores > 1.0 
and p < 0.05 were interpreted as putative moderators of rTMS efficacy. 
These analytic procedures were selected in accordance with commonly 
used resampling and feature-importance strategies in PLS-based neu
roimaging analyses (Farrés et al., 2015; Krishnan et al., 2011). Given the 
moderate sample size and the absence of a fully nested validation 
framework, these predictive analyses should be regarded as exploratory 
and interpreted with appropriate caution. An overview of the experi
mental design, data processing, and analytical pipeline is illustrated in 
Fig. 1.

Fig. 1. Schematic overview of the study design and analytical pipeline. (a) Study Design: Drug-naïve patients with first-episode schizophrenia were randomized to 
receive 20 sessions of active 1-Hz rTMS (target: right OFC) or sham stimulation. Clinical and fMRI data were acquired at baseline and post-treatment. (b) Functional 
Gradient Analysis: The principal functional gradient (G1) was computed based on the Schaefer-400 parcellation using diffusion map embedding. rTMS-induced 
gradient alterations were assessed at global, subnetwork, and nodal levels. (c) Multiscale Decoding: An imaging transcriptomics approach linked gradient 
changes to gene expression profiles from the Allen Human Brain Atlas (AHBA). Significant genes identified via PLS regression were decoded for functional 
enrichment (GO), cell-type specificity (SEA), and cognitive associations (Neurosynth). (d) Prediction Analysis: A unified PLS regression model incorporating baseline 
gradient features and their interaction with treatment (Baseline x Group) was employed to predict clinical symptom improvement.
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3. Results

3.1. Demographic and clinical Characteristics

Five patients were excluded due to excessive head motion (FD > 0.3) 
and imaging artifacts (rTMS group: n = 2; Sham group: n = 3). 
Accordingly, 84 patients with first-episode schizophrenia were included 
in the final neuroimaging analysis, consisting of 45 in the active rTMS 
group and 39 in the sham group. As summarized in Table 1, no signif
icant between-group differences were observed in age (t = 0.400, p =
0.690), sex distribution (χ2 = 0.671, p = 0.413), years of education (t =
1.032, p = 0.305), or duration of untreated psychosis (DUP) (t = 0.930, 
p = 0.355).

3.2. Clinical treatment outcomes

After the 20-day intervention, significantly greater clinical 
improvement was observed in the rTMS group relative to the sham 
group across multiple symptom domains (Fig. 2). For the PANSS 
Negative subscale, the rTMS group showed lower scores than in the 
sham group at the end of treatment (16.09 ± 4.46 vs.18.82 ± 6.15; t =
-2.351, p = 0.021, Cohen’s d = 0.514). Similarly, PANSS General Psy
chopathology scores were reduced in the rTMS group compared with the 
sham group (29.71 ± 4.73 vs. 34.03 ± 6.19; t = -3.615, p < 0.001, 
Cohen’s d = 0.791). Consistently, the total score of PANSS was lower 
following rTMS than following sham stimulation (58.18 ± 10.21 vs. 
66.77 ± 14.90; t = -3.117, p = 0.003, Cohen’s d = 0.682). No significant 
difference between-group was detected for PANSS Positive symptoms.

Functional recovery was also greater in the rTMS group, as indicated 
by higher GAF scores relative to the sham group (51.64 ± 8.15 vs. 46.56 
± 11.73; t = 2.330, p = 0.022, Cohen’s d = 0.510). In addition, lower 
post-treatment CGI scores were observed in the rTMS group compared to 
the sham group (8.44 ± 0.92 vs. 8.97 ± 1.18; t = -2.311, p = 0.023, 
Cohen’s d = 0.506), indicating reduced illness severity.

3.3. Alterations in functional gradient topography

The principal functional gradient (G1) was computed to characterize 
the macroscale cortical hierarchy spanning from unimodal sensorimotor 
system to transmodal cognitive networks. As depicted in Fig. 3a, a 
continuous and reproducible gradient organization was observed across 
all subgroups. The first gradient component explained the largest pro
portion of connectome variance (25.84%, Fig. 3b), supporting its role as 
the dominant axis of cortical organization. Global shifts in the gradient 
distribution were assessed using the Kolmogorov-Smirnov (KS) test. A 
significant longitudinal alteration in the distribution of G1 scores was 
observed within the rTMS group following treatment (D = 0.289, p =
0.046), with a moderate effect size (Cohen's d = -0.319). No significant 
distributional changes were detected in the sham group (p > 0.05) 
(Fig. 3c).

