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Uncontrollable worry is a hallmark of generalized anxiety disorder and a transdiagnostic feature of psycho-
pathology. Mindfulness-based strategies show promise for treating worry, but it is unknown which specific
strategies are most beneficial, and how these skills might operate on a neurobiological level. We recruited 40
participants with clinically significant worry to undergo functional magnetic resonance imaging while
engaging in real-time, idiographic worry and instructed disengagement using two mindfulness strategies
(focused attention, acceptance) and one comparison strategy (suppression). Hypotheses were preregistered
and partially supported. All disengagement strategies downregulated default mode and upregulated fronto-
parietal and salience networks, suggesting some shared mechanisms. Focused attention was most effective
for promoting disengagement and elicited decreased activity in cognitive control and sensorimotor regions.
Successful disengagement was associated with increased activity in rostrolateral prefrontal cortex and func-
tional connectivity between posterior cingulate and primary somatosensory cortex. Findings support the role
of cognitive control and somatosensory networks in disengagement from worry and suggest common and
distinct mechanisms of disengagement, with focused attention a particularly promising strategy.

General Scientific Summary
Although everyone worries sometimes, uncontrollableworries play an outsized role in the development
and maintenance of anxiety disorders, and there is growing interest in understanding how people disen-
gage from worry. Mindfulness skills show promise in promoting worry disengagement, but it is
unknown which skills might be most beneficial or what the mechanisms are. Here, we use functional
magnetic resonance brain imaging of two commonly taught mindfulness practices and an active control
to interrogate whether and how mindfulness practices promote worry disengagement, and differences
between successful and unsuccessful disengagement.
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Worry is a defining feature of generalized anxiety disorder
(GAD), a hallmark of anxiety-related psychopathology more
broadly, and among the most pervasive and impactful forms of psy-
chiatric symptomatology worldwide (Baxter et al., 2013). Defined as
a chain of uncontrollable, future-oriented, negative thoughts and
images (Borkovec et al., 1983), worry plays an important mechanis-
tic role in the development and maintenance of anxiety (McLaughlin

et al., 2007). A growing literature suggests that it is the uncontrolla-
bility of worry and related forms of perseverative thought per se that
accounts for much of their relationship to depression and anxiety
(Ehring et al., 2011; Hallion et al., 2022; Hallion & Ruscio,
2013). The ability to improve the controllability of worry—in
other words, to facilitate conscious disengagement—therefore
emerges as a promising target for intervention.
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In this milieu, mindfulness-based approaches have emerged as
especially promising. Mindfulness entails present-moment aware-
ness and acceptance of thoughts and emotions (Brewer et al.,
2020). A growing empirical literature suggests promising effects
for mindfulness-based interventions in reducing anxiety, worry,
and related forms of perseverative thought (Creswell, 2017;
Gaynor, 2014). Additionally, ad hoc mindfulness exercises prolifer-
ate on popular websites such as YouTube, and clinicians often rec-
ommend such exercises as part of routine clinical practice
(Harrington & Dunne, 2015). Establishing which types of interven-
tions best promote successful regulation of worry would therefore
inform both research (e.g., identifying the cognitive mechanisms
that play a causal role in maintaining worry) and clinical practice.
Mindfulness is not a unitary construct but refers to a family of

related but distinct qualities and practices (K. C. R. Fox et al.,
2016). Although different theoretical models of mindfulness prac-
tices exist, two qualities are consistently identified as central
(Lindsay & Creswell, 2017). One is focused attention, or the ability
to sustain focus on a stimulus without deviation. The second is
acceptance, an umbrella term encapsulating the ability to notice
experiences, thoughts, and emotions without judging or reacting to
them. Different practices (or exercises) target these different quali-
ties of mindfulness. Some exercises train the ability to sustain atten-
tion to a particular stimulus, such as sounds or breath, while others
work to enhance compassion or awareness of all experience
(K. C. R. Fox et al., 2016).
There are theoretical reasons that both focused attention and

acceptance might facilitate worry disengagement, as prominent
theories of worry highlight elements directly relevant to mindful-
ness. The first is an impairment of conscious, intentional (i.e., top-
down) attentional control, leading to difficulty redirecting attention
away from threatening thoughts or stimuli (Hirsch & Mathews,
2012). Such impairments of executive attentional processes are
also thought to underlie other forms of repetitive negative thought,
such as rumination (Koster et al., 2011). Focused attention exercises,
on the contrary, involve consciously directing and sustaining
one’s full attention onto a pre-selected stimulus, training and stren-
gthening this capacity over time (Lutz et al., 2008). In this way,
the technique bears similarity to distraction and thought-replacement
techniques, which can be effective strategies for immediate worry
disengagement (e.g., Eagleson et al., 2016) and have been related
to decreased worry and increased positive affect in daily life
(Boemo et al., 2022).
However, distraction can also be maladaptive when used for

avoidance of aversive internal states (Wolgast & Lundh, 2017),
which highlights the another key element of worry: experiential
avoidance (Newman et al., 2013). Acceptance has been proposed
as a necessary component of worry termination (Berenbaum,
2010), which counteracts avoidance tendencies (Hayes-Skelton &
Eustis, 2020). Acceptance-based exercises promote the ability to
observe negative thoughts without reacting to them, evaluating
them, or trying to change them (Westbrook et al., 2013). These qual-
ities (present-focused acceptance of experience) are in direct oppo-
sition to major qualities and functions of worry (e.g., future
orientation, Thompson et al., 2022; experiential avoidance,
Newman et al., 2013) and thus may serve to interrupt worry-
maintenance processes. It has been proposed that focused attention
requires an underlying stance of acceptance in order to effectively
promote emotion regulation (Lindsay & Creswell, 2017); thus,

these two strategies may represent two sides of the same coin in
terms of psychological mechanisms of worry termination.

