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ABSTRACT

The triple networks, namely the default-mode network (DMN), the central executive network (CEN), and the
salience network (SN), play crucial roles in disorders of the brain, as well as in basic neuroscientific processes such
as mindfulness. However, currently, there is no consensus on the underlying functional features of the triple
networks associated with mindfulness. In this study, we tested the hypothesis that (a) the partial regression co-
efficient (i.e., slope): from the SN to the DMN, mediated by the CEN, would be one of the potential mindfulness
features in the real-time functional magnetic resonance imaging (rtfMRI) neurofeedback (NF) setting, and (b) this
slope level may be enhanced by rtfMRI-NF training. Sixty healthy mindfulness-naive males participated in an MRI
session consisting of two non-rtfMRI-runs, followed by two rtfMRI-NF runs and one transfer run. Once the regions-
of-interest of each of the triple networks were defined using the non-rtfMRI-runs, the slope level was calculated by
mediation analysis and used as neurofeedback information, in the form of a thermometer bar, to assist with
participant mindfulness during the rtfMRI-NF runs. The participants were asked to increase the level of the
thermometer bar while deploying a mindfulness strategy, which consisted of focusing attention on the physical
sensations of breathing. rtfMRI-NF training was conducted as part of a randomized controlled trial design, in
which participants were randomly assigned to either an experimental group or a control group. The participants
in the experimental group received contingent neurofeedback information, which was obtained from their own
brain signals, whereas the participants in the control group received non-contingent neurofeedback information
that originated from matched participants in the experimental group. Our results indicated that the slope level
from the SN to the DMN, mediated by the CEN, was associated with mindfulness score (rtfMRI-NF runs: r = 0.53,
p=10.007; p-value was corrected from 10,000 random permutations) and with task-performance feedback score
(rtfMRI-NF run: r=0.61, p =0.001) in the experimental group only. In addition, during the rtfMRI-NF runs the
level of the partial regression coefficient feature was substantially increased in the experimental group compared
to the control group (p < 0.05 from the paired t-test; the p-value was corrected from 10,000 random permuta-
tions). To the best of our knowledge, this is the first study to demonstrate a partial regression coefficient feature of
mindfulness in the rtfMRI-NF setting obtained by triple network mediation analysis, as well as the possibility of
enhancement of the partial regression coefficient feature by rtfMRI-NF training.
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1. Introduction

Three prominent, functionally-connected large-scale networks,
comprised of the default-mode network (DMN), the central executive
network (CEN), and the salience network (SN), are collectively known as
the triple network (Menon, 2011). These triple networks reflect typical
developmental changes, including those of emotional dysfunction,
aberrant saliency mapping, and cognitive dysfunction, which are char-
acteristics of a range of mental and neurological disorders such as anxiety
disorders, depressive disorders, autism, schizophrenia, Alzheimer's dis-
ease, and frontotemporal dementia (Menon, 2011; Touroutoglou et al.,
2015; Uddin et al., 2011; Young et al., 2017). The DMN includes the
posterior cingulate cortex (PCC) and the ventromedial prefrontal cortex
(vinPFC) and is known for its role in self-related (i.e., internally directed)
perception (Brewer and Garrison, 2014; Brewer et al., 2011; Fair et al.,
2008; Mooneyham et al., 2016; Sheline et al., 2009; Sridharan et al.,
2008; Uddin, 2015). On the other hand, the CEN includes the posterior
parietal cortex and the dorsolateral prefrontal cortex (dIPFC) and is
known for its function in goal-oriented (i.e., externally directed) cogni-
tion (Beaty et al., 2015; Christoff et al., 2016; Mooneyham et al., 2016;
Sridharan et al., 2008; Uddin, 2015). In contrast, the SN includes the
dorsal anterior insular cortex (dAIC) and the dorsal anterior cingulate
cortex (dACC) and is known as the hub of interoceptive perception
(Barrett and Simmons, 2015; Mooneyham et al., 2016). In addition, the
SN influences signals in the DMN and the CEN causally and dynamically
(Mooneyham et al., 2016; Uddin, 2015).

In recent years, mindfulness has gained increasing interest across a
variety of research fields because of its potential benefits, including im-
provements in executive function, emotional regulation, working mem-
ory, and vigilance. Furthermore, mindfulness has pre-clinical benefits
applicable to a broad range of mental disorders such as addictions,
anxiety disorders, and depressive disorders (Baer, 2003; Diamond and
Lee, 2011; Dunne, 2018; Hofmann et al., 2010; Miller et al., 1995;
Mooneyham et al., 2016; Morgan, 2003; Wang et al., 2018; Weick et al.,
2008; Zeidan et al., 2010). Interestingly, a particular set of brain regions
involved with mindfulness appears to lie within the triple network
(Brewer et al., 2011; Dickenson et al., 2013; Doll et al., 2016; Hasenkamp
and Barsalou, 2012; Lutz et al., 2015; Mooneyham et al., 2016).
Accordingly, recent neuroimaging studies on mindfulness have focused
on changes in functional connectivity (FC) within and/or between the
triple networks (Bilevicius et al., 2018; Brewer et al., 2011; Creswell
et al., 2016; Doll et al., 2016; Hasenkamp and Barsalou, 2012; King et al.,
2016; Lim et al., 2018; Lutz et al., 2015; Marusak et al., 2018; Moon-
eyham et al., 2016; Peters et al., 2016; Shaurya Prakash et al., 2012;
Taren et al., 2017). Two findings consistently emerge from these previous
studies: first, an increase of FC within the DMN (e.g., between the pos-
terior DMN, including the PCC, and the anterior DMN, including the
vmPFC), potentially because of an increase in self-referential processing
(Hasenkamp and Barsalou, 2012; Mooneyham et al., 2016; Wells et al.,
2013), and, second, an increase in FC between the SN and the CEN,
potentially because of conscious executive processing (associated with
the CEN) of moment-to-moment interoceptive perception (associated
with the SN) (Brewer et al., 2011; Hasenkamp and Barsalou, 2012;
Mooneyham et al., 2016; Seeley et al., 2007). Other than these findings,
likely because of the diversity of mindfulness practices and methodo-
logical designs, there has been no unequivocal consensus on the FC
features of mindfulness (Doll et al., 2015; Froeliger et al., 2012; Kilpa-
trick et al., 2011; Lutz et al., 2015; Mooneyham et al., 2016).

Early pioneering work on real-time fMRI-based neurofeedback
(rtfMRI-NF) has shown that participants can learn volitional control over
their own blood-oxygenation-level-dependent (BOLD) signals (deCharms
et al., 2005; Posse et al., 2003; Weiskopf et al., 2003, 2004a, 2004b; Yoo
et al., 2004; Yoo and Jolesz, 2002). Since then, a number of studies have
demonstrated the utility of rtfMRI-NF successfully. In addition, the
applicability of rtfMRI-NF has been extensively discussed in several
recent review papers covering a broad range of its basic neuroscientific
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aspects and pre-clinical applications (Ruiz et al., 2014; Sitaram et al.,
2017; Sulzer et al., 2013a; Thibault et al., 2018; Weiskopf, 2012), its use
as a tool for clinical interventions (Kim and Birbaumer, 2014; Linden and
Turner, 2016; Stoeckel et al., 2014), and advanced techniques such as
decoding-based neurofeedback (Watanabe et al., 2017). Furthermore,
increasing effort has been made to enhance the level of mindfulness using
the rtfMRI-NF method applying the strategy of focusing attention on the
physical sensations of breathing. The neurofeedback information (or
signal) provided to participants is calculated by using the BOLD in-
tensities from the PCC that are associated with self-referential processing.
Moreover, it has been reported that PCC activation is significantly lower
in experienced meditators than non-meditators (Brewer and Garrison,
2014; Garrison et al., 2013). However, a single brain region such as the
PCC may be limited in its ability to account for the neuronal un-
derpinnings of complex cognitive processes, including mindfulness under
rtfMRI-NF conditions (Garrison et al., 2013; Mooneyham et al., 2016).
Instead, information from multiple hubs or the FC of networks of brain
regions such as the triple network enables the neuronal underpinnings of
mindfulness (Garrison et al., 2013; Mooneyham et al., 2016).

To the best of our knowledge, this is the first study to propose a
rtfMRI-NF-based training approach for mindfulness by employing
mediation analysis using the triple network to estimate neurofeedback
information. To this end, mindfulness-naive males were recruited to
perform rtfMRI-NF-based mindfulness training using the strategy of
focusing attention on the physical sensations of breathing (Brewer et al.,
2011; Garrison et al., 2013; Meinlschmidt et al., 2016). We expected that
(i) this mindfulness strategy would evoke activation in the SN, which is
closely linked to visceromotor interoceptive perception (Barrett and
Simmons, 2015; Mooneyham et al., 2016; Uddin, 2015) and (ii) the
mindfulness status would be reflected in the self-referential processing of
the DMN (Brewer and Garrison, 2014; Mooneyham et al., 2016; Uddin,
2015). In addition, the CEN, which is in charge of conscious executive
processing (Mooneyham et al., 2016; Seeley et al., 2007), would also be
expected to be involved in rtfMRI-NF-based mindfulness because par-
ticipants watched neurofeedback information to evaluate their perfor-
mance with respect to mindfulness.

More specifically, since participants were initiating a mindfulness
strategy (i.e., focusing on the sensation of breathing) in a self-paced
manner, the strategy was expected to affect the interoceptive percep-
tion of the SN. This was expected to be reflected as an inherent mind-
fulness status via the self-referential processing of the DMN. Thus, the
BOLD signal in the SN would be expected to be an independent variable
and the BOLD signal in the DMN a dependent variable. The anterior
insula has been known to play a causal role in switching between the CEN
and DMN, and the CEN and DMN would undergo competitive in-
teractions to mediate between the external and internal worlds, respec-
tively, depending on task paradigms and stimulus conditions (Bressler
and Menon, 2010). The CEN would mediate the processes of interocep-
tive perception as indicated by the thermometer bar (i.e., between the SN
and CEN; external conscious processing) and consequent self-referential
processing (i.e., between the CEN and DMN; internal conscious pro-
cessing). Thus, the BOLD signal in the CEN was adopted as a possible
mediator in the mediation analysis. The frontoparietal control system
(i.e., CEN in our study) has indeed been reported to be flexible hubs that
regulate distributed systems across the sensorimotor and limbic (i.e.,
interoceptive perception in our study) according to the current task goals
being processed by the brain (i.e., mindfulness), in which this control
system has been active during mindfulness meditation (Cole et al., 2014).
Thus, we hypothesized that (a) the partial regression coefficient (i.e.,
slope): from the SN to the DMN, mediated by the CEN, would be one of
the potential features of mindfulness in the mediation analysis frame-
work, and (b) this feature of mindfulness would be enhanced by
rtfMRI-NF-based mindfulness training. rtfMRI-NF training was conduct-
ed as part of a randomized controlled trial design, which included an
experimental group (subjects receiving contingent, real, neurofeedback
information) and a control group (subjects receiving non-contingent
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neurofeedback information from matched subjects in the experimental
group).

2. Materials and methods
2.1. Overall study protocol

The data presented in this study were collected within a randomized
controlled trial, which was registered at ClinicalTrials.gov (Identifier:
NCT03148678; https://clinicaltrials.gov/ct2/show/NCT03148678).
The Institutional Review Board of Korea University approved the entire
study protocol, and participants provided written informed consent. All
participants were recruited from one site (Korea University) where an
MRI session was performed, and another site (University of Basel)
managed all the logistics required to perform ambulatory training ses-
sions with the recruited participants. Fig. 1a illustrates the overall study
procedure along with the time intervals between sessions and the number
of included/excluded participants. The detailed information is described
in the following subsections.

