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1 Supplementary Introduction 

1.1 Region-of-interest (ROI)-based and connectivity-based rtfMRI-nf 

The majority of rt-fMRI-nf studies so far have used region-of-interest (ROI) based techniques 
where feedback from the activity in a single ROI was the training target. These investigations 
effectively showed that self-regulating the target brain activity was possible [1], and 
concomitant symptom relief could be observed [2,3]. Beyond the ROI approach, in recent years, 
a shift in the emphasis on connectivity-based techniques has developed. According to early 
findings of connectivity-based rtfMRI-nf studies, it is possible to cause a self-regulation in 
functional connectivity accompanied by symptom changes [4-6]. Connectivity-based rtfMRI-nf 
holds significant potential, particularly for developing transdiagnostic treatments addressing 
certain neural circuits associated with specific mental diseases (e.g., dysfunction of a particular 
network such as the default mode network: DMN, coupled with deficits in a self-referential 
processing represented by RNT) [7-13]. 

1.2 The rationale for modulating the PCC-rTPJ connectivity to reduce RNT 

Our prior work searched for the functional connectivity associated with RNT using the resting-
state fMRI data in individuals with mood and anxiety disorders [14]. Our data-driven approach 
identified that connectivity between the precuneus/posterior cingulate cortex (PCC) and right 
temporoparietal junction (rTPJ) was positively correlated with levels of RNT [14]. Both the PCC 
and the rTPJ appear to play an important role in self-referential processing as part of the 
default mode network (DMN) [15,16]. The PCC serves as a hub of the DMN, engaging in a self-
related mental activity [17-19], while the rTPJ is related to an emotional processing, empathy, 
and the theory of mind (ToM) [20-22]. This RNT-related PCC-rTPJ hyperconnectivity pattern 
suggests that overly self-focused self-referential processing might be an underlying feature of 
RNT. In our previous study, we successfully used rtfMRI-nf to reduce PCC-rTPJ connectivity in 
healthy participants [23]. 

1.3 The rationale for the control condition 

Three recent RCTs comparing active vs. control rtfMRI-nf in MDD showed mixed findings [24-
26]. One study found that training to increase activation in the amygdala was effective in 
reducing depression as compared to activation within the intraparietal sulcus [26]. In contrast, 
two other studies did not find an effect of active training, one case using rtfMRI-nf based on a 
measure of blame-related connectivity as an adjunct compared to no rtfMRI-nf, and in the 
other case using rtfMRI based on activation within emotional brain regions as compared to 
activation within visual cortex [24,25]. Importantly, in those two studies, the sense of 
achievement (e.g., self-efficacy experienced by participants when they believe they are 
controlling their brain activity) was associated with symptom reduction regardless of learned 
control of activation or connectivity within the brain [24,25]. With rtfMRI-nf, individuals learn to 
regulate their neural activity by receiving reinforcing feedback regarding desired brain changes. 
Sensory feedback informs participants about their corresponding reward, and there is a chance 
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that reward experiences during rtfMRI-nf have a therapeutic effect [25,27]. Thus, this RCT 
utilized active sham-controlled feedback where participants received artificially generated 
feedback with similar probabilistic properties to the real feedback to control reward 
experiences. 

2 Supplementary Methods 

2.1 Random group assignment and blinding 

One of the investigators (MM) was responsible for participants’ randomization. This 
investigator was not involved in any data collection, nor in interactions with the study 
participants. Recruitment, informed consent, and rtfMRI-nf were conducted by another 
researcher (AT) unaware of and not involved with the randomization. Interview-based 
assessments were conducted by raters who were also not aware of randomization procedures. 
In order to maintain the participants’, the coordinator’s, and the raters’ blind status, a group 
assignment was conducted as follows: when a subject was ready to be in the MRI to perform 
rtfMRI-nf training, the investigator responsible for verum or sham assignment, remotely logged 
in to the rtfMRI-nf computer system, and set up the active or sham procedure in the computer 
system. The study participant and the researcher were able to see a series of binary feedback 
(blue bars: +1 or blank bars: 0, see suppl. Methods 2.7) either from the target PCC-rTPJ 
connectivity (active) or artificially simulated signals (sham). However, they were not notified 
which group the participant was assigned to. In this way, participants, the researcher who 
interacted with them, and raters, were all fully blind to the group assignment.  

2.2 Sample size calculation 

The sample size was estimated with the R package SIMR (https://cran.r-
project.org/web/packages/simr/index.html), which allows power calculations of the linear 
mixed effect model (LME) and is based on Monte Carlo simulations [28]. Sample size 
calculations for the primary outcome were based on our previous data where 28 healthy 
participants (n=14 per active and sham group, respectively) [23]. The sample size estimation 
was based on changes in our primary outcome, PCC-rTPJ connectivity. The model included the 
interaction of time (NF1, NF2, NF3, and View2) and group (active and sham). The model also 
had a subject as a random effect to account for repeated measurements. We used the power 
curve function to explore trade-offs between power and sample size.  

Our previous pilot data with healthy participants [23] showed a large effect size for the 
interaction term (F[3,78] = 6.94, p < 0.001, ω2 = 0.15). Since this observed large effect size relied 
on healthy participants’ data, and we were not certain whether subjects with MDD would be 
able to achieve this level of effect size, we conservatively estimated the effect size as medium 
(F[3,78] = 2.75, p < 0.05, ω2 = 0.06) (the effect size interpretation; 0.01 ≤ ω2 < 0.06: small; 0.06 ≤ 
ω2 < 0.14: Medium; and 0.14 ≤ ω2[29]) for our simulation. Utilizing SIMR package, we simulated 
the power curve to detect the medium effect size (ω2 = 0.06) for the time-by-group interaction 
term. The analysis showed that to detect a significant difference in the interaction term with an 
effect size (ω2) of 0.06 between the active and sham groups, we need at least 19 participants 
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(to have 80% power and a significant threshold of α = 0.05, two-sided) in each group (Fig. S1). 
Considering a 10% attrition rate, we planned to recruit 42 subjects overall.   

