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Abstract

Introduction:
Repetitive transcranial magnetic stimulation (rTMS) and high-definition transcranial direct current
stimulation (HD-tDCS) are promising neuromodulation treatments for youth with mood disorders.
However, evidence remains limited on which patients are more likely to benefit from each modality, and
objective biomarkers to support individualized treatment selection are lacking. In this longitudinal study,
we aimed to compare post-intervention changes in brain functional connectivity (FC) between rTMS and
HD-tDCS, identify treatment-specific biomarkers, and inform the personalized selection of
neuromodulation strategies.

Methods
A total of 109 patients finished the treatment, with 67 patients in rTMS group and 42 patients in HD-tDCS
group. Clinical assessments and resting-state functional MRI were acquired at baseline and after two-
weeks of treatment. Both interventions targeted the left dorsolateral prefrontal cortex. Treatment-related
changes in FC were examined for the association with the improvement of depressive symptoms using
partial least squares correlation. We further assessed the spatial correspondence of treatment-related
FC patterns with brain-wide gene expression profiles, neurotransmitter receptor density maps, and
receptor similarity architecture. A connectome-based machine learning model was trained to predict
individual treatment response. To assess generalizability, the rTMS model was further tested in an
independent validation cohort of 27 patients.

Results
Both treatments significantly reduced depressive symptoms; HD-tDCS showed greater improvement in
manic and psychotic symptom. rTMS primarily modulated visual–default mode networks, while HD-tDCS
produced broader network effects. Imaging transcriptomic analyses revealed rTMS-related FC patterns
were linked to gene expression of synaptic signaling process, and HD-tDCS-related patterns related
genes involved myelination and metabolic pathways. Neurotransmitter mapping further showed that the
rTMS-related pattern was associated with histamine H3 receptor distribution, whereas no significant
receptor association was observed for HD-tDCS. A connectome-based model accurately predicted
responders, with higher efficacy in matched treatments. In the independent rTMS validation cohort, the
model maintained robust performance.

Conclusions



Page 4/27

rTMS and HD-tDCS engage distinct connectomic signatures in youth with mood disorders. FC-based
biomarkers may help identify which patients are more suitable for rTMS versus HD-tDCS, advancing
biomarker-guided and individualized neuromodulation treatment.

Introduction
Noninvasive neuromodulation is increasingly used as a treatment option for youth with mood disorders
presenting with depressive episodes, primarily due to its favorable efficacy and tolerability (1). In
evidence-based guidelines for mood disorders, repetitive transcranial magnetic stimulation (rTMS) is
positioned as a first-line neuromodulation protocol (2, 3), whereas transcranial direct current stimulation
(tDCS) is generally considered a second-line neuromodulation option (4, 5). The key clinical challenge,
however, lies both in establishing the clinical benefits of neuromodulation and in determining which
modality is most suitable for which patient. At present, this selection is still driven largely by availability
and practical considerations rather than by predictive biomarkers.

Clinically, the treatment effect evidence base for rTMS is more mature, which is reflected in major
guideline recommendations (6, 7). In contrast, tDCS has shown modest treatment effects with
substantial heterogeneity across trials (8–10). Nevertheless, it offers pragmatic advantages including
low cost, portability, and scalability, with potential for supervised home-based delivery (11, 12). HD-tDCS
has renewed interest by improving current focality and target engagement, and early randomized
evidence supports its potential antidepressant benefit (13, 14). Beyond depressive symptoms, both
approaches have also been studied in symptom domains relevant to mood disorders, including
manic/hypomanic and psychotic symptoms, but findings remain mixed and highly protocol-dependent
(15, 16). As a result, clinically useful profiles for selecting one modality over the other are still
insufficiently defined.

This uncertainty matters because rTMS and tDCS are not interchangeable technologies. rTMS delivers
focal electromagnetic pulses that can modulate cortical excitability and synaptic plasticity (17), while
high-definition tDCS (HD-tDCS) delivers weak electrical currents with improved focality compared with
conventional tDCS, enabling more targeted cortical engagement (18, 19). Even when similar left
prefrontal protocols are used in practice (20), the two modalities may produce different functional
connectivity (FC) effects, which may in turn relate to differences in short-term symptom improvement
(21, 22). Yet direct comparative studies of rTMS and HD-tDCS in youth with mood disorders remain
limited (23). By parsing the distinct brain functional connectivity patterns induced by rTMS and HD-tDCS
neuromodulation, and further identifying biological markers that are adaptive to individual clinical
interventions, it may provide new guidance for clinical precision intervention in youth with mood
disorders.

