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Abstract

The objective of this randomized controlled trial was to test whether a commercially avail-
able, mindfulness meditation mobile app, (i.e., Calm app), was effective in reducing fatigue
(primary outcome), pre-sleep arousal, and daytime sleepiness (secondary outcomes) in
adults with sleep disturbance (Insomnia Severity Index Score >10) as compared to a wait-
list control group. Associations between the use of the Calm app (i.e., adherence to the inter-
vention) and changes in sleep quality was also explored in the intervention group only.
Adults with sleep disturbance were recruited (N = 640). Eligible and consenting participants
(N = 263) were randomly assigned to the intervention (n = 124) or a wait-list control (n =
139) group. Intervention participants were asked to meditate using the Calm app >10 min-
utes/day for eight weeks. Fatigue, daytime sleepiness, and pre-sleep arousal were
assessed at baseline, mid- (4-weeks) and post-intervention (8-weeks) in both groups,
whereas sleep quality was evaluated only in the intervention group. Findings from intent-to-
treat analyses suggest the use of the Calm app for eight weeks significantly decreased day-
time fatigue (p = .018) as well as daytime sleepiness (p = .003) and cognitive (p = .005) and
somatic (p <.001) pre-sleep arousal as compared to the wait-list control group. Within the
intervention group, use of the Calm app was associated with improvements in sleep quality
(p <.001). This randomized controlled trial demonstrates that the Calm app can be used to
treat fatigue, daytime sleepiness, and pre-sleep arousal in adults with sleep disturbance.
Given that the Calm app is affordable and widely accessible, these data have implications
for community level dissemination of a mobile app to improve sleep-related symptoms asso-
ciated with sleep disturbance.
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Introduction

More than 50-70 million adults suffer from a sleep disorder (e.g., insomnia or sleep apnea)|1,
2] and 60% of Americans report significant sleep disturbances (e.g., trouble falling or staying
asleep, sleeping excessively, disturbed sleep-wake schedules, restless or insufficient sleep) [3-
5]. Short-term effects of sleep disturbance are associated with decreased performance (e.g., job
productivity, school performance), fatigue and daytime sleepiness, while longer-term effects
may have more detrimental consequences such as premature mortality, risk of cardiovascular
disease, obesity, diabetes, and psychiatric disorders (e.g., anxiety, depression) [1, 6, 7]. Those
with sleep disturbance, particularly with insufficient sleep, are more likely to report being
obese, physically inactive, and current smokers [8] and has been declared a major public health
problem [1]. Additionally, up to 10% of adults reporting sleep disturbances have severe and
chronic symptoms that meet diagnostic criteria for insomnia [9], with fatigue being one of the
most frequent complaints [10]. There is an urgent need to identify strategies, which can be
delivered broadly at the community level, to address sleep disturbance and improve health
outcomes.

Effective treatment for sleep disturbance (depending on type and severity) include both
pharmacological and non-pharmacological strategies, although cognitive behavioral therapy
for insomnia (CBT-I) is recommended as the first line of treatment for insomnia by the Amer-
ican Academy of Sleep Medicine [11, 12]. Indeed, whereas sleep medications are effective in
the short-term management of insomnia, the efficacy of pharmacologic treatment is not dura-
ble due to intolerance and use is further complicated by side effects of fatigue and cognitive
changes. In contrast, CBT-I is effective and durable, yet has not been widely disseminated
because this treatment is intensive, poorly tolerated, costly, and/or has limited accessibility due
to the need for specialized providers [13], travel, or cost of services. Novel treatments that
effectively and conveniently address sleep disturbance need further investigation.

