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[bookmark: _Toc240360291]1. Procedures and Participants
[bookmark: _Toc199853489][bookmark: _Toc240360292]Standardized Biofeedback Training Instructions 
All enrolled participants received the same instructions on the day of the scan. Any follow-up questions were answered promptly in line with the standardized instructions below in order to maintain standardization across the whole cohort. Any additional questions falling outside the scope of the standardized instructions were answered at the end of the study. The following instructions were provided for all participants regardless of group or intervention assignment:
“Welcome to the experiment. The purpose of today’s experiment is to investigate whether individuals can train themselves to increase brain activity related to motivation. The task you’ll be doing inside the MRI will be to try to regulate your own brain activity. Please read these instructions carefully. When you are in the scanner, we will remind you of all of these instructions via an intercom. 
The task: BASELINE, TRAINING, and TEST sessions 
[bookmark: OLE_LINK11]The BASELINE task consists of three conditions, COUNT, REST and MOTIVATE. During the COUNT conditions you will see a number presented on the screen and you will be asked to count backwards from that number in increments of 3 in your head. During the REST condition you should simply rest and try not to think of anything in particular. During the MOTIVATE condition, try your best to produce a mental state of heightened motivation. For example, try to encourage yourself that you can increase your own brain signal. It may help to think of this task as a fun game. Telling yourself positive phrases, such as “you can do it!” or “increase that signal!” or imagining personal events or situations that make you feel motivated. Importantly, you don’t have to limit yourself to these phrases- try anything that you think will be motivating. What motivates you may be different than what motivates someone else, so you should think about things that will best motivate you personally. 
In the TRAINING task you’ll be doing essentially the same things: COUNT, REST and MOTIVATE. The only difference is that now, during the MOTIVATE trials, you’ll see a thermometer which represents your brain activity. This means you will be receiving real-time feedback indicating how effectively you are increasing your brain signal during the MOTIVATE trials. Your task is to try to get – and keep – the thermometer as high as possible. Try to do the same things you did during the Test task. That is, try to encourage yourself to increase your brain signal as much as possible. Since you are receiving feedback indicating how well you are doing, you can directly try to move the height of the thermometer with your brain. Try to encourage yourself to move that bar! You can adapt your strategies to discover which methods produce the greatest amount of activity. We ask that you stick with one strategy for each MOTIVATE trial and if you find that strategy doesn’t work, feel free to try something else on the next MOTIVATE trial. 
While attempting to increase the thermometer height, there are a couple of things to keep in mind. First, the brain activity we are trying to measure is noisy, meaning you might see the thermometer jump back and forth a bit. Don’t get discouraged; try to maintain your focus and keep the average height of the thermometer as high as possible. Secondly, there may be a lag time of as much as 5 seconds between your current mental state and the feedback you see reflected on the thermometer. Be persistent with your strategies and don’t give up on them too soon. 
You may also notice the range of the thermometer adjusting over time. This is normal. Just try and keep going!
After 3 runs of the TRAINING task, we will do the TEST task, which is the same as the BASELINE- without the thermometer feedback. The purpose of this task is to see how well you can activate your brain’s motivation regions now that you have had some training. You should use your best strategies- the ones that worked best for you during the TRAINING sessions. You will not see the thermometer during the TEST session. 
Please try to remain as still as possible throughout the entire scan. Even minor changes in head or body position may significantly reduce the quality of the data.
Any questions? Thanks and good luck!!”

[bookmark: _Toc199853490][bookmark: OLE_LINK42][bookmark: _Toc240360293]Schematic of Study Procedures 
Enrolled participants completed up to five visits that included clinical, cognitive and neuroimaging assessments including a single-session biofeedback training intervention.
A total of N=81 unmedicated participants were enrolled in the study. Several participants did not complete the scanning procedure due to early drop-out (N=9), clinical ineligibility (N=7), or MRI ineligibility including claustrophobia (N=2) or dental work (N=1) resulting in the final N= 62 participants who participated in the scanning procedure and were available for analysis. 

	
	Screening/
Baseline
	Pre-Scan
	Scan
	Post-Scan
	Follow Up 1
(+24hrs)
	Follow Up 2
(+7days)
	Follow Up 3
(+30days)

	
	Visit 1
	Visit 2
	Visit 3
	Visit 4
	Visit 5

	
	N=37 MDD;
N=36 HC
	N=33 MDD;
N=30 HC
	N=32 MDD;
N=30 HC
	N=31 MDD;
N=28 HC
	N=28 MDD;
N=26 HC
	N=24 MDD;
N=28 HC
	N=24 MDD;
N=25 HC

	Demographics, current medications, psychiatric history
	X
	
	
	
	
	
	

	Baseline assessments: MoCA, symptom measures
	X
	
	
	
	
	
	

	Double-blinded clinician-administered severity: MADRS
	X
	X
	
	
	X
	X
	X

	Self reported anhedonia symptom assessments: TEPS
	
	X
	
	
	X
	X
	X

	Transient mood/affect assessments: POMS, PANAS
	
	X
	
	X
	
	
	

	Biofeedback training session with 7-Tesla MRI
	
	
	X
	
	
	
	

	Post-scan debrief, strategy assessment, biofeedback IMI
	
	
	
	X
	
	
	


Supplementary Table 1. Depiction of study procedures by visit with participant numbers by group. Abbreviations: MoCA, Montreal Cognitive Assessment; MADRS, Montgomery-Asberg Depression Rating Scale; TEPS, Temporal experience of Pleasure Scale; POMS, Profile of Mood States; PANAS, Positive and Negative Affect Schedule; MRI, Magnetic Resonance Imaging; IMI, Intrinsic Motivation Inventory; N, Number of Participants; MDD, Major Depressive Disorder group; HC, Healthy Control group.
[bookmark: _Toc199853491]
[bookmark: _Toc240360294]Biofeedback Task Description and Analysis 
[bookmark: OLE_LINK6]The biofeedback task included a Baseline run, three Training runs, and a post-training Test/Transfer run. Each run consisted of 5 trials of Count, Rest and Motivate trials. During the Count trial, participants saw the phrase “Count backwards subtracting 3 from N”, where N was a randomly generated number between 200-400, and was updated for each Count trial. During Rest trials, participants saw the word “REST” on the screen. For the Motivate trials, participants saw the word “MOTIVATE” on the screen, either with or without a thermometer bar that represented their VTA signal (percent signal change) that was updated every TR and could move up or down within the range of –10 to +10% signal change. These values were continuously normalized against a “moving mean” of the active rest condition, computed as the average VTA signal during the last 5 TR’s of the previous Count trial. 
[bookmark: OLE_LINK10][bookmark: _Toc199853492]All Motivate trials lasted 30-seconds. The Count trial was included as an active control condition and the Rest as a passive rest condition, similar to previous designs 1,2. The Motivate trials were longer in duration than the Count and Rest trials in order to maximize the amount of time the participant could engage in active biofeedback training, although the combined sum of the Count and Rest trials was longer in duration than the sum of the Motivate trials. The first N=8 participants completed the task with Count and Rest trials of 20-second duration. However, due to the lengthy scanning session (around 50min of task, without including scanner set-up, real-time preprocessing, structural scans, or localizers), these periods were updated to 16-second duration for the remaining participants. All first-level general linear models included duration of trial events that were specific to each participant in order to model the BOLD signal on an individual basis. All participants in the study completed the same duration of Motivate trials throughout the entire study. 

