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Abstract

Background: Mounting evidence demonstrates that meditation can lower pain and emotional distress in adults, and more

recently, in children. Meditation may be an effective form of emotion regulation in children because it is easily accessible and more

easily done across a variety of settings in which toys may not be available, for e.g., settings requiring a “clean” environment (e.g.,

surgical prep). Further, neuroimaging studies in adults suggest that meditation techniques are neurobiologically distinct from

other forms of emotion regulation, such as distraction, that rely on prefrontal control mechanisms, which are underdeveloped

in youth. Rather, meditation techniques may not rely on “top-down” prefrontal control and may therefore be utilized across

the lifespan. Procedure: We examined neural activation in children with cancer, who experience significant distress. During

neuroimaging, children viewed distress-inducing video clips while using martial arts-based meditation (focused attention, mindful

acceptance) or non-meditation (distraction) emotion regulation techniques. In a third condition (control), participants passively

viewed the video clip. Results: We found that meditation techniques were associated with lower activation in default mode

network (DMN) regions, including the medial frontal cortex, precuneus, and posterior cingulate cortex, compared to the control

condition. Additionally, we found evidence that meditation techniques may be more effective for modulating DMN activity

than distraction. There were no differences in self-reported distress ratings between conditions. Conclusion: Together, these

findings suggest that martial arts-based meditation modulates negative self-referential processing associated with the DMN,

and may have implications for the management of pediatric pain and negative emotion.

1. Introduction

The ability to regulate emotion develops across the first two decades of life, corresponding with maturational
changes in brain networks supporting emotion processing and self-regulation.1Emotion regulation is central
to developmental outcomes.2–4 Deficits in emotion regulation can increase risk of mental disorders in adult-
hood (e.g., depression5). Therefore, strategies that are effective for bolstering emotion regulation during
childhood may have long term benefits, such as ameliorating adverse outcomes during adulthood.6 Emotion
regulation strategies that involve forms of mindfulness and meditation originate from ancient practices.7 Med-
itation refers to an umbrella of mental practices that involve the monitoring and regulation of attention and
emotion.8,9 Mindfulness is a form of meditation that involves focusing attention to and accepting thoughts
and emotions in the present.10 There are also individual differences in the tendency towards mindfulness
(i.e., trait mindfulness) that can change over time through deliberate meditation practice.11 Meditation
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. techniques are now integrated into established treatments for psychological disorders involving emotion dys-
regulation, including depression.12Meditation programs have been shown to be effective for reducing stress,
anxiety, depression, and pain among clinical13 and non-clinical14 adult populations. They show promise for
reducing disease- and treatment-related distress among patients with chronic conditions, such as cancer.15

Active engagement in meditation has also been shown to lower self-reported pain and negative emotion.16,17

Although most research has been conducted in adults, emerging evidence suggests that mindfulness and
meditation are beneficial for children. A meta-analysis of 33 randomized controlled trials reported benefits of
meditation programs on attention, depression, and stress among clinical and non-clinical pediatric samples.18

Mindfulness and meditation-based programs are popular in school settings,19 and increasingly used to help
children cope with stressful experiences, such as chronic conditions (e.g., cancer)20,21 or trauma.22 Meditation
as an emotion regulation strategy is promising for preventing mental disorders, given that nearly half of all
mental disorders begin during childhood and adolescence.23 However, the neural mechanisms supporting
meditation as an emotion regulation strategy in children remain unclear. Insight on these mechanisms could
help validate and improve interventions for at-risk pediatric populations exposed to high stress and trauma.

Meditation strategies are distinct from other forms of emotion regulation, such as distraction. Rather than
controlling attention away from emotional experiences, meditation strategies involve noticing and accepting
emotional reactions as they arise.8Meditation also appears to be neurobiologically distinct from other forms
of emotion regulation that rely on ‘top down’ modulation of emotional responses. More ‘cognitive’ forms
of emotion regulation, such as distraction, commonly engage brain regions in the central executive network
(CEN), with core nodes in the dorsolateral prefrontal cortex and the parietal cortex.24,25 Meditation emotion
regulation strategies do not appear to engage the CEN. Rather, these techniques have been shown to reduce
activation in regions of the default mode network (DMN), including the medial frontal cortex (MFC), pos-
terior cingulate cortex, and precuneus, during deliberate meditation and exposure to aversive stimuli.16,17,26

The DMN is associated with self-referential thought and depressive rumination.27,28 Prior research suggests
that depressed individuals fail to downregulate DMN activity when exposed to negative emotional stimuli.29

Taken together, existing research suggests that meditation can modulate DMN activity, and these effects
do not rely on ‘top-down’ control mechanisms. This is important because children might not be able to
employ complex regulatory strategies due to underdevelopment of the CEN.30,31Further, simple meditation
strategies, such as focused attention to the breath, may be more accessible to children in stressful situations.