Mindfulness meditation, a less intensive intervention, has been found to be effective in the
treatment of sleep disturbance, with evidence of non-inferiority to the gold standard in CBT-I
[14, 15]. Such treatments are especially attractive to address sleep disturbance as they appear to
reduce insomnia-related symptoms of anxiety and depression, are relatively low cost, and
more accessible than clinician-administered treatment [16,17]. A 2019 systematic review and
meta-analysis of randomized controlled trials examined the effect of mindfulness meditation
on sleep quality in 18 trials [18]. The findings suggest mindfulness significantly improves sleep
quality (moderate strength of evidence) when compared to non-specific controls (e.g., time-
and attention-matched) and may have similar effects on sleep quality as compared to evi-
dence-based sleep treatments (e.g., CBT, sleep hygiene therapy). These findings were also
durable at five- and 12-month follow-up periods, suggesting long-term benefits of mindfulness
meditation on sleep quality and that mindfulness meditation is non-inferior to CBT-I. How-
ever, other systematic reviews and meta-analyses examining the effect of mindfulness medita-
tion on sleep have been mixed with some concluding no effect of mindfulness meditation and
others concluding moderate positive effects in favor of mindfulness meditation [19-23]. It is
clear there is a need for more studies examining the effect of mindfulness meditation on sleep
outcomes.

As the field of medicine moves towards digital health, especially in the midst of the
COVID-19 pandemic, research on the delivery and efficacy of health-supportive interventions
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via mobile technologies such as smartphones (i.e., mHealth) is needed. Approximately 81% of
US adults own a smartphone and the high utilization of this technology has opened up many
opportunities for delivering mindfulness meditation via mobile apps [24], yet there are no
studies to our knowledge that have examined whether a mobile app that delivers mindfulness
meditation is effective in the treatment of sleep disturbance. Mobile apps may also be especially
appealing to the consumer as they may mitigate common barriers and limitations to participa-
tion reported in face-to-face interventions, and thereby provide an opportunity to receive
treatment and maintain necessary social distancing guidelines during the COVID-19 pan-
demic. Furthermore, travel is a common barrier to face-to-face interventions, and the use of
mobile apps allows the participant to engage in the comfort and privacy of their home [25].
Using mobile apps to deliver mindfulness meditation may also address the issue of reporting
meditation adherence as mobile apps can provide a more objective tracking method.

The availability of mindfulness meditation mobile apps has grown exponentially over the
past decade [26] but the majority of these apps have not been adequately evaluated. As noted,
no meditation mobile app has been tested in a randomized controlled trial for their effects on
sleep disturbance [5, 27]. Previous feasibility studies testing mindfulness meditation mobile
apps to improve stress or fatigue, have reported that participants enjoy using the apps and
report perceived improvements in sleep [28]. Interestingly, one large cross-sectional study
reported that Calm app (i.e., commercially available mindfulness meditation mobile app) users
(N =11,870) typically downloaded the app to improve sleep (62.9%) and adults with sleep diffi-
culties were more likely to notice changes in their sleep after using the app compared to those
without sleep difficulties [29]. The absence of rigorous research to investigate the potential
benefit of commercially available mindfulness meditation mobile apps such as the Calm app to
improve sleep disturbance is striking given the prevalence of sleep disturbance, widespread use
of mobile apps, and emerging data that mindfulness meditation may improve sleep.

Therefore, the objectives of this study were to determine the effects of using a commercially
available mindfulness meditation app (i.e., Calm) for >10 mins/day for eight weeks on the pri-
mary outcome, fatigue, in those who report sleep disturbance (score >10 on the Insomnia
Severity Index) as compared to a wait-list control group. We also assessed the effects of using
Calm on secondary outcomes of pre-sleep arousal and daytime sleepiness. Within the inter-
vention group, associations between using Calm and changes in sleep quality were also
explored. We hypothesized that fatigue, daytime sleepiness and pre-sleep arousal would signif-
icantly decrease compared to the wait-list control group. We also hypothesized that partici-
pants using Calm would report improvements in sleep quality during the intervention period,
and that more time spent using Calm would be associated with improvements in sleep quality.
The data gathered from this study will be used to inform future studies using mobile medita-
tion apps as a sleep intervention.

Methods
Ethics approval

This study was approved by the Institutional Review Board at Arizona State University
(STUDY00010050). All participants provided electronic consent prior to participating in the
study.

