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Abstract

Rumination, repetitively thinking about the causes, consequences, and one's negative
affect, has been considered as an important factor of depression. The intrusion of
ruminative thoughts is not easily controlled, and it may be useful to visualize one's
neural activity related to rumination and to use that information to facilitate one's
self-control. Real-time fMRI neurofeedback (rtfMRI-nf) enables one to see and regulate
the fMRI signal from their own brain. This proof-of concept study utilized connectivity-
based rtfMRI-nf (cnf) to normalize brain functional connectivity (FC) associated with
rumination. Healthy participants were instructed to brake or decrease FC between the
precuneus and the right temporoparietal junction (rTPJ), associated with high levels of
rumination, while engaging in a self-referential task. The cnf group (n = 14) showed a
linear decrease in the precuneus-rTPJ FC across neurofeedback training (trend
[112] = —0.180, 95% confidence interval [CI] —0.330 to —0.031, while the sham group
(n = 14) showed a linear increase in the target FC (trend [112] = 0.151, 95% CI 0.017 to
0.299). Although the cnf group showed a greater reduction in state-rumination com-
pared to the sham group after neurofeedback training (p < .05), decoupled precuneus-
rTPJ FC did not predict attenuated state-rumination. We did not find any significant
aversive effects of rtfMRI-nf in all study participants. These results suggest that cnf has
the capacity to influence FC among precuneus and rTPJ of a ruminative brain circuit.
This approach can be applied to mood and anxiety patients to determine the clinical

benefits of reduction in maladaptive rumination.
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1 | INTRODUCTION

Rumination is a thought pattern or a cognitive style that repetitively
think about the causes, consequences, and one's negative affect
(Nolen-Hoeksema, Wisco, & Lyubomirsky, 2008; Smith & Alloy, 2009).
Rumination can impair a person's ability to function because it prevents
new insights or solutions on how to handle a situation and emotionally
keeps a person in the cycle of repetitive negative thinking and inten-
sifies one's negative feelings. Studies showed rumination as one of
the important risk factors that predict the onset of depressive symp-
toms, and it has been consistently related to more depressive episodes,
higher severity of depression, and longer depressive episodes (Mor &
Winquist, 2002; Nolan, Roberts, & Gotlib, 1998; Roberts, Gilboa, &
Gotlib, 1998; Spasojevi¢ & Alloy, 2001). Given the substantial overlap
between depression and anxiety (Regier, 1990; Wittchen & Essau,
1993), rumination began receiving more attention as a factor poten-
tially involved in the development of anxiety, or excessive worrying
about future events (Ehring & Watkins, 2008). Further investigation has
supported the role of rumination as a transdiagnostic risk factor; that is,
rumination seems to increase the burden of treating mood and anxiety
disorders (MAD) (Spinhoven et al., 2018).

Although effective treatments for MAD, such as pharmacother-
apy, psychological intervention, and combination of both have been
established, nearly two-thirds of patients will not respond (Cain, 2007).
Rumination also affects a slower response and poor outcome to both
antidepressant medication and cognitive-behavioral therapy (CBT;
Jones, Siegle, & Thase, 2008; Schmaling, Dimidjian, Katon, & Sullivan,
2002). Unfortunately, it is unclear whether existing interventions can
successfully improve rumination (Watkins, 2015). A recently developed
intervention, Rumination-Focused Cognitive Behavioral Therapy
(RFCBT), showed its efficacy for depressive patients but requires
twelve sessions to complete (Hvenegaard et al., 2020; Watkins
et al., 2011). CBT requires patients to be conscious of their maladaptive
ruminative thinking, so then they will be able to learn how to control
it. Therefore, it will require multiple sessions until patients can feel
progress in and improvement of their depressive symptoms. Impor-
tantly, the intrusion of ruminative thoughts is not easily controlled by
one's own will, and it can be hard to get out of repetitive ruminative
thinking, even if they want to stop it. Therefore, it may be useful to
visualize one's internal state of mind outside of one's awareness and to
use that information to facilitate one's self-control. Also, these studies
investigating the efficacy of RFCBT (Hvenegaard et al., 2020; Watkins
et al., 2011) were not designed to determine what aspect of RFCBT
contributes to reducing ruminations. Thus, it is necessary to identify
and determine any underlying brain dysfunctions related to rumination.

Real-time functional magnetic resonance imaging (rtfMRI) pro-
vides us blood-oxygen-level-dependent (BOLD) signal processing and
display simultaneously with image acquisition. It has enabled real-time
fMRI neurofeedback (rtfMRI-nf), which allows a person to see and
regulate the fMRI signal from their own brain (Cox, Jesmanowicz, &
Hyde, 1995; deCharms, 2008). RtfMRI-nf can be used for brain-based
therapies by providing individuals information about their brain activity

and offering them an opportunity to learn how to control their brain

activity by themselves (deCharms et al., 2004; Weiskopf et al., 2007,
Young et al., 2017; Zotev et al., 2011, 2018). As long as the brain's
regional representation associated with rumination symptoms and/or
brain circuitry dysfunctions (e.g., abnormalities in functional connec-
tivities related to rumination) are determined, this new method has
the potential to be a promising way to target and influence rumina-
tion, which is difficult for pathological patients to be aware of. It also
has another advantage in examining the relationship between changes
in brain function and psychopathological symptoms, which contribute
to further understandings of underlying features of psychiatric disorders
in the aspects of brain functions. Therefore, rtfMRI-nf targeting
rumination-related brain circuits will shed new light on revealing the
mechanism of treating transdiagnostic symptoms and will give us a
unique insight into the biophenotypes that a ruminative subgroup
manifests. Defining which brain region to feedback and display is one
of the most important elements of an rtfMRI-nf study (Fede, Dean,
Manuweera, & Momenan, 2020). Although targeting a single region of
interest (ROI) is effective for rtfMRI-nf (e.g., Young et al., 2014; Young
etal., 2017; Zotev et al., 2011, 2018; Zoteyv, Phillips, Young, Drevets, &
Bodurka, 2013), functional connectivity (FC) with other co-recruited
brain regions (e.g., posterior cingulate cortex, precuneus, hippocampus,
insula, anterior cingulate gyrus, dorsomedial prefrontal cortex, etc.) also
changes as a result of rtfMRI-nf (Misaki et al., 2018; Young et al., 2018;
Yuan et al., 2014). Correcting aberrant brain FC patterns holds promise
because FC has been linked to behavioral, cognitive, and emotional
symptoms. Recent studies show the potential of rt-fMRI-nf to train FC
between brain regions (Kim, Yoo, Tegethoff, Meinlschmidt, & Lee,
2015; Koush et al., 2013, 2017; Liew et al., 2016; Megumi, Yamashita,
Kawato, & Imamizu, 2015; Morgenroth et al., 2020; Ramot et al., 2017;
Spetter et al, 2017; Yamada et al, 2017; Yamashita, Hayasaka,
Kawato, & Imamizu, 2017; Zhao et al., 2019). There are several ways to
calculate and estimate brain FCs. For example, the correlation-based
neurofeedback utilizes Pearson's correlation coefficients of BOLD
signal time-courses between two ROls or even within multiple targeted
connections (Kim et al., 2015; Liew et al., 2016; Megumi et al., 2015;
Spetter et al., 2017; Yamada et al., 2017; Yamashita et al., 2017; Zhao
et al., 2019). Another type of connectivity-informed rtfMRI-nf utilizes
dynamic causal modeling (DCM; Koush et al., 2013; Koush et al., 2017).
The DCM-based neurofeedback is based on predefined models where
the direction of information flow is hypothesized, and can strengthen
unidirectional connectivity, while no model of causality in connectivity
is presumed in the Pearson's correlation-based neurofeedback. More-
over, recent technological evolution has enabled more complex calcula-
tions, and there are some studies applying regional brain pattern or
whole-brain dynamics as a target (Lorenzetti et al., 2018; Scheinost
et al., 2020; Shibata, Watanabe, Sasaki, & Kawato, 2011; Taschereau-
Dumouchel et al., 2018). Those more advanced approaches have a
significant advantage in decoding complex brain states with high
sensitivity and accounting for individual variability, which enables us to
identify personalized target locations or patterns. However, it is not
always possible to fully utilize this approach for rtfMRI-nf especially for
the clinical populations, since not all diseases have an established brain