The primary challenge in personalized neuromodulation currently lies in the incomplete understanding of
the underlying neurobiological mechanisms and the lack of reliable biomarkers. In adolescents,
depression is increasingly conceptualized as a disorder of distributed functional network dysregulation
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(24–26). Neuromodulation effects are therefore expected to propagate beyond the stimulation site and
reshape large-scale networks, including systems implicated in internally directed cognition and sensory
processing (27, 28). In parallel, multiscale neuroimaging frameworks now allow FC patterns to be
interpreted using spatial biological annotations, including transcriptomic organization and
neurotransmitter-related maps (29, 30).

Accordingly, this study aimed to compare the short-term therapeutic effects of left Dorsal Lateral
Prefrontal Cortex (DLPFC) –targeted rTMS versus HD-tDCS in adolescents with mood disorders
presenting with depressive episodes. Specifically, we: (i) quantified symptom improvement following
short-term intervention; (ii) characterized and contrasted treatment-related functional connectivity
changes and their network-level organization; (iii) tested whether these connectivity features align with
molecular annotations (transcriptomic and neurotransmitter-related spatial patterns); and (iv) evaluated
the predictive utility of connectivity-based features for individualized treatment response. By integrating
clinical outcomes with circuit-level and molecular-level interpretations, we seek to advance objective
biomarker development, inform modality selection between rTMS and HD-tDCS for depressed
adolescents, and support the precision translation of neuromodulation therapies in youth mood
disorders.

Method

Participants
This study included 135 mood disorders adolescents and young adults (aged 13–25 years) in depressive
episodes, including 64 individuals with bipolar disorder (BD) and 71 with major depressive disorder
(MDD). Patients were derived from two independent clinical cohorts: treated with either rTMS (n = 80) or
HD-tDCS (n = 55) at the Early Intervention Unit of the Affiliated Brain Hospital of Nanjing Medical
University.. Diagnoses were independently established by two trained psychiatrists, using the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID) for participants aged ≥ 18 years and the Schedule
for Affective Disorders and Schizophrenia for School-Age Children–Present and Lifetime Version (K-
SADS-PL) for those < 18 years. All participants had a 17-item Hamilton Depression Rating Scale (HAMD-
17) score ≥ 17 at baseline. Exclusion criteria included: i) contraindications to MRI; ii) history of head
trauma and loss of consciousness for 5 minutes or more; iii) comorbidities with other axial I disorders.
All participants received stable pharmacotherapy, primarily consisting of antidepressants and mood
stabilizers, which remained unchanged during the 2-week intervention period. Benzodiazepines were
also permitted as needed for symptom management.

Clinical assessments were conducted at baseline (T0), after 10 sessions (T1), and after 20 sessions
(T2), including HAMD-17, Hamilton Anxiety Scale (HAMA), Young Mania Rating Scale (YMRS), and Brief
Psychiatric Rating Scale (BPRS). Resting-state fMRI scans were acquired at T0 and T2. Written informed
consent was obtained from all participants or their legal guardians. The study was approved by the
Ethics Committee of Nanjing Brain Hospital (2020KY027-01 for rTMS, 2021KY134-02 for HD-tDCS).
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Intervention Parameters
rTMS was performed using a Magneuro 60 magnetic stimulator (VISHEE), equipped with a figure-of-
eight coil. The left DLPFC was localized using the F3 of the 10–20 EEG system. Each session consisted
of forty 10-Hz trains at 110% of the resting motor threshold, totaling 1200 pulses. Participants received
20 sessions over 2 weeks, with two sessions daily, separated by ≥ 6 hours.

HD-tDCS was administered using the VC-8000F stimulator (Wogao Medical) with a 4×1 ring
configuration for focal stimulation (31). The anode center electrode was positioned at F3 of the EEG 10–
20 system, with four return electrodes placed 3.5 cm around the center. Each session involved 2 mA
stimulation for 20 minutes, conducted twice daily over 2 weeks. All patients underwent an assessment
of adverse events after each session.

fMRI Data Acquisition and Preprocessing
The details of fMRI scanning parameters and acquisition protocols are presented in Supplementary
Material. The Human Connectome Project Multimodal Parcellation (HCP-MMP) atlas was used,
segmenting the brain into 360 regions across Yeo’s 7 network (32). Mean framewise displacement (FD)
was computed and included as a covariate in subsequent statistical analyses to control for head motion
(33).

