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Supplementary Information for: Three-component DMN–DAN network reorganization and coupled plasma miRNA changes after rTMS in treatment-resistant depression
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Supplementary Methods
[bookmark: rtms-protocol-full-parameters]rTMS protocol (full parameters)
High-frequency rTMS was applied to the left dorsolateral prefrontal cortex (dlPFC) using a MagPro X100 Stimulator (MagVenture A/S, Farum, Denmark) with an actively cooled figure-of-eight MagPro Cool B-65 coil. Stimulation was delivered at 10 Hz and 120% of each patient’s individually determined resting motor threshold (RMT), in trains of 40 pulses (train duration: 4 s) separated by an inter-train interval of 26 s, resulting in 75 trains and 3,000 pulses per session lasting 37.5 minutes. A total of 20 sessions were administered (one session per working day) over 6 weeks 1, distributed across consecutive weeks in a 5–5–3–3–2–2 schedule. The left dlPFC stimulation site was localized using the Beam-F3 method, a scalp-based measurement procedure in which a dedicated algorithm computes the F3 electrode position of the International 10–20 EEG system, corresponding to the left dlPFC 2,3. All patients continued their regular psychiatric medications during the stimulation course.
[bookmark: bioinformatics-pipeline]Bioinformatics pipeline
NGS data were processed using the miND analysis pipeline 4. Sequencing quality was assessed with FastQC v0.11.9 5 and MultiQC v1.14 6. One sample pair (pre- and post-treatment from the same subject) was excluded due to low sequencing output, leaving n = 10 pairs for sequencing analysis. Reads were adapter-trimmed and quality-filtered using Cutadapt v3.3 7 with a minimum read length of 17 nt, then mapped to the human genome reference GRCh38.p12 (Ensembl 8) and miRBase v22.1 9,10 using Bowtie v1.3.0 11 and miRDeep2 v2.0.1.2 12. Only human (hsa) miRNAs were retained.
[bookmark: statistical-analysis-of-mirna-data]Statistical analysis of miRNA data
Differential expression was analyzed in R v4.0 using the edgeR v3.32 13 quasi-likelihood negative binomial generalized log-linear model. Low-abundance miRNAs were filtered using the DESeq2 independent filtering approach adapted for edgeR 14; only miRNAs exceeding 1 RPM in at least 50% of samples were retained for analysis. FDR correction was performed using the Benjamini–Hochberg method. Additional NGS QC and absolute quantification of miRNAs were performed using miND® spike-ins 4 based on a linear regression model. Count per million (CPM)-normalized values were used for all downstream correlations, as they provide more robust normalization than raw RPM values for Spearman correlation analyses.
Primary representation of differential expression: The combined ranking metric (logFC × −log₁₀(p) score) was used as the primary summary statistic. This metric rewards both effect size and statistical reliability, making it the most defensible single ranking for an exploratory study with a small sample size. All nominally significant miRNAs (p < 0.05, uncorrected) were later used for miRNA–connectivity correlations. The full combined ranking metric (logFC × −log₁₀(p) score) and logFC-only ranked tables (including non-significant miRNAs) are provided in Supplementary Tables S1 and S2.
[bookmark: X3c372539e143e286f387130975b48c0b93fd8fd]EEG preprocessing: Independent Component Analysis
Before Independent Component Analysis (ICA), the data rank was estimated from the covariance eigenvalue spectrum to account for the reduced rank caused by average referencing and channel interpolation. ICA decomposition was performed using runica (extended infomax algorithm) 15,16, and the resulting components were classified with ICLabel 17. Components with classification probabilities consistent with Brain or Other activity were retained, while those identified primarily as Eye, Muscle, Heart, Line Noise, or Channel Noise were rejected. The cleaned datasets were saved for source-space analysis.
[bookmark: figure-2-image-generation-prompt]Figure 2 image-generation prompt
Figure 2 was generated using Perplexity AI (2026; https://www.perplexity.ai) with the following prompt: "Construct an image of the brain and its networks that would represent only the selected nodes of the multi network FPN-SN-DAN-DMN, with connections between the edges representing directed connectivity edges as specified in hypotheses”
[bookmark: X0d8722f7964b799b71144f0f586569a79701f21]