[bookmark: _Toc240360295]Participant Characteristics 
[bookmark: OLE_LINK12]Demographic and clinical data of enrolled participants are reported in Table 1 in the manuscript. Participant race and ethnicity were ascertained via self-report during study enrolment. Participants selected from multiple options, and the categories were later grouped for analysis. Participants filled out their sex assigned at birth and their gender identity, which matched in all participants.
[bookmark: _Toc199853493][bookmark: OLE_LINK16][bookmark: _Toc240360296][bookmark: OLE_LINK23]Study Design Details and Primary Outcome 
This was a proof-of-principle randomized, controlled trial of VTA-based biofeedback. All participants were blinded to group assignment throughout their full participation in the study. The clinical rater was blinded to participant group assignment throughout the full duration of the study. All other study staff and personnel were not blinded to participant group assignment. Participant randomization was performed using a simple computer-generated allocation. No additional measures were incorporated into the randomization, such as baseline depression severity. Participants were not asked which group they thought they were assigned to, although they were asked how well they believed they performed (see Debrief procedures). 

[bookmark: OLE_LINK41]In the pre-registered design (ClinicalTrials.gov NCT04138680), only participants with MDD were included. However, since trial registration, an HC comparison group was included. As such, the statistical models were updated accordingly to include an HC comparison group. The single primary outcome measure in the registered trial was specified as VTA activation change over time in the Active MDD relative to the Sham MDD group, where VTA activation was defined for Motivate trials relative to rest trials in which all subjects were instructed to count backwards. This represented an active rest condition, different from a passive rest condition as is typically used during resting-state task-free studies. In the study, both active rest (Count) and passive rest (Rest) trials were included, and the active rest (Count) was used for the main “Motivate vs Rest” contrast of interest defined in the trial pre-registration primary outcome section ([Motivatepost > Restpost] > [Motivatepre > Restpre]), similar to previous work using this task1,2. Thus, this was considered the primary neural outcome for the study. As a primary clinical outcome, a latent factor analysis was conducted to determine clinical improvement from a range of scales for the time-points of pre- to post-training only. All other analyses were considered exploratory or supplementary to explain observed effects and interactions.  
[bookmark: _Toc199853494]
[bookmark: OLE_LINK151][bookmark: _Toc240360297]2. Specific Clinical Phenotyping Results
Measures of transient mood (POMS depressed-elated sub-scale) and affect (PANAS positive and negative affect) were subject to multivariate repeated measures ANOVA with between-subjects factors of group (MDD, HC), intervention arm (Active, Sham) and within-subjects factor of time for all available time-points (pre and post training; pre and +24hrs, pre and +7days; pre and +30days) on an exploratory basis to explore specificity of symptom change following the significant factor analysis finding. A second confirmatory ANOVA model only included the MDD group. For anhedonia (TEPS anticipatory and consummatory anhedonia), the same models were run for all available time-points (pre and +24hrs, pre and +7days; pre and +30days). A second confirmatory ANOVA model only included the MDD group. For clinician-administered depression severity (MADRS), the same repeated measures model was computed for the MDD group only, for all available time-points (pre and +7days; pre and +30days). Baseline cognitive function (MoCA) was used as a covariate for all analyses.
[bookmark: _Toc199853495][bookmark: _Toc240360298]Depressed Mood 
For transient depressed mood state POMS depressed-elated subscale (pre and post), there was a main effect of group (F(1,50)=72.19, p=2.8x10-11), whereby the MDD group has overall higher depressed mood compared to HC (Fig. 1S). There was a three-way interaction (group x time x intervention) (F(1,50)=5.04, p=0.029), whereby there was greater improvement in mood in the MDD group in the Active arm compared to the Sham arm, with a lower difference between intervention arms for the HC group. At +24hrs there remained a significant group effect (F(1,48)=77.13, p=1.5x10-11, Fig. 1S) and only a trend towards a significant interaction three-way interaction (group x time x intervention) (F(1,48)=2.86, p=0.097). For the following time-points (+7days, +30days), there remained a significant group effect (Fig. 1S). 
[bookmark: _Toc199853496][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: _Toc240360299]Positive and Negative Affect 
For transient negative affect (PANAS pre and post), there was a main effect of group (F(1,51)=29.78, p=1x10-6), a main effect of time (F(1,51)=4.62, p=0.036), and a significant intervention x time interaction (F(1,51)=4.83, p=0.033), whereby individuals in the Active arm showed larger improvements over time than those in the Sham arm (Fig. 1S). There was also a significant three-way (group x intervention x time) interaction (F(1,51)=5.21, p=0.027), whereby there was greater improvement in negative affect in the MDD group in the Active arm compared to Sham arm, with a smaller difference between intervention arms for the HC group (Fig. 1S). All of these effects remained at +24hrs (main effect of group: F(1,52)=34.69, p=2.9x10-7; main effect of time: F(1,52)=6.42, p=0.014; intervention x time interaction: F(1,52)=6.96, p=0.011; group x intervention x time interaction: F(1,52)=4.56, p=0.038). At +7days there remained a main effect of group (F(1,51)=42.64, p=3x10-8), a main effect of intervention (F(1,51)=4.78, p=0.033) and a trend towards a significant intervention x time interaction (F(1,51)=3.01, p=0.089). At 30-days there remained a main effect of group (F(1,47)=41.32, p=6.0x10-8), a main effect of intervention (F(1,47)=13.12, p= 7.1x10-4) and an intervention x group interaction (F(1,47)=12.98, p=7.6x10-4; Fig. 1S). Interestingly, there were no intervention effects or interactions for positive affect at all time-points (PANAS pre and post, +24hrs, +7days, +30days).
[bookmark: _Toc199853497][bookmark: _Toc240360300]Anticipatory and Consummatory Anhedonia 
[bookmark: OLE_LINK17]For anticipatory anhedonia (TEPS, pre and +24hr), there was a main effect of group (F(1,52)=18.60, p=7.2x10-5) and a time x intervention interaction (F(1,52)=5.21, p=0.027), whereby those in the Active groups improved more than those in the Sham arm over time (Fig. 1S). There was also a group by intervention interaction (F(1,52)=6.16, p=0.016), whereby MDD participants in the Active arm showed lower anticipatory anhedonia than those in the Sham arm, compared to the HC group. At the following time-points (+7days, +30days), there remained only a significant group effect. For consummatory anhedonia there was only an effect of group at +24hrs and +30days, and at +7days there was also a group by time interaction (F(1,50)=6.08, p=0.017), whereby the HC got better over time compared to the MDD group. 
[bookmark: _Toc199853498][bookmark: _Toc240360301]General Depression Severity
For depression severity (MADRS) at 7-days follow-up in the MDD, there was a main effect of time (F(1,23)=8.812, p=0.007), which persisted at 30-days follow-up (F(1,24)=9.836, p=0.004), whereby all MDD participants improved in overall depression severity over time.
[bookmark: OLE_LINK1]


[bookmark: OLE_LINK44][bookmark: _Toc199853499][image: ]Supplementary Figure 1. Symptom Severity Across Timepoints. Symptom severity for individual clinical measures is plotted for all groups and timepoints, including pre-biofeedback training, immediately post-training, 24-hour follow-up, 7-day follow-up, and 30-day follow-up. The timing of the single-session 7-Tesla biofeedback (7T-BF) intervention is indicated by the shaded green panel. (A) Positive mood (POMS). (B) Negative affect (PANAS). (C) Anhedonia (TEPS-A), reverse scored so that higher values indicate lower anticipatory anhedonia. Data are presented as group means ± SEM.

