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ABSTRACT

Background: Intermittent theta burst stimulation (iTBS) targeting the left dorsolateral prefrontal cortex
(DLPFC) is effective for treatment-resistant depression, but outcomes remain variable. The
neurophysiological mechanisms underlying response remain poorly understood, limiting precision
neuromodulation.

Methods: We combined transcranial magnetic stimulation with electroencephalography (TMS-EEG) and
connectome-based Jansen-Rit neural mass modeling to investigate the mechanistic basis of treatment
efficacy in 90 patients with treatment-resistant depression. Individualized whole-brain models were fitted
to pre- and post-iTBS TMS-evoked potentials, yielding subject-specific estimates of synaptic connectivity,
excitation-inhibition (E/I) balance, and cortical dynamics. Brain states were defined by singular value
decomposition of the model's population activity, and partial least squares analysis with nested cross-
validation identified the brain-state pattern distinguishing responders from non-responders.

Results: We identified two neurophysiological signatures associated with treatment response. First,
responders showed greater post-treatment reductions in 3—10 Hz oscillatory power, driven by shifts in E/I
balance toward greater inhibitory control through reduced excitatory drive and increased inhibitory-to-
pyramidal connectivity. Second, a pre-treatment brain state characterized by opposite-polarity dynamics
between subgenual anterior cingulate cortex (sgACC) and left DLPFC distinguished responders from non-
responders, consistent with prior fMRI findings on frontolimbic anticorrelation. Neural trajectory analysis
further revealed greater dynamical reorganization and increased attractor stability in responders following
treatment.

Conclusions: These findings provide a neurophysiologically-informed framework linking iTBS treatment
efficacy to specific changes in cortical E/I balance and frontolimbic circuit dynamics, pointing toward
candidate markers that, with subject-specific structural connectivity and independent validation, may

inform personalized neuromodulation approaches in treatment-resistant depression.
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INTRODUCTION

Major depressive disorder (MDD) affects over 350 million people worldwide and is a leading contributor
to global disability (1). Only about 30% of patients achieve remission with first-line therapies, and a
substantial fraction develop treatment-resistant depression (TRD) (2). Repetitive transcranial magnetic
stimulation (rTMS), including FDA-approved intermittent theta burst stimulation (iTBS) of the left
dorsolateral prefrontal cortex (DLPFC), is effective for TRD (3—6). However, response rates range from
29% to 46% (7,8), and treatment selection remains largely trial-and-error because the circuit-level changes
distinguishing responders remain unclear.

Two lines of evidence point toward candidate mechanisms: cortical excitation-inhibition (E/I) balance and
frontolimbic circuit dynamics.

TMS-EEG can index cortical excitability and inhibition through both stimulation-evoked responses and
stimulation-induced oscillatory activity (9,10), and specific components of the TMS-evoked potential
(TEP) serve as indirect markers of E/I state, which appears disrupted in MDD (11). Voineskos et al. (12)
reported significant deficits in GABA-mediated cortical inhibition in patients with MDD relative to
controls, consistent with broader evidence of altered GABA and glutamate across multiple brain regions in
depression (13—15), and better clinical outcomes have been associated with pre-treatment markers such as
a more negative N45 waveform and a smaller P60 amplitude (16), potentially reflecting enhanced
GABAergic inhibition and reduced glutamatergic excitation, respectively.

The second lead concerns frontolimbic circuit dynamics: fMRI studies consistently show that stronger
negative functional connectivity between the DLPFC stimulation site and subgenual anterior cingulate
cortex (sgACC) at baseline predicts better treatment outcomes (17-20), suggesting that rTMS may act by
modulating communication between these regions. Both leads remain inferential: TMS-EEG components
and fMRI connectivity reflect scalp signals or slow hemodynamic fluctuations and do not directly identify
the synaptic or effective-connectivity changes generating them; both also face signal-to-noise and spatial-
resolution limitations (21,22). This measurement-to-circuit gap limits mechanistic understanding and
prediction.

Whole-brain modeling (WBM) addresses this measurement-to-circuit gap by fitting a biophysically
grounded generative model to each participant’s TEPs and estimating the physiological parameters that
generate the observed response (23,24). This provides two complementary capabilities. First, E/I balance
is represented explicitly as the ratio of excitatory and inhibitory loop gains, allowing low-frequency power
changes to be related to specific changes in modeled circuit physiology rather than left as spectral correlates.
Second, anatomical connectivity constrains the estimation of DLPFC—sgACC dynamics, including for
regions not directly observable at the scalp, allowing the fMRI-derived frontolimbic finding to be examined

in an electrophysiologically informed framework. WBM has provided mechanistic insight across
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neuropsychiatric and neurological conditions (25-29), but has not previously been used to link iTBS
response in TRD to underlying circuit dynamics.

