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Abstract (250 words) 

Objectives: Mapping the neurobiology of meditation using 3 Tesla functional MRI (fMRI) has 

burgeoned recently. However, limitations in signal quality and neuroanatomical resolution 

have impacted reliability and precision of extant findings. Although ultra-high strength 7 Tesla 

MRI overcomes these limitations, investigation of meditation using 7 Tesla fMRI is still in its 

infancy.   

Methods: In this feasibility study, we scanned 10 individuals who were beginner meditators 

using 7 Tesla fMRI while they performed focused attention meditation and non-focused rest. 

We also measured and adjusted the fMRI signal for key physiological differences between 

meditation and rest. Finally, we explored the 2-week impact of the single fMRI meditation 

session on mindfulness, anxiety and focused attention attributes.    

Results: Group-level task fMRI analyses revealed significant reductions in activity during 

meditation relative to rest in Default-mode network hubs, i.e., antero-medial prefrontal and 

posterior cingulate cortices, precuneus, as well as visual and thalamic regions. These findings 

survived stringent statistical corrections for fluctuations in physiological responses which 

demonstrated significant differences (p < 0.05/n, Bonferroni controlled) between meditation 

and rest. Compared to baseline, State Mindfulness Scale (SMS) scores were significantly 

elevated (F = 8.16, p<0.05/n, Bonferroni controlled) following the fMRI meditation session, 

and were closely maintained at 2-week follow up.  

Conclusions: This pilot study establishes the feasibility and utility of investigating focused 

attention meditation using ultra-high strength (7 Tesla) fMRI, by supporting widespread 

evidence that focused attention meditation attenuates Default-mode activity responsible for 

self-referential processing. Future functional neuroimaging studies of meditation should 

control for physiological confounds and include behavioural assessments. 
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1. Introduction 

The past decade has seen a noticeable expansion in research investigating the functional brain 

mechanisms underlying meditation (Ganesan et al., 2022a; Melis et al., 2022; Sezer et al., 2022; 

Young et al., 2018). Among various techniques, the fundamental practice of focused attention 

meditation is widely investigated in the scientific literature (Bishop et al., 2004; Ganesan et al., 

2022a; Lutz et al., 2008). This technique entails focusing and sustaining attention on an object 

or experience (e.g., breathing sensations) in the present moment while actively noticing and 

disengaging from distractions (e.g., mind-wandering). Focused attention on bodily experiences 

(e.g., breath sensations) is also categorized as body-centred meditation within an embodied 

framework that incorporates the influence of bodily states on psychological processes (see 

Matko and Sedlmeier (2019) for detailed categorization). Focused attention meditation trains 

attentional capacity, meta-awareness and interoceptive sensitivity necessary to effectively 

approach other advanced meditation states and techniques (Jha et al., 2007; Laukkonen & 

Slagter, 2021; Trungpa, 2002; Valentine & Sweet, 1999). On its own, practice of this 

meditation technique can enhance attentional regulation and mitigate habitual thinking patterns 

that may be maladaptive (Laukkonen & Slagter, 2021; Wenk-Sormaz, 2005). Owing to the 

benefits (Creswell, 2017; Galante et al., 2021; Shapiro & Walsh, 2003) and adverse events 

(Farias et al., 2020; Schlosser et al., 2019; Van Dam et al., 2018) associated with different 

meditation practices, understanding the neurobiology of specific meditation techniques can 

potentially complement self-report measures of meditation expertise, progress and outcomes. 

Additionally, reliable neural markers of meditation could potentially facilitate non-invasive 

neuromodulation therapeutics to assist psychiatric patients in practicing meditation.   

With the advent of functional Magnetic Resonance Imaging (fMRI) technology, many 

studies have endeavoured to map the precise neural markers of meditation. Focused attention 

meditation (with breath or body sensations) is particularly amenable to fMRI investigations 
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due to its simplicity, accessibility to beginner meditators, and significance across various 

traditions (Ganesan et al., 2022a; Matko et al., 2021). Conventionally, studies have used MRI 

scanners with magnetic strengths of up to 3 Tesla to examine the fMRI blood oxygen-level 

dependent (BOLD) processes underlying meditative states. This body of work has provided 

unique insights into the brain areas and brain networks that are frequently implicated by 

meditation. For example, most qualitative (Brandmeyer & Delorme, 2021; Feruglio et al., 

2021; Laukkonen & Slagter, 2021) and quantitative (Fox et al., 2016; Ganesan et al., 2022a) 

neuroimaging reviews thus far have consistently highlighted that focused attention meditation 

is associated with reduced activity in the brain network ascribed to self-referential processing 

and mind-wandering, i.e., Default-mode network. Mitigation of distraction caused by 

spontaneous thought and mind-wandering is a core mechanism that facilitates sustained 

attention on the object of focus (e.g., breathing sensations) during focused attention meditation.  

However, compared to large-scale brain networks like Default-mode, Salience and 

Executive Control networks, evidence regarding involvement of neuroanatomically specific 

brain regions within these brain networks is weaker in focused attention meditation. For 

instance, 85% of the focused attention meditation literature consistently finds involvement by 

various regions that together constitute the Default-mode network. However, when considered 

separately, the network’s neuroanatomically specific constituent regions (e.g., posterior 

cingulate cortex (PCC), medial prefrontal cortex (mPFC)) are much less frequently implicated 

(i.e., only in 50% of the focused attention meditation literature) (Ganesan et al., 2022a). This 

drop in consistency across studies pertaining to brain regions compared to brain networks could 

be partially attributed to signal quality limitations inherent in 3 Tesla fMRI.  

The advent of high strength 7 Tesla fMRI has the potential to ascertain group-level fMRI 

BOLD effects that are more reliable and neuroanatomically precise at the level of brain regions, 

compared to its lower strength 3 Tesla counterpart. This is because 7 Tesla fMRI enables MRI 
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acquisition with higher neuroanatomical resolution, and stronger signal quality (i.e., 3 times 

higher signal-to-noise ratio) compared to 3 Tesla fMRI (Beisteiner et al., 2011; Gizewski et al., 

2007; Hale et al., 2010; Pohmann et al., 2016; Theysohn et al., 2013; Trattnig et al., 2018). 

Emerging evidence also suggests that task-based fMRI data acquired with 7 Tesla can afford 

greater statistical power via producing reliable group-level results with fewer participants than 

3 Tesla fMRI (Torrisi et al., 2018; Viessmann & Polimeni, 2021). Despite the technical 

advantages of 7 Tesla over 3 Tesla fMRI, there are no published 7 Tesla neuroimaging studies 

investigating meditation thus far to our knowledge.  