2.3 Neuroimaging data acquisition and preprocessing 

Imaging was conducted on a 3Tesla MR750 Discovery (GE Healthcare, Milwaukee, WI) with an 8-
channel receive-only head array coil. The fMRI acquisition was a gradient Echo Planar Imaging 
sequence with TE/TR=25ms/2s; matrix 96 on a 240mm FOV, 40 slices at 2.9mm; SENSE = 2. BOLD 
fMRI data were acquired using a T2*-weighted gradient echo-planar sequence with sensitivity 
encoding (GE-EPI SENSE) with the following parameters: TR/TE=2000/25 ms, acquisition 
matrix=96 × 96, FOV/slice=240/2.9 mm, flip angle=90°, voxel size 2.5×2.5×2.9 mm; 40 axial slices, 
SENSE acceleration R=2. For anatomical reference, T1-weighted (T1w) MRI images were acquired 
with a magnetization-prepared rapid gradient-echo (MPRAGE) sequence with parameters of 
FOV= 240×192 mm, matrix=256×256, 124 axial slices, slice thickness=1.2 mm, 0.94×0.94×1.2 
mm3 voxel volume, TR/TE=5/2 ms, SENSE acceleration R=2, flip angle=8°, delay/inversion time 
TD/TI=1400/725 ms, sampling bandwidth=31.2 kHz, scan time = 4 min 59 s. 

2.4 Real-time fMRI processing 

An in-house program written in Python was used for real-time fMRI data transferring and 
processing with comprehensive noise reduction and motion correction [30,31]. The real-time 
fMRI processing included slice-timing correction, motion correction, spatial smoothing with 
6mm-FWHM Gaussian kernel within the brain mask, scaling to a percent change relative to the 
average for the first 28 TRs (in the initial rest period), and regressing out noise components [30-
32]. The noise regressors were 12 motion parameters (three shifts, three rotations, and their 
temporal derivatives), eight RETROICOR [33] regressors (four cardiac and four respiration), global 
signal, white matter mean signal, ventricle mean signal, and Legendre polynomial models of slow 
signal fluctuation. This comprehensive noise reduction was performed in real-time (less than 400 
ms) [30-32]. 

The masks for the white matter and ventricles regions and the ROIs of precuneus and rTPJ 
were defined in the MNI template brain. The ROIs were defined as spheres of a 6 mm radius at 
the precuneus locus (MNI: -6, -58, 48) and the rTPJ (MNI: 51, -49, 23) in accordance with our 
previous research [14]. These masks and ROIs in the MNI space were warped to the individual 
subject’s brain for real-time signal calculation (Fig. S2). At first, a subject’s anatomical image was 
aligned to a functional image of the first functional run (resting-state scan). Then, the MNI 
template brain was warped to the aligned anatomical image using the Advanced Normalization 
Tools (ANTs, [34]; http://stnava.github.io/ANTs/). Finally, the warped masks and ROIs were 
resampled in functional image resolution to make masks and ROIs in the functional image space 
for real-time calculation. The processing of the masks and ROIs were done before the 
neurofeedback runs. The functional image used as a reference for the alignment and resampling 
was also used as a reference for the real-time motion correction. 

2.5 rtfMRI-nf training paradigm 
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The rtfMRI-nf training paradigm was the same as in our previous study [23] and illustrated in 
Fig. S3. Briefly, each of the five 8-mins experimental runs (View1, NF1, NF2, NF3, and View2) 
started with a 90-sec initial resting block, followed by three 130-sec trial blocks, each composed 
of a 100-sec regulation block with four consecutive presentations of negative trait words (25-
sec each; see list of stimulus words in Table S2), and a 30-sec rest. During the regulation block, a 
subject attempted to regulate RNT using reappraisal (i.e., emotion regulation strategy to 
reinterpret their negative self-perspectives) while viewing negative words describing their 
negative personality traits (detailed description of emotion regulation instructions can be found 
in suppl. Methods 2.6). Neurofeedback was presented in the middle three experimental runs 
(NF1, NF2, and NF3), but not in the first and last two experimental runs (View1 and View2). The 
View1 and View2 non-neurofeedback runs were used to assess changes in PCC-rTPJ 
connectivity in the absence of neurofeedback signals, and PCC-rTPJ connectivity during View1 
was used as baseline connectivity for each participant. 

2.6 Explicit emotion regulation strategies to regulate RNT-related connectivity 

For the resting block, participants were instructed to look at the fixation cross displayed at the 
center of the presentation screen and not to think of anything in particular. For the regulation 
block, participants were instructed to apply an emotion regulation strategy, such as cognitive 
reappraisal [35,36], while viewing negative words describing their negative personality traits (see 
details in Table S2). Examples of cognitive reappraisal were provided prior to the intervention: 
“Everyone has these negative traits;” “Sometimes, I behave like that, but not always;” and 
“Thinking about the good side of the negative trait.” The participants in both groups were 
instructed that the presence of blue sidebars indicates the subject’s brain status is in the desired 
state (subject is successful in controlling the RNT-related brain circuit), and were instructed to try 
and adjust their emotion regulation strategies based on the provided feedback throughout the 
experimental runs. Also, they were informed that there would be a 7-sec hemodynamic delay 
between brain changes and feedback signals and that their goal was to keep the sidebars blue as 
long as possible.  

Since participants had not experienced rtfMRI-nf at View1 yet, they were simply asked to 
use their usual emotional regulation strategies to regulate RNT. In the last view condition (View2: 
Transfer), they were instructed to use the emotion regulation strategy that worked best 
throughout the three neurofeedback runs. The View1 and View2 non-neurofeedback runs were 
used to assess changes in the target connectivity between the PCC and rTPJ in the absence of 
neurofeedback signals, and PCC-rTPJ connectivity during View1 was used as baseline connectivity 
for each participant. 