[bookmark: _Toc240360302]3. Debrief Results
[bookmark: OLE_LINK26]The post-training debrief analysis included single-item assessments related to motivation and free-text data that captured the cognitive strategies used during the biofeedback training. Ratings of motivation levels after the biofeedback training were collected and analyzed with repeated measures ANOVA including group (MDD, HC) and intervention (Active, Sham). Free text data of the cognitive strategies used were processed using the Natural Language Processing Python toolbox, TextBlob, to derive metrics of sentiment (positive, neutral or negative polarity=1,0,-1), and subjectivity (factual or opinion –based subjectivity=0,1). 
[bookmark: OLE_LINK2]
[image: ]
[bookmark: OLE_LINK46]Supplementary Figure 2. Debrief Results and Strategies. Post-training intrinsic motivation and cognitive strategy sentiment across groups. (A) Intrinsic motivation for the biofeedback procedure (effort/importance sub-score) assessed post-training was higher in Active compared to Sham groups. (B) Polarity (sentiment) of cognitive strategies was more positive in the MDD Active group relative to MDD Sham, with the opposite pattern in HC groups. (C) Across MDD participants, positive sentiment (polarity) was associated with lower negative affect (PANAS, post; Pearson’s r = –0.563, p = 0.001). Data are presented as group means ± SEM (A, B); shaded region in (C) indicates 95% confidence interval.

[bookmark: OLE_LINK152][bookmark: _Toc240360303]4. Neural Activation and Functional Connectivity Analyses

[bookmark: _Toc199853500][bookmark: _Toc240360304]VTA, NAc Activation Results per Run and Group
Activation for the main contrast of interest (Motivate>Count) was extracted per region of interest (VTA/NAc) for Baseline, Training and Test/Transfer runs. These data are plotted below (Supplementary Figure 3) for each group (MDD, HC) per intervention arm (Active, Sham). For the primary neural outcome of interest, data were entered into correlation analysis with symptom scores to determine associations between VTA activation (Motivate>Count) and clinical symptom severity post-training on an exploratory follow-up basis only for scales that showed significant improvement in the main clinical improvement factor analysis. One participant was excluded as an outlier in VTA activation (i.e., >4 SD from the mean), yielding a final sample of N=61. The same analysis was performed for the full sample for NAc activation (Motivate>Count). 
[bookmark: _Toc199853501][bookmark: _Toc240360305]Generalized psychophysiological interaction (gPPI)
[bookmark: OLE_LINK22]Task-based functional connectivity was performed with generalized psychophysiological interaction (gPPI;3) of the VTA. For each participant, the denoised VTA time-series was extracted from preprocessed fMRI data and deconvolved using a canonical gamma hemodynamic response function (HRF). The neural time series was then multiplied with task-specific psychological regressors (Count, Rest, Motivate) to generate interaction terms. Each interaction regressor was then convolved with the HRF for inclusion in subject-level general linear models (GLMs). Separate gPPI models were run for Baseline and Test/Transfer runs. The GLM included all regressors from the main model, with the added VTA time series as the physiological regressor and the PPI interaction terms separately for each task trial event type (Count, Rest, Motivate). Beta coefficients for each PPI regressor were extracted from pre-defined target ROIs (dlPFC, NAc) for biofeedback regulation.4,5 
The Motivate>Count gPPI coefficients were analyzed using linear mixed-effects models with Time (Baseline, Test/Transfer), Group (MDD, HC), and Intervention (Active, Sham) as interacting fixed effects, age and gender as covariates, and random intercepts for subjects. A significant Time (Baseline, Test/Transfer) × Group (HC, MDD) × Intervention (Active, Sham) three-way interaction was observed for VTA connectivity with the dlPFC (F=6.03, p=0.017, Supplementary Figure 3). Post-hoc analyses showed a significant Time × Group interaction in the Active condition (p=0.024), reflecting divergent changes in dlPFC-VTA connectivity from Baseline to Test/Transfer between HC and MDD participants (Supplementary Fig. 3). No significant interaction was found in the Sham condition (p=0.24). No other effects were statistically significant, and no significant main effects or interactions were observed for the other ROI (NAc). Given the significant finding of VTA-dlPFC connectivity change over time in the MDD group compared to the HC group, exploratory post-hoc Pearson correlations were performed between change in VTA-dlPFC connectivity during Baseline and Test/Transfer and clinical symptom severity change in the MDD group (only for the scales showing significant effects above- i.e. post-training depressed mood (POMS), post-training negative affect (PANAS) and 7-day depression severity (MADRS)). There were no relationships between connectivity and depressed mood or negative affect post-training, however there was a significant relationship between Baseline VTA-dlPFC connectivity and improvement in depression severity at 7-days (where severity change is calculated as 7-days minus pre MADRS scores). This might indicate that those that already have relatively higher baseline frontolateral connectivity with VTA might most benefit from the longer-term anti-depressant effects of biofeedback. There was no significant mediation of VTA-dlPFC connectivity change on VTA Test/Transfer activation and post-training clinical improvement factor in the MDD group (B=-1.257, p=0.830). 
[image: ]
[bookmark: OLE_LINK3]Supplementary Figure 3. Activation Contrast for Regions of Interest. (A) Activation for the main contrast of interest (Motivate>Count) for VTA and (B) NAc is plotted for Baseline, Training and Test/Transfer runs for each group (MDD, HC) and each intervention arm (Active, Sham). Note that reductions in VTA/NAc activation over time in the Sham groups may be consistent with models of neural habituation over time during task performance, while maintaining consistent activation over time in the Active groups may represent continued recruitment and regulation of a region. (C) Differences in task-based functional connectivity (gPPI) values (Motivate>Count contrast) between the VTA and dlPFC during Baseline and Test/Transfer. The figure displays estimated means ± standard error of the mean (SEM) for healthy controls (HC; grey) and individuals with major depressive disorder (MDD; light blue) under Active (solid line) and Sham (dashed line) intervention conditions. A significant Time (Baseline, Test/Transfer) × Group (HC, MDD) × Intervention (Active, Sham) three-way interaction was observed for the dlPFC (p=0.017). Post-hoc analyses showed a significant Time × Group interaction in the Active condition (p=0.024), reflecting divergent changes in dlPFC-VTA connectivity from Baseline to Test/Transfer between HC and MDD participants, whereby only Active MDD participants showed an increase in task-based connectivity. No significant interaction was found in the Sham condition (p=0.24). No significant three-way interactions were observed for the other ROI (NAc).
[bookmark: _Toc199853502]
[bookmark: _Toc240360306]Event Related Averages (ERAs)
Task-specific event-related averages (ERAs) were computed for the ventral tegmental area (VTA), focusing on the primary contrast of interest (Motivate>Count). Denoised and scaled VTA BOLD time series (voxel-wise normalized to a mean of 100) were extracted from each run. Pre-trial baseline correction was applied by subtracting the mean signal from a 3-second window (two TRs) immediately preceding trial onset, isolating task-related activity. To ensure full temporal alignment between the Motivate and Count time series, the count time series was interpolated to match 16.5 seconds for each trial, corresponding to the median count trial duration. The Motivate>Count contrast was calculated as the time-point-wise difference between the two conditions in line with previous work.1 Statistical comparisons between intervention groups were conducted using independent sample t-tests per TR.
[image: ]
[bookmark: OLE_LINK4][bookmark: OLE_LINK47]Supplementary Figure 4. Event-related averages (ERAs) of VTA BOLD signal contrast.  (Motivate>Count) ERAs of the VTA BOLD signal contrast are shown for Combined (top), HC (middle), and MDD (bottom) groups across Baseline, Training, and Test/Transfer phases (left to right columns). Solid lines represent the Active biofeedback group, and dashed lines represent Sham. Shaded areas indicate mean ± SEM.