Research design

This study was a randomized controlled trial assessing the effects of a mindfulness meditation
mobile app on sleep outcomes in adults with elevated insomnia symptoms (trial registration:
ClinicalTrials.gov NCT04045275). Assessments were conducted at baseline, mid- (four weeks)
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and post-intervention (eight weeks). Participants were randomly assigned to the intervention
group [i.e., Calm app (>10 minutes/day)], or a wait-list control. Those randomized to the
wait-list control group received the intervention after eight weeks.

Sample size

Based on previous studies assessing the effects of in-person meditation interventions on fatigue
[30, 31], power analyses were conducted in G*Power 3.1 [32]. Assuming a moderate effect size
(d = 0.50). Results indicated that analyses with 211 participants across three time points would
yield .80 power. To account for attrition, we aimed to enroll up to 250 participants.

Recruitment and enrollment

Participants were recruited nationally between June and September of 2019 via Internet-based
strategies including social media (e.g. Facebook, Twitter, Instagram), social networking sites,
email listservs and ResearchMatch.org. The study was advertised as a “mobile app intervention
for physical and mental health”. Interested participants completed a brief (5-10 minutes) eligi-
bility screener via Qualtrics (i.e., online survey database). Inclusion criteria were: 1) sleep dis-
turbance defined by a moderate level of elevated insomnia symptoms (i.e., score >10 on the
Insomnia Severity Index) [33]. Because we recruited participants from the general population,
we chose the cutoff score of 10 as Morin and colleagues [33] determined it to be optimal for
detecting at least subthreshold insomnia in a community sample, 2) 18 years or older, 3) could
read and understand English, 4) willing to download the Calm app to their smartphone, 5) had
not practiced meditation for more than 60 minutes a month in the past six months, and 6)
willing to be randomized. If eligible, participants were emailed a link to a video explaining the
informed consent and study procedures. If interested in participating, participants completed
a quiz to assure they understood study procedures. Participants then completed an electronic
informed consent delivered via Qualtrics. Once consented, participants completed baseline
questionnaires and then were randomized to intervention or wait-list control group and
emailed study instructions. All recruitment and enrollment procedures were conducted
remotely based out of a lab at Arizona State University by a trained research coordinator.

Randomization and blinding

To conceal allocation, randomization occurred after enrollment, sequentially, on a one-by-one
basis. After a participant completed baseline assessments, the research coordinator allocated
that participant to a group using an online randomization tool (random.org). Group randomi-
zation was unstratified. The research coordinator and participants were unblinded to group
allocation.

Intervention

Calm is a mindfulness meditation app that is commercially available internationally. Calm
provides a number of guided experience options including general guided meditations (e.g.,
10-minute Daily Calm, various individual and series meditations, and sleep-specific medita-
tions) grounded in mindfulness-based stress reduction (MBSR) and Vipassana meditation and
Sleep Stories, grounded in sensory immersion and present moment awareness. Participants
were asked to download the Calm app on their phone from the Apple App Store or Google
Play. Participants then received a study email address and password allowing them to access
their Calm account (eight-week free subscription to Calm). Participants were asked to medi-
tate for at least 10 minutes each day and encouraged to use Calm as much as they would like
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during the intervention. We chose 10 minutes/day for the intervention because previous
research using the Calm app suggests 10 min/day may lead to improvements in mental health
[34]. The research team recommended using the “7-Days of Calm” (introduction to medita-
tion) at the beginning of the intervention, however participants were given autonomy to
choose meditations they wanted to use to replicate how a consumer might use the app (i.e.,
real life application). This prescription mimicked how a new, paying member would use the
app (full exposure with autonomy).

Wait-list control

Participants randomized to the wait-list control group were asked to wait eight weeks from the
time they signed consent and asked not to change their normal routine or download or use
any apps for relaxation, meditation or sleep. After eight weeks, participants received a Qual-
trics link to the post-intervention surveys (same surveys that the intervention group received)
and received free access to Calm (in the same way as the intervention group) for eight weeks
upon completion of the surveys.