2.7 Neurofeedback signal calculation utilizing a two-point method and sham feedback 

Our previous study [14] performed a simulation analysis to optimize an algorithm for online real-
time connectivity feedback signals to reduce the connectivity between the two target ROIs (i.e., 
the PCC and rTPJ). We evaluated several approaches of online connectivity calculations, i.e., 
sliding-window correlation [37] and the two-point method [38]. The original introduction of the 
two-point method utilized a control ROI to cancel a signal change unspecific to the target 
connectivity [38]. Both versions of the two-point method, with and without the control ROI, were 
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evaluated in the simulation. The simulation was performed on an advanced rtfMRI data 
processing system implementing comprehensive online noise reduction processes [30-32], which 
is the same system used for the current rtfMRI-nf, with slice-timing correction, motion 
correction, spatial smoothing, signal scaling and GLM with regressors of high-pass filtering, six 
motion parameters, mean white matter signal, mean ventricle signal, and RETROICOR [33] for 
the estimation of online connectivity. The optimality of online feedback signals was evaluated 
with regard to three criteria, i.e., a correlation between online connectivity and offline 
connectivity, robustness to head motion, and timeliness of neurofeedback. The simulation results 
indicated a trade-off between the correlation with offline connectivity and the risk of motion 
contamination. The higher correlation between online connectivity and offline connectivity was 
observed with more time points (i.e., sliding-window correlations with ten time points); however, 
the more time points were included, the more the feedback signal was correlated with head 
motions. Dependence of long signal history is also not favored regarding the timeliness of the 
neurofeedback. Including the control ROI in the two-point method decreased the correlation 
between online connectivity and offline connectivity, which could be attributed to a reduced 
positive feedback frequency with restriction by the control ROI. Therefore, we decided to utilize 
the two-point method without the control ROI for this study because it was robust to motion, 
less dependent on signal history, and more time sensitive for training to decouple the target 
functional connectivity(see more details in [14]). The two-point method calculates a signal 
change direction in a consecutive two-time points window and compares the change directions 
of the two target ROIs as a proxy measure of online connectivity. The feedback signal is calculated 
as a binary value. When the BOLD signal from the PCC and the rTPJ moved in different directions 
(i.e., the change of BOLD signal from the PCC increased and that from the rTPJ decreased, or that 
from the PCC decreased and that from the rTPJ increased), participants saw blue bars displayed 
on both sides of the word stimulus as positive neurofeedback (coded as +1) (Figs. S3 and S4. A). 
When the changes of the BOLD signal from the PCC and the rTPJ moved in the same direction, 
participants saw blank sidebars, which indicated the absence of feedback (coded as 0). The 
neurofeedback presentation started 8 sec after the onset of the Regulation block to wait for the 
hemodynamic response delay and to sample two points for connectivity calculation.  

The participants assigned to the sham group received the same feedback presentation as 
the active group did, except that the feedback signals were artificially generated and unrelated 
to the target connectivity. Prior to the enrollment of the first participants, we conducted a small 
pilot study with seven MDD-affected volunteers who underwent active rtfMRI-nf. Based on those 
preliminary data, we calculated conditional probabilities of positive feedback following the 
positive and no feedback events, 𝑃(𝐹𝐵!"|𝐹𝐵#) and 𝑃(𝐹𝐵!"|𝐹𝐵!"). The sham feedback signal 
was made following these probabilities. The initial feedback in each block was determined by the 
unconditional probability, 𝑃(𝐹𝐵!"). After the enrollment of the first participant of the current 
study, every time a participant in the active group was enrolled, these probabilities were updated 
and used for synthesized sham feedback.  

2.8 A safeguard to avoid accidental correlation between synthesized sham and actual 
functional connectivity in the sham group 
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For the sham group, we calculated the correlation between the time courses of synthesized 
sham signals and the actual target connectivity in a real-time during the scan. If the absolute 
correlation surpassed the threshold (> 0.3), the feedback signal was made to reduce the 
absolute correlation regardless of the probability. The positive feedback probability for each 
sham participant was also monitored in real-time, and if it diverged from the defined one, 
𝑃(𝐹𝐵!"), the feedback signal was made to adjust it. 

2.9 Primary neural outcome: changes in PCC-rTPJ connectivity  

Analysis of Functional NeuroImages package (AFNI; http://afni.nimh.nih.gov/)[39] was employed 
for processing. The first three TRs were discarded from the analysis. The process included 
despike, RETROICOR [33] and respiration volume per time (RVT) correction [40], slice-timing and 
motion corrections, nonlinear warping to the MNI template brain with resampling to 2mm3 
voxels using the ANTs (http://stnava.github.io/ANTs/), spatial smoothing with 6mm-FWHM 
Gaussian kernel, and scaling signal to percent change relative to the mean in each voxel. Any time 
point with large motion (> 0.30 mm frame-wise displacement (FD)) was censored within the 
regression [41]. Scans censored 25% or more were not used for subsequent analyses and were 
treated as missing values. For the generalized psychophysiological interaction (gPPI) analysis [42], 
the design matrix of the general linear model (GLM) analysis for PPI included regressors of the 
task block modeled with a box-car function convolved with hemodynamic response function 
(HRF), the three stimulus presentations (‘word change,’ ‘change to the positive feedback,’ 
‘change to no feedback’) modeled with a delta function convolved with HRF, and the PPI 
regressors of the PCC ROI signal time series and the multiplication of the task-block regressor and 
the ROI-signal regressor as an interaction term. The design matrix also included noise regressors 
of three principal components of the ventricle signal, local white matter average signal 
(ANATICOR) [43], 12 motion parameters (three shift and three rotation parameters with their 
temporal derivatives), and low-frequency fluctuation (third-order Legendre polynomial model). 
The ROI signal time series was extracted from the residual signal of the GLM analysis with the 
same design matrix except for the PPI regressors so that the signal changes associated with 
stimulus presentation and nuisance noises were excluded from the connectivity evaluation. The 
ROI-signal regressor in the design matrix was orthogonalized with respect to the interaction 
regressor to avoid a collinearity problem. This regressor multiplication approach of gPPI is known 
as accurate and more robust to noise than the deconvolution approach for a block-design 
experiment [44]. The gPPI analysis with the PCC ROI signal as the seed was performed for each 
task run independently. The mean t-value of the beta coefficient for the interaction term in the 
rTPJ ROI was used as an estimate of the task-related connectivity. 

2.10 Other outcome measures  

Other exploratory outcomes included the Montgomery-Åsberg Depression Rating Scale (MADRS) 
[45], Hamilton Anxiety Scale (HAMA) [46], Patient Health Questionnaire-9 (PHQ) [47], State-Trait 
Anxiety Inventory-Trait (STAI-T) [48], Metacognition Questionnaire-30 (MCQ) [49], Thought 
Control Questionnaire (TCQ) [50], Emotion Regulation Questionnaires (ERQ) [51], and Positive 
and Negative Affect Schedule - Expanded Form (PANAS) [52]. The PANAS was measured before 
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and after rtfMRI-nf within Visit1, and other measures were assessed before rtfMRI-nf as baseline 
and at one-week follow-up. 