biomarker representing abnormalities, and we do not know the ideal
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brain pattern. Similarly, those approaches use a task to create decoders
or classifiers; however, there is no best-established task to identify
abnormalities (Misaki, Tsuchiyagaito, Al Zoubi, Paulus, & Bodurka, 2020).
A consistent concern of those modeling methods is the translation of
complex, regional brain patterns into clinically modifiable targets for
intervention (Scheinost et al., 2019; Scheinost et al., 2020). The
correlation-based approach has taken advantage of the development
of biomarkers of psychiatric disorders based on resting-state functional
connectivity (rsFC). Although studies suggest that rumination is associ-
ated with impairments in medial prefrontal cortex and post cingulate
cortex/precuneus (Zhou et al., 2020), most studies use a priori-defined
seed region, which could misidentify the precise location of the FC
associated with rumination. To identify the precise location of FC
associated with rumination without a priori seed definition, we previ-
ously analyzed the first 500 participants (of 1,000) from an existing
large naturalistic dataset (Tulsa 1000: T1000; Victor et al., 2018). After
conducting a connectome-wide association analysis (Misaki et al.,
2020), we found that rsFC between the precuneus locus and the right
temporoparietal junction (rTPJ) was positively correlated with the
severity of rumination measured by the Ruminative Response Style
Scale (RRS; Nolen-Hoeksema & Morrow, 1991) in MAD patients
(n = 223). Both the precuneus locus and the rTPJ are regions of the
default mode network (DMN), which is responsible in part for intrinsic
awareness and self-referential processing (Andrews-Hanna, Reidler,
Sepulcre, Poulin, & Buckner, 2010; Davey, Pujol, & Harrison, 2016).
The precuneus has been consistently considered a major hub of the
DMN (Leech, Kamourieh, Beckmann, & Sharp, 2011), while the TPJ is
related to emotional processing and theory of mind (Saxe & Kanwisher,
2003; Young, Camprodon, Hauser, Pascual-Leone, & Saxe, 2010).
The hyperconnectivity among them associated with RRS suggests that
altered self-referential processing might be an underlying feature of
rumination. Therefore we posit that rebalancing (e.g., braking,
decoupling, or decreased connectivity) this data-driven identified
ruminative brain circuit could be a promising way to improve a per-
son's ruminative response and reduce ruminative thoughts. One of
the difficulties in conducting connectivity-based rtfMRI-nf is to calcu-
late online connectivity with adequate noise suppression. To give a
person feedback signals in a timely manner, we need to optimize the
number of time points to calculate FCs. In order to estimate FCs as
feedback signals, we followed a framework introduced by Ramot and
Gonzalez-Castillo (2019) and optimized the real-time neurofeedback
signals (Misaki et al., 2020). Based on our previous study, we utilized a
two-point method to feedback FC in a timely manner (methodological
details were described in Misaki et al., 2020 and Section 2.5).

To investigate the efficacy of rtfMRI-nf, the study design has to
consider the employment of the control group. Clinical trials investi-
gating the efficacy of rt-fMRI-nf for MDD have been published pri-
marily by two groups (Mehler et al., 2018; Young et al, 2017).
However, there are mixed results in this field; for example, Young
et al. (2017) found that rtfMRI-nf LA training is effective for depressive
populations compared to an active sham-controlled group, while Mehler
et al. (2018) could not find the superiority of rtfMRI-nf based on

upregulation of emotional brain areas to an active neurofeedback-control
group (i.e., neurofeedback based on upregulation of region activated by
visual scenes), and both groups experienced clinical improvements
together with increased self-efficacy. Those mixed findings might be
partially attributed to possible confounding factors, and one such
factor could be a reward experience. We, and others, utilized an
active sham-control from alternative ROI (Young et al., 2014, 2017,
Zotev et al., 2011, 2013, 2018); however, most of the studies did
not control the reward experiences. Generally, target ROls are
selected based on the notion that those regions are supposed to be
regulated by the explicit strategy, and alternative control ROls are
selected based on the notion that those regions are not related to
both the explicit strategy and the BOLD signals from the targeted
ROI. Therefore, participants in the active sham-controlled group might
not be able to receive the same reward experiences, which could be
one of the confounding factors of neuronal and/or behavioral
changes. On the other hand, in Mehler et al. (2018), an active control
group received veridical feedback from a brain region which can be
activated during mental imagery of scenes, and can be upregulated
with rtfMRI-nf. They aimed for an active neurofeedback-control condi-
tion that would entail similar upregulation success and thus reward
experience in both groups. As described above, both groups experi-
enced clinical improvements together with increased self-efficacy.

The underlying principle of neurofeedback protocols, in general,
contains variables such as (i) mental strategies that trigger desired
neurophysiological status, (ii) self-monitoring, that is, meta-cognition
of what they are thinking and interoceptive observation of their inter-
nal state of mind, (iii) a learning process composed of operant learning
of desired neurophysiological status and associative learning of feed-
back with their strategies (these two stages of learning were proposed
in the dual-process theory; Lacroix, 1986; Lacroix & Gowen, 1981),
and (iv) reward experiences presented by positive feedback signals.
To conclude that the neuronal changes and behavioral changes
induced by rtfMRI-nf are specific to the learning process of feedback
from target brain regions, we have to exclude the general experience
of self-regulation, which could have a therapeutic effect. Therefore,
we employed an active sham-controlled feedback group, controlling
reward experiences within a certain limit, that is, not exceeding
reward experiences that an actual rtfMRI-nf group would achieve. To
exclude the general experience of self-regulation such as (i), (ii), and
(iv) as much as possible, we decided to compare the rtfMRI-nf group
receiving an actual feedback signal reflecting their own target FC with
the sham group, which received artificially-generated random feed-
back signals with controlled reward experiences. This design gave
participants in both groups the opportunity to engage with the same
kinds of mental strategies for viewing feedback signals with the same
amount of reward experiences, regardless of the actual or artificially
generated feedback signals.

Thus, this study targeted the precuneus-rTPJ connectivity, which
has been confirmed to be associated with rumination severity in MAD
patients (Misaki et al., 2020), for a neurofeedback training to reduce

this connectivity with the feedback signal of the two-point method
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without a control ROI using an advanced real-time fMRI data processing
system with comprehensive real-time noise reduction (Misaki et al., 2015).
Since this work is the first proof-of-concept study to investigate the
efficacy and tolerability of rtfMRI connectivity neurofeedback targeting
ruminative brain circuits, we limited our participants to healthy individuals.
Generally, rumination is common for depressive and/or anxious
populations (Nolen-Hoeksema, 2000); however, rumination can be
separated into state and trait components: trait-rumination refers to a
person's tendency to ruminate, or a personality trait commonly
observed among MAD patients, and state-rumination refers to the act
of ruminating induced by an acute stressor or a negative self-
referential task, which can be observed among healthy subjects (Key,
Campbell, Bacon, & Gerin, 2008; LeMoult, Arditte, D'Avanzato, &
Joormann, 2012). Therefore, we placed much value on state-rumination
as a behavioral outcome measure rather than on trait-rumination for
this proof-of-concept study. Our primary aim was to investigate
whether healthy volunteers can learn how to decouple and reduce FC
between the precuneus locus and the rTPJ in an identified ruminative
brain circuit. Primary outcome was the precuneus-rTPJ FC during the
rtfMRI-nf, which represents the rtfMRI-nf regulation success, and we
hypothesized that participants in the rtfMRI-nf group would learn to
decouple the target FC but not in the sham group. Secondary outcome
was the level of state-rumination, which represents behavioral changes,
and we hypothesized that participants in the rtfMRI-nf group would
show significantly greater reduction of state-rumination after the
neurofeedback training, compared to those in the sham group. Other
variables were all exploratory outcomes and we investigated changes in
rsFC of the target regions before and after rtfMRI-nf, and the associa-

tion between rtfMRI-nf regulation success and behavioral changes.

2 | METHODS AND MATERIALS

21 | Participants

We recruited 31 medically and psychiatrically healthy volunteers who
are naive to rtfMRI-nf experiments for two groups: the connectivity-
based rtfMRI-nf group (cnf group, n = 16) and the sham control feed-
back group (sham group, n = 15). Participants were assigned to the cnf
or sham group in alternating order, with stratification for age (younger
vs. older than 18 years), and gender (male vs. female). The participants
allocated to the cnf group received binary neurofeedback (O: no feed-
back or +1: the presence of positive feedback) derived from their own
brain's neuronal activity and associated hemodynamic changes. The
absence of feedback, equal to “O,” means coupling (increasing) in
the rtfMRI-nf targeted FC (e.g., precuneus-rTPJ connectivity), and the
presence of positive feedback, equal to “+1,” means decoupling
(decreasing) of FC. The sham group participants received sham binary
feedback signals, unrelated to subject performance and neurofeedback
response (see details in Section 2.5). All participants provided consent
for their participation in the experiments knowing that there would be a
chance that they would be assigned to the sham group, and they were

blinded to group allocation. Two subjects of the cnf group and one

subject of the sham group had to be excluded (cnf group: MRI technical
issues, noncompliance of instructions; sham group: noncompliance of
instructions). In all, 14 subjects for both cnf and sham groups were
included (cnf group: mean age/SD = 23/1 years, 10 females; sham
group: mean age/SD = 22/1 years, 11 females). Although we did not
conduct an a priori sample size calculations, post hoc power analyses
were performed to evaluate the achieved power with G*power 3.1.