(a)
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2.1.1. Telephone interview

Volunteers were recruited from across the university campus using
flyers, over the internet, and by word-of-mouth. Interested volunteers
were screened for eligibility by telephone interview. Those who met our
inclusion criteria (i.e., right handedness, no history of neurological or
mental disorders, no previous experience with mindfulness meditation,
and being smartphone users) were invited to a face-to-face interview.

2.1.2. Face-to-face interview

First, we reviewed the inclusion criteria for the invited volunteers
using the Edinburgh Handedness Inventory (EHI) (Oldfield, 1971) and
Patient Health Questionnaire (PHQ) (Spitzer et al., 1999). Also, we
collected sociodemographic and self-report information on psychological
measures including the Big Five Inventory-10 (BFI-10) (Rammstedt and
John, 2007), Perceived Stress Scale (PSS) (Cohen et al., 1983; Lee et al.,
2012a), Mindful Attention Awareness Scale (MAAS) (Brown and Ryan,
2003; Jeon et al., 2007), and the Visual Analog scale for Stress perception
(VAS). Then, we informed participants regarding the study protocol in
more detail, including (a) the mindfulness strategy (i.e., attention

Telephone interview ] ( Face-to-face interview \an \r:terv18)I Smartphone-based ambulatory
ay (n=
(n =71 out of 84 volunteers) | visiinterval (n=70 out of 71 volunteers) | 1gay(m-12) training of mindfulness
) . i 0day(n=15) . H H 2days (n=11) o
N P S.C“;jen.'ng L 1 day (n- 39) S?gggg:gg'cg tr:?étz:{;d 3 days m=14)| (n =68 out of 70 participants)
of miit;réigngsc;tglgll)Crlterla §§2§§ EQ;S; L2 45dd2yyss((’;,—:171)) « 5-day MF and 5-day MW training
- = . . o a o 6d =3 - o oA . ..
HE oo (e 2 o= | Not meeting inclusion criteria |5 e in=3) (nD1d1nff:L fnamg'gg% - éra:';%
Mental disorder (n = 1) Mental disorder (n = 1) 8 days (n=3) = : pai
Other reasons (n = 6) ,—‘—Ll\ ) sbjecos )
l—l/

MRI session (n = 60 out of 68 participants)
- No-show (n = 3 from the EXP, n = 1 from the CTR & their paired subject, n = 4)

:IH Visit interval
1 day (n=68)

Pre-MRI session
* Questionnaires:
MAAS, MDMQ,
SMS, VAS
» Cognitive tasks:
ERT, NBT, WCST

blocks followed by each of three
cognitive tasks and one
3-minute resting-state block

scans
« Field map,

Two non-rtfMRI runs
(MF or MW run) Structural
* Three 3-minute MF or MW
Ty, and T,

Two rtfMRI-NF runs
and one transfer run
* Two 7-minute rtfMRI-NF

runs and one 7-minute

transfer run

Post-MRI session
* Questionnaires:
MDMQ, SMS, VAS
« Cognitive tasks:
ERT, NBT, WCST

(b) rtfMRI-NF run

The practice of
the mindfulness MF

will start soon instruction

Os 40s 45s 70s IEE] Fic:se focus on the mindfulness

Transfer run

Short version of SMS (SMS;)

| clearly physically felt
what was going on in my body.

12 3 45 6 7 8 9]1

Not Alitle Somewhat Well Very | Not
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Fig. 1. (a) The overall study protocol including time intervals between sessions and number of participants included/excluded from the screened participants. (b) Task
paradigm for the rtfMRI-NF run and the transfer run. See the “Overall study protocol” and “Two real-time fMRI neurofeedback runs and one transfer run: online
analysis” subsection in the Methods section for details. The mindfulness instruction is described in Table 1. ERT, Emotion Recognition Task; MAAS, Mindful Attention
Awareness Scale; MDMQ, Multidimensional Mood State Questionnaire; MF, mindfulness; MW, mind-wandering; NBT, n-back task (i.e., 3-back); non-rtfMRI, non-real-
time fMRI; SMS, State Mindfulness Scale; VAS, Visual Analog scale for Stress perception; WCST, Wisconsin Card Sorting Test.
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focused on the physical sensations of breathing), the mind-wandering
strategy (i.e., connecting thoughts as they wish), and the resting-state
strategy (Table 1), (b) how to perform the smartphone-based ambula-
tory training sessions during the next 10 consecutive days, (c) three
cognitive tasks, including (i) the n-back task (NBT; n = 3), consisting of
both digits (i.e., 0 to 9) and letters (i.e., a to z) (Smith and Jonides, 1997),
(ii) a facial Emotion Recognition Task (ERT) (Lee et al., 2013), and (iii)
the Wisconsin Card Sorting Test (WCST) as a cognitive control test
(Grant; Berg, 1948; Monchi et al., 2001), as well as (d) the experimental
procedures of the MRI session, which included two non-real-time fMRI
(non-rtfMRI) runs, featuring mindfulness and mind-wandering, followed
by two rtfMRI-NF runs and one transfer run.

2.1.3. Smartphone-based ambulatory training session

On each of the next 10 consecutive days following the face-to-face
interview, an email was sent at 8 a.m. to each participant with a day-
specific hyperlink that expired at 3 a.m. the following day. Participants
were required to perform their ambulatory training within this time-
frame and received a reminder email at 8 p.m. if they had not done so
by then. During the ambulatory training session, the participants were
asked to apply the mindfulness strategy for 5 days and the mind-
wandering strategy for the other 5 days in a counter-balanced order
(i.e., one strategy per day, alternating; please see the Supplementary
Material section, “Smartphone-based ambulatory training sessions”).
Participants were asked to initiate the daily ambulatory training using
their assigned identification and personal codes that were created and
given to them on the face-to-face interview day. Participants responded
to the Multidimensional Mood State Questionnaire (or the MDMQ, with
scales measuring good-bad, awake-tired, and calm-nervous mood; also
known as Multidimensionaler Befindlichkeitsfragebogen, MDBF, in German)
(Steyer et al., 1994, 1997), the short version of the State Mindfulness
Scale (SMSg) with two questions (Q8 and Q14; Fig. 1b) selected from the
original version of the SMS (Tanay and Bernstein, 2013), and the VAS to
measure their stress level. The Enterprise Feedback Suite Survey 10.0
(Questback GmbH, Berlin, Germany) was used to build the
smartphone-based ambulatory training session with text instructions
incorporating the mindfulness and mind-wandering strategies and the
collection of questionnaire data, as well as automated invitational and
reminder emails to participants.

2.1.4. MRI session
On the MRI experiment day, the participants answered several
questionnaires, including the MAAS, MDMQ, SMS, and VAS. Then, the

Table 1
Instructions for mindfulness, mind-wandering, and resting-state conditions.
Condition Instruction
Mindfulness” Please pay attention to the physical sensation of your breath wherever
you feel it most strongly in your body.
Follow the natural and spontaneous movement of your breath, not
trying to change it in any way. Simply pay attention to it.
If you find that your attention has wandered to something else, gently
but firmly bring it back to the physical sensation of your breath.
Please keep your eyes open.
Mind- Please think about whatever comes to mind and go wherever your mind
wandering” takes you.

Follow your thoughts as they arise and let your mind wander, not trying
to force your thoughts in any specific direction.

If you find that a new thought appears, simply allow your attention to
shift to this new thought.

Please keep your eyes open.

Please relax and lie still in the scanner while remaining calm and
awake.

Please keep your eyes open.

Resting-state®

@ Text was adapted from (Brewer et al., 2011; Garrison et al., 2013;
Meinlschmidt et al., 2016).

b Text was adapted and extended from (Dickenson et al., 2013).

¢ Text was adapted from (Patriat et al., 2013).
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participants were briefed regarding the three cognitive tasks (i.e., ERT,
NBT, and WCST). The participants conducted these tasks and, then, were
loaded into the MRI scanner in a supine position to acquire MRI data in
the following order: two non-real-time fMRI (non-rtfMRI) runs, a field-
map, T;-weighted and Tp-weighted anatomical images, and two
rtfMRI-NF runs, followed by one transfer fMRI run (Fig. 1a). One non-
rtfMRI run consisted of three 3-min blocks of mindfulness each fol-
lowed by one 3-min block for each of the three cognitive tasks. There was
also one 3-min resting-state block pseudo-randomly positioned between
the three mindfulness-cognitive task blocks. The other non-rtfMRI run
was the same, except that the mind-wandering rather than the mindful-
ness strategy was performed. The order of the two non-rtfMRI runs was
counter-balanced and the SMSs/TPF scores of each of the mindfulness
and mind-wandering blocks were obtained. A white cross was fixed in the
center of the screen for 30 s between consecutive blocks.

Fig. 1b illustrates the task paradigm of the two rtfMRI-NF runs and the
one transfer run. During the 300 s neurofeedback period (i.e., from 90 s
to 390s) of each of the two rtfMRI-NF runs, the participants were
informed that the height of the thermometer bar with a red-green-blue
color scheme would correspond to their level of mindfulness. In addi-
tion, they were asked to increase and to maintain the height of the bar
while employing the mindfulness strategy. Participants were informed
that the current bar represented changes in their brain activity that had
taken place approximately 50 s earlier. This lag of approximately 50 s
was comprised of a 43.2s temporal window (1.44 s/volume x 30 vol-
umes) to conduct a mediation analysis and an additional 6 s from the
hemodynamic response delay to the peak. This window size for media-
tion analysis in a sliding window framework was determined based on a
previous report, in which a window size of 44 s provided a good tradeoff
between the ability to resolve the dynamics and the quality of the cor-
relation coefficient estimate used to quantify the dynamic functional
connectivity (Allen et al., 2014).

After the neurofeedback period, a 30 s rating period was given to the
participants to evaluate their mindfulness scores (i.e., SMSg) and task-
performance feedback (i.e., TPF) scores using a fiber-optic response
pad (Current Design, Philadelphia, PA; www.curdes.com), which was
placed in their right hand. MR-compatible binocular goggles (Nordic-
NeuroLab, Bergen, Norway) were used to provide visual stimuli. During
the 300s period of the subsequent transfer run, a white cross was dis-
played in the center of a black screen for participants to fixate on, and
participants were asked to deploy their learned strategy from the rtfMRI-
NF runs to enhance their level of mindfulness without the thermometer
bar. Then, a 30 s rating period was given to the participants to evaluate
their mindfulness score and task-performance feedback score. Electro-
encephalography (EEG) data were also acquired simultaneously with
fMRI. During the debriefing session that followed the MRI session (i.e.,
the post-MRI period), the participants replied to a battery of question-
naires (i.e., the MDMQ, SMS, and VAS) and again performed the three
cognitive tasks (i.e., the ERT, NBT, and WCST) as in the pre-MRI period.

2.2. Participants

Sixty right-handed, healthy male volunteers (mean + standard devi-
ation (STD); age =25.1 +£2.9 years) participated in this study. Each
participant was randomly assigned to either the experimental or the
control group based on a block randomization method and each experi-
mental subject was paired with one control subject (see details in the
“Counterbalancing the task paradigm and randomization procedure to
allocate participants to either the experimental or control group” sec-
tion of the Supplementary Materials). The participants were blinded to
the group assignment and were informed about only the experimental
paradigm and the tasks to deploy in the MRI session. All the participants
were subject to the non-rtfMRI runs, followed by the rtfMRI-NF runs and
one transfer run. The participants in the experimental group were given
contingent neurofeedback information derived from their own brain
signals, whereas the participants in the control group were given non-
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contingent neurofeedback information, which originated from their
paired subject in the experimental group.

