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Unravelling the genetic and molecular basis of low-frequency
rTMS induced changes in functional connectivity density in
schizophrenia patients with auditory verbal hallucinations

Yuanjun Xie® '™, Muzhen Guan

© The Author(s) 2025

2, Tian Zhang', Chaozong Ma', Chenxi Li', Lingling Wang', Xinxin Lin', Yijun Li',
Zhongheng Wang®, Ma Zhujing', Huaning Wangaﬂ and Peng Fang

1,4,5,6X

Auditory verbal hallucinations (AVH) represent a substantial therapeutic challenge in schizophrenia. Low-frequency repetitive
transcranial magnetic stimulation (rTMS) has demonstrated potential in reducing AVH, yet the underlying neurobiological
mechanisms remain incompletely understood. This study investigated the genetic and molecular processes associated with
functional connectivity density (FCD) changes induced by 1 Hz rTMS in schizophrenia patients with AVH. The results revealed that
the active stimulation group exhibited significant improvement in positive symptoms and AVH severity compared to the sham
control group. Specifically, rTMS increased FCD within the frontoparietal network while decreasing FCD in the language network.
Notably, baseline FCD values in these networks were predictive of the extent of symptom amelioration. Gene enrichment analysis
indicated that rTMS-induced FCD changes were linked to molecular pathways critical for cellular homeostasis and neuronal
function. Among the identified hub genes, GAL emerged as a key regulator of these alternations. Furthermore, neurotransmitter
systems were implicated, with alterations in mu-opioid (MU) receptor density mediating the effects of GAL on FCD modifications.
These findings highlight a multifaceted interplay among genetic, molecular, and connectivity-based mechanisms underlying the

therapeutic efficacy of rTMS in treating AVH.

Translational Psychiatry (2025)15:237; https://doi.org/10.1038/541398-025-03459-4

INTRODUCTION

Schizophrenia is a severe psychiatric disorder characterized by
hallucinations, delusions, and cognitive impairments [1], with a
lifetime prevalence of approximately 0.7% [2] and substantial
associated disability [3]. Among its hallmark symptoms, auditory
verbal hallucinations (AVH) defined as sensory experiences
occurring without external stimulation [4], are particularly
prevalent and persistent, affecting up to 70% of individuals with
schizophrenia [5]. Although antipsychotic medications remain the
cornerstone of treatment for [6], AVH often persist in many
patients [7], and these medications can induce significant side
effects, inducing weight gain, sedation, dystonia, parkinsonism,
and akathisia [8]. These limitations highlight the urgent need for
alternative therapeutic approaches.

Repetitive transcranial magnetic stimulation (rTMS) is a non-
invasive brain stimulation technique that has emerged as a
promising therapeutic intervention for psychiatric disorders
[9, 10]. Low-frequency rTMS targeting the left temporoparietal
junction (TPJ) has demonstrated efficacy in alleviating both the
frequency and severity of AVH [11-13]. In particular, 1Hz
stimulation is believed to exert an inhibitory effect on cortical
excitability, thereby mitigating hyperactivity in the auditory cortex,

which critically involved in the generation and persistence of AVH
[14]. Meta-analyses further corroborate the therapeutic benefits of
low-frequency (1 Hz) rTMS stimulation in reducing AV symptoms
[15]. The proposed mechanism suggests that rTMS normalizes
aberrant cortical excitability and connectivity underlying the
pathology of AVH [16-19]. For instance, studies utilizing 1Hz
ITMS directed at the left TPJ have reported increased connectivity
between the stimulation site and the right insula [20], alongside
reduced connectivity with the right temporal lobes in patients
receiving active stimulation [21]. Specifically, functional connec-
tivity density (FCD) analysis, a data-driven method that quantifies
the number of connections between a given voxel and all other
voxels in the brain [22], provides highly sensitive to individual
variations in connectivity [23] and holds potential as a biomarker
for schizophrenia [24]. Previous research has shown that main-
tenance rTMS targeting the left dorsal prefrontal cortex, when
combined with electroconvulsive therapy and olanzapine,
enhances FCD in the left prefrontal lobe, parietal lobe, and insular
lobe in treatment-resistant schizophrenia [25]. These findings
indicate that rTMS can modulate activity within targeted cortical
sites and their associated networks, potentially contributing to
symptom amelioration. Nevertheless, further investigation is
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needed to elucidate the neurobiological mechanisms underlying
the therapeutic effects of rTMS on AVH in schizophrenia.

Schizophrenia exbibits a strong hereditary component, with
genetic factors accounting for approximately 80% of the variability
in disease risk [26]. Genetic variations, such as those in ZNF804A,
DTNBP1, DAOA, AKT1, NTRK3, and ERBB4, are implicated in
schizophrenia by modifying brain structure and function [27],
consequently impacting neural connectivity [28]. These genes
regulate critical pathways involved in synaptic plasticity, neuro-
transmitter signalling, and neurodevelopment [29-31], which are
essential for maintaining brain network integrity [32-34]. The
public accessible gene transcription data from the Allen Human
Brain Atlas (AHBA) [35] serves as a valuable tool for exploring the
relationship between transcriptional profiles and neuroimaging
phenotypes [36]. Recent studies have demonstrated that abnor-
mal functional connectivity in schizophrenia is closely tied to the
expressions of specific genes identified through AHBA analyses
[37-39]. For instance, reduced connectivity in the superior and
middle temporal gyrus and increased connectivity in the thalamus
have been associated with differential expression of genes
implicated in synaptic signalling and transmission [40, 41]. These
findings underscore the genetic contributions of network disrup-
tions in schizophrenia and the value of integrating genomic and
neuroimaging data to elucidate its pathophysiology.

