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Abstract
Objectives Previous research indicates that mindfulness meditation reduces anxiety and depression and enhances well-being.We
examined the impact of app-delivered mindfulness meditation on resting state functional MRI (fMRI) connectivity among
physician assistant (PA) students and surgery residents.
Methods PA students and residents were randomized to receive a popular meditation app or to wait-list control group. Before and
after the 8-week meditation period, we acquired fMRI scans of participants’ resting state, and participants completed a self-report
measure of mindfulness. We used a 2 × 2, within- and between-group factorial design and leveraged a whole-brain connectome
approach to examine changes in within- and between-network connectivity across the entire brain, and to examine whether
changes in connectivity were associated with app use or to changes in self-reported mindfulness.
Results Meditation practitioners exhibited significantly stronger connectivity between the frontoparietal network and the left and
right nucleus accumbens and between the default mode (DMN) and salience networks, among other regions. Mindfulness
practice time was correlated with increased connectivity between the lateral parietal cortex and the supramarginal gyrus, which
were also positively correlated with increased scores on the “Describing” subscale of the Five Facet Mindfulness Questionnaire
between baseline and post-meditation. These findings are consistent with previous research indicating that mindfulness-based
interventions alter functional connectivity within the DMN and between the DMN and other networks both during meditation
and at rest, as well as increased connectivity in systems important for emotion and reward.
Conclusions Recent commentaries call for healthcare provider and trainee wellness programs that are sustainable and preventive
in nature rather than reactive; these data indicate that even brief sessions of app-deliveredmindfulness practice are associatedwith
functional connectivity changes in a dose-dependent manner.
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Healthcare profession trainees are at a high risk for depression,
burnout, and suicidality (Cocke et al. 2019; Mata et al. 2015;
Rotenstein et al. 2016). While causes are multi-factorial, pro-
viding resources to help increase resilience of trainees is im-
perative, and several studies indicate that the cultivation of
mindfulness may buffer trainees from the harmful effects of
intensive medical training (Chaukos et al. 2017; McConville
et al. 2017). While early research on mindfulness meditation
was beset with methodological flaws (Ospina et al. 2008),
more recent rigor and systematic reviews indicate that mind-
fulness enhances well-being (Demarzo et al. 2015), reduces
anxiety and depression (Goyal et al. 2014), and optimizes
immune physiology (Black and Slavich 2016) and daily func-
tioning (Neuendorf et al. 2015). Medical training programs
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have taken note and several medical schools currently offer
mindfulness courses, with curricula ranging from lectures to
multi-week programs (Dobkin and Hutchinson 2013).
Accumulating research indicates that mindfulness meditation
reduces anxiety and depression and enhances well-being
among health profession trainees, and a recent meta-analysis
highlighted the potential efficacy of mind-body wellness pro-
grams such as mindfulness meditation for improving medical
trainees’ well-being (Lomas et al. 2018; McConville et al.
2017).

While mindfulness interventions are promising for aug-
menting resilience, to date the majority of studies examining
mindfulness among health professionals have examined time-
intensive interventions that are prohibitive for the majority of
trainees (however, see Lebares et al. 2018). Most of these
studies have used Mindfulness-Based Stress Reduction
(MBSR) interventions, which traditionally involve an exten-
sive time commitment. Mindfulness training has become
more feasible with the development and popularity of mobile
application (app)-delivered meditation content. While several
recent studies suggest that app-delivered mindfulness medita-
tion reduces self-reported stress, irritability (Economides et al.
2018), depression (Howells et al. 2016), burnout, and com-
passion fatigue (Wylde et al. 2017), and attenuates the cortisol
response to a psychosocial stress test (Lindsay et al. 2018),
few studies have examined the potential for using app-
delivered mindfulness for health profession trainees.
Moreover, the existing research on mindfulness for trainees
has almost exclusively relied on self-report assessments to
evaluate outcomes (Economides et al. 2018). Few studies
have examined the impact of mindfulness on trainee brain
function (however, see Lebares et al. 2019), and to our knowl-
edge, no studies have examined the impact of mindfulness on
functional connectivity in health profession trainees.

Emerging evidence indicates that health-relevant effects of
mindfulness are mediated by alterations to the default mode
network (DMN), to the salience network (SN), and to the
systems involved in executive control often referred to as the
central executive network (CEN) (Creswell et al. 2016;
Mooneyham et al. 2016). Four related lines of research pro-
vide support for the role of the DMN and SN in particular as
key neural mechanisms for the cultivation of mindfulness.
First, studies indicate that mindfulness meditation in the
fMRI scanner recruits these networks (Brewer et al. 2011;
Farb et al. 2012; Hasenkamp et al. 2012; Kilpatrick et al.
2011). Second, mindfulness meditation training has been
shown to alter intrinsic functional connectivity within and
between these networks during rest in both healthy (Brewer
et al. 2011; Jang et al. 2011; Taylor et al. 2012) and clinical
populations (Wells et al. 2013). Third, self-reported trait
mindfulness scores are related to intrinsic functional connec-
tivity within and between these networks at rest (Bilevicius
et al. 2018; Doll et al. 2015). Fourth, studies have

demonstrated that mindfulness training impacts functional ac-
tivity in or connectivity within and between these networks
during tasks such as reappraisal or induction tasks (see Gotink
et al. 2016).