This study was conducted at the Laureate Institute for Brain
Research with the research protocol (IRB# 20111188) approved by
the Western Institutional Review Board (IRB). All participants provided
written informed consent and received financial compensation for
participation in the study. Prior to enrolling in the study, each subject
underwent a screening evaluation, including medical and psychiatric
history and neuromorphological MRI. Inclusion criteria included
healthy volunteers (assessed by Mini International Neuropsychiatric
Interview MINI; Sheehan et al., 1998), aged between 18 and 35 years
and right-handed according to the Edinburgh Inventory (Oldfield, 1971).
Exclusion criteria included pregnancy, intake of any psychiatric
medication, abnormal neuromorphological brain profile, and general

contraindications against MRl examinations.

2.2 | Imaging data collection and MRI parameters

Imaging was conducted on a 3 T MR750 Discovery (GE Healthcare).
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 x 96,
FOV/slice = 240/2.9 mm, flip angle = 90°, voxel size 2.5 x 2.5 x 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 x 192 mm, matrix = 256 x 256, 124 axial slices, slice thick-
ness = 1.2 mm, 0.94 x 0.94 x 1.2 mm® 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.

2.3 | Real-time fMRI processing

A Linux machine and an in-house program written in Python were
used for real-time fMRI data transferring and processing. The real-
time fMRI processing included slice-timing correction, motion correc-
tion, spatial smoothing with 6 mm-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 compo-
nents (Misaki et al., 2015). The noise regressors were six motion
parameters, eight RETROICOR (Glover, Li, & Ress, 2000) regressors
(four cardiac and four respiration), white matter mean signal, ventricle
mean signal, and Legendre polynomial models of slow signal fluctua-
tion. This comprehensive noise reduction was performed in real-time
(less than 400 ms; Misaki et al., 2015).
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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 accor-
dance with our previous research (Misaki et al., 2020). These masks
and ROIs in the MNI space were warped to the individual subject
brain for real-time signal calculation. 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; Avants, Epstein, Grossman, & Gee, 2008; http://
stnava.github.io/ANTs/). At last, the warped masks and ROIls were
resampled in functional image resolution to make masks and ROlIs in
the functional image space for real-time calculation. The processing
of the masks and ROIs was done during the resting-state and base-
line runs (Rest1, Think, View1 in Figure 1) 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.

Restl || Think | Viewl NF1 NF2 NF3 View2 || Rest2

6mins 6mins  8mins 8mins 8mins  8mins 8mins  6mins
50sec 50sec 50sec

Viewl and View2:

+ nervous + lazy + moody +

Rest View Rest View Rest View Rest
(90sec) (100sec) (30sec) (100sec) (30sec) (100sec) (30sec)
4 words 4 words 4 words
NF1 to NF3:

Rest  Regulation Rest

Regulation  Rest Regulation  Rest

(90sec) (100sec) (30sec) (100sec) (30sec) (100sec) (30sec)
4 words 4 words 4 words
FIGURE 1 Experimental design. A neurofeedback session

contains a first resting scan (Rest1), rumination-inducing task scan
(Think), is followed by five experimental runs: View1, Neurofeedback
1 to 3 (NF1, 2, 3) View2, and ends with the last resting scan (Rest2).
Each experimental run started with a first “Rest” block (90-s), followed
by “View” or “Regulation” block (100-s) during the presentation of
four negative trait words (25-s for each word) and “Rest” block (30-s)
alternatively. In the initial view scan (View1: Baseline), participants
were instructed to naturally respond to those negative trait words
during the “View” block, and in the last view scan (View2: Transfer),
participants were instructed to use the mental strategy that worked
best throughout three neurofeedback runs (NF1, 2, 3) during the
“View” block. In the neurofeedback scan, participants were instructed
to apply a mental strategy, such as cognitive reappraisal and
acceptance (“it is OK” statement), while viewing negative trait words
and instructed to regulate their brain activity represented by the
sidebars during the “Regulation” block

24 | Neurofeedback training paradigm

The session started with a 5-min Tlw MRI anatomical scan, a 6-min,
and 50-s first fMRI resting-state scan, a 6-min, and 50-s rumination-
inducing task fMRI scan (Think), followed by five experimental rtfMRI-nf
runs (View1 as a baseline, three NF trainings [NF1, 2, 3], and View2 as
a transfer), each lasting 8-min, and concluded with a 6-min, and 50-s
resting-state fMRI scan (Figure 1). The rumination-inducing (Think)
task was to induce participants' ruminative states in an experimental
setting. During this task, participants were instructed to recall a
memory where they were recently rejected by someone who meant a
lot to them, and were instructed to think why they reacted the way
they did while seeing the fixation sign. Data from the Think task were
not analyzed in this study.

The experimental run (View1, 2, NF1, 2, 3 in Figure 1) started
with a 90-s resting block (for obtaining enough sample points for a real-
time noise reduction; Misaki et al., 2015), followed by three trial blocks,
each composed of a 100-s Regulation block during a presentation of
four negative trait words (25-s for each word) and a 30-s rest. For the
Rest block, participants were instructed to see the fixation cross
displayed at the center of the presentation screen and to not think of
anything in particular, in the same manner, as during the resting-state
scan. For the Regulation block, the participants were instructed to apply
a mental strategy, such as cognitive reappraisal and acceptance (“it is
OK" statement), while viewing negative personality trait words that
were individually customized based on their own choice (see details in
Table S1). Examples of cognitive reappraisal or acceptance were
provided prior to the intervention: “Everyone has these traits (general-
ization), then it is OK if | have these negative traits.” “Sometimes, |
behave like that, but not always (exception), then it is OK if | some-
times behave like that.” “Thinking about the good side of the negative
trait. For example, being shy might mean that | am a humble and deep
thinker rather than big-headed. Then it is OK if | have these negative
traits.” “Thinking about the solutions on how to overcome my nega-
tive traits or personality. Then it is OK, and | can overcome it.”

The first and last two experimental runs (View1, 2) were performed
without neurofeedback signals, while the middle three experimental
runs were performed with neurofeedback signals (NF1, 2, 3). In the
initial view condition (View1: Baseline), participants were instructed
to naturally respond to those negative trait words, and in the last view
condition (View2: Transfer), they were instructed to use the mental
strategy that works best through three neurofeedback runs (NF1, 2, 3).
The View1l and View2 non-neurofeedback runs were used to assess
changes in the target FC between the precuneus and the rTPJ in the

absence of neurofeedback signals.

2.5 | Neurofeedback signal calculation utilizing
two-point method

Our previous study (Misaki et al., 2020) performed a simulation analysis
to optimize an algorithm for online real-time FC feedback signal to

decouple the FC between the two target ROIs (i.e., the precuneus
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locus and the rTPJ). We evaluated two methods of online connectivity
neurofeedback signal, that is, sliding-window correlation (Gembris
et al., 2000) and the two-point method (Ramot et al., 2017). The
sliding-window correlation is a z-transformed Pearson's correlation
between two ROIs within a time window, and widths of a 3- to
10-time points window were evaluated in the simulation. 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 ROlIs as a proxy measure of online connectivity. The feed-
back signal is calculated as a binary value. When the BOLD signal from
the precuneus and the rTPJ moved in different directions (i.e., the
change of BOLD signal from the precuneus increased and that from
the rTPJ decreased, or that from the precuneus 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;
Figure 2). When the changes of the BOLD signal from the precuneus
and the rTPJ moved in the same direction, participants saw blank
sidebars, which indicated the absence of feedback (coded as 0). The
original introduction of the two-point method utilized a control ROI to
cancel a signal change unspecific to the target FC (Ramot et al., 2017).
Both versions of the two-point method, with and without the control
ROI, were evaluated in the simulation. The simulation was performed
on an advanced rtfMRI data processing system implementing compre-
hensive online noise reduction processes (Misaki et al., 2015; Misaki &
Bodurka, 2019), which is the same system used for rtfMRI-nf, with
slice-timing correction, motion correction, spatial smoothing, signal

scaling and GLM with regressors of high-pass filtering, six motion

(a) Target ROI#1: precuneus, MNI(-6, -58, 48)

parameters, mean white matter signal, mean ventricle signal, and RET-
ROICOR (Glover et al., 2000) for the estimation of online FC. The
optimality of online feedback signals was evaluated with regard to
three criteria, that is, correlation between online FC and offline FC,
robustness to head motion, and timeliness of neurofeedback. The
simulation results indicated a trade-off between the correlation with
offline FC and the risk of motion contamination. The higher correla-
tion between online FC and offline FC was observed with more time
points (i.e., sliding-window correlations with 10 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 FC and offline FC, 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 target (see more details in Misaki et al. (2020)).