Statistical Analysis

Clinical Outcomes
All statistical analyses were performed in R (version 4.4.0). Baseline differences in demographic and
clinical characteristics were computed using independent-sample t tests for continuous variables and χ²
tests for categorical variables. Treatment response was defined as a ≥ 50% reduction in the HAMD-17
total score from T0 to T2. Group-wise response rates were compared using chi-square tests.

Latent Growth Curve Modeling for Symptom Trajectories
Longitudinal symptom trajectories were examined using latent growth curve modeling (LGCM)
implemented in the lavaan package. Separate models were fitted for total and factor scores of HAMD-17,
HAMA, YMRS, and BPRS across three time points (34). The intercept factor represented baseline
symptom severity, and the slope factor captured linear changes over time. Group, sex, age, medication
status, and illness duration were included as time-invariant covariates to assess interindividual
differences in symptom trajectories, allowing for an evaluation of treatment effects while adjusting for
demographic and clinical confounders.

Functional Connectivity Analysis
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Functional connectivity analyses were conducted using the Human Connectome Project (HCP) atlas,
which parcellates the brain into 360 regions spanning Yeo’s 7 functional networks (32). Regional mean
time series were extracted, and pairwise Pearson correlations were computed to generate individual FC
matrices. Fisher’s r-to-z transformation was applied to normalize the correlation values for subsequent
statistical analyses.

To identify treatment-related FC, paired t tests were conducted from T0 to T2 within each treatment
group. Connections exhibiting significant changes were considered as potential treatment-responsive
connectivity. After regressing out age, sex, medication, duration and FD, residualized connectivity values
were then submitted to partial least squares correlation (PLSC) analysis to examine associations with
depressive symptom improvement.

Partial Least Squares Correlation Analysis
PLSC was able to identify latent variables (LVs) representing maximal covariance between changes in
connectivity and clinical outcomes (35, 36). Significance of LVs was tested using permutation (1,000
iterations), and stability of connection loadings was evaluated via bootstrap resampling (threshold: |Z| >
2). A 10-fold cross-validation assessed generalizability. Significant connections from the first LV (LV1)
were extracted and subsequently mapped onto Yeo's 7 network. See Supplementary Material for details.

Gene Expression Analysis
The treatment-related connections identified through PLSC analysis were mapped onto their
corresponding brain regions (37), the spatial contributions maps were then aligned with transcriptomic
data from the Allen Human Brain Atlas (AHBA), restricted to the left hemisphere (38). PLS regression
linked regional gene expression to connectivity alterations (39, 40), and enrichment analysis for
biological processes was performed using Metascape (https://metascape.org/). Genes with |Z| > 3 and
FDR-corrected P < .05 were considered significant (41). For more details, see Supplementary Material.

Neurotransmitter-informed spatial annotation
To probe the neurochemical architecture underlying treatment-relevant connectivity remodeling, we
performed PET-informed spatial annotation using a normative atlas of 19 neurotransmitter receptor
maps spanning nine neurotransmitter systems (derived from > 1,200 healthy individuals) (30). For each
treatment group, we performed spatial linear correlation analyses between brain features and
neurotransmitter receptor densities across regions that have passed bootstrap, followed by spin tests at
significance level of p < 0.05.

In addition, to test whether treatment-relevant connectivity changes preferentially occurred between
parcels with similar neurochemical fingerprints, we constructed a receptor similarity matrix by
correlating, for each parcel pair, their 19-feature receptor density profiles. We then assessed the
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correspondence between the treatment-relevant FC pattern and the receptor similarity matrix, with
significance evaluated by permutation testing.

Treatment Response Predictive Model
Baseline connectivity features significantly associated with symptom improvement were used to train
support vector machine (SVM) classifiers for each treatment. Least absolute shrinkage and selection
operator (LASSO) regression identified the 15 most frequently selected connection across 1000
iterations (42). A radial basis function (RBF) kernels was used, and model performance was assessed
using 10-fold cross-validation. Further details are provided in Supplementary Material.

To explore treatment preference, both models were applied to all patients, estimating likelihood of
response under each modality. Patients were categorized as two groups: preferred treatment group —
patients who received the treatment predicted to yield the higher remission probability, and non-preferred
treatment group — patients who received the treatment predicted to be less effective. Response rates
between these groups were compared using χ² tests.

Validation
To validate the robustness of the predictive model, an independent rTMS-treated sample (n = 27) were
recruited. Detailed are provided in Supplementary Material.

