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Abstract

Background: Stress-related mental health disorders have steadily increased and contributed to aworldwide disease burden with
up to 50% experiencing a stress-related mental health disorder worldwide. Data suggest that only approximately 20%-65% of
individuals receive treatment. This gap in receiving treatment may be attributed to barriers such as limited treatment access,
negative stigmasurrounding mental health treatment, approachability (ie, not having ausual treatment plan or provider), affordability
(ie, lack of insurance coverage and high treatment cost), and availability (ie, long waits for appointments) |eaving those who need
treatment without necessary care. To mitigate the limited access mental health treatment, there has been arisein the application
and study of digital mental health interventions. As such, there is an urgent need and opportunity for effective digital mental
health interventions to alleviate stress symptoms, potentially reducing adverse outcomes of stress-related disorders.

Objective:  This study examined if app-based guided mindfulness could improve subjective levels of stress and influence
physiological markers of stress reactivity in a population with elevated symptoms of stress.

Methods: The study included 163 participants who had moderate to high perceived stress as assessed by the Perceived Stress
Scale (PSS-10). Participants were randomly alocated to 1 of 5 groups: a digital guided program designed to aleviate stress
(Managing Stress), adigital mindfulness fundamentals course (Basics), digitally delivered breathing exercises, an active control
intervention (Audiobook), and a Waitlist Control group. The 3 formats of mindfulness interventions (Managing Stress, Basics,
and Breathing) al had atotal duration of 300 minutes spanning 20-30 days. Primary outcome measures were perceived stress
using the PSS-10, self-reported deep quality using the Pittsburgh Sleep Quality Index, and trait mindfulness using the Mindful
Attention Awareness Scale. To probe the effects of physiological stress, an acute stress manipul ation task wasincluded, specifically
the cold pressor task (CPT). Heart rate variability was collected before, during, and after exposure to the CPT and used as a
measure of physiological stress.

Results: The results showed that PSS-10 and Pittsburgh Sleep Quality Index scores for the Managing Stress (all P<.001) and
Basics (all P<.002) groups were significantly reduced between preintervention and postintervention periods, while no significant
differences were reported for the other groups. No significant differences among groups were reported for Mindful Attention
Awareness Scale (P=.13). The physiological results revealed that the Managing Stress (P<.001) and Basics (P=.01) groups
displayed reduced physiological stress reactivity between the preintervention and postintervention periods on the CPT. There
were no significant differences reported for the other groups.
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Conclusions:
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These results demonstrate efficacy of app-based mindfulness in a population with moderate to high stress on

improving self-reported stress, sleep quality, and physiological measures of stress during an acute stress manipulation task.

Trial Registration:

(IMIR Mhealth Uhealth 2023;11:e47371) doi: 10.2196/47371
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Introduction

Background

Elevated stress is a state in which an individual experiences
excessive or prolonged psychological and physiological strain
[1,2]. The impact of elevated stress is wide-ranging and can
affect various aspects of an individua's life. Sustained and
elevated stress has been shown to be associated with adverse
health effects such as obesity, type 2 diabetes, and
cardiovascular disease[1-3]. Stress-related disordersare adlso a
contributing factor to the onset of a range of mental health
disorders, including depression and anxiety [4-9] and a
heightened risk of cardiovascular disease [10]. As such, the
connection between stress-related disorders, mental health
disorders, and negative physical outcomes is well-established.
Therefore, it is important to develop evidence-based mental
health interventionsto help reduce stress and therefore mitigate
the adverse outcomes of stress-related disorders.

Mindfulness is defined as a state of being attentive to and
bringing awareness to sensations that are taking place in the
present moment without judgment [11]. Mindfulness is
considered an evidence-based practice where one aimsto reduce
the effects of stress both psychologically and physiologically
[11,12]. The most well-known mindfulness-based intervention
is mindfulness-based stress reduction (MBSR) [11], which is
delivered in group settings where participants meet on 8 weekly
sessions and an experienced mindfulness teacher guides the
sessions, provides instructions, and facilitates discussions.
MBSR has been shown to be effective for managing stress and
its detrimental effects on mental and physical health [13].
Research has shown that MBSR can lead to improved
psychological well-being, reduced anxiety, and depressive
symptoms, and enhanced overall resilience to stress [14-16].

However, the MBSR program istime consuming and costly. In
recent years digital mental health interventions have been
developed using self-guided mindfulness-based interventions
[17,18]. Specifically, severa research studies suggest that the
Headspace mindful ness app decreases subjective levels of stress
[19-26] and increases sleep quality [27]. Despite growing
demands and usage of digital mental health apps, thereisalack
of evidence on the efficacy of these interventions in clinical
populations [28,29]. That is, research has primarily focused on
effects of usage of digital mindfulness apps and interventions
in healthy populations[20-26] and found reduced levelsof stress
in college students, nurses and in the workplace. However, there
are a few studies that have looked at the effects of digital
mindfulness apps in clinical populations [30,31]. Specifically,
a meta-analysis included 15 randomized controlled trials to

https://mhealth.jmir.org/2023/1/e47371

measure the effect of digital mindfulness interventions and
reported significant effects on depression, anxiety, and stress
[32]. Interestingly, the study reported higher effect sizes for
digital mindfulness interventions with therapist guidance than
for digital mindfulness without therapist guidance. Another
study using adigital mindfulnessintervention found reductions
in psychiatric symptoms in adolescents undergoing mental
health treatment [33].