Another issue in the emerging fMRI literature on focused attention meditation is the lack 

of adequate consideration of factors that may additionally affect fMRI responses measured 

during meditation. Specifically, most studies do not account for how physiological artifacts 

(e.g., cardiac and respiratory activity) affect fMRI findings (see review by Ganesan et al. 

(2022a) for details). This is particularly important because meditation (including focused 

attention meditation) is entrenched with physiological responses such as lowered heart rate, 

deeper and slower breathing, and lowered blood pressure (Ahani et al., 2013; Delmonte, 1984; 

Ditto et al., 2006; Soni & Muniyandi, 2019). Furthermore, physiological response fluctuations 

during fMRI task conditions can induce non-neuronal BOLD fMRI changes that can be 

mistaken for actual neuronal responses (Birn et al., 2006; Birn et al., 2009; Ganesan et al., 

2022b). Therefore, lack of physiological artifact removal or correction during fMRI analysis 

can impact conclusions about the neurobiological underpinnings of meditation, including 

focused attention meditation. Similarly, fMRI activity in some brain areas within networks 

such as Default-mode and Executive Control may additionally be influenced by other non-

physiological sources, such as inter-individual variability in dispositional mindfulness 

(Dickenson et al., 2013; Doll et al., 2016; Mooneyham et al., 2017; Scheibner et al., 2017), and 

level of arousal and effort during meditation tasks among beginners (Britton et al., 2014). 
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Therefore, controlling for these measures that are entrenched with brain responses to 

meditation can potentially enable separating the neurobiological underpinnings of meditation 

from other attributes that may influence meditation performance.  

Finally, many fMRI studies of meditation (including focused attention meditation) do not 

necessarily include assessments to measure behavioural changes before and after a meditation 

session inside an MRI scanner (Engström et al., 2022). Similarly, there is no clear 

understanding of how the behavioural impact produced by meditation inside the MRI scanner 

changes over time. Consequently, this poses a challenge in ascertaining the real-world impact 

of meditating inside an MRI scanner, and whether participants, especially beginners, can follow 

the meditation instructions as expected in the scanner. Preliminary evidence shows that a single 

brief session of meditation outside the MRI scanner can have positive effects on mindfulness 

levels (Johnson et al., 2015; Kim et al., 2019; Mrazek et al., 2012), mood (Broderick, 2005; 

Johnson et al., 2015), habitual psychological patterns (Wenk-Sormaz, 2005), emotion 

regulation (Arch & Craske, 2006), stress (Mohan et al., 2011), working memory (Yamaya et 

al., 2021), and executive function (Müller et al., 2021). However, it is unclear how a single-

session of meditation inside the MRI scanner affects behaviour over time outside the scanner. 

The primary aim of our pilot study was to investigate the feasibility of using ultra-high 

strength (7 Tesla) fMRI via replication of core neuronal findings pertaining to focused attention 

meditation, using a small sample of beginner meditators (N=10). Based on aforementioned 

emerging evidence from 3 Tesla fMRI on focused attention meditation (Fox et al., 2016; 

Ganesan et al., 2022a), we hypothesised that 7 Tesla fMRI would enable robust detection of 

significantly reduced activation in core Default-mode network regions (e.g., PCC, mPFC) 

during focused attention meditation relative to non-focused rest, beyond physiological 

responses, subjective arousal, subjective effort and dispositional mindfulness.  
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Our secondary aim was to measure the physiological differences between focused attention 

meditation and non-focused rest during fMRI acquisition. We hypothesised that focused 

attention meditation would be accompanied by significantly slower breathing rate and heart 

rate, signifying physiological relaxation. Our additional exploratory aim was to measure how 

a single session of focused attention meditation in the MRI scanner impacts mindfulness-

related outcomes outside the scanner longitudinally for up to 2 weeks (i.e., pre-fMRI to post-

fMRI changes in state mindfulness, capacity for sustained attention, state anxiety and mind-

wandering).   

 

2. Methodology 

We recruited 10 volunteers who were beginner meditators (4 males, 6 females; age = 30.1  

10.6 years) and free from major medical and psychiatric disorders via email advertisements 

from the local community. All volunteers provided written informed consent to participate, and 

the study was approved by the University of Melbourne human research ethics committee 

(Ethics ID: 22083).  

 

2.1    Sample inclusion and exclusion criteria 

The inclusion criteria were: (i) age between 19 and 60 years; (ii) an interest in learning and 

practicing meditation; (iii) fluency in English; and (iv) beginner at meditation, defined as 

having a cumulative lifetime meditation experience under 50 hours, with maximum weekly 

practice of 40 minutes over the past 6 months. The exclusion criteria were: (i) any lifetime 

clinical diagnoses of neuropsychiatric (e.g., psychosis, addictions, depression, anxiety) or 

neurological (e.g., traumatic brain injury, epilepsy) disorders, (ii) lifetime consumption of any 

psychoactive medication (e.g., antidepressants, benzodiazepines, anti-psychotics); or (iii) 

endorsement of any contraindications to MRI scanning.  
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2.2 Study procedure 
 
     This study comprised two main parts – meditation inside the MRI scanner, and out-of-

scanner assessments to measure longitudinal behavioural changes associated with the fMRI 

meditation session (see Fig. 1).   

 

Fig. 1 Graphical representation of the overall study paradigm along with a sample fMRI run. 

The overall study paradigm (as shown on the left) includes multiple measurement timepoints 

to assess longitudinal changes in behavioural measures outside the MRI scanner. FFMQ and 
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STAI-T were only administered at baseline to characterize the recruited sample’s trait 

measures of mindfulness and anxiety. BCT with probes was administered 1 day before, 1 week 

after and 2 weeks after the fMRI meditation session. SMS and STAI-S were administered 

immediately before, immediately after, 1 week after and 2 weeks after the fMRI meditation 

session. Note that during each weekly follow-up, participants completed the SMS and STAI-S 

after completion of BCT with probes. The 7 Tesla fMRI meditation session consisted of 3 runs, 

where each run (as shown on the right) had 6 task blocks and 6 instances of button responses 

to ‘yes/no’ questions. Each task block comprised one non-focused rest trial of 25 s and one 

focused attention meditation trial of 25 s. FFMQ – Five Facet Mindfulness Questionnaire, 

STAI-T – State and Trait Anxiety Inventory - Trait module, BCT – Breath Counting Task, SMS 

– State Mindfulness Scale, STAI-S – State and Trait Anxiety Inventory - State module. 