In this study, we combined longitudinal TMS-EEG with WBM in 90 patients with TRD to identify circuit
features associated with iTBS response. Responders showed greater reductions in 3—10 Hz power
accompanied by a modeled shift toward inhibitory control through reduced excitatory drive. We also
identified a pretreatment pattern characterized by opposite-polarity DLPFC—sgACC dynamics that was
associated with clinical outcome, an exploratory finding consistent with prior fMRI studies (17-19).

Together, these findings link treatment response to spectral, physiological, and frontolimbic dynamics.
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METHODS AND MATERIALS
The analyses comprised EEG preprocessing and calculation of TMS-evoked responses, construction of a
diffusion MRI-derived anatomical connectivity prior, simulation and individual fitting of a connectome-

based neural mass model, and statistical analysis of empirical and model-derived measures (Fig. 1).

Fig. 1. Overview of study design and methodological workflow for subject-specific connectome-based whole-
brain modeling of TMS-evoked potentials. (A) Single-pulse TMS-EEG evoked responses and HRSD-17 depression
scale were recorded before and after rTMS iTBS therapy consisting of 30 treatment sessions delivered over 6 weeks
(5 days/week). Each daily treatment consisted of two 600-pulse iTBS sessions applied over the left DLPFC (1200
pulses total per day), delivered at 120% resting motor threshold as triplet 50 Hz bursts repeated at 5 Hz. Participants
were randomized to a separated schedule (two sessions 54 minutes apart) or a contiguous schedule (two sessions 0
minutes apart), with sham sessions included to maintain blinding within each schedule; total daily dose was identical
across schedules. For further details on the data collection and EEG preprocessing methodology see Strafella et al.
(2023)(30). (B) Diffusion-weighted MRI tractography was computed from a sample of healthy young individuals
from the HCP Dataset (31), and then averaged to give a grand-mean anatomical connectome. (C) The Jansen-Rit
model (32) was embedded in each of the 200 nodes of the Schaefer atlas (33) for simulating and fitting neural activity
time series. The TMS-induced depolarization of the resting membrane potential was modeled by a perturbing voltage
offset to the mean membrane potential of the pyramidal cell. (D) A lead field matrix was then used for moving the
parcels’ time series into channel space and generating simulated TMS-EEG. (E) The goodness-of-fit (loss) was
calculated between simulated and empirical TMS-EEG time series. Utilizing the autodiff-computed gradient (34)
between the objective function and model parameters, model parameters were optimized using the ADAM algorithm
(35). (F) Finally, the optimized model parameters were used to generate the fitted, simulated TMS-EEG activity, for
which we report comparisons with the empirical data at both the channel and source level using conventional statistical
techniques.

Recruitment and trial design

This analysis included 90 participants with treatment-resistant depression from a triple-blind randomized
controlled trial conducted at the Centre for Addiction and Mental Health, University Health Network, and
the University of British Columbia (ClinicalTrials.gov: NCT02729792) (36). Eligible participants were
aged 18-59 years, met diagnostic criteria for MDD, had a baseline HRSD-17 score >18, and had failed at
least one adequate antidepressant trial or been unable to tolerate two trials. Response was defined a priori
as a >50% reduction in HRSD-17 from baseline to treatment end. Participants completed 30 treatment days
over six weeks and received 1,200 active pulses per day to the left DLPFC at 120% resting motor threshold,
delivered either as two 600-pulse iTBS sessions separated by 54 minutes or as one 1,200-pulse iTBS session
paired with a sham session to maintain blinding and equalize treatment contact. The schedules were pooled
because the total daily active dose was identical. Single-pulse TMS-EEG was acquired before the first and
after the final treatment and therefore indexed cortical responsivity across the treatment course rather than
the acute effects of iTBS. The study was approved in accordance with the Declaration of Helsinki, and all
participants provided written informed consent. Complete eligibility, treatment, and acquisition details are

provided in the Supplementary Methods and parent trial report (30).
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Overview of computational modelling approach

The model comprised 200 cortical regions from the Schaefer seven-network atlas (33), coupled through a
population-representative structural connectome constructed from diffusion MRI data from 400 Human
Connectome Project participants (31). Each region contained a Jansen—Rit neural mass model (32)
representing pyramidal cells and excitatory and inhibitory interneurons, whose interactions generated
damped oscillatory responses that propagated through the connectome. TMS was modeled as an external
input, and simulated cortical activity was projected into EEG channel space using a lead-field matrix. The
model was fitted separately to each participant’s pre- and post-iTBS TMS-EEG data, yielding session-
specific physiological and connectivity estimates conditioned on the shared normative connectome. Local
time constants and within-region connectivity parameters were participant-specific but spatially
homogeneous across the 200 regions; regional variation arose from the connectome and spatial distribution
of TMS input. Complete connectome, model, prior, and optimization procedures are provided in the
Supplementary Methods and previous reports (37,38); parameter priors and fitted distributions are shown

in Supplementary Table S1 and Fig. S1.