Results

Patient Demographics
Of the 135 patients initially enrolled, 12 patients were excluded due to excessive head motion (exceeding
3mm displacement or 3° rotation), and 14 patients were excluded for incomplete data. The final sample
comprised 109 individuals, with 67 in the rTMS group and 42 in the HD-tDCS group. The two groups did
not differ significantly in age, sex, diagnosis, medication status, or illness duration, and there were no
significant differences in HAMD, HAMA, YMRS, and BPRS scores between groups at baseline (Table 1).
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Table 1
Demographic Characteristics and Clinical Variables of the Two Groups

  Mean (SD)    

rTMS (n = 67) tDCS (n = 42) t/χa p

Demographic        

Age, years 15.69 (2.14) 15.21 (1.63) 1.22 0.22

Female, No. (%) 53 (79.10) 30 (71.43) 0.84 0.36

Male, No. (%) 14 (20.90) 12 (28.57)    

BD, No. (%) 30 (44.78) 23 (54.76) 1.03 0.31

MDD, No. (%) 37 (55.22) 19 (45.24)    

Duration, months 28.46 (25.41) 25.05 (18.49) 0.75 0.45

Clinical variables        

HAMD-17 score 26.04 (6.54) 24.79 (6.00) 1.03 0.31

HAMA score 25.10 (8.60) 23.55 (6.21) 1.1 0.28

YMRS score 9.58 (7.30) 7.79 (5.83) 1.42 0.16

BPRS score 43.06 (10.84) 45.29 (11.00) -1.03 0.3

History Medication        

Antidepressant, No. (%) 32 (47.76) 19 (44.24) 0.07 0.80

Mood stabilizer, No. (%) 37 (55.22) 22 (52.38) 0.08 0.77

Benzodiazepine, No. (%) 10 (14.93) 8 (19.05) 0.32 0.57

Current Medication        

Antidepressant, No. (%) 22 (32.84) 14 (33.33) 0.01 0.96

Sertraline, No. (%) 10 (14.93) 7 (16.67) 0.06 0.81

Escitalopram, No. (%) 3 (4.48) 3 (7.14) 0.35 0.55

a. The baseline group differences in age, duration and all scale were analyzed using t-tests, while
differences in gender, diagnosis, response rate and medication were assessed using chi-square
tests.

Abbreviations: rTMS, repetitive transcranial magnetic stimulation; tDCS, transcranial direct current
stimulation; BD, bipolar disorder; MDD, major depression disorder; HAMD-17, 17-item Hamilton
Depression Scale; HAMA, Hamilton Anxiety Scale; YMRS, Young Mania Rating Scale; BPRS, Brief
Psychiatric Rating Scale
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  Mean (SD)    

rTMS (n = 67) tDCS (n = 42) t/χa p

Demographic        

Fluoxetine, No. (%) 7 (10.45) 2 (7.14) 1.10 0.30

Fluvoxamine, No. (%) 3 (4.48) 2 (4.76) 0.01 0.95

Duloxetine, No. (%) 2 (2.99) 1 (2.38) 0.04 0.85

Venlafaxine, No. (%) 2 (2.99) 1 (2.38) 0.04 0.85

Other, No. (%) 3 (4.48) 2 (4.76) 0.01 0.95

Mood stabilizer, No. (%) 67 (100) 42 (100) -- --

Lithium, No. (%) 66 (98.51) 40 (95.24) 1.03 0.31

Quetiapine, No. (%) 62 (92.54) 40 (95.24) 0.31 0.58

Lamotrigine, No. (%) 35 (52.24) 21 (50.00) 0.05 0.82

Valproate, No. (%) 13 (19.40) 11 (26.19) 0.69 0.41

Benzodiazepine, No. (%) 44 (65.67) 30 (71.43) 0.39 0.53

a. The baseline group differences in age, duration and all scale were analyzed using t-tests, while
differences in gender, diagnosis, response rate and medication were assessed using chi-square
tests.

Abbreviations: rTMS, repetitive transcranial magnetic stimulation; tDCS, transcranial direct current
stimulation; BD, bipolar disorder; MDD, major depression disorder; HAMD-17, 17-item Hamilton
Depression Scale; HAMA, Hamilton Anxiety Scale; YMRS, Young Mania Rating Scale; BPRS, Brief
Psychiatric Rating Scale

Clinical Symptom Improvement and Treatment Efficacy
There were no significant differences in HAMD, HAMA, YMRS, and BPRS scores between groups at
baseline. Both rTMS and HD-tDCS groups showed significant symptom improvement, except for YMRS
scores in the rTMS group (Table S2). The incidence of adverse events did not differ significantly between
groups.