 

2.2.1 MRI experimental design 
 

Prior to MRI scanning, participants were familiarized with the focused attention meditation 

task and the control task in a mock scanner setup. For the fMRI scan, they were presented 

detailed instructions (adapted from Arch and Craske (2006)) about the two types of task 

conditions to be followed in an alternating order with their eyes open. Instructions for the 

focused attention meditation condition were: “Focus on the actual sensations of breath 

entering and leaving the body. There is no need to think about the breath or change it. Just 

experience the sensations of it as you breathe in and out. When you notice that your awareness 

is no longer on the breath, gently bring your awareness back to the sensations of breathing.” 

The instructions for the non-focused rest (non-meditation control) condition were: “Lie still 

and simply think about whatever comes to mind, like usual throughout the day. Don’t focus on 

anything in particular.” 
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Following the anatomical MRI scan, participants completed three fMRI runs, where each 

run comprised 6 task blocks (1 meditation trial and 1 rest trial in each task block) (see Fig. 1 

for sample fMRI run). Each trial lasted for 25 seconds, and at the end of each meditation trial, 

participants were instructed to respond via buttons to two ‘Yes or No’ questions evaluating 

alertness and effort during the recent meditation trial (Q1. “Was it easy to maintain your focus 

on the breath?”; Q2. “Did you feel quite sleepy/tired?”). In-scanner alertness and in-scanner 

effort scores for each participant were calculated by averaging the number of affirmative 

responses to each respective question across trials and runs.  

This study involves beginner meditators who are prone to mind-wandering distraction and 

attentional instability (Lomas et al., 2015; Lutz et al., 2008). Therefore, the short duration of 

trials (25 s) potentially minimized the occurrence of rest-like distraction during focused 

attention meditation conditions. Each task fMRI run lasted for approximately 10 minutes. 

Participants were scanned inside the MRI scanner for about 1 hour in total.  

 

2.2.2 MRI data acquisition 

 
All MRI data was acquired on a 7 Tesla MRI scanner (Siemens Magnetom 7T plus) at the 

Melbourne Brain Centre Imaging Unit (MBCIU) using an 8/32 PTX/RX channel head coil, 

while timed visual display of cues and instructions inside the scanner was presented using the 

MATLAB Psychtoolbox software (version 3.1). A high resolution, RF inhomogeneity 

corrected and denoised (O'Brien et al., 2014) T1-weighted anatomical image (3D-MP2RAGE; 

0.75mm x 0.75mm x 0.75mm; TE/TR = 2ms/5000ms) was acquired for post-hoc spatial 

registration with functional images. Functional images covering the whole brain were acquired 

using a multiband gradient-echo EPI sequence (Moeller et al., 2010) (1.6mm x 1.6mm x 

1.6mm; TE/TR = 22ms/800ms; multiband acceleration = 6; field-of-view = 208 mm; matrix 

size = 130 x 130; 84 slices; slice thickness = 1.6mm; flip angle = 450 ; P-A phase encoded). 

Concurrent to fMRI acquisition, respiratory signals of participants were recorded using a 
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Siemens MRI compatible respiration belt worn around the abdomen, and cardiac measurements 

were recorded using a Siemens MRI compatible pulse oximetry sensor worn on a fingertip.  

 

2.2.3 Self-report behavioural assessments  
 
At baseline, we characterised the sample by age, sex and self-reported lifetime meditation 

experience (in hours), dispositional mindfulness and trait anxiety.  Dispositional mindfulness 

was measured only at baseline by administering the Five Facet Mindfulness Questionnaire 

(FFMQ; Baer et al., 2006). The FFMQ comprises 39 self-report questions covering 5 

mindfulness facets, i.e., observing, describing, acting with awareness, non-reactivity to inner 

experiences, and non-judging of inner experiences (Baer et al., 2006). This questionnaire is 

scored out of 5, with higher scores suggesting greater dispositional mindfulness. An overall 

FFMQ score from averaging across all sub-scales represents the overall multi-faceted 

mindfulness trait of an individual. Trait anxiety was measured only at baseline with the State 

and Trait Anxiety Inventory, Trait module (STAI-T). The STAI-T comprises 20 rating-based 

questions, and measured trait levels of anxiety in each participant (Spielberger et al., 1983). 

This questionnaire is scored out of 4, with lower scores indicating lower trait levels of anxiety.  

We measured changes in self-reported state mindfulness and state anxiety pre- to post-

fMRI meditation for up to 2 weeks. Specifically, these measures were administered 

immediately before and after the fMRI meditation session, as well as 1 week and 2 weeks after 

the fMRI session (Fig. 1).  State mindfulness was measured with the State Mindfulness Scale 

(SMS) (Tanay & Bernstein, 2013), which (Spielberger et al., 1983) comprises 21 statements 

with 5-point ratings to measure state mindfulness. An average SMS score of 5 represents the 

most mindful state. State anxiety was measured with the state anxiety subscale from the STAI. 

STAI-S has 20 statements with 4-point ratings assessing state anxiety, where an average rating 

score of 4 represents the most stressful state. 
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2.2.4 Computerized behavioural assessment  
 

We objectively measured participants’ ability to focus and sustain attention on the breath 

at baseline before fMRI meditation, and 1 week and 2 weeks after fMRI meditation (Fig. 1). 

This was measured using a standardized 20-minute computerized breath counting task (BCT) 

(Levinson et al., 2014) with experiential probes (Frewen et al., 2008). Due to good test-retest 

reliability for a 1-week interval (Levinson et al., 2014), we required participants to perform this 

task three times with a gap of at least one week during the course of the study. 

In this task, participants were instructed to count their breaths from 1 to 9 cyclically with 

their eyes closed. The first 8 counts were accompanied by left arrow key presses, while the 9th 

and last breath of each BCT cycle was indicated by a right arrow key press. Instances of self-

caught miscounting due to mind-wandering distraction were accompanied by ‘Shift’ key 

presses, which restarted the BCT cycle from 1. At six pseudo-random instances during BCT, 

participants were probed to verbally report their most recent breath count number, and to check 

if their attention was focused on the breath at that moment (based on verbal yes/no response to 

‘Was your attention on the breath just now?’). The physiological veracity of self-reported 

breath counts was evaluated via concurrent respiratory measurements using a commercial 

wearable respiration belt (Vernier Science Education, Oregon, USA). 