The neurochemical foundation of schizophrenia has long been
tied to dopamine dysregulation, a cornerstone of both research
and clinical management [42]. The dopamine hypothesis posits
that hyperactivity in mesolimbic pathways drives positive
symptoms, such as hallucinations and delusions, while hypoactiv-
ity in the prefrontal cortex contributes to negative symptoms and
cognitive deficits [43-45]. Positron emission tomography (PET)
and single-photon emission computed tomography (SPECT) atlas
enable precise mapping of neurotransmitter distributions in the
brain [46], offering critical insights into how these neurochemical
imbalances disrupt brain network organization and manifest as
clinical features of schizophrenia. Studies have shown that
reduced connectivity in the medial frontal regions and the
occipital cortex in schizophrenia patients, associated with
dysfunctions in dopamine, serotonin, and gamma-aminobutyric
acid systems [47, 48]. Integrating genetic expression data with
neurotransmitter density in FCD analyses offers a comprehensive
framework for understanding how genetic and molecular
abnormalities influence brain connectivity and contribute to the
clinical manifestations of schizophrenia.

Although rTMS has been shown to modulate specific gene
expressions and neurotransmitter distributions [49, 50], the precise
neurobiological mechanism underlying its therapeutic effects on
schizophrenia with AVH remain unclear. The present study aimed
to investigate the FCD changes induced by low-frequency rTMS
and their associations with genetic and neurotransmitter profiles in
schizophrenia patients with AVH. We hypothesize that 1 Hz rTMS
modulates functional connectivity by inducing network-specific
alternations related to AVH, notably a decrease in FCD within the
aberrant speech-processing network while concurrently increasing
FCD in prefrontal regions implicated in cognitive regulation.
Furthermore, we propose that the neurobiological effects of rTMS
may involve specific molecular mechanisms, including the
modulation of gene expressions and alternations in neurotrans-
mitter systems. Grounded on existing evidence, our study may
provide a theoretical framework for exploring potential biomarkers
and therapeutic targets in schizophrenia with AVH.

METHODS AND MATERIALS

Participants

This study enrolled patients diagnosed with schizophrenia according to
the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-V). The inclusion criteria were as follows: (1) daily AVH persisting
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despite treatment with at least two antipsychotic medications, and (2) a
minimum of five AVH episodes per day over the past month. Patients were
maintained on stable antipsychotic doses throughout the study. Exclusion
criteria included neurological disorders, significant head trauma, current or
past substance abuse disorders, and contraindications to MRI.

The sample size was determined using the G*Power program software
[51], targeting a statistical power (1-f) of 0.90, an alpha of 0.05, and a
medium effect size (Cohen’s d = 0.5). This yielded a required total sample
of 44 for detecting group differences in matched pairs. Ultimately, 58
patients were recruited and randomized by a computer-generated random
number table by an independent researcher, allocating 32 to the active
stimulation group and 26 to the sham control group (Supplementary
Figure 1). Randomization was blinded to both the patients and the clinical
raters, with only rTMS operators aware of the group assignments,
minimizing bias.

The protocol was approved by the Medical Ethics Committee of the
Xijing Hospital (approval number:KY20202055-F-1), and all participants
provided written informed consent following a detailed study description.
This study was registered in Chinese Clinical Trial Registry (https:/
www.chictr.org.cn; registration number: ChiCTR2100041876).

Clinical assessment

Participants underwent comprehensive clinical assessments to determine
the symptom severity and track changes over time. These included the
Positive and Negative Syndrome Scale (PANSS) for evaluating schizo-
phrenia symptoms [52] and the Auditory Hallucination Rating Scale (AHRS)
for AVH, focusing on frequency, duration, and associated distress [53].
Evaluations were conducted both at baseline and post-treatment.

rTMS protocol

Low-frequency (1Hz) rTMS was administered targeting the left TPJ, a
region implicated in the pathophysiology of AVH, using a Magstim Rapid
System (YIRUDE, Wuhan, China) with a 70 mm figure-of-eight coil. The TPJ
was located using the 10-20 electrode system (T3-P3). Active stimulation
was applied at 110% of each individual's resting motor threshold (MT),
while the sham stimulation using a Magstim sham coil, replicating auditory
cues without an effective magnetic field. Each session lasted 15 min,
with10-second stimulation periods followed by 5-second interval, repeated
daily for 15 consecutive days.