[bookmark: _Toc199853503][bookmark: _Toc240360307]Continuous visual reward prediction error (RPE)
In line with previous work,4 an estimate related to continuous visual reward prediction error was computed as current VTA percent signal change (PSC) minus previous VTA PSC, for all participants in the Active arm during Motivate trials during the training runs. This estimate was more positive in the Active MDD group, compared to the Active HC group (t(28)=2.65, p=0.013) and was associated with better depressed mood post-training (R=-0.393, p=0.039), and greater improvement in depressed mood from pre-to-post training (R=0.538, p=0.003), (see Supplementary Figure 5). There was no association between the visual RPE and the VTA signal (p>0.05) suggesting that the motivational strategy implemented by participants acted independently from any reward mechanism tied to the receipt of feedback.
[bookmark: OLE_LINK5][bookmark: OLE_LINK7]
[image: ]Supplementary Figure 5. (A) Mean visual reward prediction error (RPE) values during the Test/Transfer run are plotted for each group (MDD, HC); error bars reflect mean ± SEM. (B) Across all participants, greater visual RPE was associated with lower depressed mood post-training (POMS Depressed Mood, inverted scale). (C) Greater visual RPE was also positively associated with improvement in depressed mood (pre–post change, inverted scale). Shaded areas reflect 95% confidence intervals around regression lines. *p < 0.05. Abbreviations: MDD, Major Depressive Disorder; HC, Healthy controls; inv., inverted score.

[bookmark: _Toc199853504]

[bookmark: _Toc240360308]Whole-brain Analysis Results
Whole-brain linear mixed effects analysis with fixed effects for group, intervention, time, age, sex and MoCA score demonstrated a main effect of time (see Table below) and no main effects of group, intervention, or significant interactions (voxelwise p < 0.001 and cluster > 140 voxels for α < 0.05).
	Effect
	Region
	Z
	pcorr
	K
	x
	y
	z

	Time
	Right inferior frontal gyrus
	39.07
	0.05
	3306
	-48.0
	-6.0
	29.5

	
	Right supramarginal gyrus
	38.21
	0.05
	3213
	-40.5
	42.0
	37.0

	
	Right middle frontal gyrus
	25.5
	0.05
	729
	-46.5
	-39.0
	22.0

	
	Left inferior parietal lobule
	32.2
	0.05
	640
	46.5
	43.5
	40.0

	
	Right insula
	25.9
	0.05
	558
	-37.5
	18.0
	17.5

	
	Right middle temporal gyrus
	28.3
	0.05
	466
	-55.5
	49.5
	-8.0

	
	Right medial frontal gyrus
	22.4
	0.05
	461
	-4.5
	49.5
	-8.0

	
	Left precuneus
	19.3
	0.05
	362
	21.0
	64.5
	37.0

	
	Left paracentral lobule
	18.02
	0.05
	208
	0.0
	27.0
	49.0

	
	Right paracentral lobule
	27.3
	0.05
	188
	-18.0
	42.0
	56.5

	
	Left claustrum/insula
	22.1
	0.05
	187
	28.5
	-21.0
	1.0

	
	Left posterior cingulate
	18.2
	0.05
	186
	9.0
	49.5
	5.5

	
	Right precuneus
	15.8
	0.05
	161
	-3.0
	64.5
	25.0

	
	Right cuneus
	17.6
	0.05
	151
	-10.5
	82.5
	28.0

	
	Left insula
	16.3
	0.05
	143
	42.0
	21.0
	17.5

	Age
	Left cuneus
	20.3
	0.05
	199
	4.5
	79.5
	28.0

	Sex
	Left cerebellum
	21.2
	0.05
	446
	16.5
	39.0
	-17.0

	
	Right cerebellum
	21.5
	0.05
	286
	-13.5
	42.0
	-21.5

	
	Right insula
	25.7
	0.05
	283
	-31.5
	-16.5
	8.5

	
	Right inferior frontal gyrus
	34.6
	0.05
	264
	-48.0
	-4.5
	20.5

	
	Left inferior parietal lobule
	17.9
	0.05
	170
	42.0
	60.0
	46.0


Supplementary Table 2. Whole Brain Analysis Results. Whole brain voxel-wise fMRI results from a linear mixed effects model deployed with AFNI’s 3dLME with fixed effects for group (HC, MDD), intervention (Active, Sham), time (baseline, training, test), age, sex and MOCA score, an interaction between group, intervention and time, and a random effect for participant. K=cluster size, x/y/z=MNI peak coordinates.

[bookmark: _Toc199853505][bookmark: _Toc240360309]Whole-brain and VTA 7T fMRI data quality
Data and signal quality across the whole brain and in the region of the midbrain (VTA) and subcortex (striatum) were examined on a per subject basis and estimated across all participants for the entire functional scan length. No participant data was lost due to excess motion or signal drop-out in the region of the midbrain. Whole brain coverage with 7T at a resolution of 1.5mm slice thickness was obtained on all participants. There was some loss of cerebellum for some participants but the whole cortex and midbrain and dorsal brainstem was obtained for all. Temporal signal-to-noise ratio (TSNR) maps and estimates are demonstrated in Supplementary Figure 6 below.6 
[image: ]
[bookmark: OLE_LINK9][bookmark: _Toc199853506]Supplementary Figure 6. Temporal signal-to-noise ratio (TSNR) values are plotted for an example participant (left), demonstrating good whole brain coverage and expected TSNR variability throughout cortex, cerebellum and brainstem. TSNR estimates for midbrain (VTA), subcortex (striatum) and whole-brain are plotted for all participants (right). Despite some variability in TSNR in the midbrain region, and lower estimates of TSNR for some participants, no scans were excluded due to poor signal quality, drop out or activation estimation failure during first-level GLMs. 

[bookmark: _Toc240360310]Noise reduction and preprocessing
As no separate physiological recordings were collected, residual physiological and motion-related noise was controlled via the six rigid-body motion parameters (three translations and three rotations, demeaned) included as nuisance regressors in the first-level general linear model. Six-parameter motion regression with standard preprocessing is the conventional denoising approach for task-based fMRI and has been validated repeatedly8,9. Head motion remains the dominant source of nuisance variance at 7 Tesla, as at lower field strengths10,11. Data-driven principal-component-based denoising approaches (such as that of Soltysik et al.12) are valuable alternatives in the absence of separate physiological recordings and may be considered for future work using these data.
[bookmark: _Toc240360311]Between-run Variability of VTA Activation by Trial Type
Motivate trials were roughly twice as long as Count and Rest trials. This raises the technical question of whether statistical noise differs across trial types. As an exploratory check, we computed each participant's between-run SD of VTA activation separately for each trial type (Motivate, Count, Rest), across the five runs (Baseline, three Training runs, and Test/Transfer), and tested whether these per-subject SDs differed systematically between trial types across the cohort (paired t-tests, linear mixed-effects model with random intercept for subject, and Friedman non-parametric omnibus). Mean between-run SDs were numerically slightly higher for Motivate (0.44) than Count (0.39) or Rest (0.39), but the Motivate-vs-Count difference did not survive Holm correction (uncorrected p = .039, Holm-corrected p = .12) and the Friedman omnibus test was non-significant (χ²(2) = 2.45, p = .29). We therefore find no robust evidence of differential statistical noise across trial types. Note that this analysis uses run-averaged activation values and indexes between-run variability rather than within-run trial-to-trial noise; the latter would require a per-trial GLM that was not performed.
[bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: _Toc240360312]5. Factor Analysis of Latent Clinical Improvement 
[bookmark: _Toc199853507][bookmark: OLE_LINK60][bookmark: _Toc240360313]Factor Count Summary for Change Scores
To evaluate the stability of the factor structure of clinical change scores across time, we conducted 100 exploratory factor analyses at each time point (post, 24-hours, 7-days, and 30-days). At the post-training time point, a one-factor solution emerged in 98 out of 100 analyses, while a two-factor solution emerged in 2 analyses; no solutions with three to five factors were identified. At 24-hours and 7-days, a one-factor solution emerged in all 100 analyses. At 30-days, a one-factor solution emerged in 73 analyses, while a three-factor solution emerged in 27 analyses; no solutions with two, four, or five factors were identified.
[bookmark: _Toc199853508][bookmark: OLE_LINK63][bookmark: _Toc240360314]Factor Loadings of Clinical Change
Exploratory Factor analysis (EFA) was conducted using the ‘psych’ package in R to identify latent constructs of therapeutic change at each post-intervention time point.7 The factor analysis aimed to identify a latent improvement factor derived from clinical change scores across four time points: post, 24-hours, 7-days, and 30-days across both MDD and HC. 
[bookmark: OLE_LINK20]We first tested whether the latent factor structure of clinical change was comparable across MDD and HC participants at the post-intervention time point using multi-group confirmatory factor analysis. A one-factor model was fit using robust maximum likelihood estimation with FIML for missing data. The configural model showed acceptable fit (robust CFI = 0.865, SRMR = 0.104, RMSEA = 0.125), supporting a common structure across groups. Adding constraints on factor loadings (metric invariance) did not significantly worsen model fit (Δχ² = 11.05, df = 7, p = 0.14), nor did adding constraints on item intercepts (scalar invariance; Δχ² = 7.27, df = 7, p = 0.40). These results support full measurement invariance across groups, confirming that the latent construct can be interpreted similarly in MDD and HC.