2.3. Imaging parameters

A 3-T Siemens Tim-Trio scanner with a 12-channel head coil (Erlan-
gen, Germany) was used to acquire the MRI data. The standard gradient-
echo echo-planar-imaging (EPI) pulse sequence was used for fMRI data
acquisition with the following parameters: multiband factor of two using
in-plane multiband GeneRalized Autocalibrating Partial Parallel Acqui-
sition acceleration (or, GRAPPA 2); time of repetition (TR) = 1440 ms;
time of echo (TE) = 30 ms; field-of-view (FoV) =192 x 192 mmz; voxel
size =3 x 3 x 3mm?; flip angle (FA) =71°; 50 axial slices with no gap.
The 3D magnetization-prepared rapid gradient-echo (MPRAGE) pulse
sequence was used to acquire a Ti-weighted image (TR/TE = 1900/
2.52ms; FoV =256 x 256 rnrnz; voxel size=1x1x1 mm3; FA=9°;
176 sagittal slices with no gap). The 3D MPRAGE was also used to acquire
the Ty-weighted image (TR/TE = 3000/402 ms; FoV = 256 x 256 mmz;
voxel size=1 x 1 x 1 mm?; 176 sagittal slices with no gap). Then, the
field-map was obtained (TR =800ms; TE; =10ms; TE; =13.94 ms;
FoV =240 x 240 mmz; voxel size=1.9 x 1.9 x 4.0 rnrn3; FA =25° 36
sagittal slices with no gap). During the fMRI runs, respiration and pulse
oximeter signals were simultaneously recorded using the scanner's built-
in wireless pneumatic belt, which was positioned at the level of the
abdomen, and a fingertip pulse oximeter placed on the left index finger,
respectively.

2.4. Mediation analysis model of the triple network to extract the
functional feature of mindfulness

Fig. 2a illustrates the mediation analysis model (MacKinnon, 2008)
using the triple networks, in which BOLD signals from the SN are rep-
resented by the independent variable x(t) (because of the interoceptive
function of the SN, which would be induced by our mindfulness strategy
based on focused attention to the physical sensations of breathing). BOLD
signals from the DMN are represented by the dependent variable y(t)
(because of the self-referential function of the DMN, which would be
related to mindfulness status). In addition, BOLD signals from the CEN
were assigned as the mediator variable m(t) (because of the goal-oriented
cognitive function of the CEN, which would be induced from effort
related to the external thermometer bar control). The partial regression
coefficient (i.e., slope) value between the SN and the DMN, with the CEN
as a mediator (i.e., ¢’ in Fig. 2a), was calculated using Pearson's corre-
lation coefficients between (a) the SN and the DMN (i.e., ry,), (b) the SN
and the CEN (i.e., ry), and (c) the CEN and the DMN (i.e., 1) as follows
(see Appendix B for more details):

(1-r2) o

xm

(€Y

c =

where o, and o, were the standard deviations of the signals from the SN

(@)

External conscious
rocessin
p g a

(b)
CEN:

Mediation
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and the DMN, respectively. In the triple networks framework, our model
of mindfulness based on the mediation analysis was also compared with
alternative models using Pearson's correlation analysis between a pair of
triple networks and partial correlation analysis across the triple networks
(Fig. 2b and c; Appendix A and C for a mathematical comparison).

2.5. Regions-of-interest definition of the triple networks

Regions-of-interest (ROIs) within the triple networks were initialized
from a term-based meta-analysis using the Neurosynth repository (neuro
synth.org) employing the reverse inference option with a false discovery
rate, or FDR p < 0.01 (Yarkoni et al., 2011). The keywords used were the
“frontoparietal network” for the CEN (since there is no meta-analysis
map for the “central executive network™), the “default network™ for the
DMN, and the “salience network” for the SN. Then, the obtained ROIs in
Montreal neurological institute (MNI) space were warped into the indi-
vidual subject's EPI space (Fig. 3a). This was achieved by applying a
“warping matrix”, an inverse of the transformation matrix to normalize
the subject's first EPI volume to the EPI template in the MNI space used by
the statistical parametric mapping software toolbox (SPMS8; Lee et al.,
2008). These initial ROIs of the triple networks in each subject's EPI space
were further fine-tuned for each individual using the estimated triple
networks by applying spatial independent component analysis
(McKeown et al., 1998b) to the two 3-min resting-state blocks in the two
non-rtfMRI runs (as exemplified in Fig. 3b and c; see details in the
“Fine-tuning of regions-of-interest of the triple networks using individ-
ual fMRI data” section of the Supplementary Materials). Fig. 3d shows
the group-level fine-tuned ROIs obtained from the one-sample t-test
across all 60 participants (FDR p < 0.01, with a minimum of 10 con-
nected voxels).

2.6. Two real-time fMRI neurofeedback runs and one transfer run: online
analysis

2.6.1. Preprocessing

The fMRI volume series from both the two rtfMRI-NF runs and the one
transfer run were preprocessed using SPM8. The preprocessing began at
40 s after the cross-fixation period and proceeded in the following order:
(a) realignment to the first f{MRI volume; (b) de-trending (c) de-spiking
(i.e., if the average BOLD intensity across the whole-brain of the cur-
rent fMRI volume was greater than 110% or lower than 90% of the mean
of the average BOLD intensities across previous fMRI volumes, the cur-
rent fMRI volume was replaced by the fMRI volume of the previous TR)
(Garrison et al., 2013); (d) motion censoring (i.e., if the frame-wise
displacement, or FD of the current fMRI volume compared with the
first fMRI volume was greater than 0.5, the current fMRI volume was
replaced by the fMRI volume of the previous TR) (Power et al., 2014); (e)
spatial smoothing with an 8 mm full width at half maximum Gaussian
kernel; (f) physiological noise correction using the aCompCor method
with five principal components (PCs) from the cerebrospinal fluid (CSF)
and white matter (WM) regions, respectively (Behzadi et al., 2007). In
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DMN: o el j
Dependent
c variable, y(t) 2

Independent
variable, x(t)
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(NF information)
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Fig. 2. (a) The proposed mediation analysis model of the triple networks for mindfulness training by rtfMRI-NF and transfer runs (see “Appendix B. Regression
coefficients (i.e., slopes) from the mediation analysis” for details). (b) The un-mediated model between the SN and DMN. (c) Simple correlation (7, a solid line) and
partial correlation (7, .m, dashed lines) models in the triple networks. CEN, central executive network; DMN, default-mode network; NF, neurofeedback; ROI, region-

of-interest; SN, salience network.
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using Neurosynth
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(b) ROIs from individual ICA
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c) Fine- tuned ROIs
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(d) Group-level ROls

Fig. 3. ROIs of the triple networks. (a) ROIs were initialized from term-based meta-analysis using the Neurosynth repository (neurosynth.org) and projected onto the
individual EPI space (false discovery rate or FDR p < 0.01). (b) ROIs obtained from the spatial independent component analysis (ICA) using the individual resting-state
fMRI data from two non-rtfMRI runs (z-score > 1.96 or uncorrected p < 0.05). (c) The fine-tuned ROIs employed in the rtfMRI-runs obtained from the intersection of
(a) and (b). (d) Group-level fine-tuned ROIs obtained from the one-sample t-test across all participants (FDR < 0.01, with a minimum of 10 connected voxels). See the
“Regions-of-interest definition of the triple networks” subsection in the Methods section and “Fine-tuning of regions-of-interest of the triple networks using indi-
vidual fMRI data” subsection in the Supplementary Materials for details. L, left; R, right; CEN, central executive network; DMN, default-mode network; rtfMRI, real-

time fMRI; SN, salience network.

detail, a priori maps of the WM and CSF regions in MNI space, available
in SPM8, were registered into individual native EPI space using the
warping matrix. Then, the voxels in the warped a priori maps with a
probability greater than 0.7 for the CSF or 0.9 for the WM were used to
extract the PCs of the CSF and WM, respectively; (g) nuisance regression
applying three translational and three rotational head motion parame-
ters; and (h) bandpass filtering from 0.01 to 0.1 Hz (Kilpatrick et al.,
2011; Su et al., 2016) using a fast Fourier transform (Song et al., 2011).

2.6.2. Neurofeedback information

The ROIs of the triple networks were realigned to the first volume in
the rtfMRI-NF run, and voxels belonging to the WM and CSF (defined
during the aCompCor step) were excluded. Beginning from 90 s (Fig. 1b),
the most recent 30 vol (i.e., spanning 43.2 s), including the volume at the
current TR, were subjected to mediation analysis to calculate the neu-
rofeedback signal (i.e., ¢). The neurofeedback signal in the subsequent
TR was calculated by advancing by one TR, based on a sliding window
approach (Allen et al., 2014). In detail, the average BOLD signals across
voxels in each ROI of the triple networks were calculated and then
re-scaled to have a mean of 100. Then, the average BOLD signals of the
SN (i.e., x(t)) and the CEN (i.e., m(t)) were normalized between 0 and 1
by subtracting the minimum value of the BOLD signal followed by
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dividing by the difference between the maximum and minimum of the
BOLD SIgnal (e 2 ma \:((x)(t)r)m?lgn(gc( max( m(t)r)nu:r(l?rll((;?(t))
max(-) are the functions calculating the minimum and maximum values,
respectively). These normalized signals, along with a vector of ones to
estimate the bias term b;, were used as regressors in the general linear
model framework (see “Appendix B” for details). Since y(t) was re-scaled
to have a mean of 100, the re-scaled y(t) represents the percentage signal
change compared to the mean. For instance, if the mean of y(t) (i.e.,
baseline BOLD intensity of y(t)) was originally 1000 and y(t;) =1010 at
time point t, then the percentage signal change of y(t)
(1010-1000)/1000 x 100 =1%. Now, when we scaled y(t) to have a
mean of 100 by dividing y(t) by 10, then y(t;) =101. The bias term, b;
would estimate a mean of 100 of the re-scaled y(t), and thus, y(t) — by =
cx(t) + bm(t) + ey (t), where the left side of the equation (i.e., y(t) — b1)
becomes the percentage (%) signal change in y(t). Thus, the regression
coefficients ¢ as well as b denote the percentage signal changes for each
of the x(t) and m(t) regressors (which were normalized between 0 and 1).
¢ was used for the neurofeedback interface, presented as a thermometer
bar. To set the maximum and minimum range of the bar, a pilot study was
conducted with three subjects (data not shown), and the highest and
lowest levels of the thermometer bar were set to ¢ values of +0.5 and
—0.5, respectively.

and , where min(-) and
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2.6.3. Software toolbox

Our in-house software toolbox (implemented in a MATLAB environ-
ment; version R2016b), which has been used in our previous rtfMRI-NF
studies (Kim et al., 2015a; Lee et al., 2008, 2009, 2012c; Yoo et al., 2007,
2008), was updated for the present study. The rtfMRI-NF toolbox was
executed on a desktop computer (Intel Core i7-3770 CPU @ 3.40 GHz,
16-GB RAM, 256-GB SSD hard drive, Windows 7) connected to an MRI
console computer via TCP/IP using the “net use” command. Thereby, the
raw fMRI volumes that were reconstructed in the MRI console computer
became available in the desktop computer. Then, the fMRI volumes of the
two rtfMRI-NF runs on the desktop computer were used to generate
neurofeedback information obtained from the mediation analysis. The
time delay from the acquisition of a raw fMRI volume to the presentation
of neurofeedback information (i.e., ¢) was less than a TR.

2.7. Offline analysis

The main purpose of the ambulatory training was to provide an op-
portunity for meditation-naive participants to become familiar with the
task strategies (Table 1). However, potential group difference may be
caused by the smartphone-based ambulatory training, such as in overall
behavioral scores and in their improvements over time. Thus, this pos-
sibility and a potential interaction with the rtfMRI-NF training were
investigated (please refer to the section “Analysis of the behavioral data
obtained from the smartphone-based ambulatory training” in the Sup-
plementary Materials for details).