MRI data acquisition

MRI data were acquired using a 3.0 Tesla scanner (GE MR750, Milwaukee,
WI, United States). Functional MRI used a gradient echo-planar (EPI)
sequence for with parameters: repetition time (RT) = 2,000 ms; echo time
(ET) = 30 ms; field of view (FOV) = 240 mm x 240 mm; flip angel (FA)= 90°;
matrix= 64 x 64; slice thickness = 4.5 mm; voxel size = 3.5 x 3.5 X 3.5 mm,
yielding 210 volumes. High-resolution T1-weighted structural images were
obtained via a magnetization-prepared rapid acquisition gradient echo
(MPRAGE) sequence: TR=28.1ms, ET=3.2ms, FA= 12°,
FOV = 256 x 256 mm, matrix=256 x 256, slice thickness = 1 mm, voxel
size = 1.0x1.0x 1.0, producing 176 sagittal slices. Participants were
instructed to remain still, stay awake, and keep their eyes closed during the
scan to reduce motion artifacts.

Image data preprocessing

Image data were preprocessed using the DPABI (http://rfmri.org/DPABI)
and SPM12 (https://www fil.ion.ucl.ac.uk/spm/software/spm12) software
package. Preprocessing steps included: (1) discarding the first ten volumes
for magnetization stabilization; (2) slice timing correction; (3) head motion
correction; (4) co-registration of the anatomical image to the mean
functional images; (5) segmentation into gray matter, white matter, and
cerebrospinal fluid; (6) normalization and resampling to 3x3x3mm
isotropic voxels in Montreal Neurological Institute (MNI) standard space; (7)
band-pass filtering at 0.01 to 0.1Hz (8) linear detrending; and (9)
regression of nuisance covariates, including motion parameters, global
mean signal, cerebrospinal fluid, and white matter signals. Participants
with head motion exceeding 3 mm of movement or 3° rotation in any
direction were excluded.

FCD calculation
Voxel-wise global FCD was calculated to assess the functional connectivity
of each voxel with all other voxels across the brain, identifying hubs with
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highest connectivity using the Neuroscience Information Toolbox (NIT,
http://www.neuro. uestc.edu.cn/NIT.html). Voxel pairs were deemed
connected if their Pearson correlation coefficient exceeded a threshold
(Tc) of 0.6, based on established guidelines [22]. FCD maps were
normalized and smoothed with a 6 mm full-width-at-half-maximum
(FWHM) Gaussian kernel to reduce noise and outliers. Group differences
in FCD were analysed using two-sample or paired t-tests, with a voxel-level
threshold of p<0.01 and cluster-level Gaussian random field (GRF)
correction at p < 0.05.

Association analysis between meta-analytic cognitive terms
and FCD changes

The Neurosynth platform [54] (https://neurosynth.org) was used to explore
the association between meta-analytic cognitive terms and FCD altera-
tions. Thresholded Z-maps from post-treatment between-group FCD
comparisons were split into FCD-positive (active > control) and FCD-
negative (active < control) maps. The Neurosynth decoder assessed spatial
correlations with cognitive terms, with significance determined via
permutation tests correcting for spatial autocorrelation [55].

Prediction of treatment outcome

Support vector regression (SVR) [56](https://www.csie.ntu.edu.tw/~cjlin/
libsvm) predicted rTMS treatment responses using baseline FCD values.
Model robustness was ensured using 5-fold cross-validation, assessed by
mean squared error (MSE) and R%. Hyperparameters (C: 0.1-10, & 0.01-0.5,
kernel: RBF) were optimized via grid search, selecting the lowest MSE
configuration. Predictive significance was confirmed with permutation
tests (n = 1000).

Transcription-neuroimaging association analysis

Brain-wide gene expression data were obtained from the AHBA (https://
human.brain-map.org), and processed following a standardized pipeline
[57]: (i) probe re-annotation to genes; (ii) probe signal filtering; (iii)
selection of with RNA-seg-validated probes; (iv) sample assignment to the
Schaefer1000 atlas [58] within 2-mm Euclidean distance; (v) normalization
using a scaled robust sigmoid algorithm; and (vi) gene filtering by
differential stability. Due to data limitations, only left hemisphere samples
(n = 6) were included, as right hemisphere data (n = 2) were insufficient. A
gene expression map averaging 10,027 genes across 500 regions were
generated, with 97 regions lacing data. Partial least square (PLS) regression
[59] analysed the relationships between FCD changes (t values) in 403 left
hemisphere regions and gene expression, selecting the first PSL regression
component (PSL1) for maximum variance explanation, with significant
genes identified at Z>3.0 and p<0.05 with false discovery rate (FDR)
correction.

Gene enrichment and PPI analysis

Gene Ontology (GO) biological process analysis of significant genes was
conducted using Metascape (https://metascape.org) with a p-value cutoff
< 0.05 (FDR-corrected) [60], integrating over 40 knowledge bases for
comprehensive annotation. Protein-protein interaction (PPI) analysis used
STRING v12.0 (https://cn.string-db.org) [61] with a confidence score > 0.4,
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visualized in Cytoscape [62] (https://cytoscape.org/). The CytoHubba plugin
of the Maximal Clique Centrality (MCC) algorithm [63] identified top 10 hub
genes, which were correlated with FCD changes (p <0.05, Bonferroni-
corrected). Schizophrenia-related genes from AHBA ISH data (https://
human.brain-map.org/ish/search) were compared to genes linked to six
other disorders: major depressive disorder (MDD), Alzheimer’s disease (AD),
autism spectrum disorder (ASD), epilepsy (EP), intellectual disability (ID),
and Parkinson’s disease (PD), using permutation tests to assess their
relative PLS contributions.