Research has d so found that mindfulness may improve cognitive
functioning in healthy participants, which refers to the mental
activities involved in maintaining and acquiring and using
information. Specifically, studies using the Headspace
mindfulness app have shown that 4 weeks of app-based
mindfulness practice reduces behaviora indicators of mind
wandering [19,34]. Mind wandering refers to the phenomenon
in which the mind drifts away from the current task or focus of
attention and becomes engaged in spontaneous thoughts
unrelated to the present moment. Separate lines of research have
discussed the component of attention monitoring embedded in
mindful ness as amechanism that may explain how mindfulness
improves cognitive functioning outcomes by reducing mind
wandering [35]. An additional component of mindfulness is
acceptance, which according to the authors is necessary for
reducing affective reactivity, such that attention monitoring and
acceptance skills together act to improve negative affect and
stress-related health outcomes and may explain the mechanism
of action behind why mindfulnessisthought to influence stress.

Effects of Mindfulness on Physiological Stress
Reactivity

In addition to its psychological and cognitive effects,
mindfulness has been found to have physiological effects that
reduce stress. Regular mindfulness practice has been associated
with decreased blood pressure, increased heart rate variability
(HRV), and reduced cortisol levels [36-39], which together
demonstrate the underlying physiological mechanism of why
mindfulness is thought to influence stress-related health
outcomes.

Elevated stress is widely regarded as healthy and functional
when confronted with acute stressful situations, however
permanent exposure to elevated stress—and in particular the
failure to recover from stress—may lead to dysfunction of the
underlying neurobiology [40]. The sympathetic nervous system
(SNS) isone of the 2 main divisions of the autonomic nervous
system (ANS), the other being the parasympathetic nervous
system (PNS). The SNS plays a crucial role in mobilizing the
body's response to perceived threats or stressful situations[41].
The PNS operates in opposition to the SNS and is responsible
for facilitating bodily processes during periods of rest. The SNS
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increases the heart’s cardiac output and decreases HRV, which
isneeded during acute stressful situations. Conversely, the PNS
slows the heart rate and increases HRV to restore homeostasis.
Thisnatural interplay between these 2 systems allows the heart
to quickly respond to different situations and needs based on
the context [42]. It is generally assumed that HRV, a measure
of beat-to-beat variability in heart rate, ismediated by the ANS
[43,44]. Currently, thereisnot auniversally recognized standard
for stress evaluation [45]. However, studies on HRV and stress
reactivity are increasing in frequency [45]. Evidence suggests
that the physiological measure of HRV is impacted by stress
and supports its use when assessing psychologica health and
stress [45]. Thus, we used HRV in this study to measure the
effect of how digital mindfulness interventions impact
physiological markers of stress.

Research studies have found that engaging in mindfulness can
increase HRV [36-39,46,47]. Taken together, these studies
suggest that mindfulness activatesthe PNS and promotes a state
of relaxation. A higher HRV indicates a flexible ANS that can
adapt to changing circumstances and shift between states of
activation (SNS) and relaxation (PNS). By increasing HRV,
mindfulness may thus improve emotiona regulation, reduce
stress reactivity, and enhance resilience to stress.

Effects of Mindfulness on Acute Stress

The cold pressor task (CPT) isalaboratory test commonly used
to induce a physiological stress response in participants. The
CPT involves immersing the participant's hand in an ice-cold
water bath for 3 minutes, which causes vasoconstriction in the
submerged hand. Thistriggers aphysiological response, which
activates the SNS, leading to an increase in heart rate, blood
pressure, and peripheral vasoconstriction [48-54]. The CPT is
widely used as a stress manipulation that elicits and modelsthe
effects of mild to moderate acute stress that participants might
encounter in their everyday life [48,49,51,53,55,56]. Studies
suggest that administration of the CPT disrupts executive
functioning including working memory capacity [57]. Therefore,
acute stress has a profound negative impact on cognitive
functioning, and thus the CPT serves as an excellent probe for
interventions such as digital mindfulness to test if digital
mindfulness interventions influence physiological markers of
stress reactivity during exposure to acute stress. A recent study
demonstrated that administration of the Headspace mindfulness
app for a period of 4 weeks mediated the relationship between
cognitive performance and acute stress[24]. The results showed
that the digital mindfulness intervention uncoupled the
relationship between cognitive performance and acute stress,
meaning that participants who underwent mindfulnesstraining
were less affected by stress during cognitive performance
compared to the control group. Thefindings of thisstudy suggest
that mindfulness training may be a useful approach to mitigate
the negative impact of acute stress.

