
High-precision neurofeedback-guided 

meditation training optimises real-world self-

guided meditation practice for well-being 
Saampras Ganesan1,2,3,*, Nicholas T. Van Dam3, Sunjeev K. Kamboj4, Aki Tsuchiyagaito7,9, 

Matthew D. Sacchet8, Masaya Misaki7,9, Bradford A. Moffat6, Valentina Lorenzetti5, Andrew 

Zalesky1,2,# 

 
1Department of Biomedical Engineering, The University of Melbourne, Australia  
2Department of Psychiatry, The University of Melbourne, Australia  
3Contemplative Studies Centre, Melbourne School of Psychological Sciences, The University of Melbourne, Australia 
4Research Department of Clinical, Educational and Health Psychology, University College London, United Kingdom  
5Neuroscience of Addiction and Mental Health Program, Healthy Brain and Mind Research Centre, School of 

Behavioral and Health Sciences, Faculty of Health, Australian Catholic University, Australia  
6Melbourne Brain Centre Imaging Unit, Department of Radiology, The University of Melbourne, Australia  
7Laureate Institute for Brain Research, Tulsa, OK, USA 
8Meditation Research Program, Department of Psychiatry, Massachusetts General Hospital, Harvard Medical School, 

Boston, Massachusetts, USA 
9The University of Tulsa, Oxley College of Health & Natural Sciences, Tulsa, OK, USA 
*First author 
#Last author 

 

Corresponding Authors:  

Saampras Ganesan 

Email: saamprasg@student.unimelb.edu.au OR saampras.ganesan@gmail.com  

 

Andrew Zalesky 

Email: azalesky@unimelb.edu.au  

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Page 1 of 31 
 

ABSTRACT 
Meditation can benefit well-being and mental health, but novices often struggle to effectively 

recognize and disengage from mental processes during meditation due to limited awareness, 

potentially diminishing meditation’s benefits. We investigated whether personalised high-

precision neurofeedback (NF) can improve disengagement from mental activity during 

meditation and enhance meditation’s outcomes. In a single-blind, controlled, longitudinal 

paradigm, 40 novice meditators underwent two consecutive days of meditation training with 

intermittent visual feedback from either their own (N=20) or a matched participant's (N=20; 

control group) posterior cingulate cortex (PCC) activity measured using 7 Tesla functional 

magnetic resonance imaging. During training, the experimental group showed stronger 

functional decoupling of PCC from dorsolateral prefrontal cortex, indicating better control over 

disengagement from mental processes during meditation. This led to greater improvements in 

emotional well-being and mindful awareness of mental processes during a week of real-world 

self-guided meditation. We provide compelling evidence supporting the utility of high-precision 

NF-guided meditation training to optimise real-world meditation practice for well-being. 

  

Key words: meditation, neurofeedback, 7 Tesla functional MRI, emotional well-being, 

awareness, posterior cingulate cortex 
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INTRODUCTION 
Meditation is a widespread contemplative practice that involves training attention and cultivating 

active and receptive awareness of thoughts, emotions, sensations, and mind-body perceptions 

(1). Meditation can enhance emotion regulation, weaken maladaptive psychological patterns, 

and promote overall well-being, offering transdiagnostic benefits in alleviating pervasive mental 

health and mood disorders (2–4). A widely practised and studied meditation technique, i.e., 

focused attention meditation, typically instructs one to focus on bodily breathing sensations, 

recognize and disengage from mental distractions when they arise, and refocus on breathing 

(5). Developing attentional skills through this technique is crucial for progressing to more 

advanced meditation practices (6–8). However, novices are often deeply entrenched in self-

referential mental processing (84) with limited meta-cognitive awareness and attention 

regulation capacity, which can contribute to limited recognition of and disengagement from 

mental distractions during meditation (9, 10). These factors can diminish the quality and 

psychological benefits of meditation practice, discouraging continued practice (11–14). 

Currently, hundreds of hours of self-guided practice may be necessary to achieve significant 

relief from psychological distress (3). Furthermore, the subjective nature of meditation and its 

instructions can complicate the monitoring of meditation practice (15, 16).  

 

Integrating objective neurotechnology like neurofeedback (NF) with meditation training can 

potentially contribute to addressing some of the challenges experienced in meditation by novice 

meditators. NF is an approach that delivers real-time feedback on personalised brain activity 

that can assist trainees in learning to self-regulate desired mental states, behaviours, or 

pathologies (17) (Figure 1).  
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Figure 1: Schematic of real-time functional MRI (fMRI) neurofeedback (NF). The participant's 

brain function is measured and analysed in real-time using fMRI, generating NF scores that are 

displayed to the participant (via a thermometer with incremental bars) to facilitate self-regulation 

of the target brain function in a closed-loop. In the current study, the posterior cingulate cortex 

(PCC), shown in yellow, was used as the target brain region. 

 

Emerging evidence suggests that NF training likely leverages reinforcement learning (18), with 

capacity to enduringly impact behaviour and brain function in healthy individuals, while also 

aiding in the normalisation of brain function in various pathologies (17, 19, 20). While NF using 

electroencephalography (EEG) is more common and cost-effective, NF using functional 

magnetic resonance imaging (fMRI) offers comparatively superior neuroanatomical resolution, 

with capacity for more significant positive effects on neural, clinical and behavioural measures 

after shorter training durations (17, 20–23). For example, a single fMRI-NF session significantly 

improved attention in healthy participants compared to control groups receiving sham NF, no 

NF, and non-neural NF (24). Similarly, a randomised controlled trial (RCT) showed that two 

fMRI-NF sessions helped patients with depression upregulate amygdala activity, significantly 

reducing symptoms compared to a sham-NF group (25). The advent of ultra-high field 7 Tesla 

MRI, offering superior neuroanatomical precision, statistical power, and signal quality compared 

to 3 Tesla MRI, holds promise for further enhancing the neuroanatomical precision achievable 

with fMRI-NF (26, 27). 
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The posterior cingulate cortex (PCC), within the default-mode network (DMN), has been widely 

implicated in mental activity and self-referential processing (28), and is often found to reduce its 

activation (i.e., deactivate) during focused attention meditation relative to a control condition, as 

indicated by the fMRI literature on focused attention meditation (6) as well as expert meditator 

reports (29). While fMRI-NF with meditation can modulate meditation-related brain targets 

including the DMN (29–34), its effects on self-guided meditation practice and meditation’s 

psychological benefits remain unclear.  

 

To address this critical gap, we introduce a controlled, single-blind, longitudinal, proof-of-

concept paradigm to assess the impact of multi-day fMRI-NF meditation training on mindful 

awareness during subsequent real-world meditation practice (i.e., self-guided silent meditation 

with eyes closed in a desired posture) among healthy novices. We also tested the effect of this 

post-NF real-world practice on breath counting skill (an objective proxy for mindfulness) and 

emotional distress - a measure of negative emotional states related to depression, anxiety and 

stress - in the healthy novices.   

RESULTS 

We leveraged 7 Tesla fMRI and employed a comprehensive study design (Figure 2) featuring a 

yoked-sham NF control group (i.e., group receiving feedback derived from matched participants 

in the experimental group meditating with veridical NF). The PCC was chosen as the NF brain 

target. The study (Figure 2A) included two sessions of 7 Tesla fMRI NF-guided meditation 

training over two consecutive days. The NF training was followed by mobile ecological 

momentary assessments (mEMA) to evaluate changes in mindful awareness during a week of 

real-world practice at home. A 1-week follow-up assessed emotional distress during the practice 

week, and breath counting skill after the practice week. We hypothesised that participants who 

completed NF training, compared to the control group, would (i) learn to engage the targeted 

brain region more effectively, (ii) demonstrate greater improvements in mindful awareness 

during self-guided meditation practice over one week, (iii) show more significant reductions in 

emotional distress during the meditation practice week, and (iv) experience greater 

enhancements in breath counting skill at the end of the practice week. 
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Figure 2: Schematic of the experimental designs used in this study. A) The study included a

pre-baseline period with introductory audio-guided meditation practice at home using the mEMA

app, a baseline session including the first 5-minute self-guided meditation on Day 1, fMRI-

neurofeedback (NF) training on Days 2 and 3, a week of self-guided meditation (four 5-minute

sessions) at home using the mEMA app, and a follow-up session at the end of the week, which

included the final 5-minute self-guided meditation session. A thermometer with incremental bars

was used to display real-time visual feedback during the NF sessions. B) The fMRI design

diagram outlines the NF training procedure, detailing fMRI runs (y-axis) and the conditions/tasks

within each run (x-axis). Participants completed a baseline meditation run without NF, three NF

runs involving rest (3 blocks) and meditation (6 blocks) with intermittent NF display, and a
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transfer meditation run without NF to evaluate transfer learning. In each NF run, there were 

three pairs of meditation and NF blocks between each pair of rest blocks. The same procedure 

was followed on both NF sessions (Days 2 and 3). mEMA - mobile Ecological Momentary 

Assessment; NF - Neurofeedback; sx - session x; * Immediately after each 5-minute meditation 

session, participants completed the self-report State Mindfulness Scale (SMS) which assessed 

mindful awareness during the session, with pre-session SMS scores serving as a control for 

baseline mindful awareness. 