Spatial correlation with neurotransmitter density
Neurotransmitter density maps derived from PET /SPCET imaging [64]
included receptors and transporters relevant to schizophrenia [65-69]:
serotonin receptors (5-HT1a, 5-HT1b, 5-HT2a, and 5-HT4), dopamine
receptors (D1/D2), Gamma-aminobutyric acid type A receptor (GABAa),
metabotropic glutamate receptor (mGIuR5), N-methyl-D-aspartate receptor
(NMDA), serotonin transporter (SERT), mu-opioid (MU), and vesicular
acetylcholine transporter (VAChT). Maps with the largest sample sizes were
selected for reliability. Spearman rank correlations assessed relationships
between neurotransmitter densities and FCD changes, with 1000
permutation tests correcting for spatial dependencies (p <0.05, FDR-
corrected).

Mediation effect analysis

Mediation analysis using the PROCESS plugin in SPSS 22.0 (https://
www.processmacro.org) explored pathways linking gene expression,
neurotransmitter densities, and FCD changes. Hub gene expression served
as independent variables, with neurotransmitter densities as mediators,
employing Model 4 to delineate direct and indirect effects.

Statistical analyses

Demographic and clinical data are expressed as means and standard
deviations. Gender distribution was analysed with chi-square tests, and
other variables with t-tests, using SPSS 22.0. Baseline group differences
were assessed with independent t-tests, and pre- to post-treatment
changes with paired t-tests, with significance set at p < 0.05.

RESULTS

Demographics and clinical characteristics

Due to excessive head movement, two participants from the
active stimulation group and one from the sham control group
were excluded, resulting in a final analysis of 30 participants in the
active stimulation group and 25 in the sham control group. At
baseline, no significant differences were observed between the
groups in demographic or clinical characteristics (Table 1).
Specifically, the two groups were comparable in age (t =0.644,
p =0.478), gender (x*=0.045, p=0.832), years of educational
(t=0.458, p=0.756), and clinical measures, including illness
duration (t=0.525, p=0.602), medication dosage (t=0.218,
p = 0.828).

Table 1. Demographic and clinical characteristics of patients.

Active group(n = 30)
Age 30.30+4.46

Gender (female) 17 (13)

Education (years) 13.20+2.67
Duration of illness (month) 21.36 £ 4.89
Dosage (CPED, mg/day) 584.8 +152.39
PANSS

Positive symptom 19.65 + 4.60
Negative symptom 19.85+4.53
General symptom 40.35 £ 6.65
AHRS 27.45+6.14

Placebo group (n = 25) ) p

31.46 £ 6.35 0.644 0.478
14(12) 0.045 0.832
12.81+2.71 0.458 0.756
20.35+3.38 0.525 0.602
573.46 + 136.88 0.218 0.828
18.65 + 3.36 0.983 0.330
19.35 + 3.02 0.178 0.860
39.50+4.62 0.537 0.593
25.73 £5.08 0.689 0.494

PANSS positive and negative symptoms; AHRS auditory hallucination rating scale. CPED Chlorpromazine equivalent doses.
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Fig. 2 Whole-brain global functional connectivity density (FCD) changes. a Differences in the FCD between the baseline and post-test in
the active stimulation group. b Distribution frequency of FCD scores within the active stimulation group. ¢ FCD changes from baseline to post-
test in the sham control group. d Distribution frequency of FCD scores in the sham control group. Cool colours indicate decreased FCD
relative to baseline, and warm colours indicate increased FCD relative to baseline.

Baseline clinical assessments, including Positive and Negative
Syndrome Scale (PANSS) and Auditory Hallucination Rating Scale
(AHRS) scores, were also similar between groups (Table 1). Post-
intervention, the active stimulation group exhibited significant
improvements in positive symptom scores (t=6.197, p <0.001),
general symptom (t=2.661, p=0.011), and AHRS scores
(t=6.542, p<0.001) (Fig. 1a), whereas the sham control group
showed no notable changes (Fig. 1b).
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Changes in FCD

Figure 2 illustrates the distribution of FCD changes from
baseline to post-treatment across various regions in both the
active stimulation and sham control groups. In the active
stimulation group, post-treatment increased FCD in the left
supplementary motor area and right superior medial frontal
gyrus, while decreasing FCD in the left fusiform gyrus (Table 2;
Fig. 3a, b).
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Table 2. global FCD changes between post-test and baseline in active stimulation group.
Anatomical Region Hemisphere Broadmann MNI Coordinates Size t
X y z
Fusiform Gyrus Left 19 -39 —66 —15 98 —3.432
Superior Medial Frontal Gyrus Left —21 36 27 84 3.241
Supplementary Motor Area Right 8 6 18 51 71 4.387
a b c d
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Fig. 3 Regional changes in global functional connectivity density (FCD). a Regional variation in global FCD within the active stimulation
group. b Distribution of global FCD differences across various networks within the active stimulation group. ¢ Regional change in global FCD
within the sham control group. d Distribution of global FCD differences across different networks within the sham control group. e Regional
change in global FCD between the active stimulation group and the sham control group posttreatment. f Distribution of global FCD
differences across the networks between the active stimulation and sham control groups. g Cognitive terms associated with increased FCD.
h Cognitive terms linked to decreased FCD. Warm colours represent increased FCD, whereas cool colours represent decreased FCD in the post-
test comparisons or the active stimulation group. SFGmedial, superior medial frontal gyrus; FFG, fusiform gyrus; SMA, supplementary motor
area; IFGtriang, interior triangular frontal gyrus; ITG, inferior temporal gyrus; SPG, superior parietal gyrus; SMG, supramarginal gyrus; MTG,
middle temporal gyrus; MOG, middle occipital gyrus; IFGorb, inferior orbital frontal gyrus; DMN, default model network; FPN, frontoparietal
network; LIB, limbic network; SAN, salient network; DAN, dorsal attention network; SOM, somatomotor network; VIS, visual network.