While the majority of studies to date have focused on
changes in connectivity within and between the DMN, SN,
and CEN networks, some research indicates that mindfulness
training and practice induce connectivity changes in other
networks. For example, at least three studies have found that
mindfulness training (Doll et al. 2016; Hölzel et al. 2013) or
dispositional mindfulness (Modinos et al. 2010) were related
to increased functional connectivity between the PFC and the
amygdala. These findings are generally interpreted as an in-
crease in emotion regulation via prefrontal control of the
amygdala, an interpretation that is consistent with studies find-
ing reduced amygdala reactivity with mindfulness training
(Farb et al. 2007).

For this study, we use a longitudinal and randomized wait-
list controlled design to examine the impact of app-delivered
mindfulness meditation on resting state functional connectiv-
ity among physician assistant students and surgery residents.
In contrast to other studies that focused on the DMN, SN, and
CEN using seed-based connectivity approaches, we used a
2 × 2, within- and between-group factorial design and a
whole-brain connectome approach to query within- and
between-network connectivity across the entire brain. Based
on prior studies, we hypothesized that app-delivered mindful-
ness is effective for health professions trainees; that this effi-
cacy is mediated by changes in DMN, SN, and CEN network
connectivity; and that these changes in connectivity would be
positively associated with practice time and with changes in
self-reported trait mindfulness.

Methods

Participants

Surgery residents (n = 9) and physician assistant (PA) students
(n = 16) were recruited via in-person presentations held after
class or grand rounds. Upon providing informed consent in
accordance with the University’s Institutional Review Board,
participants were randomly assigned using a random number
generator to either a mindfulness meditation program using
the 10% Happier application (practitioners group), and were
asked to practice app-guided mindfulness meditation for ap-
proximately 12 min/day for 8 weeks, or to a wait-list (control
group). Prior to randomization and again after completion of
the 8-week program, participants completed self-report as-
sessment and fMRI described in detail below. Three partici-
pants were removed from analysis for excessive movement
during fMRI, resulting in a cohort of 13 practitioners (10
[77%] women) and 9 controls (7 [78%] women) (Table 1).
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Participants were compensated $100 for completing both as-
sessments. This study was pre-registered (NCT03452670)
with self-reported incivility as the primary outcome measure,
which will be examined at the level of the entire trainee group
and will be reported in a subsequent manuscript.

Procedure

Participants randomized to the practitioner group were provid-
ed a 1-year subscription to the app 10%Happier (https://www.
tenpercent.com). We chose 10% Happier among a variety of
meditation apps that are currently on the market given its
orientation toward practical applications of mindfulness and
its marketing toward “fidgety skeptics” (Harris et al. 2018),
which we thought would appeal to busy trainees. For example,
the app notes, “Just in case you’re worried, meditation does
not require a lot of the things people think it might. For ex-
ample, you don’t have to sit in a particular position. (Unless
you want to, of course.) You also don’t have to light incense,
chant, or believe in anything in particular. There’s nothing to
join, no special outfits to wear.” (tenpercent.com 2020) The
app company provided subscriptions for the study partici-
pants, suggestions on recommended content, and anonymized
app usage data. App usage was acquired from 10% Happier
and is reported as the elapsed time (in minutes) that the app
meditation modules were used by each person.

Participants were given the following instructions: “We
would like for you to try to practice every day for 8 weeks,
even if it is only for one minute. Based on mindfulness re-
search and on the suggestions of the app developers, wewould
like you to try the following programs: ‘The Basics’ and

‘Emotional Agility.’ If you are pressed for time and cannot
do a module from the programs, please do the ‘One minute
counts’.” The Basics program included 16 modules with di-
dactic instructions and mindfulness practice time varying be-
tween 4:20 to 13:22 (average meditation length: 9:44). This
program is an introduction to mindfulness meditation taught
by a prominent meditation instructor (Joseph Goldstein), and
the practices include mindfulness to the sensations of the
breath, mindfulness toward sensations in and experiences of
the body, and mindfulness toward the contents of the mind. In
addition, the meditations encourage the practitioner to use the
skill of “mental noting” to label their mental contents. The
“Emotional Agility” program included 15 modules with di-
dactic instructions and mindfulness toward mental content
(with a focus on emotions). Meditation practice in the
“Emotional Agility” program varied from 11:00 to 13:00 (av-
erage meditation length: 12:18). The practices in these mod-
ules also include mindfulness toward the sensations of the
breath and body, but further aim to cultivate awareness and
understanding of emotions as mental contents and the non-
judgmental stance toward emotions with a goal of optimizing
the response to one’s emotions.