Supplementary Note 1. A-priori miRNA–connectivity hypotheses
The following a-priori rationale and directional connectivity correlation predictions guided the hypothesis-driven miRNA–connectivity correlation analysis (Section 3.5; Table 4 of the main text).
1. let-7 family (let-7a-5p, let-7f-5p, let-7g-5p):
Rationale: The let-7 family comprises evolutionarily ancient miRNAs central to nervous-system development and plasticity, including synaptic remodelling and dendritic refinement 18–20. Circulating let-7a/let-7g are elevated under acute and chronic psychological stress and in individuals reporting depression and anxiety, marking them as stress-responsive biomarkers 21,22. Because reduction in PCC–sgACC connectivity is a reliable neural signature of antidepressant response across modalities 23–25, let-7 offers a candidate molecular index of the stress-circuit normalization that accompanies response.
Prediction: Given let-7's role as a stress-responsive marker rather than a directional effector of a specific edge, we test—without a pre-committed sign—whether the magnitude of let-7a/let-7g change covaries with Δ(PCC→sgACC). Any association with DMN-node→SPL edges is treated as hypothesis-generating, as no current evidence links let-7 to directed DMN→DAN drive.
1. miR-30 family (miR-30b-5p, miR-30c-5p, miR-30d-5p, miR-30e-5p):
Rationale: The miR-30 family acts as a key molecular switch regulating synaptic glutamatergic transmission 26,27. Depression is characterized by hypofunction of glutamatergic circuits, especially in treatment-resistant depression 28.
Prediction: Assuming rTMS-associated recovery restores the stress-suppressed miR-30 family 26, the extent of miR-30 upregulation is predicted to correlate positively with improvement in dlPFC→dACC cognitive-control connectivity, an edge that improves specifically after left-dlPFC TMS in patients with baseline deficits 29,30. Secondarily (H3c), miR-30 upregulation is predicted to correlate positively with Δ(dACC→sgACC) in beta2 as the SN→DMN top-down pathway co-varying with glutamatergic/plasticity remodelling 31.
1. miR-548 family (miR-548aw, miR-548j-5p):
Rationale: The miR-548 family is involved in cellular stress responses and differentiation pathways, yet it remains poorly characterized in mood disorders. Its predicted targets are enriched in MAPK signaling and cell proliferation pathways, with PI3K/AKT regulation reported for individual family members in non-neural tissues 32. Changes in its differential expression may indicate the resolution of chronic stress signaling and the normalization of cellular homeostasis 33,34.
Prediction: Given its broad but non-neural-specific target profile, and the miR-548 family's near absence from consensus depression miRNA panels 35, any observed miR-548aw coupling to clinical or connectivity measures should be considered an exploratory signal requiring replication, rather than evidence of a specific, uniform effect across symptom domains.
1. miR-106b-5p, miR-610 and miR-145-5p:
Rationale: miR-106b-5p has documented roles in oxidative stress and microglia-driven neuroinflammatory cascades 36–38, while miR-610 could be similarly involved because its downregulation in glioblastoma and its direct targeting of AKT3 suggests a putative role in neuroinflammatory regulation via the PI3K/AKT/NF-κB axis; this link is inferential and exploratory, as direct CNS neuroinflammatory evidence for miR-610 is currently lacking 39. miR-145-5p targets TLR4/MyD88/NF-κB signalling and attenuates inflammation in CNS-injury and neural cell models 40. miR-145-5p has been identified as a differentially expressed miRNA in depression 41 and may interact with neurotrophin signaling pathways 42, though its direct role in regulating the BDNF/CREB axis remains to be experimentally validated. Depression is associated with elevated markers of oxidative stress, increased neuroinflammatory cytokine production (IL-6, TNF-α, IL-1β), and microglial activation 43–46.
Prediction: If rTMS lowers neuroinflammatory tone 46, the pro-inflammatory miR-106b-5p should decrease while the anti-inflammatory miR-145-5p (and the exploratory miR-610/AKT3 axis) should increase; i.e., we predict opposite-signed changes reflecting each miRNA's inflammatory valence, not uniform down- or upregulation. The magnitude of these changes should covary with improvement in inflammation-linked domains (anxiety, somatic symptoms, anhedonia) and with normalization of the PCC→sgACC edge, whose disruption is partly cytokine-driven 44. Given the non-CNS origin of the miR-610 evidence, that arm is exploratory.
1. miR-550a-3p:
Rationale: miR-550a-3p is relatively understudied in psychiatric contexts. It has a documented role in thrombomodulin-related vascular regulation in atherosclerotic smooth muscle cells 47, and more broadly, circulating miRNAs regulate endothelial function and post-ischemic neurovascular responses relevant to cerebral microcirculation 48. This rationale therefore draws largely on non-neural vascular tissue and is exploratory. Repetitive TMS induces measurable cerebral blood flow changes in the dlPFC and connected regions 49, and cerebrovascular reactivity in the prefrontal cortex is increasingly recognized as a modulator of rTMS response 50.
Predictions: If miR-550a-3p indexes neurovascular coupling adjustments that accompany neural plasticity induction after rTMS, its changes in expression should correlate preferentially with frontal-efferent directed connectivity edges originating from the stimulated left dlPFC (i.e., dlPFC(L)→dACC and dlPFC(L)→PCC) rather than with limbic PCC→sgACC edges, because these frontal edges carry the strongest local hemodynamic signature of rTMS-induced cortical activation 50,51.
1. miR-182-5p:
Rationale: miR-182-5p sits at the convergence of three depression-relevant pathways: circadian regulation (pre-miR-182 variants associate with late-insomnia MDD; CLOCK/ADCY6/DSIP targets 52), BDNF regulation (miR-182-5p represses BDNF and is elevated in depressed serum, inversely tracking BDNF 53,54), and glucocorticoid/HPA-responsive signalling 55,56. Consistent with this, hippocampal miR-182 suppression produces antidepressant-like effects 57, indicating that the plasticity-favourable direction is reduced miR-182.
Prediction: Because miR-182-5p negatively regulates BDNF, we predict that a decrease in miR-182-5p will correlate with frontal-efferent PSI gains (dlPFC(L)→dACC, dlPFC(L)→PCC) — i.e., a negative association between miR-182-5p change and Δ(frontal-efferent PSI), these edges representing the principal path of rTMS-induced plasticity. We do not predict uniform coupling across symptom domains; domain-level associations are treated as exploratory.
[bookmark: Xbc27e2951373c9f6119a6e117fa52f7a2853418]