The purpose of the present study was to offer a proof-of-concept
examination of the relative efficacy of these two forms of mindful-
ness practice for facilitating disengagement from worry and to inter-
rogate similarities and differences in their neural circuitry. We were
also interested in the extent to which the neural correlates of mind-
fulness strategies mirror those observed during successful disen-
gagement from worry more generally, which in turn can provide
insights for neurobiologically informed treatment development.

Proposed Neural Circuitry

Worrying has been linked to increased activity and connectivity
within the default mode network (DMN, Makovac et al., 2020), a
distributed network associated with spontaneous mentation
(Raichle, 2015). Its two primary nodes are the posterior cingulate
cortex (PCC) and medial prefrontal cortex (mPFC, M. D. Fox et
al., 2005). Disengaging fromworry, by contrast, more likely engages
the frontoparietal (FPN) and salience networks (SN), which are both
involved in top-down attention and executive processes. The FPN,
comprising dorsolateral prefrontal (dlPFC) and posterior parietal
cortices (PPC), supports effortful cognitive control (Vincent et al.,
2008), while the SN comprises dorsal anterior cingulate (dACC)
and anterior insula, and acts as the “switch” between the FPN and
DMN, directing attention and resources as necessary (Goulden et
al., 2014). The FPN and SN are reliably activated during emotion
regulation (Morawetz et al., 2017), presumably due to the conscious
and effortful cognitive processing involved.

A final area that is frequently implicated in severe worry is a local
network rooted in ventrolateral prefrontal cortex (vlPFC). A recent
meta-analysis showed a consistent area of activation extending
from vlPFC to the adjacent anterior insula that was preferentially
recruited by high trait worriers during emotion processing (Weber-
Goericke & Muehlhan, 2019). Automated meta-analysis using
NeuroSynth (Yarkoni et al., 2011) suggests an association of this
region with language processing, perhaps reflecting the verbal-lin-
guistic nature of worry.

Although the main corpus of research on this topic has focused on
emotion regulation rather than worry disengagement per se, he few
studies that have examined worry disengagement suggest that it
broadly engages these same networks. Individuals with GAD
show less functional connectivity both within and between the SN
and FPN when disengaging from worry (Andreescu et al., 2016).
GAD has also been linked to increased cerebral blood flow in
FPN and vlPFC during attempted disengagement (Karim et al.,
2017).

Mindfulness practices appear to engage this circuitry as well. A
meta-analysis found that focused attention meditation increases
activity in the SN and FPN and decreases activity in major nodes
of the DMN (K. C. R. Fox et al., 2016); while open monitoring med-
itation (an acceptance-based practice) increases activity in the SN.
Acceptance-based practices more broadly have been found to
engage FPN and SN (Dixon et al., 2020) and to disengage DMN
(Messina et al., 2021), while longer-term mindfulness interventions
strengthen FPN recruitment as well as functional connectivity
between DMN and major hubs of the SN and FPN. These changes
in turn correlate with decreased anxiety, suggestive of a mechanistic
role (Zhao et al., 2019). Mindfulness training has been associated
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with decreased activation in vlPFC and greater connectivity between
vlPFC and FPN as well (Hölzel et al., 2013; Taren et al., 2017).

The Present Study: Design and Hypotheses

We recruited adults high in trait worry to complete a worry-
disengagement imaging task based on idiographic worry cues that
they self-identified previously via semi-structured interview. We
used real-time thought sampling (Christoff et al., 2009) at the con-
clusion of each disengagement block to help identify brain activity
specific to successful disengagement, as well as to compare and con-
trast brain activity associated with the two mindfulness and one con-
trol disengagement strategies.
We compared two well-characterized and widely used mindful-

ness exercises as disengagement strategies: focused attention
(Dickenson et al., 2013) and acceptance (Westbrook et al., 2013).
These strategies are core components of many mindfulness-based
interventions and are well characterized in terms of their neural sig-
natures (Lindsay & Creswell, 2017). Thought suppression (hereto-
fore referred to as “suppression”) was selected as an active control
condition because its neural signatures are also well characterized
(e.g., Wyland et al., 2003), but it often paradoxically increases neg-
ative cognitions and worsens negative affect (e.g., Dalgleish &
Yiend, 2006). A suppression condition allowed us to control for dis-
engagement effort and task demands across conditions, while also
allowing us to isolate the neural correlates of mindfulness (focused
attention and acceptance) specifically. We did not include an addi-
tional passive control condition to conserve scanner time and
because such a condition would likely simply reflect continued
worry. All four inductions (cued worry, focused attention, accep-
tance, and suppression) have been validated and used successfully
in previous research with similarly brief training (e.g., Paz et al.,
2017; Westbrook et al., 2013).