To our knowledge, only two functional magnetic resonance imaging (fMRI) studies have examined the neural
correlates of meditation training in children. These studies report lower amygdala response to fearful faces
and lower resting-state functional connectivity between the DMN and CEN in children (mean age = 11.75
years) following an 8-week mindfulness-based school program relative to a control program.32,33 These finding
support the notion that meditation can modulate brain activity (e.g., DMN) in children. These patterns are
consistent with our prior fMRI study showing that more trait mindful youth spent less time in a dynamic
functional connectivity state characterized by higher DMN-CEN connectivity.34However, no studies to our
knowledge have examined neural activity in children actively engaged in meditation emotion regulation.

To address this gap, we examined the within-subjects effects of meditation on brain activity in a sam-
ple of children with cancer, who experience significant disease and treatment-related distress.35 Partici-
pants received minimal meditation training (4 hrs) through a well-established martial arts-based meditation
program21,36 prior to undergoing an adapted version of an established fMRI emotion regulation task in the
scanner. We compared two meditation emotion regulation techniques (i.e., focused attention and mindful
acceptance) with a control condition (i.e., passive viewing) and with a non-meditation emotion technique
(i.e., distraction). Participants were asked to engage in one of the four conditions while they were exposed
to aversive video clips (e.g., a child receiving an injection), and rated their negative emotion after each trial.
This design allowed us to test (1) whether meditation techniques can reduce brain activity in the DMN, and
(2) whether meditation emotion regulation techniques are more effective than a non-meditation technique
—distraction — at reducing DMN activity. We also (3) compared brain activation during the two meditation
techniques, based on evidence that different meditation techniques have different effects on brain activity.37
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. 2. Methods and Materials

2.1 Participants

This preliminary study reports on 12 childhood cancer patients or survivors (ages 5–17, 5 female) recruited
from the Children’s Hospital of Michigan Hematology/Oncology clinic (Detroit, MI) and from local cancer
support groups and organizations (e.g., Kids Kicking Cancer, Gilda’s Club of Metro Detroit). Data were
collected from August 2017 through January 2019 as a part of a larger prospective study examining the
effects of a martial arts-based program, Kids Kicking Cancer (www.kidskickingcancer.org), on pain, emo-
tional distress, and health-related quality of life among children with cancer (Supplemental Methods 1.1).
Eligible participants were ages 5–17 (inclusive), English-speaking, and previously diagnosed with any form
of pediatric cancer that did not include the central nervous system. Youth were excluded if they had MRI
contraindications (e.g., claustrophobia, braces, non-MRI compatible port), major sensory impairments (e.g.,
severe vison loss), comorbid neurological disorders (e.g., epilepsy), gross neuropathologies (e.g., ventricu-
lomegaly), pervasive developmental disorders, or other severe psychopathology (e.g., schizophrenia). The
study was approved by the Wayne State University Institutional Review Board. Written informed consent
and assent were obtained from participating primary caregivers (i.e., parent or legal guardian) and youth,
respectively. Participant demographics and clinical characteristics are provided in Table 1 .

2.2 Questionnaire measures

Prior to the MRI scan, youth were assisted by a trained member of the research staff in completing stan-
dardized self-report measures of anxiety and trait mindfulness.

Anxiety symptoms: Youth reported on their anxiety symptoms using the 41-item Screen for Child Anxiety-
Related Emotional Disorders (SCARED)38 shows good reliability, as measured via internal consistency and
test-retest reliability. The SCARED demonstrates good discriminate validity between anxiety and non-
anxiety disorders.39,40 Total possible SCARED scores range from 0–82, with scores of [?] 25 recommended
for differentiating anxious from nonanxious youth. In the present sample, 25% of participants exceeded this
threshold for detecting anxiety.

Trait mindfulness: Youth completed the Child and Adolescent Mindfulness Measure (CAMM), a 10-item
measure of trait mindfulness.41 Possible scores range from 0–40, with higher scores indicating higher mind-
fulness. The CAMM shows adequate internal consistency (Cronbach’s alpha = 0.81–0.88), reliability, and
validity in youth samples.41,42