Supplementary Note 2. Network ROI membership and edge-selection rationale
This note provides the detailed resting-state network membership of each EEG-based region of interest (condensed in Section 1) and the neuroanatomical/lateralization rationale for each pre-specified PSI connectivity edge (H3a–H3f; Section 3.4).
[bookmark: X86e80f641628eb29ac054ac0d0ddb03a584f485]ROI network membership (extends Section 1)
The sgACC (BA25) is both a ventral DMN extension and the primary convergence node for limbic descending drive 58,59. Its chronic hyperactivity in TRD is driven by convergent input from the amygdala, hypothalamus, and brainstem. The vmPFC integrates affective memory and fear extinction. At 64-channel EEG source resolution (approximately 15–20 mm) 60,61, the vmPFC and sgACC occupy overlapping source-space representations. Throughout this paper, the sgACC ROI is therefore understood to include vmPFC contributions due to their anatomical proximity on the medial frontal wall 62.
The SN is anchored in the bilateral anterior insula and dorsal ACC (dACC, BA24/32) 63,64. The SN detects salient stimuli and switches processing between the DMN (internal) and task-positive (external) modes. Critically, the dACC is not a DMN node – it is task-positive and co-activates with the dlPFC during conflict monitoring) 65. The dACC connects to the sgACC via the cingulum bundle, making dACC→sgACC a direct SN→DMN regulatory projection. Increased dACC→sgACC directed connectivity following treatment indicates enhanced salience network downregulation of the depressogenic sgACC, providing a mechanistically specific interpretation beyond simple intra-DMN normalization 66–69.
The DAN is the brain’s primary system for voluntary visuospatial attention control, anchored in the bilateral superior parietal lobule (SPL, BA7/IPS) and frontal eye fields 70. In healthy individuals, the DAN and DMN are strongly anticorrelated 71,72. In TRD, pathological DMN dominance impairs voluntary attention; restoration of DMN–DAN anticorrelation is a validated neural signature of antidepressant response 73. The SPL is the DMN’s topological antipode: when the DMN is dominant, the SPL is suppressed, and when treatment normalizes this balance, SPL connectivity changes accordingly 72,74,75.
The IPL is anatomically heterogeneous with distinct network affiliations 76–78: the angular gyrus (posterior IPL) is a core DMN node; the supramarginal gyrus (anterior IPL) is part of the Salience/ventral attention network; the right TPJ is part of the Ventral Attention Network. At 64-channel EEG resolution, a single "IPL" ROI captures contributions from all subregions, making IPL a genuine network interface node bridging DMN, FPN, and VAN.
[bookmark: Xde3cf2d700233579445635ed87596243a1038f1]Edge-selection rationale (extends Section 3.4)
1. PCC(L/R) → sgACC(L/R) [DMN intra-network, H3a - predicted decrease]: Bilateral, as PCC–sgACC hyperconnectivity is bilateral in depression 59,79,80. The sgACC ROI includes the vmPFC due to EEG source resolution of approximately 15–20 mm 60,61, which does not allow reliable separation of these medial-frontal structures.
1. dlPFC(L) → PCC(L) [FPN → DMN, H3b - predicted increase]: Left hemisphere only, as direct plasticity induction is lateralized; propagation to PCC occurs ipsilaterally via the cingulum bundle and SLF 81,82.
1. dACC(L) → sgACC(L/R) [SN → DMN, H3c - predicted change]: The source is restricted to the left dACC (ipsilateral cingulate axis); both sgACC hemispheres are included because this is a bilateral midline convergence structure 79. This is interpreted as SN→DMN regulatory drive, not intra-DMN connectivity, since dACC is a salience network node 63.
1. dlPFC(L) → dACC(L/R) [FPN → SN, H3d - predicted increase]: Source left (stimulated); both dACC hemispheres included because this is a bilateral midline structure; transcallosal propagation is documented 82–85.
1. dlPFC(L) → SPL(L/R) [FPN → DAN, H3e - predicted change]: The dlPFC is the primary FPN node, while the SPL (BA7/IPS) is the primary DAN hub. Their anticorrelation with the DMN indicates that shifts in dlPFC→SPL reflect restoration of the DMN–DAN balance disrupted in TRD. Both SPL hemispheres are included because the DAN is bilaterally represented, and rTMS of the left dlPFC modulates right DAN nodes via transcallosal pathways 86.
1. IPL → SPL [DMN–DAN interface, H3f - predicted change]: The angular gyrus (posterior IPL, DMN core) is structurally connected to the SPL (DAN); directed connectivity from IPL to SPL is a signature of the competing DMN versus DAN balance 70,71. Reduced DMN-node directed drive toward DAN nodes after rTMS reflects decreased DMN efferent dominance and increased DAN autonomy.
[bookmark: X6b5adc911638b083379af79d0363527ea1ce9ef]