The outcome measures of this task include: i) BCT accuracy (% of correct count cycles), 

ii) BCT miscount (% of incorrect count cycles), iii) BCT reset (% of reset count cycles), iv) 

BCT probe accuracy (% of affirmative probe responses). Higher BCT and probe accuracies, 

and lower BCT miscount percentage indicate better task performance due to reduced 

attentional lapses and less frequent mind-wandering distraction. Higher BCT reset percentage 

suggests greater meta-awareness of mind-wandering distraction, while also being potentially 

indicative of more frequent distraction (K et al., 2018). 
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2.3 Analysis details 
 

2.3.1 FMRI data pre-processing 
 

MRI images were acquired in the DICOM format and converted to the NifTI format 

using the dcm2niix tool (Li et al., 2016). Distortions in the fMRI EPI images due to magnetic 

field inhomogeneities were corrected using acquired reverse-phase encoded (A-P) EPI images 

with FSL topup (Andersson et al., 2003). Skull stripping and brain image extraction from the 

anatomical scans were performed using ANTs (Avants et al., 2009). Using Motion Correction 

FMRIB’s Linear Image Registration Tool (MCFLIRT) in FSL (Jenkinson et al., 2002), linear 

rigid-body transformation (rotation and translation) was performed on the fMRI images to 

correct for head motion. Each participant’s low-resolution motion-corrected fMRI images were 

then linearly co-registered to their respective high-resolution anatomical brain image (output 

from ANTs), and subsequently to the Montreal Neurological Institute (MNI) standard 

stereotactic space using FLIRT in FSL (Jenkinson et al., 2002; Jenkinson & Smith, 2001). 

Finally, using FSL FEAT (Woolrich et al., 2001), pre-whitening was applied to the voxel-wise 

fMRI BOLD timeseries to correct for temporal autocorrelation; temporal high-pass filtering 

(0.01 Hz) was used to remove low frequency noise; and spatial smoothing was applied using a 

Gaussian kernel size of 3.2 mm full-width half maximum (FWHM). A fast TR sampling of 800 

ms with multiband acceleration precluded the need for slice-timing correction (M. F. Glasser 

et al., 2013).  

 

2.3.2 Functional brain activation during focused attention meditation relative to non-

focused rest 

Whole-brain analyses were undertaken through GLM to identify brain areas that 

significantly increased or decreased activation during focused attention meditation relative to 
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non-focused rest. This was performed using FSL FEAT (Woolrich et al., 2001) and 

Permutation Analysis of Linear Models (PALM) (Winkler et al., 2014). 

The time course of each condition (meditation, rest, cue/instructions, and button 

responses as shown in Fig. 1 sample fMRI run) was convolved with the canonical double-

gamma hemodynamic response function (HRF), temporally smoothed (0.01 Hz; same as data), 

and entered as a block design predictor to model the voxel-wise fMRI BOLD timeseries of 

each run separately. The temporal derivatives of each of these four condition predictors were 

also included to improve overall model fit. Additionally, head motion artifacts in every voxel’s 

blood oxygen level-dependent (BOLD) timeseries were accounted for by including six motion 

parameters (3 rotation and 3 translation; from MCFLIRT) and their respective derivatives as 

nuisance predictors in the model. Nuisance predictors modelling large and sudden motion 

(generated by FSL Motion Outliers tool 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLMotionOutliers)) which affect specific BOLD 

timepoints were also included in the model.  

To correct for physiological artefacts during first-level GLM, RETROspective Image 

CORrection (RETROICOR) (Glover et al., 2000) was performed on the BOLD timeseries 

using the PhysIO toolbox with the respiration and cardiac data acquired during fMRI scanning. 

Specifically, 22 physiological nuisance predictors, accounting for respiration signals (8 

regressors), cardiac signals (6 regressors), interaction between respiration and cardiac signals 

(4 regressors), heart rate (1 regressor) (Chang et al., 2009), and respiratory volume per time 

and their time-shifted values (3 regressors) (Harrison et al., 2021), were included in the whole-

brain voxel-wise GLM of each fMRI run from each participant. Parameter estimates for the 

linear model fit were calculated for the contrast of meditation relative to. rest.  

Subsequently, outputs from the first-level analysis were entered into second-level GLM 

in FEAT to calculate the average voxel-wise response across runs for each participant. For 
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group-level inferences, outputs from the second-level GLM were further entered into an across-

participant third-level GLM in PALM. As covariates, participant-level average measures of 

self-reported alertness score and effort score during the meditation task (from the in-scanner 

button responses), as well as overall baseline dispositional mindfulness (total baseline FFMQ 

score) were included in the group-level GLM (see Supplementary Fig. S3-S5 for GLM design 

matrices). These covariates were included at the group-level to control for the influence of 

inter-individual variability in arousal and effort during the meditation task, as well as general 

baseline trait mindfulness (FFMQ). Following third-level GLM, clusters of spatially 

contiguous voxels were delineated after thresholding the voxels at z=3.1 (uncorrected cluster-

forming p<0.001). Statistically significant clusters of activation and deactivation during 

meditation (compared to non-task rest) were determined through accelerated non-parametric 

permutation testing (1024 permutations of sign-flips) (Nichols & Holmes, 2002; Winkler et al., 

2016), along with family-wise error (FWE) control for multiple comparisons across clusters 

(Alberton et al., 2020) at p<0.05. For GLM group-level results without the inclusion of 

abovementioned covariates (i.e., arousal, effort and dispositional mindfulness), refer to 

Supplementary Fig. S1. 

 

2.3.3 Physiological differences during 7T fMRI between focused attention meditation 

and non-focused rest  

Repeated-measures general linear modelling (GLM) was implemented in MATLAB to 

test for statistically significant differences in key respiration and cardiac measures recorded 

during the 7 Tesla fMRI session between focused attention meditation and non-focused rest 

conditions. Specifically, the PhysIO toolbox (Kasper et al., 2017) was used to calculate 

respiration rate, respiratory volume per time (Harrison et al., 2021), and heart rate (Chang et 

al., 2009) values for each BOLD timepoint based on the physiological data acquired during 7 
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Tesla fMRI scanning. Subsequently, for each physiological measure, a mean trial-wise value 

was calculated by averaging across the physiological values within each condition trial 

(meditation or rest). For every participant and each measure, this produced 6 mean trial-wise 

values for meditation and 6 for rest within each run. 3 independent one-way repeated-measures 

Analyses of Variance (ANOVA) were used to test for differences in each respective 

physiological measure (i.e., respiration rate, respiratory volume per time, and heart rate) 

between meditation and rest. Specifically, for each ANOVA, mean trial-wise values from every 

run and participant were used. Statistical significance of differences was assessed after 

Bonferroni control for multiple comparisons (p<0.017). 