Aims of the Study

Thisstudy examined if 3 different formats of digital mindfulness
interventions demonstrated efficacy in terms of reducing
self-reported levels of stress, sleep quality, and influencing
physiological markers of stress reactivity in a population with
elevated levels of stress.
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To accomplish the experimental aim, participantswith moderate
and high stress according to the Perceived Stress Scal e (PSS-10)
[58] were randomized to 1 of 5 groups (3 formats of
mindfulness, 1 active control, and 1 Waitlist Control). The study
investigated if changes in subjective stress (PSS-10), Sleep
quality (PSQI) and trait mindfulness (Mindful Attention
Awareness Scale [MAAS]) showed differences between the
preintervention and postintervention periods.

The 3 types of mindfulnessinterventionswereidentical in total
training dosage but varied in content and intervention length.
That is, 2 of the 3 mindfulness interventions (Basics and
Breathing) consisted of 30 sessions, whereas the third
intervention (Managing Stress) consisted of 20 sessions. The
type of content al so varied whereby 2 interventions (Basicsand
Managing Stress) were programmatic that progressed from
session to session, whereas the third interventions (Breathing)
consisted of single succinct exercises. Furthermore, 1
intervention was designed specifically to reduce stressin people
with elevated stress using mindful ness-based content (Managing
Stress). This interventional setup allowed us to investigate if
the unique characteristic of each intervention would result in
differential efficacy in apopulation with moderate to high stress,
while keeping the total training duration of each intervention
identical. In other words, the rationale for employing 3 formats
of mindfulness interventions was to explore if there were any
differential effects between these distinct formats of
mindful ness.

To probe psychological (self-reported) effects of stress, the
study examined if changes in stress (PSS-10), sleep quality
(PSQI), and mindfulness (MAAS) showed differences between
the preintervention and postintervention periods.

We hypothesized (H1) that the app-based mindfulness
interventions would yield significant improvements in
self-reported stress (PSS-10) as compared to the active and
Waitlist Control groups. We also hypothesized that trait
mindfulness (MAAS) and sleep quality (PSQI) would improve
in the mindfulness groups compared to control groups.

To probe physiological effects of stress, the study employed an
acute stress manipulation task (ie, the CPT) at the
preintervention and postintervention stage while measuring
physiological activity (HRV) before, during, and after exposure
to the acute stressor, and in addition self-reported stress
perception immediately after stress exposure.

We hypothesized (H2) that the app-based mindfulness
interventions would result in reduced physiological stress
reactivity during exposure to the CPT, expressed as increased
HRV activity compared to the active and Waitlist Control
groups.

Methods

Participants

A total of 225 research participants who had moderate to high
perceived stress based on PSS-10 total scores (14-40) were
recruited for the study (see Figure 1). Additional inclusion
criteria were men and women between 18 and 60 years of age.
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Exclusion criteria were any medical diagnosis, for example,
psychiatric or neurological conditions. The reason for these
exclusion criteria was to limit comorbidity in our sample by
recruiting participants with elevated PSS-10 scores. Other
exclusion criteria were regular mindfulness practice for more
than 1 month within the last year.

In total, 38 participants were excluded from the analysis either
because they did not initiate the intervention practice (n=29),
did not show up for the postintervention laboratory visit (n=6)

Kirk et al

or were unable to complete the CPT procedure (n=3). 24
participants were excluded because they did not meet the
minimum engagement dosage of 100 minutes (total engagement
duration was 300 minutes). Thus, the total number of
participantsin our analysis was 163 participants. The rationale
for the cut off at aminimum engagement dosage of 100 minutes
was to ensure that there were no significant differences in
engagement duration across the 4 active intervention groups
(Table 1).

Figure 1. CONSORT flow diagram showing the number of participants in each group and the phases of the study from enrollment to analysis. CPT:

cold pressor task; CONSORT: consolidated standards of reporting trials.
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Table 1. Demographic datafor the 5 groups, shown as mean and SD collected before and after the intervention.

Managing Stress ~ Basics Breathing Audiobook Waitlist Control

Number (females), mean (SD) 34 (17) 34 (18) 28 (13) 29 (14) 38 (18)
Age (years), mean (SD) 24.9(2.2) 253(2.1) 25.3(2.3) 25.9 (2.0) 257 (2.3)
Race or ethnicity, n (%)

White 23 (67.6) 21(61.7) 16 (57.1) 19 (65.5) 25 (65.7)

Hispanic 0(0) 1(2.9) 2(7.1) 1(3.4) 2(5.2)

Asian 5(14.7) 4(11.7) 4(14.2) 4(13.7) 4(10.5)

Black 3(8.8) 3(8.8) 3(10.7) 2(6.8) 2(5.2)

Middle Eastern 3(8.8) 5(14.7) 3(10.7) 3(10.3) 5(13.1)
Engagement duration (minutes)® mean (SD) ~ 187.5(72.2) 172.3 (64.1) 163.2 (69.0) 164.8 (57.9) N/AP

#The amount of engagement duration was calculated as the total minutes of engagement during the intervention period.

ON/A: not applicable.