2.11 Criteria for reliable change of RNT 

The reliable change index is a psychometric criterion used to evaluate whether a change over 
time of an individual score can be judged as reliably greater than a difference that could have 
occurred due to random measurement error alone (e.g., the mean difference between pre-
intervention and post-intervention scores divided by the standard error of the measure is 
greater than 1.96)[53-55]. Following a clinical study using the RRS-B as an outcome measure 
[56], we calculated the standard error of the measure based on the SD of pre-intervention 
scores of the RRS-B (SD = 3.13) and coefficient α of RRS-B from published data (α  = 0.77) [57]. 
Clinically significant change is achieved if a participant has met the criteria for reliable change 
and their scores shift from the clinical range at baseline to the nonclinical range at follow-up. 
Participants’ scores were classified as having reliably deteriorated if they achieved reliable 
change in the opposite direction from hypothesized change. The estimated reliable change 
index of RRS-B was 4.15.  

2.12 Whole-brain analysis: Brain regions responding to positive feedback and associated 
with a reduction in RNT 

Considering the rtfMRI-nf training as a reinforcement learning process [58,59], the training 
effect may not be limited to the target brain activation. The nature of the feedback signal may 
not be transparent to the subjects since they cannot consciously perceive which action (i.e., 
brain activity) has been rewarded (e.g., a credit assignment problem in reinforcement learning 
[59,60]). Thus, possible learning mechanisms during rtfMRI-nf would be that; brain activations, 
not completely random but plausibly regulated by emotion regulation strategies (which 
subjects can perceive) during rtfMRI-nf, may be reinforced across rtfMRI-nf runs. Here, we used 
the strategy of defining the seed wherein responses to positive feedback change across rtfMRI-
nf runs (i.e., learning effect not limited to the PCC-rTPJ connectivity), which may have 
contributed to a reduction in RNT. 

We searched brain regions at the whole-brain voxel-wise level where learning effects 
(changed across rtfMRI-nf runs) were associated with a reduction in RNT. The series of beta-
coefficients of the stimulus timing ‘change to the positive feedback’ of the GLM analysis with 
the same design matrix except for the PPI regressors (as in suppl. Methods 2.9) were used for 
the subsequent AFNI 3dLMEr analysis [61] for each run and each participant. The model 
included time (NF1, NF2, and NF3), group (active and sham), change in the RRS-B, three-way 
interaction (time-by-group-by-change in the RRS-B), age, sex, and average head motions as 
fixed effects, and a random effect of the subject on intercept. The significance criterion was set 
with voxel-wise p < 0.001 and cluster-size correction at p < 0.05 (AFNI 3dClustSim with the 
spatial autocorrelation function). 
 To further explore the effect of the three-way interaction term (time-by-group-by-
change in the RRS-B), % BOLD signal changes from the identified cluster (retrosplenial cortex, 
RSC, in this sample) with a sphere of 6 mm radius around the peak coordinate were extracted 
(see suppl. Results 3.3). First, we investigated the longitudinal changes in the RSC activity 
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between the active and sham groups. Second, we investigated the association between the 
change in the RSC (at the last training: NF3 relative to the initial training: NF1) and the change 
in the RRS-B between groups. 

The longitudinal change in the RSC activity was tested by the LME in R. The LME model 
included fixed effects of time (NF1, NF2, and NF3), group (active and sham), two-way interaction 
(time-by-group), age, sex, average head motions and a random effect of the subject on intercept.  

The association between the change in the RSC activity and the change in the RRS-B 
between groups was tested with a robust regression analysis. The regression model included the 
change in the RRS-B at follow-up relative to baseline as dependent variables, and the change in 
the RSC activity at NF3 relative to NF1, group (active, sham) and two-way interaction (change in 
the RSC-by-group) as independent variables. Larger positive numbers for the change in the RSC 
indicated the increased activity in the RSC during the positive feedback presentations from NF1 
to NF3, whereas larger negative numbers for the change in the RRS-B  indicated greater 
improvement in RNT after rtfMRI-nf.  

2.13 Whole-brain analysis: Functional connectivity reinforced through rtfMRI-nf and 
associated with a reduction in RNT  

Next, we exploratorily investigated the effect of rtfMRI-nf on the connectivity between the RSC 
and our original rtfMRI-nf targets, i.e., rTPJ and PCC. We conducted gPPI analyses with the RSC 
as a seed, and calculated longitudinal change in the RSC-rTPJ connectivity and the RSC-PCC 
connectivity during rtfMRI-nf runs (NF1, NF2, and NF3) with a series of LME analyses.  

The gPPI analysis from the RSC ROI signal was performed for the PCC ROI or rTPJ ROI for 
each rtfMRI-nf run (NF1, NF2, and NF3) independently. The design matrix of the GLM analysis for 
the gPPI analysis was similar to Methods 2.9, and we used the RSC as a seed. The t-value of the 
beta coefficient for the interaction term was used as an estimate of the task-related RSC-rTPJ 
connectivity or RSC-PCC connectivity.  

The longitudinal change of the task-related connectivity between the RSC and rTPJ or RSC 
and PCC was tested by a series of LMEs in R. The LME model included fixed effects of time (NF1, 
NF2, and NF3), group (active and sham), two-way interaction (time-by-group), age, sex, average 
head motions and a random effect of the subject on intercept.  

We also examined the association between the change in the connectivity (RSC-rTPJ or RSC-
PCC) at NF3 from NF1 and the change in the RRS-B at follow-up from baseline between two 
groups with robust regression analyses. The regression models included the change in RRS-B at 
follow-up from baseline as dependent variables, and the change in the connectivity at NF3 from 
NF1, group (active, sham) and two-way interaction (change in connectivity-by-group) as 
independent variables. Larger negative numbers for the change in the connectivity indicated the 
reduced connectivity from NF1 to NF3, whereas larger negative numbers for the change in the 
RRS-B indicated a greater improvement in RNT after rtfMRI-nf.  

3 Supplementary Results 

3.1 Change in the primary neural outcome: LME analysis with age, sex, and average head 
motion as covariates  
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The main findings did not change even after controlling for covariates. There were no 
significant interactions or main effects on PPI estimates of the PCC-rTPJ connectivity (time-by-
group interaction: F [3, 91] = 0.86, p = 0.47, time: F [3, 91] = 0.32, p = 0.81, group: F [1, 33] = 
0.76, p = 0.39).  