This latent factor reflects a shared dimension of therapeutic improvement across psychological and mood measures. To ensure interpretability, the directionality of factor loadings was standardized based on the expected nature of improvement. The EFA was performed separately for each time point to account for potentially time-specific structures in the psychological data. We used principal axis factoring as the extraction method due to its robustness to violations of multivariate normality, which are common in psychological data. Oblimin rotation was applied to allow for correlation between latent factors, which is common for transdiagnostic clinical constructs. The number of factors to retain was determined using parallel analysis and inspection of scree plots. We verified that factors consistently reflected a general therapeutic improvement (e.g., reduced negative affect, increased positive affect). Figure 3A in the manuscript depicts factor loadings from the post-intervention time point, which showed the most pronounced therapeutic signal.
PANAS Positivity, which measures positive affect, was assigned a positive factor loading. This indicates that increases in positive affect directly contribute to the latent improvement factor, aligning with therapeutic success. Conversely, measures such as PANAS Negativity and the POMS subscales, which assess negative affect or undesirable states (e.g., depression, fatigue), were assigned negative factor loadings. This reflects the expectation that reductions in these measures correspond to therapeutic improvement, ensuring that their directionality aligns with the construct of overall positive change.
This sign convention allows the latent improvement factor to be interpreted unidirectionally, with higher latent scores representing overall improvement through increased positive affect and reduced distress or negative states. For instance, a participant showing an increase in positive affect (positive loading) and a decrease in negative affect or distress (negative loading) would exhibit an increase in their latent improvement score, reflecting a positive therapeutic outcome.
[bookmark: OLE_LINK67][bookmark: _Toc199853509]














	Measure
	Post
	24-Hour
	24-Hour (with MADRS/TEPS)

	
	PA1
	h2
	u2
	PA1
	h2
	u2
	PA1
	h2
	u2

	MADRS Score Change
	-
	-
	-
	-
	-
	-
	-.03
	.001
	.99

	PANAS Positivity Change
	.42
	.18
	.82
	.52
	.27
	.73
	.51
	.26
	.74

	PANAS Negativity Change
	-.29
	.08
	.92
	-.56
	.31
	.69
	-.57
	.33
	.67

	POMS Composite Anxiety Change
	-.62
	.38
	.62
	-.82
	.67
	.33
	-.83
	.69
	.31

	POMS Depressed-Elated Change
	-.77
	.60
	.40
	-.72
	.51
	.49
	-.71
	.51
	.49

	POMS Tired-Energetic Change
	-.71
	.51
	.49
	-.76
	.58
	.42
	-.76
	.57
	.43

	POMS Hostile-Agreeable Change
	-.53
	.28
	.72
	-.57
	.32
	.68
	-.56
	.31
	.69

	POMS Unsure-Confident Change
	-.76
	.57
	.43
	-.82
	.67
	.33
	-.82
	.67
	.33

	POMS Confused-Clear Change
	-.76
	.57
	.43
	-.87
	.76
	.24
	-.85
	.73
	.27

	TEPS Anticipatory Change
	-
	-
	-
	-
	-
	-
	-.51
	.26
	.74

	TEPS Consummatory Change
	-
	-
	-
	-
	-
	-
	-.23
	.05
	.95


[bookmark: OLE_LINK68]
[bookmark: OLE_LINK49]Supplementary Table 3. Factor Loadings Across Post and 24-hour. Factor Analysis Results - Post-Training and 24-Hour Time Points. PA1 = Principal Axis Factor 1 (Factor Loading); h² = Communality; u² = Uniqueness; PANAS = Positive and Negative Affect Schedule; POMS = Profile of Mood States; MADRS = Montgomery-Åsberg Depression Rating Scale; TEPS = Temporal Experience of Pleasure Scale; "–" = Measure not included in analysis.

	Measure
	7-Day
	7-Day (with MADRS/TEPS)
	30-Day
	30-Day (with MADRS/TEPS)

	
	PA1
	h2
	u2
	PA1
	h2
	u2
	PA1
	h2
	u2
	PA1
	h2
	u2

	MADRS Score Change
	-
	-
	-
	-.4
	.16
	.84
	-
	-
	-
	-.12
	.02
	.98

	PANAS Positivity Change
	.50
	.25
	.75
	.51
	.26
	.74
	.45
	.21
	.79
	.48
	.23
	.77

	PANAS Negativity Change
	-.57
	.33
	.67
	-.6
	.36
	.64
	-.35
	.12
	.88
	-.35
	.12
	.88

	POMS Composite Anxiety Change
	-.89
	.79
	.21
	-.87
	.76
	.24
	-.83
	.70
	.30
	-.8
	.64
	.36

	POMS Depressed-Elated Change
	-.82
	.68
	.32
	-.82
	.68
	.32
	-.85
	.73
	.27
	-.84
	.71
	.30

	POMS Tired-Energetic Change
	-.77
	.59
	.41
	-.76
	.58
	.42
	-.8
	.64
	.36
	-.8
	.64
	.36

	POMS Hostile-Agreeable Change
	-.65
	.42
	.58
	-.65
	.42
	.58
	-.57
	.32
	.68
	-.59
	.35
	.65

	POMS Unsure-Confident Change
	-.83
	.68
	.32
	-.78
	.60
	.40
	-.92
	.84
	.16
	-.92
	.85
	.15

	POMS Confused-Clear Change
	-.83
	.69
	.31
	-.85
	.72
	.28
	-.9
	.81
	.19
	-.89
	.80
	.20

	TEPS Anticipatory Change
	-
	-
	-
	-.60
	.36
	.64
	-
	-
	-
	-.45
	.21
	.79

	TEPS Consummatory Change
	-
	-
	-
	-.49
	.24
	.76
	-
	-
	-
	-.19
	.03
	.97



[bookmark: OLE_LINK106]Supplementary Table 4. Factor Analysis Results - 7-Day and 30-Day Time Points. PA1 = Principal Axis Factor 1 (Factor Loading); h² = Communality; u² = Uniqueness; PANAS = Positive and Negative Affect Schedule; POMS = Profile of Mood States; MADRS = Montgomery-Åsberg Depression Rating Scale; TEPS = Temporal Experience of Pleasure Scale; "–" = Measure not included in analysis.