The neurofeedback presentation started 8 s 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
except that the feedbacks were artificially generated unrelated to the
target connectivity. With several technical and evaluation scans with
healthy adults, we observed that the average success rate of
decoupling the precuneus and the rTPJ during the Regulation block

Target ROI#2: right TPJ, MNI(51, -49, 23)

FIGURE 2 Regions of interest
(ROI) for the connectivity-based
rtfMRI-nf and the neurofeedback
algorithm. (a). ROls for the
connectivity-based rtfMRI-nf. (b).
Neurofeedback algorithm and
display. Red circles and arrows
indicate the precuneus ROl and
BOLD activities, and blue circles and
arrows indicate the right
temporoparietal junction (rTPJ) ROI
and BOLD activities. The sidebars on
the screen were updated every 2-s
with positive feedback (+1: light blue
color) or no feedback (0: blank color)
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with true neurofeedback signals was around 40%. Therefore, participants
assigned to the sham group were pre-set to receive 40% of the positive
feedback during the Regulation block, regardless of their actual brain
connectivity patterns. The binary sham feedback signal was randomly
generated from a Bernoulli distribution with a 0.4 probability of positive
feedback at each TR. We also placed a safeguard process against an
accidental correlation between the random sham and the real brain
signals. We calculated the correlation between the sham signal and
the real two-point feedback signal (not presented to the participants
in the sham group) in real-time after the first block. A feedback signal
that could reduce the correlation was presented only if the absolute
correlation was larger than 0.3 instead of a random value; for example,
if there was a high positive correlation, take the sham signal opposite
to the real one, and vice versa. This ensured that the sham group
received a feedback signal irrelevant to their brain activation.

The participants in both groups were instructed that the presence
of blue sidebars indicates the subject's brain status is in the desired
state (targeted FC related to rumination is decoupled), and were
instructed to try and adjust their mental strategies based on the
provided feedback throughout the experimental runs. Also, they were
informed that there would be a 7-s hemodynamic delay between
brain changes and feedback signals and that their goal was to keep
the sidebars blue as long as possible.

The Consensus on the Reporting and Experimental Design of
clinical and cognitive-behavioral Neurofeedback studies (CRED-nf) best
practices checklist 2020 (Ros et al., 2020) can be found in Table S2.

2.6 | Experimental measures
Experimental measures comprised self-rated scales and assessments

along with fMRI connectivity analyses, as specified below.

2.6.1 | Changes in neurofeedback-related FC
between the precuneus and the rTPJ

The change of FC between the precuneus and the rTPJ on the course
of the experimental runs (View1, NF1-3, and View2) was evaluated as

a successful decoupling of the target FC.

2.6.2 | Changes in state-rumination after one
rtfMRI-nf session

The change of the subjective state-rumination score during the self-
referential task between pre-neurofeedback training (pre-NF) and
post-neurofeedback training (post-NF). The level of state-rumination
was assessed with the visual analog scale (VAS). Participants were
asked to answer one question, “To what extent did you dwell on
negative aspects of yourself?” using a button box rating from 1 (not
at all) to 10 (extremely) at the end of View1 (pre-NF) and View2
(post-NF).

2.6.3 | Changes in rsFC between the precuneus
and the rTPJ after one rtfMRI-nf session

The change of rsFC between the precuneus and the rTPJ before and
after the neurofeedback training (Rest1 and Rest2) was evaluated to
investigate whether the changes seen in rtfMRI-nf could be observed

in a more naturalistic fashion.

2.6.4 | Exploratory behavioral variables related to
state-rumination

The following exploratory behavioral measures were used to examine
whether there would be detectable behavioral changes after one
session of rtfMRI-nf. Also, mood changes were assessed with the State-
Trait Anxiety Inventory-State (STAI-S; Spielberger, Gorsuch, Lushene,
Vagg, & Jacobs, 1983) and the Profile of Mood States (POMS) Scale
(McNair, Lorr, & Droppleman, 1971). POMS Total Mood Disturbance
(TMD) subscale was checked before and after the neurofeedback inter-
vention to ensure there are no harmful effects on participants in both
groups. Prior to having their MRI scans, participants completed the
following measures (pre-NF); (i) Ruminative Response Style Scale
(RRS; Nolen-Hoeksema & Morrow, 1991); (ii) Toronto Alexithymia
Scale (TAS; Bagby, Parker, & Taylor, 1994); (iii) Emotion Regulation
Questionnaires (ERQ; Gross & John, 2003); (iv) State-Trait Anxiety
Inventory-Trait (STAI-T; Spielberger et al., 1983); (v) State-Trait Anxiety
Inventory-State (STAI-S; Spielberger et al., 1983); and (vi) Profile of
Mood States (POMS) Scale (McNair et al., 1971).

After the neurofeedback session (post-NF), they were asked to
complete (v) STAI-S and (vi) POMS again. In this study, the POMS
TMD subscale was used to measure a negative mood. In addition, a
follow-up assessment was conducted 7-14 days after the neurofeedback
session (Follow Up: FU), and participants were asked to complete (i) RRS,
(ii) TAS, and (iii) ERQ. The changes in these scales between pre-NF
and post-NF or FU was tested. All behavioral variables were answered
and stored on the research electronic data capture (REDCap; Harris
et al., 2009) by participants who were blinded to group allocation.

2.6.5 | Post-neurofeedback session questionnaire

We developed a post-neurofeedback session questionnaire asking
participants about their impressions of this training and mental strate-
gies. Participants were asked to rate on a scale of 0-10 how pleasant/
unpleasant the neurofeedback training was, how challenging the
neurofeedback training was, how successful they were in stopping
rumination during the scan, how often they found themselves dwell-
ing on negative aspects of themselves, how successful they were in
modulating their brain activity, how helpful they felt that this training
was in preventing from rumination, how helpful they felt that this
training would be in knowing how to stop their rumination in their
daily life, and what strategies they felt were most useful to modulate

their brain activity. See Table S3 for the data from these questionnaires.
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2.7 | Offline and statistical analysis
2.7.1 | Changes in neurofeedback-related FC
between the precuneus and the rTPJ

The precuneus-rTPJ FCs across the training runs were evaluated with
a generalized psychophysiological interaction (gPPI) analysis (McLaren,
Ries, Xu, & Johnson, 2012). We used offline-processed fMRI images for
the analysis. Analysis of Functional Neurolmages package (AFNI;
http://afni.nimh.nih.gov/; Cox, 1996) was employed for the processing.
The first five TRs were discarded from the analysis. The process
included despike, RETROICOR (Glover et al., 2000) and respiration
volume per time (RVT) correction (Birn, Smith, Jones, & Bandettini, 2008),
slice-timing and motion corrections, nonlinear warping to the MNI
template brain with resampling to 2 mm® voxels using the ANTs,
spatial smoothing with 6 mm-FWHM Gaussian kernel, and scaling signal
to percent change relative to the mean in each voxel. Any time point
with large motion (>0.20 mm frame-wise displacement [FD]) was
censored within the regression (Power, Schlaggar, & Petersen, 2015).
The design matrix of the general linear model (GLM) analysis for
PPl included regressors of the task block modeled with a box-car
function convolved with hemodynamic response function (HRF), the

» o«

three stimulus presentation (“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 precuneus 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; Jo,
Saad, Simmons, Milbury, & Cox, 2010), 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 presenta-
tion and nuisance noises were excluded from the connectivity evalua-
tion. 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 gPPl is known as accurate and
more robust to noise than the deconvolution approach for a block-
design experiment (Di & Biswal, 2017).