3.2 Change in the secondary clinical outcomes and other exploratory outcomes.  

Secondary clinical outcomes. The LME analysis showed a trending time-by-group interaction 
and a significant time effect on the RRS-T (Fig. 3. B; time-by-group interaction: F [1, 37] = 3.31, p 
= 0.08, time: F [1, 37] = 20.64, p < 0.001, group: F [1, 35] = 0.02, p= 0.88). The post-hoc analysis 
within a group revealed that the active group showed a significantly reduced RRS-T score from 
baseline to follow-up (t [37] = 4.56, pFDR < 0.001, effect size d = 0.67), and the sham group 
showed a marginally reduced score from baseline to follow-up (t [37] = 1.90, pFDR = 0.07, effect 
size d = 0.26). A significant time effect on the RRS-D was observed (Fig. 3. B; time-by-group 
interaction: F [1, 37] = 2.32, p = 0.14, time: F [1, 37] = 16.36, p < 0.001, group: F [1, 35] = 0.05, 
p= 0.83). The post-hoc analysis within a group revealed that the active group showed a 
significantly reduced RRS-D score from baseline to follow-up (active: t [37] = 3.99, pFDR < 0.001, 
effect size d = 0.56), and the sham group showed a marginally reduced score from baseline to 
follow-up (t [37] = 1.76, pFDR = 0.09, effect size d = 0.26). There were no significant main effects 
on the RRS-R.  
Other exploratory outcomes. Only a significant time effect was observed on the MADRS, 
HAMA, PHQ, STAI, MCQ Total score, MCQ Cognitive Self-Consciousness, MCQ Negative Beliefs 
about Uncontrollability and Danger, MCQ Need to Control Thoughts, TCQ Distraction, TCQ 
Punishment, ERQ Cognitive Reappraisal, PANAS Negative Affect, PANAS Positive Affect, PANAS 
Fear, PANAS Hostility, PANAS Guild, PANAS Sadness, PANAS Joviality, PANAS Self-Assurance, 
PANAS Shyness, and PANAS Surprise (see Table 2 for more details). 
 

3.3 Brain regions responding to positive feedback and associated with improvement of RNT 

A whole-brain analysis revealed a three-way interaction effect (time-by-group-by-change in the 
RRS-B) in the left retrosplenial cortex (RSC) (Fig. S4. B; MNI [-7, -53, 11], cluster size k = 79). This 
cluster also included the ventral area 23 (A23v) [25] in the PCC, and area 31 (A31) [25] in the 
precuneus, while the original PCC target (i.e., the PCC locus used for rtfMRI-nf) was located in 
the medial part of the precuneus (A7m/PEp) [25]. The spatial relationship between this RSC 
cluster extending onto the ventral part of the PCC and the original PCC target is illustrated in 
Fig. S5. No other main effects were found.  

3.4 Longitudinal change in the RSC activity and its association with RNT 

Longitudinal change in RSC activity. The longitudinal LME analyses between the two groups were 
summarized in Figs. S6. A and B. There were no significant time-by-group interactions, time, or 
group effect on % BOLD signal changes in the RSC (time-by-group interaction: F [2, 92] = 2.33, p 
= 0.10; time: F [2, 92] = 1.59, p = 0.21; group: F [1, 92] = 0.11, p = 0.74).  
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Association between change in the RSC and change in RNT. The robust regression analysis 
revealed that the interaction (change in the RSC-by-group) significantly predicted the change in 
the RRS-B (adjusted R2 = 0.45, β =-21.60, p = 0.01; Table S6). This result indicates that the degree 
of association between the change in the RSC and the change in the RRS-B was significantly 
different between two groups. The simple slope analysis revealed that there was a trending 
negative association between the change in the RSC and the change in the RRS-B within the active 
group (adjusted R2 = 0.29, β = -13.87, p = 0.07), while there was a positive association between 
the change in the RSC and the change in the RRS-B within the sham group (adjusted R2 = 0.41, β 
= 7.90, p = 0.02) (Fig. S6. C). Altogether, greater activation in the RSC appeared to be associated 
with a reduced RRS-B in the active group, and less activation in the RSC was associated with a 
reduced RRS-B in the sham group. 

3.5 Longitudinal change in the RSC-PCC connectivity and its association with RNT 

Longitudinal change in the RSC-PCC connectivity. There were no significant main effects on 
time, group, or time-by-group interaction of the RSC-PCC connectivity (time-by-group 
interaction: F [2, 62] = 1.98, p = 0.15, group: F [1, 35] = 0.81, p = 0.37, time: F [2, 62] = 1.58, p = 
0.21; Figs.  S7. A and B).   
Association between change in the RSC-PCC connectivity and change in RNT. There were no 
significant findings in the association between the change in the RSC-PCC connectivity and the 
change in RNT (Fig. S7. C and Table S8).  
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4 Supplementary Tables 

Table S1. Consensus on the Reporting and Experimental Design of clinical and cognitive-behavioural 
Neurofeedback studies (CRED-nf) best practices checklist 2020* (an online tool to complete this checklist is 
available at rtfin.org/CREDnf). 
 

Domain Item # Checklist item 
Reported in 

page # 
Pre-experiment 
 1a Pre-register experimental protocol and planned analyses 4 

1b Justify sample size Supplementary 
methods 2.2. 

Control groups 
 2a Employ control group(s) or control condition(s) 4 and 

Supplementary 
introduction 1.3 

2b When leveraging experimental designs where a double-blind is possible, use a 
double-blind 

4 
 

2c Blind those who rate the outcomes, and when possible, the statisticians involved 4 and 
Supplementary 
methods 2.1 

2d Examine to what extent participants and experimenters remain blinded 4 and 
Supplementary 
methods 2.1 

2e In clinical efficacy studies, employ a standard-of-care intervention group as a 
benchmark for improvement 

Supplementary 
methods 2.11  

Control measures 
 3a Collect data on psychosocial factors 6 

3b Report whether participants were provided with a strategy 6  
3c Report the strategies participants used Supplementary 

methods 2.6 
3d Report methods used for online-data processing and artifact correction Supplementary 

methods 2.4 
3e Report condition and group effects for artifacts Table 2 

Feedback specifications 

 

4a Report how the online-feature extraction was defined Supplementary 
methods 2.4 

4b Report and justify the reinforcement schedule Supplementary 
methods 2.5 

4c Report the feedback modality and content Supplementary 
methods 2.7 

4d Collect and report all brain activity variable(s) and/or contrasts used for feedback, 
as displayed to experimental participants 