2.3 Emotion regulation task

Participants completed an adapted emotion regulation task43,44 during fMRI scanning. During the task
(Figure 1 ), participants viewed distress-inducing stimuli and rated their current emotional distress after
each trial. Participants rated their distress on a 1-6 visual analog scale (VAS; 1=“No distress at all”,
6=“Worst possible distress”) using an adapted version of the FACES scale.45,46 Task stimuli consisted of
ten validated 30 s video clip vignettes depicting various realistic, salient stressors (e.g., child receiving an
injection) that have been shown to induce transient distress in children.47 Negative stimuli were used to test
for differences in brain response to distress-inducing stimuli. Participants were explicitly instructed to pay
attention to the movie as if it were real, pretend they were the child in the movie, and react as if they were
in that situation. Prior to each video clip, participants were given instructions for one of four conditions: (1)
focused attention to breath, BREATH, (2) mindful acceptance, ACCEPT, (3) distraction, DISTRACT, or
(4) passive viewing, LOOK (Supplemental Methods 1.2). Participants were cued using the text and visual
cue during the task in the fMRI scanner. Each trial lasted 30 s, and included a 2 s instruction slide, a 30 s
video clip, and a 5 s emotion rating period (Figure 1 ). The inter-trial interval (2 s) was a “RELAX” screen.
There were 5 trials of each of the 4 conditions, for a total of 20 trials (total time=13 min, 21 sec). Video
clips were counterbalanced across conditions. Presentation software (Neurobehavioral Systems, Inc.) was
used for stimulus presentation and behavioral data acquisition. The task was displayed on a back-projection
screen affixed to the head coil and behavioral responses were registered using a 2x2 MR-compatible response
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. device.

2.4 Emotional distress ratings

Distress ratings were averaged for each condition (BREATH, ACCEPT, DISTRACT, LOOK) and submitted
to IBM SPSS software v.26 for within-subject analysis. Overall effects of condition were examined using
a one-way nonparametric Friedman test for repeated-measures (p < 0.05). Post hoc repeated-measures
Wilcoxon Signed-Ranks tests were used to further examine differences in distress ratings between conditions.
Behavioral data were missing for one subject due to errors in data collection.

2.5 fMRI data acquisition and analysis

Details regarding blood-oxygen-level-dependent (BOLD) imaging fMRI data acquisition, preprocessing, qual-
ity assurance, and first-level analyses are provided in the Supplemental Methods.

2.5.1 Second-level analysis: Group-level random effects analysis was performed in SPM8 to examine within-
subjects differential activation patterns based on instruction, using one-sample t -tests. First, to identify
regions modulated by meditation emotion regulation techniques vs. a control condition, we examined the
contrasts BREATH vs. LOOK and ACCEPT vs. LOOK. To identify regions modulated by the non-
meditation emotion regulation condition, we examined DISTRACT vs. LOOK. Then, we compared the
two meditation conditions (BREATH vs. ACCEPT) and compared the meditation vs. non-meditation
instructions (i.e., BREATH vs. DISTRACT, ACCEPT vs. DISTRACT).

2.6.2 DMN regions of interest (ROI) analyses: To identify the effects of different emotion regulation tech-
niques on brain activity, we focused on a priori ROIs in the DMN: MFC, posterior cingulate cortex, dorsal
frontal cortex, and supplementary motor area. Small-volume familywise error (FWE) correction was used
to identify significant ROI results (pFWE [?] 0.05 and 5-voxel minimum).

2.6.3 Whole brain analyses: A complementary whole-brain analysis was performed using a whole-brain FWE
corrected threshold (pFWE< 0.05). See supporting Information for details.

3. Results

3.1 Distress ratings

There was no main effect of condition (BREATH, ACCEPT, DISTRACT, LOOK) on distress ratings follow-
ing negative video clips, Friedman’s two-way analysis of variance by ranks, df = 3, test stat = 2.35, p = 0.5
(Supplemental Material Table S1). Post hoc repeated measures Wilcoxon Signed-Ranks tests also revealed
no significant differences between conditions, p’ s > 0.1.

3.2 fMRI results

3.2.1 Effects of meditation emotion regulation strategies (vs. passive viewing)

A whole-brain BREATH vs. LOOK contrast revealed lower activity in several regions of the DMN, including
the precuneus, parahippocampal gyrus, and posterior cingulate cortex, and also the cuneus and lingual gyrus
(Table 2 , Figure 2b ). There were no clusters showing the opposite pattern (i.e., higher activity for
BREATH relative to LOOK; Table 2 ) and no significant clusters for the BREATH vs. LOOK contrast in
any DMN ROI (pFWE>0.05). There were also no significant clusters for the ACCEPT vs. LOOK contrast
at the whole-brain threshold (Table 2 ) or in any DMN ROI (pFWE> 0.05).

3.2.2 Effects of a non-meditation emotion regulation strategy (vs. passive viewing)

There were no significant clusters for the DISTRACT vs. LOOK contrast at the whole-brain threshold
(Table 2 ) or in any DMN ROI (pFWE > 0.05).