Supplementary Note 3. Network-resolved miRNA–edge mapping (extends Section 4.2)
The multi-network reorganization model enables more specific functional interpretation. The let-7 family (let-7a-5p, let-7f-5p, let-7g-5p; all upregulated) regulates synaptic maturation and LTP stabilization at glutamatergic synapses; its strongest connectivity correlates in the data are on parietal edges (IPL→SPL, PCC→SPL, dlPFC→SPL)—the nodes where the DMN–DAN balance is most directly expressed 70,87. The miR-30 family (miR-30b/c/d/e; all upregulated) maps onto the SN→DMN edge (dACC→sgACC, beta2) at r = 0.86–0.91, suggesting these members specifically index plasticity at the cingulo–subgenual synapse 31. The distinct edge-family assignments of let-7 (parietal/DAN) versus miR-30 (SN→DMN) indicate these are not redundant plasticity markers but reflect separate synaptic remodeling events in different network compartments. miR-550a-3p (upregulated) could serve as an integrative marker spanning SN→DMN/FPN (theta), DMN/FPN→DAN (alpha), and FPN→DAN (beta2) edges, considering that its neurovascular biology could index rTMS-induced perfusion changes across multiple network boundaries 48.
[bookmark: Xf426d002fe7e4e8694e2c4360d402ca32c106d2]