[bookmark: OLE_LINK69][bookmark: _Toc240360315]Summary and Interpretation Number of Factors and Factor Loadings
[bookmark: OLE_LINK153]The repeated factor analyses consistently revealed that a single latent improvement factor was the most frequently chosen solution for post, 24-hour, 7-day, and 30-day time points. This single factor explained a considerable proportion of the variance in therapeutic outcomes, reflecting shared therapeutic dimensions across different measures (e.g., mood improvement as captured by PANAS and POMS). The factor loadings presented in Supplementary Tables 3 and 4 demonstrate that positive changes were largely captured by a higher weight for positive affect (PANAS positivity) and lower weights for negative affect measures, supporting the interpretation of this latent factor as an index of overall therapeutic improvement.

[bookmark: OLE_LINK71][bookmark: _Toc240360316]Mixed-Effects Model Across All Timepoints
Testing intervention effects at each timepoint separately inflates the risk of Type I error. We therefore conducted a linear mixed-effects model that included all follow-up timepoints (post-training, 24-hours, 7-days, and 30-days) in a single omnibus analysis. The latent clinical improvement factor scores (described above) served as the dependent variable, with intervention (Active vs. Sham), timepoint, and covariates (age, gender, and cognitive function [MoCA]) as fixed effects, and participant as a random effect to account for repeated measures within individuals.
This approach provides a single statistical test for the overall intervention effect across all timepoints, thereby reducing the risk of Type I error inflation associated with multiple separate comparisons. The model was fit using restricted maximum likelihood (REML) estimation with Satterthwaite's method for degrees of freedom approximation. Separate models were fit for the MDD and HC groups to examine group-specific intervention effects.
[bookmark: OLE_LINK73]In the MDD group, the omnibus model revealed a significant main effect of intervention (F(1,21.6) = 4.60, p = .043, Cohen's d = 0.89), indicating greater overall clinical improvement in the Active group compared to Sham across all timepoints. The main effect of timepoint was not significant (F(3,68.4) = 0.19, p = .90), suggesting that clinical improvements remained stable from post-training through the 30-day follow-up period. Covariates including age, cognitive function, and gender did not significantly predict clinical outcomes in the MDD group, no covariate significantly predicted the outcome. In the HC group, there was no significant intervention effect (p = .49, d = 0.24), as expected given that the intervention targets depressive symptoms. However, a significant gender effect was observed in the HC group (p = .037, d = 0.83), with females showing less overall change than males; this effect was not present in the MDD group (p = .92), suggesting the intervention worked equivalently across genders in the clinical population. Full model results are presented in Supplementary Table 5.
[bookmark: OLE_LINK72]
	
	MDD Group




	HC Group





	Fixed Effect
	Estimate
	SE
	t
	p
	d
	Estimate
	SE
	t
	p
	d

	Intercept
	-8.26
	13.86
	-0.60
	.56
	-
	8.93
	7.89
	1.13
	.27
	-

	Intervention (Active)
	3.56
	1.66
	2.14
	.043*
	0.89
	0.85
	1.20
	0.71
	.49
	0.24

	Timepoint: 24h
	0.23
	1.14
	0.20
	.84
	-
	-0.07
	1.04
	-0.07
	.94
	-

	Timepoint: 7d
	-0.30
	1.14
	-0.26
	.80
	-
	0.46
	1.01
	0.46
	.65
	-

	Timepoint: 30d
	0.58
	1.20
	0.48
	.63
	-
	-0.67
	1.03
	-0.65
	.52
	-

	MoCA
	0.33
	0.50
	0.67
	.51
	-
	-0.29
	0.27
	-1.06
	.30
	-

	Age
	-0.07
	0.09
	-0.81
	.43
	-
	-0.02
	0.06
	-0.34
	.74
	-

	Gender
	-0.17
	1.69
	-0.10
	.92
	0.04
	-2.97
	1.34
	-2.22
	.037*
	0.83



Supplementary Table 5. Mixed-Effects Model: Fixed Effects for Clinical Outcomes Across All Timepoints. Linear mixed-effects model with participant as random effect. Reference levels: Intervention = Sham; Timepoint = post-training; Gender: 0 = Male, 1 = Female. d = Cohen's d effect size. MDD: N = 97 observations from 27 participants. HC: N = 100 observations from 27 participants. The model uses complete cases for the covariates (age, sex, MoCA); MoCA was missing for 7 participants, yielding 27 MDD and 27 HC participants. *p < .05


[bookmark: OLE_LINK122][bookmark: _Toc240360317]6. Correlations Between Latent Clinical Improvement and VTA Activation, and Estimated Marginal Means Analyses 

[bookmark: _Toc240360318][bookmark: OLE_LINK120][bookmark: OLE_LINK121]Exploratory Correlation Analyses Between VTA Activation and Clinical Outcomes

The correlation analyses presented in Figure 4 (panels B-E) are exploratory in nature and were not pre-registered as primary or secondary outcomes. These analyses were conducted to characterize potential relationships between neural activation during biofeedback and clinical response, with the goal of generating hypotheses for future confirmatory research.
[bookmark: OLE_LINK70]We examined associations in the whole sample (N=61; Figure 4B) to assess whether the relationship between VTA activation and clinical improvement generalizes across populations. One participant in the MDD Sham group was excluded due to outlier VTA activation values (>4 SD from the mean), yielding a final sample of N=61. We then examined the MDD group separately (N=31; Figure 4C-E) to assess clinical specificity, whether the relationship is particularly relevant for the target clinical population. We examined both a composite measure (latent clinical improvement factor; Figure 4B) and specific symptom dimensions (negative affect, depressed mood; Figure 4C-E). This approach tests whether VTA activation relates broadly to overall clinical improvement or specifically to particular symptom domains. Given the role of the VTA in reward and motivation processing, we hypothesized that VTA activation might differentially relate to anhedonia and mood-related symptoms. We examined both change scores (post-pre; Figures 4B-C), which capture improvement relative to baseline, and absolute post-training values (Figures 4D-E), which capture the clinical state immediately following intervention. Correlations controlled for age and gender using partial correlation. 

Given the exploratory nature of these analyses and the proof-of-principle design of this trial, results are presented without correction for multiple comparisons. These findings should be interpreted as hypothesis-generating and require replication in future confirmatory studies.

[bookmark: _Toc199853511][bookmark: _Toc240360319]Correlations between Latent Variables and VTA activity (Motivate > Count) for Test/Transfer Run
 
This section presents correlations between the latent therapeutic improvement factor (excluding MADRS and TEPS) and VTA activation during the final test run (Motivate > Count). Pearson’s correlations were assessed across all groups as well as separately within specific subgroups: MDD Active, MDD Sham, HC Active, and HC Sham. A Fisher r-to-z test indicated that the correlation in the MDD Active group for Post-Pre (R=0.57) was not significantly different from the correlation in the HC Active group (R=0.09), z=1.39, p=0.16, despite apparent numerical differences.
	[bookmark: _Hlk219202577]Time Point
	Group
	R
	t-value (df)
	p-value

