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Abstract

Introduction: Repetitive negative thinking (RNT) is a cognitive process focusing on self-relevant 

and negative experiences, leading to a poor prognosis of major depressive disorder (MDD). We 

previously identified that connectivity between the precuneus/posterior cingulate cortex (PCC) and 

right temporoparietal junction (rTPJ) was positively correlated with levels of RNT.

Objective: In this double-blind, randomized, sham-controlled, proof-of-concept trial, we 

employed real-time functional magnetic resonance imaging neurofeedback (rtfMRI-nf) to 

delineate the neural processes that may be causally linked to RNT and could potentially become 

treatment targets for MDD.

Methods: MDD-affected individuals were assigned to either active (n = 20) or sham feedback 

group (n = 19). RNT was measured by the Ruminative Response Scale-brooding subscale (RRS-

B) before and 1 week after the intervention.
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Results: Individuals in the active but not in the sham group showed a significant reduction in 

the RRS-B; however, a greater reduction in the PCC-rTPJ connectivity was unrelated to a greater 

reduction in the RRS-B. Exploratory analyses revealed that a greater reduction in the retrosplenial 

cortex (RSC)-rTPJ connectivity yielded a more pronounced reduction in the RRS-B in the active 

but not in the sham group.

Conclusions: RtfMRI-nf was effective in reducing RNT. Considering the underlying 

mechanism of rtfMIR-nf, the RSC and rTPJ could be part of a network (i.e., default mode 

network) that might collectively affect the intensity of RNT. Understanding the relationship 

between the functional organization of targeted neural changes and clinical metrics, such as RNT, 

has the potential to guide the development of mechanism-based treatment of MDD.
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Introduction

Major depressive disorder (MDD) is one of the most common psychiatric disorders 

and a leading cause of disability worldwide [1–3]. Although effective antidepressant 

treatments are available, almost two-thirds of patients do not respond satisfactorily to 

first-line treatments [4], and about one-third remain refractory after diverse combinations 

of antidepressant medications, augmenting strategies, and psychotherapies [5]. MDD is a 

heterogeneous syndrome with different clinical symptoms [6], and one such symptom is 

repetitive negative thinking (RNT) [6]. RNT (often referred to as rumination in depression) 

is a recurrent thought process which is negative in valence and difficult to disengage from 

[7]. Accumulating evidence supports that RNT is a maladaptive cognitive process, which 

when modulated, changes the risk for, the severity of, or the recurrence of MDD [8–10]; 

however, the neurobiological mechanisms underlying RNT are not well understood. The 

lack of mechanistic understanding of RNT and depression may be a reason why first-line 

treatments for depression fail for many individuals [11, 12]. Here, we employed real-time 

functional magnetic resonance imaging neurofeedback (rtfMRI-nf) to delineate the neural 

processes that may be causally linked to RNT in depression.

Real-time functional magnetic resonance imaging (rtfMRI) provides us blood-oxygen-level-

dependent signal processing and displays simultaneously with image acquisition. It has 

enabled rtfMRI-nf that allows a person to see and regulate the fMRI signal from their 

brain [13, 14]. It can provide individuals with instantaneous feedback concerning their brain 

activity and may facilitate control over RNT [15]. Identifying the brain regions/circuits 

to target with feedback is one of the most important elements in a rtfMRI-nf study [16] 

(see online suppl. Introduction 1.1; for all online suppl. material, see www.karger.com/doi/

10.1159/000528377).

This investigation used a double-blind randomized sham-controlled proof-of-concept trial 

(RCT) of connectivity-based rtfMRI-nf in MDD-affected participants to examine whether 

they would be able to decouple the target functional connectivity and reduce RNT. We 
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previously conducted a data-driven resting-state fMRI analysis [17], where we found that 

the functional connectivity between the precuneus/posterior cingulate cortex (PCC) and right 

temporoparietal junction (rTPJ) was positively correlated with a higher level of RNT (see 

online suppl. Introduction 1.2). Thus, we aimed to reduce the PCC-rTPJ connectivity via 

rtfMRI-nf. In line with recent methodological recommendations [18], this RCT utilized 

active sham-controlled feedback where participants received artificially generated feedback 

with similar probabilistic properties to the real feedback. This design allowed participants 

in both groups to engage in rtfMRI-nf while receiving feedback signals with the same 

amount of reward experiences or the sense of achievement, regardless of the real or 