Model goodness-of-fit
Goodness-of-fit was assessed by comparing empirical and model-generated TMS-EEG waveforms against
1,000 time-wise permutations. Complete procedures and subject-level results are provided in

Supplementary Methods Section 1.5, Supplementary Results Section 2.3, and Fig. S3.

Stimulus-induced spectral power analyses

Stimulus-induced power from 2—50 Hz was calculated using Morlet wavelets, log-transformed, averaged
across trials, and evaluated from 0-300 ms relative to a —300—0 ms baseline. Within-participant post-versus-
pre changes were assessed using 1,000 permutations with cluster correction; responder versus non-
responder differences were evaluated using a second-level cluster-based permutation test with 1,000
iterations. Mean power change within the significant group-level cluster was extracted and related to
changes in fitted physiological parameters. Complete procedures and spectral maps are provided in

Supplementary Methods Section 1.6, Supplementary Results Sections 2.1 and 2.4, and Figs. S2 and S4.

Physiological parameters and E/I balance

We examined the excitatory and inhibitory time constants and four within-region connectivity parameters:

pyramidal-to-excitatory (P—E), excitatory-to-pyramidal (E—P), pyramidal-to-inhibitory (P—1I), and
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inhibitory-to-pyramidal (I—P) connectivity, representing the model’s excitatory and inhibitory feedback
pathways. A composite E/I ratio was calculated as [P—E x E—P]/[P—I x [-P] after mean-normalizing
each parameter across participants and sessions; lower values indicated greater inhibitory relative to
excitatory loop gain. Each parameter and the E/I ratio were analyzed using a 2 x 2 repeated-measures
ANOVA with time as the within-participant factor and group as the between-participant factor. The
threshold was Bonferroni-adjusted to p<0.007 across seven measures. Complete procedures are provided

in Supplementary Methods Section 1.7.

Model-derived brain states

TMS-evoked model activity from —100-300 ms was extracted for all three neural populations across 200
regions and concatenated before singular value decomposition. The first 20 components, explaining 96%
of the variance, were retained, and mean-centered PLS analysis (39,40) identified pretreatment brain-state
expression associated with responder status. SVD and PLS were performed within 100 repeated 75%
training/25% test splits; models were fitted only to training participants, and held-out participants were
projected onto the training-derived components. Significance and regional reliability were evaluated using
5,000 permutations and 5,000 bootstrap samples, respectively. The sgACC was identified as the
consistently highest-loading region across training folds rather than through inspection of the full sample.
DLPFC—sgACC loadings, sgACC time courses, and discrimination using stratified 10-fold and leave-one-
out cross-validation with permutation testing were then evaluated. Complete procedures are provided in

Supplementary Methods Sections 1.8 and 1.9.

Neural trajectory analysis in model-derived state space

Three-dimensional trajectories were reconstructed from pyramidal, excitatory-interneuron, and inhibitory-
interneuron activity (Fig. 5A). Treatment-related deviation was quantified as the point-wise distance
between post- and pre-iTBS trajectories, whereas attractor stability was quantified as the distance between
each post-iTBS trajectory and its stable fixed point. Fixed points were identified numerically and confirmed
using the Jacobian matrix. Distance curves were summarized by area under the curve and compared
between groups using separate two-sample permutation tests with 10,000 iterations. Complete procedures
are provided in Supplementary Methods Section 1.10.

Full analysis and model-fitting code is available at https://github.com/Davi1990/Momi_et al 2025 and
https://github.com/griffithslab/whobpyt.
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RESULTS

Higher inhibition in responders following iTBS

We first compared post-minus-pre iTBS time-frequency activity between responders and non-responders.
Both groups showed reduced induced power after treatment, but responders had a significantly greater
reduction at 3—-10 Hz (Fig. 2A; 1,000 permutations, all clusters p<0.05, corrected), most pronounced
approximately 50—200 ms after stimulation. Transient group differences at 30—50 Hz did not survive
cluster-based permutation testing. Because the significant effect was a post-minus-pre difference, it
represents a treatment-related correlate of response rather than a pretreatment predictor.