Hypotheses

Primary hypotheses were preregistered on the Open Science
Framework concurrent with data collection and prior to data analysis
(https://osf.io/mygwc/). Functional connectivity hypotheses were
added to preregistration after univariate analyses.
We anticipated that active worry would be associated with

greater DMN and vlPFC activity, while mindfulness and successful
disengagement from worry would have the opposite effect.
Specifically, compared to suppression and the worry period, we
expected both mindfulness conditions to be associated with
decreased activity of PCC (a key DMN node) and decreased
activity in vlPFC. Competing hypotheses (significant increases
or decreases in activation) were seen as equally plausible and
interesting for the SN (dACC and anterior insula) in light of
conflicting findings for these regions in previous research (Ives-
Deliperi et al., 2011). We expected successful (vs. failed) disengage-
ment to likewise correspond with decreased activity in PCC and sig-
nificantly altered (increased or decreased) activity in salience
regions.
Worry has not been associated with frontoparietal activity in

large studies, so we did not predict specific relationships between
FPN activity and worry or disengagement. However, we did expect
mindfulness and successful disengagement from worry to be associ-
ated with increased frontoparietal-default mode connectivity.

Specifically, we predicted that mindfulness (vs. worry) would be
associated with increased PCC-dlPFC and PCC-vlPFC connectivity
(representing increased DMN-FPN connectivity) and with
decreased PCC-mPFC connectivity (representing decreased
intra-DMN connectivity). This same pattern of functional connectiv-
ity (increased PCC-vlPFC and PCC-dlPFC, decreased PCC-mPFC)
was predicted for successful (vs. unsuccessful) disengagement trials.

Method

Participants

Participants were right-handed native English speakers between
20 and 43 years of age (Mage= 27) with normal or corrected-to-
normal vision, recruited through posted fliers, a university-wide
research registry, and recontacting from prior studies. Fifty individ-
uals completed the first study visit (diagnostic interview and eligibil-
ity assessment), and 40 completed the second (functional magnetic
resonance imaging [fMRI]) visit (see Table 1 for demographic and
clinical characteristics). Two participants’ data were removed from
fMRI analyses: one for sleeping during the task, and one for exces-
sive motion (.25% volumes censored for framewise displacement
0.9 mm). Four participants were removed from analyses of success-
ful versus unsuccessful disengagement because they reported all
successful or unsuccessful trials, and therefore the successful–
unsuccessful contrast could not be computed. Thus, final study
had a sample size of N= 38, except for successful–unsuccessful
contrasts, for which sample size was smaller (N= 34). A sample
size of 34 has 81% power to detect an effect size of d= 0.5 (t=
1.41) in a within-subjects design, which is within the range of
prior fMRI results (Mumford, 2012).

Participants were prescreened for a score ≥65 on the Penn State
Worry Questionnaire (PSWQ, Meyer et al., 1990) and a response
of “often” or “always” on questions 1-3 of the “worry over past
week” scale. Participants were also required to have a PHQ-9
(Patient Health Questionnaire-9) score ≤13 at screening, reflecting
no greater than moderately severe depression. Although the majority
of participants (80%) met DSM-5 (Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition) diagnostic criteria for
one or more anxiety-related disorders using the Anxiety and
Related Disorders Interview Schedule for DSM-5 (ADIS-5;
Brown & Barlow, 2014), a GAD diagnosis was not required, and
a major depressive disorder (MDD) diagnosis was not an exclusion.
This allowed us to balance internal validity (findings are unlikely to
be attributable to comorbid depression) with external validity (we
focused on transdiagnostic worry and did not artificially select for
“pure” GAD).

Exclusion criteria included MRI contraindications; history of
traumatic brain injury; lifetime diagnoses (assessed via ADIS-5)
of psychotic, bipolar, neurological, learning, or attentional disorder;
current substance use disorder (ADIS-5); psychotropic medication
except selective serotonin reuptake inhibitors (SSRIs); unstable
doses of SSRI (,6 weeks) or medications affecting cardiovascular
function; and history of formal mindfulness training or practice
(.10 hr).

Study Procedure

All study procedures were reviewed and approved by the
University of Pittsburgh and Carnegie Mellon Institutional Review
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Boards. After an initial phone or email screen to determine prelim-
inary eligibility, participants completed a laboratory visit that lasted
approximately 4 hr. During this visit, they completed formal con-
sent, diagnostic interviews, and self-report measures. Eligibility
was finalized at this study visit. Eligible participants then completed
a structured interview to identify personal worry topics for use in the
fMRI task.
The fMRI visit occurred approximately 1 week later and lasted

2 hr. This visit comprised training in the primary study task, includ-
ing instructions in the cued worry, mindfulness, and suppression
task conditions (see the supplemental materials for complete text),
further screening for MRI compatibility, a mock scanner session
to acclimatize participants to the scanner environment, and the
60-min fMRI scan itself, followed by post-scan questionnaires and
a verbal debriefing.

Participants also completed additional self-report measures
24 hr prior to the scan, the day of the scan, 24-hr postscan, and
7-day postscan (see the supplemental materials). Those data were
not analyzed.

Study Materials

Screening Measures

Trait worry. The PSWQ (Meyer et al., 1990) is a widely used,
16-item questionnaire of trait worry with strong psychometric prop-
erties in unselected and clinical samples (Fresco et al., 2003).
Cronbach’s α= 0.79 in the present sample.

Depression. The PHQ-9 (Kroenke et al., 2001) is a nine-
item questionnaire measuring depressive symptoms over the past
2 weeks. It has strong psychometric properties in clinical and non-
clinical samples (Beard et al., 2016). Cronbach’s α= 0.75 in the
present sample.

Semistructured Interviews

Diagnostic Interviews. Diagnostic interviews were conducted
during the first study visit by trained postbaccalaureate and graduate
student diagnosticians.