	Post - Pre
	All
	0.07
	0.47 (47)
	0.64

	Post - Pre
	MDD Active
	0.57
	2.27 (11)
	0.04*

	Post - Pre
	MDD Sham
	-0.55
	-2.09 (10)
	0.06#

	Post - Pre
	HC Active
	0.09
	0.29 (11)
	0.78

	Post - Pre
	HC Sham
	-0.32
	-1.02 (9)
	0.33

	24-hours - Pre
	All
	0.01
	0.07 (46)
	0.94

	24-hours - Pre
	MDD Active
	0.38
	1.44 (12)
	0.18

	24-hours - Pre
	MDD Sham
	-0.35
	-1.06 (8)
	0.32

	24-hours - Pre
	HC Active
	-0.03
	-0.09 (10)
	0.93

	24-hours - Pre
	HC Sham
	-0.63
	-2.56 (10)
	0.03*

	7-days - Pre
	All
	-0.05
	-0.37 (49)
	0.71

	7-days - Pre
	MDD Active
	-0.03
	-0.11 (11)
	0.92

	7-days - Pre
	MDD Sham
	0.24
	0.74 (9)
	0.48

	7-days - Pre
	HC Active
	0.02
	0.07 (12)
	0.95

	7-days - Pre
	HC Sham
	-0.41
	-1.50 (11)
	0.16

	30-days - Pre
	All
	0.02
	0.10 (44)
	0.92

	30-days - Pre
	MDD Active
	0.08
	0.25 (10)
	0.81

	30-days - Pre
	MDD Sham
	-0.35
	-0.98 (7)
	0.36

	30-days - Pre
	HC Active
	0.13
	0.45 (11)
	0.66

	30-days - Pre
	HC Sham
	-0.22
	-0.70 (10)
	0.50



Supplementary Table 6. Correlations between latent therapeutic improvement factor and VTA activation. Correlations are shown for VTA (Motivate > Count) during test/transfer run and change scores (excluding MADRS and TEPS) at each time point and VTA activation, analyzed across all participants and by treatment subgroups (MDD Active, MDD Sham, HC Active, HC Sham). MDD = Major Depressive Disorder; HC = Healthy Control. * p < 0.05, # p < 0.10.

[bookmark: _Toc199853510][bookmark: OLE_LINK109][bookmark: _Toc240360320]Estimated Marginal Means for Active vs. Sham Interventions
[bookmark: OLE_LINK108]We performed Estimated Marginal Means (EMMs) analysis to assess intervention effects (Active vs. Sham) within different groups (MDD and HC) across different time points: Post, 24-hours, 7-days, and 30-days. EMMs were used to adjust for baseline cognitive abilities, measured by MOCA scores, and provide group-level adjusted means, allowing us to interpret the overall trends of therapeutic improvement without the variability of individual scores. These results help compare group-level intervention effects across the different time points. Each time point is shown with and without the inclusion of MADRS and TEPS as part of the latent factor.



	Time Point
	Analysis Type
	Coefficient
	Estimate
	Std. Error
	t value
	p-value

	Post
	No MADRS/TEPS
	Intercept
	-14.91
	54.15
	-0.28
	0.79

	Post
	No MADRS/TEPS
	Intervention (Active=1, Sham=0)
	15.85
	6.85
	2.31
	0.03*

	Post
	No MADRS/TEPS
	Baseline MOCA
	0.23
	2.02
	0.12
	0.91

	24-hours
	No MADRS/TEPS
	Intercept
	21.21
	70.61
	0.30
	0.77

	24-hours
	No MADRS/TEPS
	Intervention (Active=1, Sham=0)
	22.84
	9.31
	2.45
	0.02*

	24-hours
	No MADRS/TEPS
	Baseline MOCA
	-0.86
	2.61
	-0.33
	0.74

	24-hours
	With MADRS/TEPS
	Intercept
	24.00
	72.17
	0.33
	0.74

	24-hours
	With MADRS/TEPS
	Intervention (Active=1, Sham=0)
	24.52
	9.52
	2.58
	0.02*

	24-hours
	With MADRS/TEPS
	Baseline MOCA
	-1.05
	2.67
	-0.40
	0.70

	7-days
	No MADRS/TEPS
	Intercept
	-54.99
	85.90
	-0.64
	0.53

	7-days
	No MADRS/TEPS
	Intervention (Active=1, Sham=0)
	17.51
	11.43
	1.53
	0.14

	7-days
	No MADRS/TEPS
	Baseline MOCA
	1.88
	3.19
	0.59
	0.56

	7-days
	With MADRS/TEPS
	Intercept
	-63.61
	95.51
	-0.67
	0.51

	7-days
	With MADRS/TEPS
	Intervention (Active=1, Sham=0)
	19.80
	12.93
	1.53
	0.14

	7-days
	With MADRS/TEPS
	Baseline MOCA
	2.04
	3.55
	0.58
	0.57

	30-days
	No MADRS/TEPS
	Intercept
	-0.70
	68.30
	-0.01
	0.99

	30-days
	No MADRS/TEPS
	Intervention (Active=1, Sham=0)
	17.34
	8.95
	1.94
	0.07#

	30-days
	No MADRS/TEPS
	Baseline MOCA
	0.09
	2.58
	0.04
	0.97

	30-days
	With MADRS/TEPS
	Intercept
	-13.98
	74.18
	-0.19
	0.85

	30-days
	With MADRS/TEPS
	Intervention (Active=1, Sham=0)
	16.85
	9.73
	1.73
	0.10

	30-days
	With MADRS/TEPS
	Baseline MOCA
	0.59
	2.81
	0.21
	0.84


[bookmark: OLE_LINK111]
[bookmark: OLE_LINK50]Supplementary Table 7. Regression coefficients for latent change scores in Major Depressive Disorder (MDD) group across time points. Coefficients from estimated marginal means analysis examining intervention effects (Active vs. Sham) on therapeutic improvement, controlling for baseline cognitive ability (MOCA scores). Analyses were conducted with and without inclusion of MADRS and TEPS measures in the latent factor structure. Positive intervention estimates indicate greater improvement in the Active compared to Sham condition. * p < 0.05, # p < 0.10.

	Time Point
	Analysis Type
	Coefficient
	Estimate
	Std. Error
	t value
	p-value

	Post
	No MADRS/TEPS
	Intercept
	-33.94
	22.90
	-1.48
	0.15

	Post
	No MADRS/TEPS
	Intervention (Active=1, Sham=0)
	-2.40
	4.31
	-0.56
	0.58

	Post
	No MADRS/TEPS
	Baseline MOCA
	1.17
	0.85
	1.37
	0.19

	24-hours
	No MADRS/TEPS
	Intercept
	4.77
	31.84
	0.15
	0.88

	24-hours
	No MADRS/TEPS
	Intervention (Active=1, Sham=0)
	4.36
	5.49
	0.80
	0.44

	24-hours
	No MADRS/TEPS
	Baseline MOCA
	-0.17
	1.19
	-0.14
	0.89

	24-hours
	With MADRS/TEPS
	Intercept
	4.87
	30.97
	0.16
	0.88

	24-hours
	With MADRS/TEPS
	Intervention (Active=1, Sham=0)
	4.56
	5.34
	0.86
	0.40

	24-hours
	With MADRS/TEPS
	Baseline MOCA
	-0.20
	1.15
	-0.17
	0.86

	7-days
	No MADRS/TEPS
	Intercept
	15.61
	39.56
	0.40
	0.70

	7-days
	No MADRS/TEPS
	Intervention (Active=1, Sham=0)
	4.76
	7.24
	0.66
	0.52

	7-days
	No MADRS/TEPS
	Baseline MOCA
	-0.57
	1.46
	-0.39
	0.70

	7-days
	With MADRS/TEPS
	Intercept
	15.94
	40.37
	0.40
	0.70

	7-days
	With MADRS/TEPS
	Intervention (Active=1, Sham=0)
	4.15
	7.39
	0.56
	0.58

	7-days
	With MADRS/TEPS
	Baseline MOCA
	-0.54
	1.49
	-0.36
	0.72

	30-days
	No MADRS/TEPS
	Intercept
	51.21
	66.37
	0.77
	0.45

	30-days
	No MADRS/TEPS
	Intervention (Active=1, Sham=0)
	7.61
	12.37
	0.62
	0.55

	30-days
	No MADRS/TEPS
	Baseline MOCA
	-2.22
	2.47
	-0.90
	0.38

	30-days
	With MADRS/TEPS
	Intercept
	52.67
	66.93
	0.79
	0.44

	30-days
	With MADRS/TEPS
	Intervention (Active=1, Sham=0)
	9.73
	12.48
	0.78
	0.44