Latent Growth Curve Modeling of Symptom Trajectories
LGCM revealed a significantly steeper decline in YMRS (p = 0.023) and BPRS (p = 0.016) scores in the
HD-tDCS group compared with the rTMS group (Fig. 2). No group differences emerged for trajectories of
depressive symptoms. Exploratory factor-level analyses indicated that the group effect on BPRS was
primarily driven by changes in the Thought Disorder factor (p = 0.039) and Hostility factor (p = 0.010), in
contrast, no significant group differences were observed in the trajectories of other factors (Table S3).
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Functional Connectivity Changes Related to Clinical
Improvement
Paired t-test revealed 3,465 connections in the rTMS group and 2,721 connections in the HD-tDCS group
which exhibited significant changes after treatment (p < 0.05, uncorrected). PLSC revealed robust
associations between connectivity changes and symptom improvement in both groups. In the rTMS
group, the first latent variable (LV1) explained 41.27% of variance in HAMD change, comprising 203
significant connections (109 positively correlated and 94 negatively correlated, Fig. 3A). A significant
association was found between connectivity changes and clinical improvement for LV1 (r = 0.782, p < 
0.001, Fig. 3C). In the HD-tDCS group, LV1 explained 49.40% of variance, comprising 205 connections
(107 positive correlated and 98 negative correlated; Fig. 3B). The association between connectivity
alteration and clinical improvement was also significant (r = 0.874, p < 0.001, Fig. 3D). Permutation
testing confirmed the statistical significance of LV1 in the two groups. (Fig. S1b and S2b). Model
robustness was assessed via 10-fold cross-validation. In the rTMS group, predicted LV1 brain scores
demonstrated a strong correlation with observed scores (r = 0.656, p < 0.001), whereas predicted LV1
clinical scores exhibited strong alignment with actual values (r = 0.945, p < 0.001; Fig. S1). Similarly, in
the tDCS group, predicted LV1 brain scores were significantly correlated with observed scores (r = 0.633,
p < 0.001), while predicted LV1 clinical scores showed a high correlation with observed values (r = 0.963,
p < 0.001; Fig. S2).

Network-level analysis showed distinct treatment-specific patterns. In the rTMS group, the changes of
connections were mainly localized within DMN and VIS, with 38 connections positively associated with
clinical reduction. In contrast, 11 connections in DMN–ventral attention network (VAN) and 18
connections between sensorimotor network (SMN)–VAN were negatively associated with symptom
improvement. However, the HD-tDCS group exhibited a more distributed pattern of alterations across
multiple networks. Notably, symptom improvement was positively associated with 10 significant
increased connections between the DMN and VIS, while 13 decreased connections within the DMN itself
was linked to better clinical outcomes (Table S4). These findings suggest that rTMS and HD-tDCS induce
engage distinct neural circuits, potentially reflecting different mechanisms of action.

Additionally, we performed PLSC analyses to examine the associations between functional connectivity
changes and the four HAMD factors: (1) Anxiety, (2) Depression, (3) Insomnia, (4) Somatic symptom
(43). Bootstrap validation confirmed the robustness of these factor-level associations, with all four
factors demonstrating significant contributions to LV1, as indicated by bootstrap ratios exceeding the
threshold of 2 in both treatment groups.

Transcriptomic Correlates of Functional Connectivity
To explore the biological underpinnings of the observed connectivity alterations, we conducted partial
least squares regression between regional connectivity changes and gene expression profiles from the
AHBA. The LV1 explained 27.5% of the variance in the rTMS group and 28.9% in the HD-tDCS group, with
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significant spatial correspondence between LV1-derived gene expression and connectivity loadings. (Fig.
S4)

To further validate the biological relevance of PLS1, we examined the correspondence between PLS1-
derived weights and regional brain loadings. In both treatment groups, the PLS1-weighted gene
expression maps were significantly correlated with the connectivity loading maps (rTMS: r = 0.414, p < 
0.0001; tDCS: r = 0.534, p < 0.0001), indicating a robust relationship between the identified genetic
component and its associated neuroimaging features

Genes contributing most strongly to LV1 (|Z| > 3) were subjected to Gene Ontology enrichment analysis,
revealing distinct biological pathways for each modality. In the rTMS group, the candidate genes were
predominantly involved in postsynaptic processes, glutamatergic synapse function and regulation of
trans-synaptic signaling. In contrast, candidate genes identified in the HD-tDCS group were mainly
associated with organophosphate biosynthesis process, protein catabolic and myelin sheath formation.
See the Fig. 4 and Table S5.