To localize treatment-related effects, post-treatment G1 scores were 
compared between the rTMS and sham groups at the nodal level 
(Fig. 3d). Multiple comparisons across nodes were controlled using FDR 
correction, and significant between-group differences were identified in 
three regions that survived this correction. Specifically, elevated 

gradient scores were found in the rTMS group relative to the sham group 
in the right middle occipital gyrus (MOG; t = 3.971, p < 0.001) and the 
right angular gyrus (ANG; t = 3.303, p < 0.001). Conversely, reduced 
gradient scores were observed in the right anterior cingulate cortex 
(ACC; t = -3.059, p = 0.002).

System-level effects were further evaluated by aggregating gradient 
scores within the seven canonical networks (Fig. 3e). A significant group 
difference was observed in the ventral attention network (VAN) at the 
post-treatment, with reduced G1 scores in the rTMS group compared 
with the sham group (t = -2.00, p = 0.045). Moreover, the network-wise 
distribution of t-statistics across networks indicated that positive shifts 
(rTMS > Sham) were predominantly concentrated in the somatomotor 
network (SMN) and default mode network (DMN), whereas negative 
shifts were primarily localized to the VAN (Fig. 3f).

3.4. Functional characterization and cognitive decoding of gradient 
alterations

The spatial distribution of t-statistics reflecting post-treatment group 
differences (rTMS vs. Sham) was mapped onto the cortical surface 
(Fig. 4a). A hierarchical divergence was observed in the resulting maps. 
Positive t-values were predominantly localized to transmodal associa
tion areas, including regions within the default mode and frontoparietal 
networks, whereas negative t-values were primarily concentrated in 
unimodal sensorimotor and attentional territories. Despite these 
regionally specific shifts, global properties of the principal gradient were 
preserved. As shown in Fig. 4b, no significant between-group differences 
were observed in post-treatment global gradient metrics, including 
gradient range, gradient variance, and explained ratio (all p > 0.05).

To interpret the functional relevance of these regional patterns, 
quantitative meta-analytic decoding was performed using the Neuro
synth database. The spatial pattern of positive t-values was associated 
with higher-order cognitive domains. As illustrated in Fig. 4c, enriched 
terms included executive and mnemonic processes, such as working 
memory, executive control, memory retrieval, reasoning, and recogni
tion. In contrast, the spatial pattern of negative t-values was predomi
nantly linked to primary sensory and perceptual functions. As shown in 
Fig. 4d, strong associations were observed with terms including auditory 
perception, visual motion, speech sounds, listening, and multisensory 
processing.

3.5. Transcriptomic signatures underlying gradient reorganization

Genes exhibiting significant positive PLS weights (PLS+, Z > 5), 
were enriched for biological processes related to neural development 
and structural organization, including spinal cord development, glial 
cell development, regulation of cell division, and actin filament bundle 
assembly (Fig. 5a). CSEA revealed that these PLS + gene set were 
significantly enriched in cortical interneurons, oligodendrocytes, and 
cerebellar astrocytes (FDR-corrected p < 0.05; Fig. 5b). Developmental 
and regional profiling additionally indicated preferential expression in 
the amygdala and cerebellum during early adulthood (Fig. 5c).

Conversely, genes with significant negative PLS weights (PLS-, Z <
5), were primarily enriched for transmembrane transport and metabolic 
regulation, including metal ion transport, potassium/inorganic cation 
transmembrane transport, and glycosphingolipid biosynthetic processes 
(Fig. 5d). In CSEA, the PLS- gene set was significantly enriched in 
brainstem cholinergic neurons and spinal cord motor neurons (FDR- 
corrected p < 0.05; Fig. 5e). Regionally, elevated expressed was 
observed in the cerebellum and thalamus across adult developmental 
stages (Fig. 5f).