Sample and experimental design 

40 eligible adults with beginner-level meditation experience and no psychiatric or neurological 

diagnoses completed the study (Supplementary Section 1; Table 1 for sample characteristics; 

Figure S1). Participants were assigned to either the experimental group (N=20), which 

meditated with veridical PCC NF, or a control group (N=20), which meditated with yoked-sham 

NF based on PCC activity from an experimental participant with similar meditation experience. 

The participants were blinded to the control group’s existence. 

 

Table 1: Key sample and baseline characteristics by group. No significant differences were 
observed between groups. 

 
Measure 

Experimental Group  
(N=20; 13 females) 

Control Group  
(N=20; 14 females)  
 

Ethno-geographic background Oceania (14), Oceania - North 
East Asia (1), Americas (2), South 
Central Asia (1), North West 
Europe (1), North East Asia (1) 

Oceania (8), North East Asia (5), 
Americas (1), Americas - South 
East Europe (1), South Central 
Asia (1), North West Europe (1), 
South East - North West Europe 
(1), South East Asia (2)  

 mean � standard deviation 
(median) [minimum - maximum] 

mean � standard deviation 
(median) [minimum - maximum] 
 

Age (years) 29 � 7.7 (26.0) [19.0 - 45.0] 29.5 � 7.9 (28.0) [19.0 - 49.0] 

Sleep quality over past month: PSQI 
total scores 

5.7 � 2.4 (6.0) [1.0 - 11.0] 5.5 � 1.5 (5.0) [4.0 - 8.0] 

Self-reported lifetime meditation 
experience (hours) 

20.8 � 45.9 (1.0) [0.0 - 180.0] 20 � 44.3 (0.8) [0.0 - 145.0] 
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Dispositional mindfulness scores:      
FFMQ total 
FFMQ observing 
FFMQ describing  
FFMQ acting with awareness 
FFMQ non-judging  
FFMQ non-reactivity  

 

3.0 � 0.4 (3.0) [2.5 - 4.4] 

3.2 � 0.6 (3.1) [2.3 - 4.4] 

3.4 � 0.6 (3.5) [2.3 - 4.3] 

2.8 � 0.7 (2.7) [1.8 - 4.6] 

3.0 � 0.8 (3.1) [1.6 - 4.5] 

2.8 � 0.7 (2.6) [2.0 - 4.6] 

 

3.2 � 0.4 (3.3) [2.5 - 3.7] 

3.4 � 0.6 (3.5) [2.6 - 4.5] 

3.3 � 0.6 (3.5) [2.1 - 4.3] 

3.1 � 0.7 (3.2) [2.1 - 4.3] 

3.2 � 0.8 (3.2) [1.4 - 4.4] 

2.9 � 0.6 (2.9) [1.6 - 3.6 

Dispositional mind-wandering scores: 
MWQ 

4.0 � 0.9 (4.0) [2.2 - 5.4] 3.8 � 0.8 (3.9) [2.6 - 5.0] 

Dispositional anxiety scores: STAI-T 2.2 � 0.6 (2.3) [1.0 - 3.1] 2.2 � 0.5 (2.1) [1.6 - 3.4] 

PSQI - pittsburgh sleep quality index; FFMQ - five facet mindfulness questionnaire; MWQ - mind-wandering questionnaire; STAI-T - 
state and trait anxiety inventory - trait module; Ethno-geographic background classified using typology recommended by the 
Australian Bureau of Statistics 
(https://www.abs.gov.au/ausstats/abs@.nsf/Previousproducts/1249.0Main%20Features42011?opendocument&tabname=Summary
&prodno=1249.0&issue=2011&num=&view=) 

 

The groups were equivalent at baseline (Table 1). All participants completed six real-world self-

guided 5-minute meditation sessions over one week (one at baseline, four at home post-NF, 

and one at follow-up). Mindful awareness during each self-guided meditation session was 

assessed with the State Mindfulness Scale (SMS) (35), and emotional distress over the past 

week was measured using the self-report Depression, Anxiety, Stress Scale (DASS-21) (36) at 

baseline and follow-up. Stanford Sleepiness Scale (SSS) (37) was administered alongside each 

SMS measurement and after each fMRI run to capture momentary arousal. Additionally, breath 

counting accuracy during 15-minutes of meditation at baseline and follow-up was evaluated 

using the Breath Counting Task (BCT) (38).  

 

Each fMRI-NF session included three NF-meditation runs with six 26-second meditation blocks, 

sandwiched between pre-NF baseline and post-NF transfer meditation runs without feedback 

(Figure 2B). The average percent signal change (PSC) in a dynamic voxel set within the PCC 

was computed every TR (800ms) using Turbo BrainVoyager software (Methods), relative to a 

baseline of rest. NF scores derived from PCC PSC averaged within a meditation block were 

visually displayed (Figure S2) to participants after each meditation block, with higher scores 

indicating more negative PSCs (i.e., greater PCC deactivation).  
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Verification of blinding and online processing   

The sham PCC signals provided to the control group were not significantly correlated (p>0.05) 

with their actual PCC signals in either NF session, regardless of whether online or offline fMRI 

denoising was applied. Furthermore, self-reports on the correspondence between NF scores 

and meditation, on the utility of NF for learning meditation, and on in-scanner meditation 

performance were not significantly different between groups in either NF session (� 3/5 median 

rating per group; p>0.05) (Figure S3A-S3C), supporting the effectiveness of the blinding. 

Participants from both groups reported engaging in focused attention meditation anchored in 

breathing sensations during meditation conditions, and unconstrained thought during rest 

conditions. 

 

In both NF sessions, PCC deactivation estimated online during NF was significantly correlated 

with PCC deactivation calculated offline after more stringent preprocessing and denoising (rho = 

0.38; p < 0.05; Figure S3D). Furthermore, the signal from the control region, which was used as 

an online proxy for physiological artefacts during NF-guided meditation, did not significantly 

differ between groups in either session during meditation vs. rest (p > 0.05; Figure S4). 

 

Behavioural outcomes of NF training 

Mindful awareness during one-week real-world meditation practice  

We examined mindful awareness during the week-long post-NF real-world meditation practice 

using the self-report SMS subscales, which assess awareness of mental activity (SMS-Mind) 

and bodily sensations (SMS-Body). Specifically, we analysed group differences in the trajectory 

of change (i.e., slope) in SMS scores linked to mindful awareness during meditation practice 

comprising six meditation timepoints over one week (1 at baseline, 4 at home, and 1 at follow-

up), while controlling for arousal, age, and sex (Figure S6). As the week progressed, the 

experimental group showed greater increases in mindful awareness of mental activity during 

meditation practice (more positive SMS-Mind slopes), compared to the control group (Cohen’s 

d=0.38; FDR-adjusted p=0.041; Figure 3A), despite equal practice durations. No significant 

group difference was found for the SMS-Body subscale (Figure 3B). Mindful awareness during 

the baseline 5-minute meditation session did not significantly differ between groups (p>0.05).  
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Emotional distress during one-week real-world meditation practice 

We investigated the change in emotional distress from the week before baseline to the end of 

post-NF real-world meditation practice. Specifically, we compared the change in DASS-21 total 

scores (i.e., follow-up minus baseline) from baseline to one-week follow-up between the 

veridical and sham NF-guided meditation training groups, controlling for age and sex. The 

experimental group, compared to the control group, exhibited a significantly greater reduction in 

emotional distress – indicated by a more negative difference score – from baseline to follow up 

(Cohen’s d=0.40, FDR adjusted p=0.041; Figure 3C). The DASS-21 total scores did not differ 

significantly between groups at baseline (p>0.05).  

Breath counting after one-week real-world meditation practice 

We assessed the change in breath counting accuracy during meditation from baseline to the 

end of the week involving post-NF real-world meditation practice. Specifically, we assessed 

group differences in BCT performance by comparing changes in task and probe accuracies 

from baseline to one-week follow-up (i.e., follow-up minus baseline), controlling for age and sex. 

Contrary to expectations, the experimental group showed a significant decline (i.e., more 

negative difference scores) in both BCT task performance indices from baseline to follow up, 

compared to the control group (task-accuracy FDR-adjusted p=0.041; probe-accuracy FDR-

adjusted p=0.005; Figures 3D and 3E). A 5% FDR correction was used to adjust for multiple 

comparisons across all behavioural analyses (Table S2). 