 

2.3.4 Longitudinal changes in behavioral assessments following fMRI meditation  

Longitudinal pre- to post-fMRI changes in state mindfulness, state anxiety and outcome 

measures of BCT were quantified through independent one-way repeated measures ANOVA 

(with time as independent variable) and Bonferroni correction for multiple comparisons across 

analyses (p < 0.0083). Specifically, 2 independent ANOVA were used to examine group-level 

changes from baseline to follow-ups in SMS and STAI-S scores measured at 4 time points, i.e., 

pre-fMRI, post-fMRI, 1-week follow up, and 2-week follow up. Similarly, 4 independent 

ANOVA analyses were used to examine group-level changes in breath attention probe 

accuracy, BCT accuracy, BCT resets and BCT miscounts across 3 time points, i.e., pre-fMRI, 

1-week follow up and 2-week follow up.  
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3. Results 

3.1    Sample characteristics at baseline 

The recruited sample primarily comprised young adults with cumulative lifetime meditation 

experience ranging between 0 and 50 hours. Based on average and median scores, the included 

beginner meditators sample (N=10) had low levels of trait anxiety and moderate levels of 

dispositional mindfulness. The mean, standard deviation, median and range of key sample 

demographics, anxiety and mindfulness levels are listed in Table 1. 

 
Table 1: Key characteristics of the recruited sample (N=10), reported as mean, standard deviation, median 

and range.  

Measure 
Sample mean  standard deviation 

(median [range]) 

Age 30  11 (27 [21-57]) years 

Trait anxiety STAI-T score 1.9  0.5 (1.8 [1.4-3.2]) 

Self-reported lifetime meditation experience 20.6  22.5 (11.5 [0-50]) hours 

Trait mindfulness – FFMQ observing score 3.3  0.6 (3.4 [1.9-4.0]) 

                                FFMQ describing score 3.4  0.7 (3.5 [2.4-4.5]) 

                                FFMQ acting with awareness score 3.2   0.7 (3.5 [2.0-4.2]) 

                                FFMQ non-judging score 3.8  0.8 (3.8 [1.7-4.7]) 

                                FFMQ non-reactivity score 2.9  0.4 (3.1 [2.3-3.6]) 

                                FFMQ overall score 3.3  0.5 (3.6 [2.2-3.8]) 

FFMQ – Five Facet Mindfulness Questionnaire; STAI-T – State and Trait Anxiety Inventory - Trait module  

 

3.2     fMRI brain activation during focused attention meditation relative to 

non-focused rest 

After FWE correction across clusters, the whole-brain GLM analyses revealed several 

significant group-level deactivation clusters during focused attention meditation compared to  

rest condition (non-meditation control). These significant clusters comprised posterior insula, 

anterior cingulate cortex (ACC), hippocampal areas, cerebellum, posterior cingulate cortex, 

medial prefrontal cortex, precuneus, visual cortex and thalamus (see Supplementary Fig. S1 

and explanation for details).  
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After further control for inter-individual variability in baseline dispositional mindfulness 

(total baseline FFMQ score), and average in-scanner alertness and average in-scanner effort 

during meditation, significant deactivation clusters were confined to the occipital cortex, 

thalamus (lateral ventral/dorsal posterior nuclei) and Default-mode network, i.e., precuneus, 

posterior cingulate cortex and antero-medial prefrontal cortex (shown in Fig. 2 and Table 2).  

On the other hand, there were no significant activation clusters during focused attention 

meditation relative to rest, before and after controlling for overall FFMQ, alertness and effort.  

Furthermore, there were no significant correlations between the significant deactivation 

clusters and total FFMQ score, in-scanner alertness score during meditation or in-scanner effort 

score during meditation.  

 

Table 2: Overview of brain regions in standard MNI space showing significantly reduced 

activity during MEDITATION relative to REST, controlling for total baseline FFMQ score, 

average in-scanner alertness score and average in-scanner effort score.  

Significantly deactivated areas 

during Meditation relative to Rest 

Cluster 

size 

(voxels) 

Cluster 

peak value 

(z-stat) 

Cluster 

significance 

(FWE  

p-value) 

Cluster peak 

location  

(MNI) 

X Y Z 

bilateral occipital cortex - lingual 

gyri, fusiform gyri, calcarine cortex, 

occipital pole  

442 4.4 0.0007 -8 -86 -12 

medial prefrontal cortex, 

paracingulate gyrus, frontal pole 

302 4.5 0.0046 -4 52 0 

R. precuneus, R. cuneus  270 4.4 0.0071 14 -66 22 

L. precuneus, posterior cingulate 

gyrus 

223 4.2 0.0129 -12 -58 56 

L. lateral occipital complex, L. 

angular gyrus 

207 4.9 0.0159 -54 -70 22 

R. lateral ventro/dorsoposterior 

thalamus 

121 4.6 0.0470 22 -30 0 

L. posterior cingulate gyrus 121 4.3 0.0470 -8 -28 38 

L – left, R – right 
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Fig. 2 Representation of brain clusters showing significant functional deactivation during 

MEDITATION relative to REST with general linear modelling (GLM) analysis, after 

controlling for overall baseline trait mindfulness, in-scanner alertness and in-scanner effort 

during meditation. a) Section of volumetric sagittal brain slices along with x-coordinates 

displaying the significantly deactivated brain areas during meditation relative to rest. The z-

statistic value corresponding to the magnitude of deactivation determines a region’s colour 

(‘cool’ colour gradient). b) Brain display showing the percentage of voxels from the standard 
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400-region Schaeffer-Tian template that overlapped with the significant deactivation clusters 

during MEDITATION relative to REST. The left panel shows cortical overlap percentages 

mapped on to the brain surface, while the right panel shows subcortical overlap percentages 

via discrete anatomical slices. The brain surface mapping was performed with the Glasser 

brain surface template (Glasser et al., 2016). The percentage of overlapping significant voxels 

determines a region’s colour (‘cool’ colour gradient). S – superior/dorsal, A – anterior, P – 

posterior, I – inferior/ventral. 