Measures

Self-Reported Mindfulness

To evaluate whether app-delivered mindfulness impacts self-
reported mindfulness, we administered the Five Facet
Mindfulness Questionnaire (FFMQ: Baer et al. 2004, 2008)
to all participants prior to randomization and upon completion

Table 1 Demographic
information for all participants App WL p value

Sex/gender 10 F, 3 M 7 F, 2 M 0.96

Race 0.53

American Indian 0 0

Native Hawaiian or other Pacific Islander 0 0

White 10 7

African, African-American 1 0

Asian 1 2

Other 1 0

Trainee position 6 R, 7 PA 2 R, 7 PA 0.25

Time 1 FFMQ Sum 125.6 (22.1) 125.8 (20.1) 0.98

Awareness 25.1 (7.12) 22.6 (5.73) 0.39

Non-judgment 26.2 (6.47) 24.9 (8.62) 0.68

Non-reactive 22.5 (5.27) 22.3 (4.27) 0.92

Describing 26.0 (5.39) 27.3 (6.08) 0.59

Observing 25.8 (5.02) 28.7 (4.69) 0.19

App assigned to mindfulness application group,WL assigned to wait list group, F female,Mmale, R residents, PA
physician assistant students, FFMQ Five-Factor Mindfulness Questionnaire
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of 8 weeks of mindfulness practice. The FFMQ is a 39-item
instrument that uses a 5-point Likert-type scale (1 = never or
rarely true, 5 = very often or always true). The FFMQ mea-
sures self-reported trait scores on five subscales thought to be
components of mindfulness in everyday life: act with aware-
ness (e.g., “When I do things, my mind wanders off and I’m
easily distracted”), non-judgment of one’s inner experience
(e.g., “I criticize myself for having irrational or inappropriate
emotions”), non-reactivity to one’s inner experience (e.g., “I
perceive my feelings and emotions without having to react to
them”), Describing (e.g., “I’m good at finding words to de-
scribe my feelings”), and observing (e.g., “When I’mwalking,
I deliberately notice the sensations of my body moving”).
Changes in self-reported mindfulness were evaluated by re-
peated measures ANOVA in SPSS (Version 25).

fMRI

Baseline and post-program resting state functional MRI
(rsMRI) data were acquired on a 3 T Siemens Prisma
FIT (8-min multiband acquisition with 2 s repetition time,
2.97 × 2.97 × 2.00 mm voxels, 70° flip angle, echo train
length = 37). All preprocessing and bivariate correlation
(connectome) analyses were performed in the CONN
Toolbox (Whitfield-Gabrieli and Nieto-Castanon 2012).
Preprocessing of the rsMRI and anatomical volumes in
CONN, which wraps SPM8 (www.fil.ion.ucl.ac.uk/spm)
and aCompCor (Behzadi et al. 2007) noise source remov-
al functions, consisted of slice timing, field-map, and mo-
tion correction; rsMRI/anatomical/MNI standard space
coregistration and normalization; smoothing at 5 mm fil-
ter width at half-maximum, linear detrending, bandpass
filtering at 8–90 mHz, and regression of the six motion
parameters and their first-order derivatives, as well as
CSF and white-matter signals (Birn et al. 2006; Fox
et al. 2005, 2009), by general linear model (GLM). We
did not take the controversial step of adding the mean
whole-brain signal as a regressor, as there is some evi-
dence that doing so may artificially introduce negative
correlations, and that the aCompCor method, in combina-
tion with bandpass filtering and orthogonalization of mo-
tion parameters, is preferable to global signal regression
(Chai et al. 2012). All structural and denoised functional
data, gray matter, white matter, and CSF masks were
manually inspected to confirm registration validity.
Additionally, a Fisher (inverse hyperbolic tangent) trans-
formation was applied to bivariate correlation measures
prior to between-subjects analysis in order to meet the
normality assumptions of the general linear model.
Subjects were normalized (registered) to the Montreal
Neurological Institute (MNI) template via SPM’s nonlin-
ear, diffeomorphic method (DARTEL), which afforded
both forward and backward transformations between

subject and template space (Ashburner 2007; Ashburner
and Friston 2011). Regions of interest (ROI) were
predefined in the CONN Toolbox and are largely derived
from the AAL atlas and FSL Harvard-Oxford Maximum
Likelihood Cortical and Subcortical atlases (Desikan et al.
2006; Frazier et al. 2005; Makris et al. 2006; Tzourio-
Mazoyer et al. 2002).