 

The task and probe accuracies were not significantly different between groups at baseline 

(p>0.05). The breath counting was physiologically valid, as the mean breath rate measured by 

the respiration belt showed a strong correlation with the mean counting rate (rho=0.98, 

p<0.0001). Post-hoc exploratory analyses revealed a significant correlation between the 

increase in mindful awareness during the week-long meditation practice (SMS-Mind slopes) and 

decrease in BCT task accuracy from baseline to the end of the week-long practice (rho(33)=-

0.35, p=0.044; Figure S5). Furthermore, at baseline, the BCT task accuracy was not 

significantly correlated (p>0.05) with dispositional mindfulness (FFMQ and subscales). 
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Figure 3: Behavioural outcomes of the NF-guided meditation training. A) Left: Box plot of group

differences in slopes of change (y-axis) in SMS-Mind scores over 1-week meditation practice (5-

minute sessions), significant after FDR correction (FDR-p = 0.041, uncorrected p = 0.027,

Cohen’s d = 0.38, N(exp) = 19, N(cont) = 19). Right: Same data represented using a line graph,

with the pre-NF data normalised to 0, group mean slopes indicated as bold dashed lines and

individual slopes shown as faded solid lines (experimental in blue, control in red). B) Box plot of

group differences in slopes of change (y-axis) in SMS-Body scores over 1-week meditation

practice (5-minute sessions), not significant (N(exp) = 19, N(cont) = 19). C) Box plot showing

group differences in DASS-total difference scores (y-axis; follow-up minus baseline), significant

after FDR correction (FDR-p = 0.041, uncorrected p = 0.025, Cohen’s d = 0.40, N(exp) = 19,

N(cont) = 19). D) Box plot of group differences in BCT accuracy changes (y-axis; follow-up

minus baseline), significant after FDR correction (FDR-p = 0.041, uncorrected p = 0.033,

Cohen’s d = 0.39, N(exp) = 18, N(cont) = 18). E) Box plot of group differences in BCT probe

accuracy changes (y-axis; follow-up minus baseline), significant after FDR correction (FDR-p =

0.005, uncorrected p = 0.001, Cohen’s d = 0.56, N(exp) = 18, N(cont) = 18). In all box plots,

coloured triangles represent individual data points (red for control, blue for experimental), with

outliers shown as pluses. Means are dotted lines and medians are solid lines. EXP -
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Experimental group; CONT - Control group; DASS - Depression, Anxiety & Stress Scale; SMS - 

State Mindfulness Scale; App sx - App meditation session x; wk - week; BCT - Breath Counting 

Task; NF - Neurofeedback; FU - Follow up; * FDR-significant p<0.05 

Changes associated with the NF brain target  

Deactivation during NF-guided meditation 

We investigated the effect of NF-guided meditation on deactivation in the NF target region 

(PCC) (Figure 4A). Specifically, we compared mean PCC deactivation during meditation 

relative to rest between the two groups for each NF session. This offline analysis included 

stringent control for physiological and head motion artefacts, age, sex and sleepiness. No 

significant differences in PCC deactivation were observed between the groups in either session 

(p > 0.05; Figure 4B). 

Functional coupling during NF-guided meditation 

Next, we examined the effect of NF-guided meditation on the voxel-wise functional coupling of 

the NF target region (PCC). According to the neurocognitive brain network model of focused 

attention meditation (6), enhanced breath focus and awareness during meditation are supported 

by decreased activity in the DMN alongside relative increases in SN and CEN activity. To test 

this, we assessed group differences in context-dependent functional decoupling (i.e., during 

meditation vs. rest) in each NF session between the PCC (a DMN hub) and all voxels within the 

salience network (SN) and CEN, using voxel-wise generalised psychophysiological interactions 

(gPPI) analysis (39), while controlling for physiological and head motion artefacts, age, sex and 

sleepiness. 

 

In the first NF session, there were no significant differences in functional decoupling between 

groups. In the second NF session, we found a significant gPPI cluster (26 voxels) of medium 

effect size (Cohen’s d = 0.59) in the right dorsolateral prefrontal cortex (DLPFC), a core CEN 

node (FWE-adjusted one-tailed p=0.032; Figure 4A; Table S2). In other words, relative to rest, 

the decoupling between the PCC and right DLPFC was significantly stronger during veridical 

NF-guided meditation compared to sham NF-guided meditation in the final training session (day 

3 in Figure 2A).  
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Change in functional coupling from baseline to transfer meditation 

The change in functional coupling (Pearson’s correlation functional connectivity (FC)) between 

the significant gPPI cluster and PCC – from pre-NF baseline meditation to post-NF transfer 

meditation in the final session with the NF effects – did not significantly differ between groups (p 

> 0.05; Figure 4C). 

Relationship between changes in NF brain target and 

behavioural outcomes 

We sought to determine whether the significant decoupling observed between the PCC and 

right DLPFC during the final NF session was associated with any of the significant behavioural 

outcomes. Specifically, we calculated the correlation between the extent of decoupling (gPPI 

betas) that significantly differed between groups in the final NF session and: (i) changes in 

mindful awareness during the weeklong meditation practice (SMS-Mind slopes), (ii) changes in 

emotional distress (DASS-21 difference scores) over the weeklong practice, and (iii) changes in 

breath counting skill (BCT accuracy differences) from baseline to the end of the weeklong 

practice. Age and sex effects were partialled out.  

 

We found that the decrease in emotional distress from the week before baseline to the week of 

post-NF real-world meditation practice was significantly correlated with increase in PCC-DLPFC 

decoupling during NF-guided meditation (rho(28)=0.53, FDR-adjusted p=0.018; Figure 4D). 

Post-hoc analysis revealed that this association was significant only in the veridical-NF group 

(rho(12)=0.71, p=0.004), but not in the sham-NF group (rho(12)=0.06, p=0.83). 

 

The PCC-DLPFC decoupling was not significantly correlated with the other behavioural 

outcomes, i.e., change in mindful awareness (rho(28)=-0.14; p=0.22; Figure 4E) or change in 

breath counting accuracy (rho(27)=0.23; p=0.46; Figure 4F). A 5% FDR correction was used to 

control for multiple comparisons across all PCC-based region-level analyses (Table S2). 
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Figure 4: Neural changes and brain-behavior associations related to the NF-guided meditation

training. A) Brain volume slices showing the decoupling (pink line) between the NF target (PCC

in yellow) and right DLPFC (red; gPPI cluster of 26 voxels) that was significantly stronger in the

experimental group vs. control group during NF-guided meditation vs. rest (session 2 FWE-p <

0.05, Cohen’s d = 0.59, N(exp) = 17, N(cont) = 17). B) Box plot of group difference (not

significant) in mean PCC activation betas during NF-guided meditation vs. rest in each NF

session (N(exp) = 17, N(cont) = 17). Y-axis represents mean activation values (betas). C) Box

plot of group difference (not significant) in the change in PCC-DLPFC decoupling (transfer

minus baseline) during non-NF meditation in session 2 (N(exp) = 17, N(cont) = 17). Y-axis

represents the difference in FC correlation values. Box plots B-C show individual data points as

black dots, outliers as triangles, data range as whiskers, means as dotted lines, and medians as

solid lines. D) Scatter plot showing a significant positive correlation between increase in PCC-

DLPFC decoupling during NF-guided meditation (y-axis; session 2 gPPI betas) and decrease in

emotional distress from baseline to follow-up (x-axis; DASS-Total difference scores) (FDR-p =

0.018; uncorrected p = 0.003; rho = 0.53; N=32). E) Scatter plot showing a non-significant

negative correlation between PCC-DLPFC decoupling (y-axis; session 2 gPPI betas) and SMS-

Mind slopes from the 1-week meditation practice (x-axis; SMS-Mind slopes) (N = 32). F) Scatter

plot showing a non-significant positive correlation between PCC-DLPFC decoupling (y-axis;
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session 2 gPPI betas) and change in BCT accuracy from baseline to follow-up (x-axis; 

difference in BCT accuracy %) (N = 31). In the scatter plots (D-F), blue dots show experimental 

group data, red dots show control group data, and grey shaded areas represent 95% 

confidence intervals around the linear fits (solid black lines). PCC - posterior cingulate cortex; 

NF - neurofeedback; s1 - session 1; s2 - session 2; EXP - experimental group; CONT - control 

group; DLPFC - dorsolateral prefrontal cortex; gPPI - generalised psychophysiological; med. - 

meditation; rest. - restful thinking; FC - functional connectivity; DASS - Depression, Anxiety & 

Stress Scale; SMS - State Mindfulness Scale; A - anterior; BCT - Breath Counting Task; wk - 

week; P - posterior; L - left; R - right; I - inferior; S - Superior; * FDR-significant p<0.05; ** FWE-

adjusted p<0.05 

DISCUSSION 

In this study, we sought to optimise early meditation practice for well-being by implementing a 

proof-of-concept 7 Tesla fMRI NF-guided meditation training paradigm. This training involved 

novices learning to meditate from precise and personalised feedback on PCC activity — a key 

brain region in the DMN implicated in mental and self-referential processing (28). The paradigm 

assisted novice meditators in learning focused attention meditation by training them to 

deactivate their PCC during meditation relative to rest and to understand how PCC activity 

relates to meditative states. 

 

Our findings revealed that the experimental group, following two consecutive days of contingent 

NF-guided meditation training, experienced a significantly greater increase in mindful 

awareness of mental activity during a week of real-world meditation, compared to the control 

group that received sham NF-guided meditation training. Additionally, the experimental group 

experienced a significantly greater reduction in emotional distress over this period of post-NF 

real-world practice. While both groups showed comparable PCC deactivation during NF-guided 

meditation vs. rest on each training day, the experimental group exhibited significantly greater 

decoupling between the deactivated PCC and the dorsolateral prefrontal cortex (DLPFC), a 

region crucial for executive functioning and cognitive control (40), on the final training day. 