3.2.3 Comparison between meditation emotion regulation strategies

ROI analyses showed differential DMN activity for the BREATH vs. ACCEPT contrast in the MFC, such
that MFC activation was lower during the BREATH relative to the ACCEPT condition [xyz = 0, 58, 18, 9
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. voxels,Z = 3.73, pFWE = 0.02] 2a .No other ROIs were significant for the BREATH vs. ACCEPT contrast
and there were no significant results for this contrast at the whole-brain corrected threshold (Table 3 ).
3.2.4 Comparison between meditation and non-meditation emotion regulation strategies

A whole-brain BREATH vs. DISTRACT contrast revealed lower activation in the precuneus and middle
temporal gyrus at the whole-brain corrected threshold (Figure 2a, Table 3 ). No ROIs showed significant
activation for the BREATH vs. DISTRACT contrast. For the ACCEPT vs. DISTRACT contrast, there
was lower DMN activation in the MFC ROI [xyz = 2, 48, 22, 6 voxels, Z = 3.5, pFWE = 0.05],Figure
2b. No other ROIs were significant for the ACCEPT vs. DISTRACT contrast and there were no significant
clusters for this contrast at the whole-brain threshold (Table 3 ).

3.3 Exploratory analyses

3.3.1 Associations between brain activation and distress ratings

Distress ratings were not significantly associated with activation in any brain region that showed significant
results in whole-brain or ROI analyses (p’ s > 0.05).

3.3.2 Associations between distress ratings and demographic or clinical measures

Distress ratings were not associated with age, anxiety symptoms, or trait mindfulness (p ’s > 0.05). However,
Spearman correlation indicated that older age at diagnosis was associated with lower self-reported distress
following the DISTRACT condition,r (10) = -0.75, p = 0.013.

3.3.3 Associations between brain activation and demographic or clinical measures

Distress ratings were not associated with age at diagnosis, anxiety symptoms, or trait mindfulness (p ’s >
0.05). However, older children demonstrated lower brain activation in the posterior cingulate cortex [xyz =
-22, -68, 8] during the BREATH vs. LOOK contrast as compared to younger children, r (12) = -0.58,p =
0.049. Older children also displayed lower activation in the middle temporal gyrus during the BREATH vs.
DISTRACT contrast than younger children, r (12) = -0.62, p = 0.032.

4. Discussion

This is the first study, to our knowledge, to investigate the neural correlates of active meditation as an emotion
regulation technique in a pediatric sample. We examined neural activation in children with cancer while they
viewed distress-inducing video clips and engaged in meditation (focused attention, mindful acceptance) or
non-meditation (distraction) emotion regulation techniques. In the control condition, participants passively
viewed the video clip. The following findings emerged: (1) compared to the control condition, mediation
emotion regulation techniques were associated with lower activity in several regions of the DMN. (2) The
non-meditation condition — distraction — was not associated with a similar reduction in neural activation
as compared to the control condition, suggesting that meditation emotion regulation techniques may be more
effective for downregulating DMN activity. (3) meditation emotion regulation strategies were associated with
lower DMN activity than distraction. Distraction is often used to manage children’s pain in clinical settings,
(e.g., needle-related procedures).48 Although there were no differences in distress ratings between conditions,
evidence that meditation emotion regulation is more effective at quelling DMN activity may suggest longer-
term benefits – a hypothesis that requires future study with larger sample sizes. These findings may have
implications for understanding the neural mechanisms underlying meditation-based emotion regulation in
children.

Both forms of meditation emotion regulation strategies examined in this study were associated with lower
activity in DMN regions, including the parahippocampal gyrus, precuneus, and posterior cingulate cortex.
Lower activity in the DMN during active meditation is consistent with prior fMRI studies in adults. For
example, a meta-analysis of 78 fMRI studies in adults revealed consistent de-activations in DMN regions (e.g.,
posterior cingulate cortex) during focused attention meditation.37 Another fMRI study in meditation-näıve
adults reported that mindful acceptance emotion regulation reduced pain-related activation in the DMN
(e.g., posterior cingulate, precuneus).16 This suggests that children with minimal training may benefit from
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. meditation. We did not detect activation in the CEN during meditation, consistent with studies showing that
meditation does not engage CEN control systems 49. We also did not observe CEN activation for distraction,
which may reflect underdevelopment of cognitive forms of emotion regulation and the CEN30,31.