Data Analysis

A whole-brain connectivity matrix, representing the corre-
lation between any two pairs of ROIs after accounting for
the mediating effects of all other ROIs, was then computed
for each subject. Each cell in the connectivity matrix con-
tains a multivariate regression coefficient, or beta weight,
estimated from a multiple regression model using the cor-
relation between the two ROIs as the dependent variable
and their correlation with all other ROIs designated as the
predictor matrix. The beta weights for a given pair of ROIs
can be extracted across subjects and correlated with a var-
iable, such as a cognitive score, to obtain a measure of the
degree of psychophysiological interaction (PPI). For the
present study, these PPI variables included FFMQ-
Describing scores, practice time, and treatment (practi-
tioners vs. controls). However, as we were interested in
the difference in FFMQ-Describing scores between the
baseline and post-program time points, we computed
ΔFFMQ(Des) = FFMQ(Des)post − FFMQ(Des)pre as a sur-
rogate variable. Three PPI analyses were conducted: one
for the main effect of treatment at baseline and follow-up,
one for the treatment × ΔFFMQ(Des) interaction, and one
for the treatment ×ΔFFMQ(Des )× pract ice t ime
interaction.

A threshold of p ≤ 0.05 was applied to all analyses with
false discovery rate (FDR) correction for multiple compari-
sons. The voxelwise connectivity matrix was corrected for
topological false discovery rate (Worsley et al. 1996) and
reduced to a region of interest (ROI)-to-ROI connectivity ma-
trix defined by a priori atlas regions from the Automated
Anatomical Labeling (AAL) atlas, FSL Harvard-Oxford
Maximum Likelihood Cortical and Subcortical atlases, and
Thalamic Deep-Brain Stimulation (DBS) Connectivity atlas.
An F-statistic was computed for each ROI pair via multivari-
ate parametric general linear model, yielding an uncorrected
cluster-level p value < 0.05 (the likelihood of a randomly se-
lected ROI pair showing equal or larger effects) and a cluster-
level p value corrected for false discovery rate (Benjamini and
Hochberg 1995; Jafri et al. 2008).

Regression and spectral density analyses were performed
in Alteryx Designer (v2019.1) and via in-house Python code,
respectively. Power spectral density was calculated using
Welch’s method in SciPy (v1.4.1) with segment length =
240, Fs=0.50 Hz, overlap 120.
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Results

Participants randomized to the practitioner group used the app
between 0 and 466.2 min (mean = 193.9; SD = 161.2). Two
trainees (both PA students) randomized to the practitioner
group did not use the app at all, but were still included in the
intent-to-treat analysis. There was no significant difference
between the surgery residents (mean = 206.8; SD = 147.9)
and PA students (mean = 182.8; SD = 182.8) in terms of prac-
tice time (t11 = 0.26, p = 0.80). There was a significant group
by time interaction for the “Describing” subscale of the
FFMQ, such that practitioners reported increased scores com-
pared with those randomized to the waitlist group [F(20) =
7.28, p = 0.014, ηp

2 = 0.27]. No other subscales of the FFMQ
were significant for a group by time interaction. Changes in
“Describing” were significantly correlated with mindfulness
practice time within the practitioner group (Spearman rs =
0.66, p = 0.013).

An initial set of analyses failed to reveal significant differ-
ences in region-to-region (ROI-ROI) connectivity between the
control and practitioner groups on the baseline MRI. With
respect to the follow up 8-week visit (after completion of
meditation training in the practitioner group), two networks,
one with a right lateral parietal hub (LP, default-mode net-
work) and one with a left posterior parietal hub (PPC,
frontoparietal network), differed significantly between con-
trols and practitioners. LP network vertices were comprised
of the left and right supramarginal gyri (SMG, salience net-
work), left and right lateral visual cortices, left inferior frontal
gyrus, and the posterior aspect of the left superior temporal
gyrus (pSTG); PPC network vertices consisted of the left and
right accumbens nuclei (Fig. 1a). In all cases, practitioners
exhibited stronger connectivity between the hubs and vertices
relative to controls [minimum t(practitioners > controls) = +
3.45 ~ pFDR = 0.0194]. Only the right LP network (specifical-
ly, the left and right supramarginal vertices) attained signifi-
cance for the treatment × ΔFFMQ(Des) interaction. The
supramarginal vertices of the right LP network also attained
significance for the treatment ×ΔFFMQ(Des)× practice time
interaction (see Figs. 1b and 2). The PPC network failed to
attain significance for both the treatment ×ΔFFMQ(Des) and
treatment ×ΔFFMQ(Des)× practice time interactions. We al-
so noted that these effects were driven primarily by the PA
students, likely due to too few residents randomized to the
control group, and performed a second set of analyses based
solely on these subjects which are provided in the
Supplementary Materials.

These findings suggest that the functional connectivity of
the right LP/SMG network is positively correlated with great-
er differences in FFMQ(Des) and that modulation of connec-
tivity within this network increased with mindfulness training.
The strength of these connections increased proportionally
with longer practice times (see Fig. 2). Both ΔFFMQ(Des)

(across both control and practitioner groups) and practice time
(within the practitioner group) were reliable predictors of lat-
eral parietal/supramarginal connectivity under linear regres-
sion, with ΔFFMQ(Des) R2 = 20.85% for R LP:L SMG and
22.48% for R LP:R SMG, and practice time R2 = 15.72% for
R LP:L SMG and 22.49% for R LP:R SMG (Fig. 3).