Notably, this increase in PCC-DLPFC decoupling during NF-guided meditation was significantly 

associated with the decrease in emotional distress over the week of post-NF real-world 

meditation practice in the experimental group, but not in the control group. Sham NF signals 

provided to the control group were uncorrelated with their actual PCC signals, yet both groups 
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reported similar perceptions of NF authenticity, task performance, and usefulness of NF for 

learning meditation, indicating effective blinding and comparable motivation, engagement, 

expectations, and perception of learning across groups.  

 

The function of the DLPFC, in the CEN, involves cognitive control which includes managing 

attentional resources to facilitate goal-directed behaviour (40) and amplifying attention to target 

stimuli while filtering out distractions (41). Decoupling between CEN regions (e.g., DLPFC) and 

DMN regions (e.g., PCC) is thought to release attentional resources from sustained mental 

processing, facilitating enhanced bottom-up perception of present-moment sensory and bodily 

stimuli (10, 42–45). According to the neurocognitive network model of focused attention 

meditation (6), shifting attention away from default mental processing towards target stimuli, 

such as breathing sensations, is linked to DMN suppression and relative increases in CEN and 

SN activity. Furthermore, preliminary evidence suggests that attenuating the DMN relative to 

CEN through fMRI meditation-NF can positively impact patients with schizophrenia (30) and 

affective disorders (31). Consistent with these functions of DMN-CEN interaction, our NF-guided 

meditation training, which targeted PCC (DMN) deactivation in healthy novices, significantly 

enhanced PCC (DMN) - DLPFC (CEN) decoupling during focused attention meditation vs. rest 

on the final training day. Therefore, compared to the sham NF control group, the experimental 

group potentially learnt to meditate by exercising greater attentional control and disengagement 

from mental activity relative to their resting baseline (46).  

 

Sustained meditation practice with effective top-down attentional control has been shown to 

progressively enhance mindful awareness, facilitating a transition to the more effortless, 

present-centred, and non-reactive attention observed in experienced meditation practitioners (7, 

46). Early indicators of this process were evident in our study. Proportional to real-world 

meditation practice time, the experimental group, which demonstrated stronger NF-driven PCC-

DLPFC decoupling linked to enhanced top-down control, showed a greater increase in mindful 

awareness of mental activity during meditation, compared to the control group. Thus, continued 

self-guided meditation practice, augmented by the insights and attentional enhancements 

gained from high-precision NF training, may expedite the development of mindful awareness in 

practice compared to meditating without the benefits of NF-guided training for the same duration 

(47).  

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Page 16 of 31 
 

Compared to the control group, the experimental group that meditated with greater mindful 

awareness of mental activity during the week of real-world meditation practice also experienced 

greater reduction in negative emotional states during this period, with these reductions 

correlating with the increased NF PCC-DLPFC decoupling. While prior evidence has shown that 

a week of meditation practice involving five-minute sessions can mitigate emotional distress in 

healthy novices (12, 48), the current study suggests that increased mindful awareness during 

such five-minute sessions, facilitated by enhanced attentional control acquired from prior high-

precision NF training, can further enhance week-long meditation practice by optimising its 

impact on emotional well-being. Therefore, meditating with greater mindful awareness of self-

referential mental processing, can likely facilitate better management of negative emotional 

states due to quicker recognition of negative thought patterns — a key prognostic factor across 

stress-related disorders like depression (49) — followed by more effective disengagement from 

these thoughts. 

 

Contrary to our hypothesis, the experimental group showed a significant decline in breath-

counting accuracy from baseline to one week post-NF, compared to the control group. We also 

found the decrease in breath-counting accuracy to be significantly correlated with increase in 

mindful awareness of mental activity during the week-long practice. Recent evidence 

demonstrated that the BCT reflects sustained attention more than mindful attention in beginners 

(50). Therefore, BCT may not reliably capture improvements in focused attention meditation 

associated with NF training. As such, mindful awareness of and disengagement from mental 

processes (which includes counting), may interfere with accurately monitoring breath counts 

during meditation, though further validation of this notion is needed. 

 

Although the experimental group showed significantly stronger PCC-DLPFC decoupling during 

NF-guided meditation on the final training day, the change in PCC-DLPFC decoupling from pre-

NF baseline to post-NF transfer meditation on that day did not differ significantly between 

groups, due to multiple possible factors. Firstly, an hour-long MRI scanning session with fMRI-

NF training can induce substantial mental fatigue (51), potentially hindering transfer meditation 

performance, particularly for novices who require substantial attentional effort to meditate. 

Secondly, the effects of fMRI-NF often emerge gradually rather than immediately post-NF (19), 

which is also observed in our study where significant outcomes emerged over the course of a 

week. Postponing the transfer task for a follow-up session may enhance sensitivity to neuronal 

transfer effects. 
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Previous fMRI meditation-NF studies with small samples of clinical and healthy novices have 

reported preliminary evidence of increase in state mindfulness (31, 34), decrease in auditory 

hallucinations (30), and improvement in attention (32) post-NF. However, most of these studies 

lacked control groups, adjustments for multiple comparisons, real-time physiological denoising, 

or follow-up assessments, and used continuously updated visual NF (i.e., feedback updated 

every TR). 

 

In the current paradigm, we included a yoked-sham control group that followed the same 

strategies and training as the experimental group, except for the feedback contingency, which 

differed. Both groups deactivated the NF brain target (PCC) similarly and neither group was 

informed of the existence of a control group. Therefore, control over non-specific factors like 

motivation, expectancy, reward, task strategy, and engagement was likely well-managed, 

enabling effective isolation of the effects of learning to meditate through NF target regulation 

(52, 53). As a proxy for online physiological correction during NF, we used a control brain region 

spanning areas typically influenced by physiological responses (54), potentially enabling 

participants to engage more with mindful attention rather than breath control while learning 

meditation through NF modulation (55).  

 

Alongside a one-week behavioural follow-up, we incorporated repeated ecological sampling of 

real-world meditation, which likely increased sensitivity to the evolving benefits of high-precision 

NF-guided training in natural settings, thereby enhancing the paradigm’s translational value 

(20). Participants in our study received intermittent feedback after short meditation intervals to 

address the drawbacks of continuous NF paradigms, which include increases in neurocognitive 

load during task performance due to simultaneously monitoring the NF signal, managing 

hemodynamic delays, and processing constantly changing visual inputs (53, 56). Intermittent NF 

may have supported novices by minimising distractions associated with continuous NF during 

meditation, though the impact of intermittent vs. continuous NF on meditation needs further 

investigation.  

 

In our study, the intermittent feedback, though averaged from meditation blocks, accounted for 

the voxel-wise, time-varying dynamics of PCC deactivation within each block. The higher 

spatiotemporal resolution and signal-to-noise ratio of 7 Tesla fMRI (26, 27), compared to 

commonly used 3 Tesla fMRI, likely enhanced the reliability of these neuroanatomically focal 
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signal dynamics and in turn the feedback. The specificity of 7 Tesla fMRI also extended to 

behavioural effects, as the NF training, which targeted the PCC linked to mental processing, 

specifically enhanced mindful awareness of mental processes but not bodily sensations during 

subsequent real-world meditation. Finally, we have ensured methodological transparency by 

adhering to the CRED-nf checklist (57).  

  

The study has limitations that should be noted. The sample size was modest, necessitating 

cautious interpretation of the findings. The study employed single-blinding which may have 

introduced experimenter biases. Although participant self-reports indicated successful 

participant blinding, future research should aim for double-blinded RCTs to robustly validate the 

efficacy of high-precision NF-guided meditation training. Longer-term follow-ups and more 

intensive sampling can be valuable, particularly to track enduring linear and non-linear changes 

in meditation quality, dispositional mindfulness and well-being. Although both groups received 

identical instructions, potential stagnation or worsening due to sham NF training could have 

influenced the observed group differences. Future studies could include a no-NF control group 

in addition to the sham-NF control group to explore whether the observed improvements from 

veridical NF training extend beyond self-guided, teacher-guided or app-based meditation 

practice.  

 

Meditation can offer a structured framework with specified instructions for trainees to actively 

refine NF-acquired skills after the high-precision NF training in real-world settings detached from 

specialised equipment (20). Our paradigm demonstrates promising evidence that meditation 

training guided by high-precision NF, compared to meditation training with sham NF, can 

increase control over disengagement from mental processes, leading to enhanced mindful 

awareness of mental processes during subsequent real-world meditation practice and greater 

emotional well-being benefits from this practice. Our findings also underscore the importance of 

ecological sampling in NF paradigms to advance their translational therapeutic value. 
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MATERIALS AND METHODS  

Experimental design 

In this single-blind, controlled, longitudinal study, 40 eligible, healthy, adult novice meditators 

were assigned to either an experimental group (N=20), which meditated with real NF from their 

own brain activity, or a control group (N=20), which meditated with sham NF (Table 1; Figure 

S1). The participants were blinded to the existence of a control group. The study was approved 

by the University of Melbourne human research ethics committee (Ethics ID: 24345), and study 

protocol components are reported in the CRED-nf checklist (Table S1). Novice meditators were 

defined as having limited or no regular practice, less than 500 hours of lifetime meditation, fewer 

than 2 retreats, and no retreat experience in the past 2 years. Individuals with a history of 

neuropsychiatric/neurological conditions, psychoactive/psychedelic substance use, or alcohol-

use disorder were excluded. Details are provided in Supplementary Section 1. 