artificially generated feedback signals (see online suppl. Introduction 1.3). The primary 

neural outcome was the change, relative to the baseline, in RNT-related connectivity 

between the PCC and rTPJ during a rtfMRI-nf session. The primary clinical outcome was 

the change, relative to the baseline, in levels of RNT measured by the brooding subscale 

of the Ruminative Response Scale (RRS-B) [19] at 1-week follow-up. The RRS composes 

of three subscales; the “depression” subscale (RRS-D) is substantially overlapping with 

depressive symptom itself, while “brooding” (RRS-B) and “reflection” (RRS-R) are two 

distinct cognitive processes considered to lead a different trajectory of depression (i.e., 

brooding leads to worse prognosis but reflection does not) [20]. Thus, we used the RRS-B 

as a measure of RNT. We hypothesized that compared to the sham group, participants 

undergoing active rtfMRI-nf would show the following effects: (1) greater reduction in the 

PCC-rTPJ connectivity during a single session of rtfMRI-nf and (2) greater reduction in the 

RRS-B at 1-week follow-up. We also explored the association between the change in the 

primary neural outcome and the change in the primary clinical outcome to examine whether 

the modulated effects of the target brain regions, rather than placebo effects, account for 

symptom changes.

Materials and Methods

Study Design

This study was conducted at the Laureate Institute for Brain Research (LIBR) and registered 

on ClinicalTrials.gov (NCT04941066). Participants were randomized into an active or a 

sham group with a 1:1 ratio. Participants, assessors, and researchers who were involved 

in data collection were blind to the group allocation (see online suppl. Methods 2.1). The 

randomization was conducted independently by a randomization center with the covariate 

adaptive randomization method [21, 22] using an in-house python script controlling for 

age, sex, medication status, RRS [19], and Montgomery-Åsberg Depression Rating Scale 

(MADRS) [23]. Blinding integrity was tested by asking participants to guess group 

allocation after the intervention. Participants underwent the initial visit including the 

baseline assessment of clinical symptoms followed by the rtfMRI-nf session (active or 

sham) and a 1-week follow-up assessment without rtfMRI-nf. Consensus on the reporting 

and experimental design of clinical and cognitive-behavioral neurofeedback studies (CRED-

nf) checklist [24] is available in online supplementary Table S1.

Tsuchiyagaito et al. Page 3

Psychother Psychosom. Author manuscript; available in PMC 2023 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT04941066


Participants

Between March 2021 and March 2022, 43 individuals with MDD were recruited. Eligible 

participants were between 18 and 65 years, fluent in English, met the fifth edition of 

the Diagnostic and Statistical Manual of Mental Disorders (DMS-5) criteria for uni-polar 

MDD based on the Mini-International Neuropsychiatric Interview 7.0.2 (MINI) [25], and 

had current depressive symptoms with MADRS score >6 [23]. Exclusion criteria were as 

follows: a lifetime history of bipolar disorder, schizophrenia, or any psychotic disorders; met 

DSM-5 criteria for substance abuse or dependence within 6 months prior to study entry; 

current severe suicidal ideation or attempt within 12 months prior to study entry; abnormal 

neuromorphological brain profile; pregnancy; and general contraindications against MRI 

examinations. Anxiety disorders were acceptable for enrollment if these co-occurring 

disorders were stable and not the primary disorder. Details of sample size calculation are 

provided in online supplementary methods 2.2 and online supplementary Figure S1. All 

participants provided written informed consent and received financial compensation for 

participation in the study.

Interventions

The supplementary material (online suppl. Methods 2.3–2.5 and online suppl. Fig. S2) 

provides details on image data acquisition and rtfMRI-nf. The rtfMRI-nf training paradigm 

was the same as our previous study [15] and is illustrated in online supplementary Figure S3. 

Briefly, during the rtfMRI-nf session, participants attempted to regulate RNT by applying 

emotion regulation strategies (i.e., cognitive reappraisal, see online suppl. Methods 2.6) 

while viewing negative words that describe their personality traits (a list of stimulus words 

is in online suppl. Table S2). The rtfMRI-nf session started with a baseline run (View1), 

followed by three rtfMRI-nf training runs (NF1, NF2, and NF3), and ended with a transfer 

run (View2). No feedback was given during View1 and View2 to assess their ability to 

regulate the PCC-rTPJ connectivity before and after three rtfMRI-nf training runs. The 

PCC-rTPJ connectivity during View1 was used as baseline connectivity for each participant.