The ADIS-5 (Brown & Barlow, 2014) is a semistructured inter-
view that is considered a “gold standard” for the diagnosis of anxiety
and related forms of psychopathology (including MDD and persis-
tent depressive disorder).

The Diagnostic Interview for DSM-5 Anxiety, Mood, and
Obsessive-Compulsive and Related Disorders (DIAMOND,
Tolin et al., 2018) is a semistructured diagnostic interview for
the diagnosis of DSM-5 disorders. Selected modules of the
DIAMOND assessing eating disorders, hoarding, trichotillo-
mania, skin picking, attention-deficite hyperactivity disorder
(ADHD), and tic disorders were administered as a supplement to
the ADIS-5.

Idiographic Worry Topics. The Worry and Rumination
Interview (WARI, Ruscio et al., 2011) is an unpublished
structured interview in which participants are provided with
a definition of worry and work with an experimenter to identify
personally relevant (idiographic) worry topics. Participants then
create a brief (2-5 word) reminder phrase to be used as a worry
cue during the scanning session. We used a modified version
of the worry module (see the supplemental materials for complete
text).

Other Self-Report Measures

Thought Characteristics. Prior to the scanning session, partic-
ipants rated each of their worry topics on a variety of characteristics,
including dyscontrol (uncontrollability, intrusiveness, repetitive-
ness) and valence (happy, sad, angry, etc.), using a Likert scale of
0 (not at all) to 4 (very much) (Hallion et al., 2022). Participants
also reported time spent thinking about each topic in the previous
24 hr. Cronbach’s α= 0.83 for dyscontrol and 0.78 for valence in
the present sample.

Thought Sampling. At the end of each of the 12 disengage-
ment periods during the scanner task, participants answered a series
of six yes/no prompts phrased as statements: “At the signal, I was
___.” Participants responded via button press to indicate “yes” or

Table 1
Demographic and Clinical Characteristics

Variable M SD Range %

Age 27 6.89 20–43
Gender
Women 80
Men 20

Ethnicity
Not Hispanic or Latino 92.5
Hispanic or Latino 7.5

Race
White 70
Black/African American 12.5
Asian 7.5
Biracial 5
American Indian/Alaska Native 2.5
Other 2.5

Highest level of education
High school diploma or GED 7.5
Some college 25
Bachelor’s degree 47.5
Master’s degree or greater 20
Current psychiatric medication 57.5%

Self-report measures
PSWQ 67.51 12.62 55–78
PHQ-9 5.79 3.79 0–15

Diagnoses: ADIS-5
Generalized anxiety disorder 62.5
Social anxiety disorder 62.5
Specific phobia 17.5
Panic disorder 12.5
Posttraumatic stress disorder 12.5
Major depressive disorder 12.5
Obsessive-compulsive disorder 10
Agoraphobia 5
Persistent depressive disorder 2.5
Body dysmorphic disorder 2.5
Somatic symptom disorder 2.5

Diagnoses: DIAMOND
Excoriation disorder 7.5
Bulimia nervosa 2.5

Note. This table reflects assessments at the first (pre-scanner) study visit;
thus, some scores are lower than the ≥65 PSWQ cutoff imposed at
screening. Final eligibility was determined via diagnostic interview. GED =
Generalized Educational Development certificate; ADIS-5=Anxiety
Disorder Interview Schedule for DSM-5; DIAMOND=Diagnostic
Interview for Anxiety, Mood, and Obsessive-Compulsive and Related
Neuropsychiatric Disorders; PHQ-9= Patient Health Questionnaire–9-item
version; PSWQ= Penn State Worry Questionnaire.
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“no” to each probe: “worrying,” “focusing on my current sights/
sounds/physical sensations,” “mindfully listening,” “mind wander-
ing,” “trying to push thoughts out of my mind,” and “having nega-
tive thoughts.” Successful disengagement from worry was
operationalized as a “no” response to both the “worrying” and “hav-
ing negative thoughts” probes. These were followed by meta-
awareness probes, which we did not analyze.
Manipulation Check. After the scan, participants self-reported

on the effectiveness, intensity, and ecological validity of their worry
and mindfulness during the scanning session.

fMRI Task and Instructions

The scanner task comprised two runs of approximately 12.5 min
each. Each run comprised six complete (worry-disengagement-
probe) trials with a 5s rest between each trial and a 10s rest at the
beginning and end of each run. Trial order was pseudorandomized
with the constraint to not repeat disengagement strategies on sub-
sequent trials and counterbalanced between runs. Each trial
began with an idiographic worry cue displayed on the screen for
35s (worry period). This period was chosen based on pilot testing
and feedback by participants who indicated that they needed at
least 30s to fully engage with worrying, balanced against a need
for more trials to maximize power. Following the worry period
was a 3s rest. An instruction for one of the disengagement
strategies (acceptance, focused attention, or suppression) was
then displayed on the screen for a jittered interval varying from
31 to 35s duration (disengagement period). A 1s cue signaled
the end of the trial, after which the participant completed thought
probes for a maximum of 45s. Trial structure is visualized in
Figure 1a.

fMRI Data Collection and Analysis

fMRI Data Analysis

See the supplemental materials for details of image acquisition,
preprocessing, and analysis.

Univariate Task Analysis. fMRI data were analyzed using a
general linear model. All task periods were modeled. The disengage-
ment period was divided into two blocks: the first 25s to capture dis-
engagement effort, and the final 10s immediately preceding the
thought probes (following Christoff et al., 2009) to capture disen-
gagement success/failure.