3.6. Prediction of treatment response based on baseline gradient 
topography

To determine whether baseline functional hierarchy serves as a 

Table 1 
Demographic and clinical variables in patients with first-episode schizophrenia 
in active and sham rTMS groups.

rTMS (n = 45) Sham (n = 39) t /χ2 p

Age 27.05 ± 8.23 26.34 ± 7.99 0.400 0.690
Sex(female) 23(22) 16(22) 0.671 0.413
Education (year) 11.67 ± 4.01 10.79 ± 3.68 1.032 0.305
DUP (month) 13.25 ± 22.23 17.45 ± 18.67 0.930 0.355

Note: DUP, duration of untreated psychosis.
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biomarker for therapeutic efficacy, a unified PLS regression framework 
was implemented to test moderating effect of baseline gradient features 
on clinical improvement. At the nodal level, baseline gradient variation 
in specific regions showed modest associations with improvement in 
negative symptom in the rTMS group. The strongest nodal effect was 
observed for node 226 (R2 = 0.015, p = 0.033), corresponding 
anatomically to the right MOG. As illustrated in Fig. 6a, this interaction 
suggested that baseline gradient topography in this region was differ
entially associated with symptom change across treatment group. 
Although the explained variance was small, the contribution of this re
gions was supported by the PLS weight rankings (weigh = 0.095; 
Fig. 6b) and VIP profile (VIP = 2.691; Fig. 6c).

At the subnetwork level, the VAN emerged as a more robust 
moderator of improvement in general psychopathology (R2 = 0.163, p 
= 0.009). A significant interaction between baseline VAN gradient 
scores and symptom change was observed (Fig. 6d). Consistently, the 
VAN showed the highest positive PLS weight among all the canonical 
networks (weight = 0.539; Fig. 6e) and was the only network exceeding 
the VIP threshold of 1.0 for prediction of general psychopathology 
improvement (VIP = 1.835; Fig. 6f). These findings suggest that baseline 
gradient organization may carry modest but potentially meaningful in
formation related to treatment responsiveness, although independent 
validation will be required before stronger biomarker claims can be 
made.

4. Discussion

To the best of our knowledge, the present study provides the first 
multiscale account of the therapeutic mechanisms of low-frequency (1- 
Hz) rTMS applied to the right OFC in drug-naïve, first-episode schizo
phrenia. By integrating a randomized controlled trial framework with 
macroscale connectome gradient mapping and microscale imaging 
transcriptomics, several convergent findings were obtained. First, active 
stimulation was accompanied by a reconfiguration of the cortical 
functional hierarchy, reflected by a longitudinal shift in the distribution 
of the principal functional gradient and regionally specific changes 
spanning transmodal and attentional systems. Second, these spatially 

resolved gradient alterations were statistically coupled to cortical gene 
expression patterns enriched for neurodevelopmental and glial-related 
processes, with cell-type signatures implicating interneuronal and 
oligodendroglia components. Finally, baseline gradient topography 
within visual and ventral attention systems moderated clinical response, 
supporting the potential utility of functional hierarchy metrics as 
candidate biomarkers for treatment stratification in precision psychia
try. These findings suggest that inhibitory OFC-rTMS may confer clinical 
benefit by reshaping large-scale cortical hierarchy and by engaging 
molecular programs related to circuit stabilization and plasticity, 
potentially contributing to restoration of excitation-inhibition balance 
and network communication efficiency.

4.1. The orbitofrontal cortex as a target for negative symptom modulation

The observed reduction in negative symptoms following right OFC 
stimulation reinforces the putative involvement of OFC-centered cir
cuitry in the pathophysiology of schizophrenia. The OFC occupies a 
strategic position within fronto-striatal-thalamic loops that support 
reward valuation, emotion regulation, and goal-directed decision-mak
ing, domains that are frequently compromised in schizophrenia patients 
with negative symptoms (Rolls, 2019; Shukla et al., 2019b). Structural 
and functional abnormalities of the OFC have been repeatedly reported 
in first-episode schizophrenia, with links to anhedonia and avolition 
(Walton et al., 2018). These results add to emerging evidence that the 
OFC-targeted neuromodulation may represent a viable alternative when 
conventional targets (e.g., DLPFC) yield limited effects, particularly for 
negative-symptom domains (Barr et al., 2012; Wobrock et al., 2015). 
Mechanistically, 1-Hz rTMS is generally considered to reduce cortical 
excitability and can modulate distributed networks via transsynaptic 
effects (Fitzgerald et al., 2006). In this context, a plausible interpretation 
is that inhibitory OFC stimulation attenuates maladaptive hyperactivi
ty/hyperconnectivity within OFC-limbic-striatal circuitry, thereby 
reducing neural noise and improving top-down modulation of reward 
and salience processing (Downar, 2019).This account is consistent with 
neurophysiological evidence from the present cohort indicating modu
lation of cortical plasticity and oscillatory dynamics following OFC- 

Fig. 2. Comparison of clinical outcomes between active and sham rTMS groups. Trajectories of clinical scores from baseline to post-treatment (4 weeks) are shown 
for (A) PANSS Positive subscale, (B) PANSS Negative subscale, (C) PANSS General Psychopathology subscale, (D) PANSS Total score, (E) Global Assessment of 
Functioning (GAF), and (F) Clinical Global Impression (CGI). * p < 0.05, ** p < 0.01, *** p < 0.001. PANSS, Positive and Negative Syndrome Scale.
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rTMS (Jiao et al., 2024).