 

3.3     In-scanner physiological differences between focused attention 

meditation and non-focused rest 

As hypothesised, the respiration rate (breaths per minute), respiratory volume (volume per 

minute) and heart rate (beats per minute) were significantly different (after Bonferroni 

correction, p<0.017) between focused attention meditation and non-focused rest during the 7 

Tesla fMRI session across participants (Fig. 3).  

The maximum difference was observed in the respiration rate, which was significantly 

lower during meditation relative to rest (t = -10.3, p = 5.4 x 10-22, Cohen’s d = 0.55). On the 

other hand, the volume of air breathed (respiratory volume) was significantly greater (t = 5, p 

= 9 x 10-7, Cohen’s d = 0.27) during meditation. Similarly, albeit by a smaller magnitude, the 

heart rate also significantly decreased during meditation relative to rest (t = -2.56, p = 0.011, 

Cohen’s d = 0.14). Note that these physiological differences have been accounted for in all 

fMRI analyses in this study. In Supplementary Fig. S2, we further demonstrate the effect of 

physiological confounds by comparing the extent of significant brain de-activation areas found 

here with those obtained without physiological artifact correction. 
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Fig. 3 Violin plots comparing distributions of respiration rate, respiratory volume and heart rate from each fMRI task condition, i.e., focused 

attention meditation and non-focused rest. All comparisons were performed with one-way repeated-measures ANOVA. a) Respiration rate for 

each trial within each task condition (meditation and rest) from every participant. Each coloured data point within a violin plot of a specific 

condition represents the average respiration rate during a corresponding trial from a participant. The median value of each plot is indicated by a 

white dot at the centre. The mean is indicated by the horizontal line passing through the thickness of the plot. We found that the respiration rate 

.CC-BY 4.0 International licensemade available 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 

The copyright holder for this preprintthis version posted January 3, 2023. ; https://doi.org/10.1101/2023.01.02.522524doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.02.522524
http://creativecommons.org/licenses/by/4.0/


was significantly lower during meditation relative to rest across trials and participants. b) Same as (a) but for respiratory volume. We found that 

the respiratory volume inhaled was significantly higher during meditation relative to rest across trials and participants. c) Same as (a) but for 

heart rate. We found that the heart rate was significantly lower during meditation relative to rest across trials and participants.
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3.4     Longitudinal pre- to post-fMRI change in outside scanner behavioural 

measures up to 2 weeks.  

Only state mindfulness measured by SMS showed a significant longitudinal improvement 

(F = 8.16, p = 0.0005; survived Bonferroni correction) following the 7 Tesla fMRI meditation 

session compared to baseline. Specifically, compared to baseline, there was a significant rise 

in state mindfulness across participants immediately following the single 7 Tesla fMRI 

meditation session, with effects maintained for up to 2 weeks after the session (Fig. 4a).   

The other measures showed some non-significant changes over time. Compared to baseline, 

average STAI-S scores (F = 1.44, p = 0.25) showed a slight decrease 1 week after the fMRI 

meditation session, which was not maintained at the 2-week mark (Fig. 4b). The breath 

attention probe accuracy (F = 0.66, p = 0.53) also showed non-significant increasing trend on 

average, with diminishing across-participant variability in accuracies following fMRI 

meditation compared to baseline (Fig. 4c). During each BCT session, breathing rate was found 

to be significantly and strongly correlated with breath count rate (r1 = 0.97, p = 1.5x10-6; r2 = 

0.93, p2 = 8.2x10-5; r3 = 0.99, p3 = 1.1x10-7), thus physiologically verifying the validity of 

breath counts. Participants showed a slight average improvement in BCT accuracy after 1 week 

with a return to baseline at the 2-week mark (F = 0.42, p = 0.66; Fig. 4d). Compared to baseline, 

the average BCT reset percentages showed a decline after 1 week with a small rise again after 

2 weeks following fMRI meditation (F = 1.96, p = 0.169; Fig. 4f). On the other hand, BCT 

miscount percentages showed negligible group-level longitudinal change (F = 0.16, p = 0.85; 

Fig. 4e).  
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Fig. 4 Bar graphs representing group-level longitudinal changes in behavioural measures 

following a single session of 7 Tesla fMRI meditation. a) Changes in SMS scores across N=10 

participants over 4 time points, i.e., immediately before (baseline), immediately after, 1 week 

after and 2 weeks after fMRI meditation session (significant after Bonferroni correction (p < 

0.05/6). b) Same as (a) for STAI-S scores and the changes were non-significant. c) Changes in 

breath attention probe accuracy percentages across N=10 participants over 3 time points, i.e., 

before (baseline), 1 week after and 2 weeks after fMRI meditation session. The changes were 

not significant. d) Same as (c) for BCT accuracy percentages. e) Same as (c) for BCT miscount 

percentages. f) Same as (c) for BCT reset percentages. In each bar graph, the bars 

corresponding to different time points are joined together at their respective sample means. 

The sample median is indicated by the red line within each bar. The extended dotted lines in 
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each bar represent the 75% confidence interval. * - significant trend after Bonferroni 

correction. 

4 Discussion 

The current pilot study is one of the first to examine the neural substrates of meditation using 

ultra-high strength 7 Tesla functional MRI. Specifically, we examined the feasibility of 

investigating focused attention meditation with a small sample of beginner meditators (N=10) 

scanned using high power 7 Tesla fMRI. After controlling for physiological responses, head 

motion, baseline dispositional mindfulness, subjective arousal during meditation and 

subjective effort during meditation, we found significantly decreased activation (de-activation 

relative to rest) of Default-mode network regions (mPFC, precuneus, PCC) during meditation 

relative to rest. These Default-mode deactivations likely suggest attenuation of mind-

wandering and spontaneous thought during meditation. Our pilot 7 Tesla fMRI findings hence 

successfully replicate existing widespread evidence implicating deactivation of the Default-

mode network during focused attention meditation, despite the inclusion of conservative 

statistical corrections in a small sample. We also found significant deactivation in thalamic 

nuclei and occipital cortex during meditation relative to rest suggesting a role in perceptual 

decoupling during meditation. On the other hand, there were no brain areas that showed 

increases in activation during meditation relative to rest. Among measured behavioural 

attributes, compared to baseline, we observed a significant elevation in state mindfulness 

following the fMRI meditation session and this level was closely maintained at subsequent 

weekly follow-ups for 2 weeks. Although we observed no significant changes from baseline in 

state anxiety and focused attention (breath counting task outcomes), these attributes 

demonstrated slight non-linear trends over time following the fMRI meditation session. 
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4.1 Default-mode network areas are attenuated during focused attention 

meditation 

We found that focused attention meditation deactivates circumscribed areas within PCC, 

precuneus, and anterior mPFC, i.e., key nodes of the Default-mode network, relative to non-

focused resting-state. These deactivations were significant after accounting for overall 

dispositional mindfulness (overall baseline FFMQ score), self-reported effort during fMRI 

meditation and self-reported alertness during fMRI meditation (average affirmative responses 

after meditation trials). When these measures were not included as covariates in the fMRI 

analyses, significant deactivations during focused attention meditation relative to rest were 

more diffuse and less specific (See Supplementary Fig. S1 and explanation for more details). 