Measures

Information about demographic characteristics, self-reported chronic health and sleep diagno-
ses was collected at baseline. During the study period, both the intervention and wait-list con-
trol groups were administered three self-reported surveys at baseline, mid- (four weeks) and
post-intervention (eight weeks) that assessed fatigue, daytime sleepiness, and pre-sleep arousal.
Among intervention participants only, sleep quality was assessed via daily sleep diaries
throughout the study period. All data was collected using Qualtrics (online survey software).

Primary outcome

Fatigue. The Fatigue Severity Scale (FSS) was used to measure fatigue [35, 36]. The FSS is
a nine-item scale assessing fatigue symptoms and its effect on a person’s activities and lifestyle.
The FSS utilizes a seven-point Likert scale from 1 = strongly disagree to 7 = strongly agree.
Item scores are averaged to calculate a total score (range = 1 to 7). Higher scores indicate
higher levels of fatigue. The FSS has high internal consistency (o = .88) and has demonstrated
strong convergent validity with physiological and self-report measures in adults with sleep
disturbance.

Secondary outcomes

Daytime sleepiness. The Epworth Sleepiness Scale (ESS) was used to measure daytime
sleepiness [37]. The ESS is an eight-item scale that asks the participants to rate how likely they
are to doze off or fall asleep in while engaged in eight different activities. The questionnaire uti-
lizes a four-point Likert scale with responses ranging from 0 = would never doze to 3 = high
chance of dozing. Items are summed to produce a total score ranging from 0 to 24. Higher
scores indicate higher levels of daytime sleepiness. The ESS has high internal consistency (o =
.86) [38] correlates with objective measures of daytime sleepiness and physiological indicators
of sleep disturbance, and can effectively distinguish between adults with and without sleep-
related diagnoses [37].

Pre-sleep arousal. The Pre-Sleep Arousal Scale (PSAS) was used to measure pre-sleep
arousal [39]. The PSAS is a 16-item scale assessing an individual’s state of arousal as they
attempt to fall asleep. Eight items measure symptoms of cognitive (e.g., intrusive thoughts)
arousal and eight items measure symptoms of somatic (e.g., sweating) arousal experienced at
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bedtime. The PSAS utilizes a five-point Likert Scale with responses ranging from 1 = not at all
to 5 = extremely. Items are summed to produce a two subscale scores with totals ranging from
8 to 40. Higher scores indicate greater pre-sleep cognitive and/or somatic arousal. The cogni-
tive and somatic subscales of the PSAS are reported to be valid and reliable measures with
Cronbach’s o = 0.76 and o = 0.81, respectively [39].

Sleep quality. Sleep quality was measured using the gold-standard Core Consensus Daily
Sleep Diary questionnaire in the intervention group only [40]. The Core Consensus Diary is
associated with validated retrospective self-report measures of insomnia severity (e.g., Insom-
nia Severity Index) as well as with prospective objective measures (e.g., actigraphy), can effec-
tively distinguish between good and sleepers and those with insomnia, and is sensitive to
treatment-related improvements in sleep [40]. Self-monitoring or tracking has been known to
act as an intervention and may impact behavior [41, 42]; therefore, we chose not to ask the
wait-list control group to keep daily sleep diaries. Each day during the eight-week intervention,
intervention group participants completed sleep diary entries regarding their sleep the previ-
ous night. Diaries were submitted weekly via Qualtrics. The sleep diary questionnaire contains
nine questions used to gather general information about daily sleep patterns, including bed-
time, nighttime awakenings, final wake time, and perceived sleep quality. Sleep quality is mea-
sured using a 1 = very poor to 5 = very good rating scale.

Adherence to the intervention

Adherence to the intervention was tracked using data provided by Calm and confidentially
shared with Arizona State University. Reports included the corresponding date and time, title,
and duration of engagement for each participant.