7 

4e Report the hardware and software used Supplementary 
methods 2.4 

Outcome measures 
Brain 5a Report neurofeedback regulation success based on the feedback signal 7 
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 5b Plot within-session and between-session regulation blocks of feedback 
variable(s), as well as pre-to-post resting baselines or contrasts 

7 

 5c Statistically compare the experimental condition/group to the control 
condition(s)/group(s) (not only each group to baseline measures) 

7 

Behaviour 6a Include measures of clinical or behavioural significance, defined a priori, and 
describe whether they were reached 

8 

 6b Run correlational analyses between regulation success and behavioural 
outcomes 

8 

Data storage  

 7a Upload all materials, analysis scripts, code, and raw data used for analyses, as 
well as final values, to an open access data repository, when feasible 

Available upon 
requests 

*Darker shaded boxes represent Essential checklist items; lightly shaded boxes represent Encouraged checklist items. We 
recommend using this checklist in conjunction with the standardized CRED-nf online tool (rtfin.org/CREDnf) and the CRED-nf 
article, which explains the motivation behind this checklist and provides details regarding many of the checklist items. 
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Table S2. Wordlist for the self-referential task. Participants selected 24 negative personality trait words that 
describe their personality from a 160-word list, which was taken from 555 sets of personality trait words [62]. In 
order to balance the valence, they were asked to select six words in each of four columns, which included 40 
words in total (the average valences of each column were statistically the same). 
 

1 imitative 41 angry 81 messy 121 bossy 
2 melancholy 42 listless 82 misfit 122 unpleasing 
3 mediocre 43 uninspiring 83 uninteresting 123 cowardly 
4 obstinate 44 unintelligent 84 scornful 124 discourteous 
5 unhealthy 45 domineering 85 antisocial 125 incompetent 
6 headstrong 46 scolding 86 irritable 126 childish 
7 nervous 47 depressed 87 stingy 127 superficial 
8 nonconfident 48 unobliging 88 tactless 128 ungrateful 
9 stubborn 49 pessimistic 89 careless 129 self-conceited 

10 unimaginative 50 unattentive 90 foolish 130 hard-hearted 
11 down-hearted 51 suspicious 91 troublesome 131 unfair 
12 unobservant 52 inattentive 92 ungracious 132 irresponsible 
13 inconsistent 53 overconfident 93 negligent 133 prejudiced 
14 unpunctual 54 smug 94 wishy-washy 134 bragging 
15 unindustrious 55 unsociable 95 gloomy 135 jealous 
16 disturbed 56 unproductive 96 helpless 136 unpleasant 
17 superstitious 57 wasteful 97 disagreeable 137 unreliable 
18 frustrated 58 fickle 98 touchy 138 impolite 
19 illogical 59 neglectful 99 irrational 139 crude 
20 rash 60 short-tempered 100 tiresome 140 nosey 
21 unenthusiastic 61 hot-headed 101 disobedient 141 humorless 
22 inaccurate 62 unsocial 102 complaining 142 quarrelsome 
23 unagreeable 63 envious 103 lifeless 143 distrustful 
24 jumpy 64 overcritical 104 vain 144 intolerant 
25 possessive 65 scheming 105 lazy 145 unforgiving 
26 purposeless 66 sly 106 maladjusted 146 boring 
27 moody 67 weak 107 aimless 147 unreasonable 
28 unenterprising 68 foolhardy 108 boastful 148 self-centered 
29 unintellectual 69 immature 109 dull 149 snobbish 
30 unwise 70 dominating 110 gossipy 150 unkindly 
31 oversensitive 71 showy 111 unappealing 151 ill-mannered 
32 inefficient 72 sloppy 112 hypochondriac 152 ill-tempered 
33 reckless 73 unsympathetic 113 irritating 153 unfriendly 
34 pompous 74 uncompromising 114 petty 154 hostile 
35 uncongenial 75 hot-tempered 115 shallow 155 dislikable 
36 untidy 76 neurotic 116 deceptive 156 offensive 
37 unaccommodating 77 finicky 117 grouchy 157 underhanded 
38 noisy 78 resentful 118 egotistical 158 annoying 
39 squeamish 79 unruly 119 meddlesome 159 disrespectful 
40 cynical 80 fault-finding 120 cold 160 selfish 
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Table S3. The result of the Post-Neurofeedback Session Questionnaires. 
    Active (n=20) Sham (n=19) Statistics p   

Active %(n) Sham %(n) Active %(n) Sham %(n) 
  

1. Was it ‘Active’ or ‘Sham’? 60% (12) 40% (8) 42% (8) 58% (11) χ2(1)=0.64 0.43   
Mean (SD) Mean (SD) 

  

2. How much are you confident with your response?  5.25 (1.92)  4.89 (2.21) t(37)=0.54 0.59 
3. How pleasant was the current neurofeedback session for 

you? 
6.00 (2.51) 6.16 (2.54)  t(37)=-0.19 0.85 

4. How unpleasant was the current neurofeedback session for 
you? 

2.65 (2.50) 2.63 (2.34) t(37)=0.02 0.98 

5. How challenging was the current neurofeedback session for 
you? 

5.95 (2.31) 5.53 (1.84) t(37)=0.63 0.53 

6. How successful do you feel you were in stopping 
ruminating during this scan? 

5.45 (1.82) 6.32 (1.70)  t(37)=-1.53 0.13 

7. How often did you find yourself dwelling on negative 
aspects of yourself? 

5.05 (2.33) 4.89 (1.97)  t(37)=0.22 0.82 

8. How successful do you feel you were in modulating your 
brain activity during this session? 

5.25 (2.12) 6.00 (1.33)  t(37)=-1.31 0.20 

9. How helpful do you feel like this neurofeedback session 
was in preventing yourself from ruminating? 

5.35 (1.95) 5.37 (2.43)  t(37)=-0.03 0.98 

10. How helpful do you feel like this neurofeedback session will 
be to know how to stop your rumination in your daily life? 