The participants’ rating scores collected during the MRI session were
used to evaluate the two rtfMRI-NF runs and one transfer run. Compared
with the online analysis by applying the aCompCor method, potential
physiological artifacts present in the BOLD signals could be further
reduced by applying the RETROICOR method using pulse oximeter and
respiration belt signals (Glover et al., 2000). In detail, the two phasic
signals extracted from the respiration belt and pulse oximeter signals
were down-sampled to have the same temporal resolution as the BOLD
signals (i.e., TR) using the Physiological Log Extraction for Modeling
(PhLEM) Toolbox (Verstynen and Deshpande, 2011). Then, the
least-squares algorithm was used to regress these physiological data out
of the BOLD signals (Behzadi et al., 2007; Chai et al., 2012; Kim et al.,
2013, 2015a, 2015b; Lee et al., 2012b; Song et al., 2011).

A two-sample t-test was used to compare cardiac and respiratory cy-
cles between the experimental and control groups. Because of head
motion (i.e., FD > 0.5 for longer than half of the mindfulness period in
any of the rtfMRI-NF runs or the transfer run), eight participants were
excluded from further analysis (two subjects in the experimental group
and their matched subjects in the control group; two subjects in the
control group and their matched subjects in the experimental group).
Table S2 summarizes their sociodemographic information and psycho-
logical traits as well as head motions. Thus, 52 participants (26 partici-
pants per group) were included in the analysis of this study.

Next, the regression coefficient levels in the mediation analysis model
of the triple networks (i.e., a,b, and ¢) calculated from the offline and
online analyses were compared. A correlation analysis was applied to the
average of the two mindfulness scores (i.e., SMSs) and the task-
performance feedback score to evaluate the possibility of whether our
neurofeedback information (i.e., ¢) reflected the level of mindfulness. To
remove any potential residual effects from a rehearsal during the in-
struction period of the mindfulness strategy (i.e., 75 s-85s) before the
mindfulness task-period began, for this correlation analysis, the average
¢ value across all the 43.2's windows was calculated by excluding the
43.2s (i.e., 30 volumes) at the beginning of the 300s task-period. As
such, alternative regression coefficient levels (i.e., a or b) may represent
the level of mindfulness, and this possibility was also investigated using
average mindfulness scores and task-performance feedback scores in the
correlation analysis with their corresponding regression coefficient
levels. Additionally a bootstrapping method has been used to conduct a
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statistical analysis of the difference in correlations (e.g., “c’ vs. mindful-
ness scores” — “b vs. mindfulness scores”, or CC(c, SMSg) — CC(b, SMSg) to
remove potential bias from the mediation effect b from the CEN to the
DMN) (Terhune et al., 2014) (Table 3). Also investigated was (a) a po-
tential association between the amount of mediation (i.e., ab) and the
mindfulness/task-performance scores and (b) whether the amount of
mediation was equivalent between the two groups when the direct effect
(i.e., ¢) was compared between them. The potential association between
the total effect (i.e., c; Fig. 2b) and mindfulness/task-performance scores
has also been investigated. Moreover, the possibility that the FC levels
calculated from Pearson's correlation analysis or partial correlation
analysis represented the level of mindfulness was also investigated. Po-
tential outliers in the behavioral data as well as the regression co-
efficients (i.e., slopes) from the mediation analysis and simple/partial
correlation coefficients were identified (see “Definition of outliers based
on median absolute deviation (MAD)" for details in the Supplementary
Materials) and subsequently removed from the correlation analysis be-
tween the behavioral data and the brain data.

2.8. Control analyses

2.8.1. Correlation analysis between paired participants for each of the
reported mindfulness/task-performance scores and ¢ values

In the rtfMRI-NF training, participants were asked to increase the
thermometer bar (i.e., ¢ ) while deploying the mindfulness strategy based
on attention to the physical sensation of breathing. Subsequently, cor-
relations between the ¢ values and the mindfulness/task-performance
scores were investigated to evaluate the efficacy of the rtfMRI-NF
training. The possibility that this “dual-task” setting might have resul-
ted in the significant positive association between ¢ and the
mindfulness/task-performance scores needs to be addressed. To evaluate
this, we conducted control analyses to determine any (a) correlation
between paired participants (who watched the same thermometer bar)
for each of the reported mindfulness/task-performance scores and ¢
values; (b) association between the mindfulness scores and potentially
alternative mindfulness-related features of the brain such as activations
in the triple networks; (c) association between cardiac/respiratory
measurements and brain data or mindfulness/task-performance scores.
To evaluate possibility (a), correlation analyses of the ¢, SMSs, and TPF
scores across the paired participants were conducted using the data ob-
tained from the rtfMRI-NF runs and the transfer run. Evaluations of the
possibilities of (b) and (c) are described in the following sub-sections.

2.8.2. Percentage blood-oxygenation-level-dependent (BOLD) signal changes
vs. mindfulness

It may be possible that activations in one or more of the ROIs in the
triple networks may have changed in the rtfMRI-NF setting and become
associated with mindfulness. To evaluate this possibility, a correlation
analysis was conducted between the activation levels in the ROIs and the
mindfulness/task-performance scores. The candidate ROIs of the sub-
regions of the triple networks were defined from the group-level ROIs
of the triple networks (Fig. 3d). In detail, the SN was sub-divided into the
dorsal anterior cingulate cortex of the SN (SNgacc) and the bilateral
anterior insular cortices of the SN (SNins) (Seeley et al., 2007) (Fig. S8).
The DMN was sub-divided into the anterior part of the DMN (aDMN),
which includes the medial prefrontal cortex, or mPFC, and the posterior
part of the DMN (pDMN), which includes the PCC (pDMNp¢c) and the
bilateral inferior parietal lobule of the pDMN (pDMNjp;) (Kim and Lee,
2011) (Fig. 10). The CEN was sub-divided into the frontal part of the CEN
(i.e., the bilateral frontal area of the CEN (CENg)) and bilateral parietal
area of the CEN (CENp) (Menon, 2011) (Fig. S8). These sub-regions of
each of the triple networks were defined using the Xjview software
toolbox (www.alivelearn.net/xjview). In addition, specific seed regions
of the DMN such as the mPFC (MNI coordinate: [—6, 52, —2] mm) and
PCC ([-8, —56, 26] mm) consisting of spheres 9 mm in radius have also
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been employed as ROIs (Brewer et al., 2011; Garrison et al., 2013).

The raw fMRI volumes were preprocessed according to the following
sequence: realignment to the first EPI volume, detrending, spatial
smoothing with an 8 mm full width at half maximum Gaussian kernel,
physiological noise correction using each of the 5PCs from the CSF and
WM, nuisance regression using six motion parameters, and band-pass
filtering between 0.01 and 0.1 Hz. The percentage BOLD (pBOLD) sig-
nals during the task-period (i.e., 97.25-390s after the exclusion of
5 volumes from task onset to remove any confounding effect from the
rehearsal phase spanning 75s-85s) were calculated from the pre-
processed data using a baseline BOLD intensity defined as the average
BOLD intensity between 10 and 40 s during the first cross-fixation period
(Fig. 1b). Then, average pBOLD intensity was calculated across the task-
period after excluding the pBOLD intensity outliers (see the Supple-
mentary Material section, “Definition of outliers based on median ab-
solute deviation (MAD)” for details) and excluding the EPI volumes
featuring severe head motion (FD score > 0.5).

2.8.3. Cardiac/respiratory cycles vs. regression coefficients in the mediation
analysis and/or mindfulness/task-performance scores

The possibility of whether the cardiac/respiratory cycles during the
training may have contributed to the changes in (a) the regression co-
efficients from the mediation analysis and/or (b) the mindfulness scores
and task-performance feedback scores was investigated. The cardiac
(beats/minute) and respiratory (breaths/minute) cycles were extracted
using the PhLEM toolbox.

2.9. Effective connectivity of the triple networks

Our hypothesized model suggested that interoceptive perception in
the SN may induce mindfulness states in the DMN, mediated by the CEN.
However, it is still unclear whether the interoceptive perception caused
the mindfulness status or whether, conversely, the mindfulness status
itself caused the enhancement in interoceptive perception. Another
possibility is that the triple networks may have been causally linked to
each other and that this causal connection may have been characterized
differently based on both the type of training run (i.e., rtfMRI-NF run vs.
transfer run) and the type of the NF information provided (i.e., contin-
gent for the experimental group vs. non-contingent for the control
group). To investigate this possibility, spectral dynamic causal modeling
(spDCM) in SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12) that
has been gainfully applied to the resting-state fMRI data was used
(Friston et al., 2014). The detailed analysis step can be found in the
Supplementary Materials (“Effective connectivity among the triple net-
works using spectral dynamic causal modeling (spDCM)”).

3. Results
3.1. Data from subjective ratings and raw fMRI

The completion ratio of the smartphone-based ambulatory training
sessions (i.e., 86.67% =+ 16.47 for the experimental group vs. 87.00% +
12.64 for the control group) did not statistically differ between the two
groups (p =0.93; Table S1). The results from the ambulatory training
suggested that there was no main effect of group, sequence-of-condition
for mindfulness and mind-wandering strategies, or their interaction with
the rtfMRI-NF training in (a) the PSS, MDMQ, SMS, VAS, and TPF scores
obtained on the last day of the ambulatory training (Fig. S1d) and (b) the
MDMQ, SMS, and VAS scores obtained in the pre-MRI session (Fig. S2)
(see “Data from smartphone-based ambulatory training” for details in
the Supplementary Materials).

Fig. 4a shows that, based on the MDMQ results, mood changed
differently between the two groups in the MRI session. They both showed
significantly higher levels of mindfulness (measured by the SMS;
p <1073, obtained from a paired t-test with the p-value corrected from
10,000 random permutations) after the MRI session than before. There
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were no significant changes in participant stress levels. Fig. 4b shows that
there were no significant differences in the mindfulness or task-
performance scores across runs or across groups. In addition, Fig. 4c
shows that the regression coefficient levels obtained from the online and
offline analyses did not differ.

The cardiac cycle (i.e., mean + STD; 62.6 + 8.6 beats per minute for
the experimental group and 64.5 + 9.8 for the control group, p=0.26
from the two-sample t-test) and respiratory cycle (11.6 + 3.9 breaths per
minute for the experimental group and 11.5 + 4.8 for the control group,
p = 0.87) did not statistically differ between the two groups. The average
(£STD) FD values of head motion from the resting-state blocks for each of
the two non-rtfMRI runs were 0.11 (£0.05) for the first run and 0.12
(£0.08) for the second run. There was no volume for which the FD value
was above 0.5, and the FD values across the rtfMRI-NF runs and the
transfer run did not significantly differ between the two groups (i.e.,
0.13 +0.08 for the experimental group and 0.12 + 0.07 for the control
group; p = 0.88 from the two-sample t-test).

3.2. Regression coefficient feature of mindfulness in the mediation analysis
framework

Fig. 5a shows the line plots of the average ¢ level, with standard er-
rors in the shaded areas. Overall, the regression coefficient (i.e., slope)
levels of the experimental group were significantly greater than those of
the control group at several time-points (i.e., those marked by an asterisk
*; paired difference was also plotted in gray). Average slope levels (i.e., ¢
levels across the 300 s of each run did not statistically differ between the
two groups, although the mean slope level of the experimental group was
higher than that of the control group (p =0.32, 0.14, and 0.58 for the
rtfMRI-NF run#01, #02, and transfer run, respectively). Fig. 5b shows
that the neurofeedback signal (i.e., ¢) was significantly correlated with
the mindfulness and task-performance feedback scores in the rtfMRI-NF
runs, only in the experimental group. Fig. S3 shows that those positive
correlations from the rtfMRI-NF runs were retained even after the sub-
traction of the respective correlations between the mediation effect (i.e.,
b) and the mindfulness scores and task-performance feedback scores. The
corresponding 95% CIs were [0.05, 0.88] for the correlation with
mindfulness scores and [0.10, 0.92] for the correlation with the task-
performance feedback scores.