Incentives

Due to limited funding, monetary compensation was provided for the first 100 enrolled partic-
ipants. Incentives were provided based on the percentage of sleep diaries completed: $25 for
70%, $15 for 50%, and $10 for 25%. Participants enrolled after the first 100 who completed at
least 70% of their sleep diaries were entered into a drawing to win one of two $99 Amazon gift
cards. All participants were provided with an additional free eight-week membership to Calm
at the end of the intervention.

Statistical analysis

Descriptive statistics (i.e., frequencies, percentages, means, SDs) were analyzed in IBM SPSS
26.0 to and used to characterize the sample.

Comparisons of between-group differences in changes in fatigue, daytime sleepiness, and
pre-sleep arousal were assessed using repeated-measures ANOVAs. Of primary interest is the
group X time interaction which, if significant, would indicate that Calm was more effective in
reducing study outcomes compared to the wait-list control group. To decrease the risk of bias
due to attrition, comparative models were run both as per-protocol and intent to treat (ITT)
analyses [43]. Effect sizes were interpreted using Cohen’s conventional criteria, in which
d=0.20, d = 0.50, and d = 0.80 are understood to reflect small, medium, and large effects,
respectively [44]. A p-value of < .05 was considered statistically significant.

Multilevel models (MLMs) were used to evaluate changes in sleep quality over time in the
intervention group. Models were estimated using Hierarchical Linear and Nonlinear Modeling
(HLM 8) [45], using restricted maximum likelihood estimation procedure and the default con-
vergence criteria [46]. Cohen’s d was calculated by dividing the unstandardized regression
coefficient by the standard deviation of the outcome variable [47].
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To assess whether sleep quality improved over time, we compared a null model of weekly
self-reported sleep quality to a model in which sleep quality was regressed on time (i.e., study
day) at level 1.

SLEEP_QUALITY,; = 7, + 7,,*TIME; + uy, + 1,

To examine the relationships between changes in sleep quality and Calm usage in the inter-
vention group, we included Calm usage (min/week) and time X usage interaction terms as
additional level-1 predictors.

SLEEP_QUALITY,; = y,, + 7,)*TIME, + 7,,*USAGE, + 7,,*TIME x USAGE, + u,, + 1,

Results

Two hundred seventy-four participants enrolled in the study; however, 11 participants were not
randomized due to incomplete baseline questionnaires (Fig 1). There were 124 participants ran-
domized to the intervention group and 139 to the wait-list control group (N = 263). Four partici-
pants in the wait-list control group and eight participants intervention group dropped out of the
study (i.e., contacted research team to discontinue participation). There were 17 participants in
the control condition and 15 in the intervention who were lost to follow-up (i.e., did not contact
researchers to discontinue participation and did not complete post-study surveys). In order to
ensure that definitions related to attrition were consistent across study groups, these operationali-
zations are based on response to study questionnaires, not on app usage or sleep diary completion.
Attrition rates did not significantly differ across groups (3* = 0.56, p = .46). Additionally, there
were no differences in age (f = 1.14, p = .26), race (x* =231, p = .68), ethnicity (x* = 3.20, p=.07),
gender (x* = .55, p =.76), income (%= 2.38, p = .80), education (> =267, p =.75), and marital
status (y* = 2.47, p = .78) in participants who dropped out compared to those analyzed. There
were also no differences in baseline fatigue (¢ = 1.12, p = .24), somatic pre-sleep arousal (t = .40,

’ Assessed for eligibility (n=798) ‘ Excluded (n=158)

« ISI <10 (n=85)
Enroliment  Previous meditation (n=72)
o Decline to participate (n=8)
e Live outside US (n=4)
« Unwilling to be randomized (n=3)
* No English (n=1)
« Unwilling to download app (n=2)

Eligible (n=640) |

Excluded (n=11)
* Incomplete baseline

Consented (n=274)