Our whole-brain and ROI analyses revealed lower DMN activation for meditation emotion regulation techni-
ques, but not for distraction. Prior studies on cognitive forms of emotion regulation (e.g., distraction) do not
consistently report activation changes in the DMN49,50 and there is evidence that DMN engagement changes
across development 30. Distraction is considered an attentional deployment strategy that re-directs attenti-
onaway from emotion-eliciting stimuli 51 and engages the CEN in adults.49 Here, both meditation techniques
(focused attention, mindful acceptance) were associated with lower DMN activity than distraction. Specifi-
cally, focused attention was associated with lower activation in the precuneus, a DMN region associated with
maintaining self-consciousness during self-referential processes.52 Lower activity in the precuneus during fo-
cused attention is consistent with meta-analytic findings in adults.37 Therefore, focused attention meditation
may suppress self-referential thoughts evoked by negative stimuli and protect against depressive rumination
in children. Relative to distraction, mindful acceptance was associated with lower activity in the MFC, con-
sistent with a prior emotion regulation study in adults.16 Other studies have reported reduced activation in
the MFC during sustained meditation,53negative autobiographical memory recall, and acceptance of present
emotional state.54 Taken together, lower MFC activation observed during mindful acceptance may reflect
reduced elaboration and appraisal of emotional experiences. Although distraction and meditation techniques
are effective for reducing children’s pain and distress, the present findings suggest that meditation techniques
may be more effective for modulating DMN activity in children. Given that higher DMN activity is impli-
cated in depressive rumination,28,54 these findings imply a potential long-term protective role of meditation
for helping children cope with stressful experiences.

Although we observed differences in the brain between conditions, there were no differences in distress ratings.
We may have been underpowered to detect changes in distress ratings. Prior studies support beneficial
effects of meditation on self-reported pain and emotional distress in children over time (e.g., over 4- or
8-week programs)32 or following a single session.21 We also observed minimal differences in brain activity
between conditions, which should be examined in future studies with larger sample sizes. However, we
found preliminary evidence that focused attention may be more effective for downregulating DMN activity
than mindful acceptance, which may reflect the fact that paying attention to the breath may be a simpler
concept for children. This finding is interesting given results of a prior study in healthy adults showing that
experienced meditators were better than beginners at downregulating MFC activity in response to emotional
images.17 Therefore, more experience with meditation may improve attenuation of DMN activation.

4.1 Limitations

Our sample consisted of a relatively small sample size of children with cancer and results may reflect the
unique neurobiology of this population. We used a within-subjects design and multi-echo fMRI imaging tech-
niques to increase study power. Sampling limitations are attributed to the low base rate of childhood cancer,
which precluded our ability to examine sex differences in neural or behavioral measures. However, the sample
size in the present study (n = 12) is consistent with previously published neuroimaging studies in pediatric
cancer survivors (e.g., n = 8, 15).55,56 We focused on children with cancer because this pediatric populati-
on is exposed to disease- and treatment-related stress, is at increased risk of emotion dysregulation,35 and
because martial arts-based meditation programs have shown to be effective for reducing pain and emotional
distress in this population.21,36 In addition, the relatively wide age span (5-17 years) is a limitation due to
differences in functional connectivity in young children compared to older teenagers. Another limitation is
that we examined two forms of meditation (i.e., focused attention, mindful acceptance) and one cognitive
emotion regulation strategy (distraction), which may not be representative of all available emotion regulation
techniques. In addition, we did not have a non-distressing (e.g., positively-valenced) condition to compare
our activation patterns to, so it is unclear if the resulting neural activation patterns are specific to regulation
of negative stimuli. Additionally, all participants had at least four hours of meditation instruction. Findings
may differ based on meditation experience,17 as these techniques become more automatized. Therefore, future

6



P
os

te
d

on
A

u
th

or
ea

28
J
an

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

34
01

69
.9

17
48

60
4/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. studies should examine different forms of meditation and the impact of meditation experience.

4.2 Conclusions

Mounting evidence indicates that meditation is an effective approach for regulating pediatric pain and emo-
tional distress. Mindfulness- and meditation-based interventions may be particularly well-suited for children
because they do not engage CEN control systems, which are underdeveloped in youth, are easily accessible
to children, and can be adapted to developmental age. Indeed, the present findings suggest that simple forms
of meditation, such as focused attention to breath and mindful acceptance, can reduce activity in the DMN
in children with limited meditation experience. Given alterations in the DMN are linked to various forms of
psychopathology,57 these results suggest that meditation emotion regulation techniques may be effective for
modulating DMN activity in youth. These results also have implications for the management of pain and
distress in pediatric healthcare settings (e.g., needle-related procedures), and for mitigating negative effects
of stress and trauma in pediatric population that face disproportionally high stress (e.g., chronic health
conditions).
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Tables

TABLE 1 Participant demographics and clinical characteristics

Variable n (%) M (SD) Range

Age (yrs) 10.33 (3.26) 5–17
Age at diagnosis (years) 5.48 (4.49) 1–17
Biological sex (females) 5 (42%)
Length of treatment (years) 3.06 (0.73) 2–4
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. Variable n (%) M (SD) Range