Practitioners exhibited differences in right LP and SMG
spectral power at several frequencies at + 8 weeks relative to
baseline and to control subjects at + 8 weeks, particularly at
frequencies < 6mHz (Fig. 4a). Moreover, practitioners
exhibited greater shared power (cross-spectral density) be-
tween the right LP hub and the SMG vertices at these frequen-
cies, compared with both baseline and with control subjects at
+ 8 weeks, suggesting that the increase in connectivity ob-
served in practitioners’ time-domain data may be due to a
reduction in signal “noise,” an increase in signal coherence,
or a combination. Our connectivity and frequency-domain
results are provided in tabular form as Tables 2 and 3, respec-
tively. Again, results for the PA students only are provided in
the Supplemental results.

Discussion

Here we tested the hypothesis that healthcare profession
trainees randomized to use a popular mindfulness meditation
app would display alterations in functional connectivity, and
that these changes would be associated with both practice time
and with increases in facets of self-reported trait mindfulness.
We found that trainees randomized to mindfulness meditation
had increased self-reported Describing scores, a change that
was significantly correlated with practice time. In addition,
trainees randomized to mindfulness had increased functional
connectivity between the CEN and the nucleus accumbens
and between nodes of the DMN and SN. Changes in function-
al connectivity were related to both subjective (self-reported
Describing) and objective (app usage data) meditation out-
comes, and to our knowledge, this is the first study to report
such effects.

Interestingly, β weights from the regression analyses indi-
cate that mindfulness practice time might be less predictive of
changes in connectivity than changes in self-reported mind-
fulness. Others have noted the problematic nature of self-
report measures of mindfulness and argued that self-report
assessment tools may not adequately measure changes that
occur during mindfulness training (Lutz et al. 2015; Van
Dam et al. 2012). While our findings do not mitigate these
concerns and we interpret them with warranted caution, the
fact that changes in facets of self-reported mindfulness, name-
ly Describing, were more closely related to changes in brain
function may reflect variance across participants in terms of
the quality or effectiveness of practice time. Practice time in
the current study was measured objectively via app usage data
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and thus was likely more accurate than self-reported practice
time. Nonetheless, similar findings were found in functional
connectivity alterations when correlating either practice time
or self-report Describing, providing corroborative evidence of
the importance of these regions in underlying changes associ-
ated with mindfulness meditation.

Because the observed impact of mindfulness training was
on networks in a resting state rather than active during a task,
we cannot definitively link these changes with cognitive out-
comes, processes, or mechanisms. However, these findings
are consistent with findings from several previous studies of
the impact of longer mindfulness programs on brain function.

Overall, the current study identified changes in connectivity
within and between the DMN, CEN, and SN, results consis-
tent with previous research and with theoretical accounts of
the role of these networks in mindful attention. The CEN
typically becomes active during cognitively demanding tasks,
such as those requiring working memory or decision-making
and goal-directed judgments (Koechlin and Summerfield
2007; Petrides 2005). In contrast, the DMN typically becomes
active during task-negative periods of resting state, and the
network has been associated with self-referential processing,
autobiographical and episodic memory, and mind-wandering
(Buckner and DiNicola 2019). Crucially, the CEN and the

Fig. 1 a Comparison of the effect of treatment (practitioners versus
controls) at + 8 week-follow-up visit. Warm colors represent stronger
connectivity (higher ROI-ROI correlations) in practitioners than controls
at + 8 weeks; cool colors, weaker connectivity (lower ROI-ROI correla-
tions) in practitioners than controls at + 8 weeks. The effect of treatment
on the connectivity of right lateral parietal and left posterior parietal cor-
tices is presented below the carousel plot. t test; FDR correction by

Benjamini-Hochberg method. b Effect ofΔFFMQ(Des) on connectivity
at + 8 weeks over all subjects (practitioners and controls). Warm colors
indicate increased connectivity (ROI-ROI correlations) with greater in-
creases in FFMQ(Des) from baseline to + 8 weeks. The connection in
gray was not significant for the treatment effect shown in Fig. 1a. The
effect of ΔFFMQ(Des) on right lateral parietal connectivity is shown
below the carousel plot. FDR correction by Benjamini-Hochberg method
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DMN are often anti-correlated and appear to be intrinsically
oppositional to one another (Kelly et al. 2008). The triple
network hypothesis posits that the DMN and the SN interact
with the CEN for effective detection, integration, and response
in the context of internal and external events. Fundamental to
this model is that the anterior insula is a hub of the SN that
deploys the executive control network for sustained attention
and response selection toward salient stimuli (Menon and
Uddin 2010).