Thus, it is possible that the more specific Default-mode deactivations reported herein are not 

influenced by inter-individual differences in overall mindfulness ability, and momentary levels 

of arousal and effort during the meditation task. 

Our findings suggest that deactivations of key Default mode network regions relative to 

rest may diminish brain activity implicated in self-referential processing, mental predictions, 

repetitive thought and mental time-travel during focused attention meditation. Activity in 

Default-mode network regions has been widely associated with mind-wandering and 

spontaneous thought (Fox et al., 2015). These regions typically show the highest metabolic 

activity at baseline, and their metabolic activity diminishes with goal-directed cognition or 

perception (Raichle et al., 2001). Notably, focused attention meditation also includes goal-

directed perception as it involves directing attention away from mind-wandering and cognition 

towards a target object (e.g., breathing sensations) or experience in the present moment. 

Therefore, goal-directed perception of the target object/experience during focused attention 

meditation may have been facilitated by diminishing activation of regions within the Default-

mode network relative to non-focused resting-state, i.e., PCC, precuneus and mPFC (Fox et al., 
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2016; Ganesan et al., 2022a). The PCC is most commonly implicated in self-directed cognition, 

spontaneous thought and conceptual processing (Leech & Sharp, 2014; Leech & Smallwood, 

2019). Similarly, the precuneus is a hub for memory processing and mental representations of 

an integrative self, and shows hypoactivity during sleep, hypnosis and sedation (Cavanna & 

Trimble, 2006; Utevsky et al., 2014). Further, anterior mPFC is posited to underlie self-

referential, value and reward processing and planning (Andrews-Hanna et al., 2010; Lieberman 

et al., 2019). Consequently, deactivations in these regions may free up attentional resources in 

order to improve quality of deliberate focus on present moment objects or experiences 

(Ganesan et al., 2022a; Laukkonen & Slagter, 2021).  

Overall, our pilot 7 Tesla fMRI findings successfully replicate Default-mode 

deactivation relative to rest. This highlights the accessibility of focused attention meditation 

regardless of prior meditation experience, as well as the high sensitivity of 7 Tesla fMRI in 

capturing such core neurobiological underpinnings despite a small sample size and stringent 

statistical corrections. 

 

4.2 Role of thalamic and occipital de-activations during focused attention 

meditation relative to rest 

In addition to Default-mode network areas, we also found significant deactivations in right 

lateral posterior thalamic nuclei, and several occipital areas during focused attention meditation 

relative to non-focused rest. While thalamic subdivisions have shown increases in activation 

relative to rest during focused attention meditation (on breath) (Farb et al., 2013; Hasenkamp 

et al., 2012), decreases in thalamic activation have also been reported (Farb et al., 2013; May 

et al., 2016). Overall, the role of thalamus in the context of focused attention meditation is 

unclear. The thalamus is known to integrate and relay multimodal sensory information back 

and forth between the cortex and nervous system, thereby facilitating perception (Hwang et al., 
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2017). Particularly, first-order ventral/dorsal lateral posterior nuclei of the thalamus are 

involved in communicating somatosensory information (e.g., proprioception, touch and pain 

sensations) with the primary somatomotor cortex (Prescott & Ratté, 2017). During focused 

attention meditation, the perception and integration of somatosensory information and other 

stimuli is likely attenuated due to attention being exclusively directed towards a specific target 

(e.g., breathing sensations) (Laukkonen & Slagter, 2021). Such attenuation of non-target 

stimuli and sensations likely explains the circumscribed deactivations observed in the lateral 

posterior thalamic nuclei during focused attention meditation relative to rest in the current 

study.  

We also found that several occipital regions were deactivated during focused attention 

meditation relative to rest. Each of these occipital areas deactivated in the current study have 

been widely implicated in visual recognition, processing and perception, i.e., lateral occipital 

complex (Grill-Spector et al., 2001), fusiform gyri (Weiner & Zilles, 2016), angular gyri 

(Seghier, 2013), occipital pole, calcarine area and lingual gyri (Swenson & Gulledge, 2017). 

Deactivations in the visual occipital cortex observed herein are consistent with majority of the 

extant fMRI literature on focused attention meditation (Baron Short et al., 2010; Dickenson et 

al., 2013; Farb et al., 2013; Hasenkamp et al., 2012; Hölzel et al., 2007; Ritskes et al., 2004; 

Scheibner et al., 2017). Occipital deactivations likely result from perceptual decoupling of non-

target visual stimuli (e.g., fixation cross) presented during focused attention meditation fMRI 

trials, as participants likely tried to focus their attention on breathing sensations (target 

stimulus) while keeping their eyes open as instructed.  

Note that we did not find any significant activations during meditation relative to rest within 

other brain regions typically expected to be involved in focused attention meditation, i.e., 

Salience and Executive Control network regions. The short duration of focused attention 

meditation trials may have minimized the scope for mind-wandering distraction. This likely 
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minimized the need for Control network facilitated attentional switches between distraction 

and breath during meditation trials (Ganesan et al., 2022a). As a potential consequence, we did 

not find any significant group-level activations within the Control network during meditation 

relative to rest with our current sample. Similarly, the short meditation duration may have also 

been insufficient for beginners to distinctly perceive subtle breathing sensations. Hence, 

Salience network activations during meditation relative to rest in our current sample were 

possibly quite variable across participants and hence insignificant at the group level. Future 

study designs may benefit from inclusion of both short as well as longer meditation trials to 

additionally delineate the effects of meditation duration on distraction, attention and awareness.  