In the sham control group, post-treatment FCD increased in the
left inferior temporal gyrus and right superior parietal gyrus, with a
decrease observed in the left inferior triangular frontal gyrus
(Table 3; Fig. 3¢, d).

Comparative analysis between the groups revealed significant
post-treatment differences: the active stimulation group exhibited
reduced FCD in the left middle temporal gyrus and right middle
occipital gyrus, alongside increased FCD in the left supramarginal
gyrus and right inferior orbital frontal gyrus (Table 4; Fig. 3e, f).

Meta-analytic cognitive functions related to FCD alterations
Regions with increased FCD were associated with meta-analytic
cognitive terms linked to executive control, memory, and
inference functions (Fig. 3g), crucial for higher-order cognition
and decision-making. Conversely, regions with decreased FCD
correlated with cognitive terms such as object encoding,
recognition, and language processing (Fig. 3h), essential for the
sensory perception and interpretation.

Clinical responses related to FCD

Baseline FCD values in the active stimulation group significantly
predicted post-rTMS changes in positive symptom (r=—0.311,
p=0.047, one-tailed permutation test; Fig. 4a). The most
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predictive features were within the default mode network
(21.04% of total feature weights in SVR feature weights),
somatomotor network (22.35%), and frontoparietal network
(20.02%) (Fig. 4b). However, baseline FCD did not predict changes
in AHRS scores or other clinical measures.

Gene expression profiles

Comparative analysis of FCD changes between the active stimulation
and the sham control groups identified significant gene enrichment
in biological processes, including regulation of cell projection
organization, cellular secretion, cytosolic calcium ion concentration,
transmembrane transport, cell-cell adhesion, and cellular component
organization (Fig. 5a). These processes are closely tied to neuroplas-
ticity, synaptic function, and brain connectivity.

KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
analysis highlighted key signalling pathways, such as calcium
signalling, cAMP signalling, and neurotrophins signalling (Fig. 5b),
which are vital for cell growth, neurotransmission, immune
response, and hormone signalling.

A PPI network further elucidated genes associated with FCD
changes (Fig. 6a). The MCC algorithm identified the top 10 hub
genes, including pivotal genes including CALM3, CASP3, and GAL
(Fig. 6b).
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Table 3. global FCD changes between post-test and baseline in sham control group.
Anatomical Region Hemisphere Broadmann MNI Coordinates Size t

X y z
Inferior Temporal Gyrus Left 37 —59 —63 —6 174 5.62
Superior Parietal Gyrus Right 7 18 —81 51 151 4.19
Inferior Triangular Frontal Gyrus Left 45 —54 33 3 136 —4.851

Table 4. global FCD changes between active stimulation group and sham control group posttreatment.
Anatomical Region Hemisphere Broadmann MNI Coordinates Size t
X y z
Supramarginal Gyrus Left 48 —54 -39 27 73 5.364
Inferior Orbital Frontal Gyrus Right 47 42 36 —6 95 5717
Middle Temporal Gyrus Left 37 —57 —63 -3 85 —11.656
Middle Occipital Gyrus Right 39 47 —76 18 97 —6.124
a b
4.5 r=-0.311, p = 0.047
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Fig. 4 Prediction of treatment outcomes. a Scatter plot of the correlation between the observed positive symptom change following active
stimulation treatment and the predicted positive symptom change derived from the support vector regression (SVR) analysis (permutation
tests; p < 0.05). b Mapping of weights from 5-fold cross-validation onto the brain surface. Regions with higher and lower predictive power are
coloured warm and cool, respectively. The radar map provides an overview of the distribution of predictive power across different networks.
DMN, default model network; FPN, frontoparietal network; LIB, limbic network; SAN, salient network; DAN, dorsal attention network; SOM,

somatomotor network; VIS, visual network.

Schizophrenia-related genes from the ISH dataset demon-
strated stronger PLS weights compared to genes associated with
other disorders (Fig. 7a), with 48.65% (18 out of 37) of these genes
correlating with FCD changes, a higher proportion than in other
disorder categories (Fig. 7b).