Cancer diagnosis Cancer diagnosis Cancer diagnosis Cancer diagnosis
Acute lymphoblastic leukemia (ALL) 8 (67%)
Acute promyelocytic leukemia (APML) 1 (8%)
Neuroblastoma 1 (8%)
Wilms Tumor 1 (8%)
Juvenile myelomonocytic leukemia 1 (8%)
Race/ethnicity
Caucasian, Non-Hispanic 7 (58.3%)
African American, Non-Hispanic 3 (25.%)
Other 1 (8.3%)
Not reported 1 (8.3%)
Annual household income
$0-10 000 1 (8.3%)
$10 000-20 000 1 (8.3%)
$20 000-30 000 2 (16.7%)
$30 000-40 000 1 (8.3%)
$40 000-50 000 1 (8.3%)
$50 000-60 000 0 (0%)
$60 000-80 000 3 (25%)
$80 000-100 000 1 (8.3%)
$100 000-120 000 0 (0%)
$120 000-140 000 1 (8.3%)
Not reported 1 (8.3%)
Trait mindfulness (CAMM) 30 (10.4) 3–40
Anxiety symptoms (SCARED) 25.6 (17.7) 6–60

SCARED — Screen for Child Anxiety-Related Emotional Disorders; CAMM — Child and Adolescent Mind-
fulness Measure.

TABLE 2 Whole brain results for regions showing differential activation while participants are engaged in
meditation and non-meditation emotion regulation techniques vs. the control condition.

Regions of activation BA Laterality x y z Voxel extent (ke) Z-score

Meditation techniques (ACCEPT, BREATH) vs. the control condition (LOOK) Meditation techniques (ACCEPT, BREATH) vs. the control condition (LOOK) Meditation techniques (ACCEPT, BREATH) vs. the control condition (LOOK) Meditation techniques (ACCEPT, BREATH) vs. the control condition (LOOK) Meditation techniques (ACCEPT, BREATH) vs. the control condition (LOOK) Meditation techniques (ACCEPT, BREATH) vs. the control condition (LOOK) Meditation techniques (ACCEPT, BREATH) vs. the control condition (LOOK) Meditation techniques (ACCEPT, BREATH) vs. the control condition (LOOK)
LOOK>BREATH LOOK>BREATH LOOK>BREATH LOOK>BREATH LOOK>BREATH LOOK>BREATH LOOK>BREATH LOOK>BREATH
Cuneus 17 0 -80 8 32 3.64
Posterior cingulate cortex 30 R 20 -66 8 17 3.59
Posterior cingulate cortex 30 R 8 -64 10 16 3.45
Posterior cingulate cortex 30 L -22 -68 8 13 3.44
Parahippocampal gyrus 30 R 28 -56 6 12 3.58
Posterior cingulate cortex 30 R 18 -58 16 11 3.81
Lingual gyrus 18 R 8 -70 2 10 3.64
Precuneus 31 R 6 -66 20 6 3.37
LOOK<BREATH LOOK<BREATH LOOK<BREATH LOOK<BREATH LOOK<BREATH LOOK<BREATH LOOK<BREATH LOOK<BREATH
No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters
LOOK>ACCEPT LOOK>ACCEPT LOOK>ACCEPT LOOK>ACCEPT LOOK>ACCEPT LOOK>ACCEPT LOOK>ACCEPT LOOK>ACCEPT
No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters
LOOK<ACCEPT LOOK<ACCEPT LOOK<ACCEPT LOOK<ACCEPT LOOK<ACCEPT LOOK<ACCEPT LOOK<ACCEPT LOOK<ACCEPT
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. Regions of activation BA Laterality x y z Voxel extent (ke) Z-score

No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters
Non-meditation technique (DISTRACT) vs. the control condition (LOOK) Non-meditation technique (DISTRACT) vs. the control condition (LOOK) Non-meditation technique (DISTRACT) vs. the control condition (LOOK) Non-meditation technique (DISTRACT) vs. the control condition (LOOK) Non-meditation technique (DISTRACT) vs. the control condition (LOOK) Non-meditation technique (DISTRACT) vs. the control condition (LOOK) Non-meditation technique (DISTRACT) vs. the control condition (LOOK) Non-meditation technique (DISTRACT) vs. the control condition (LOOK)
LOOK>DISTRACT LOOK>DISTRACT LOOK>DISTRACT LOOK>DISTRACT LOOK>DISTRACT LOOK>DISTRACT LOOK>DISTRACT LOOK>DISTRACT
No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters
LOOK<DISTRACT LOOK<DISTRACT LOOK<DISTRACT LOOK<DISTRACT LOOK<DISTRACT LOOK<DISTRACT LOOK<DISTRACT LOOK<DISTRACT
No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters No significant clusters

BA — Brodmann Area; N/A — Not applicable; BOLD — Blood-oxygen level-dependent; BREATH — focus
attention to the breath; ACCEPT — pay attention to emotions in a non-judgmental way; DISTRACT —
count backwards from ten; LOOK — passively view the movie. X, y, and z are MNI peak coordinates. Voxel
extent refers to the spatial extent of each cluster. R/L refers to lateralization of activation. Results are
corrected at the whole-brain level (voxelwise p < 0.001; cluster extent = 6 voxels).