3.3. Regression coefficient levels from other pairs of the triple networks in
the mediation analysis framework

Fig. 6a shows that there was a significant positive correlation between
the regression coefficient (i.e., slope) from the SN to the CEN (i.e., a) and
the task-performance feedback scores for the control group. Fig. 6b
shows that the slope levels from the CEN to the DMN (i.e., b) of the
control group in the rtfMRI-NF runs presented weakly suggestive and
significantly positive correlations with the mindfulness and task-
performance feedback scores, respectively. On the other hand, the
slope (i.e., b) and the task-performance feedback scores of the experi-
mental group showed a weakly suggestive negative correlation in the
rtfMRI-NF runs. Fig. 7a shows that the mediation effect ab values pre-
sented significant positive correlations with the mindfulness scores and
task-performance feedback scores in the rtfMRI-NF runs only for the
control group. In the time plots, the mediation effect, ab values did not
significantly differ between two groups, particularly when the direct
effect, ¢ values, significantly differed between two groups (small square
boxes). Fig. 7b shows that the slope, c (i.e., the total effect from the SN to
the DMN) presented significant correlation and suggestive positive cor-
relation with the mindfulness scores and task-performance feedback
scores, respectively, in the rtfMRI-NF runs of the experimental group.
However, the time plots show that the time points that featured signifi-
cantly greater intensities from the experimental group than the control
group were more associated with the direct effect (i.e., c; rectangular
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Fig. 4. Behavioral data (a-b) and regression coefficient (i.e., slope) levels from the online and offline analyses (c). (a) Behavioral data obtained from Multidimensional
Mood State Questionnaire (MDMQ), State Mindfulness Scale (SMS), and Visual Analog scale for Stress perception (VAS), scores obtained before (pre-MRI) and after
(post-MRI) the MRI session. A two-way (i.e., 2 [groups; EXP or CTR] x 2 [training types; pre- or post-MRI session]) mixed analysis-of-variance was applied. The
confidence intervals (CIs) in red and orange are identified as “significant” and “weakly suggestive”, respectively. (b) Scores from the short version of the SMS (or SMSs)
and task-performance feedback (TPF) obtained in the two rtfMRI-NF runs and one transfer run. (c) Slope levels calculated from the mediation analysis model using the
triple networks in the online analysis (i.e., nuisance regression with three translational and three rotational head motion parameters, and physiological noise
correction using aCompCor) and the offline analysis (i.e., the same nuisance regression and physiological noise correction using aCompCor and, additionally, RET-
ROICOR). See the “Overall study protocol” subsection in the Methods section and “Data from subjective ratings and raw fMRI” subsection in the Results section for
details. The vertical bars and whiskers represent the mean and standard error, respectively. The a, b, and ¢ are the slope levels between the corresponding pairs in the
triple networks (Fig. 2). aCompCor, a component based noise correction method; CEN, central executive network; CTR, control group; DMN, default-mode network;
EXP, experimental group; rtfMRI-NF, real-time fMRI neurofeedback; RETROICOR, RETROspective Image CORrection; SN, salience network.

box) than the total effect (i.e., c; asterisk). Also, the statistical significance
was stronger when considering ¢ (i.e., p=0.007 with the mindfulness
scores and p =0.001 with the task-performance scores; Fig. 5b) than
when considering c (i.e., p=0.04 and p = 0.01; Fig. 7b).

3.4. FC levels from Pearson's correlation and partial correlation analyses

Fig. 8a shows that the FC levels (from simple correlation coefficients)
between the SN and the DMN resulted in suggestive positive correlations
with the mindfulness scores in both the rtfMRI-NF and transfer runs, but
only from the experimental group. In the time plots, the time-points that
showed greater FC levels for the experimental group than the control
group became scarce in the second rtfMRI-NF run (cf., Fig. 5a).

Fig. 8b shows that the FC levels (from partial correlation coefficients)
between the SN and the DMN, with the adjusting variable from the CEN,
presented significant and suggestive positive correlation with the mind-
fulness scores in both the rtfMRI-NF runs and the transfer run only with
the experimental group. The corresponding statistical significance of the
correlation coefficient in the rtfMRI-NF run (p=0.002) was slightly
greater than that of the mediation analysis (p = 0.007; Fig. 5b). However,
the time-points that showed statistically greater (p < 0.05) FC levels (i.e.,
rsnpmn . cen) from the experimental group than the control group were
fewer compared to the time plots of ¢ (cf., Fig. 5a).

3.5. Results of the control analyses

Fig. 9 shows that there was no meaningful correlation of the ¢ values,
mindfulness scores, or task-performance feedback scores between the
paired participants across the two groups during both the rtfMRI-NF and
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transfer runs. Fig. 10 shows that there were significant correlations be-
tween the pBOLD intensities of the sub-regions of the DMN and
mindfulness/task-performance scores. Particularly, it is notable that the
significant negative correlations between the aDMN,/mPFC activations and
the mindfulness scores in the rtfMRI-NF runs are only from the experi-
mental group. Also, the negative correlations between the PCC activations
and the mindfulness scores, which were potentially weakly suggestive in
the rtfMRI-NF runs, became significant in the transfer run only with the
experimental group. The average activations during the task-period in the
PCC area for the experimental group (mean + STD; —0.012 + 0.067 in the
rtfMRI-NF run#01 and —0.014 & 0.073 in the rtfMRI-NF run#02) were
slightly lower compared to those for the control group (—0.009 + 0.060
and 0.003 £ 0.006) during the rtfMRI-NF runs. On the other hand, the
activation levels in the PCC for the control group (—0.010 + 0.086) were
slightly lower than those from the experimental group (—0.005 + 0.081)
during the transfer run. However, these differences were not statistically
significant between the two groups. Fig. S8 shows that there were weakly
suggestive and potentially weakly suggestive correlations between the
activations in the sub-regions of the SN and CEN and mindfulness/task-
performance scores, but there was no significant correlation. Fig. S9
shows example time plots of the PCC activations of a pair of participants
who reported high average mindfulness scores across the two rtfMRI-NF
runs and one transfer run (8.3 + 0.3 from the participant in the experi-
mental group, 7.7 & 0.6 from the participant in the control group). Fig. 11
shows that the cardiac cycles showed a suggestive negative correlation
with slope a, a significant negative correlation with slope b, and a weakly
suggestive positive correlation with the mindfulness scores, but only from
the experimental group during the rtfMRI-NF runs. There was no mean-
ingful correlation under other conditions such as when using the respira-
tory cycles or with the control group.
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scenarios of statistical significance is presented in Table 3.

3.6. Effective connectivity of the triple networks

The fully-connected model with bi-directional effective connectivity
between the pairs within the triple networks was selected as an optimal
model for both the rtfMRI-NF and the transfer runs. Fig. 12(a and b) show
that the experimental group presented significant positive effective
connectivity (i) from the CEN and DMN to the SN in the rtfMRI-runs and
(ii) from the SN and CEN to the DMN in the transfer run. The self-
connection within the DMN showed significant negative correlation
with the mindfulness scores only during the rtfMRI-NF runs. Fig. 12(c
and d) show that the control group presented significant positive effec-
tive connectivity (i) from the CEN to the SN in the rtfMRI-NF runs and (ii)
from the CEN to the DMN in the transfer run. The mindfulness scores
showed weakly suggestive correlation or suggestive negative correlation
with the self-connections within the SN in the rtfMRI-NF runs and within

418

the CEN in the transfer run, respectively, for the control group. The task-
performance scores showed weakly suggestive positive correlation with
the inter-network connection from the CEN to the DMN in the transfer
run for the control group.

4. Discussion
4.1. Summary

In this study, we demonstrated that the partial regression coefficient
level (i.e., direct effect, ¢) from the SN to the DMN, mediated by the CEN
in the mediation analysis framework, appears to be one of the potential
features of mindfulness in the rtfMRI-NF setting. The validity of this
regression coefficient (i.e., slope) feature was further evaluated from its
statistically significant positive association with the mindfulness and
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task-performance scores independently measured after each rtfMRI-NF
run and transfer run. These positive correlations between ¢ and the
mindfulness scores (i.e., CC(c, SMSs)) and between ¢ and the task-
performance feedback scores (i.e., CC(c, TPF)) remained significant
even after the correlation coefficients between b and SMSg (i.e., CC(b,
SMSs)) and TPF (i.e., CC(b, TPF)) were subtracted. The regression coef-
ficient (i.e., total effect, c) from the SN to the DMN also showed signifi-
cant correlation with the mindfulness scores and task-performance
feedback scores in our rtfMRI-NF runs. It is notable, however, that the
level of statistical significance when considering the direct effect from
the SN to the DMN (c; by excluding the indirect/mediation effect via the
CEN) was stronger than that when considering the total effect from the
SN to the DMN (c; Fig. 7b). This suggests that the efficacy of our rtfMRI-
NF training of mindfulness was better explained in terms of ¢ which
excludes the mediating effect via the CEN (i.e., ab) from the total effect
from the SN to the DMN (i.e., c) and this supports our hypothesis that ¢ is
a potential mindfulness feature in our rtfMRI-NF setting. In addition, the
participants were able to enhance this functional feature of mindfulness
when the partial regression coefficient feature was used as contingent
neurofeedback information. Furthermore, the regression coefficient
levels from the other pairings of the triple networks did not appear to
reflect the mindfulness level. In addition, enhancement of the FC level
was not evident during the rtfMRI-NF runs when the FC levels were
calculated either from Pearson's correlation analysis (between the SN and
the DMN) or partial correlation analysis (between the SN and the DMN,
as adjusted by the CEN).

4.2. Changes in the subjective ratings of mindfulness and task-performance
scores in the MRI session

Interestingly, it appeared that participant mood was changed after the
MRI session (i.e., significant decreases in good-bad and awake-tired
moods for the control group and a weakly suggestive increase in the
calm-nervous mood for the experimental group; Fig. 4a). This may be
because of the effect of having the two rtfMRI-NF runs with contingent or
non-contingent NF information, which was the only difference between
the two groups. There was no significant group-based difference between
the mindfulness or task-performance scores obtained from the rtfMRI-NF
runs and the transfer run. However, the mindfulness and task-
performance scores were significantly correlated with the regression
coefficient levels from the SN to the DMN, as mediated by the CEN, but
for the experimental group only. During the debriefing session,
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approximately half of the participants gave a verbal or written assess-
ment of their performance during the rtfMRI-NF runs. Twelve of these
subjects from the experimental group reported that they noticed that the
thermometer bar had changed as they expected, and three subjects in the
group reported that it had not changed as they expected. On the other
hand, in the control group ten subjects reported that the thermometer bar
did not change as they had expected, although they reported that they
had managed to increase the bar by enhancing their mindfulness level,
and two subjects reported that the thermometer bar had changed as they
expected.