We used AFNI software (https://afni.nimh.nih.gov/), a set of C programs for processing, 

analyzing, and displaying fMRI data, to implement rtfMRI-nf and to analyze fMRI data. 

An in-house program written in Python was used for real-time fMRI data transferring and 

processing with comprehensive noise reduction and motion correction [26, 27]. Functional 

connectivity estimates from the PCC and rTPJ were presented graphically to the subjects 

in real-time. The participants assigned to the sham group received the same feedback 

presentation as the active group did, except that the feedback was artificially generated 

unrelated to the target connectivity. We also placed a safeguard process against an accidental 

correlation between synthesized sham feedback and actual blood-oxygen-level-dependent 

signal changes from the target connectivity. This ensured that the sham group received a 

feedback signal with similar probabilistic structures to the active group while irrelevant to 

their brain activation. Details of the sham feedback are explained in online supplementary 

methods 2.7 and 2.8.
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Outcome Measures

The primary neural outcome was the change, relative to the baseline, in the PCC-rTPJ 

connectivity during the rtfMRI-nf session. The PCC-rTPJ connectivity was calculated with 

a generalized psychophysiological interaction analysis (online suppl. Methods 2.9) [28]. All 

clinical measures were self-reported or assessed by blinded interviewers at baseline and 

1-week follow-up, except for the self-rated scale measuring state-dependent moods (Positive 

and Negative Affect Schedule - Expanded Form: PANAS [29]) and the study original 

scale (Post-neurofeedback Session Questionnaires) to evaluate blind integrity and to collect 

emotion regulation strategies used during the rtfMRI-nf. Those measures were collected 

before and right after the rtfMRI-nf (post-rtfMRI-nf). The primary clinical outcome was 

the change, relative to the baseline, in the intensity of RNT measured by the RRS-B at 

1-week follow-up. To further assess the clinically reliable change in RNT, we used the 

reliable change measurement [30–32] for the RRS-B. Following recent recommendations 

[33], deteriorations with respect to the primary behavioral outcome were also explored. 

The secondary RNT-related clinical outcomes were the change, relative to the baseline, 

in the RRS-D, RRS-R, and the total score of three subscales of the RRS (RRS-T) 1 

week after the rtfMRI-nf. Other exploratory outcomes included the change in, relative 

to the baseline, depression, anxiety, positive and negative moods, and emotion regulation 

(online suppl. Methods 2.10) 1 week after the rtfMRI-nf (or post-rtfMRI-nf). The details 

of the Post-neurofeedback Session Questionnaires (study original) are presented in online 

supplementary Table S3, and the typical emotion regulation strategies used during rtfMRI-nf 

are explained and summarized in online supplementary Table S4.

Statistical Analyses

Baseline differences between the groups on demographic and clinical variables were 

calculated using independent t tests for continuous variables and χ2 statistics or Fisher’s 

exact tests for categorical variables.

Longitudinal Data Analysis—Longitudinal change in each outcome was evaluated with 

a series of linear mixed effect model analyses (LME, lme4 package) [34] in R. For the 

primary neural outcome, the longitudinal change of the PCC-rTPJ connectivity at NF1, 

NF2, NF3, and View2 relative to View1 was tested by the LME. The LME model included 

fixed effects of time, group, time-by-group interaction, and a random effect of the subject 

on intercept. For the clinical outcomes, the longitudinal change in symptoms at 1-week 

follow-up (or post-rtfMRI-nf) relative to baseline was examined by the LME. The LME 

model included fixed effects of time, group, time-by-group interaction, age, sex, and a 

random effect of the subject on intercept. For all post hoc comparisons, we performed False 

Discovery Rate (FDR) [35] corrections for multiple comparisons, except for exploratory 

outcomes.

Regression Analysis—To causally relate the modulated effects of the target brain 

regions to the symptom changes, we explored the associations between the change in the 

primary neural outcome and the change in the primary clinical outcome. A robust regression 

analysis with MM-estimation [36] (R MASS package) [37] was conducted to investigate the 

association between the change in the PCC-rTPJ con nectivity during rtfMRI-nf (change in 
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the average connectivity during rtfMRI-nf runs relative to baseline) and the change in the 

RRS-B at follow-up from baseline. The regression model included the change in the RRS-B 

as a dependent variable and the change in the PCC-rTPJ connectivity, group, and interaction 

of these variables as independent variables.