6.15 (2.08) 5.89 (2.11)  t(37)=0.38 0.71 

11. How did you feel about the amount of time you had in the 
scanner to try and modulate your brain activity? 

5.90 (1.17) 5.53 (1.90) t(37)=0.75 0.46 

Items 2 to 11 were rated from 0=not at all (or much too short) to 10=extremely (or much too long).         
Examples of emotion regulation strategies used during rtfMRI-nf Group Category 
Seeing the negative traits as 'not bad'. Everyone is like this to a degree, or viewing them as an opportunity for growth. Active Reappraisal 
Thinking of positive songs and happy memories. Active Positive thoughts 
Counted back, e.g., 321. Active Distraction 
Positive affirmations, arguing how the negative trait can actually be helpful in my life.   Sham Reappraisal 
Thinking about happy events in my life. Sham Positive thoughts 
Singing songs in my head.         Sham Distraction 
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Table S4. Numbers of emotion regulation strategies used during rtfMRI-nf. 

  Active (n=20) Sham (n=19) 

Reappraisal 15 9 

Positive thoughts or memories 6 8 

Distraction 3 5 
Emotion regulation strategies used during rtfMRI-nf (from the Post-Neurofeedback Session Questionnaires) were categorized by two 
independent raters (licensed clinical psychologists). If a person used multiple strategies, it was categorized multiple times (e.g., 
‘reappraisal’ and ‘positive thoughts or memories’). An inter-rater agreement measured by Krippendorff’s α was 0.78[63]. Numbers of 
strategies did not differ between the groups (Fisher’s exact test, p = 0.38). 

 
Table S5. A robust regression analysis predicting chage in RRS-B from change in PCC-rTPJ connectivity. 

  Primary clinical outcome 
 Change in RRS-B 

  MM-Estimate SE t p 
Interaction analysis     
Intercept -0.48 0.73 -0.66 0.51 
Change in PCC-rTPJ connectivity 0.18 0.60 0.30 0.77 
Group -2.62 1.01 -2.60 0.01 
Change in PCC-rTPJ connectivity : Group -0.17 0.83 -0.21 0.83 
Simple slope analysis (Active)     
Intercept -3.11 0.78 -3.98 0.00 
Change in PCC-rTPJ connectivity -0.003 0.64 -0.004 1.00 
Simple slope analysis (Sham)     
Intercept -0.49 0.62 -0.79 0.44 
Change in PCC-rTPJ connectivity 0.19 0.51 0.37 0.72 
Change in PCC-rTPJ connectivity : change in connectivity between precuneus/porterior cingulate cortex (PCC) and right 
temproparietal junction (rTPJ) during rtfMRI-nf from baseline; RRS: Ruminative Response Scale (RRS); Change in RRS-B: chage in 
brooding subscale of RRS at one-week follow-up from baseline.  

 
Table S6. A robust regression analysis predicting chage in RRS-B from change in RSC activity. 

  Primary clinical outcome 
 Change in RRS-B 

 MM-Estimate SE t p 
Interaction analysis     
Intercept 0.18 0.71 0.26 0.80 
Change in RSC activity 7.49 3.92 1.91 0.07 
Group -1.93 1.12 -1.72 0.10 
Change in RSC activity : Group -21.60 7.20 -3.00 0.01 
Simple slope analysis (Active)     
Intercept -1.94 1.01 -1.93 0.08 
Change in RSC activity -13.87 7.03 -1.97 0.07 
Simple slope analysis (Sham)     
Intercept 0.38 0.57 0.67 0.51 
Change in RSC activity 7.90 3.12 2.53 0.02 
Change in RSC activity: % BOLD signal changes in the retrosplenial cortex (RSC) during NF3 from NF1; RRS: Ruminative Response 
Scale (RRS); Change in RRS-B: chage in brooding subscale of RRS at one-week follow-up from baseline.  
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Table S7. A robust regression analysis predicting chage in RRS-B from change in RSC-rTPJ connectivity. 
  Primary clinical outcome 

 Change in RRS-B 

  MM-Estimate SE t p 
Interaction analysis     
Intercept -0.19 0.71 -0.27 0.79 
Change in RSC-rTPJ connectivity -0.44 0.46 -0.94 0.36 
Group -2.19 1.07 -2.06 0.05 
Change in RSC-rTPJ connectivity : Group 1.58 0.64 2.46 0.02 
Simple slope analysis (Active)     
Intercept -2.41 0.87 -2.75 0.02 
Change in RSC-rTPJ connectivity 1.14 0.49 2.32 0.04 
Simple slope analysis (Sham)     
Intercept -0.18 0.65 -0.29 0.78 
Change in RSC-rTPJ connectivity -0.44 0.42 -1.05 0.31 
Change in RSC-rTPJ connectivity: change in connectivity between retrosplenial cortex (RSC) and right temporoparietal junction (rTPJ) 
at NF3 (PPI estimates) from NF1; RRS: Ruminative Response Scale (RRS); Change in RRS-B: chage in brooding subscale of RRS at one-
week follow-up from baseline. 

Table S8. A robust regression analysis predicting chage in RRS-B from change in RSC-PCC connectivity. 
  Primary clinical outcome 

 Change in RRS-B 

  MM-Estimate SE t p 
Interaction analysis     
Intercept -0.41 0.81 -0.50 0.62 
Change in RSC-PCC connectivity -0.02 0.81 -0.02 0.98 
Group -2.92 1.21 -2.43 0.02 
Change in RSC-PCC connectivity : Group -0.64 1.06 -0.60 0.55 
Simple slope analysis (Active)     
Intercept -3.35 1.04 -3.21 0.01 
Change in RSC-PCC connectivity -0.66 0.81 -0.81 0.43 
Simple slope analysis (Sham)     
Intercept -0.42 0.69 -0.60 0.56 
Change in RSC-PCC connectivity -0.01 0.69 -0.01 0.99 
Change in RSC-PCC connectivity: Change in connectivity between retrosplenial cortex (RSC) and precuneus/posterior cingulate cortex 
(PCC) at NF3 (PPI estimates) from NF1; RRS: Ruminative Response Scale (RRS); Change in RRS-B: chage in brooding subscale of RRS at 
one-week follow-up from baseline.  
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5 Supplementary Figures 

Figure S1. A result of the power curve analysis.  
 

Figure S2. An example of ROIs to calculate real-time fMRI neurofeedback signals in a T2*-weighted image. 
 