Ethical Consider ations

The participants were recruited through flyers and
advertisements at a local university (University of Southern
Denmark) and the Region of Southern Denmark. All procedures
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were conducted in accordance with the local ethical committee
(Videnskabsetisk Komité for Region Syddanmark - project I1D:
S20170199). The study was performed in accordance with the
ethical standardslaid down inthe 1964 Declaration of Helsinki
and its later amendments. Participants received compensation
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for their participation in the study corresponding to aDKK 300
gift card (approximately US $45). All participants provided
written consent prior to participation in the study.

Experimental Procedures

The study included 5 experimental groups using a pre-post
design.

Overdl, 48 hours prior to the laboratory visit, €igible
participants were emailed instructions to refrain from alcohol
and nicotine before coming to the laboratory to avoid known
influences of these factors on autonomic activity [59-61].
Participants were instructed not to engage in intense physical
activity for the 48-hour period but were otherwise asked to
maintain their daily and nightly routines. Both the pre- and
postintervention laboratory visits were conducted on weekdays
between 11 AM and 4 PM. Thistimewindow was kept constant
across measurement periods to reduce variance of the circadian
rhythm [62,63].

Kirk et al

Upon arrival for the first laboratory visit (ie, preintervention or
T1), the participants initially signed the consent form.
Participants were subsequently instructed on how to complete
the experimental procedures (Figure 2). The experimental
procedures consisted of completing surveys (see psychol ogical
measures), and subsequently completing the CPT, that is, the
stress manipul ation whilst HRV was collected (see physiol ogical
measures). Specifically, participantswere seated in achair while
the physiological HRV monitor was applied using 2 el ectrodes.
After making sure that the HRV monitor was correctly applied,
the participants wereinstructed about the CPT. The participants
were asked to rest for 5 minutes by sitting in achair in an upright
position during the rest period. Subsequently, participantswere
instructed to initiate the CPT procedure (CPT period; see acute
stress mani pulation). Having completed the stress mani pul ation,
that is, CPT, the participantswereinstructed to rest for 5 minutes
by sitting in achair in an upright position (recovery period).

Figure 2. Outline of the study procedures. CPT: cold pressor task; HRV: heart rate variability; MAAS: Mindful Attention Awareness Scale; PSQI:

Pittsburgh Sleep Quality Index; PSS-10: Perceived Stress Scale.
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Time

The randomization procedure was determined after study
recruitment, but before study launch. Specifically, participants
were randomly allocated to 1 of 5 groups (Managing Stress,
Basics, Breathing, Audiobook, or Waitlist Control) using
sequence generation by the research team, who were not
formally blinded to group allocation. Participants were not
informed about group alocation until after completion of the
preintervention experimental procedures. HRV was collected
continuously during the CPT procedure. That is, the CPT
procedure was broken up into 3 parts: rest period, CPT period,
and recovery period (Figure 2). Following the preintervention
laboratory visit, participants were instructed to initiate the
30-day intervention starting the following day. The second
laboratory visit procedures (ie, postintervention or T2) were
identical to the experimental procedures explained above.

Psychological M easures and Physiological M easures

The experimental methods and outcome measures are described
in detail in the Multimedia Appendix 1 [64-68].

Interventions

Theinterventionswere completed using a custom-built research
smartphone app. Participants were given access to asmartphone
app that was built for the purpose of conducting scientific
research at the University of Southern Denmark that contained
the training content for each specific intervention. The app has
been applied in previous scientific research studies [27,36,69].
The app was set up to contain specific content related to each
of the interventions. That is, participants could only access the

https://mhealth.jmir.org/2023/1/e47371

(20 min) (S min) (3 min) (5 min)

Time

content in the app belonging to the specific type of intervention
they were completing at any given time. Compliance was
provided by a backend in the app that tracked the timestamps
to keep count of content length belonging to each intervention
for each participant.

Participants did not receive an introductory session to the active
intervention conditions but were provided with oral and written
instructions about the app usage for the intervention period.
Participants were instructed to follow the program in full.

Managing Stress (Mindfulness) I ntervention

The content of the training was provided by Headspace [70]
and based on well-established concepts and practiceswithin the
stress [71-74], stress management [75,76], and mindfulness
training [11] literature. The program involved a daily
combination of evidence-based stress management techniques
including an advice video featuring stress psychoeducation, a
mindfulness meditation, a relaxation method (ie, progressive
muscle relaxation), and a reflective activity (ie, gratitude
prompts). All were delivered through short, animated videos
and sound files in the app. The Managing Stress program has
been tailored for people with elevated stress levels (Figure S2
in Multimedia Appendix 2). Whereas the other 3 active
interventions comprised 30 sessions, the Managing Stress
intervention entailed 20 total sessions (5 sessions per week)
with an average of 15 minutes duration per session. The
Managing Stressintervention had the sametotal duration relative
to the duration of the other 3 active interventions (approximately
300 minintota for eachintervention), allowing ustoinvestigate
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if the training frequency yielded a difference across the active
interventions.