Relationship between FCD changes and gene expression and
neurotransmitter distribution

Pearson correlation analysis revealed significant associations
between FCD changes and several hub genes, including GAL
(r=0.276, p<0.001), OPRMI1(r=0.157, p=0.001), PRKCD
(r=0.138, p=0.005), and JAK2 (r=-0.158, p=20.001)
(Fig. 8a-d). These correlations remained their significance
following Bonferroni correction. Additionally, significant correla-
tions were observed between FCD changes and specific
neurotransmitters, particularly MU (r=0.156, p =0.004) and
GABAa (r=-0.155, p=0.011) (Fig. 8e, f). These associations
remained significance after adjusting for multiple comparisons
using the FDR correction.

SPRINGER NATURE

Mediation effect

Mediation analysis provided deeper insight into the pathways
linking gene expression and neurotransmitter systems to FCD
changes. GAL expression positively predicted FCD changes (Beta
= 0.126, t =2.477, p=0.014). The neurotransmitter MU partially
mediated this relationship, with an indirect effect of 0.149,
accounting for 54.30% of the total effect (Fig. 9).

DISCUSSION

The present study investigated the effects of low-frequency rTMS
on FCD in schizophrenia with AVH, emphasizing its associations
with gene expression and neurotransmitter density. The main
findings include: (1) significant clinical improvement in positive
symptoms and AVH following 1Hz rTMS treatment; (2) rTMS
induced FCD changes in brain regions linked to langue network
(e.g., left middle temporal gyrus) and default model network (e.g.,
left supramarginal gyrus and right inferior orbital frontal gyrus); (3)
gene expression related to FCD changes was enriched in
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biological process involved in neuroplasticity, synaptic function,
and brain connectivity;(4) correlations between FCD changes and
neurotransmitter receptor densities, notably MU and GABAa; and
(5) MU receptor density mediating the relationship between hub
gene GAL expression and FCD changes. These results align with
prior studies [70-73] and our previous work [74-77], reinforcing
the efficacy of low-frequency rTMS in ameliorating AVH in
schizophrenia.

FCD changes following rTMS treatment

FCD changes observed following low-frequency rTMS underscore
its potential to modulate specific brain networks implicated in
schizophrenia with AVH. In the active stimulation group, post-
treatment FCD alterations were distinct from those in the sham
control group, underscoring network-specific effects. Notably,
increased FCD in the left supramarginal gyrus and right inferior
orbital frontal gyrus, key hubs of the frontoparietal network, points
the capacity of rTMS to enhance cognitive control and executive

Translational Psychiatry (2025)15:237

functions [78, 79]. This network is essential for regulating
attention, working memory, and goal-directed behaviours
[80-82], facilitated by dynamic modulation of connectivity across
brain regions [83]. Dysfunctions in the frontoparietal network are
consistently associated with cognitive deficits in schizophrenia
[84], such as disorganized thinking, which contributes to AVH [85].
The increased FCD in these regions suggest that rTMS may
strengthen higher-order cognitive control, potentially improving
reasoning and working memory that regulate the internally
generated thoughts driving AVH [86, 87]. While these findings
align with meta-analytic evidence connecting these areas to
executive control and memory functions, this relationship with
cognitive improvement remains hypothetical and requires valida-
tion through standardized cognitive assessments and symptom
change metrics.

Conversely, decreased FCD in the left middle temporal gyrus, a
core region for language processing [88], and right middle
occipital gyrus, involved in visual processing [89], indicates that

SPRINGER NATURE
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rTMS may suppress sensory network hyperactivity linked to AVH.
This aligns with meta-analysis evidence of reduced FCD in regions
tied to object perception and language processing. Previous
studies have showed that low-frequency rTMS improves verbal
and visual learning in patients with AVH [77], consistent with our
findings. These reductions likely reflect normalization of hyper-
connectivity and overactivation, which underpin sensory mis-
perceptions characteristic of AVH [90]. However, the assumption
that decreased FCD equates to reduced hyperactivity remains a
hypothesis needing further empirical support.

Significant between-group differences affirm the therapeutic
specificity of active stimulation in normalizing aberrant network
activity in schizophrenia [91-93], thereby offering a mechanistic
basis for its efficacy in reducing AVH. Additional subgroup findings
further contextualize these effects. In the active stimulation group,
increased FCD in the left supplementary motor area and right
superior medial frontal gyrus, involved in motor planning and
decision-making [94, 95], while decreased FCD in the left fusiform
gyrus, linked to object recognition [96], align with the modulation

SPRINGER NATURE

of rTMS on motor and perceptual networks. In the sham control
group, however, FCD increased in the left inferior temporal gyrus
and right superior parietal gyrus, linked to a series of perceptive
processing [97, 98], alongside decreased FCD in the left inferior
triangular frontal gyrus, tied to semantic processing [99],
suggesting non-specific placebo effects adjustments unrelated
to the therapeutic intent of rTMS. These changes may stem from
patient expectations of the sham procedure, which are known to
elicit connectivity shifts in placebo settings [100]. Alternatively,
these FCD variations might reflect spontaneous fluctuations in
network activity to the experimental context, though they lack the
directional specificity seen in active rTMS. These findings under-
score the importance of distinguishing placebo-driven changes
from targeted effects of rTMS in interpreting therapeutic outcome.