Contrasts were constructed at the first level by subtracting regres-
sors between conditions, for example, acceptance–suppression. The
approach of paired t tests between conditions was chosen over
ANOVA because only the planned contrasts and not the omnibus
hypothesis were of interest. Participants who endorsed “yes” to
worry or negative thought on every trial (all unsuccessful disengage-
ment and no successful disengagement) or “no” on every trial (all
successful disengagement and no unsuccessful) were excluded
from successful–unsuccessful contrasts only. There were 10 partici-
pants for whom one run was excluded, and four participants for
whom both runs were excluded for this reason.

Connectivity. Connectivity analyses were performed using a
generalized psychophysiological interaction (gPPI) approach
(McLaren et al., 2012). This approach enables the identification of
clusters of functional connectivity across the whole brain without
requiring causal hypotheses or the identification of target regions
of interest (ROIs) within large territories (such as vlPFC). An a priori
region of interest was identified in the precuneus/posterior cingulate
area as a hub of the DMN (Raichle, 2015). A 4-mm sphere was
placed in a region of precuneus overlapping with task activation in
the Worry–Rest and Disengagement–Worry contrasts (Montreal

Figure 1
Trial Structure and Disengagement Success by Strategy

Note. Error bars in 1b represent 95% CI of one-sample t-test for the mean of that bar. See the online article for the
color version of this figure.
*p, .05. ***p, .001.
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Neurological Institute [MNI] coordinates: 0, −54, 29). The blood
oxygen-level dependent timecourse was extracted from this ROI,
deconvolved (Gitelman et al., 2003) using Statistical Parametric
Mapping (SPM12, Wellcome Department of Cognitive Neurology,
Institute of Neurology, London, UK), and multiplied by task boxcar
regressors to make PPI regressors. These regressors, along with the
seed timeseries, were then added to the univariate models described
above. Contrasts were constructed between these new PPI regressors
(e.g., PPI acceptance–PPI suppression), averaged, and modeled at
the group level as above.
Both univariate and connectivity analyses were repeated using

masks of specific ROIs (e.g., vlPFC) but none of these produced
significant clusters of activation, so only whole-brain results are
reported.
Behavioral Data. Behavioral data from the task were analyzed

using R (https://cran.r-project.org/). Successful disengagement trials
were averaged across both task runs for acceptance, suppression, and
focused attention separately and analyzed using paired t tests.

Preregistration

This study is preregistered on the Open Science Framework (orig-
inal preregistration: https://osf.io/tsd74 updates to preregistration:
https://osf.io/b8exs/). Data and code are available publicly or upon
request; details are included in the supplemental materials.

Results

Manipulation Checks

Detailed manipulation checks are provided in the supplemental
materials. Briefly, worry topics were rated as highly uncontrollable
and negative in prescan ratings, and participants endorsed spending
a significant amount of time spontaneously thinking about them in
daily life. Most participants reported being able to worry with at
least moderate intensity during the scanning session. Only two par-
ticipants reported having significant difficulty worrying on cue.
Most participants also reported achieving at least “moderate” or
greater mindfulness during the mindfulness tasks.

Behavioral Results

Participants reported significantly more successful disengagement
trials in the focused attention (M= 2.44 out of four possible trials,
SD= 1.44) versus acceptance condition (M= 1.59, SD= 1.35;
t(38)= 3.92, p, .001, CI= [0.24, 1.46]), and in the suppression
(M= 2.18, SD= 1.53) versus acceptance condition (t(38)= 2.37,
p, .05, [−1.29, −0.01]). Focused attention and suppression counts
did not significantly differ (t(38)= 1.06, p= .30, [−0.46, 0.86]).

Imaging Results: Task Activity

Worry Disengagement–Overall and Common Effects

In partial confirmation of our hypotheses, all three strategies were
associated with deactivations in large territories, corresponding to
DMN and activations in large FPN territories, compared to worry.
Mindfulness-based strategies also engaged right-sided anterior
insula, as hypothesized, and disengaged nonhypothesized brain
regions, including hippocampus, temporal, and angular gyri. No
strategy was associated with vlPFC deactivation. Thus, worry

disengagement across all three strategies deactivated DMN and
engaged FPN and some associated SN regions relative to active
worry. Peak activation coordinates are reported in Table 2; see
Figure 2a for cluster activation.

Worry Disengagement—Differences Between Strategies

Contrary to predictions, there were no significant differences in
brain activity between acceptance and suppression. Focused atten-
tion, however, showed significant deactivations compared to both
acceptance and suppression in vlPFC, as well as nonhypothesized
regions, including dorsomedial PFC, supplementary motor area,
and caudate (regions associated with emotion regulation). Thus,
focused attention engaged distinct neural circuits from acceptance
and suppression, which did not differ from one another. See
Figure 2b for visualization and Table 3 for a list of peak activations.

Successful Versus Unsuccessful Disengagement

Contrary to our hypotheses, no significant differences were seen
in PCC, dACC, or anterior insula between successful and unsuccess-
ful disengagement. However, one cluster of significant activation
was observed for successful disengagement trials in the right rostro-
lateral PFC (peak MNI coordinates: 44, 58,−6; K= 209, t= 4.74).
Thus, successful disengagement did not alter DMN and SN but was
associated with activity in an area associated with FPN and cognitive
control.