4.3. Potential confounding physiological artifacts due to mindfulness
strategy

In our study, focused attention on the physical sensations of breathing
was adopted as a mindfulness strategy, which may confound the BOLD
signal (Birn et al., 2008; Raj et al., 2001). Thus, we made a significant
effort to reduce potential respiration artifacts in the BOLD signal by using
aCompCor-based physiological noise removal in the online analysis and
additionally RETROICOR in the offline analysis (Behzadi et al., 2007;
Glover et al., 2000). The resulting regression coefficient (i.e., slope)
levels obtained from the online analysis were comparable to those ob-
tained from the offline analysis (Fig. 4c). This indicates that the physi-
ological artifacts in the BOLD signal were still sufficiently reduced when
slope levels were calculated during the online analysis. In Fig. 4c, the fact
that the slope levels between the SN and the CEN (i.e., a) were greater
than those between the SN and the DMN (i.e., ¢) and those between the
CEN and the DMN (i.e., b) is in accordance with previous studies (Farb
et al., 2007; Mooneyham et al., 2016). For example, in mindfulness the
CEN integrates the moment-to-moment input from a variety of somatic
and sensory systems received in the SN by conscious executive processing
(Mooneyham et al., 2016).

4.4. Correlation between alternative regression coefficient levels across the
triple networks and subjective ratings

In our mediation analysis framework, the regression coefficient (i.e.,
slope) levels between the CEN and the DMN showed weakly suggestive
and significant positive correlations with mindfulness and task-
performance feedback scores, respectively, for the control group in the
rtfMRI-NF runs (Fig. 6b). Also, the mediation effect ab consistently
showed significant positive correlation with the mindfulness/task-
performance scores in only the rtfMRI-NF runs of the control group
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(Fig. 7a). Moreover, it is notable that this significant positive correlation
using the overall mediation effect ab was stronger than the positive
correlation obtained when using either a or b alone (cf., Figs. 7a and 6).
This finding indicates that the participants in the control group reported
mindfulness and task-performance scores based on how much they
“controlled” the thermometer bar. This is likely because the CEN, which
has been associated with goal-oriented cognition (Beaty et al., 2015;
Christoff et al., 2016; Mooneyham et al., 2016; Sridharan et al., 2008;
Uddin, 2015), elevated neuronal activation when the participants tried to
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control the level of the bar. In turn, this may have induced a greater
mindfulness status, which was reflected in the self-referential processing
of the DMN (Hasenkamp and Barsalou, 2012; Mooneyham et al., 2016;
Wells et al., 2013). On the other hand, the task-performance scores of the
participants in the experimental group were inversely correlated with the
slope levels between the CEN and the DMN in the rtfMRI-NF runs
(Fig. 6b). This indicates that the participants in the experimental group
rated low task-performance scores when they tried to control the level of
the bar.
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Fig. 10. Scatter plots of the percentage blood-oxygenation-level-dependent (pBOLD) signal obtained from each ROI within the default-mode network (DMN) and the
SMSs (a) or TPF (b) scores in the rtfMRI-NF runs and transfer run. L, left; R, right; aDMN, anterior DMN; CTR, control group; EXP, experimental group; IPL, inferior
parietal lobule; Neg., Negative; N.S., non-significant; mPFC, medial prefrontal cortex; PCC, posterior cingulate cortex; pDMN, posterior DMN; Pos., Positive; ROI,
region-of-interest; rtfMRI-NF, real-time fMRI neurofeedback; SMSs, short version of the State Mindfulness Scale; TPF, task-performance feedback. Detailed information
about outliers, p-value correction of correlation coefficient (i.e., r), confidence interval (CI), and stratified scenarios of statistical significance is presented in Table 3.

4.5. Time-course of regression coefficient from mediation analysis
compared with FC from the Pearson's and partial correlation analyses

Increased FC levels between the SN and the DMN were observed in
participants with relatively short mindfulness training experience
(Mooneyham et al., 2016). Based on the results of our mediation analysis,
time-points that showed statistically greater slope levels from the
experimental group than the control group were more evident compared
to when using Pearson's correlation or partial correlation analyses (Fig. 5
vs. Fig. 8). These results indicate that our analysis model of the mediation
of the triple networks may be better suited to describe our experimental
data than the two alternative analysis models. Interestingly, the signifi-
cantly increased slope levels between the SN and the DMN, as mediated
by the CEN, in the transfer run at the beginning of the run from 90s to
about 105 s were more noticeable for the experimental group than the
control group (Fig. 5a). This may be because of the rehearsal of the
mindfulness strategy just before the 300s task-period (Fig. 1b), indi-
cating that only the participants from the experimental group had suc-
cessfully learned how to employ the mindfulness strategy with the
assistance of the two rtfMRI-NF runs.
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4.6. Alternative mediation analysis model of the triple networks in
comparison with Pearson's correlation and partial correlation analyses

Although our results seem to indicate that our hypothesized regres-
sion coefficient (i.e., slope) from the SN to the DMN, as mediated by the
CEN, is a strong candidate for the feature of mindfulness, it is also worth
noting that the slope level from the DMN to the SN, as mediated by the
CEN, has also shown weakly suggestive positive correlations with the
mindfulness/task-performance scores in the rtfMRI-NF runs only in the
experimental group (Fig. S4). This slope level of the experimental group
also showed a potentially weakly suggestive positive correlation with the
mindfulness scores in the transfer run. Interestingly, for the experimental
group the regression coefficients from the DMN to the CEN presented
weakly suggestive negative correlations with the mindfulness/task-
performance scores (Fig. S5b), whereas for the control group the
regression coefficients from the CEN to the DMN showed weakly positive
correlations with the mindfulness/task-performance scores (Fig. S5). It is
less likely that slope levels between the SN and the CEN, as mediated by
the DMN, would be related to mindfulness features (Fig. S6). The cor-
relation analyses using FC levels from alternative pairs of the triple
networks as obtained by Pearson's correlation or partial correlation
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(a)

Cardiac cycle vs. slope in mediation analysis
rtfMRI-NF run
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(b)

Respiratory cycle vs. slope in mediation analysis
rtfMRI-NF run
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Fig. 11. Scatter plots of the cardiac/respiratory cycles and regression coefficients (or slopes; ¢, a, b) obtained from the mediation analysis (a—b) and the SMSs/TPF
scores (c—d) in the rtfMRI-NF and transfer runs. CEN, central executive network, CTR, control group; DMN, default-mode network; EXP, experimental group; Neg.,
negative; Pos., positive, rtfMRI-NF, real-time fMRI neurofeedback; SN, salience network; SMSs, short version of the State Mindfulness Scale. Detailed information
about outliers, p-value correction of correlation coefficient (i.e., r), confidence interval (CI), and stratified scenarios of statistical significance is presented in Table 3.

analyses and mindfulness scores did not show significant associations,
indicating that these features may not be well suited to our experimental
data (Fig. S7).

4.7. Control analyses to investigate the effect of a potential “dual-task”
experimental setup

4.7.1. Correlation analysis between paired participants for each of the
reported mindfulness/task-performance scores and c values

Our adopted paradigm may be vulnerable to a potential “dual-effect”,
in that participants were told to increase the neurofeedback signal ¢
while enhancing their mindfulness status and subsequently the efficacy
of our rtfMRI-NF training was evaluated based on the correlation be-
tween ¢ and mindfulness scores. We observed that (a) there was no
meaningful correlation of the mindfulness scores, task-performance
feedback scores or ¢ values between the paired participants across the
two groups (Fig. 9) and (b) the activations in the DMN areas also showed
a significant negative correlation with mindfulness scores only in the
experimental group (Fig. 10). These observations suggest the possibility
of modulation of the mindfulness related features of the brain other than
that represented by the regression coefficient (i.e., ¢) from the SN to the
DMN, as mediated by the CEN, possibly including the activations in the
mPFC and/or PCC.

4.7.2. Association between activations in the default-mode network and
mindfulness scores

It is interesting to note that associations between the activations in
the DMN and the mindfulness/task-performance scores were significant
only for the experimental group, although the statistical significance was
less strong than the degree of association between the regression co-
efficients (i.e., slopes; ¢) and mindfulness/task-performance scores. In
detail, the aDMN and mPFC showed significant negative correlation in
the rtfMRI-neurofeedback runs only, whereas the PCC showed significant
negative correlation in the transfer run. This might be due to the slightly
different functions of the sub-regions of the DMN (Brewer et al., 2011;
Garrison et al., 2013; Posner et al., 2007; Tang et al., 2015). More spe-
cifically, the aDMN including the mPFC has been reported to be associ-
ated with the self-referential processing related to attentional control
(Farb et al., 2007; Ives-Deliperi et al., 2011) and the regulation of
internal/external attentional sources (Brewer et al., 2013; Burgess et al.,
2007; Davey et al., 2016; Scheibner et al., 2017). In our study, the mPFC
might have been dominantly involved in the rtfMRI-NF runs given the
constantly presented thermometer bar. On the other hand, the PCC ac-
tivations might have been involved with mindfulness in the transfer run,
where there was no neurofeedback information. In fact, Scheibner et al.
(2017) reported strong deactivation of the PCC during internal attention
(mindfulness to breathing sensations) compared to external attention
(i.e., mindfulness to external sounds), and perhaps this difference may

423
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Fig. 12. Spectral dynamic causality modeling (spDCM) results and their association with mindfulness (i.e., SMSg) and task-performance feedback (TPF) scores across
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reflect the internal self-referential processing role of the PCC. Despite
these findings, it is still unclear whether (a) the changes in our neuro-
feedback information (i.e., the ¢ slope value) were driven by the acti-
vation changes from a single ROI or multiple ROIs in the triple networks
and/or (b) the changes in our neurofeedback information drove the
activation changes of the ROISs, so future studies of these possibilities are
warranted.

4.7.3. Cardiac/respiratory cycles vs. regression coefficients in the mediation
analysis and/or mindfulness/task-performance scores

Participants in the experimental group may have enhanced their
mindfulness status while suppressing a link with any cognitive effort
related to the thermometer bar (i.e., the slope a from the SN to the CEN
and the slope b from the CEN to the DMN). Our results showed negative
correlation between the cardiac cycles and either a or b and positive
correlation between the cardiac cycles and the mindfulness scores. Pre-
vious studies seem to support our findings, in which an increase in car-
diac cycles has been associated with increased sympathetic activity of the
autonomic nervous system (ANS), which is related to the suppression of
external stimuli (Lacey and Lacey, 2017; Laumann et al., 2003). How-
ever, a more systematic investigation is warranted to analyze our data in
the context of ANS activity, such as by using heart rate variability, which
is believed to better reflect the parasympathetic and sympathetic activity
of the ANS (Amihai and Kozhevnikov, 2015; Holsen et al., 2011; Krygier
et al., 2013; Tang et al., 2009).

4.8. Effective connectivity of the triple networks

The effective connectivity results obtained from our experimental
data seem to provide supplemental evidence supporting our hypothe-
sized model of mindfulness in the triple networks framework. For
example, the results of the mediation analysis showed that, in the rtfMRI-
NF runs, the regression coefficient (i.e., slope) from the SN to the DMN, as
mediated by the CEN, presented greater levels of correlation with
mindfulness scores and task-performance feedback scores than the slope
from the DMN to the SN. Moreover, our effective connectivity analysis
also suggested that mindfulness status that is reflected in the DMN
(Brewer and Garrison, 2014; Mooneyham et al., 2016; Uddin, 2015) as
well as the cognitive control in the CEN (Mooneyham et al., 2016; Seeley
et al., 2007) also caused the activations related to the interoceptive
perception of the SN (Farb et al., 2013) in the rtfMRI-NF runs. Interest-
ingly, in the transfer run, the SN and CEN caused the activations in the
DMN. It is possible that this effective connectivity change was associated
with the presence and absence of the neurofeedback interface (i.e.,
thermometer bar) in the rtfMRI-NF and transfer runs, respectively. On
the other hand, with the control group, there was no significant effective
connectivity between interoceptive perception (i.e., the SN) and mind-
fulness status (i.e., the DMN). This finding is consistent with other results
on the absence of significant correlations between the regression co-
efficients (i.e, ¢) from the SN to the DMN and
mindfulness/task-performance scores in the control group. In fact, the
potentially positive correlation between inter-network effective connec-
tivity from the CEN to the DMN and the task-performance feedback score
in the transfer run of the control group is also consistent with the positive
correlations of the control group between regression coefficient b in the
mediation analysis and the task-performance feedback scores (Fig. 6b).
The causal relationships between the triple networks can also be derived
from the Granger causality analysis (Cohen Kadosh et al., 2016; Lee et al.,
2012c).