To relate this effect to circuit physiology, we examined parameters estimated from the individualized
Jansen—Rit models. Each region contained interacting pyramidal-cell, excitatory-interneuron, and
inhibitory-interneuron populations. Within the model, reduced pyramidal-to-excitatory connectivity (P—E)
decreases recurrent excitatory drive, whereas increased inhibitory-to-pyramidal connectivity (I—P)
strengthens inhibitory feedback. Both shift population-level E/I balance toward inhibition, although they
represent effective connectivity rather than direct synaptic measurements. To reproduce the experimental
perturbation, TMS was simulated by applying the modeled stimulation input to the left DLPFC according
to the spatial distribution of the TMS-induced electric field.

In responders, post-minus-pre changes in P—E connectivity were positively correlated with changes in
power within the significant 3—10 Hz band (Fig. 2B; r=0.56, p<0.001), whereas no association was observed
in non-responders (r=—0.06, p=0.61). The correlations differed significantly between groups (Fisher’s
7=3.064, uncorrected p=0.0022; Bonferroni-adjusted p=0.0131). Thus, the greater low-frequency power
reduction observed in responders was associated with a greater reduction in excitatory feedback. The
remaining physiological parameters showed no significant correlations with spectral modulation; complete
results are reported in Supplementary Results Section 2.1 and Fig. S2.

To test whether reduced P—E connectivity could reproduce these effects, we reduced P—E by 10%, 30%,
or 50% while holding the remaining fitted parameters constant. In the participant with the highest baseline
HRSD-17 score (41), progressive reductions attenuated the TMS-evoked response, particularly its late
components (Fig. 2C). At the group level, a 50% reduction produced a low-frequency power decrease
resembling the empirical responder effect (Fig. 2D). Responders also showed reduced late empirical GMFA
after iTBS, consistent with our previous analysis (30), and progressive P—E reductions similarly decreased
simulated GMFA (Fig. 2E) (42). These simulations reproduce the direction of the empirical changes and
support their dynamical plausibility but are not independent evidence of a treatment- or responder-specific

effect. Complete procedures are provided in Supplementary Methods Section 1.11.
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Fig. 2. iTBS therapy suppresses TEP low-frequency oscillatory power by modulating the level of inhibition. (A)
Difference in iTBS-induced power changes (post-iTBS minus pre-iTBS) between responders and non-responders,
showing significantly greater power reduction in the 3—10 Hz range in responders relative to non-responders. (B)
Correlations between post-iTBS vs pre-iTBS changes in the P—E synaptic weights and power changes within the
significant 3—10 Hz time-frequency region identified in Panel A. Responders show a significant positive correlation
(r=10.56, p <0.001) while non-responders show no significant relationship (r = -0.06, p = 0.61). (C) Simulated effects
of shifting E/I balance toward inhibition (via decreased P—E connectivity) for the participant with the highest
Hamilton Depression Rating Scale score (indicating more severe MDD). This simulation reveals a notable reduction
in TEP amplitude, especially in the late components, with increasing inhibition. (D) Group-level induced time-
frequency spectral comparison between the original (0% increased inhibition) and a 50% inhibition-increased
simulation, demonstrating a similar low-frequency reduction as observed in empirical data in Panel A. (E) GMFA for
empirical data, with pre (dashed) vs. post (solid) responses shown for responders (top). GMFA across simulations
with incremental inhibition (bottom) reveals a similar trend where increased inhibition is associated with a decrease
in the late component amplitude for responders.

Responder-specific elevated inhibition after iTBS treatment

We next examined treatment-related changes across all fitted Jansen—Rit physiological parameters,
independently of the significant 3—10 Hz spectral effect. Among the individual parameters, inhibitory-to-
pyramidal connectivity (I—P; (c4)) showed a significant time x group interaction (F(1,86)=29.11, p<0.001)
and a significant main effect of group (F(1,86)=76.86, p<0.001). Post hoc comparisons showed no
difference between responders and non-responders before treatment (t=—1.21, p=0.23) but a significant
post-iTBS difference (t=—2.598, p=0.0147), with responders exhibiting greater [P connectivity (Fig. 3A).
The remaining individual physiological parameters showed no significant time x group interactions and are
reported in Supplementary Results Section 2.2.

Because I—P was the only individual parameter showing significant group effects, we examined its
relationship with clinical outcome. Pretreatment [P connectivity was negatively correlated with post-
treatment HRSD-17 scores in responders (Fig. 3B; r=0.56, p<0.0001), indicating that responders with
greater pretreatment inhibitory feedback had lower depression severity after treatment. No association was
observed in non-responders (r=—0.04, p=0.71). However, because this relationship was identified within
the responder group, it characterizes a mechanism associated with response rather than providing an
independent method for classifying patients before treatment.