The PPI analysis from the precuneus ROI signal was performed in
the rTPJ ROI for each task run (View1, 2, and NF1, 2, 3) independently.
The t-value of the beta coefficient for the interaction term was used as
an estimate of the task-related FC, and the average result within the rTPJ
ROI was reported. The longitudinal change of the task-related FC
between the precuneus and rTPJ was tested by linear mixed effect
model analysis (LME, Ime4 package; Bates, Méachler, Bolker, & Walker,
2015) in R. The LME model included fixed effects of experimental
runs (View1, NF1, 2, 3, and View2), group (cnf and sham), runs (time)
by group interaction, age, gender, and a random effect of the subject
on intercept. To evaluate the linear training effects across experimental

runs, Istrends function with Ismeans R-package (Lenth, 2016) was used

with each experimental run as numbers (i.e.,, Viewl = 0, NF1 = 1,
NF2 = 2, NF3 = 3, and View2 = 4) to estimate and compare slopes of
LME fitted lines across experimental runs between the groups. For all
post hoc comparisons, we performed a False Discovery Rate (FDR)
correction for multiple comparisons. These analyses were also con-
ducted with rTPJ ROI as a seed instead of precuneus ROI.

2.7.2 | Changes in state-rumination after one
rtfMRI-nf session

For the secondary outcome variable, changes in the subjective state-
rumination score assessed by the VAS administered after View1l
(pre-NF) and View?2 (post-NF) were examined by LME model analysis.
The LME model included fixed effects of time (pre-NF and post-NF),
group (cnf and sham), time by group interaction, age, gender, and a
random effect of the subject on intercept. For all post hoc compari-
sons, we performed an FDR-correction for multiple comparisons.

2.7.3 | Changes inrsFC between the precuneus
and the rTPJ after one rtfMRI-nf session

We examined the first resting-state scan (Rest1) and the last resting-state
scan (Rest2), and evaluated the changes in rsFC between the precuneus
and the rTPJ. The resting-state fMRI data preprocessing was performed
in the same manner shown in Section 2.7.1. For the noise reduction, three
principal components of the ventricle signal, local white matter average
signal (ANATICOR; Jo et al., 2010), and in addition, 12 motion parameters
(three shift and three rotation parameters with their temporal derivatives),
and low-frequency fluctuation (third-order Legendre polynomial model)
were regressed out using AFNI 3dREMLfit. Any time point with large
motion (>0.20 mm frame-wise displacement [FD]) was censored within
the regression (Power et al., 2015). For each ROI (precuneus and rTPJ,
6 mm radius), the average BOLD time-series was calculated from the
residual signal of the GLM analysis, and then, rsFC was calculated as
Pearson's correlation between the BOLD time series of each ROI,
followed by Fisher's r-to-z-transformation. The resulting z-scored rsFC
was used for the statistical analysis. We predicted that the strength of
rsFC between the precuneus and the rTPJ during Rest2 (post-NF) would
see a greater decrease (decouple) compared to Rest1 (pre-NF) for the cnf
group but not for the sham group. This hypothesis was examined by LME
model analysis. The LME model included fixed effects of time (Rest1 and
Rest2), group (cnf and sham), time by group interaction, age, gender, and

a random effect of the subject on intercept.

2.7.4 | Exploratory behavioral variables related to
state-rumination

Although our intention was to reduce the state-rumination targeting rumi-
native brain network, we investigated the impact of this neurofeedback

session on mood, trait-rumination, emotional recognition, and emotional
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regulation. Changes in the moods assessed by POMS TMD and STAI-S
administered before and after the neurofeedback session (pre-NF and
post-NF), and changes in the state-rumination, alexithymia, and emotion
regulation assessed by RRS, TAS, and ERQ administered before the
neurofeedback session and 1-2 weeks later of the neurofeedback
session (pre-NF and FU) were statistically tested with the LME model
to examine whether any behavioral changes could be detected after
one rtfMRI-nf session. The LME model included fixed effects of time
(pre-NF and post-NF, or pre-NF and FU), group (cnf and sham), time
by group interaction, age, gender, and a random effect of the subject
on intercept. For all post hoc comparisons, we performed an FDR

correction for multiple comparisons.

2.7.5 | Associations between neural changes and
behavioral changes

We also explored the associations between neural changes and
behavioral changes via rtftMRI-nf, and used Spearman's rho (r) for the
correlation analysis. The associations between changes in PPl estimates
of the precuneus and rTPJ (i.e., changes of the precuneus and the rTP)J
FC) at View2 from View1 and changes in each behavioral outcome at
post-NF or FU from pre-NF (i.e., state-rumination measured by VAS,
POMS TMD, STAI-S, RRS, TAS, and ERQ) were tested. Results with a
p value <.05 were considered statistically significant and those with
a p value <.1 were considered trending significant. We performed an

FDR-correction for multiple comparisons.

2.7.6 | Changes in target ROIs during
neurofeedback training

To examine whether correcting aberrant FC affected each target ROI,
the GLM analysis was used to evaluate each ROI activity through
neurofeedback sessions (View1, NF1, 2, 3, and View3). The design matrix
included a modeled response to the Regulation block, 12 motion parame-
ters (three shift and three rotation parameters with their temporal deriva-
tives), three principal components of the ventricle signal, local white
matter average signal (ANATICOR; Jo et al., 2010), and low-frequency
fluctuation (third-order Legendre polynomial model). The beta-coefficients
of the Regulation block regressor were extracted for the estimation of
percent BOLD signal changes for “Regulation” vs. “Rest” block contrast in
the precuneus ROI and the rTPJ ROI, followed by LME model analysis.
The LME model included fixed effects of experimental runs (View1, NF1,
2, 3, and View?2), group (cnf and sham), runs (time) by group interaction,

age, gender, and a random effect of the subject on intercept.

2.7.7 | Seed-to-whole brain analysis investigating
changes in FC during rtfMRI-nf

We explored the effect of connectivity-based rtfMRI-nf on FCs from
the precuneus to the whole brain using an AFNI program 3dLME.

The PPI FC maps of interaction term between the precuneus and “Regu-
lation” block was used as an estimate of the task-related FC from the
precuneus to whole brain. These maps indicate how correlated each
voxel was with the precuneus ROI during the rtfMRI-nf, and were used
for 3dLME model analysis. The 3dLME model included fixed effects of
experimental runs (NF1, NF2, and NF3), group (cnf and sham), runs
(time) by group interaction, age, gender, and a random effect of the sub-
ject on intercept. The significance criterion was set with voxel-wise
p < .001 and cluster-size correction at p < .05 (determined using AFNI
3dClustSim and the spatial autocorrelation function). This approach was
used to identify the regions where FCs with the precuneus ROI differed
from the sham group through NF1, NF2, and NF3 within the cnf group.

3 | RESULTS

3.1 | Demographic and behavioral measures

Table 1 shows age, gender, and changes of the behavioral outcome
measures at the pre-NF, the post-NF, and the FU. The follow-up data
of five subjects in the cnf group and five subjects in the sham group
were not available due to lack of time or motivation to participate.
Two subjects in the sham group completed RRS but had missing data
for the other measures due to time constraints or computer network
issues. At the pre-NF, there were no significant differences between

the cnf and the sham groups in any variables.

3.2 | Real-time feedback presentation

To evaluate whether we had succeeded in controlling the positive feed-
back presentation in the sham groups compared to the cnf group, we
computed the ratio of the positive feedback (the duration of presenting
the blue bars) during the Regulation block in each subject in the cnf group.
The average positive feedback ratio was 33.92% for NF1, 33.07% for
NF2, and 38.15% for NF3 in the cnf group, while the positive feedback
ratio was kept 40.00% in the sham group as described in Section 2.4.
One-sample t-test with an FDR correction showed that the individuals in
the sham group received significantly greater positive feedback presenta-
tions during NF1 and NF2, but not during NF3 (NF1: t [13] = -3.07,
p = .03, FDR corrected), NF2: t [13] = —3.41, p = .01, FDR corrected, NF3:
t [13] = —0.85, p = n.s., FDR corrected). Therefore, reward experiences for

participants in the sham group were no less than those in the cnf group.

3.3 | Post-neurofeedback session questionnaires
and mental strategies

The result of the Post-Neurofeedback Session Questionnaires and mental
strategies that subjects engaged in were listed in Table S3. Overall, there
were no significant differences in the pleasantness/unpleasantness of this
training (Question 1 and 2), task difficulties (Question 3), subjective
evaluation of stopping rumination (Question 4 and 5), subjective
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evaluation of brain control (Question 6), and the evaluation of the
scan time (Question 9) between both groups. Although there were no
statistical differences, participants in the cnf group showed higher
scores in Questions 7 and 8 (effect size d = 0.74 and 0.63, respectively),
indicating that the neurofeedback training seemed to, in their opinions,
be favorable in the aspect of learning how to prevent rumination.