4.2. Reshaping the macroscale functional hierarchy

A core finding was the rTMS- associated reorganization of the prin
cipal functional gradient, which captures the dominant axis of cortical 
hierarchy extending from unimodal sensory systems to transmodal as
sociation cortex (Ito and Murray, 2023). Schizophrenia has been widely 
conceptualized as a disorder of dysconnection (Friston, 1998) in which 
hierarchical integration is compressed (Dong et al., 2025; Holmes et al., 
2023), thereby impairing the coordination of sensory evidence with 
higher-order cognition and predictive control. Within this framework, 
the significant post-treatment shift in the global gradient distribution of 
G1 scores observed in the rTMS group reflects a system-level renorm
alization of intrinsic functional organization (Raut et al., 2020).

At the regional level, treatment effects were spatially differentiated. 
Increased gradient scores in the right MOG and ANG, indicating a shift 
towards the transmodal end of the hierarchy. Such elevation may reflect 
an enhanced functional differentiation from lower-level sensory con
straints and improved integration with association systems supporting 
memory, executive processing, and multimodal inference (Mesulam, 
1998). In parallel, decreased gradient scores were found in the right 

ACC, suggesting a relative downshifting of attentional control compo
nents. Suppression of ACC hierarchy may contribute to improvement in 
general psychopathology (Menon, 2011). These bidirectional changes 
are consistent with a coordinated rebalancing between transmodal as
sociation cortex and salience/attentional systems, potentially support
ing improved allocation of cognitive resources and reduced maladaptive 
salience signaling following inhibitory OFC stimulation.

4.3. Transcriptomic underpinnings of gradient reorganization

By linking macroscale gradient effects to transcriptomic variation, 
putative molecular substrates driving the observed network reconfigu
ration were delineated. The distinct spatial patterns of gene expression 
associated with gradient increases and decreases suggest that divergent 
biological pathways are recruited to restore the cortical hierarchy. Re
gions exhibiting gradient increases were associated with genes enriched 
for neural development, cytoskeletal organization, and glial cell differ
entiation. These biological processes constitute the foundational ma
chinery of synaptic plasticity and structural remodeling(Gordon-Weeks 
and Fournier, 2014; Langle et al., 2002; Wang et al., 2016). Conse
quently, 1-Hz OFC-rTMS may facilitate the remodeling of transmodal 
networks by modulating synaptic efficacy and structural connectivity, 

Fig. 3. Alterations in the principal functional gradient following rTMS treatment. (a) Surface visualization of the principal functional gradient (G1) across groups, 
spanning from unimodal (cool colors) to transmodal (warm colors) regions. (b) Scree plot showing G1 explains 25.84% of connectome variance. (c) Density plots of 
G1 scores; a significant longitudinal shift was observed in the active group (KS test, D = 0.289, p = 0.046). (d) Regions showing significant post-treatment group 
differences. Warm colors denote higher scores in the active group (e.g., MOG, ANG), while cool colors denote lower scores (e.g., ACC). (e) Boxplots of averaged G1 
scores within canonical several networks; the Ventral Attention Network (VAN) differed significantly post-treatment (t = 2.00, p < 0.05). (f) Radar charts showing 
the distribution of t-statistics across subnetworks. Abbreviations: ACC, Anterior Cingulate Cortex; ANG, Angular Gyrus; DAN, Dorsal Attention Network; DMN, 
Default Mode Network; FPN, Frontoparietal Network; LIM, Limbic Network; MOG, Middle Occipital Gyrus; SMN, Somatomotor Network; VAN, Ventral Attention 
Network; VIS, Visual Network.
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thereby countering the synaptic paucity characteristic of schizophrenia 
(Garey et al., 1998).