FCD prediction on clinical responses

SVR analysis revealed that baseline FCD values in the default
mode, sensorimotor, and frontoparietal networks strongly pre-
dicted improvements in positive symptoms post- rTMS. The

Translational Psychiatry (2025)15:237
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default mode network, implicated in self-referential and intro-
spective thought processes, is frequently dysregulated in schizo-
phrenia, contributing to hallucinations and delusions [101].
Modulation of default mode network activity through rTMS may
therefore play a crucial role in alleviating psychotic symptoms by
normalizing the hyperactivity and dysconnectivity that are
characteristic of schizophrenia.

The sensorimotor network, which is involved in sensory and
motor integration, underlies perceptual abnormalities in schizo-
phrenia patients [102]. The disruption of the sensorimotor network
could lead to inefficient integration of bottom-up sensory
information with high-order cognitive processes [103, 104], and
is directly linked to sensory processing deficits [105]. FCD changes

Translational Psychiatry (2025)15:237

within the sensorimotor network may help mitigate sensory
processing deficits associated with AVH. The frontoparietal
network, vital for cognitive control and executive functions, is
often compromised in schizophrenia [106], driving disorganized
thinking and cognitive deficits [107]. Enhanced FCD in this
network suggests improved regulation of internally generated
thoughts, highlighting the potential of FCD as a predictive marker
for rTMS outcomes.

Biological processes and pathways of enriched gene

Gene enrichment analysis identified biological processes tied to
FCD changes, including cellular component organization, trans-
membrane transport, and cytosolic calcium ion concentration, all
critical for neuronal function and homeostasis. Cellular organiza-
tion maintains neuronal structure, such as the cytoskeleton,
organelles, and membrane systems [108], and its dysregulation in
schizophrenia may underlie connectivity deficits [109]. rTMS may
exert its therapeutic effects by normalizing these organizational
processes, thereby restoring neuronal function and improving
connectivity within key brain networks. Transmembrane transport
involves the movement of ions, nutrients, and other molecules
across cell membranes, which is essential for neuronal excitability,
neurotransmitter release, and synaptic plasticity [110, 111]. Dis-
ruptions in transmembrane transport can lead to neurotransmitter
imbalances, contributing to the symptoms of schizophrenia [112].
By modulating transmembrane transport, rTMS could restore
these imbalances [113], reducing the hyperexcitability or hypoac-
tivity in specific brain regions associated with AVH. Calcium
signalling, foundational to long-term potentiation (LTP) and long-
term depression (LTD) [114], which underlie long-lasting synaptic
plasticity [115]. Dysfunctions in calcium signalling have been
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implicated in schizophrenia [116], where they may contribute to
the sensory perception, cognition, and consciousness distur-
bances characteristic of the disorder [117]. rTMS may induce
calcium-dependent synaptic plasticity by increasing intracellular
calcium ion concentrations and activating downstream signalling
cascades that promote LTP or LTD [118]. These calcium-
dependent mechanisms are likely the basis for rTMS-induced
neuroplasticity in brain regions associated with cognitive control,
sensory processing, and auditory hallucinations [119].

The identified KEGG pathways, including calcium, cAMP, and
neurotrophins signalling, further underscore the molecular effects of
rTMS. The calcium signalling pathway plays a central role in
regulating neuronal activities such as neurotransmitter release and
synaptic plasticity [120, 121], which are critical for cognitive functions
[122, 123]. Dysregulation of this pathway is linked to cognitive
deficits in schizophrenia [124], suggesting that rTMS may contribute
to restore normal brain function by modulating calcium signalling
[125]. Similarly, the cAMP signalling pathway is involved in neuronal
excitability and synaptic connections [126], processes that are often
disrupted in schizophrenia[127]. By enhancing AMP signalling [128],
rTMS could shape neural connectivity and contribute to symptom
relief [129]. The neurotrophins signalling pathway, which supports
neuronal growth and survival [130], is a key driver of neural plasticity
[131]. Its involvement in schizophrenia indicates that rTMS could
enhance the recovery of disrupted neural circuits by promoting
neurogenesis and activating neurotrophins signalling [132, 133],
thus facilitating the plasticity of neuronal circuits [134]. Notably,
studies have revealed that rTMS can increase the expression of
brain-derived neurotrophic factor (BDNF) in psychiatric disorders
[135], a pivotal neurotrophins involved in synaptic strengthening
and neuronal survival. These effects of rTMS may be instrumental in
reshaping dysfunctional neural networks and alleviating AVH
symptoms in schizophrenia [136]. These enriched biological
processes and pathways suggest that rTMS may exert its therapeutic
effects by influencing critical molecular mechanisms that underlie
neuroplasticity, synaptic function, and brain connectivity.

Hub genes from PPI analysis

PPI analysis identified GAL, OPRM1, PRKCD, and JAK2 as hub
genes central to the molecular mechanisms underlying rTMS
induced FCD changes. GAL, an endogenous neuroprotective
factor [137], involved in neuroplasticity and synaptic transmission
[138, 139]. Its positive correlation with FCD changes suggests that
rTMS may enhance neuroplasticity by GAL mediated pathways.
OPRM1, encodes the mu-opioid receptor, regulates mood regula-
tion and reward processing[140, 141], indicating a potential role
for opioid signalling in the therapeutic effects of rTMS [142].
Similarly, PRKCD, a member of the protein kinase C family,
influences cell growth, apoptosis, and inflammation [143, 144]. Its
association with FCD alterations implies that rTMS may modulate
these processes, potentially reducing neuroinflammation while
enhancing synaptic function.