Whole-Brain Exploratory Analysis—In case any associations between the primary 

neural outcome and primary clinical outcome could not be determined, we conducted a 

whole-brain exploratory analysis to identify the functional connectivity associated with 

the primary clinical outcome. We used AFNI 3dLMEr program [38] to conduct an LME 

analysis on the whole-brain image data. The model included time, group, change in the 

RRS-B, three-way interaction (time-by-group-by-change in the RRS-B), age, sex, and 

average head motion as fixed effects, and a random effect of the subject on intercept. See 

online supplementary methods 2.12 and 2.13 for more details.

Results

Demographic and Behavioral Measures

Among the 43 subjects recruited, four subjects did not have usable data during rtfMRI-nf 

due to excessive head motion (more than 25% of all three runs of rtfMRI-nf data were 

censored), resulting in 20 MDD subjects in the active and 19 MDD subjects in the sham 

group (Fig. 1). There was no drop out at 1-week follow-up. At baseline, there were no group 

differences in any variables (Tables 1, 2). Results from the Post-Neurofeedback Session 

Questionnaires indicated that participants could not differentiate the group assignment 

(χ2(1) = 0.64, p = 0.43), and there were no significant differences in the sense of 

achievement during the rtfMRI-nf (e.g., item 8: “How successful do you feel you were 

in modulating your brain activity during this session?,” t(37) = −1.31, p = 0.20; online suppl. 

Table S3). No significant side effects nor adverse events were reported (Table 2 and online 

suppl. Table S3).

Longitudinal Change in the PCC-rTPJ Connectivity

Primary Neural Outcome—There were no significant interactions or main effects on PPI 

estimates of the PCC-rTPJ connectivity (Fig. 2; time-by-group interaction: F(3, 91) = 0.86, 

p = 0.46, time: F(3, 91) = 0.30, p = 0.83, group: F(1, 36) = 0.86, p = 0.36). The result of 

the same LME analysis with age, sex, and average head motion as covariates are presented 

in online supplementary Results 3.1. The main findings did not change even after controlling 

for covariates.

Change in RNT and Other Clinical Outcomes

Primary Clinical Outcome—There was a main effect of time and interaction effect on 

the RRS-B (Fig. 3. A.; time-by-group interaction: F(1, 37) = 8.70, p = 0.005, time: F(1, 37) 

= 17.08, p < 0.001, group: F(1, 35) = 0.77, p = 0.39). The active group showed a reduced 

RRS-B score from baseline to follow-up (t(37) = 5.07, pFDR < 0.001, d = 1.03), while the 

sham group did not (t(37) = 0.83, pFDR = 0.41, d = 0.15). The active group showed a lower 

RRS-B score at follow-up compared to the sham group (t(51) = −2.10, p = 0.04), although 

it did not survive the FDR correction (pFDR = 0.08, d = 0.64). The estimated reliable change 
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of the RRS-B was 4.15 of the absolute score change (online suppl. Methods 2.11). Six out of 

20 subjects in the active group showed a reliable improvement in RNT (30%), whereas none 

of the 19 subjects in the sham group did (0%), indicating that the number of subjects who 

improved was significantly higher in the active compared to the sham group (Fisher’s exact 

test, p = 0.02). There were no reliable deteriorations in either group.

Secondary and Other Clinical Outcomes—The statistical tests for the secondary and 

other clinical outcomes are summarized in Table 2. In short, there were no significant 

time-by-group interactions on any variables, although there was a trending time-by-group 

interaction on the RRS-T (Fig. 3B..; 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). Only a significant time 

effect was observed on the secondary clinical out comes including the RRS-T and RRS-D, 

and other exploratory outcomes such as depression, anxiety, positive and negative moods, 

and emotion regulation (see online suppl. Results 3.2. for more details).

Association between Change in the PCC-rTPJ Connectivity and Change in RNT

There were no significant group differences in the association between change in the PCC-

rTPJ connectivity and change in the RRS-B, and no associations between those variables in 

either group (online suppl. Table S5).