Cell-type enrichment analyses further revealed that these gradient- 
enhancing effects are likely mediated by specific cellular populations, 
primarily cortical interneurons oligodendrocytes, and cerebellar astro
cytes. The specific implication of interneurons aligns with the 
GABAergic deficit hypothesis of schizophrenia, which posits that 
dysfunction of parvalbumin-positive interneurons disrupts gamma os
cillations and cognitive integration (Lewis et al., 2012). These findings 
imply that the normalization of inhibitory circuitry may be promoted by 
rTMS, potentially restoring the excitation/inhibition balance necessary 
for precise signal processing (Lisman et al., 2008). Additionally, the 
strong signal for oligodendrocytes resonates with extensive evidence of 
white matter dysconnectivity and myelination deficits in the disorder 
(Davis et al., 2003). This suggests that the therapeutic plasticity induced 
by rTMS extends beyond neuronal synapses to encompass adaptive 
myelination, a process essential for optimizing the conduction velocity 
and the long-range coupling of high-order networks (Monje, 2018). 
Furthermore, the enrichment of cerebellar astrocytes, coupled with 
preferential expression profiles in the amygdala and cerebellum during 
early adulthood, points to a potential modulation of cortico-cerebellar- 
limbic loops. Such network-level modulation may facilitate the stabili
zation of emotional regulation and motor-cognitive integration, pro
cesses often disrupted in early-stage psychosis (Andreasen et al., 1998; 
Faris et al., 2024).

Conversely, regions exhibiting gradient decreases were linked to 
genes enriched for ion transport and metabolic regulation. The enrich
ment of ion channel genes suggests that the suppressive effects of 1-Hz 
rTMS are mechanistically anchored in the modulation of membrane 
excitability. By influencing the expression or function of voltage-gated 
ion channels, aberrant hyperactivity often observed in the salience 
network of patients with psychosis may be downregulated (Supekar 
et al., 2019). This calming effect on neural firing rates would directly 

contribute to the observed reduction in gradient scores, reflecting a 
functional segregation of these regions from excessive sensory integra
tion. Furthermore, the association with metabolic pathways points to 
the high energetic cost of maintaining the functional hierarchy of brain. 
Given that hyperactive regions in schizophrenia place a heavy metabolic 
burden on the brain (Rossetti et al., 2024), metabolic homeostasis may 
be restored by the rTMS-induced suppression of these regions. This 
process reduces the oxidative stress and energetic demands associated 
with neural noise, thereby allowing resources to be reallocated to more 
efficient cognitive processing (Richiardi et al., 2015). Finally, cell-type 
enrichment analysis provided further context, revealing significant 
enrichment in brainstem cholinergic neurons and spinal cord motor 
neurons, with elevated expression observed in the cerebellum and 
thalamus. The implication of these subcortical and brainstem pop
ulations suggests that the top-down inhibition exerted by OFC stimula
tion may not be confined to the cortex but may propagate to arousal and 
motor regulatory centers (Higley and Picciotto, 2014). This descending 
modulation could potentially dampen the hyper-arousal states and 
psychomotor agitation often associated with psychotic symptomatology 
(Walther and Strik, 2012).

4.4. Functional gradients as predictive biomarkers

Using a unified PLS framework, distinct baseline hierarchical fea
tures were identified as predictors for different clinical outcomes, sug
gesting a double dissociation in the predictive mechanisms of symptom 
domains. At the nodal level, the baseline gradient score in the right MOG 
predicted improvement in negative symptoms following active rTMS. 
Although classically considered a categorized as a primary visual region, 
the MOG is functionally integral to the early stages of social perception, 
particularly in the decoding of facial emotions and biological motion 
(Green et al., 2008). In schizophrenia, deficits in these lower-level visual 
inputs serve as a bottleneck, constraining the performance of 

Fig. 4. Functional characterization and cognitive decoding of gradient alterations. (a) Cortical surface maps displaying the spatial distribution of t-statistics for the 
post-treatment comparison between active and sham groups. Warm colors indicate regions with positive t-values (Active > Sham), while cool colors indicate negative 
t-values (Active < Sham).(b) Violin plots comparing global gradient metrics (gradient range, variance, and explained ratio) between groups at post-treatment. No 
significant differences were observed ($p > 0.05). (c) Word cloud visualizing the cognitive terms associated with the spatial map of positive t-values, highlighting 
enrichment in higher-order functions such as working memory and executive control. (d) Word cloud visualizing the cognitive terms associated with the spatial map 
of negative t-values, highlighting enrichment in sensory and perceptual domains such as auditory and visual perception. The size of the text corresponds to the 
strength of the correlation with the meta-analytic maps.
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downstream socio-cognitive and motivational networks (Herrmann 
et al., 2006). Consequently, the baseline hierarchical positioning of the 
MOG may index the functional integrity or plasticity reserve of the 
visual-social interface, determining the capacity of brain to translate 
OFC modulation into improved social engagement and affective 
responsiveness.