4.9. Time spans of rtfMRI-NF training

A number of other studies have also reported a training effect guided
by rtfMRI-NF within the relatively short training time of a single day
(deCharms et al., 2005; Emmert et al., 2016; Haller et al., 2010; Kim
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etal., 2015a; Lee et al., 2009, 2012c; Marins et al., 2015; Perronnet et al.,
2017; Yoo and Jolesz, 2002; Yoo et al., 2007, 2008; Young et al., 2014;
Zotev et al., 2011, 2014). For example, in one of the seminal papers on
rtfMRI-NF by deCharms et al. (2005), each run consisted of five blocks
(1 min/block) for each of the up-regulation and down-regulation phases
of activation in the rostral anterior cingulate cortex (rACC) area, which
has been related to chronic pain perception (deCharms et al., 2005) and
an increase in the rACC BOLD signals was observed in the second
rtfMRI-NF training run. In a series of studies employing rtfMRI-NF
training for the amygdala activation by happy memory retrieval
(Young et al., 2014; Zotev et al., 2011, 2014), there were three runs of
rtfMRI-NF training each featuring four blocks of happy memory retrieval
training (40 s/block; 2 min 40 s/run; 8 min across the three runs) and an
increase in the amygdala activation across these three rtfMRI-NF training
runs was reported. In the study by Haller et al. (2010), in each of four
rtfMRI-NF training runs, there was a period of about 2 min for partici-
pants having chronic tinnitus to learn the down-regulation of auditory
activations, with the rtfMRI-NF training period totaling approximately
8 min. Using motor imagery as a target task strategy, increased activa-
tions in the motor areas have been reported after approximately 10 min
of rtfMRI-NF training (Marins et al., 2015; Perronnet et al., 2017). In the
meta-analysis of Emmert et al. (2016), several other studies were re-
ported to have used an overall rtfMRI-NF training length of less than
approximately 10 min (for example, Berman et al. (2013), Sulzer et al.
(2013), and Veit et al. (2012) (Berman et al., 2013; Emmert et al., 2016;
Sulzer et al., 2013b; Veit et al., 2012)).

There have also been other rtfMRI-NF studies that were conducted
across several days of training sessions (Scharnowski et al., 2015; Sher-
wood et al., 2016). For example, Scharnowski et al. (2015) reported that
participants learned to up- and down-regulate the BOLD signal defined as
the difference between the BOLD signals in the supplementary motor
area and parahippocampal place area, by controlling motor- and
memory-related activation (Scharnowski et al., 2015). In this study,
participants took about 12-22 runs (i.e., three 45 s up-regulation blocks
and three 45s down-regulation blocks in one run) across 4-6 days to
learn a significant level of self-regulation. Also, Sherwood et al. (2016)
reported that participants took five rtfMRI-NF sessions across two weeks
(16 min total; each session consisted of one run; four 48 s blocks/run, or
3min 12s/run) to learn to up regulate working memory performance
based on the BOLD signal in the dorsolateral prefrontal cortex (Sherwood
et al., 2016).

It is also important to note that rtfMRI-NF training methods using
indirect and/or covert information transformed from brain data as a
neurofeedback signals tend to adopt a prolonged training period (Ramot
et al., 2016; Shibata et al., 2011). For example, Ramot et al. (2016) re-
ported that each participant performed five consecutive rtfMRI-NF runs
(10 min/run) per day across 5 separate days to learn to regulate the
differential activation of two category-selective visual perception areas
(i.e., fusiform area and parahippocampal place area) via covert neuro-
feedback information (i.e., reward) (Ramot et al., 2016). In the study by
Shibata et al. (2011), rtfMRI-NF training to learn the induction of acti-
vation patterns in the early visual cortex was conducted during 5 or 10
days using the information from a pre-trained fMRI decoder. Across
subjects and days, an average of 10.8 runs of rtfMRI-NF training
(5 min/run) was conducted in each day (Shibata et al., 2011). It would be
an interesting meta-analysis study to systematically investigate the time
span of rtfMRI-NF training depending on whether the neurofeedback
information was comprised of direct/overt information (i.e., brain acti-
vation and connectivity) or indirect/covert information (e.g., reward
and/or decoded information).

4.10. Strength of the study, potential weakness, and future works
One major strength of our study was that we evaluated potential

functional features of mindfulness using independently measured
mindfulness scores by systematically changing the mediation analysis
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models of the triple networks. In addition, our results from Pearson's
correlation and partial correlation analyses were compared with the re-
sults from the mediation analysis to further justify the partial regression
coefficient (i.e., slope) level from the SN to the DMN, as mediated by the
CEN, being one of the functional features of mindfulness in our experi-
mental setting.

Precautions were taken to ensure that the experimenters and partic-
ipants were blind to the group assignment. Notwithstanding, the exper-
imenter who developed our rtfMRI-NF software toolbox and executed the
software during the MRI session (i.e., first author of this paper) was
aware of the group assignment of the participants so that he could
properly operate the software toolbox on MRI session day since the
neurofeedback information of the participants in the control group had to
be substituted with the neurofeedback information of their paired par-
ticipants in the experimental group. However, it is important to note that
this experimenter, who also performed the data analyses, did not collect
any of the subjective ratings in the pre- and post-MRI sessions. Instead,
other staff members (S.J., J.L., and D.-Y. K. of co-authors) who were
blinded to the assignment interviewed and collected the questionnaires
from the participants. Also, the SMSg and TPF scores obtained from the
rtfMRI-NF training runs and transfer runs (Fig. 1b) were automatically
recorded via our software toolbox without any interaction with the
participants.

The initial ROIs of the triple networks were fine-tuned in individual
native EPI space by applying ICA to two concatenated 3-min resting-state
blocks (Beckmann and Smith, 2004) based on an independence assump-
tion across spatial patterns (i.e., spatial ICA) (McKeown et al., 1998a). The
spatial patterns from the spatial ICA have had their reproducibility and/or
reliability demonstrated across different sessions/runs and different tasks
(Calhoun et al., 2008; Damoiseaux et al., 2006; De Luca et al., 2006;
Mennes et al., 2010; Van Den Heuvel and Pol, 2010; Zuo et al., 2010). For
example, Calhoun et al. (2008) reported that the spatial patterns obtained
from the spatial ICA were preserved overall across an auditory oddball task
and resting-state periods (Calhoun et al., 2008). Thus, we believe that our
extracted spatial patterns of the triple networks taken during the
resting-state blocks would not be subject to a critical confounding effect
from the preceding tasks (i.e., mindfulness, mind-wandering, and/or three
cognitive tasks). Nonetheless, it is worth noting the possibility of a po-
tential residual/confounding effect from the preceding tasks affecting the
resting-state blocks, particularly in the time courses of the spatial patterns
(Albert et al., 2009; Gordon et al., 2014; Tung et al., 2013).

Considering the distinct functions of the subdivisions of the insula
(Uddin, 2015), the ROI of the SN may need to be fine-tuned further to
include only its right dorsal anterior insular cortex, known as the ‘causal
hub’ of the SN, which influences other large-scale brain networks,
including the CEN and DMN (Sridharan et al., 2008). In addition, further
study is warranted to determine whether our rtfMRI-NF-based mindful-
ness training also alters FC changes between the subnetworks of the DMN
(Mooneyham et al., 2016). In order to deploy mindfulness training via
EEG based neurofeedback, an important future work would be to
investigate the EEG features of mindfulness, such as the rhythmic ac-
tivities of our EEG data, which was simultaneously acquired with fMRI
(Kim et al., 2015b; Tsuchimoto et al., 2017).

In addition, it is possible that the neuronal circuitry of mindfulness
may involve brain networks other than the triple networks which were
scrutinized in our study. To accommodate such scenarios, the develop-
ment of a model that can handle more than three networks is necessary.
For example, machine learning approaches, including deep neural net-
works, may be gainfully utilized to extract the representative functional
features of mindfulness from the FC levels obtained from all possible
combinatorial pairs of brain networks, such as in the automated
anatomical labeling atlas (Jang et al., 2017; Kim et al., 2016). In this
context, applying machine learning approaches to our non-rtfMRI data
acquired during mindfulness and mind-wandering, such as to classify the
task type and/or to predict the behavioral score (Kim et al., 2019) is an
important future work.
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It is unlikely that the sequence-of-condition during ambulatory
training (i.e., mindfulness on the first day and mind-wandering on the
second day and so on, MF 2 MW, or vice versa, MW 2 MF) affects the
results of the rtf MRI-NF effect reported in our study. This is because there
was no main effect of the sequence-of-condition in (a) the PSS, MDMQ,
SMS, VAS, and TPF scores obtained on the last day of ambulatory training
and (b) the MDMQ, SMS, and VAS scores obtained in the pre-MRI session.
The interaction between the group and the sequence-of-condition using
the TPF scores is interesting (Fig. S1c). However, these results using the
stratified sub-group based on the sequence-of-condition during ambula-
tory training need careful interpreted since (i) there were an unequal
number of subjects (Table 2) which might potentially lead to a biased
result and (ii) there was a limited number of participants (n=10;
sometimes 9 due to an outlier participant amongst the scores) for the MW
2 MF condition in the control group. It is interesting that there seems to
be an effect from ambulatory training over time, particularly on the
MDMQ calm-nervous scores and mindfulness scores. Future study is
warranted to systematically investigate whether the smartphone-based
ambulatory training conducted as a part of our study was efficient as
an intervention tool to improve mood (Meinlschmidt et al., 2016) and
whether prolonged longitudinal ambulatory training consolidates the
potential learning effect (Garrison et al., 2015; Mason et al., 2018; Noone
and Hogan, 2018).

Mediation analysis using the triple networks appears to be well suited
to our rtfMRI-NF experimental setup, in which the SN is associated with
multisensory interoception (i.e., focused attention to the physical sen-
sations of breathing), the DMN is related to the endogenous event (i.e.,
the self-referential perception of mindfulness), and the CEN is linked to
the exogenous event (i.e., the changing thermometer bar). Although this
triple network model of mindfulness appeared to be less-fitted to our data
collected during the transfer run when there was no thermometer bar
(i.e., Fig. 5b), the effective connectivity analysis suggested that the CEN
had the causal effect to the DMN in the transfer run (i.e., Fig. 12b). This
indicates that the CEN may also be involved when the mindfulness
strategy is employed without a thermometer bar, possibly to reduce
distracting thoughts involving cognitive processes (i.e., mind-wandering)
that would otherwise interfere with the self-referential perception of
mindfulness. Thus, whether our mediation analysis model using the tri-
ple networks is also well suited to naturalistic scenarios of mindfulness
meditation outside of MRI and without neurofeedback information is an
interesting question. In this context, a longitudinal study to acquire fMRI
data from mindfulness-meditation-naive subjects across multiple time-
points during the course of mindfulness training in a naturalistic condi-
tion (i.e., outside of an MRI) is warranted. This type of study would serve
to evaluate whether prolonged mindfulness training leads to an
enhancement of mindfulness status and whether this enhancement is
reflected in the functional features of mindfulness.