The composite E/I ratio also showed a significant time X group interaction (F(1,86)=38.29, p<0.001) and a
significant main effect of group (F(1,86)=59.21, p<0.001), surviving the Bonferroni-adjusted threshold of
p<0.007. The groups did not differ before treatment (t=0.82, p=0.19) but differed significantly after iTBS
(t=10.088, p<0.001). Responders showed a post-treatment reduction in the E/I ratio, indicating greater

inhibitory relative to excitatory loop gain, whereas non-responders showed no comparable shift (Fig. 3C).
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Together, the [-P and E/I results indicate that successful treatment was associated with enhanced

inhibitory influence through both individual feedback parameters and their composite balance.

Fig. 3. iTBS therapy modifies inhibitory feedback in cortical circuits differently in responders and non-
responders. (A) Strength of the inhibitory feedback loop for responders (green) and non-responders (yellow) post-
iTBS therapy, as given by per-group distributions of estimated Inhibitory interneuron (I) to Pyramidal cell (P)
population synaptic weights (I—P). Vertical dashed lines mark the pre-iTBS group means (green, responders;
orange/yellow, non-responders); the groups did not differ at baseline (t = —1.21, p = 0.23). Filled curves show the
post-iTBS distributions. Post-iTBS therapy, responders exhibit an increase in inhibitory feedback, while non-
responders show the opposite effect. (B) Pre-iTBS I—P synaptic weights show differential correlations with post-
treatment depression severity (HRSD-17 scores). Responders demonstrate a significant negative correlation (r =-0.56,
p < 0.0001) while non-responders show no significant relationship (r = -0.04, p = 0.71). This relationship indicates
that responders with higher inhibitory feedback prior to treatment had lower post-treatment depression severity,
suggesting that iTBS may exert its therapeutic effects by enhancing inhibitory mechanisms within local neural circuits.
(C) E/N balance for responders (green) and non-responders (orange) before (Pre-iTBS) and after (Post-iTBS)
treatment, shown as boxplots (median, interquartile range, and whiskers) with individual subject values overlaid. A
significant increase in inhibition (reduction in E/I ratio) is observed in responders only following treatment. Note the
substantial variability in E/I ratios, particularly at baseline, reflecting individual differences in neurophysiology.

Subgenual-prefrontal interaction is associated with iTBS therapy response

Because the preceding analyses identified relatively global changes, we tested whether pretreatment whole-
brain models contained spatial patterns associated with clinical outcome. Mean-centered partial least
squares (PLS) analysis within the nested cross-validation framework identified a significant pretreatment
latent variable differentiating responders from non-responders (Fig. 4A; p=0.001, permutation testing on
the training data). Across 100 cross-validation splits, the left sgACC had the strongest discriminative
regional loading based exclusively on training-fold decompositions, and the left sgACC and stimulated left
DLPFC had loadings with opposite signs (Fig. 4A,B). This relationship is consistent with fMRI findings
linking stronger negative DLPFC—sgACC connectivity to better rTMS outcomes (17-19,43). The latent
variable is a statistical covariance pattern rather than a distinct biological mechanism; its physiological
interpretation derives from the model-derived brain states and recovery of the independently implicated
circuit. Responders showed a more negative sgACC-DLPFC loading relationship at the group level,
although individual distributions overlapped substantially (Fig. 4B).

Analysis of the pretreatment sgACC time course showed greater model-derived sgACC engagement in
responders than non-responders after the single-pulse TMS perturbation (Fig. 4C). This difference was
confirmed by AUC analysis, with responders showing greater normalized sgACC engagement than non-
responders (Fig. 4D; 35.6 +£4.2 versus 21.8 £ 3.8, p<0.001).

To evaluate out-of-sample discrimination, we examined pretreatment sgACC engagement using stratified

10-fold and leave-one-out cross-validation. Ten-fold cross-validation yielded a mean ROC-AUC of 0.653
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+ 0.140 across held-out folds (Fig. 4E), while the leave-one-out analysis yielded an AUC of 0.645 + 0.09
(Fig. 4F). Permutation testing with 5,000 random label assignments indicated that the observed
discrimination exceeded chance (Fig. 4G; p=0.0084). These results suggest that pretreatment model-derived
sgACC engagement contains information associated with subsequent treatment outcome. However, the
discrimination was modest, and the finding should be considered exploratory and hypothesis-generating

until independently replicated.