At the network level, the baseline hierarchy of the VAN predicted 
improvement in general psychopathology. This finding aligns with the 
aberrant salience hypothesis of psychosis, which posits that a dysregu
lated salience system misattributes significance to neutral internal or 
external stimuli, thereby fueling anxiety, tension, and disorganized 

behavior, core components of the general psychopathology subscale 
(Kapur, 2003; Palaniyappan and Liddle, 2012). The VAN acts as a circuit 
breaker that reorients attention to behaviorally relevant events. In early- 
stage schizophrenia, this network is often hyperactive or inappropriately 
integrated with other systems, leading to a state of hyperarousal (Uddin, 
2015). Since 1-Hz rTMS exerts an inhibitory effect (Lefaucheur et al., 
2020), patients with specific baseline VAN gradient configurations, 
likely reflecting a state of pathological hyper-integration (Puledda et al., 
2021), may be optimally primed to benefit from the suppressive, noise- 
canceling effects of OFC stimulation. By attenuating aberrant signaling 
within salience-related circuitry, rTMS may restore the threshold for 

Fig. 5. Transcriptomic enrichment and cell-type specificity of gradient-associated genes. (a) Gene Ontology (GO) enrichment analysis for genes with positive PLS 
weights (PLS + ). (b) Cell-type specific expression analysis (CSEA) for PLS + genes. (c) CSEA results for adult human brain regions, showing enrichment of PLS +
genes in the amygdala and cerebellum. (d) GO enrichment analysis for genes with negative PLS weights (PLS-). (e) CSEA results for PLS- genes. (f) CSEA results for 
adult human brain regions.
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salience detection and reduce maladaptive attentional capture, thereby 
directly alleviating distress and agitation indexed by general psycho
pathology measures (Han et al., 2020; Wang et al., 2017).

Several limitations warrant consideration. First, while the present 
sample is substantial for a drug-naïve, first-episode cohort, independent 
replication across sites will be essential to establish the robustness and 
generalizability of both the gradient effects and the predictive markers. 
Second, the associations among stimulation, gradient reorganization, 
and clinical improvement should not be interpreted as evidence of 
causality, and the molecular and cellular mechanisms inferred from the 
transcriptomic analyses require direct experimental validation. Third, 
transcriptomic inference was based on AHBA data derived from a 
limited number of healthy adult donors. Although this approach is 
widely used in imaging-transcriptomic studies, it cannot capture 
disease-specific or individual-level expression profiles relevant to 
schizophrenia. Fourth, the resting-state fMRI acquisition duration was 
relatively short (approximately 6 min), which may have limited the 
reliability of functional connectivity estimation and, consequently, the 
stability of gradient reconstruction. Fifth, stimulation targeting was 
based on the AF8 scalp coordinate in the international 10–10 EEG sys
tem rather than individualized neuronavigation. Although this approach 
is practical and commonly used in clinical settings, it may not fully ac
count for inter-individual variability in cranio-cortical anatomy and 
therefore may have introduced variability in the precise OFC subregion 
stimulated across participants. Sixth, the coil-flip sham procedure may 
not have constituted a fully inert placebo condition, given the potential 
for residual field exposure and incomplete matching of the somatosen
sory features of active OFC stimulation. Moreover, blinding efficacy was 
not formally assessed, and E-field simulations were not performed. 
These issues should be addressed in future studies through longer 
resting-state acquisitions, formal blinding assessments, MRI-guided 
neuronavigation, and precise electromagnetic field modeling.

5. Conclusion

In summary, this study investigated the therapeutic efficacy and 
underlying multiscale mechanisms of low-frequency rTMS targeting the 
OFC in drug-naïve first-episode schizophrenia. Active stimulation was 
associated with clinical improvement in negative symptoms and with a 
system-level renormalization of macroscale cortical hierarchy. Gradient 
reorganization was characterized by enhanced segregation of trans
modal networks and attenuation of aberrant salience-related processing 
and was spatially linked to transcriptomic signatures implicating 
inhibitory and glial-related mechanisms. Baseline gradient topography 
further predicted symptom change, indicating that treatment suscepti
bility was conditioned by pre-existing functional architecture. These 
findings support the OFC as a viable neuromodulation target in early- 
stage psychosis and highlight functional gradient metrics as candidate 
biomarkers to inform individualized rTMS strategies.
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