Randomized (n=263)
l Allocation l

’ Wait-list control (n=139) ‘ ’ Intervention (n=124) ‘
D(opout (q=4) Dropout (n=8)
« Scheduling conflicts (n=1) « Scheduling conflicts (n=6)
o liness (n=1) « No reason identified (n=2)
« Noreason identified (n=2)
—»’ Lost to follow-up (n=17) | 4,‘ Lost to follow-up (n=15)

Analysis
Analyzed (N=139) ‘ (Intent to Treat) ’ Analyzed (N=124) I

Fig 1. Consort diagram.

https://doi.org/10.1371/journal.pone.0244717.9001
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p =.69), cognitive pre-sleep arousal (¢ = .29, p = .77), and daytime sleepiness (t = .45, p = .66) in
participants who dropped out compared to those analyzed.

Demographics and health characteristics

On average, participants were 44.50 years old (SD = 14.58). Our sample was racially diverse
with 42.7% non-White, non-Hispanic (86.05%), and female (74.90%; see Table 1). Most partic-
ipants had a college degree (70.16%), but annual household income was evenly distributed.
Under half (40.55%) of participants reported being diagnosed with at least one sleep-related
condition, most commonly insomnia (25.20%) and sleep apnea (15.75%).

Changes in study outcomes

Per-protocol and ITT analyses of the primary outcome fatigue produced similar results; as
such, results described below reflect findings from ITT analyses.

Fatigue (primary outcome). Means for FSS scores over time are presented in Table 2.
There was no main effect of group (F = 0.01, p = .94, d = 0.01) There was a significant main
effect of time, showing within-group decreases in fatigue in the overall sample (F = 4.30, p =
.02, d = 0.26). The significant group x time interaction was significant (F = 3.30, p = .04,

d = 0.23), indicating that participants using Calm had larger reductions in fatigue during the
intervention period than did participants in the wait-list control group.

Given the diversity of the sample, exploratory analyses were used to assess whether
between-group differences in improvements in fatigue were moderated by race or gender
identification. Both variables were binary (White or non-White, male or female). Results
showed no significant interactions between group X time interaction x race (F = 0.54, p = .58,
d =0.09) or group X time interaction x gender (F = 0.08, p = .92, d = 0.03), indicating that race
status and gender do not moderate the effects of Calm on improving fatigue.

Secondary outcomes. Means for daytime sleepiness (ESS) and pre-sleep arousal (PSAS)
scores over time are presented in Table 2. There was no main effect of group on daytime sleepi-
ness (F=0.85, p =.36, d = 0.11) or somatic pre-sleep arousal (F = 3.67, p = .06, d = 0.33), although
main effect of group was significant for cognitive pre-sleep arousal (F = 4.38 p = .04, d = 0.26).
There was no main effect of time on daytime sleepiness (F = 0.81, p = .44, d = 0.11) or somatic
pre-sleep arousal. (F = 2.18, p = .12, d = 0.25), although the main effect for time was significant for
cognitive pre-sleep arousal, with a decreased over time in the overall sample (F = 6.34, p < .001,

d = 0.32), There were significant group x time interactions in all models of secondary outcomes
including daytime sleepiness (F = 5.76, p = .003, d = 0.30), cognitive pre-sleep arousal (F = 6.90, p
=.001, d = 0.33) and somatic pre-sleep arousal (F = 7.33, p =.001, d = 0.46), indicating that partic-
ipants using Calm had larger reductions in daytime sleepiness, and cognitive and somatic pre-
sleep arousal during the intervention period as compared to wait-list control group.

Sleep quality. Based on weekly averages of ratings in daily sleep diaries, participants using
Calm reported significant improvements in perceived sleep quality. Additionally, those who
spent more time using Calm (total minutes; see Adherence below) had more improvements in
self-reported sleep quality (see Table 3).

Over the course of the intervention, participants using Calm also fell asleep faster (i.e., sleep
latency; coefficient = -0.90, SE = 0.30, p = .02, d = -0.03) and slept longer (i.e., sleep duration;
coefficient = 0.25, SE = 0.05, p < .001, d = 0.90).There were no significant changes in the fre-
quency of nighttime awakenings (coefficient = -0.01, SE = 0.30, p = .64, d = 0.01).