Changes in connectivity between the right lateral parietal
(DMN) and left supramarginal gyrus (SN) were associated
with both practice time and with scores on the Describing
subscale of the FFMQ. One study found that the describing
aspect of mindfulness, as measured by the FFMQ, was asso-
ciated with gray matter volume in the anterior insula and
amygdala, a finding that they interpreted as indicative of these
regions being important for integrating interoceptive aware-
ness to report on one’s emotional states (Murakami et al.
2012). Another study found that mindfulness training among
elite athletes increased activity in the anterior cingulate cortex
while athletes anticipated an interoceptive challenge, and that
this increased activity was positively associated with the
“Describing” subscale of the FFMQ (Haase et al. 2015).

While the most prominent hubs of the SN are the dorsal
anterior cingulate cortex and anterior insula (Seeley et al.
2007), the supramarginal gyrus may be included in this net-
work (Wang et al. 2017) and has been shown to covary
with salient stimuli on task fMRI (Downar et al. 2002). The

study referenced above reported that elite athletes had in-
creased activation in the left supramarginal gyrus during an
interoceptive challenge, but this activation was not related to
trait mindfulness scores (Haase et al. 2015). Furthermore, a
separate study found trait mindfulness (using the Mindful
Attention Awareness Scale) was correlated with functional
activity in the supramarginal gyrus/temporoparietal junction
during focused breathing compared with mind-wandering
(Dickenson et al. 2012). The authors interpreted this activity
as broadly consistent with this region’s role in shifting atten-
tion back to a target following distraction. While participants
in our study were not given any explicit instructions in the
scanner, a germinal study found that meditation adepts had
increased functional connectivity patterns that were similar
both at rest and during meditation, and they interpreted this
findings as indicating that meditators may be “on task” even
during the resting state (Brewer et al. 2011). Another study
found that individuals randomized to a mindfulness induction
had more activity in the left supramarginal gyrus while antic-
ipating a negative emotional stimulus (Lutz et al. 2013).

While these results are consistent with a wealth of previous
research, there is some contradiction in the existing research as
to whether mindfulness increases or decreases DMN connec-
tivity. Some of these contradictions, however, may be partial-
ly explained by differences in methodological approach and
the definition of connectivity. Brewer et al., for example, have
interpreted smaller fMRI signal amplitudes in the default-
mode medial prefrontal (mPFC) and posterior cingulate

Fig. 2 a Effect of practice time on
connectivity at + 8 weeks in
practitioners only. Warm colors
indicate stronger connectivity
(ROI-ROI correlations) with
greater practice time over the 8-
week experiment. b Connectivity
of right lateral parietal cortex as
effect of practice time in practi-
tioners. FDR correction by
Benjamini-Hochberg method
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cortices (PCC) of meditation practitioners as indicative of re-
duced recruitment of these areas, but also note that practi-
tioners exhibit increased correlations between mPFC and
PCC and the posterior insula and temporal lobes (Brewer
et al. 2011). Jang et al. (2011) and Hasenkamp and Barsalou
(2012) have also assessed the degree of correlation among
DMN regions via t tests of functional connectivity maps and
concluded that meditation practitioners exhibit stronger con-
nectivity (i.e., correlations) between the mPFC and other
DMN areas. The strength of these correlations covary with,
and may be mediated or explained to some degree, by mind-
fulness traits (Prakash et al. 2012). Regions within the DMN
are thought to remain active but attenuate during mindfulness
meditation, a finding that is generally interpreted as a reduc-
tion in self-referential processing (Brewer et al. 2011;
Fransson 2006; Tang et al. 2015), and the studies above

suggest that the strength of correlations within the DMN,
and between the DMN, SN, and CEN, may increase as a
function of meditation practice despite this attenuation.
However, ascription of these changes in correlations to partic-
ular neural or neuronal processes is complicated by the fact
that the correlation measure itself is sensitive to phase differ-
ences between the regions and to the presence of noise (ran-
dom noise and fluctuations of no interest) in the signal. We
attempted to address this issue with frequency-domain, or
spectral, analyses, which are more robust to the presence of
uncorrelated noise and to the phase differences between the
brain regions (Duff et al. 2008). Our spectral density plots—
essentially histograms of the number of data points occurring
at a given frequency—indicated a broad reduction in spectral
power in practitioners, but not controls, which suggests that
the stronger correlations observed in practitioners were due to

Fig. 3 Changes in connectivity between the default-mode (right hemi-
sphere lateral parietal cortex) and salience networks (supramarginal gyri)
as a function of either a difference FFMQ(Des) scores between visit 2 and
visit 1 (left column) or time spent practicing with the meditation

application (right column). Regression line is in dark orange; thin lines
represent 95% confidence intervals. Overall significance of regression
line fits is shown in the table
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a reduction in uncorrelated variations within the regional sig-
nals. Although we have referred to these “uncorrelated varia-
tions” as “noise,” they may represent unrelated neuronal in-
formation (Wens et al. 2019), neurovascular effects or cerebral
metabolic rate (Kim et al. 2013), or random noise. We should
also note that some differences in spectral power were ob-
served between practitioners and controls at baseline, and be-
tween controls at follow-up and controls at baseline, which
likely reflect true stochastic or random variations and indicate

that our sample was underpowered. It is therefore possible that
significant differences in regional coherence could be elicited
from a larger cohort.