Whole-Brain Exploratory Analysis: Functional Connectivity Associated with a Reduction in 
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) (MNI: −7, −53, 11; cluster size k = 79; 

online suppl. Fig. S4). This RSC cluster included the ventral part of the PCC. The spatial 

relationship between this RSC cluster and the original PCC target is illustrated in online 

supplementary Figure S5. See online supplementary material for more details (suppl. Results 

3.3 and 3.4, online suppl. Table S6; online suppl. Fig. S6). Subsequently, we investigated the 

effect of rtfMRI-nf on the connectivity between the RSC and our original rtfMRI-nf targets, 

i.e., rTPJ or PCC. The results of the RSC-rTPJ connectivity analysis are as follows:

Longitudinal Change in the RSC-rTPJ Connectivity—A significant main effect 

on group (active and sham) was observed in the RSC-rTPJ connectivity (time-by-group 

interaction: F(2, 64) = 2.37, p = 0.10, time: F(2, 64) = 0.73, p = 0.48, group: F(1, 36) = 4.99, 

p = 0.03), with significantly lower RSC-rTPJ connectivity at NF2 (t(71) = −2.26, p = 0.03, 

d = 0.77) and NF3 (t(71) = −2.48, p = 0.02, d = 0.87) in the active compared to the sham 

group (Fig. 4a, b).

Association Between Change in the RSC-rTPJ Connectivity and Change in 
RNT—A decreased RSC-rTPJ connectivity from NF1 to NF3 was associated with a 

decreased RRS-B score from baseline to follow-up within the active group (adjusted R2 

= 0.36, β = 1.14, p = 0.04; Fig. 4. C and online suppl. Table S7). There were no such 

associations within the sham group (adjusted R2 = 0.28, β = −0.44, p = 0.31). There were 

no significant findings in the RSC-PCC connectivity (online suppl. Results 3.5, online suppl. 

Table S8 and online suppl. Fig. S7).
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Discussion

This double-blind, sham-controlled proof-of-concept study investigated the feasibility of a 

novel rtfMRI-nf protocol targeting an RNT-related brain circuit in individuals with MDD. 

We observed three main findings. First, the active rtfMRI-nf intervention did not differ from 

the sham intervention in the degree of connectivity between the PCC and rTPJ. Second, 

despite the lack of the main effect, participants in the active group showed a significant 

reduction in the RRS-B scores. However, the RRS-B reduction was not associated with 

the change in the PCC-rTPJ connectivity. Third, we found that the reduced RSC-rTPJ 

connectivity was associated with the reduced RRS-B score in the active group, but not in 

the sham. Taken together, these results provide preliminary evidence that rtfMRI-nf could 

reduce RNT in MDD; however, the mechanism underlying rtfMRI-nf effects may not be due 

to the engagement of a priori-defined target connectivity.

Unlike in the previous study recruiting healthy participants [15], there was no progressive 

linear decrease of the target connectivity across rtfMRI-nf runs, nor did the change in 

the target connectivity correlate with an RNT improvement. Several factors could have 

mitigated effects. Our target connectivity was selected based on data-driven analyses 

of the resting-state fMRI data (see online suppl. Introduction 1.2). Neural features of 

disengagement from RNT during the task (e.g., rtfMRI-nf) may not be simply measured 

as a reverse finding of the resting-state fMRI data correlating with levels of the RRS scores 

[17]. Moreover, in this study, we searched for brain regions where a reinforcement learning 

might have occurred to reduce RNT. The RSC-rTPJ connectivity was significantly decreased 

during NF2 and NF3 in the active compared to the sham group. This reduced connectivity 

was correlated with a reduction of RNT in the active group but not in the sham group.

Although the functional differences between each subdivision of the PCC remain unclear 

[39], one study showed progressive shifts in the PCC function from anterior to posterior 

and from dorsal to ventral, such that the posterior and ventral portion of PCC, especially 

the RSC, plays a pivotal role within the DMN in a self-referential processing including 

an episodic memory retrieval [40]. The RSC has been implicated in conditioned fear 

memories [41, 42], spatial navigations, and episodic, or autobiographical, memories [39, 