Imaging Results: Connectivity

Differences Between Disengagement Strategies

Pairwise contrasts between PCC connectivity during each disen-
gagement strategy (focused attention, acceptance, and suppression)
found no significant differences across the whole brain.

Successful Versus Unsuccessful Disengagement

We did not find significant differences in connectivity when the
PPI was conducted on the last 10 s of the disengagement period.
However, when we conducted the PPI across the full disengagement
period, PCC showed increased connectivity to a large cluster in pri-
mary somatosensory cortex (peak MNI coordinates: −10, 36, 74;
K= 295, t= 4.58). Thus, our hypotheses of decreased connectivity
within DMN and increased DMN-FPN connectivity were not con-
firmed. Instead, successful disengagement was characterized by
increased connectivity between DMN and somatosensory cortex
(Figure 3).

Discussion

The present study used fMRI to examine the neural correlates and
relative efficacy of twowidely usedmindfulness practices (acceptance
and focused attention) and a thought suppression control. The key
results of the present study fall into two broad areas. First, contrasts
between mindfulness and control disengagement techniques revealed
that focused attention differed from both acceptance and suppression
in disengagement efficacy and brain activity, while acceptance and
suppression did not differ from one another in brain activity.
Second, successful worry disengagement differed from unsuccessful
disengagement in both brain activation and brain connectivity. Our
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work both supports and contradicts prevailing theories of both mind-
fulness and worry, in some ways that were quite surprising.
Drawing on prior research, we anticipated that both mindfulness

techniques, but not suppression, would engage the cognitive control
regions (FPN and SN) and disengage the DMN. However, our anal-
yses revealed that all disengagement strategies corresponded to deac-
tivation of the DMN (mPFC, PCC) and activation of the FPN
(posterior parietal cortex, dlPFC, and frontal pole) and SN (anterior
insula for all conditions and dACC for acceptance and suppression).

FPN recruitment typically accompanies increasing cognitive
demands (Berry et al., 2017) and may simply reflect task effort.
Thus, this pattern of results indicates that engagement of cognitive
control regions is common to worry disengagement regardless of
attempted strategy, which aligns with theory and prior research on
effortful emotion regulation (Braunstein et al., 2017) as well as
worry generation and maintenance (Hirsch & Mathews, 2012).

Some surprising differences emerged in pairwise contrasts
between disengagement strategies. First, the three strategies differed

Table 2
Significant fMRI Activations for Disengagement–Worry

Associated network Peak voxel location BA Side Cluster size (k) Peak activation (MNI) t

Focused attention.worry
FPN dlPFC 9 R 4056 48 28 26 5.36
FPN Lateral parietal lobule 7 L 2649 −34 −46 42 6.15

Supramarginal gyrus 40 R 1963 36 −48 44 5.84
FPN dlPFC 9 L 1821 −36 34 38 5.10

Supplementary motor area 6 L 232 −28 −6 48 4.15
Worry. focused attention
DMN mPFC (extends to PCC) 32 L 21788 −8 48 −4 6.61

Medial temporal gyrus 21 L 1521 −66 −10 −16 5.45
Secondary visual cortex 18 R 441 24 −88 2 4.93
Primary motor cortex 4 L 336 −18 −30 78 4.11

Accept.worry
FPN Lateral parietal lobule 7 R 15938 40 −44 44 6.95
FPN dlPFC 9 R 7246 40 30 36 6.01
FPN dlPFC 9 L 4930 −36 22 28 5.60

Fusiform gyrus 37 R 674 62 −46 −2 5.30
Thalamus — L 587 −12 −14 12 5.28
Posterior corpus callosum — midline 312 0 −34 24 4.78
Thalamus — R 263 8 −16 14 4.43
Brain stem — R 242 4 −24 −28 4.08

Worry. accept
DMN mPFC 32 L 4563 −6 28 −8 6.03
DMN PCC 23 L 1553 −4 −54 24 6.60

Primary motor cortex 4 R 827 34 −22 50 4.98
Supplementary motor cortex 6 R 635 8 −20 60 4.51

DMN Parahippocampal gyrus 36 L 507 −22 −34 −10 5.19
DMN Angular gyrus 39 L 459 −40 −76 40 4.92

219 −66 −8 −14 4.81
Suppress.worry
FPN Orbitofrontal cortex 11 L 17653 −20 36 −20 5.71
FPN Lateral parietal lobule 7 L 16831 −24 −58 44 6.00

Cerebellum — R 1610 34 −36 −32 5.01
Brain stem — R 208 6 −18 −38 4.33
Corpus callosum — L 199 −8 −26 30 4.80

Worry. suppress
DMN mPFC 11 L 3772 −10 32 −12 −6.07
DMN PCC 23 L 701 −4 −54 20 −5.69
All strategies—conjunction analysis
Disengagement.worry
FPN Frontal pole 10 R 2597 46 48 −2 N/A
FPN Angular gyrus 39 L 2386 −34 −49 43 N/A
FPN dlPFC 46 L 1593 −42 42 10 N/A
FPN Angular gyrus 39 R 1330 58 −46 24 N/A

Supplementary motor area 6 L 225 −28 −8 44 N/A
SN Insula 13 R 176 34 20 −6 N/A
Worry. disengagement
DMN mPFC 32 L 2967 −2 38 −8 N/A
DMN PCC 23 L 697 −6 −53 22 N/A