Basics (Mindfulness) Intervention

The content of the training was provided by Headspace [70]
and based on well-established concepts and practiceswithin the
mindfulness literature [11]. The course entailed daily practice
in guided mindfulness meditation, with instructions delivered
through short, animated videos and sound filesin the app (Figure
S1 in Multimedia Appendix 3). The training course centered
on mindfulness meditation, which included focusing on a
selected object (ie, the body or the breath), monitoring the
activity of the mind, noticing mind-wandering, and developing
a nonjudgmental orientation toward one's experience (ie,
equanimity). The Basics intervention entailed daily practice
sessions of 10-minute duration for atotal of 30 sessions.

Breathing (Mindfulness) I ntervention

The content of the training was provided by Headspace [70]
and based on well-established literature on the positive effects
of deep breathing and diaphragmatic breathing on stress[77,78].
The Breathing intervention consisted of brief (around 1 min)
guided deep breathing and diaphragmatic breathing exercises.
There were 9 different deep breathing exercises that all
contained identical instructions. The participants in this group
wereinstructed to freely choose from the exercises and compl ete
10 exercises (corresponding to 10 min) per day for atotal of 30
days. Importantly, this intervention was different from the 2
other mindfulness interventions in that it did not contain
programmatic content that progressed over time, but rather
consisted of single succinct exercises. However, it isto be noted
that similar deep breathing exercises were part of al of the
mindfulness interventions, including the Managing Stress, the
Basics, and the Breathing interventions.

Audiobook Intervention

Mindful ness has been hypothesized to train attention and affect
through interoceptive nonjudgmental awareness [79-81].
Therefore, to deliberately manipulate the active control
intervention, this study aimed to de-emphasize these elements
by isolating the mechanisms of action in mindfulness. The
participantsin the active control intervention therefore received
instructions to listen to an audiobook. Audiobooks have been
used previously as active control for mindfulness in several
studies [82-86]. Specifically, in accordance with previous
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literature we used the following audiobook in this study: “The
Natural History of Selborne” by White and Taylor [87]. The
general topic of the audiobook contains observations of natural
history of the area around Selborne organized more or less
systematically by species and group. The intervention entailed
listening to the audiobook for a daily duration of 10 minutes
for atotal of 30 sessions.

Waitlist Control

The Waitlist Control group required that participants did not
follow an intervention. However, the Waitlist Control group
was given the option to obtain access to 1 of the 3 active
interventions after completion of the study.

Statistical Analysis

All data are presented as mean + 1 SD unless otherwise stated.
Assumptions of statistical tests for normal distribution and
sphericity of data were checked. A series of mixed groups
(Managing Stress, Basics, Breathing, Audiobook, Waitlist
control) x time (pretest, posttest) ANOVAs were performed on
PSS-10, PSQI, MAAS, and CPT sdlf-reported stress. A series
of mixed groups (Managing Stress, Basics, Breathing,
Audiobook, Waitlist contral) x time (pre, post) x task period
(rest, during task, and recovery) ANOVASs were performed on
HRV. Significant 3-way interactionswerefollowed-up by Group
by Time ANOVAs at each time point, and 2-way interactions
werefollowed-up with relevant corrected pairwise comparisons
using the Bonferroni method (post hoc analysis) for smplemain
effects within each group. Where no significant interactions
were found, main effects of time, group, and task period were
reported. Significance level was set at 0.05 (2-tailed) for all
analyses. The effect sizes for the ANOVASs were calculated as
partial eta squared (n?p), with 0.02, 0.13, and 0.26 indicating
small, medium, and large effects, respectively. Data analysis
was conducted using SPSS (version 27; IBM Corp).

Results

Measures at Baseline (Pretest)

Age, gender, race, or ethnicity, and engagement duration (in
minutes) is presented in Table 1, and behavioral measures
(PSS-10, PSQI, MAAS, and self-reported stress during CPT)
are presented in Table 2. No statistically significant differences
were detected for any of these variables at baseline.
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Table 2. Behavioral datafor the 5 groups collected pre- and postintervention and percentage change in self-reported measures.

Managing Stress ~ Basics Breathing Audiobook Waitlist Control
PSS-10% (Pre), mean (SD) 21.6(3.2) 216 (4.7) 22.0 (4.1) 22 (1.42) 21.7 (4.4)
PSS-10 (Post), mean (SD) 18.6 (3.0) 17.4 (4.3) 22.7 (3.5) 23.6 (5.0) 21.8 (4.0)
PSS-10 percentage change, % -138 -14 31 7.2 04
PSQIP (Pre), mean (SD) 7.3(1.4) 7.3(1.3) 7.2 (1.6) 7.2(15) 7.2(1.7)
PSQI (Post), mean (SD) 6.1(1.3) 6.4 (1.3) 7.0(L7) 7.1(1.4) 7.3(17)
PSQI percentage change, % -16.4 -12.3 2.7 -13 13
MAASS (Pre), mean (SD) 3.0(0.9) 29(1.0) 29(11) 3.0(1.0 28(1.2)
MAAS (Post), mean (SD) 3.7(1.3) 34(11) 2.8(1.0) 29(1.2) 29(1.2)
MAAS percentage change, % 233 17.2 -34 -33 35
CPTY self-reported stress (Pre), mean (SD) 75(13) 73(13) 7.9(13) 7.4(13) 7.7(13)
CPT self-reported stress (Post), mean (SD) 6.9 (1.4) 6.9 (1.3) 7.2 (15) 7.2(15) 7.3(14)
CPT self-reported stress percentage change, % -8 5.4 -8.8 2.7 5.1

8PSS-10: Perceived Stress Scale.

bPSQI: Pittsburgh Sleep Quality Index.
°MAAS: Mindful Attention Awareness Scale.
dCPT: cold pressor task.