Behavioural assessments and self-guided meditation 

During the week before baseline, participants completed two five-minute audio-guided focused 

attention meditation sessions using the mEMA app for familiarisation. At baseline, dispositional 

mindfulness, mind-wandering, anxiety, and past-month sleep quality were measured (Table 1; 

Supplementary Section 1). Participants completed six 5-minute self-guided focused attention 

meditation sessions: one at baseline, four at home post-NF training via the mEMA app, and one 

at the 1-week follow-up. SMS (Mind and Body subscales) (35) and SSS (37) were measured 

before and after each session. Pre-meditation SMS assessed mindful awareness during 5 

minutes before meditation, while post-meditation SMS assessed it during the 5-minute 

meditation. The DASS-21 (36) measured negative emotional states (related to depression, 

stress, anxiety) at baseline and 1-week follow-up, reflecting emotional distress during the week 

prior to baseline and the post-NF week of self-guided meditation. The BCT (38), an objective 

mindfulness proxy, was assessed at baseline and follow-up, measuring task (% of correct 

breath count cycles) and probe (% of correct breath counts reported when probed) accuracy. 

MRI data acquisition 

MRI data was acquired on a 7 Tesla MRI scanner (Siemens Magnetom 7T plus) using an 8/32 

PTX/RX channel head coil. High-resolution whole-brain T1-weighted (T1w) anatomical images 
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(3D-MP2RAGE; 0.75mm isometric voxel size; TE/TR=2ms/5000ms) and functional images 

(1.6mm isometric voxel size; TE/TR=22ms/800ms; multiband acceleration=6) were acquired 

using multiband gradient-echo echo-planar imaging (EPI) sequence (Supplementary Section 1). 

Concurrent physiological measurements were acquired using MRI-compatible respiration belt 

and a pulse oximetry sensor, with data from the latter excluded due to faulty recordings.  

 

The fMRI NF-guided meditation training was conducted over two consecutive days for each 

participant. Each fMRI session (Figure 2B) comprised a baseline meditation task (2.5 minutes) 

without NF, three NF-guided meditation runs (10 minutes each), and a transfer meditation task 

(2.5 minutes) without NF. Each NF run had a blocked design: three blocks of rest (51s each) 

and six blocks of focused attention meditation (26s each). NF scores were visually displayed 

(Figure S2) after each meditation block, with three pairs of meditation and NF blocks between 

each pair of rest blocks. After each fMRI run, SSS sleepiness ratings were acquired. After each 

fMRI session, participants rated the utility of NF, their meditation performance, and 

correspondence between NF scores and their meditative attention using 5-point Likert scales, 

and summarised their in-scanner meditation and rest strategies. 

Real-time fMRI 

Real-time fMRI preprocessing and analysis were conducted using Turbo-BrainVoyager (v4.2) 

and MATLAB, with visual cues and feedback managed by Psychtoolbox (v3.1). Preprocessing 

steps included coregistration to anatomical and MNI space, motion correction, spatial 

smoothing, linear detrending, and physiological control through nuisance regression using 

BOLD PSC from a confound ROI (Figure S4A) linked to physiological artefacts (Supplementary 

Section 1).   

 

The target ROI for NF used in this study was the bilateral ventral PCC (Figure 3A), defined 

using the Schaefer brain atlas (58) in standard MNI space. Real-time voxel-wise PSC of the 

target PCC ROI was estimated through incremental GLM in Turbo-BrainVoyager. The mean 

PSC from each timepoint was estimated from the 33% of PCC voxels most responsive to 

meditation vs. rest, enabling dynamic PCC personalisation. Real-time physiological control was 

implemented in MATLAB using cumulative GLM, with PCC PSC as the response variable and 

confound ROI PSC as the predictor. The residualised PCC PSC was averaged within each 

meditation condition (26 seconds) to estimate the NF score for feedback displayed after the 

meditation condition (Supplementary Section 1). The scores were visualised on a thermometer 
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bar with 20 levels, where higher levels indicated more negative PCC PSC (i.e., deactivation 

relative to rest) linked to greater meditative focus.  

Statistical Analyses 

Offline MRI preprocessing and analysis 

All MRI data was preprocessed using fMRIPrep (v23.2.1) (Supplementary Section 1). FMRI 

preprocessing steps included spatial inhomogeneity distortion correction, non-linear 

coregistration to anatomical and MNI space, head motion correction, and spatial smoothing with 

a Gaussian kernel of 2mm full-width half-maximum (FWHM). Nuisance regressors for BOLD 

fMRI denoising included 24 head motion parameters, top five aCompCor parameters for 

physiological noise, cosine regressors for high-pass filtering, nine RETROICOR respiration 

correction regressors, and regressors for non-steady state magnetization effects from initial 

fMRI volumes. After fMRIprep quality checks, fMRI data from six participants were discarded 

due to reduced BOLD signal quality, leaving data from 34 participants (17 experimental, 17 

control) for MRI-related analysis. 

 

Subject-level GLMs were used to model voxel-wise BOLD responses to meditation, rest, cue 

and feedback conditions during each NF run, while controlling for variance associated with the 

nuisance regressors. Second-level GLM was used to quantify the mean PCC BOLD responses 

across NF runs for the meditation vs. rest contrast, while controlling for mean framewise 

displacement (mFD). Group-level differences in mean PCC activation during meditation vs. rest, 

with age, sex and average SSS ratings as covariates were assessed using a third-level GLM for 

each fMRI session. Similar procedure was followed for the gPPI analysis examining group 

differences in functional decoupling between PCC and all voxels in the DMN and CEN, in line 

with the neurocognitive network model (6). The first-level model included NF task predictors, 

PPI predictors (PCC BOLD time course × condition), and PCC BOLD time course, with 

nuisance regressors. Group differences per NF session were identified using non-parametric 

permutation testing (10,000 permutations, uncorrected p<0.005 cluster-forming, FWE-corrected 

p<0.05 across clusters). Functional decoupling between PCC and significant NF gPPI cluster/(s) 

during baseline and transfer tasks was assessed using Pearson’s correlation functional 

connectivity (FC), and group differences in FC change scores (transfer minus baseline) were 

analysed with GLM (ANCOVA), controlling for mean SSS, mFD, age, and sex. 
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Behavioural data analysis 

Behavioural data from two participants was excluded due to doubtful compliance with at-home 

app usage, resulting in N=38 participants (19 per group) for behavioural analyses. A GLM 

(ANCOVA) was used to detect group differences in the total DASS-21 difference scores (follow-

up minus baseline), with age and gender as covariates. 

 

To isolate the change in mindful awareness during real-world meditation practice, pre-

meditation SMS scores, mean SSS ratings, age and sex were regressed out from the post-

meditation SMS scores of each 5-minute meditation session. Repeated measures ANCOVAs 

were performed on the resulting residuals from each participant across the six meditation 

sessions (timepoints), with time since baseline as the predictor variable. Each ANCOVA 

produced one regression slope per participant for each SMS subscale, which was subsequently 

entered into one-way ANOVA to examine group differences per subscale. 

 

Brain-behaviour association was examined through Pearson’s partial correlation between each 

significant behavioural outcome (here, DASS-21, SMS slopes, and BCT accuracy) and 

significant NF target changes (here, PCC-seeded gPPI cluster), controlling for age and sex. 

Group differences in post-NF Likert-scale self-ratings were analysed using Wilcoxon rank sum 

tests, while correlations between online and offline PCC signals, as well as actual and sham 

PCC signals from the control group, were assessed using Pearson’s correlation. Where 

applicable, t-statistics were transformed to Cohen’s d effect sizes. Multiple comparisons were 

controlled using FDR with a significance threshold of p<0.05. Detailed description of methods is 

provided in Supplementary Section 1. 

 

Acknowledgements 

The authors thank the National Imaging Facility at the Melbourne Brain Centre Imaging Unit for 

access to the 7 Tesla MRI scanner, and technical support from Rebecca Glarin, Braden Thai, 

and Tudor Sava; Siemens for MRI pulse sequences; University of Melbourne IT support (Kire 

Kalajdziovski) and the Turbo BrainVoyager team (Dr. Michael Lührs & team) for assistance in 

establishing the neurofeedback facility; and the University of Melbourne’s Research Computing 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Page 23 of 31 
 

Services for the Spartan high-performance computing platform. Special thanks to all the 

volunteer participants for their time and effort. 