In our study, attention focused on the physical sensations of breathing
was adopted as a mindfulness strategy, and mindfulness-meditation-
naive individuals participated in this cross-sectional study. However, a
variety of alternative mindfulness practices exist, including open-
monitoring practices, as well as various methodological designs such as
a longitudinal study (Rance et al., 2018) and/or comparing results be-
tween expert meditators and either non-meditator controls, beginning
meditators, or less experienced meditators (Mooneyham et al., 2016). An
important research question to answer is whether our presented method
and the proposed partial regression coefficient feature of mindfulness can
provide converging evidence on the mindful brain across all these diverse
mindfulness scenarios.

5. Conclusions

In this study, we presented a potential functional feature of mind-
fulness (i.e., the partial regression coefficient from the SN to the DMN, as
mediated by the CEN, modeled by mediation analysis of the triple net-
works) from mindfulness-meditation-naive participants. In addition, we
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Table 2
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Sociodemographic information and psychological traits of the participants included in the analyses from the stratified sub-groups based on the sequence-of-condition

during the ambulatory training for each of the experimental and control groups.

Categorical Category Experimental group (n) Control group (n) Total (n)
Variable MF =MW (n=13) MW =MF(n=13) MF=2MW@=16) MW = MF (1=10)
Marital status Single 11 13 12 9 45
In a relationship 2 0 4 1 7
Highest degree High school diploma or equivalent degree 10 11 14 6 41
Bachelor's degree 1 2 2 4 9
Master's degree 2 0 0 0 2
Size of household 1 1 2 2 0 5
2 0 0 0 0 0
3 0 1 3 1 5
4 10 7 9 8 34
5 2 3 2 1 8
Continuous variable Experimental group (n) Control group (n) Two-way ANOVA (F; p from main effect of group, main effect of sequence-
of-condition, interaction)
MF 2 MW MW 2 MF MF 2 MW MW 2 MF
(n=13) (n=13) (n=16) (n=10)
Age (years) 25.69 + 3.84 24.92 + 2.60 24.75 £ 2.11 25.80 + 3.22 F(1,48) =0.50, 0.09, 2.58; p=0.49, 0.77, 0.12
Full time education 15.23 +£2.17 14.46 + 1.76 14.31 + 1.20 15.60 + 1.17 F(1,48) =0.00, 0.42, 0.00; p = 1.00, 0.52, 1.00
(years)
EHI 95.09 + 6.15 94.51 +7.14 95.01 + 5.24 94.75 + 6.72 F(1,48) =0.04, 0.02, 0.01; p=0.85, 0.90, 0.95
BFI-10
Extraversion 3.31 £1.09 3.46 £ 0.72 3.28 £1.17 2.85 £ 0.67 F(1,48) =1.13, 0.82, 0.05; p=0.29, 0.37, 0.83
Agreeableness 3.23 £ 0.78 3.04 + 0.75 3.56 + 0.75 3.50 + 0.67 F(1,48) =3.78, 0.17, 0.26; p = 0.06, 0.68, 0.62
Conscientiousness 2.88 £+ 1.00 3.42 £0.70 2.94 £ 0.77 3.25+0.48 F(1,48) =0.31, 0.82, 0.05; p=0.58, 0.37, 0.82
Neuroticism 3.08 £ 0.86 3.19 £ 0.90 291 £ 0.95 3.05+0.93 F(1,48) =0.64, 0.03, 1.44; p=0.43, 0.87, 0.24
Openness to 3.81 + 0.69 3.58 + 0.73 3.50 + 0.98 3.65 + 0.97 F(1,48) =0.68, 3.58, 0.06; p=0.42, 0.07, 0.81
Experience
PHQ-9 2.46 + 2.06 1.08 + 1.04 2.32 +1.40 2.10 £ 1.45 F(1,47)=0.77, 0.01, 0.81; p=0.39, 0.97, 0.78
MAAS 4.78 + 0.62 4.42 £+ 0.46 4.67 + 0.60 4.71 + 0.56 F(1,48) =0.65, 0.09, 1.43; p=0.42, 0.77, 0.25
PSS 13.46 + 4.68 14.54 + 3.97 12.97 + 3.75 14.20 + 3.55 F(1,48) =0.29, 0.15, 0.34; p=0.59, 0.70, 0.56
VAS 3.58 +2.11 3.83 +1.96 3.28 +1.50 4.85 +1.89 F(1,47) = 0.41, 0.15, 0.04; p=0.52, 0.71, 0.85

n=>52 subjects; 8 out of 60 subjects were excluded due to head motion in the two real-time fMRI neurofeedback runs or the transfer run (average frame-wise
displacement (FD) > 0.5). Two-way analysis-of-variance (ANOVA) comparing group (experimental group or control group) and sequence-of-condition (MF 2 MW
or MW 2 MF) was conducted (see the “Analysis of the behavioral data obtained by the smartphone-based ambulatory training” in the Supplementary Materials for
details). One experimental subject who conducted the ambulatory training under the MF2 MW cycle was identified as an outlier based on the MAD approach regarding

both PHQ-9 and VAS.

BFI, Big Five Inventory-10 (John et al., 1991); EHI, Edinburg Handedness Inventory (Oldfield, 1971); MAAS, Mindful Attention Awareness Scale (Brown and Ryan,
2003); MF, mindfulness; MW, mind-wandering; PHQ, Patient Health Questionnaire (Spitzer et al., 1999); PSS, Perceived Stress Scale (Cohen et al., 1983); VAS, Visual
Analog scale for Stress perception (0 being not stressed at all, 10 being extremely stressed).

Table 3

Summary of the statistical significance stratified based on both p-value from a
random permutation® and confidence interval (CI) from bootstrapping® after the
exclusion of potential outliers®. Unlike a previous approach (Terhune et al.,
2014), a “potentially weakly suggestive” was also considered when the CIs did
not include a small positive value ¢ £ 0.05 —e¢ even though 0 was in the CIs.

o¢cI 0oecCl
p<0.05 Significant Suggestive
p>0.05 Weakly suggestive & ¢ Clor —¢ ¢ CI eecClor—ecCl

Potentially weakly suggestive =~ Not significant

@ Total of 10,000 random permutations using randomized indices of participants
were conducted and the p-value was obtained from the corresponding null dis-
tribution (Groppe et al., 2011; Manly, 2006).

b The 95% confidence interval (CI) of correlation coefficients was obtained from
10,000 cycles of bootstrapping with replacement (Pernet et al., 2013; Terhune
et al., 2014).

¢ Refer to the section, “Definition of outliers based on median absolute deviation
(MAD)” in the Supplemental Material for details.

demonstrated the possibility of enhancing this functional feature via
rtfMRI-NF-based mindfulness training. The validity of this functional
feature of mindfulness was systematically evaluated using independently
measured subjective ratings of mindfulness scores, and by comparing
alternative FC levels in the triple networks obtained by Pearson's corre-
lation and partial correlation analyses. Since the triple networks can
model aberrant saliency mapping and cognitive dysfunction across a span
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of mental and neurological disorders (Menon, 2011), as well as the
typical development of the human brain (Uddin et al., 2011) and emotion
(Touroutoglou et al., 2015; Young et al., 2017), the presented mediation
analysis model across the triple networks may be a viable tool widely
applicable to the treatment of mental and neurological disorders using
rtfMRI-NF training.
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Appendix
Appendix A. Functional connectivity (FC) level from the Pearson's correlation analysis

The Pearson's correlation coefficient can be used to estimate the level of FC between the SN and the DMN as follows (Cohen et al., 2013):

o [(O )00 k)] ey (A1)

VL) - ) L 00 - ) O

where x(t) is the BOLD signal of the SN at time ¢, y(t) is the BOLD signal of the DMN, n is the number of time points (i.e., TRs) in the BOLD signal, 7, is
the Pearson's correlation coefficient between x(t) and y(t), 4, and y, are the mean values of x(t) and y(t), respectively, oy, is the covariance between the
two variables, and o, and o, are the standard deviations of x(t) and y(t), respectively.

Appendix B. Regression coefficients (i.e., slopes) from the mediation analysis

In the mediation analysis model of the triple networks (Fig. 2a), the BOLD signal of the DMN, y(t) (i.e., denoted as column vector y; dependent
variable) can be represented as a linear summation of the BOLD signal of the SN, x(t) (i.e., denoted as column vector x; independent variable) and the
BOLD signal of the CEN, m(t) (i.e., denoted as column vector m; mediator variable) (MacKinnon et al., 2007):

y:c‘x+bm+b1 + e (A.2)

where ¢ and b are the regression coefficients (i.e., slopes) for predicting y using the predictors x and m, respectively, b; is a bias term to adjust for the
baseline BOLD intensity of y, and e; is the residual. Similarly, the mediator variable m can be represented using the independent variable x:

m=ax+b,+e (A.3)

where a is the regression coefficient of the predictor x, by is a bias term, and e; is the residual.
From Egs. (A.2) and (A.3),

y=cx+blax+b,+e)+b +e = (c+ab)x+bb,+b +be,+e =cx+bs+e; (A.4)

where ¢ (= ¢ + ab) is the regression coefficient (i.e., total effect) from the predictor x to the response variable y, bs is a bias term, and e; is the residual.
Eq. (A.2) is equivalent to the following equation:

c

Yo = [xn mo]{b} + e (A.5)

where y,, xo, and m are the zero-meaned y, x, and m, respectively, and ¢, is the residual from the zero-meaned variables. Applying the least-squares (LS)
algorithm to Eq. (A.5):

) T -1r .7
cl T -1 v, _ [ xgxe  x{mg X0y,
|:b:| = ([xo mo] [xo moD [xo mo] Yo = {méxo mgmo mg*yo (A.6)

Now, xIxg =02, mimy = 02, x5 mg =mlxo = rmOxOm, X5yo = I'y6x0y, MYy, = myomo,, where o; is the standard deviation of the variable i and ry is
the Pearson's correlation coefficient between variables i and j. Thus, the LS solution in Eq. (A.6) becomes:

rxy — Funly my Uy y rxyr xm Uy

i T,
= 2 p=2" A7
¢ -2, o 1—1r2, on (A7)
Similarly, from the LS solution of Eq. (A.3):
a=ry 2 (A8)
o

X

Appendix C. Comparison between the mediation analysis and partial correlation analysis

The partial correlation coefficient can be used to estimate the level of FC between the SN and DMN with an adjusting variable from the CEN as
follows (Cohen et al., 2013):
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Py = e Ll A.9)

xy-m =
(=) -n)
Now, let's suppose the two scenarios of no mediation effect (i.e., ab =0, when a=0 or b=0):

(i) When a =0 (i.e., r, = 0):

= rx,%( = ¢; ..same as the total effect) (A.10)

=T ( > ry; .. greater than or equal to the simplecorrlection) (A.11)

(ii) When b =0 (i.e., Ty = yyToem):

Ty = Fonlmy Oy oy
=2 2 =y L (= ¢; .. same as the total effect) (A12)
1-r2, o, [
Iy — Fanlmy (1 - r)zcm) . .
Feym = = = ( < ry; .. smaller than or equal to the simple correlatlon) (A.13)

(1 - rﬁm)(l - r,zny> N (1 - rfm)

In summary, when there is no mediation effect, the direct effect (i.e., ¢) is the same as the total effect (i.e., ¢) whereas the partial correlation co-
efficient (i.e., ry,. ) is not always the same as the simple correlation coefficient (i.e., ry,). Therefore, the partial correlation coefficient cannot inform the
mediation effect.

Now, let's suppose that the simple correlation between the independent variable and mediator variable (i.e., ryy,) is the same as the simple correlation
between the mediator variable and dependent variable (i.e., 7y ), i.€., 'm = my. From Egs. (A.7) and (A.9),

2
Tey — 15 Oy o

= 2, (A.14)
1—-r2, o Oy

Thus, the direct effect between the independent variable and dependent variable is the same as the partial correlation coefficient when these
variables are standardized.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.neuroimage.2019.03.066.
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