Corpus callosum — R 14 6 22 10 N/A

Note. All clusters reported passed multiple comparison correction using cluster-based random field theory with a cluster forming threshold of z= 3.1 (Eklund
et al., 2016) and a corrected cluster p-value threshold of .05. BA = Brodmann Area; MNI = Montreal Neurological Institute coordinates; dlPFC= dorsolateral
prefrontal cortex; DMN= default mode network; fMRI= functional magnetic resonance imaging; FPN= frontoparietal network; mPFC=medial prefrontal
cortex; PCC= posterior cingulate cortex; SN= salience network.
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in disengagement success (as assessed by real-time thought sam-
pling methods). Focused attention was the most effective, followed
by suppression, and finally acceptance. Focused attention also dif-
fered from both acceptance and suppression in large networks across
the whole brain, including regions implicated in cognitive reap-
praisal of worry and emotions (Karim et al., 2017; Morawetz et
al., 2017; Picó-Pérez et al., 2017), such as dlPFC, temporal pole,
and caudate (vs. acceptance); and insula, supplementary motor
area, and a medial area of frontal pole (vs. suppression); and finally,
vlPFC, cerebellum, and visual cortex (vs. both). Cerebellum and
visual cortex were not identified as a priori ROI, but both have
been linked to emotion regulation and reappraisal (e.g., Dixon et
al., 2020).
This pattern of results was somewhat surprising. First of

all, focused attention would seem to represent simple, top-down
attentional control, and as such, would be expected to engage FPN
and SN the most out of all three strategies. Second, instructions
for acceptance and suppression could reasonably be described
as opposing, with one involving active and deliberate alteration
of cognitive-emotional experience, and the other, accepting
cognitive-emotional experience as-is. This would seem to contradict

the role of acceptance in termination of worry (Berenbaum, 2010) as
well as the relatively worse performance of suppression as a regula-
tion technique (Dalgleish & Yiend, 2006).

One possible explanation is that focused attention differs not in
the degree to which it recruits top-down attentional control, but
rather the cognitive and neural architecture for maintenance and
manipulation of representations. These functions are known to be
subserved by FPN brain regions, particularly under high task
demands (Berry et al., 2017). Focused attention involves monitoring
and shifting of attention without explicit re-evaluation of its con-
tents, while both acceptance and suppression require continued rep-
resentation of worries in mind (paradoxically in the case of
suppression), which could account for greater FPN recruitment com-
pared to focused attention. In this way, they would more closely
resemble cognitive emotion regulation strategies such as reappraisal,
which has been well studied (Braunstein et al., 2017).

In addition, these latter two strategies may be using much of the
same infrastructure (e.g., working memory) to subserve very differ-
ent aims, accounting for similar patterns of brain activity despite
very different goals. We note that this fact may also help to explain
the apparent lack of efficacy for the acceptance condition, which

Figure 2
Common and Differential Activity for Different Disengagement Strategies

Note. (a) Significant activations for each disengagement strategy versus worry, thresholded and cluster-corrected
across the whole brain. Red/orange denotes activations, blue/white denotes deactivations. “DMN” refers to the two
major default mode network nodes (PCC and mPFC), and “FPN” refers to the two major frontoparietal nodes
(dlPFC and posterior parietal cortex). Other pertinent activations are also noted. (b) Significant deactivations in
the contrasts between focused attention and acceptance/suppression, thresholded and cluster-corrected across the
whole brain. There were no significant differences between acceptance and suppression, so this contrast is not visu-
alized. dACC= dorsal anterior cingulate cortex; dlPFC= dorsolateral prefrontal cortex; dmPFC= dorsomedial
prefrontal cortex; mPFC=medial prefrontal cortex; PCC= posterior cingulate cortex; SMA= supplementary
motor area; vlPFC= ventrolateral prefrontal cortex. See the online article for the color version of this figure.
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explicitly instructed participants not to alter their experience but may
have engendered less subjective distress in regard to them. Thus,
they may have continued to report thinking about worries while
experiencing them in subjectively less-negative ways. Future
research should include thought probes for subjective distress to
help shed light on this issue.
Nevertheless, the observation that our two mindfulness strategies

differed from each other in both neural correlates and efficacy has
some potentially important implications. Few studies within the clin-
ical science literature have examined which facets of mindfulness are
necessary and sufficient to facilitate disengagement from persevera-
tive thought, and which exercises are best suited to strengthen these
skills (Wielgosz et al., 2019). Our results highlight focused attention
as an especially promising strategy that may operate with mecha-
nisms very different from well-studied emotion regulation strategies
such as reappraisal.
Another aim of this study was to identify neural correlates of suc-

cessful compared to unsuccessful disengagement. Our results did
not confirm our hypotheses that successful disengagement would
correspond to altered PCC, vlPFC, and SN activity. Instead, the
only area of significant activation was a cluster in right rlPFC,
which is a large region thought to be necessary for complex, higher-
order cognitive functions, such as abstract cognition, planning, and
metacognition (e.g., Dixon et al., 2017). Among the functions that
seem particularly applicable are the rlPFC’s relationship to metacog-
nitive awareness (Christoff et al., 2009), that is, being aware of the
content of one’s own thoughts. This is a capacity that would seem

critical to both top-down attention and acceptance processes pro-
posed in theories of worry (Berenbaum, 2010; Hirsch & Mathews,
2012; Newman et al., 2013) and has been remarked on in relation
to emotion regulation more broadly (Creswell, 2017).