Fig. 4. Neural Signatures Predict Clinical Response to iTBS Treatment for Depression. (A) Treatment-
distinguishing pattern — the PLS latent variable, a weighted combination of the SVD-derived brain states shown as
loadings over cortical regions — that maximizes the difference between responders and non-responders following
iTBS treatment. Lateral and medial views highlight the dIPFC and sgACC regions showing opposite eigenvector
loading directions. (B) Ratio of sgACC/DLPFC loadings within the brain state maps in A) for responders (green) and
non-responders (yellow), showing a more negative sgACC/DLPFC loading relationship on average in responders,
with substantial overlap between groups. (C) Normalized sgACC activation measured by GMFA at pre-iTBS baseline
for responders (green) and non-responders (yellow). Time courses demonstrate higher sgACC engagement patterns
for responders. (D) AUC analysis of sgACC activation for the entire cohort, demonstrating significantly higher
normalized engagement in responders compared to non-responders (p<0.001), suggesting pre-treatment sgACC
activity may serve as a distinguishing biomarker. (E) Stratified 10-fold cross-validated discrimination performance
across individual folds, where sgACC engagement served as the predictive feature (mean ROC-AUC = 0.653 £ 0.140).
Each bar represents out-of-sample classification performance for one fold. (F) ROC curve from leave-one-out cross-
validation (AUC = 0.645), corroborating the 10-fold results and demonstrating consistent out-of-sample
discrimination. (G) Permutation test histogram showing that observed classification performance (red line; AUC =
0.645) significantly exceeds chance level (dashed line; p = 0.0084, 5,000 permutations with random label shuffling).

Greater trajectory deviation and increased stability in neural dynamics of iTBS responders

We next examined TMS-evoked activity as trajectories within the three-dimensional state space of the
Jansen—Rit model (Fig. 5A). Before treatment, responders and non-responders exhibited broadly similar
trajectories near the stable fixed point. After treatment, responders showed a marked contraction of the
trajectory toward the fixed point, whereas non-responders showed less pronounced reorganization.

We quantified these dynamics using two complementary measures. Treatment-related trajectory deviation
was calculated as the distance between post-iTBS and pre-iTBS trajectories and therefore indexed the
magnitude of change relative to each participant’s pretreatment dynamics. Attractor stability was calculated
as the distance between the post-iTBS trajectory and the stable fixed point, with smaller distances indicating
tighter convergence toward the attractor. Although these measures use different reference points and
address different properties of the dynamics, they are derived from the same trajectories and should not be
considered statistically independent.

Responders showed significantly greater post-versus-pre trajectory deviation than non-responders (Fig. 5B;

t=3.24, p<0.01; 10,000 permutations), indicating a larger treatment-related reconfiguration of the modeled
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dynamics. Responders also remained significantly closer to the stable fixed point after treatment (Fig. 5C;
t=2.18, p<0.05; 10,000 permutations), consistent with greater attractor stability. Together, these findings
indicate that treatment response was associated with both a larger reorganization of the modeled state-space
trajectory and tighter post-treatment convergence toward the fitted system’s stable fixed point.

These measures characterize the geometry of the fitted model and cannot be directly equated with clinical
or behavioral stability. Accordingly, they should be interpreted as complementary model-derived properties
associated with treatment response rather than independent biological mechanisms. Dynamic visualizations

of the pretreatment and post-treatment trajectories are provided in Supplementary Videos V1 and V2.

Fig. 5. iTBS selectively reorganizes attractor dynamics in treatment-responsive individuals. (A) Three-
dimensional neural trajectories of the treatment-distinguishing brain state (as identified in Fig. 4 for responders (green)
and non-responders (yellow), shown pre-iTBS (left) and post-iTBS (right). Pre-treatment, both groups exhibit similar
trajectories, remaining near the stable fixed point (black dot). Post-treatment, responders show a marked trajectory
contraction and reduced deviation from the fixed point, suggesting greater stability and reduced sensitivity to external
stimuli (e.g., TMS). (B) Point-wise Euclidean distances between post-iTBS and pre-iTBS trajectories. Responders
display significantly greater trajectory shifts, indicating a more substantial reconfiguration of the treatment-
distinguishing brain state following iTBS. (C) Point-wise Euclidean distance from the stable fixed point in the post-
iTBS condition. Responders remain consistently closer to the fixed point, suggesting reduced susceptibility to external
perturbation and enhanced attractor stability compared to non-responders. These dynamical changes indicate a
treatment-induced reconfiguration toward greater state-space stability in responders. Any link between this model-
level stability and clinical or behavioural function is indirect and remains speculative. Note that panels B and C
characterize complementary aspects of the same treatment-induced reconfiguration — its magnitude and its endpoint
stability — and, being derived from the same trajectories, are not statistically independent.