In addition to changes to the triple network that we
hypothesized would be impacted by mindfulness practice,
we also observed increased connectivity between the pos-
terior parietal cortex (CEN) and the bilateral nucleus ac-
cumbens. Less is known about the role of the nucleus
accumbens in mindfulness training, but a previous study

Table 3 Results of spectral density analyses: t tests by treatment and scan (baseline or follow-up)

Region of interest Role Comparison freq (mHz) t p

R lateral parietal ctx. Network hub Controls at follow-up > Controls at baseline 9.58 − 2.4496 0.0314

Practitioners at follow-up > Practitioners at baseline 0.21 + 2.5469 0.0235

5.21 − 2.2669 0.0344

7.71 + 2.1077 0.0496

11.46 − 2.3487 0.0321

Practitioners at baseline > Controls at baseline 9.58 + 2.5579 0.0272

Practitioners at follow-up > Controls at follow-up Not significant

L supramarginal g. Vertex Controls at follow-up > Controls at baseline Not significant

Practitioners at baseline > Controls at baseline 8.33 − 2.2392 0.0393

9.79 − 2.0850 0.0497

Practitioners at baseline > Controls at baseline 4.58 − 2.4883 0.0252

5.42 − 2.2572 0.0356

10.00 − 2.2853 0.0344

Practitioners at follow-up > Controls at follow-up Not significant

R supramarginal g. Vertex Controls at follow-up > Controls at baseline 1.04 + 2.2975 0.0460

Practitioners at follow-up > Practitioners at baseline 9.17 − 2.1101 0.0495

Practitioners at baseline > Controls at baseline 1.04 − 2.2534 0.0368

Practitioners at follow-up > Controls at follow-up Not significant

STG superior temporal gyrus, freq (mHz) frequency in millihertz. Only differences significant at p ≤ 0.05 are shown

Table 2 Main effect of treatment (see Fig. 1a) and interaction effects [treatment ×FFMQ(Des) (Fig. 1b) and treatment ×FFMQ(Des)× practice (Fig. 2)]
were conducted consecutively

Treatment ×ΔFFMQ(Des) ×PRACTICE

Destination ROI t(20) p(FDR) t(20) p(FDR) t(20) p(FDR)

R lateral parietal ctx. (DMN) R supramarginal g. (SAL) 4.55 0.0085 3.67 0.0313 3.50 0.0057

L supramarginal g. (SAL) 3.68 0.017 3.65 0.0313 3.12 0.0108

R inferior parietal s. (DMN) N.S. 3.65 0.0313 N.S.

R lateral visual ctx. 3.45 0.0194 N.S. N.S.

L lateral visual ctx. 4.01 0.0152 N.S. N.S.

R inferior frontal g. 3.43 0.0194 N.S. N.S.

L posterior superior temporal g. 3.66 0.017 N.S. N.S.

L posterior parietal ctx. (FPN) R nucleus accumbens 5.35 0.0014 N.S. N.S.

L nucleus accumbens 4.25 0.0171 N.S. N.S.

N.S. not significant at pFDR ≤ 0.05. ctx cortex, g. gyrus, inf. inferior, sup. superior, post. posterior, n. nucleus, SAL salience network, FDR false-discovery
rate correction as represented in Fig. 1a. FDR correction by Benjamini-Hochberg method
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found that trait mindfulness scores were inversely corre-
lated with gray matter volume in the bilateral accumbens
(Taren et al. 2013). Some have theorized that mindful-
ness, especially in the context of reappraisal and emotion
regulation, may augment functional coupling between net-
works important for executive control and motivation sys-
tems, including the nucleus accumbens (McConnell and
Froeliger 2015). This account is supported by research
linking dispositional mindfulness with inhibitory control
(Oberle et al. 2012) and by the large body of evidence
supporting the efficacy of mindfulness-based interven-
tions for reward processing in the context of addiction
(Froeliger et al. 2017; Garland and Howard 2018). The
finding here may indicate that mindfulness training in-
creased top-down executive control over bottom-up re-
gions involved in motivation. Coupling a whole-brain
connectome approach with strict corrections for multiple
comparisons allowed us to interrogate the entire brain in
an exploratory approach that we believe has the potential
to identify changes in connectivity beyond the triple
network.