Funding 

The study was supported by the Contemplative Studies Centre's Academic Seed Funding 

Program, development funding from the Melbourne Brain Centre Imaging Unit, and internal 

university funding from The University of Melbourne and Australian Catholic University. SG is 

supported by Australian Research Training Program scholarship and Graeme Clark Institute 

top-up scholarship. AZ is supported by NHMRC Senior Research fellowship (APP1118153) and 

the Rebecca L. Cooper Fellowship. VL is supported by AI and Val Rosenstrauss Senior 

Research Fellowship (2022-2026), NHMRC Investigator Grant (2023-2027; 2016833), and 

Australian Catholic University competitive scheme. NTVD is supported by the Contemplative 

Studies Centre, founded by a philanthropic gift from the Three Springs Foundation Pty Ltd. AT is 

supported by the National Institute of General Medical Sciences Center Grant Award Number, 

P20GM121312. MDS is supported by the National Institute of Mental Health (Project Number 

R01MH125850), Dimension Giving Fund, Tan Teo Charitable Foundation, and additional 

individual donors.          

Competing interests 

The authors report no competing interests. 

Data and Code Availability 

Upon request and necessary ethics approvals from the requester, data will be deidentified and 

shared. Code used for real-time fMRI-NF, and offline data analysis can be accessed via the 

project’s Github repository (https://github.com/saampras/Melbourne-7T-fMRI-Neurofeedback-

guided-meditation/tree/main). 

References (including Supplementary References) 

1.  T. Sparby, M. D. Sacchet, Defining Meditation: Foundations for an Activity-Based 
Phenomenological Classification System. Front. Psychol. 12, 795077 (2021). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Page 24 of 31 
 

2.  J. Galante, C. Friedrich, A. F. Dawson, M. Modrego-Alarcón, P. Gebbing, I. Delgado-
Suárez, R. Gupta, L. Dean, T. Dalgleish, I. R. White, P. B. Jones, Mindfulness-based 
programmes for mental health promotion in adults in nonclinical settings: A systematic 
review and meta-analysis of randomised controlled trials. PLoS Med. 18, e1003481 (2021). 

3.  N. I. Bowles, J. N. Davies, N. T. Van Dam, Dose-response Relationship of Reported 
Lifetime Meditation Practice with Mental Health and Wellbeing: a Cross-sectional Study. 
Mindfulness  13, 2529–2546 (2022). 

4.  J. M. Greeson, H. Zarrin, M. J. Smoski, J. G. Brantley, T. R. Lynch, D. M. Webber, M. H. 
Hall, E. C. Suarez, R. Q. Wolever, Mindfulness Meditation Targets Transdiagnostic 
Symptoms Implicated in Stress-Related Disorders: Understanding Relationships between 
Changes in Mindfulness, Sleep Quality, and Physical Symptoms. Evid. Based. 
Complement. Alternat. Med. 2018, 4505191 (2018). 

5.  A. Lutz, H. A. Slagter, J. D. Dunne, R. J. Davidson, Attention regulation and monitoring in 
meditation. Trends Cogn. Sci. 12, 163–169 (2008). 

6.  S. Ganesan, E. Beyer, B. Moffat, N. T. Van Dam, V. Lorenzetti, A. Zalesky, Focused 
attention meditation in healthy adults: A systematic review and meta-analysis of cross-
sectional functional MRI studies. Neurosci. Biobehav. Rev. 141, 104846 (2022). 

7.  A. Lutz, A. P. Jha, J. D. Dunne, C. D. Saron, Investigating the phenomenological matrix of 
mindfulness-related practices from a neurocognitive perspective. Am. Psychol. 70, 632–658 
(2015). 

8.  S. Ganesan, B. A. Moffat, N. T. Van Dam, V. Lorenzetti, A. Zalesky, Meditation attenuates 
default-mode activity: A pilot study using ultra-high field 7 tesla MRI. Brain Res. Bull. 203, 
110766 (2023). 

9.  B. K. Hölzel, S. W. Lazar, T. Gard, Z. Schuman-Olivier, D. R. Vago, U. Ott, How Does 
Mindfulness Meditation Work? Proposing Mechanisms of Action From a Conceptual and 
Neural Perspective. Perspect. Psychol. Sci. 6, 537–559 (2011). 

10.  J. W. Schooler, J. Smallwood, K. Christoff, T. C. Handy, E. D. Reichle, M. A. Sayette, Meta-
awareness, perceptual decoupling and the wandering mind. Trends Cogn. Sci. 15, 319–326 
(2011). 

11.  S. B. Goldberg, C. Knoeppel, R. J. Davidson, L. Flook, Does practice quality mediate the 
relationship between practice time and outcome in mindfulness-based stress reduction? J. 
Couns. Psychol. 67, 115–122 (2020). 

12.  S. Strohmaier, S. B. Goldberg, Longitudinal increases in mindfulness practice quality are 
associated with changes in psychological outcomes and not vice versa – a brief report. 
Curr. Psychol. 43, 18517–18520 (2024). 

13.  S. L. Russ, G. Maruyama, T. B. Sease, S. Jellema, Do early experiences matter? 
Development of an Early Meditation Hindrances Scale linked to novice meditators’ intention 
to persist. Psychology of Consciousness: Theory, Research, and Practice 4, 274–287 
(2017). 

14.  J. A. Brewer, J. H. Davis, J. Goldstein, Why is it so hard to pay attention, or is it? 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Page 25 of 31 
 

Mindfulness, the factors of awakening and reward-based learning. Mindfulness  4 (2013). 

15.  J. Galante, A. Grabovac, M. Wright, D. M. Ingram, N. T. Van Dam, J. L. Sanguinetti, T. 
Sparby, R. van Lutterveld, M. D. Sacchet, A Framework for the Empirical Investigation of 
Mindfulness Meditative Development. Mindfulness  14, 1054–1067 (2023). 

16.  R. van Lutterveld, S. D. Houlihan, P. Pal, M. D. Sacchet, C. McFarlane-Blake, P. R. Patel, 
J. S. Sullivan, A. Ossadtchi, S. Druker, C. Bauer, J. A. Brewer, Source-space EEG 
neurofeedback links subjective experience with brain activity during effortless awareness 
meditation. Neuroimage 151, 117–127 (2017). 

17.  R. Sitaram, T. Ros, L. Stoeckel, S. Haller, F. Scharnowski, J. Lewis-Peacock, N. Weiskopf, 
M. L. Blefari, M. Rana, E. Oblak, N. Birbaumer, J. Sulzer, Closed-loop brain training: the 
science of neurofeedback. Nat. Rev. Neurosci. 18, 86–100 (2017). 

18.  N. Lubianiker, C. Paret, P. Dayan, T. Hendler, Neurofeedback through the lens of 
reinforcement learning. Trends Neurosci. 45, 579–593 (2022). 

19.  M. Rance, C. Walsh, D. G. Sukhodolsky, B. Pittman, M. Qiu, S. A. Kichuk, S. Wasylink, W. 
N. Koller, M. Bloch, P. Gruner, D. Scheinost, C. Pittenger, M. Hampson, Time course of 
clinical change following neurofeedback. Neuroimage 181, 807–813 (2018). 

20.  F. Krause, D. E. J. Linden, E. J. Hermans, Getting stress-related disorders under control: 
the untapped potential of neurofeedback. Trends Neurosci., doi: 10.1016/j.tins.2024.08.007 
(2024). 

21.  E. Dudek, D. Dodell-Feder, The efficacy of real-time functional magnetic resonance 
imaging neurofeedback for psychiatric illness: A meta-analysis of brain and behavioral 
outcomes. Neurosci. Biobehav. Rev. 121, 291–306 (2021). 

22.  R. T. Thibault, A. MacPherson, M. Lifshitz, R. R. Roth, A. Raz, Neurofeedback with fMRI: A 
critical systematic review. Neuroimage 172, 786–807 (2018). 

23.  R. T. Thibault, A. Raz, The psychology of neurofeedback: Clinical intervention even if 
applied placebo. Am. Psychol. 72, 679–688 (2017). 

24.  M. T. deBettencourt, J. D. Cohen, R. F. Lee, K. A. Norman, N. B. Turk-Browne, Closed-loop 
training of attention with real-time brain imaging. Nat. Neurosci. 18, 470–475 (2015). 

25.  K. D. Young, G. J. Siegle, V. Zotev, R. Phillips, M. Misaki, H. Yuan, W. C. Drevets, J. 
Bodurka, Randomized Clinical Trial of Real-Time fMRI Amygdala Neurofeedback for Major 
Depressive Disorder: Effects on Symptoms and Autobiographical Memory Recall. Am. J. 
Psychiatry 174, 748–755 (2017). 

26.  S. Torrisi, G. Chen, D. Glen, P. A. Bandettini, C. I. Baker, R. Reynolds, J. Yen-Ting Liu, J. 
Leshin, N. Balderston, C. Grillon, M. Ernst, Statistical power comparisons at 3T and 7T with 
a GO / NOGO task. Neuroimage 175, 100–110 (2018). 

27.  R. Pohmann, O. Speck, K. Scheffler, Signal-to-noise ratio and MR tissue parameters in 
human brain imaging at 3, 7, and 9.4 tesla using current receive coil arrays. Magn. Reson. 
Med. 75, 801–809 (2016). 

28.  R. Leech, D. J. Sharp, The role of the posterior cingulate cortex in cognition and disease. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Page 26 of 31 
 

Brain 137, 12–32 (2014). 