. ) reveal ed that the PSS-10 score for the Managing Stress (P<.001;
Psychological Measures: PSS-10, PSQI, MAAS, and n?p=0.096) and the Basics (P=.01; n?p=0.060) groups were

CPT Self-Reported Stress significantly reduced from the preintervention to the
There was an interaction for PSS-10 across the 5 groups and  postintervention period, while no significant differences were
time (F;;55=6.964; P<.001;, n?p=0.188). Follow-up tests reportedfor Breathing (P=.51; n%p=0.003), Audiobook (P=.08;

n?p=0.007) and Control (P=.75; n?p=0.001; Figure 3; Table 2).

Figure 3. PSS-10 results pre and post across the 5 groups. $: interaction effect; # simple main effects of time (follow-ups). PSS-10: Perceived Stress
Scale.
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Therewas an interaction for PSQI acrossthe 5 groups and time
(F4156=4.941;, P=.001; n2p=0.111). Follow-up tests revealed
that the PSQI score for the Managing Stress (P<.001;
N%p=0.131) and the Basics (P=.001; n2p=0.074) groups were
significantly reduced from the preintervention to the
postintervention period, while no significant differences were
reported for Breathing (P=.50; n3p=0.003), Audiobook (P=.60;
N%p=0.002), and Control (P=.73; n?p=0.001; Figure 4; Table
2).

Kirk et al

There was no significant interaction (F,;5,=1.801, P=.13;
n?%p=0.044) or main effects of time (Fj55=1.957; P=.16;
N2p=0.012) and group (F4158=2.245; P=.07; n2p=0.054) for
MAAS (Table 2).

Nointeraction (F4 155=0.279; P=.90; n2p=0.007) or main effect
of group (F4156=1.639; P=.17; n?p=0.040) were found for
self-reported stress during the CPT (Table 2). A main effect of
time was observed (F; 155=10.960; P=.001; n2p=0.065).

Figure 4. PSQI results pre (A) and post (B) across the 5 groups. $: interaction effect; #: simple main effects of time (follow-ups). PSQI: Pittsburgh

Sleep Quality Index.
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Physiological Measures. HRV

No 3-way interaction (group x time x task period) was detected
for HRV (Fg36=0.030; P=.997, n?p=0.001). However, a
significant 2-way interaction (group x time[F, 155=2.637, P=.04;
n?p=0.063]) was detected. Follow-up t tests reveal ed that HRV
significantly increased from pretest to posttest for the Managing
Stress (P<.001; n2p=0.089) and the Basics (P=.008; n2p=0.043)

https://mhealth.jmir.org/2023/1/e47371

while no significant differences were reported for Breathing
(P=.92; n?p=0.001), Audiobook (P=.53; n2p=0.002), and
Control (P=.62; n2p=0.002). No group x task period
(Fg216=0.854;, P=.56; n?p=0.021) and time x task period
(F,316=1.670; P=.19; n?p=0.010) interactions were observed.
A dignificant main effect of task period was observed
(F;316=42.529; P<.001; n2p=0.212; Figure 5; Table 3).
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Figure5. HRV results pre and post across the 5 groups. $: interaction effect; #: simple main effects of time (follow-ups). HRV: heart rate variability;
RMSSD: root-mean-square of successive differences between normal heartbeats.

A B
45
$
40 T
A 35 4
w
2
[5 30 +
-
o
I 25
—— Basics
20 — @ — Breathing
—h— Managing Stress
L ~  — -A— Audiobook
— - —- Waitlist Control
15 T T T T T T
Rest CPT Task  Recovery Rest CPTTask  Recowry
Task Period

Table 3. Behavioral datafor the 5 groups, shown as mean and SD collected pre- and postintervention.

Managing Stress, Basics, mean (SD)  Breathing, mean (SD)  Audiobook, mean (SD) Waitlist Control,
mean (SD) mean (SD)
HRV2 (RMSSDP: Pre)
Rest period 28.9(8.0) 28.5(9.5) 30.9 (11.3) 29.0 (8.4) 28.8(8.0)
CPTC period 24.5 (6.0) 23.9(6.6) 22.0(5.1) 235 (5.9) 23.5(6.4)
Recovery period 28.2(9.1) 27.0(9.6) 28.4(10.0) 26.0(8.3) 26.6 (9.3)
HRV (RMSSD; Post)
Rest period 32.9(10.0) 31.2(8.8) 31.0(9.0) 29.4(7.9) 29.7 (8.9)
CPT period 27.5(6.9) 257 (7.1) 21.1(4.4) 235 (6.6) 23.0(6.3)
Recovery period 32.8(9.1) 30.3(7.9) 29.6 (11.0) 27.6 (9.4) 27.6 (9.5)

8HRV: heart rate variability.

bRMSSD: root-mean-square of successive differences between normal heartbeats.