	30-days
	With MADRS/TEPS
	Baseline MOCA
	-2.31
	2.49
	-0.93
	0.36



Supplementary Table 8. Regression coefficients for latent change scores in Healthy Control (HC) group across time points. Coefficients from estimated marginal means analysis examining intervention effects (Active vs. Sham) on change in psychological measures, controlling for baseline cognitive ability (MOCA scores). Analyses were conducted with and without inclusion of MADRS and TEPS measures in the latent factor structure. Positive intervention estimates indicate greater change in the Active compared to Sham condition. 
[bookmark: OLE_LINK116][bookmark: OLE_LINK112]
[bookmark: _Toc199853512][bookmark: _Toc240360321]Estimated Marginal Means Correcting for Moca, Age and Gender for Active vs. Sham Interventions
[bookmark: OLE_LINK115][bookmark: OLE_LINK114]This section extends the previous models for the Estimated Marginal Means (EMMs) analysis to assess intervention effects (Active vs. Sham) within significant group (MDD) across significant time points: (Post, and 24h). EMMs were used to adjust for baseline cognitive abilities, measured by MOCA scores, age and gender, to provide group-level adjusted means, allowing us to interpret the overall trends of therapeutic improvement without the variability of individual scores. In Supplementary Table 9, effects are compared across different time points with and without the inclusion of MADRS and TEPS as part of the latent factor.
	Time Point
	Analysis Type
	Coefficient
	Estimate
	Std. Error
	t value
	p-value

	Post
	No MADRS/TEPS
	Intercept
	-3.22
	58.69
	-0.06
	0.96

	Post
	No MADRS/TEPS
	Intervention (Active=1, Sham=0)
	15.07
	6.89
	2.19
	0.04*

	Post
	No MADRS/TEPS
	Baseline MOCA
	0.39
	2.11
	0.19
	0.85

	Post
	No MADRS/TEPS
	Age
	-0.40
	0.35
	-1.14
	0.27

	Post
	No MADRS/TEPS
	Gender
	-7.25
	7.01
	-1.03
	0.31

	24-hours
	No MADRS/TEPS
	Intercept
	52.48
	76.25
	0.69
	0.50

	24-hours
	No MADRS/TEPS
	Intervention (Active=1, Sham=0)
	21.09
	9.27
	2.27
	0.03*

	24-hours
	No MADRS/TEPS
	Baseline MOCA
	-1.00
	2.72
	-0.37
	0.72

	24-hours
	No MADRS/TEPS
	Age
	-0.72
	0.48
	-1.52
	0.15

	24-hours
	No MADRS/TEPS
	Gender
	-9.24
	9.42
	-0.98
	0.34

	24-hours
	With MADRS/TEPS
	Intercept
	61.21
	77.46
	0.79
	0.44

	24-hours
	With MADRS/TEPS
	Intervention (Active=1, Sham=0)
	22.78
	9.42
	2.42
	0.03*

	24-hours
	With MADRS/TEPS
	Baseline MOCA
	-1.34
	2.76
	-0.49
	0.63

	24-hours
	With MADRS/TEPS
	Age
	-0.80
	0.49
	-1.65
	0.12

	24-hours
	With MADRS/TEPS
	Gender
	-8.61
	9.57
	-0.90
	0.38



[bookmark: OLE_LINK8]Supplementary Table 9. Extended regression analysis for Major Depressive Disorder group with additional demographic covariates. Estimated marginal means analysis examining intervention effects (Active vs. Sham) on latent therapeutic improvement at Post and 24-hour time points, controlling for baseline cognitive ability (MOCA), age, and gender. Analyses conducted with and without inclusion of MADRS and TEPS measures in the latent factor structure. * p < 0.05.


[bookmark: _Toc240360322]Within-subject Baseline-to-Transfer Change (DRT) and Clinical Improvement
In addition to the correlations using VTA activation in the final Test/Transfer run reported in the main text (Figure 4 and Supplementary Table 6), we also computed correlations using a within-subject change measure: the Degree of Regulation Transfer (DRT), defined per participant as (Motivate − Rest/Count)_Transfer − (Motivate − Rest/Count)_Baseline. This matches the change-vs-change parameterization of the clinical outcome (post − pre). Two variants were computed using either Rest (DRT_rest) or Count (DRT_count) as the within-run baseline. Pearson correlations with the latent clinical-improvement factor at post-training and at 24-hour, 7-day, and 30-day follow-up are shown in Supplementary Table 10. At post-training, no DRT correlation reached significance in the whole cohort or in any group×intervention subgroup, indicating that the brain–symptom relationship reported in the main text does not survive a strict change-vs-change analysis at the primary timepoint.



	Timepoint
	DRT variant
	All
	MDD-Active
	MDD-Sham
	HC-Active
	HC-Sham

	post
	DRT_count
	r=+0.16, p=0.277 (n=50)
	r=+0.20, p=0.511 (n=13)
	r=+0.08, p=0.795 (n=13)
	r=+0.37, p=0.208 (n=13)
	r=+0.23, p=0.505 (n=11)

	post
	DRT_rest
	r=+0.01, p=0.932 (n=50)
	r=-0.13, p=0.669 (n=13)
	r=+0.10, p=0.740 (n=13)
	r=+0.35, p=0.235 (n=13)
	r=+0.16, p=0.629 (n=11)

	24h
	DRT_count
	r=+0.12, p=0.409 (n=49)
	r=+0.23, p=0.422 (n=14)
	r=+0.34, p=0.313 (n=11)
	r=-0.45, p=0.142 (n=12)
	r=+0.32, p=0.305 (n=12)

	24h
	DRT_rest
	r=-0.06, p=0.695 (n=49)
	r=-0.10, p=0.744 (n=14)
	r=+0.37, p=0.263 (n=11)
	r=-0.66, p=0.021 (n=12)
	r=+0.03, p=0.915 (n=12)

	7d
	DRT_count
	r=+0.12, p=0.394 (n=52)
	r=+0.36, p=0.231 (n=13)
	r=+0.36, p=0.253 (n=12)
	r=-0.28, p=0.328 (n=14)
	r=-0.12, p=0.699 (n=13)

	7d
	DRT_rest
	r=-0.03, p=0.845 (n=52)
	r=+0.06, p=0.833 (n=13)
	r=+0.20, p=0.524 (n=12)
	r=-0.48, p=0.080 (n=14)
	r=+0.01, p=0.981 (n=13)

	30d
	DRT_count
	r=-0.20, p=0.179 (n=46)
	r=-0.45, p=0.142 (n=12)
	r=-0.24, p=0.532 (n=9)
	r=-0.24, p=0.430 (n=13)
	r=+0.01, p=0.982 (n=12)

	30d
	DRT_rest
	r=-0.43, p=0.003 (n=46)
	r=-0.46, p=0.134 (n=12)
	r=-0.21, p=0.590 (n=9)
	r=-0.52, p=0.066 (n=13)
	r=-0.63, p=0.027 (n=12)


[bookmark: OLE_LINK14]
Supplementary Table 10. Correlations between within-subject Degree of Regulation Transfer (DRT) and the latent clinical-improvement factor across timepoints. Pearson correlations are shown for the whole cohort (All) and within each group×intervention subgroup at post-training and at 24-hour, 7-day, and 30-day follow-up. DRT_count = (Motivate − Count) at Transfer minus (Motivate − Count) at Baseline; DRT_rest = (Motivate − Rest) at Transfer minus (Motivate − Rest) at Baseline. Cells in bold indicate p < 0.05 (uncorrected). The two significant correlations at the 30-day follow-up are negative (opposite direction to the published Transfer-run correlations reported in the main text), consistent with the exploratory, hypothesis-generating nature of these analyses. n varies across timepoints due to missing data.
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