29.  K. A. Garrison, D. Scheinost, P. D. Worhunsky, H. M. Elwafi, T. A. Thornhill 4th, E. 
Thompson, C. Saron, G. Desbordes, H. Kober, M. Hampson, J. R. Gray, R. T. Constable, 
X. Papademetris, J. A. Brewer, Real-time fMRI links subjective experience with brain 
activity during focused attention. Neuroimage 81, 110–118 (2013). 

30.  C. C. C. Bauer, K. Okano, S. S. Ghosh, Y. J. Lee, H. Melero, C. de L. Angeles, P. G. 
Nestor, E. C. Del Re, G. Northoff, M. A. Niznikiewicz, S. Whitfield-Gabrieli, Real-time fMRI 
neurofeedback reduces auditory hallucinations and modulates resting state connectivity of 
involved brain regions: Part 2: Default mode network -preliminary evidence. Psychiatry Res. 
284, 112770 (2020). 

31.  J. Zhang, J. Raya, F. Morfini, Z. Urban, D. Pagliaccio, A. Yendiki, R. P. Auerbach, C. C. C. 
Bauer, S. Whitfield-Gabrieli, Reducing default mode network connectivity with mindfulness-
based fMRI neurofeedback: a pilot study among adolescents with affective disorder history. 
Mol. Psychiatry 28, 2540–2548 (2023). 

32.  G. S. P. Pamplona, J. Heldner, R. Langner, Y. Koush, L. Michels, S. Ionta, F. Scharnowski, 
C. E. G. Salmon, Network-based fMRI-neurofeedback training of sustained attention. 
Neuroimage 221, 117194 (2020). 

33.  H.-C. Kim, M. Tegethoff, G. Meinlschmidt, E. Stalujanis, A. Belardi, S. Jo, J. Lee, D.-Y. Kim, 
S.-S. Yoo, J.-H. Lee, Mediation analysis of triple networks revealed functional feature of 
mindfulness from real-time fMRI neurofeedback. Neuroimage 195, 409–432 (2019). 

34.  N. Kirlic, Z. P. Cohen, A. Tsuchiyagaito, M. Misaki, T. J. McDermott, R. L. Aupperle, J. L. 
Stewart, M. K. Singh, M. P. Paulus, J. Bodurka, Self-regulation of the posterior cingulate 
cortex with real-time fMRI neurofeedback augmented mindfulness training in healthy 
adolescents: A nonrandomized feasibility study. Cogn. Affect. Behav. Neurosci. 22, 849–
867 (2022). 

35.  G. Tanay, A. Bernstein, State Mindfulness Scale (SMS): development and initial validation. 
Psychol. Assess. 25, 1286–1299 (2013). 

36.  S. H. Lovibond, P. F. Lovibond, Manual for the Depression Anxiety Stress Scales (1996). 

37.  E. Hoddes, V. Zarcone, H. Smythe, R. Phillips, W. C. Dement, Quantification of sleepiness: 
a new approach. Psychophysiology 10, 431–436 (1973). 

38.  D. B. Levinson, E. L. Stoll, S. D. Kindy, H. L. Merry, R. J. Davidson, A mind you can count 
on: validating breath counting as a behavioral measure of mindfulness. Front. Psychol. 5, 
1202 (2014). 

39.  D. G. McLaren, M. L. Ries, G. Xu, S. C. Johnson, A generalized form of context-dependent 
psychophysiological interactions (gPPI): a comparison to standard approaches. 
Neuroimage 61, 1277–1286 (2012). 

40.  E. Koechlin, C. Ody, F. Kouneiher, The architecture of cognitive control in the human 
prefrontal cortex. Science 302, 1181–1185 (2003). 

41.  T. Egner, J. Hirsch, Cognitive control mechanisms resolve conflict through cortical 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Page 27 of 31 
 

amplification of task-relevant information. Nat. Neurosci. 8, 1784–1790 (2005). 

42.  R. N. Spreng, W. D. Stevens, J. P. Chamberlain, A. W. Gilmore, D. L. Schacter, Default 
network activity, coupled with the frontoparietal control network, supports goal-directed 
cognition. Neuroimage 53, 303–317 (2010). 

43.  K. Christoff, A. M. Gordon, J. Smallwood, R. Smith, J. W. Schooler, Experience sampling 
during fMRI reveals default network and executive system contributions to mind wandering. 
Proceedings of the National Academy of Sciences 106, 8719–8724 (2009). 

44.  K. Christoff, Z. C. Irving, K. C. R. Fox, R. N. Spreng, J. R. Andrews-Hanna, Mind-wandering 
as spontaneous thought: a dynamic framework. Nat. Rev. Neurosci. 17, 718–731 (2016). 

45.  M. D. Fox, A. Z. Snyder, J. L. Vincent, M. Corbetta, D. C. Van Essen, M. E. Raichle, The 
human brain is intrinsically organized into dynamic, anticorrelated functional networks. 
Proceedings of the National Academy of Sciences 102, 9673–9678 (2005). 

46.  D. Zhou, Y. Kang, D. Cosme, M. Jovanova, X. He, A. Mahadevan, J. Ahn, O. Stanoi, J. K. 
Brynildsen, N. Cooper, E. J. Cornblath, L. Parkes, P. J. Mucha, K. N. Ochsner, D. M. 
Lydon-Staley, E. B. Falk, D. S. Bassett, Mindful attention promotes control of brain network 
dynamics for self-regulation and discontinues the past from the present. Proc. Natl. Acad. 
Sci. U. S. A. 120, e2201074119 (2023). 

47.  S. B. Goldberg, A. C. Del Re, W. T. Hoyt, J. M. Davis, The secret ingredient in mindfulness 
interventions? A case for practice quality over quantity. J. Couns. Psychol. 61, 491–497 
(2014). 

48.  S. Strohmaier, F. W. Jones, J. E. Cane, Effects of Length of Mindfulness Practice on 
Mindfulness, Depression, Anxiety, and Stress: a Randomized Controlled Experiment. 
Mindfulness  12, 198–214 (2021). 

49.  T. Ehring, E. R. Watkins, Repetitive negative thinking as a transdiagnostic process. Int. J. 
Cogn. Ther. 1, 192–205 (2008). 

50.  A. S. M. Ching, J. Lim, A Mega-Analysis of the Relationship Between Breath Counting Test 
Performance and Subscales of the Five Facet Mindfulness Questionnaire. Mindfulness  14, 
2097–2110 (2023). 

51.  K. May, M. Lee, M. Jefford, A. Ribeiro, A. Macdonald, V. Morgan, M. Usher, N. M. de 
Souza, Imaging in clinical trials: a patient-led questionnaire study to assess impact of 
imaging regimes on patient participation. Res Involv Engagem 6, 15 (2020). 

52.  B. Sorger, F. Scharnowski, D. E. J. Linden, M. Hampson, K. D. Young, Control freaks: 
Towards optimal selection of control conditions for fMRI neurofeedback studies. 
Neuroimage 186, 256–265 (2019). 

53.  N. Lubianiker, N. Goldway, T. Fruchtman-Steinbok, C. Paret, J. N. Keynan, N. Singer, A. 
Cohen, K. C. Kadosh, D. E. J. Linden, T. Hendler, Process-based framework for precise 
neuromodulation. Nat Hum Behav 3, 436–445 (2019). 

54.  R. M. Birn, J. B. Diamond, M. A. Smith, P. A. Bandettini, Separating respiratory-variation-
related fluctuations from neuronal-activity-related fluctuations in fMRI. Neuroimage 31, 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Page 28 of 31 
 

1536–1548 (2006). 

55.  F. Weiss, V. Zamoscik, S. N. L. Schmidt, P. Halli, P. Kirsch, M. F. Gerchen, Just a very 
expensive breathing training? Risk of respiratory artefacts in functional connectivity-based 
real-time fMRI neurofeedback. Neuroimage 210, 116580 (2020). 

56.  L. E. Stoeckel, K. A. Garrison, S. Ghosh, P. Wighton, C. A. Hanlon, J. M. Gilman, S. Greer, 
N. B. Turk-Browne, M. T. deBettencourt, D. Scheinost, C. Craddock, T. Thompson, V. 
Calderon, C. C. Bauer, M. George, H. C. Breiter, S. Whitfield-Gabrieli, J. D. Gabrieli, S. M. 
LaConte, L. Hirshberg, J. A. Brewer, M. Hampson, A. Van Der Kouwe, S. Mackey, A. E. 
Evins, Optimizing real time fMRI neurofeedback for therapeutic discovery and development. 
Neuroimage Clin 5, 245–255 (2014). 