JAK2, a key component of the JAK-STAT signalling pathway
[145], governs immune responses and cell growth [146, 147]. The
negative correlation between JAK2 expression and FCD changes
suggests that rTMS may normalize aberrant JAK-STAT signalling,
thereby improving neuroplasticity and modulating immune
activity. These findings highlight the involvement of these hub
genes in pathways critical to neuroplasticity, synaptic function,
and neuroinflammation, likely underpinning the therapeutic
benefits of rTMS on schizophrenia.

Associated with neurotransmitters profiles

The associations with neurotransmitter receptor densities,
particularly MU and GABAa, provides deeper insights into
modulation of rTMS on brain connectivity. The positive
correlation between MU receptor density and FCD changes
indicates that regions with higher MU receptor densities may
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exhibit enhanced responsiveness to rTMS, potentially increasing
FCD. The MU-opioid system, implicated in the cognitive control
and the reward system [148, 149], is a core element in the
pathophysiology of schizophrenia [150]. Elevated MU receptor
density in specific regions may amplify the efficacy of rTMS by
facilitating neuroplasticity and strengthening connectivity
within key networks, such as the frontoparietal and limbic
networks [151, 152], thereby improving cognitive control and
reward processing to reduce AVH and other psychotic symp-
toms [153, 154].

In contrast, the negative correlation between GABAa receptor
density and FCD changes suggests that regions with higher
GABAa densities may show reduced responsiveness to rTMS.
GABAa receptors, which mediate inhibitory neurotransmission,
are crucial for maintaining the balance between excitation and
inhibition in the brain [155-157]. Beyond regulating neuronal
excitability, they stabilize neural networks by limiting excessive
connectivity, a feature implicated in schizophrenia. In the
context of rTMS treatment, this inhibitory effect of GABAa
receptor could serve as both a regulator of excitability in
neuronal networks [158] and a gating mechanism counteracting
maladaptive hyperconnectivity [159, 160]. Thus, rTMS-induced
FCD modulation appears contingent upon the regional distribu-
tion and functionality of GABAa receptors, influencing the
balance of excitatory and inhibitory interactions. Given the
critical role of excitatory-inhibitory imbalance in AVH, targeting
GABAa receptor activity could enhance rTMS efficacy by
stabilizing networks, and may inform personalized treatment
protocols based on receptor density.

Meditation effects on FCD changes

Mediation analysis revealed that MU receptor density partially
mediates the relationship between GAL gene expression and FCD
changes, highlighting a complex interplay between genetic and
neurotransmitter systems in rTMS responses. As mentioned above,
GAL, a neuropeptide, drives neurogenesis, synaptic plasticity, and
neurotransmitter modulation [161, 162] via G-protein-coupled
receptor interactions [163], influencing signalling pathways that
regulate neuronal excitability and plasticity. lts expression is tied
to mood regulation [164] and to neural circuits supporting
learning and memory [165], positioning GAL as a key modulator
of synaptic strength and connectivity in AVH-related networks.

The MU receptor system, linked to dopaminergic modulation
[166], underpins reward processing and cognitive control, func-
tions frequently disrupted in schizophrenia [167]. Regions with
higher MU receptor density may the modulatory effects of GAL on
FCD, enhancing neuroplasticity and cognitive control within
relevant circuits [168, 169]. This mediation suggests MU acts as
an intermediary, translating GAL expression into connectivity
changes [170]. rTMS treatment may amplify MU-mediated
neuroplasticity, thereby augmenting the impacts of GAL on
network dynamics. The interplay points to potential therapeutic
targets, such as GAL receptor agonists to boost rTMS-induced
plasticity, or MU receptor modulators to optimize dopaminergic
regulation, which could further alleviating AVH.

This study has several limitations. First, the modest sample
size may constrain the generalizability of findings, necessitating
larger, more diverse cohorts in future research. Second, the
associations among gene expression, neurotransmitter density,
and FCD changes were based on correlational analyses, which
do not establish causality. Experimental approaches such as
targeted molecular interventions are required to elucidate
underlying mechanisms. Finally, gene expression data from
the AHBA were restricted to the left hemisphere, potentially
introducing bias by excluding right-hemisphere contributions to
AVH networks. Future studies should incorporate bilateral
analyses for a comprehensive understanding of gene expression
patterns.
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CONCLUSION

This study investigated FCD changes induced by low-frequency
rTMS and their associations with genetic and neurotransmitter
profiels in schizophrenia patients with AVH. The results demon-
strated significant clinical symptom improvement, accompanied

by

notable FCD alterations across key brain networks. Gene

enrichment analysis emphasized biological processes related to
neuroplasticity, synaptic function, and neural connectivity, with
GAL and MU emerging as central modulators of rTMS-induced
connectivity changes. These findings provide valuable insights
into the neurobiological mechanisms through which rTMS exerts
its therapeutic effects in schizophrenia with AVH.

DATA AVAILABILITY
The data will be made available upon reasonable request from the corresponding
authors.
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