CCPT: cold pressor task.

Discussion

Principal Findings

This study sought to investigate if 3 formats of digital
mindfulness interventions would show efficacy in reducing
subjective and physiological levels of stress in a population
with elevated symptoms of stress. The study found that
self-reported stress as measured by PSS-10 was significantly
reduced in the Managing Stress and Basics groups from the
preintervention to the postintervention period compared to the
other groups. Furthermore, the study found significant
improvement in self-reported sleep quality as measured by the
PSQI in the Managing Stress and Basics groups from the
preintervention to the postintervention period compared to the
other groups. Trait mindfulness, as measured by MAAS, did

https://mhealth.jmir.org/2023/1/e47371
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not yield significant differences across any of the groups.
Finally, the results showed that only the Basics and Managing
Stress groups displayed significantly reduced levels of
physiological stress (ie, expressed as increased HRV activity)
during exposureto the acute stress manipul ation task (ie, CPT).

To our knowledge this study is the first study to demonstrate
stress-reducing effects of a digital mindfulness app in a
population with elevated baseline stress levels. Stress is
prevalent in modern society and is accepted as a contributing
factor to the onset of a range of mental health disorders,
including depression and anxiety [6,7,88]. These findings
highlight the promise of the Headspace mindfulness app in
reducing both psychological and physiological stressin people
with elevated stress.
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Self-Reported Effects of Stressand Sleep Quality

The magnitude of change for the PSS-10 was larger in the
Managing Stress group and the Basics groups compared to the
Breathing and control groups, thus finding partial support for
hypothesis 1 (H1). Our findings expand upon the results of
previous studies that found digital mindfulness interventions
improved stress among the general population [20-23,25,26].
Thisstudy showed efficacy among asample composed of mostly
university studentswith elevated stress. A meta-analysis showed
that digital mindfulnessinterventions had significant effectson
depression, anxiety, and stress, which was supported in this
study in terms of stress reduction [32]. However, the
meta-analysis also showed that digital mindfulnessinterventions
with therapist guidance were more effective than for digital
mindfulness without therapist guidance. Our study did not
include therapist guidance, future studies could examine whether
therapist-guided interventions lead to higher effect sizes. An
implication from this study is that the Managing Stress and
Basics interventions both improved stress in a population
afflicted with elevated stress, with effect sizes being dightly
higher for the Managing Stressrel ative to the Basicsintervention
for both physiological measures (ie, HRV) and psychological
measures (ie, PSS-10 and PSQI). The results may point to the
fact that the act of following a skill-building intervention
centered around mindfulness is sufficient to show changes in
these outcomes, which was present in both the Managing Stress
and Basics groups. Both the Managing Stress and Basics
interventions were effective despite the differencesin frequency
and duration of individual sessions (20 daily 15-minute sessions
for Managing Stress and 30 daily 10-minute sessionsfor Basics).
The results suggest that using mindfulness app-based
interventions may be a practical approach to reducing stressin
that it requires fewer resources (costs, mindfulness instructors,
and brick-and-mortar clinics) where people can participate
remotely with fewer practical constraints.

Thisstudy found that the PSQI indexing subjective deep quality
improved in the Managing Stress and Basics groups from the
preintervention to the postintervention period. It is noteworthy
that the participant’s subjective sleep quality on the PSQI did
not show statistical differences from the preintervention to the
postintervention period for the Breathing group. However, the
HRV results support this finding in that there was not a
significant difference in HRV for the Breathing intervention.
A recent meta-analysis reported a significant positive effect of
mindfulness on sleep quality based on the results of 6
randomized controlled trials on people with insomnia [89]. In
this study, we found a reduction in perceived stress and in a
separate analysis an increase in deep quality, however, only in
2 of the 3 aforementioned mindfulness interventions, which
might be due to the skill-building program in Managing Stress
and Basics that yielded an effect on both outcome measures.

In contrast, we found no effects of the MAAS for any of the
interventions. Thisfinding issurprising in that previousfindings
have revedled that web- or app-based mindfulness has a
significant impact on mindfulness, albeit with small effect sizes
[32]. However, we note that both the Managing Stress and
Basics interventions showed atrend toward significance on the
MAAS.

https://mhealth.jmir.org/2023/1/e47371
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Physiological Effects of Stress

Wedid not find significant group differencesin subjective levels
of stress after administration of the CPT from the preintervention
to the postintervention period. However, we did observe
significant differencesin HRV activity both in the expectation
phase before the CPT, during the CPT, and in the recovery
period after the CPT in both the Managing Stress group and the
Basics group in support of hypothesis 2 (H2).