382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415

DISCUSSION

This study identified three complementary features associated with successful iTBS in TRD: greater low-
frequency TMS-evoked power reduction with stronger inhibitory control, a pretreatment DLPFC—sgACC
pattern associated with subsequent response, and treatment-related reconfiguration of model-derived neural
trajectories. Integrating TMS-EEG with connectome-based whole-brain modeling (37,38) linked
electrophysiological measures to fitted circuit parameters and network dynamics, providing a multiscale
account of response. However, these findings remain associative and model-derived rather than direct

demonstrations of therapeutic mechanisms.

Spectral markers of iTBS efficacy

Responders showed a greater reduction in 3—10 Hz TMS-evoked power following iTBS. This converged
with reduced pyramidal-to-excitatory (P—E) drive and strengthened inhibitory-to-pyramidal (I—P)
feedback, shifting the model toward greater inhibitory control. Cortical inhibitory deficits in MDD have
been demonstrated using TMS-EEG (12); our companion analysis linked iTBS-induced N45 and N100
changes to response (30), and our earlier modeling showed that TEPs emerge from the recurrent E/I loop
dynamics captured by these parameters (38). Thus, the fitted parameters provide a circuit-level
interpretation of the empirical effect, moving from indirect TEP indices toward an explicit model-based
account of altered E/I dynamics.

This interpretation is consistent with evidence that inhibitory microcircuits shape cortical oscillations and
responsivity (44,45). TMS-EEG can characterize glutamatergic and GABAergic neurotransmission (46),
and effective brain stimulation can suppress pathological low-frequency oscillations by regularizing firing
patterns (47). Although not equivalent to the present paradigm, these findings support a broader relationship
between inhibition, stimulation, and low-frequency dynamics. Theta-frequency responsiveness of
inhibitory interneurons depends partly on membrane properties, including HCN-channel distributions
(48,49), while neural-mass models show that extrinsic inputs and synaptic time constants reshape
oscillatory regimes (50). Accordingly, reducing P—E connectivity in our simulations increased modeled
inhibitory influence and reduced low-frequency power, paralleling the empirical responder effect. This

convergence supports a plausible inhibitory account without implying a unique cellular mechanism.

Modeled inhibitory changes associated with clinical improvement

In responders, stronger pretreatment [ —P feedback was associated with lower post-treatment clinical
scores; [—P subsequently increased in responders but decreased in non-responders, and only responders
shifted toward greater inhibition after iTBS. This occurred alongside reduced P—E drive. Together,

reduced excitatory amplification and strengthened inhibitory feedback provide a coherent model-based
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account of responder physiology, consistent with the goal of using whole-brain models to identify features
of stimulation response (24,51,52).

The direction of iTBS-induced plasticity may depend on dose and baseline cortical state. Calcium-
dependent models propose that intracellular calcium determines whether stimulation produces potentiation-
or depression-like effects (53), and modeling predicts that varying the standard 600-pulse protocol,
including 300- and 1200-pulse protocols, can reverse its effect and favor inhibition (54). Prolonged theta-
burst stimulation can similarly reverse expected motor-cortical after-effects (55). Participants received 1200
pulses per day, and responders shifted toward inhibition, suggesting that pulse count may contribute to this
change. However, baseline state, calcium dynamics, stimulation spacing, and metaplasticity likely also
contribute to heterogeneous individual effects.

Recent rodent studies showed that accelerated iTBS engages intratelencephalic prefrontal projection
neurons, increasing their activity, spine density, and excitatory currents; chemogenetic silencing abolished
the antidepressant-like effect (56,57). This potentiation-like mechanism may appear to contrast with greater
modeled inhibitory control in our responders, but the studies differ in protocol and scale. The rodent studies
examined accelerated iTBS and projection-defined excitatory populations, whereas our participants
received 1200 pulses daily and our three-population model captures net E/I dynamics. Excitatory activation
could therefore coexist with greater population-level inhibition through feedback inhibitory recruitment.
Moreover, the rodent studies directly measured cellular changes, whereas our parameters were inferred
from human TMS-evoked responses. The findings are thus complementary, but our model cannot
adjudicate cell-type-specific mechanisms.

Under the GABAergic-deficit hypothesis of depression, supported by reduced GABA and cortical
inhibition in MDD, including in the DLPFC (11,12), increased post-treatment inhibitory feedback could
reflect partial restoration of deficient control. Reduced prefrontal mGIuRS availability further implicates
glutamatergic regulation in disrupted E/I balance (58,59). Enhanced inhibition might improve regulation of
rumination or negative cognition, but this remains speculative. Individual differences in anatomy, baseline
physiology, and metaplasticity may cause identical protocols to engage different populations or effects.
These sources of variability could eventually inform individualized stimulation intensity or pulse number,
but this will require subject-specific structural connectivity and prospective validation. Because our models
used a normative connectome, the identified physiological features remain candidate markers rather than

immediately deployable personalization tools.