Neurotransmitter associations of treatment-relevant
connectivity patterns
In the rTMS group, the region-wise involvement fingerprint showed significant negative spatial
associations with histamine (H3) receptor density (r = − 0.353, pspin = 0.004). In the tDCS group, no
neurotransmitter receptor map showed a significant association with the region-wise involvement
fingerprint. See the Fig. 5A and 5B.

Matrix correlation analyses revealed that, in the rTMS group, the treatment-relevant FC pattern was
significantly correlated with the receptor similarity matrix (r = 0.520, p < 0.001). In contrast, the
corresponding association in the tDCS group was not significant (r = 0.099, p = 0.340). See the Fig. 5C.

Connectivity-Guided Prediction of Treatment Response
Using LASSO regression based on the significant functional connectivity identified in the PLSC analysis,
15 robust connections were selected in each group (Table S6). These connections were used to train
binary classifiers for treatment response. The rTMS model achieved a mean area under the receiver
operating characteristic curve (AUC) of 0.902 (95% CI: 0.807–0.973) and an accuracy of 85.4%, whereas
the HD-tDCS model yielded a mean AUC of 0.914 (95% CI: 0.813–0.980) and an accuracy of 85.7%
(Fig. 6C).

Application of both models to the full cohort revealed that 57 patients were predicted to benefit more
from rTMS, and 52 from HD-tDCS. Among those predicted to be optimal candidates for rTMS, the
response rate was significantly higher in patients who received rTMS (75.0%, 27/36) compared to those
who received HD-tDCS (19.0%, 4/21). Conversely, among patients predicted to benefit from HD-tDCS,
those treated with HD-tDCS exhibited a response rate of 85.7% (18/21), whereas only 9.7% (3/31) of
those receiving rTMS achieved response (Fig. 6A, 6B).
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Validation of Predictive Models
To validate generalizability, we tested the rTMS model in an independent sample of 27 patients receiving
rTMS. The model maintained robust performance, with an AUC of 0.804 and an accuracy of 81.5%
(Fig. 6D).

Discussion
In this study, we used PLSC to investigate the differential neurobiological effects of rTMS and HD-tDCS
in adolescents with mood disorders and to evaluated whether FC patterns could serve as predictive
biomarkers of treatment response. Our findings revealed distinct networks-level modulation profiles
associated with symptom improvement between rTMS and HD-tDCS. Furthermore, predictive models
derived from modality-specific connectivity features accurately identified optimal treatment for each
patient, supporting the potential of connectome-based biomarkers to guide personalized
neuromodulation strategies.

Although both treatments reduced depressive symptoms, HD-tDCS appeared more effective in
attenuating manic or hypomanic symptoms, as indicated by greater reductions in YMRS scores. While
the incidence of adverse events did not significantly differ between groups, the divergence in YMRS
trajectories raises important clinical considerations. Prior literature has documented the potential for
high-frequency rTMS to induce hypomanic or manic episodes, particularly in individuals with BD or mixed
features (44, 45). Our findings are consistent with these concerns and suggest that HD-tDCS may
represent a safer alternative for patients with subthreshold manic symptoms (46). However, given the
exploratory nature of these results, future studies with larger, diagnostically stratified cohorts are needed
to confirm these effects.

Beyond symptom changes, treatment response was associated with distinct patterns of functional
connectivity. In the rTMS group, therapeutic effects were mainly linked to changes in DMN, which were
linked to maladaptive self-referential processing and persistent rumination (47, 48). DMN has been
consistently implicated in the pathophysiology of depression, with hyperconnectivity within this network
—especially involving the subgenual anterior cingulate cortex(28, 48). Moreover, dysfunctional
integration between the DMN and VIS has been associated with impaired affective-sensory coupling, a
hallmark of depressive states (49–51). Our findings establish a link between depressive symptoms and
altered network connectivity of the DMN with the VIS.