3.4 | Evaluation of training success: Changes in PPI
estimates of the precuneus and rTPJ during
neurofeedback training

There was no significant difference in the percentage censored due to
large motion (>0.20 mm) during the neurofeedback training between
groups (cnf group: mean percentage censored/SD = 10/8%, sham
group: mean percentage censored/SD = 12/9%, t [26] = 0.65, p = n.s.).
Figure 3 shows the main result of neuronal changes in the target rumi-
nation circuit (i.e., FC between the precuneus and the rTPJ) in both
groups. As expected, LME analysis showed a significant time by group
interaction effect on PPI estimates of the precuneus and the rTPJ FC,
and there was a significant difference in experimental run slopes among
the cnf and sham groups (F [1, 112] = 9.692, p = .002). For the cnf
group, there was a negative linear relationship between the precuneus
and the rTPJ FC across the experimental runs (trend [112] = —0.180,
95% confidence interval [Cl] —0.330 to —0.031), while for the sham
group, there was a trend for a linear positive relationship into the oppo-
site direction (trend [112] = 0.151, 95% Cl 0.017-0.299). Post hoc com-
parison within each group with 10 comparisons (View1 vs. NF1, View1
vs. NF2, View1 vs. NF3, View1 vs. View2, NF1 vs. NF2, NF1 vs. NF3,
NF1 vs. View2, NF2 vs. MF3, NF2 vs. View2, NF3 vs. View2) revealed
that the PPl estimates of the precuneus and the rTPJ FC were

cnf: p = 0.053
cnf: p=0.019
cnf: p=0.098
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FIGURE 3 Changes in PPl estimates (t-value) of the precuneus
and the right temporoparietal junction (rTPJ) functional connectivity
(FC) between the connectivity-based rtfMRI-nf group (cnf group) and
the sham group through the neurofeedback session (View1 and
View2: no-neurofeedback run with self-referential task, NF1, 2, 3:
neurofeedback run with self-referential task). The error bars represent
the standard error of the mean

significantly lower at NF3 compared to NF1 for the cnf group
(t [112] = 3.186, p = .019, FDR corrected, effect size d = 0.83), and this
training effect tended to be maintained through View?2 (t [112] = 2.600,
p =.053, FDR corrected, effect size d = 0.68). Post hoc power analyses
for the comparison between NF1 and NF3 in the cnf group (d = 0.83,
n = 14, alpha = 0.05, one-sided) revealed a power of 0.90, and those
for the post hoc comparison between NF1 and View?2 in the cnf group
(d = 0.68, n = 14, alpha = 0.05, one-sided) revealed a power of 0.78.
When we compared the PPI estimates of the precuneus and the rTPJ FC
between groups at each five-time point (View1, NF1, NF2, NF3, and
View2), those of the cnf group were lower than those of the sham group
at NF3 (t [70] = —2.237, p = .029, uncorrected, effect size d = 0.81) and
at View2: t [70] = —2.023, p = .047, uncorrected, effect size d = 0.74),
although after FDR corrections, those effects did not remain statistically
significant. The results indicated that BOLD activity in the rTPJ was neg-
atively coupled to BOLD activity in the precuneus through experimental
runs in the cnf group, while the opposite trend was observed in the sham
group. Moreover, the same analysis was conducted based on the PPI
estimates map of the rTPJ and the precuneus FC and showed the same
trends, indicating that BOLD activity in the precuneus was also nega-
tively coupled to BOLD activity in the rTPJ (Figure S1).

3.5 | Changes in state-rumination after one
rtfMRI-nf session

Figure 4 shows the changes in state-rumination measured by VAS
before and after the neurofeedback training in both groups. The LME
analysis showed a significant main effect of time and the interaction
between time and group for the primary behavioral outcome (time:
F [1, 28] = 73.788, p < .001, interaction: F [1, 28] = 9.291, p = .005).
Both groups showed a significant reduction in the state-rumination
score; however, when we performed post hoc analysis comparing
groups at each two-time point, the cnf group showed a significantly
lower score of state-rumination at post-NF compared to the sham group
(t [50] = —2.325, p = .048, FDR corrected, effect size d = 0.84). The result
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FIGURE 4 Changes in state-rumination measured by the visual
analogue scale (VAS) between the connectivity-based rtfMRI-nf group
(cnf group) and the sham group, comparing pre-neurofeedback
(Pre-NF) and post-neurofeedback (Post-NF)
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supported the evidence that rtfMRI-nf targeting ruminative circuit is
more effective than sham feedback to reduce state-rumination.

3.6 | Changes in rsFC between the precuneus and
the rTPJ after one rtfMRI-nf session

There was no significant main effect nor an interaction between time
and group effect. The result indicated that no sustained effects of this

neurofeedback training were observed during the resting-state.

3.7 | Exploratory analysis of behavioral changes
related to state-rumination

Measures of mood, trait-rumination, emotion recognition, and emotion
regulation were evaluated, and group comparisons on assessment mea-
sures are presented in Table 1. We did not find a significant effect of
rtfMRI-nf in the aversive direction (e.g., average scores of POMS TMD
and STAI-S were not significantly increased after the rtfMRI-nf in both
groups). Although we found differences in several behavioral measure-
ments between groups at post-NF or at FU, any of those did not
remain significant after correcting multiple comparison. Of all behav-
ioral measures, the LME analysis showed a trend-wise significant inter-
action between time and group (interaction: F [1, 19] = 3.183, p = .090)
for the TAS difficulty identify feeling (DIF) subscale. A post hoc analysis
comparing groups at each two-time point revealed that the cnf group
showed a trend wisely lower score of the TAS DIF subscale at FU
compared to the sham group (t [44] = —2.314, p = .0051, FDR corrected,
effect size d = 1.18). Nevertheless, the cnf group was not found to be
superior over the sham group on any of the other behavioral measures
with the LME analysis, including trait-rumination. The result indicated that
this neurofeedback session was effective for improving emotion recogni-
tion, such as the ability to identify feelings. As for the trait-rumination
assessed with RRS, a paired t-test revealed that average scores of the
RRS Reflection subscale were significantly increased in the cnf group
(p uncorrected <.05), while the RRS Brooding subscale and RRS Depres-
sive rumination subscale were slightly decreased in this group (Table 1);
however, any changes of these scores did not reach statistical significance

after adjusting multiple comparisons.

3.8 | Associations between neural changes and
behavioral changes

In all participants, the magnitude of change in FC between the
precuneus and the rTPJ was nominally correlated with the magnitude
of change in the RRS Brooding subscale (rho = 0.48, p = .04,
uncorrected), which was driven by the association in the sham group
(rho = 0.63, p = .07, uncorrected). Also, the magnitude of change in FC
between the precuneus and the rTPJ was nominally and trend-wisely
correlated with the magnitude of change in the TAS DIF subscale
(rho = 0.43, p = .09, uncorrected), which was driven by the association

in the cnf group (rho = 0.64, p = .06, uncorrected). When considering
only the cnf group, the magnitude of change in FC between the
precuneus and the rTPJ was inversely correlated with the magnitude
of change in the ERQ cognitive-reappraisal subscale in the cnf group
(rho = —=0.70, p = .04, uncorrected). Also, the magnitude of change in
FC between the precuneus and the rTPJ was trend-wisely but
inversely correlated with the magnitude of change in the state-
rumination score in the cnf group (rho = —0.51, p = .06, uncorrected).
Although there were several associations between neural changes
and behavioral changes, these results were no longer significant after
controlling for multiple comparisons (Table S4).

3.9 |
training

Changes in target ROIs during neurofeedback

The LME analysis found no significant main effect nor interaction
between the time and group effect in neither the precuneus ROI nor
the rTPJ ROI (Figure S2A,B). The result indicated that the current
connectivity-based rtfMRI-nf did not affect the percent BOLD signal
changes from each ROI through the experimental runs both in the cnf

group and the sham group.

3.10 | Seed-to-whole brain analysis investigating
changes in FC during rtfMRI-nf

From NF1 to NF3, reduced FC with the precuneus ROI was found in
the right superior parietal gyrus in the cnf group with compared to
the sham group, and from NF2 to NF3, reduced FCs with the
precuneus ROl were found in the bilateral inferior parietal gyrus and
left superior parietal gyrus in the cnf group with compared to the
sham group (Table S5). No significant regions were found from NF1
to NF2.