40, 43], and has been frequently observed to be activated during recalling of episodic 

memories along with the PCC [39, 44]. The TPJ, especially in the right hemisphere, has 

been established as a key region of the theory of mind and is involved in building models of 

other people’s perspective-taking [45]. Individuals with higher RNT are often preoccupied 

with self-critical thoughts and past instances of failure, rather than attempting to improve 

present circumstances by incorporating others’ perspectives [20, 46–49]. Thus, it is possible 

that individuals in the active group might have learned to regulate the RSC activity together 

with the function of the rTPJ by applying emotion regulation strategies (i.e., retrieving an 

emotional episodic memory and reconsolidating it from a third person’s perspective), which 

might have contributed to a reduction in RNT, although we do not emphasize this finding 

due to the exploratory nature of the analyses. The possible reason that we observed training 

effects on the RSC-rTPJ connectivity to reduce RNT in the active group but not in the 

sham group may be: the feedback signal in the active group was more consistent (reflecting 

their own brain’s functional connectivity), and it might have been correlated with their 
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experiences of applying emotion regulation strategies (as explained above) compared to the 

feedback signal presented for the sham group. We do not have detailed information on how 

they adjusted their emotion regulation strategies based on the feedback. Future studies need 

to explore how individuals adjusted emotion regulation strategies as described in a recent 

review paper [50].

Although other clinical measurements, including the MADRS, showed significant 

improvement in both groups (Table 2), only the RRS-B showed a time-by-group interaction, 

with a significant reduction in the active group. This finding needs to be interpreted with 

caution since only 30% in the active group showed reliable improvement in RNT. One small 

clinical study conducting a six-session of group metacognitive therapy (i.e., one form of 

cognitive behavioral therapy to modify metacognition of RNT) in nine adolescents with 

internalizing disorders reported a reliable improvement of RNT in 67% (6/9) of their sample 

[51]. A relatively modest rate of the reliable change in RNT in our data may be due to the 

difference in session numbers or time spent for the intervention. Emerging research suggests 

that improvement in behaviors or symptoms can continue for weeks to months after the final 

rtfMRI-nf session [52, 53]. The optimal time point to evaluate clinical outcomes after the 

rtfMRI-nf remains an open discussion for a further investigation.

This study has several limitations. First, our sample size was relatively small. We estimated 

our sample size based on the pilot data [15] to detect a significant difference in the 

interaction term (time-by-group). However, our estimation could be overly optimistic since 

we simulated the power and sample size based on the interaction term (see online suppl. 

Methods 2.2 and online suppl. Fig. S1). Thus, we acknowledge that our sample size might 

have been underpowered to detect a significant group difference in the final post hoc 

comparison with an independent t test. Moreover, the results of the secondary outcome, 

the change in the RRS-B score, need replication in larger sample. Second, we recruited 

MDD-affected individuals with relatively mild to moderate depression (Table 2), and we did 

not set inclusion criteria based on the baseline score of the RRS-B. Thus, we are cautious 

about the generalizability of our findings, especially for severe or treatment-resistant MDD 

with high levels of RNT. Third, although we determined our target connectivity based on 

comprehensive data-driven analyses of the resting-state fMRI data [17], an adjustment of 

the anatomical location of the target using a task-based fMRI paradigm (i.e., a functional 

localizer) would be beneficial. The challenge is that, unlike motor, affective, or executive 

functional regions, e.g., [54–62], RNT is a higher order cognitive process, and we are still 

uncertain what kind of tasks would have the maximum power to identify an RNT-related 

circuit. Fourth, although we observed a more prominent reduction in RNT for the active 

group compared to the sham, both groups showed a reduction in general depression. The 

current design allowed us to collect the follow-up data 1 week after the rtfMRI-nf, and 

we do not know the longitudinal effect of rtfMRI-nf on RNT and depression. Future 

investigation will need to clarify whether current results could be maintained in the longer 

term and how modulating RNT-related circuits could contribute to antidepressant effects.
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Conclusion

The goal of this RCT was to determine whether rtfMRI-nf would reduce the PCC-rTPJ 

connectivity and RNT in individuals with MDD. Although rtfMRI-nf reduced RNT, it failed 

to show the engagement of original targets, defined based on the resting-state fMRI data 

[17]. This study revealed a challenge in the connectivity-based rtfMRI-nf to precisely target 

the specific circuit as intended. It is important to note that it would be overly ambitious 

to argue that any particular brain activities or connectivity are the primary factors causing 