TABLE 3 Whole brain results for regions showing differential activation during different types of emotion
regulation techniques (i.e., BREATH vs. ACCEPT vs. DISTRACT).

Regions of activation BA Laterality x y z Voxel extent (ke) Z-score

Comparison between meditation techniques (BREATH vs. ACCEPT) Comparison between meditation techniques (BREATH vs. ACCEPT) Comparison between meditation techniques (BREATH vs. ACCEPT) Comparison between meditation techniques (BREATH vs. ACCEPT) Comparison between meditation techniques (BREATH vs. ACCEPT) Comparison between meditation techniques (BREATH vs. ACCEPT) Comparison between meditation techniques (BREATH vs. ACCEPT) Comparison between meditation techniques (BREATH vs. ACCEPT)
BREATH>ACCEPT: No significant clusters BREATH>ACCEPT: No significant clusters BREATH>ACCEPT: No significant clusters BREATH>ACCEPT: No significant clusters BREATH>ACCEPT: No significant clusters BREATH>ACCEPT: No significant clusters BREATH>ACCEPT: No significant clusters BREATH>ACCEPT: No significant clusters
BREATH<ACCEPT: No significant clusters BREATH<ACCEPT: No significant clusters BREATH<ACCEPT: No significant clusters BREATH<ACCEPT: No significant clusters BREATH<ACCEPT: No significant clusters BREATH<ACCEPT: No significant clusters BREATH<ACCEPT: No significant clusters BREATH<ACCEPT: No significant clusters
Comparison between meditation and non-meditation techniques (BREATH vs. DISTRACT, ACCEPT vs. DISTRACT) Comparison between meditation and non-meditation techniques (BREATH vs. DISTRACT, ACCEPT vs. DISTRACT) Comparison between meditation and non-meditation techniques (BREATH vs. DISTRACT, ACCEPT vs. DISTRACT) Comparison between meditation and non-meditation techniques (BREATH vs. DISTRACT, ACCEPT vs. DISTRACT) Comparison between meditation and non-meditation techniques (BREATH vs. DISTRACT, ACCEPT vs. DISTRACT) Comparison between meditation and non-meditation techniques (BREATH vs. DISTRACT, ACCEPT vs. DISTRACT) Comparison between meditation and non-meditation techniques (BREATH vs. DISTRACT, ACCEPT vs. DISTRACT) Comparison between meditation and non-meditation techniques (BREATH vs. DISTRACT, ACCEPT vs. DISTRACT)
BREATH>DISTRACT: No significant clusters BREATH>DISTRACT: No significant clusters BREATH>DISTRACT: No significant clusters BREATH>DISTRACT: No significant clusters BREATH>DISTRACT: No significant clusters BREATH>DISTRACT: No significant clusters BREATH>DISTRACT: No significant clusters BREATH>DISTRACT: No significant clusters
BREATH<DISTRACT BREATH<DISTRACT BREATH<DISTRACT BREATH<DISTRACT BREATH<DISTRACT BREATH<DISTRACT BREATH<DISTRACT BREATH<DISTRACT
Middle temporal gyrus 39 R 46 -66 24 53 3.32
Precuneus 31 R 12 -50 38 9 3.52
ACCEPT>DISTRACT: No significant clusters ACCEPT>DISTRACT: No significant clusters ACCEPT>DISTRACT: No significant clusters ACCEPT>DISTRACT: No significant clusters ACCEPT>DISTRACT: No significant clusters ACCEPT>DISTRACT: No significant clusters ACCEPT>DISTRACT: No significant clusters ACCEPT>DISTRACT: No significant clusters
ACCEPT<DISTRACT: No significant clusters ACCEPT<DISTRACT: No significant clusters ACCEPT<DISTRACT: No significant clusters ACCEPT<DISTRACT: No significant clusters ACCEPT<DISTRACT: No significant clusters ACCEPT<DISTRACT: No significant clusters ACCEPT<DISTRACT: No significant clusters ACCEPT<DISTRACT: No significant clusters