A recent study employed the CPT in the context of a 30-day
app-based mindfulness intervention and showed that
mindfulness training was less affected by acute stress on their
cognitive performance compared to the control group suggesting
that mindfulness may mitigate the negative impact of acute
stress [24]. This previous finding may support the results from
this study. Although this study cannot speak to the precise
neurobiological mechanism underlying the elevated HRV
activity observed in the Managing Stress and Basics groups,
we can take advantage of our understanding of other systems
involved in the stress response to interpret why these effects
might occur. The stress response is driven by elevated
noradrenaline levels during acute stress that reflects SNS
activation [90,91]. Consequently, €l evated noradrenaline levels
during stress lead to the rapid decline in cognitive processing
and impairment of the prefrontal cortex [92]. However, our
finding of increased HRV activity in the Managing Stress and
Basics group, reflectsincreased PNS activity [44] during acute
stresswhich isin line with the abovementioned study showing
that mindfulness in the context of the CPT does not impair
cognitive functioning [24]. The results demonstrate that the
Managing Stress and Basics mindfulness interventions show a
stress-buffering effect compared to the other interventions,
specifically by increasing PNS activity in apopulation afflicted
with elevated level s of salf-reported baseline stress. Furthermore,
the results show that mindfulness can momentarily decrease
stress and stress-related autonomic activity, which has also been
observed in related studies, albeit in healthy populations and
using salivary cortisol [93,94].

The results in this study found differential efficacy whereby
only 2 of the 3 mindfulness groups, that is the Managing Stress
and Basics group, but not the Breathing group, showed
physiological and self-reported stress-buffering effects. This
could be dueto the rel ationship between the different ingredients
of the mindfulness content across the different interventions.
The content of the Breathing intervention wasto engagein deep
breathing and diaphragmatic breathing exercises for 10 min
daily, which does not seem to translate into behavioral changes
that could influence physiological reactivity as opposed to the
Managing Stress and Basics interventions. This finding of
differential effects between the 3 types of mindfulness is
interesting. Reasonsfor such adifference might befound in the
literature demonstrating mixed results in terms of the effect of
deep breathing and diaphragmatic breathing interventions across
various outcome measures. Further, 1 study found that breathing
exercises did not yield pain reduction in a clinical population
[95]. However, another study found effectsin terms of reduced
distressin the context of brief deep breathing and diaphragmatic
breathing exercises, abeit this study only showed a limited
immediate effect of a deep breathing exercise [96]. Thus,
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additional studies are required to tease apart the impact of deep
breathing and diaphragmatic breathing exercises on stress
outcomes and respiratory-physiological effects both in the
immediate phase and more chronic effects. Further, 1
interpretation of the resultsfrom this study may bethat essential
components of the mindfulness interventions that were not
present in the breathing exercises, such as attention monitoring
and acceptance components, may be responsible for the
nonsignificant finding in the breathing exercise condition. This
may explain the mechanism of action behind why mindfulness
is thought to influence stress in this study.

Strengths and Limitations

Although the results of this study are promising regarding the
efficacy in 2 of the 3 app-based mindfulness interventions,
several limitations must be noted. First, the sample primarily
comprised young university studentsin their twenties, thus the
generalizability of our findings may be limited. Second, this
study did not investigate the efficacy of the app-based
interventions beyond 30 days, nor whether any of the findings
were maintained (regardless of app usage) beyond this period.
Future studies should consider including follow-up
measurements to eval uate sustained outcomes. Third, the study
did not collect endocrine measures such as cortisol to assessthe
acute stress response during the CPT, although the HRV-data
supported, it would have been interesting to also inspect
correlations between endocrine measures and HRV to be
completely certain that the CPT dlicited reliable stressreactivity
in participants. Fourth, participants were instructed to follow
the programin full, however training adherence was not checked
during the intervention, and participants were not reminded by
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theresearchersto complete the daily training in theintervention
period, which might have increased adherence.

Notably, a strength of this study was its relatively diverse
population interms of race, whereby 5 different ethnicitieswere
represented in the study. In future interventions, it isimportant
to explore the efficacy of diverse populations both in terms of
race or ethnicity, age, socioeconomic status, and education level
in order to generalize the findings to a broader population. A
second strength of this study is that we employed multiple
mindfulness interventions and were thus able to investigate if
the unique characteristic of each intervention would result in
differential efficacy. A third strength of this study wasthat both
subjective and objective measures were employed which
increased the inferences made in terms of reductions in both
self-reported stress and objective measures of stress in the
Managing Stress and Basics interventions.

Conclusions

In summary, our findings extend previous studies suggesting
the efficacy of Headspace's app-based mindfulness
interventions, specifically the Managing Stress and Basics
content, to reduce stress in populations with elevated stress
levels. Specifically, we found stress-buffering effects in a
relatively diverse sample of participants afflicted with elevated
stress. Moreresearch in thisareais needed to establish efficacy
and explore the degree to which effects are sustained in the
long-term. The findings presented here provide important data
that may be applied to the design of future studies or mental
health interventions in people who experience elevated levels
of stress.
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