Adherence to the intervention. Participants spent an average of 14.98 (SD = 26.58) min-
utes per day using Calm and completed 6.36 (SD = 10.25) sessions each week. Average weekly
adherence to the intervention is presented in Fig 2. The average amount of time spent using
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Table 1. Demographic characteristics of study participants (N = 263).

Variable N %
Ethnicity
Hispanic 36 14.0
Race
White, European-American, or Caucasian 151 58.3
Black or African-American 52 20.1
Asian 34 13.1
American Indian or Alaskan Native 7 2.7
Other 15 5.8
Gender Identification
Male 56 21.6
Female 194 74.9
Other 9 3.5
Household Income
<$21,000 per year 48 18.7
$21,000 - $40,000 per year 44 17.1
$41,000 - $60,000 per year 48 18.7
$61,000 - $80,000 per year 33 12.8
$81,000 - $100,000 per year 31 12.1
>$100,000 per year 53 20.6
Education
Less than high school 1 0.4
Highschool diploma 20 7.8
Some college 56 21.7
Associates/2-year degree 21 8.1
Bachelors/4-year degree 88 34.1
Graduate school or above 72 27.9
Marital status
Single 81 31.3
Partnered/In a relationship 47 18.1
Married 98 37.8
Separated 2 0.8
Divorced 27 10.4
Widowed 4 1.5
Sleep-related conditions
Insomnia 64 25.2
Sleep apnea 40 15.7
Narcolepsy 5 2.0
Restless leg syndrome 22 8.7
Night terrors 12 4.7
Other 11 4.3

https://doi.org/10.1371/journal.pone.0244717.t001

the Calm app was relatively consistent across the intervention period (Week 1 M = 114.37

min, Week 8 M = 96.67 min), but the variability in weekly averages increased over time (Week

18D =76.23, Week 8 SD = 165.67) and the percentage of participants who adhered to the

intervention declined over time.

The most common time of day to use Calm was at night (i.e., 8:00 PM-4:59 AM; on average,
58.12% of sessions [SD = 30.31%]), followed by in the afternoon/evening (i.e., 12:00 PM-7:59
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Table 2. Mean scores in primary and secondary outcomes across assessment timepoints by group.

Mean (SD)
Intervention (n = 124) Wait-list control (n = 139) Value (95% CI)
Outcome, scale range Pre Mid Post Pre Mid Post Between-Groups Difference in Change Values* d
Primary outcome
FSS, 1-7 6.1(1.8) 5.9 (1.9) 5.8 (2.0) 6.0 (1.7) 5.8 (1.9) 6.0 (1.9) 0.2 (0.2,0.5) 0.23
Secondary outcomes
ESS, 0-24 8.2(5.1) 7.8 (4.9) 7.6 (4.5) 8.2(4.8) 8.4 (4.8) 8.7 (4.9) 1.1 (0.8, 1.5) 0.30
PSAS-cognitive, 8-40 | 25.7(7.7) |22.7(8.1) |22.6(8.1) |26.1(6.7) |25.0(7.0) |250(7.3) |2.0(14,27) 0.33
PSAS-somatic, 8-40 152(5.8) |132(56) |13.1(49) |154(6.1) |152(6.3) |154(6.7) |2.6(2.1,3.5) 0.46

FSS = Fatigue Severity Scale; ESS = Epworth Sleepiness Scale; PSAS = Pre-sleep Arousal Scale.

Note. ESS scores presented above Between-group differences in change values refer to pre-post change; positive values reflect larger change among intervention group

participants.

https://doi.org/10.1371/journal.pone.0244717.t1002

PM; M =22.90%; SD = 22.49%) and morning (i.e., 5:00 AM-11:59 AM; M = 18.97%;

SD =19.39%). General meditations (i.e., not specifically designed for sleep) were the most
commonly used component of the app (M = 54.24 min/week, SD = 38.88), followed by Sleep
Stories (M = 8.17 min/week, SD = 36.26), and sleep-specific meditations (M = 6.61 min/week,
SD = 25.10).