 

4.3 Cardiac and respiratory changes during focused attention meditation  

During focused attention meditation relative to non-focused rest, we found significant 

decreases in heart rate and breathing rate with a significant increase in volume of respiration 

as expected. This is consistent with previous reports of lowered physiological arousal during 

meditative compared to non-meditative control states, i.e., lowered heart rate and deepened 

breathing at a reduced pace (Ahani et al., 2013; Delmonte, 1984; Farb et al., 2013; Manna et 

al., 2010; Soni & Muniyandi, 2019; Weng et al., 2020).  

On the other hand, such physiological response fluctuations between meditation and rest 

are considered artifacts in an fMRI context with the potential to alter significant findings (Birn 

et al., 2006; Birn et al., 2009; Ganesan et al., 2022b). Specifically, physiological measures that 

covary with task conditions (i.e., meditation and rest conditions here) can often conflate the 

source of fMRI BOLD responses. Consequently, some of the significant brain activations and 

deactivations can be missed (false-negatives) or misattributed (false-positives) to neuronally-

induced task responses (Birn et al., 2009), which is potentially prevalent in most extant fMRI 

studies investigating focused attention meditation (Ganesan et al., 2022a).  
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Statistical corrections (RETROICOR regression) that removed linear effects of measured 

physiological signals, i.e., cardiac and respiratory signals, from fMRI BOLD responses, were 

included during fMRI analyses in this study. Inclusion vs. exclusion of physiological artifact 

correction demonstrates noticeable changes in the extent of de-activation during focused 

attention meditation relative to rest (see Supplementary Fig. 2). Specifically, notable 

differences can be observed in mid-line cortical areas that have been typically associated with 

focused attention meditation (such as PCC and precuneus). Our preliminary findings thus 

warrant the inclusion of physiological corrections in fMRI studies of focused attention 

meditation, to mitigate both false positive as well as false negative findings pertaining to fMRI 

brain function during meditation.  

 

4.4 Longitudinal behavioural changes after a single fMRI meditation session: 

preliminary evidence 

In our exploratory behavioural analyses, we observed a significant rise pre- to post-fMRI 

meditation in self-reported state mindfulness (SMS). This is potentially indicative of 

participants experiencing meditative states as expected during the fMRI session, thus leading 

to subsequent elevation in present-moment awareness of mental content and bodily sensations 

(Tanay & Bernstein, 2013). Increases in state mindfulness measured by SMS can predict 

improvements in dispositional mindfulness after several weeks (Tanay & Bernstein, 2013), 

which likely explains the elevated SMS scores for up to 2 weeks after the fMRI meditation 

session.   

On the other hand, longitudinal changes in breath counting (BCT) and self-reported state 

anxiety (STAI-S) measures did not survive statistical significance. These measures however 

demonstrated slight non-significant trends of change over 2 weeks. Specifically, most of the 

breath counting task outcomes showed mild non-linear change compared to baseline, with 
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increases after 1-week followed by decreases at the 2-week follow-up. The scope for significant 

decreases in state anxiety (STAI-S) may be limited in a small sample of normative individuals 

with low levels of baseline state and trait anxiety. Similarly, a single session of focused 

attention meditation in a small sample of beginner meditators may be insufficient to produce 

robust and significant impact on attention and mind-wandering (as measured by BCT).  

 

4.5 Limitations 

The findings from this 7 Tesla fMRI pilot study need to be interpreted in light of several 

methodological limitations. Firstly, the sample size used in this study is small (N=10). 

Although we replicated neural findings pertaining to focused attention meditation with this 

sample, adequately powered future studies are required to validate these findings and 

investigate subtler underlying neuronal responses. Furthermore, we did not find any direct 

significant associations between fMRI activity and overall baseline dispositional mindfulness, 

self-reported effort scores during meditation or self-reported arousal scores during meditation, 

likely due to the limited sample size. Similarly, we did not explore the associations between 

each facet of FFMQ and fMRI activity due to the small sample. Note that a larger sample for 

an adequately powered 7 Tesla fMRI study would ideally be lower compared to that for an 

equivalent 3 Tesla fMRI study (Torrisi et al., 2018; Viessmann & Polimeni, 2021).  

Secondly, in addition to the small sample size, this study did not include a placebo 

control group for the behavioural measurements. Therefore, caution is required when 

interpretating the longitudinal behavioural effects observed in this pilot study. In the future, 

deeper understanding about the extent of longitudinal benefits conferred by a single meditation 

session using necessary control groups and adequate sample sizes could potentially minimise 

attrition from meditation practice especially among beginners and clinical populations.  
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 Finally, our experimental design included a response block after meditation but not 

after rest condition. This could have led to differences in anticipation or outcome prediction 

between the two primary conditions (i.e., meditation and rest) being compared. However, these 

anticipatory effects may have been minimal, as brain areas pertaining to outcome prediction, 

anticipation and motor planning (Alexander & Brown, 2011; Thickbroom et al., 2000; Wolff 

et al., 2020) either showed no response (e.g., no activation in dorsal thalamus, supplementary 

motor areas) or demonstrated deactivation instead of activation (e.g., mPFC deactivation) 

during meditation relative to rest. 
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5 Conclusion 

This is one of the first studies investigating meditation using ultra-high strength 7 Tesla fMRI. 

We found that during focused attention meditation relative to non-focused rest, a small sample 

of beginner meditators reliably attenuated key Default-mode network areas (i.e., antero-medial 

prefrontal cortex, posterior cingulate cortex, and precuneus) that typically subserve self-

referential processing and mind-wandering. Additionally, we also observed significant 

deactivations in specific thalamic nuclei and visual areas suggesting perceptual decoupling 

during focused attention meditation relative to rest. Notably, these findings were significant 

after controlling for various physiological response fluctuations, head motion, multiple 

comparisons, overall baseline dispositional mindfulness, alertness during meditation and effort 

during meditation. Physiological relaxation, indexed by significant reduction in heart and 

breathing rates along with significant increase in breathing depth, was observed during 

meditation relative to rest. This lends additional support that individuals likely achieved 

meditative states as expected during the 7 Tesla fMRI acquisition. Significant brain findings 

were altered when correction for physiological responses was excluded. We also observed 

significant longitudinal changes in self-reported state mindfulness following a single session 

of fMRI meditation. However, these behavioural findings are potentially confounded by the 

small sample and possible placebo effects. Overall, this pilot study establishes the feasibility 

and utility of investigating focused attention meditation with beginner meditators using ultra-

high strength 7 Tesla fMRI. We recommend the inclusion of physiological control and 

behavioural assessments in future larger neuroimaging investigations of meditation.  
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