  

PCC ROI

rTPJ ROI

L

L
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Figure S3. Outline of the study protocol. 
A rtfMRI-nf session included five experimental runs: View1, rtfMRI-nf run 1 to 3 (NF1, NF2, and NF3), and 
View2. Each experimental run started with a first ‘Rest’ block (90-sec), followed by ‘Regulation’ block (100-sec) 
during the presentation of four negative trait words (25-sec for each word) and ‘Rest’ block (30-sec) 
alternatively. In the rtfMRI-nf scans (NF1, NF2, and NF3), participants were instructed to apply emotion 
regulation strategies, such as cognitive reappraisal, while viewing negative trait words, and were instructed to 
regulate their brain activity represented by the sidebars during the ‘Regulation’ block. In the initial view scan 
(View1: Baseline), participants were instructed to regulate repetitive negative thinking (RNT) in the face of 
negative trait words during the ‘Regulation’ block, and in the last view scan (View2: Transfer), participants 
were instructed to use the emotion regulation strategy that worked best throughout the three rtfMRI-nf runs 
(NF1, NF2, and NF3) to regulate RNT during the ‘Regulation’ block. A Red circle, red arrows, and red lines 
indicate the precuneus/posterior singulate cortex (PCC) ROI and BOLD activities, and a blue circle, blue arrows, 
and blue lines indicate the right temporoparietal junction (rTPJ) ROI and BOLD activities. The sidebars on the 
screen were updated every 2-sec with positive feedback (+1: light blue color) or no feedback (0: blank color). 
Abbreviations. MADRS: Montgomery- Åsberg Depression Rating Scale, HAMA: Hamilton Anxiety Scale, RRS: 
Ruminative Response Scale, PHQ: Patient Health Questionnaire-9, STAI-T: State-Trait Anxiety Inventory-Trait, 
MCQ: Metacognition Questionnaire-30, TCQ: Thought Control Questionnaire. ERQ: Emotion Regulation 
Questionnaires, PANAS: Positive and Negative Affect Schedule - Expanded Form. 

Visit 1:
Baseline + rtfMRI-nf sessions

Baseline measures:
Interviewer-rated
• MADRS
• HAMA
Self-rated
• RRS
• PHQ
• STAI-T
• MCQ
• TCQ
• ERQ
• PANAS

rtfMRI-nf sessions:
MRI scans
• Structural scans
• Baseline run (View1)
• 3 rtfMRI-nf runs (NF1-3)
• Transfer run (View2)

Post-rtfMRI-nf measures:
Self-rated
• PANAS
Study original scale
• Post-neurofeedback 

session questionnaires

Visit 2:
One-week Follow-up

Follow-up measures:
Interviewer-rated
• MADRS
• HAMA
Self-rated
• RRS
• PHQ
• STAI-T
• MCQ
• TCQ
• ERQ

Decoupling PCC-rTPJ connectivity with rtfMRI-nf

t-1 t

2sec
1TR

View1
(Baseline) NF1 NF2 NF3 View2

(Transfer)

+ R + R + R +

Rest Regulate

PCC

rTPJ
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Figure S4. A. An example of positive feedback and its timing. When BOLD signals from PCC and rTPJ change in a different direction from (t) – (t-1), 
t as repetition time (TR) = 2 seconds, subjects see blue side bars (positive feedback). When BOLD signals from the PCC and rTPJ change in the same 
direction from (t) – (t-1), blue side bars dessapear and subjects see blank sidebars (absence of positive feedback). Feedback information was 
updated every 2 seconds. B. A brain region responding to positive feedback across real-time fMRI neurofeedback (rtfMRI-nf) runs and also 
associated with change in repetitive negative thinking (RNT).  A whole-brain analysis of beta coefficient maps regressed with timings of positive 
feedback revealed that the left retrosplenial cortex (RSC) showed a significantly different association with the change in the brooding subscale of 
the Ruminative Response Scale (RRS-B) across rtfMRI-nf runs between the active and sham groups. 

Chi-sq
-26.72

26.72

11 -53 -7

A

Time (NF1, NF2, NF3) × Group (Active, Sham) × Change in RRS-B 

L

+ R + R + R +
Rest Regulate

PCC

rTPJ

An example of timings 
of positive feedback

Beta coefficient maps regressed with timings of positive feedback

+
-

Time (t) – Time (t-1)

or

Positive
Feedback

t = TR = 2 sec

NF1 NF2 NF3

Shy

B



 22 

 

Figure S5. The locus of retrosplenial cortex (RSC) identified through an exploratory whole-brain analysis and 
the locus of precuneus/posterior cingulate cortex (PCC) used for real-time fMRI neurofeedback (rtfMRI-nf). 
A red sphere (original PCC target) is the region-of-interest (ROI) where the BOLD signal was extracted and used 
for a feedback signal calculation (i.e., PCC-right temporoparietal junction [rTPJ] connectivity). A green area 
(RSC) reflects the clusters showing a significantly different association with the change in the brooding 
subscale of the Ruminative Response Scale (RRS-B) across rtfMRI-nf runs between two groups. A shaded area 
with light blue indicates anatomically defined precuneus area (brainnetome atlas, PCun_4_1, 4_2, 4_3, and 
4_4), and a shaded area with yellow indicates anatomically defined ventral area of the PCC (brainntome atlas, 
A23v) [64].     
  

-7-53

11
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Figure S6. Longitudinal change in the retrosplenial cortex (RSC) activity, and an association between the 
change in the RSC and the change in repetitive negative thinking (RNT).  A. Longitudinal change in % BOLD 
signal changes of the RSC between two groups through the rtfMRI-nf runs. NF1, NF2, and NF3: 
neurofeedback run with a self-referential task. B. Boxplots and individual plots of % BOLD signal changes of 
the RSC. Left: active group, Right: sham group. C. An association between the change in % BOLD signal 
changes in the RSC (NF3 from NF1) and the change in the RRS-B (follow-up from baseline).  
  

A

B

C
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Figure S7. Longitudinal change in the functional connectivity between retrosplenial cortex (RSC) and 
posterior cingulate cortex (PCC), and an association between the change in the RSC-PCC connectivity and 
the change in the brooding subscale of the Ruminative Response Scale (RRS-B). A. Longitudinal change in 
the RSC-PCC connectivity (PPI estimates) between two groups through the rtfMRI-nf runs. NF1, NF2 and 
NF3: neurofeedback run with a self-referential task. B. Boxplots and individual plots of the RSC-PCC 
connectivity. Left: active group, Right: sham group. C. An association between the change in the RSC-PCC 
connectivity at NF3 from NF1 and the change in the RRS-B at follow-up from baseline. The error bars 
represent the 95% confidence interval of the mean values. The shaded areas represent the 95% confidence 
interval of regression slopes. 
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