Supplementary Note 4. Extended discussion of inter-individual coupling
The PCC→sgACC(vmPFC) decreases across delta, beta1, and beta3 (H3a), and dlPFC(L)→PCC(L) increases in beta1 (H3b), establish that rTMS normalizes within-DMN hyperconnectivity and partially restores FPN top-down drive, replicating directions documented in fMRI antidepressant response studies 73,88. The dACC(L)→sgACC(R) edge in beta2 (H3c) yielded the strongest pre-specified miRNA correlations (ΔmiR-30b-5p r = 0.91; Δlet-7g-5p r = 0.90), indicating that rTMS-induced upregulation of synaptic plasticity miRNAs is most tightly coupled to individual variation in SN top-down re-engagement of the sgACC. This is consistent with dACC-mediated inhibitory control over the subgenual node being the primary mechanism of rTMS affective efficacy.
Despite robust H3a confirmation, no miRNA–PSI correlations were found for PCC→sgACC. This dissociation may suggest that the dACC→sgACC edge reflects active, miRNA-associated synaptic remodeling 19,89–91, whereas the PCC→sgACC decrease represents a downstream network effect not captured by the peripheral miRNA signal 92–94. This interpretation is speculative and requires longitudinal, temporally resolved confirmation.
[bookmark: supplementary-tables-and-figures]

Supplementary Tables and Figures
Supplementary Table S1
Top up- and down-regulated miRNAs between patients with depression after and before TMS treatment ranked by their combined logFC and log10(p) values. P-values denoted in bold represent nominally significant results (p<0.05, without correction for multiple-testing).
	miRNA
	logFC
	F
	p-value
	FDR
	-log10(p-val)*logFC