In contrast, HD-tDCS produced more diffuse effects via sustained weak currents (52), suggesting that
HD-tDCS offers a more extensive modulation of network connectivity (53). Connectivity patterns of HD-
tDCS showed prominent effects observed in the SMN and FPN. Modulation of SMN connectivity may
help normalize aberrant interoceptive that contribute to affective dysregulation (54), and enhancements
in FPN connectivity may thus facilitate improved cognitive regulation of mood (55). These findings
suggest that HD-tDCS exerts its therapeutic effects by engaging a broader constellation of brain
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systems, while rTMS provides precise, localized stimulation that can be beneficial in specific therapeutic
contexts. This distinction highlights the complementary roles of both techniques in neuroscience
research and clinical applications (22).

The spatial convergence between treatment-relevant FC patterns and gene expression profiles further
underscores the mechanistic divergence of rTMS and HD-tDCS. In the rTMS group, the involvement of
candidate genes in postsynaptic processes, glutamatergic synapse function, and trans-synaptic
signaling regulation is aligning with the known role of modulating excitatory neurotransmission and
synaptic plasticity (56, 57). This synaptic signature aligns with the neurochemical analyses showing that
the rTMS-related connectivity remodeling fingerprint was not only associated with specific PET-derived
molecular maps (H3), but also exhibited a robust correspondence with the receptor similarity network. In
contrast, the transcriptional profile associated with HD-tDCS highlighted biological processes related to
myelin sheath formation, protein catabolism, and cellular metabolism. These findings align with
preclinical evidence showing that HD-tDCS can promote oligodendrocyte proliferation and myelination in
animal models (58). Furthermore, HD-tDCS has been shown to alter cerebral metabolic profiles,
influencing bioenergetic pathways such as glycolysis and mitochondrial function (59). Within this
framework, the absence of FDR-significant spatial associations between the HD-tDCS connectivity
fingerprint and the 19 neurotransmitter maps—and the lack of significant correspondence with the
receptor similarity matrix—may indicate that, at the group level and on the short-term timescale
examined, HD-tDCS-related connectivity changes are less tightly coupled to stable cortical receptor-
density gradients and may instead reflect broader neuromodulatory influences involving glial activity and
metabolic homeostasis. Together, these results suggest that HD-tDCS may exert its therapeutic effects
through broader neuromodulatory mechanisms involving glial activity and metabolic homeostasis (60),
in contrast to the more synapse-focused actions of rTMS.

A major contribution of this study is the development of accurate, modality-specific predictive models
using connectome-based features, which aligns with emerging evidence that the functional connectome
contains individual variability relevant to treatment stratification (61, 62). Our models not only classify
responders with high accuracy, but also inform optimal treatment selection for individual patients.
Patients receiving the model-predicted optimal modality showed significantly greater symptom
improvement, underscoring the translational potential of neuroimaging biomarkers in real-world
treatment planning. Unlike traditional predictors such as symptom severity or demographics, functional
connectivity patterns may reflect individualized neural responsiveness to specific neuromodulatory
mechanisms (35, 63). To our knowledge, this is the first studies to directly compare rTMS and HD-tDCS
in adolescents using functional neuroimaging and machine learning-based outcome prediction. By
integrating systems-level imaging with molecular and clinical data, our findings contribute to the growing
momentum toward precision psychiatry.

Several limitations should be acknowledged. First, the sample size was modest, and the study employed
a nonrandomized design, with treatment allocation based on clinical considerations. In addition, external
validation was conducted only for the rTMS model using an independent cohort, and replication of the
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HD-tDCS model in independent samples is needed, which may limit the generalizability of our findings.
Second, although all participants were experiencing depressive episodes, the inclusion of both MDD and
BD introduces diagnostic heterogeneity that may influence neurobiological profiles and treatment
effects. Third, while all patients received rTMS or HD-tDCS as their primary intervention, most were
concurrently receiving pharmacotherapy, the potential confounding effects of medications on both
clinical outcomes and functional connectivity changes cannot be entirely ruled out. Finally, while we
identified treatment-predictive connectivity signatures, their mechanistic interpretations remain
preliminary. Multimodal imaging, longitudinal trajectories, and molecular characterization will be
essential to elucidate the biological underpinnings and durability of these effects.