Findings from the functional connectivity analyses add nuance to
our understanding of successful disengagement.We calculated func-
tional connectivity to the PCC, a central hub of the DMN known to
support worry and other forms of abstract and internally directed
cognition (Brewer & Garrison, 2014). Contrary to hypotheses, suc-
cessful disengagement corresponded only with increased functional
connectivity between PCC and primary somatosensory cortex (S1).
Although S1 was not a hypothesized brain region, it is an area that
can be modulated by mindfulness meditation (Kerr et al., 2013;
Zeidan et al., 2019) and can play a role in regulation of emotion
(Kropf et al., 2018). Our results are thus more in line with theories
wherein mindfulness facilitates body-focused awareness rather
than explicit emotional regulation (Vago & Silbersweig 2012).
However, it is possible that alternative methods for assessing func-
tional connectivity could provide different insights or results, such
as effective (causal) connectivity or graph-theoretical methods
(Farahani et al., 2019). For example, the directionality of connectiv-
ity to regions such as vlPFC or PCC could provide insights into their
function in worry or disengagement, while graph-theoretical tech-
niques could indicate whether such networks reconfigure during dif-
ferent types of disengagement. Unfortunately, we lacked highly
specific ROIs with strong hypothesized network relationships, and
the computational complexity in calculating multivariate outcomes

Table 3
Significant fMRI Activations for Pairwise Contrasts Between Disengagement Strategies

Peak voxel location BA Side Cluster size (k) Peak activation (MNI) t

Focused attention. accept
None
Accept. focused attention
Cerebellum — R 6578 0 −64 −20 −4.99
dlPFC 9 L 1276 −12 56 36 −5.63
White matter (extends into occipital cortex) — R 1005 20 −16 36 −4.75
Cerebellum — L 865 −28 88 −32 −5.02
Frontal eye fields (dlPFC) 8 R 732 10 34 58 −4.63
Temporal pole 38 L 654 −50 20 −16 −4.68
Pars triangularis (vlPFC) 45 L 267 −56 24 22 −4.24
Caudate — R 249 16 22 4 −4.05
Temporal pole 38 R 241 54 16 −34 −4.55
Caudate — L 230 −18 26 0 −4.99
Focused attention. suppress
None
Suppress. focused attention
Secondary visual cortex 18 L 8058 −6 −90 −2 −5.20
Fusiform gyrus 37 L 2741 −42 −44 −16 −4.65
Pars orbitalis (vlPFC) 47 L 2109 −50 36 −8 −5.30
Supplementary motor area 6 L 932 −8 6 72 −4.81
Posterior insula 13 R 896 36 −12 20 −4.69
Pars orbitalis (vlPFC) 47 R 688 48 32 −16 −4.31
Cerebellum — L 311 −8 −54 −50 −4.55
Frontal pole 10 L 234 −16 62 26 −4.19
Accept. suppress
None
Suppress. accept
None

Note. All clusters reported passed multiple comparison correction using cluster-based random field theory with a cluster forming threshold of z= 3.1 (Eklund
et al., 2016) and a corrected cluster p-value threshold of .05. BA = Brodmann area; MNI = Montreal Neurological Institute coordinates; dlPFC= dorsolateral
prefrontal cortex; fMRI= functional magnetic resonance imaging; vlPFC= ventrolateral prefrontal cortex.
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across large territories (vlPFC, dlPFC, and MPFC) was prohibitive,
especially in light of our moderate sample size.
The present findings should be interpreted in light of the strengths

and limitations of the study. Analyses were preregistered prior to
analysis, and data are available upon request. The sample is medium-
sized at 38, with sufficient power to detect moderately sized effects
(d= 0.5), although smaller effects do occur in fMRI and could have
been missed (Mumford, 2012). Our participants were recruited to
represent an ecologically valid sample of uncontrollable worriers;
participants had a clinically relevant burden of worry but were not
excluded for common comorbidities such as moderate levels of
depression or SSRI usage. A limitation is the relative overrepresen-
tation of women and White participants in the sample, which may
limit the broad applicability of the findings.
We also note inherent challenges to studying uncontrollableworry

in the scanner. The majority of participants experienced some diffi-
culty worrying naturally, citing the instructed nature of the task and
the artificial nature of the scanning environment. However, worry
topics were identified in advance to be highly uncontrollable and
ecologically valid, and participants did report moderate levels of
worry success. Thought probes occurred only once during the
worry epoch, such that the participant’s thoughts during the rest of
the epoch were not continually assessed. This methodological deci-
sion was intentional, as ongoing metacognitive monitoring would
risk altering our key neural and psychological processes of interest,
but it nevertheless limits the precision of our assessment. We
attempted to address this using extensive pilot testing to optimize
the length of the worry epoch, and modeled our study on prior well-
established paradigms (e.g., Christoff et al., 2009). Along these
lines, challenges to confirming the validity of self-report measures
of internal subjective states have been discussed extensively in the
literature (e.g., Seli et al., 2015), which in turn raises challenges
for precision of measurement. Converging approaches to studying

worry and its disengagement are ultimately needed, and the present
study offers one such perspective.

In conclusion, our results shed light onto both general and
specific mechanisms of disengagement from worry and lend support
to the growing body of literature demonstrating the clinical
promise of mindfulness-based practices. We demonstrate that differ-
ent mindfulness-based disengagement strategies engage some com-
mon and some distinct brain networks, and allude to complex
relationships with circuitry involved in successful worry disengage-
ment. Future research on this topic will likely be surprising and fruit-
ful in equal measures.
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