4 | DISCUSSION

This single-blind, sham-controlled proof-of-concept study investigated
the feasibility of a novel rtfMRI-nf protocol targeting a rumination-
related brain circuit in healthy participants. It was proven that partici-
pants assigned to the cnf group would learn to brake or decrease FC
between the precuneus and the rTPJ while engaging with self-
referential processes compared to the sham group. Furthermore, it
was proposed that participants undergoing rtfMRI-nf showed a
decreased state-rumination at post-NF compared to the participants
receiving sham feedback; however, we could not find a significant
association between those neural changes and the reduction of state-
rumination. Contrary to our expectations, we could not find a signifi-
cant change in rsFC among the target circuit before and after rtfMRI-
nf training. Importantly, our exploratory analysis showed no harmful
effects because mood changes assessed by STAI-S and POMS TMD
did not worsen after this intervention in both groups. Therefore, this
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newly developed FC-based rtfMRI-nf method was safe and can be

used for future clinical trials targeting MAD.

41 |
success

Primary neural changes supported training

As part of our fMRI-nf system, we employed an advanced real-time
processing capacity and the two-point method to compute on-the-fly
estimates of FC as neurofeedback signal (Misaki et al., 2020). Our
findings preliminarily showed that individuals can modulate the
specific FC between the precuneus and the rTPJ, and also recruit
relevant brain networks in real-time with binary presented feedback
signals. The two-point method allowed us time-sensitive neurofeedback
compared with other methods (such as calculating mean average correla-
tions). Of the note and to our knowledge, this is the first study that
shows that the two-point method can be effective in the direction of
negative FC coupling (e.g., brake or decreasing FC). This two-point
method estimates the FC using only two-time points, and it can be
argued that this method is less stable than other methods; however, we
valued more time-sensitive feedback presentations suppressing potential
motion artifacts. There are several ways to estimate FCs (as we intro-
duced in Section 1), and there are pros and cons for each method.
Although more time points would provide us more stable estimation
of FCs, those FCs are under risks of motion artifacts. We previously
simulated the most convenient way to calculate the target FC for the
purpose of feedback, and we adopted two-point method for this
study. Importantly, we could not find any time trends in each target
region (Figure S2A,B), which indicates that this dynamic modulation of
the target circuit via connectivity-based rtfMRI-nf is distinctly different
from existing neurofeedback training targeting single ROI activities.

It could be argued that the changes in the target circuit were not
a result of the feedback, but rather of the repeated effects of mental
strategies during the self-referential processing. In this study, we used
the sham feedback group as a control, giving them equivalent or more
positive feedbacks statistically, and participants in the sham group
went through the exact same procedure as participants in the cnf
group unless there was a difference in the source of the feedback.
Therefore, there were no differences in experiences with exposure to
the mental strategies and rather, the participants in the sham group
received more rewards than those in the cnf group, which provides
strong evidence that the neural changes in the cnf group occurred
because of the modulation of the target circuit rather than mental
strategies or reward experiences. Although our intention was not to
discuss what kind of learning theory underpinned this neurofeedback
training, the cnf group showed a linear trend of decoupling the target
circuit, which indicates that a desired neural pattern triggered by
mental strategies was reinforced with trial-and-error learning in an
operant conditioning manner. We aimed that mental strategies, such
as reappraisal and acceptance, would trigger desired neural patterns
because those mental strategies were often used in CBT for MAD
patients to stop rumination (Watkins, 2018) and we showed that the
triggered neural patterns were reinforced by the neurofeedback signal

in a timely manner within the cnf group, but not within the sham
group. However, we have to note that, by giving frequent reward sig-
nals, participants in the sham group might be induced to think that
they are effectively controlling (decoupling) their target FC, while their
target FC actually was coupled (increased). This might explain why
participants in the sham group showed an increased trend of coupling
FC through NF1, NF2, and NF3, and therefore could make it statisti-
cally easier to detect the differences in target FC between groups,
especially at NF3. This potential effect of sham feedback should be
considered when we interpret the result and should be carefully con-

sidered in future clinical trials.

4.2 | Reduction in state-rumination after one
rtfMRI-nf session

Although the purpose of this study was to determine the feasibility of
influencing a rumination-related brain circuit using the two-point
method rather than to test any potential clinical efficacy, our findings
preliminarily give us the notion that connectivity-based rtfMRI-nf has
the potential to reduce state-rumination. Since we found a significant
reduction in both groups, we could not deny the possibility that repet-
itively conducting mental strategies, habituation to the self-referential
task, and/or some kinds of placebo expectations had effects on the
reduction of state-rumination. However, participants in the cnf group
showed a lower score of state-rumination at post-NF compared to
the sham group, suggesting that the connectivity-based rtfMRI-nf
exceeded those possible nuisance effects. These results need a careful
interpretation because the lower state-rumination score for the cnf
group at post-NF showed a marginal significant difference compared
to the sham group although the effect size was large (p = .048, FDR
corrected, effect size d = 0.84), and we did not find any evidence of
relationships in those neural changes together with behavioral
changes. We, therefore, need to conduct more larger clinical trials to
investigate the clinical efficacy for MDD. Importantly, our results
suggest that applying this protocol should not induce harmful effects
on the clinical population. Although, and likely, a more careful meth-
odology could be considered, connectivity-based rtfMRI-nf targeting
a ruminative circuit may be most effective in individuals with aberrant
brain circuit regions and a high tendency in ruminative thinking and
less effective in individuals who do not suffer from ruminative
thoughts. Future research enabled by this work will be needed to
examine who can benefit more from connectivity-based rtfMRI-nf

targeting a specific symptom.

4.3 | Changes in rsFC between the precuneus and
the rTPJ after one rtfMRI-nf session

Changes during neurofeedback training will not ensure the generaliza-
tion of the learning effect. Therefore, we investigated the rsFC change
in the target circuit out of the task-related context. In more detail, we

evaluated the neurofeedback success while participants were instructed
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and motivated to regulate their target circuit in the context of the self-
referential processing, that is, context-dependent (discussed in
Section 4.1), and moving forward; we investigated the rsFC changes in
this target circuit without any explicit instruction during the resting-
state scan, that is, context-free. We could not find statistically signifi-
cant changes in the precuneus and the rTPJ rsFC between Rest1 and
Rest2 in the cnf group, and this result indicated that rtfMRI-nf did not
change the subject baseline brain connectivity with more naturalistic
settings compared to task-related brain connectivity. The changes in
rsFC among target circuits were somewhat more modest than the
changes in FC among the target circuit seen during neurofeedback
training, and therefore, could not reach the statistically significant
difference. These modest changes of rsFC were consistent with other
neurofeedback studies (Ramot et al., 2017). This may be explained
based on the learning theory. In general, operant conditioning occurs in
a context-dependent manner, and showing the instruction on the
screen and instructing participants to engage mental strategies during
the self-referential processing served as a context in this study. How-
ever, during the resting-state scan, participants were context-
independent and instructed not to think about anything in particular,
which reflects real-world settings. Therefore, to detect the rsFC
changes in the target circuit, the learning effects established during
the rtfMRI-nf should be beyond the context and be generalized into a
real-world setting, and this may not be realized in 1 day. Generalization
of what was learned from rtfMRI-nf to everyday life is another aspect
of the evaluation of successful training. Emerging research suggests
that improvement in behavior or symptoms can continue for weeks to
months after the final neurofeedback session (Mehler et al., 2018; Paret
et al., 2019; Rance et al., 2018). As Rance et al. (2018) suggested, the
neural changes acquired in the rtfMRI-nf session may be reinforced
over time in everyday life, because correcting an aberrant brain circuit
will improve bias to emotional stimuli, and daily experiences will be
more normalized with this newly acquired brain status. At this point,
updated daily experiences become a social reinforcement and neural
learning may continue. The critical question is how long it will take to
establish the generalization of this rtfMRI-nf, and it should be tested in
future clinical trials. Future clinical trials should be designed to reveal
the underlying mechanism of the time-course of effectiveness in
rtfMRI-nf. To claim that rtfMRI-nf follows the aforementioned hypoth-
esized improvement processes, we have to evaluate and track changes
in brain activity during the resting-state scan, participant cognitive bias
and their symptoms. Identifying individual differences in the use of
different regulation strategies is also important, if we aim to enhance
the effectiveness of these generalization processes. For example, a
record of post-training feedback from participants would be helpful in
identifying any trends in the establishment and usage of those mental
strategies. To facilitate these generalizations of neural leaning, clarifying
participant experiences during a successful neurofeedback run and the
writing down experiences and strategies established through the
neurofeedback training will be needed. We can encourage participants
to remember those experiences and use those strategies in everyday
life, which will contribute to the augmentation of neural intervention

and psychotherapies.