This study adds to what is known about the effects of
app-delivered mindfulness meditation. The feasibility and
apparent effectiveness of app-delivered mindfulness medi-
tation for healthcare trainees are particularly promising giv-
en the apparent Catch-22 with contemplative practices,
which is that meditation-based health benefits may be most
helpful for populations under high levels of stress and dis-
tress (Creswell and Lindsay 2014). Currently, the most
studied and utilized mindfulness program, MBSR, tradi-
tionally consists of 8–10 classes lasting 2.5 h and an all-
day retreat, totaling approximately 26 h of session time.
Carmody and Baer note that the lengthy format has proven
prohibitive in several clinical trials even outside the context
of health professions and provider well-being (Carmody
and Baer 2009), and MBSR is likely even more prohibitive
for health professions trainees already facing intense time
demands. Recent commentaries call for trainee and provid-
er wellness programs that are sustainable and preventive in
nature rather than reactive (Chaukos et al. 2018; Slavin
2016; Wasson et al. 2016), and the results presented here
indicate that brief app-delivered mindfulness training has

demonstrable effects on brain function and self-reported
mindfulness. Smartphone app-delivered mindfulness has
received copious attention with an increase in the number
and variety of available apps, the number of people using
the apps, and in both number and quality of research studies
on app-based interventions (Cox et al. 2019; Linardon
2020; Walsh et al. 2019). While the findings reported here
are broadly consistent with that growing literature in find-
ing that app-delivered mindfulness affects outcomes of in-
terest, caution toward app-delivered mindfulness is war-
ranted for a number of reasons. First, the majority of studies
to date, including ours, have examined relatively short-term
outcomes, and the long-term impact of mindfulness app-
based interventions is not clear (Linardon 2020).
Moreover, several studies indicate that acceptability and
participant interest impact the extent to which study partic-
ipants engage with app content (Howells et al. 2016;
Mascaro et al. 2020) and many studies of smartphone
app-delivered interventions report high levels of attrition
(e.g., Linardon and Fuller-Tyszkiewicz 2020; Torous
et al. 2020). This study used an intent-to-treat design, which
included 2 study participants who never downloaded the
app, and future research to understand the barriers and fa-
cilitators to app use among trainees will be important in this
area of meditation research. Crucially, there is a standing
question as to whether app-delivered mindfulness contains
the key elements necessary to qualify as a mindfulness in-
tervention. By some accounts, the relational didactic inter-
action between the participant and an instructor is an essen-
tial feature of a mindfulness-based program (Crane et al.
2017). Moreover, as apps proliferate and expand both the
number and diversity of instructors represented within the
apps as well as the instructional content delivered, there is
an inherent trade-off: app-delivered mindfulness will likely
become more flexible and widely acceptable, but also more
difficult to study.

The fact that the findings were driven by PA students
likely reflects that we were underpowered to detect chang-
es in the surgery residents. The residents and PA students
did not differ prior to randomization on any of the mind-
fulness subscales, nor did they differ in practice time.
Moreover, previous research found that mindfulness train-
ing was effective for surgery residents and impacted brain
function (Lebares et al. 2019). However, it remains pos-
sible that the app was more effective for PA students and
more research is critical for understanding the mental
health and wellness needs of PA students, which may be
different than the needs of other trainees (Hernandez et al.
2010). In sum, a thorough evaluation of these effects, and
their potential benefit to trainees in the health professions,
would require a randomized, controlled clinical trial-type

�Fig. 4 a Comparison of regional changes in connectivity with the right
hemisphere lateral parietal cortex (left column) and changes in spectral
power (middle and right columns). Practitioners and controls are
represented with amber and blue, respectively. pFDR ≤ 0.05. b Cross-
spectral density (shared spectral power) between right lateral parietal
cortex and left supramarginal (left column) and right supramarginal gyrus
(right column) in controls (blue) and practitioners (amber) at + 8 weeks.
Baseline cross-spectral densities are presented as dotted lines
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design, for which the present study provides only prelim-
inary data.

Limitations and Future Research Directions

While the current study had several notable strengths and
contributes to our understanding of how mindfulness
meditation impacts brain function, the study had some
limitations that warrant discussion. Recent research using
high resolution MRI and analytic methods sensitive to
individual variation indicates that the DMN may be best
understood as two or more separate networks that are
located in close proximity but functionally distinct
(Braga et al. 2019; Kernbach et al. 2018; Kong et al.
2018). However, examining this level of detail is difficult
within a group-averaged functional connectivity analysis.
In addition, this was a very small sample and future stud-
ies with a larger and more diverse population of health
profession trainees will be important. Related, future stud-
ies should begin to compare multiple active conditions or
interventional approaches, with the awareness that
trainees have extreme time constraints and will be limited
in the time they can devote to activities outside their train-
ing demands. While we believe these findings add to what
is known about interventional approaches to well-being
among trainees, connectivity changes do not necessarily
translate to meaningful or lasting improvements to trainee
mental health and scientific humility will be important
toward not over-ascribing the importance of statistically
significant neuroimaging findings (Tang et al. 2015; Van
Dam et al. 2018). The methods used here identified
changes in connectivity related to app-delivered mindful-
ness training, and future research using these methods can
more definitively interrogate whether connectivity chang-
es lead to the changes in well-being so important for
health profession trainees.
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