57.  T. Ros, S. Enriquez-Geppert, V. Zotev, K. D. Young, G. Wood, S. Whitfield-Gabrieli, F. 
Wan, P. Vuilleumier, F. Vialatte, D. Van De Ville, D. Todder, T. Surmeli, J. S. Sulzer, U. 
Strehl, M. B. Sterman, N. J. Steiner, B. Sorger, S. R. Soekadar, R. Sitaram, L. H. Sherlin, 
M. Schönenberg, F. Scharnowski, M. Schabus, K. Rubia, A. Rosa, M. Reiner, J. A. Pineda, 
C. Paret, A. Ossadtchi, A. A. Nicholson, W. Nan, J. Minguez, J.-A. Micoulaud-Franchi, D. 
M. A. Mehler, M. Lührs, J. Lubar, F. Lotte, D. E. J. Linden, J. A. Lewis-Peacock, M. A. 
Lebedev, R. A. Lanius, A. Kübler, C. Kranczioch, Y. Koush, L. Konicar, S. H. Kohl, S. E. 
Kober, M. A. Klados, C. Jeunet, T. W. P. Janssen, R. J. Huster, K. Hoedlmoser, L. M. 
Hirshberg, S. Heunis, T. Hendler, M. Hampson, A. G. Guggisberg, R. Guggenberger, J. H. 
Gruzelier, R. W. Göbel, N. Gninenko, A. Gharabaghi, P. Frewen, T. Fovet, T. Fernández, 
C. Escolano, A.-C. Ehlis, R. Drechsler, R. Christopher deCharms, S. Debener, D. De 
Ridder, E. J. Davelaar, M. Congedo, M. Cavazza, M. H. M. Breteler, D. Brandeis, J. 
Bodurka, N. Birbaumer, O. M. Bazanova, B. Barth, P. D. Bamidis, T. Auer, M. Arns, R. T. 
Thibault, Consensus on the reporting and experimental design of clinical and cognitive-
behavioural neurofeedback studies (CRED-nf checklist). Brain 143, 1674–1685 (2020). 

58.  A. Schaefer, R. Kong, E. M. Gordon, T. O. Laumann, X.-N. Zuo, A. J. Holmes, S. B. 
Eickhoff, B. T. T. Yeo, Local-Global Parcellation of the Human Cerebral Cortex from 
Intrinsic Functional Connectivity MRI. Cereb. Cortex 28, 3095–3114 (2018). 

59.  K. Bush, D. R. Kivlahan, M. B. McDonell, S. D. Fihn, K. A. Bradley, The AUDIT alcohol 
consumption questions (AUDIT-C): an effective brief screening test for problem drinking. 
Ambulatory Care Quality Improvement Project (ACQUIP). Alcohol Use Disorders 
Identification Test. Arch. Intern. Med. 158, 1789–1795 (1998). 

60.  R. A. Baer, G. T. Smith, J. Hopkins, J. Krietemeyer, L. Toney, Using self-report assessment 
methods to explore facets of mindfulness. Assessment 13, 27–45 (2006). 

61.  M. D. Mrazek, D. T. Phillips, M. S. Franklin, J. M. Broadway, J. W. Schooler, Young and 
restless: validation of the Mind-Wandering Questionnaire (MWQ) reveals disruptive impact 
of mind-wandering for youth. Front. Psychol. 4, 560 (2013). 

62.  C. D. Spielberger, F. Gonzalez-Reigosa, A. Martinez-Urrutia, L. F. S. Natalicio, D. S. 
Natalicio, The State-Trait Anxiety Inventory. RIP/IJP 5 (1971). 

63.  D. J. Buysse, C. F. Reynolds 3rd, T. H. Monk, S. R. Berman, D. J. Kupfer, The Pittsburgh 
Sleep Quality Index: a new instrument for psychiatric practice and research. Psychiatry 
Res. 28, 193–213 (1989). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Page 29 of 31 
 

64.  M. S. Christopher, N. J. Neuser, P. G. Michael, A. Baitmangalkar, Exploring the 
Psychometric Properties of the Five Facet Mindfulness Questionnaire. Mindfulness  3, 124–
131 (2012). 

65.  L. L. B. Barnes, D. Harp, W. S. Jung, Reliability Generalization of Scores on the 
Spielberger State-Trait Anxiety Inventory. Educ. Psychol. Meas. 62, 603–618 (2002). 

66.  E. Fino, M. Martoni, P. M. Russo, Specific mindfulness traits protect against negative 
effects of trait anxiety on medical student wellbeing during high-pressure periods. Adv. 
Health Sci. Educ. Theory Pract. 26, 1095–1111 (2021). 

67.  T. Mollayeva, P. Thurairajah, K. Burton, S. Mollayeva, C. M. Shapiro, A. Colantonio, The 
Pittsburgh sleep quality index as a screening tool for sleep dysfunction in clinical and non-
clinical samples: A systematic review and meta-analysis. Sleep Med. Rev. 25, 52–73 
(2016). 

68.  W. B. Britton, J. R. Lindahl, B. R. Cahn, J. H. Davis, R. E. Goldman, Awakening is not a 
metaphor: the effects of Buddhist meditation practices on basic wakefulness. Ann. N. Y. 
Acad. Sci. 1307, 64–81 (2014). 

69.  B. Khoury, M. Sharma, S. E. Rush, C. Fournier, Mindfulness-based stress reduction for 
healthy individuals: A meta-analysis. J. Psychosom. Res. 78, 519–528 (2015). 

70.  J. D. Henry, J. R. Crawford, The short-form version of the Depression Anxiety Stress 
Scales (DASS-21): construct validity and normative data in a large non-clinical sample. Br. 
J. Clin. Psychol. 44, 227–239 (2005). 

71.  L. Ruimi, Y. Hadash, G. Tanay, A. Bernstein, “State Mindfulness Scale (SMS)” in Handbook 
of Assessment in Mindfulness Research, O. N. Medvedev, C. U. Krägeloh, R. J. Siegert, N. 
N. Singh, Eds. (Springer International Publishing, Cham, 2022), pp. 1–16. 

72.  J. J. Arch, M. G. Craske, Mechanisms of mindfulness: Emotion regulation following a 
focused breathing induction. Behav. Res. Ther. 44, 1849–1858 (2006). 

73.  B. B. Avants, N. Tustison, G. Song, Others, Advanced normalization tools (ANTS). Insight 
J. 2, 1–35 (2009). 

74.  S. M. Smith, M. Jenkinson, M. W. Woolrich, C. F. Beckmann, T. E. J. Behrens, H. 
Johansen-Berg, P. R. Bannister, M. De Luca, I. Drobnjak, D. E. Flitney, R. K. Niazy, J. 
Saunders, J. Vickers, Y. Zhang, N. De Stefano, J. M. Brady, P. M. Matthews, Advances in 
functional and structural MR image analysis and implementation as FSL. Neuroimage 23 
Suppl 1, S208–19 (2004). 

75.  M. Reuter, N. J. Schmansky, H. D. Rosas, B. Fischl, Within-subject template estimation for 
unbiased longitudinal image analysis. Neuroimage 61, 1402–1418 (2012). 

76.  O. Esteban, C. J. Markiewicz, R. W. Blair, C. A. Moodie, A. I. Isik, A. Erramuzpe, J. D. Kent, 
M. Goncalves, E. DuPre, M. Snyder, H. Oya, S. S. Ghosh, J. Wright, J. Durnez, R. A. 
Poldrack, K. J. Gorgolewski, fMRIPrep: a robust preprocessing pipeline for functional MRI. 
Nat. Methods 16, 111–116 (2019). 

77.  J. L. R. Andersson, S. Skare, J. Ashburner, How to correct susceptibility distortions in spin-

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Page 30 of 31 
 

echo echo-planar images: application to diffusion tensor imaging. Neuroimage 20, 870–888 
(2003). 

78.  D. N. Greve, B. Fischl, Accurate and robust brain image alignment using boundary-based 
registration. Neuroimage 48, 63–72 (2009). 

79.  M. Jenkinson, P. Bannister, M. Brady, S. Smith, Improved optimization for the robust and 
accurate linear registration and motion correction of brain images. Neuroimage 17, 825–
841 (2002). 

80.  Y. Behzadi, K. Restom, J. Liau, T. T. Liu, A component based noise correction method 
(CompCor) for BOLD and perfusion based fMRI. Neuroimage 37, 90–101 (2007). 

81.  L. Kasper, S. Bollmann, A. O. Diaconescu, C. Hutton, J. Heinzle, S. Iglesias, T. U. Hauser, 
M. Sebold, Z.-M. Manjaly, K. P. Pruessmann, K. E. Stephan, The PhysIO Toolbox for 
Modeling Physiological Noise in fMRI Data. J. Neurosci. Methods 276, 56–72 (2017). 

82.  A. M. Winkler, G. R. Ridgway, M. A. Webster, S. M. Smith, T. E. Nichols, Permutation 
inference for the general linear model. Neuroimage 92, 381–397 (2014). 

83.  B. T. T. Yeo, F. M. Krienen, J. Sepulcre, M. R. Sabuncu, D. Lashkari, M. Hollinshead, J. L. 
Roffman, J. W. Smoller, L. Zöllei, J. R. Polimeni, B. Fischl, H. Liu, R. L. Buckner, The 
organization of the human cerebral cortex estimated by intrinsic functional connectivity. J. 
Neurophysiol. 106, 1125–1165 (2011). 

84.  R. E. Laukkonen, H. A. Slagter, From many to (n)one: Meditation and the plasticity of the 
predictive mind. Neurosci. Biobehav. Rev. 128, 199–217 (2021). 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.25.618656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.25.618656
http://creativecommons.org/licenses/by-nc-nd/4.0/