44 | Functional networks which have been
involved during the rtfMRI-nf

Both target ROls (i.e., precuneus and rTPJ) belong to the DMN, and
we explored comodulated other FCs during rtfMRI-nf, conducting
seed-to-whole brain FC analysis. We found decreased (decoupled)
FCs from the precuneus seed to bilateral superior parietal gyri and
bilateral inferior parietal gyri from NF1 to NF3 and from NF2 to NF3
in the cnf group compared to the sham group. The superior parietal
gyrus has close links to the precuneus region, and is involved in
mental imagery and recalling personal experiences as well as in atten-
tion and visuospatial perception, while the inferior parietal gyrus lies
close to the TPJ, or the junction of the visual, auditory and somato-
sensory cortices, and consists of the supramarginal and the angular
gyrus, contributing to language processing (Johns, 2014). Both areas
are considered a part of the DMN and are involved in the monitoring
of body and emotional state and in self-referenced cognition (Davey
et al., 2016). These results indicated that decoupling specific FC
between the precuneus and rTPJ via rtfMRI-nf influenced other FCs
within the DMN.

Depression has been consistently associated with increased con-
nectivity within the DMN as well as increased connectivity between
the salience network (SN) and DMN and decreased connectivity
between the DMN and the executive control network (ECN; Mulders,
van Eijndhoven, Schene, Beckmann, & Tendolkar, 2015), which
indicates that failure to suppress DMN during effortful cognitive
processing while the ECN and SN appropriately modulate DMN, may
result in interference from internal mentation or emotional processing
(Sheline et al., 2009). In our study, we could not find any evidence
showing that ECN and SN comodulate DMN, and rather we found
decreases within the DMN subnetwork in posterior to parietal DMN.
Generally, excessive activations in posterior DMN subnetworks as
well as midline core within the DMN were reported to relate to
depression and rumination (Li et al., 2013). Reduction in the sub-
network between posterior and parietal DMN during effortful cogni-
tive processing may reflect the reduced brain's self-referential
activity. Nevertheless, the lack of evidence that DMN subnetworks
comodulate ECN and SN might be attributable to the fact that we
recruited healthy participants and their ruminative symptoms were
not comparable to clinical levels.

It has been reported that the change of within-DMN FCs extends
to other regions in the default mode modules, and is also associated
with FCs in the frontoparietal module (Di & Biswal, 2015). Therefore,
changing within DMN subnetwork, especially within posterior to
inferior and superior parietal subnetworks, may have the potential to
influence other major networks, including anterior DMN, CEN, and
SN, which may contribute to recovery from depression. The precise
interplay between these networks is still unclear, as many FCs and
networks confound these mutual influences. To the best of our
knowledge, there is not yet an answer to the question of if abnormal-
ity of FCs is a cause of depression or depression itself changes FC,
same as ruminative symptoms. There is a limitation that we cannot

really know if the correlational relationship could be causal, and much
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more work is needed to reveal how modulating subnetworks within
the DMN will change its connectivity to other main networks or
vice versa.

There are several limitations to this study. First, the sample size
of this study was relatively small, and therefore, the result of changes
in behavioral measures (especially at the follow up) might have been
biased, and need to be considered carefully. Second, the study design
needs to be improved, especially for View1 (Baseline) and View2
(Transfer) runs. In the initial view condition (View1), participants
naturally responded to negative trait words without any volitional
control of their brain activities, while in the last view condition
(View2), they applied the mental strategy that works best for them
with volitional control of their brain activities. Many rtfMRI-nf studies
compared first neurofeedback run (NF1 in this study) and the last
transfer run (View2 in this study) without any baseline (View1 in this
study), and we proved a reduction in the target FC from NF1 to View2
(trend-wise significant after FDR correction) in the cnf group; however
direct comparison between Viewl and View2 could be problematic.
Although both groups were instructed in the same way and it was less
problematic to interpret the group different than the direct comparison
between View1 and View2 within each group, we need to improve the
study design for future clinical trials, that is, the same instruction
between Viewl and View2. Third, we need to improve the sham-
controlled condition for the future clinical trials. The average ratio of
the positive feedback (the duration of presenting the blue bars) during
the Regulation block in each subject in the cnf group was 33.92% for
NF1, 33.07% for NF2, and 38.15% for NF3 (see results presented in
Section 3.2). We applied an active sham-controlled group and gave
them 40.00% reward experiences at all neurofeedback runs. Although
this controlled reward experiences approach was conservative since
the sham group received more positive feedback than the cnf group,
the cnf group experienced linear learning trends. Those growing learn-
ing experiences should also be controlled in future clinical trials. For
example, we can simulate the feedback sequence with the same con-
ditional probabilities (i.e., the probability of the positive feedback
sequence: the probability of positive feedback after the positive feed-
back and after the negative feedback, respectively) as the real cnf
group which reflects the growing learning experiences. There are
several approaches of selecting the control group (Sorger,
Scharnowski, Linden, Hampson, & Young, 2018), and the advantage of
using a synthesized signal rather than other approaches is that we can
control the specific aspect of the feedback signal (e.g., the probability
of the reinforcement). Forth, there are a few technical limitations
related to the two-point method. Since this new approach utilized the
two-point method, feedback signals are designed in a binary manner
(+1: the presence of positive feedback or 0: no presence of feedback).
Therefore, if the subject's target FC are strongly coupled, one might
be discouraged or frustrated by no presence of feedback because of
the difficulty in decoupling the target FC, especially the beginning of
rtfMRI-nf. When we compare rtfMRI-nf with EEG neurofeedback,
one of the big differences is a “shaping” method that EEG
neurofeedback usually adopts to reinforce one's learning. The process

of the shaping method refers to gradually molding or training a person

to perform a specific response by reinforcing any responses that are
similar to the desired response (Skinner, 1938). Adjusting the task
difficulties or developing the feedback display system to consider a
shaping method to give them an adequate experience of positive
feedback will allow participants to have more opportunities to be
reinforced. Since MAD patients can be expected to have stronger FC
in the target circuit, based on our previous study (Misaki et al., 2020)
and the suggestion that they might have less brain plasticity, MAD
patients may have fewer opportunities to be reinforced in decoupling
the target circuit, especially in the first and second neurofeedback
runs (NF1 and 2). To conduct a clinical trial with this clinical popula-
tion, we need to consider giving them enough time to practice their
mental strategies which trigger desired neural changes with the pres-
ence of neurofeedback signals, or we may need to consider adjusting
task difficulties and feedback presentation to motivate them, espe-
cially in the earlier stages of the neurofeedback training. Fifth, we
would like to emphasize that online and offline analyses were
preprocessed and calculated in a different way. To evaluate the
change in target FC, the two-point method was used for online feed-
back calculations in a timely manner and the gPPIl was used for an
offline analysis so that the signal changes associated with stimulus
presentation and nuisance noises (e.g., physiological changes, motions,
etc.) were excluded from the FC evaluation. For example, for the
online preprocessing, we are not able to adopt censoring approaches
because we have no choice but to remove the TRs with large motion,
and removing the TR will result in the absence of feedback signal at
that time point (which means coupling or increasing in the target FC
and can mislead participants’ neurofeedback learning). Although we
previously conducted simulation analyses (described in Section 2.5)
and selected the two-point method as the most appropriate approach
to calculate FC, online and offline calculation of FC are not exactly the
same. To design and apply rtfMRI-nf, online calculations in a timely
manner are favorable; however, it always requires a trade-off
between the time-sensitiveness and the accuracy of the feedback.
Finally, we applied state-rumination as a secondary outcome; how-
ever, participants in this study were healthy volunteers, and their
levels of state-rumination were not compatible to pathological rumi-
nation observed in clinical populations. To evaluate clinical efficacy of
rtfMRI-nf in clinical populations, we are better to utilize a task fMRI to
measure FCs during their ruminative state, as well as measuring

changes in trait-rumination in a real-life setting.

5 | CONCLUSION

The present study examined the feasibility of FC based rtfMRI-nf
training targeting a rumination-related circuit between the precuneus
and the rTPJ. This study provided the proof-of-concept that healthy
participants can break or decouple the target FC positively associated
with RSS, volitionally with a binary neurofeedback signal. Also, the cnf
group showed a greater reduction in state-rumination scores compared
to the sham group after neurofeedback training. Results indicate and

suggest that this new approach is feasible for healthy participants and
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also applicable to individuals with mood and anxiety disorders. More
data will be needed to ensure the clinical benefit of this approach for
the reduction of maladaptive rumination. Future clinical trials should be
designed to answer the following research questions: (@) can MAD
patients with high ruminative thinking also learn to modulate the target
circuit, (b) can this rtfMRI-nf improve trait-rumination and will those
behavioral changes be predicted by neural changes, and (c) can time-
courses and generalized leaning effects of the effectiveness of rtfMRI-
nf be assessed with changes of rsFC, cognitive biases, and other

rumination-related symptoms.
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