RNT. Instead, it would be acceptable to assume that each brain region functions as a 

separate node in a network to collectively generate or inhibit RNT [63, 64]. To determine the 

causal involvement in neural alterations and symptom changes, a whole-brain investigation 

to explore such nodes would be valuable. In line with this notion, our preliminary data 

indicate that the RSC and rTPJ could be part of a network that might collectively affect 

the intensity of RNT, and may become treatment targets and treatment monitoring markers 

for future antidepressant interventions. We suggest that future studies should (1) evaluate 

how the feedback signals influence a person’s brain beyond the target regions to facilitate 

the understanding of mechanisms underlying rtfMRI-nf and (2) explore whole-brain regions 

potentially account for the causal effects on symptom changes.
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Fig. 1. 
CONSORT flow diagram.
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Fig. 2. 
Longitudinal change in the primary neural outcome. a Change in gPPI estimates of the 

precuneus/posterior cingulate cortex (PCC) and the right temporoparietal junction (rTPJ) 

functional connectivity between the active and sham groups through the neurofeedback 

session. View1 and View2: no-neurofeedback run with a self-referential task, NF1, NF2, 

and NF3: neurofeedback run with a self-referential task. The error bars represent the 95% 

confidence interval of the mean values. b Boxplots and individual plots of the PCC-rTPJ 

connectivity. Left: active group, right: sham group.
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Fig. 3. 
Longitudinal change in repetitive negative thinking. a Primary clinical outcome (brooding 

subscale of the Ruminative Response Scale, RRS-B). The left panels show the mean values 

of the RRS-B at baseline (Pre) and 1-week follow-up (FU) in both groups. The error bars 

represent the standard errors of the mean values. The middle panels show the mean values 

and individual plots of the RRS-B at Pre and FU in the active group. The right panel shows 

the mean values and individual plots of the RRS-B at Pre and FU in the sham group. b 
Secondary clinical outcomes (depression subscale of the RRS, RRS-D; reflection subscale 

of the RRS, RRS-R; and the RRS total score, RRS-T). The left panels show the mean 

values of each RRS subscale or the total score at Pre and FU in both groups. The error bars 

represent the standard errors of the mean values. The middle panels show the mean values 
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of each RRS subscale or the total score at Pre and FU in the active group. The right panel 

shows the mean values of each RRS subscale or the total score at Pre and FU in the sham 

group. FDR: false discovery rate correction.
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Fig. 4. 
Longitudinal change in the functional connectivity between the retrosplenial cortex (RSC) 

and right temporoparietal junction (rTPJ), and an association between the change in the 

RSC-rTPJ connectivity and the change in the brooding subscale of the Ruminative Response 

Scale (RRS-B). a Longitudinal change in the RSC-rTPJ connectivity 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-rTPJ connectivity. Left: active group, 

Right: sham group. c An association between the change in the RSC-rTPJ connectivity 

(NF3 from NF1) and the change in the RRS-B (follow-up from baseline). The error bars 

Tsuchiyagaito et al. Page 18

Psychother Psychosom. Author manuscript; available in PMC 2023 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



represent the 95% confidence interval of the mean values. The shaded areas represent the 

95% confidence interval of regression slopes.
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Table 1.

Demographic data and head motion

Active (n = 20), mean (SD) Sham (n = 19), mean (SD) Statistics p

Age 33.60 (10.60) 33.42 (11.49) t(37) = 0.05 0.96

Female (%) 14 (70.00) 14 (73.00) χ2(1) < 0.001 1.00

Handedness: right (%) 17 (85.00) 18 (94.74) Fisher’s exact test 0.61

Race/ethnicity: non-white (%) 2 (10.00) 6 (31.58) Fisher’s exact test 0.12

 Black 0 (0.00) 1 (5.26)

 Native American 2 (10.00) 5 (26.32)

 White 18 (90.00) 13 (68.42)

Diagnosis (%)

 MDD without comorbidity 12 (60.00) 6 (31.57) χ2(1) = 2.13 0.15

 MDD and anxiety disorder 8 (40.00) 13 (68.42) χ2(1) = 2.13 0.15

  Generalized anxiety disorder 3 (15.00) 10 (52.00)

  Social anxiety disorder 5 (10.00) 5 (26.32)

  Panic disorder 4 (20.00) 4 (21.05)

Depressive episode (%)

 Single episode 6 (30.00) 8 (42.00) χ2(1) = 0.21 0.65

 Recurrent 14 (70.00) 11 (57.89)

Medicated (%) 13 (65.00) 7 (36.84) χ2(1) = 2.07 0.15

 Benzodiazepines 3 (15.00) 2 (10.53)

 Anti-psychotics 0 (0.00) 0 (0.00)

Psychotherapy (%) 5 (10.00) 4 (21.05) χ2(1) < 0.001 1.00

Average head motion (framewise displacement) 0.07 (0.03) 0.07 (0.03) t(37) = 0.02 0.98
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