In sum, this study provides converging evidence for distinct neural and molecular correlates of rTMS and
HD-tDCS in adolescents with mood disorders. Leveraging functional connectivity biomarkers, we
developed personalized predictive models with demonstrated translational relevance. These findings
support the feasibility of precision-guided neuromodulation and lay the groundwork for future work to
refine individualized interventions based on neural circuitry and molecular targets.
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Figure 1

Schematic Overview of the Study Design. (A) A total of 109 patients with mood disorders were included,
with 67 patients receiving rTMS and 42 receiving tDCS. All patients underwent clinical assessments at
baseline, after 10 sessions, and after 20 sessions. Resting-state fMRI scans were acquired at baseline
and after 20 sessions. (B) Symptom trajectories were assessed using latent growth curve modeling
(LGCM) based on clinical assessments. Functional connectivity (FC) matrices were constructed for each
subject based on resting-state fMRI data. FC changes following treatment were identified within each
group using paired t-tests (p < 0.05). Partial least squares (PLS) correlation analysis was conducted to
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examine the relationship between functional connectivity alterations and changes in the HAMD-17
scores. (C) The identified functional connections were further examined in relation to transcriptomic
data from the Allen Human Brain Atlas (AHBA) using PLS regression. Biological process enrichment
analysis was performed to explore molecular pathways associated with connections. In parallel, the
same connectivity pattern was spatially annotated using normative neurotransmitter receptor density
maps, and the correspondence between treatment-relevant FC patterns and neurotransmitter co-
expression architecture was assessed Least absolute shrinkage and selection operator (LASSO)
regression was used to identify stable functional connectivity features predictive of treatment outcomes.
Machine learning models were applied to classify treatment response, facilitating individualized
treatment selection based on neuroimaging biomarkers.

Figure 2

Latent Growth Curve Modeling of Symptom Trajectories. Predicted trajectories of Brief Psychiatric
Rating Scale (BPRS), Young Mania Rating Scale (YMRS), BPRS Anxious-Depression factor and Hostile-
Suspiciousness factor scores over time for the rTMS and tDCS groups. Data points represent the
estimated mean scores at each time point, with shaded areas indicating 95% confidence intervals.
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Figure 3

Functional Connectivity Associated with Depressive Symptom Improvement via Partial Least Squares
Correlation Analysis. (A-B) display significant functional connectivity from the first latent variable in the
rTMS group(A) and tDCS groups(B), with connection thickness proportional to their loadings. The
corresponding chord diagrams illustrate the distribution of these connections across Yeo’s 7 functional
networks, with line thickness reflecting the number of connections within each network. Positive and
negative correlations with treatment response are indicated in red and blue, respectively. (C-D) showing
the correlation between FC change and symptom improvement from the first latent variable in rTMS
group(C) and tDCS groups(D).
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Figure 4

Functional Connectivity Loadings and Gene Enrichment Analysis in rTMS and tDCS Groups. (A and B)
illustrate the group averaged functional connectivity loadings and the first latent variable (PLS1) gene
expression maps in the left hemisphere for the rTMS and tDCS groups respectively. (C and D) display the
top 15 Gene Ontology (GO) biological processes (FDR–corrected P < 0.05) enriched from PLS1-
associated genes in the rTMS and tDCS groups, respectively. Dot size represents the number of genes in
each category, and color intensity corresponds to the log-transformed enrichment score.
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Figure 5

Neurotransmitter mapping of treatment-relevant functional connectivity patterns in rTMS and tDCS
Groups. (A and B) Spatial correlations between the treatment-relevant FC pattern and 19 normative
neurotransmitter receptor/transporter density maps in the rTMS (A) and HD-tDCS (B) groups. Red dots
represent the observed Spearman correlation coefficients between FC patterns and receptor density
maps. Blue boxes indicate the interquartile range of the null distribution derived from spin permutation
testing, while grey horizontal lines denote the full range of the null distribution. Asterisks indicate
associations surviving false discovery rate correction across the 19 receptor maps (pspin < 0.05). (C)
Correspondence between treatment-relevant FC patterns and neurotransmitter co-expression
architecture. Scatterplots show the Spearman correlation between the FC pattern vector and the
neurotransmitter receptor similarity matrix in the rTMS (left) and tDCS (right) groups. Each point
represents one inter-regional connection.
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Figure 6

Predictive Performance of SVM Models for Treatment Response. (A-B) show the distribution of
responders and non-responders stratified by predictive model. Panel A shows patients predicted to
benefit more from rTMS, while Panel B shows patients predicted to benefit more from tDCS. Chi-squared
tests were used to determine whether patients who received preferred treatment exhibited better clinical
outcomes. (C) Receiver operating characteristic (ROC) curves for SVM models predicting treatment
response in the rTMS and tDCS groups. The area under the curve (AUC) values indicate classification
performance, with shaded regions representing 95% confidence intervals. (D) Confusion matrix depicting
the model’s predictive performance in the independent rTMS validation cohort. The matrix presents the
number of correctly and incorrectly classified responders and non-responders.
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