	Top up-regulated miRNAs

	hsa-miR-610
	1.119
	10.436
	0.004
	0.999
	2.730

	hsa-miR-550a-3p
	0.785
	6.334
	0.019
	0.999
	1.349

	hsa-miR-122-5p
	0.996
	4.248
	0.051
	0.999
	1.291

	hsa-let-7g-5p
	0.722
	6.646
	0.017
	0.999
	1.284

	hsa-miR-885-5p
	0.913
	3.872
	0.061
	0.999
	1.109

	hsa-miR-1270
	0.833
	4.242
	0.051
	0.999
	1.079

	hsa-miR-106b-5p
	0.569
	5.569
	0.027
	0.999
	0.893

	hsa-miR-30c-5p
	0.506
	6.198
	0.020
	0.999
	0.857

	hsa-miR-182-5p
	0.575
	5.132
	0.033
	0.999
	0.852

	hsa-miR-30b-5p
	0.594
	4.883
	0.037
	0.999
	0.850

	hsa-miR-10396b-5p
	0.916
	2.633
	0.118
	0.999
	0.849

	hsa-miR-10396a-5p
	0.912
	2.609
	0.120
	0.999
	0.841

	hsa-miR-122-3p
	0.799
	3.038
	0.094
	0.999
	0.819

	hsa-let-7a-5p
	0.549
	4.878
	0.037
	0.999
	0.785

	hsa-miR-30e-5p
	0.525
	5.038
	0.035
	0.999
	0.767

	hsa-let-7f-5p
	0.468
	5.603
	0.027
	0.999
	0.738

	hsa-miR-3200-5p
	0.657
	2.924
	0.100
	0.999
	0.655

	hsa-miR-30d-5p
	0.407
	4.860
	0.038
	0.999
	0.581

	hsa-miR-203a-3p
	0.743
	1.377
	0.252
	0.999
	0.444

	hsa-miR-4433b-3p
	0.640
	0.171
	0.685
	0.999
	0.105

	Top down-regulated miRNAs

	hsa-miR-548aw
	-0.602
	6.137
	0.021
	0.999
	-1.011

	hsa-miR-548j-5p
	-0.619
	5.447
	0.029
	0.999
	-0.956

	hsa-miR-145-5p
	-0.559
	5.275
	0.031
	0.999
	-0.845

	hsa-miR-10401-3p
	-0.686
	3.178
	0.088
	0.999
	-0.726

	hsa-miR-3065-3p
	-0.778
	2.027
	0.168
	0.999
	-0.603

	hsa-miR-642a-5p
	-0.572
	2.635
	0.118
	0.999
	-0.531

	hsa-miR-1915-3p
	-0.681
	1.817
	0.191
	0.999
	-0.490

	hsa-miR-1468-5p
	-0.494
	2.849
	0.105
	0.999
	-0.484

	hsa-miR-4787-5p
	-0.607
	1.673
	0.209
	0.999
	-0.414

	hsa-miR-3617-5p
	-0.581
	1.469
	0.238
	0.999
	-0.363

	hsa-miR-125b-2-3p
	-0.501
	1.575
	0.222
	0.999
	-0.328

	hsa-miR-4523
	-0.503
	0.946
	0.341
	0.999
	-0.235





Supplementary Table S2
Top up- and down-regulated miRNAs ranked by logFC alone including non-nominally-significant miRNAs with high fold change.
	miRNA
	logFC
	F
	p-value
	FDR

	Top up-regulated miRNA

	hsa-miR-610
	1.119
	10.436
	0.004
	0.999

	hsa-miR-122-5p
	0.996
	4.248
	0.051
	0.999

	hsa-miR-10396b-5p
	0.916
	2.633
	0.118
	0.999

	hsa-miR-885-5p
	0.913
	3.872
	0.061
	0.999

	hsa-miR-10396a-5p
	0.912
	2.609
	0.120
	0.999

	hsa-miR-1270
	0.833
	4.242
	0.051
	0.999

	hsa-miR-122-3p
	0.799
	3.038
	0.094
	0.999

	hsa-miR-550a-3p
	0.785
	6.334
	0.019
	0.999

	hsa-miR-203a-3p
	0.743
	1.377
	0.252
	0.999

	hsa-let-7g-5p
	0.722
	6.646
	0.017
	0.999

	hsa-miR-4433b-3p
	0.640
	0.171
	0.685
	0.999

	hsa-miR-3200-5p
	0.657
	2.924
	0.100
	0.999

	hsa-miR-30b-5p
	0.594
	4.883
	0.037
	0.999

	hsa-miR-182-5p
	0.575
	5.132
	0.033
	0.999

	hsa-miR-106b-5p
	0.569
	5.569
	0.027
	0.999

	hsa-let-7a-5p
	0.549
	4.878
	0.037
	0.999

	hsa-miR-30e-5p
	0.525
	5.038
	0.035
	0.999

	hsa-miR-30c-5p
	0.506
	6.198
	0.020
	0.999

	hsa-let-7f-5p
	0.468
	5.603
	0.027
	0.999

	hsa-miR-30d-5p
	0.407
	4.860
	0.038
	0.999

	Top down-regulated miRNAs

	hsa-miR-3065-3p
	-0.778
	2.027
	0.168
	0.999

	hsa-miR-10401-3p
	-0.686
	3.178
	0.088
	0.999

	hsa-miR-1915-3p
	-0.681
	1.817
	0.191
	0.999

	hsa-miR-548j-5p
	-0.619
	5.447
	0.029
	0.999

	hsa-miR-4787-5p
	-0.607
	1.673
	0.209
	0.999

	hsa-miR-548aw
	-0.602
	6.137
	0.021
	0.999

	hsa-miR-3617-5p
	-0.581
	1.469
	0.238
	0.999

	hsa-miR-642a-5p
	-0.572
	2.635
	0.118
	0.999

	hsa-miR-145-5p
	-0.559
	5.275
	0.031
	0.999

	hsa-miR-4523
	-0.503
	0.946
	0.341
	0.999

	hsa-miR-125b-2-3p
	-0.501
	1.575
	0.222
	0.999

	hsa-miR-1468-5p
	-0.494
	2.849
	0.105
	0.999






Supplementary Figure S1
Bar charts of top 6 up- and top 6 down-regulated miRNAs by logFC

Top six up- (a) and down-regulated (b) miRNAs based on logFC in the post-treatment group (red colored) compared to pre-treatment group (green colored). miRNAs are represented in the given contrast with their CPM values.


Supplementary Figure S2
Heatmap of all 317 miRNAs showing absence of systematic pre/post clustering

Heatmap is based on coefficient of variation (CV%). Data is based on RPM normalized reads and scaled using the unit variance method for visualization in heatmaps.
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