BA — Brodmann Area; N/A — Not applicable; BOLD — Blood-oxygen level-dependent; BREATH — focus
attention to the breath; ACCEPT — pay attention to emotions in a non-judgmental way; DISTRACT —
count backwards from ten; LOOK — passively view the movie. X, y, and z are MNI peak coordinates. Voxel
extent refers to the spatial extent of each cluster. R/L refers to lateralization of activation. Results are
corrected at the whole-brain level (voxelwise p < 0.001; cluster extent = 6 voxels).
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FIGURE 1 Emotion regulation task. Participants received one of four instructions prior to watching the
video clip. After each clip, participants rated their level of distress (1 = no distress at all, 6 = the worst
possible distress) on a visual analog scale (VAS), which is an adapted version of the Wong and Baker’s FACES
scale. Instructions consisted of (1) LOOK, a control condition during which participants were instructed to
passively view the video clip, (2) DISTRACT, a non-meditation condition during which participants were
instructed to count backwards from ten, and two meditation emotion regulation techniques: (3) BREATH,
during which participants were instructed to focus their attention on their breathing, and (4) ACCEPT,
during which participants were instructed to pay attention to the emotions they were experiencing in a
nonjudgement way.
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FIGURE 2 Region of interest results: Effects of meditation emotion regulation techniques on activation in the
default mode network (DMN). (a) Differential DMN activation associated with ACCEPT vs. BREATH med-
itation instructions. Yellow colors indicate greater BOLD response in the DMN for ACCEPT vs. BREATH.
(b) Differential DMN activation during meditation instructions (ACCEPT) vs. a non- meditation instruc-
tion (DISTRACT). Blue colors indicate lower DMN activation during meditation instructions (ACCEPT)
relative to non- meditation instructions (DISTRACT). Results significant at small-volume corrected thresh-
old (pFWE [?] 0.05, > 5 voxels) and shown at p< 0.005 for display purposes. BOLD — Blood-oxygen
level-dependent; MFC — medial frontal cortex. X, y, and z are MNI peak coordinates.
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FIGURE 3 Whole brain results: Effects of meditation emotion regulation techniques on activation in the
default mode network (DMN). (a) Differential DMN activation associated with meditation (BREATH) vs.
non-meditation (DISTRACT) instructions. Green colors indicate lower BOLD response in the DMN for
BREATH vs. DISTRACT. (b) Differential DMN activation during meditation instructions (BREATH)
vs. a control condition (LOOK). Red colors indicate lower DMN activation during meditation instructions
(BREATH) relative to a control condition (LOOK). Results significant at a whole brain threshold (p <
0.001, > 6 voxels) and shown at p < 0.005 for display purposes. BOLD — Blood-oxygen level-dependent;
MTG — middle temporal gyrus; PCUN — precuneus; PHG — parahippocampal gyrus; CUN — cuneus;
PCG — posterior cingulate cortex. X, y, and z are MNI peak coordinates.
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FIGURE 1 Emotion regulation task. Participants received one of four instructions prior to 

watching the video clip. After each clip, participants rated their level of distress (1 = no distress 

at all, 6 = the worst possible distress) on a visual analog scale (VAS), which is an adapted 

version of the Wong and Baker’s FACES scale. Instructions consisted of (1) LOOK, a control 

condition during which participants were instructed to passively view the video clip, (2) 

DISTRACT, a non-meditation condition during which participants were instructed to count 

backwards from ten, and two meditation emotion regulation techniques: (3) BREATH, during 

which participants were instructed to focus their attention on their breathing, and (4) ACCEPT, 

during which participants were instructed to pay attention to the emotions they were 

experiencing in a nonjudgement way. 
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FIGURE 2 Region of interest results: Effects of meditation emotion regulation techniques 

on activation in the default mode network (DMN). (a) Differential DMN activation associated 

with ACCEPT vs. BREATH meditation instructions. Yellow colors indicate greater BOLD 

response in the DMN for ACCEPT vs. BREATH. (b) Differential DMN activation during 

meditation instructions (ACCEPT) vs. a non- meditation instruction (DISTRACT).  Blue colors 

indicate lower DMN activation during meditation instructions (ACCEPT) relative to non- 

meditation instructions (DISTRACT). Results significant at small-volume corrected threshold 

(pFWE ≤ 0.05, > 5 voxels) and shown at p < 0.005 for display purposes. BOLD —  Blood-

oxygen level-dependent; MFC — medial frontal cortex. X, y, and z are MNI peak coordinates. 
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FIGURE 3 Whole brain results: Effects of meditation emotion regulation techniques on 

activation in the default mode network (DMN). (a) Differential DMN activation associated 

with meditation (BREATH) vs. non-meditation (DISTRACT) instructions. Green colors indicate 

lower BOLD response in the DMN for BREATH vs. DISTRACT. (b) Differential DMN 

activation during meditation instructions (BREATH) vs. a control condition (LOOK).  Red 

colors indicate lower DMN activation during meditation instructions (BREATH) relative to a 

control condition (LOOK).  Results significant at a whole brain threshold (p < 0.001, > 6 voxels) 

and shown at p < 0.005 for display purposes. BOLD —  Blood-oxygen level-dependent; MTG 

— middle temporal gyrus; PCUN — precuneus; PHG —  parahippocampal gyrus; CUN —  

cuneus; PCG —  posterior cingulate cortex. X, y, and z are MNI peak coordinates. 
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