Frontolimbic patterns associated with treatment response
Whole-brain modeling relates empirical TMS-EEG responses to distributed patterns of model-derived

population activity. Mean-centered PLS identified a pretreatment pattern differentiating responders and
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non-responders, with the strongest loadings in the left DLPFC and sgACC and opposite signs across these
regions. This statistical covariance pattern is not a biological mechanism, but its expression over
physiologically defined model states and recovery of the independently implicated circuit support a circuit-
level interpretation.

The sgACC is connected with prefrontal and limbic regions implicated in depression and has been
associated with response across antidepressant interventions (60—63). fMRI studies show that stimulating
DLPFC sites with stronger negative sgACC connectivity is associated with better outcomes (17-20,43),
including substantially greater improvement than stimulation at more distant sites (18). Our opposite-
polarity DLPFC—sgACC pattern is therefore consistent with this replicated literature, although it is not
equivalent to resting-state functional anticorrelation.

TMS-EEG and resting-state fMRI operate at different temporal and physiological scales but may reflect
common anatomical pathways and circuit-excitability properties. Responders also showed greater model-
derived sgACC engagement following pretreatment single-pulse TMS, suggesting that DLPFC—sgACC
circuit properties may influence susceptibility to iTBS (64,65). However, sgACC activity was inferred
through the anatomically constrained model rather than measured directly. Given the substantial group
overlap and modest cross-validated discrimination, this finding remains exploratory and hypothesis-
generating.

Neural trajectory analysis provided a complementary description of treatment-related changes in model
dynamics. Although responders and non-responders showed broadly similar pretreatment trajectories,
responders exhibited greater trajectory contraction following iTBS and remained closer to the model’s
fixed-point attractor (Fig. 5). These findings indicate that treatment response was associated with a
reconfiguration toward greater stability within the fitted model’s low-dimensional state space.

This dynamical interpretation complements the findings concerning E/I balance and DLPFC—sgACC
interactions by describing how treatment-related physiological changes alter the evolution of modeled
neural activity over time. However, attractor stability is a property of the fitted model, and its relationship
to clinical or behavioral function remains indirect. Greater stability could hypothetically reflect more
regulated neural dynamics, but the present data do not establish that relationship. The trajectory changes
should therefore be considered a candidate dynamical signature of response rather than a demonstrated

therapeutic mechanism or treatment-guidance measure.

Limitations and future directions
Several limitations should be considered. First, the Jansen—Rit neural-mass model necessarily provides a
coarse-grained representation of cortical dynamics. Its fitted connectivity parameters represent effective

population-level interactions rather than direct measurements of synaptic efficacy, and the model cannot
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resolve specific cellular or molecular mechanisms. The present implementation also assumes spatially
homogeneous local physiology across cortical regions. Future work could incorporate regional
heterogeneity constrained by anatomical, functional, or transcriptional gradients and subject-specific
structural connectivity to better capture individual differences in cortical physiology and anatomy.
Second, the present analysis did not include a sham-treated comparator, limiting our ability to distinguish
iTBS-specific neurophysiological changes from placebo effects, natural symptom fluctuations, regression
to the mean, or other nonspecific treatment effects.

Third, the study lacked an independent external validation cohort. Although nested and out-of-sample cross-
validation procedures were used for the sgACC analyses, the broader findings were discovered and
evaluated within the same clinical cohort. Independent multisite studies with larger and more diverse
cohorts will therefore be important for evaluating their reproducibility and generalizability.

Fourth, sgACC activity was not measured directly but inferred from its interactions with cortical regions
through the anatomically constrained whole-brain model. The resulting sgACC signals should therefore be
considered exploratory model-derived inferences. Their convergence with independent fMRI evidence
concerning DLPFC—sgACC connectivity provides external support but does not constitute direct validation;
future studies combining TMS-EEG with concurrent fMRI or intracranial recordings could directly test
these inferred dynamics.

Finally, participants received 1200 iTBS pulses per treatment day rather than the standard 600-pulse
protocol commonly used in clinical practice, and treatment resistance was defined using an
Antidepressant Treatment History Form—Short Form score >3 (71). These protocol and clinical-sample
characteristics should be considered when generalizing the findings to other iTBS protocols or more

severely treatment-resistant populations.
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