Discussion

There is a dearth of literature related to the use of mindfulness meditation mobile apps and
their effect on insomnia related outcomes. High quality studies are necessary to further under-
stand the impact of mindfulness meditation particularly on sleep disturbance. Our study
aimed to close this gap in the literature by examining the effects of using a mindfulness medita-
tion app (i.e., Calm), >10 mins/day for eight weeks on fatigue in those with elevated insomnia
symptoms as compared to a wait-list control group. We also assessed the effects of using Calm
on daytime sleepiness and pre-sleep arousal and explored associations between using Calm
and changes in sleep quality. Results suggest that using Calm led to decreases in fatigue, day-
time sleepiness, and cognitive and somatic pre-sleep arousal. Using Calm was also associated
with improvements in sleep quality.

Fatigue (primary outcome)

Our findings suggest that those in the intervention group had significantly larger reductions in
fatigue as compared to the wait-list control group. Specifically, average decreases in

Table 3. Changes in sleep quality in the intervention group (n = 124).

Model

Sleep quality
Intercept
Time

Sleep quality and overall Calm usage
Intercept
Time
Usage
Time*usage

https://doi.org/10.1371/journal.pone.0244717 1003

Coefficient SE P d

1.93 0.09 <.001 1.66
0.15 0.02 <.001 0.13
2.25 0.16 <.001 1.94
0.11 0.03 0.001 0.19
-0.002 0.001 0.08 0.01
0.0004 0.0002 0.04 0.02
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Fig 2. Average weekly adherence to the intervention.

https://doi.org/10.1371/journal.pone.0244717.9002

intervention participants’ FSS scores decreased by an average of 0.3 points (0.2 points larger
than the decreases observed in wait-list control participants). Previous studies reported mini-
mally important differences (MIDs) for improvement in fatigue to be between 0.08 and 0.4
points [48], which suggests that the improvements observed in the current study are clinically
meaningful. To our knowledge, there are no studies to date that have examined the effects of a
mindfulness meditation mobile app on fatigue in adults with elevated insomnia symptoms.
Studies testing mindfulness-based interventions (not app-based) in chronic disease patients
[49, 50] or cancer survivors [51] have demonstrated improvements in fatigue, however, the
delivery of mindfulness meditation in most of these studies were face-to-face. In a study testing
the same app as tested in this study, in cancer patients, data suggested significant decreases in
self-reported fatigue. In open-ended interviews with those cancer patients reporting fatigue,
23% believed that improvements in their fatigue was a result of the meditation due possibly to
sleeping better (less tired in daytime) or that the meditations allowed them a brief rest to
recharge their energy levels [52, 53]. Though the mechanisms of mindfulness meditation on
sleep have not yet been determined, fatigue is a common complaint in those with sleep distur-
bance and should be investigated in future trials.

Secondary outcomes

The findings in this study also show promise in reducing daytime sleepiness, and cognitive
and somatic pre-sleep arousal in the intervention group at eight weeks when compared to the
wait-list control group. Similar to the literature in fatigue, there is limited data related to mind-
fulness meditation mobile app use and its effects on daytime sleepiness or pre-sleep arousal in
adults with elevated insomnia symptoms. A review by Garland and colleagues (2016) suggests
that mindfulness-based interventions may be particularly useful for cognitive deactivation and
physiological de-arousal by allowing the individual to disengage from daily concerns and striv-
ings and ultimately encouraging a shifting of ones relationship to sleep-related thoughts (e.g.,
letting go, acceptance, non-striving) [54, 55]. Our findings presented here are promising and
warrant future exploration on the utility of other commercial-based meditation mobile apps
on various sleep related outcomes (e.g., fatigue, daytime sleepiness, and pre-sleep arousal). In
fact, two reviews on mindfulness-based interventions highlighted the need for accessible, scal-
able, and affordable interventions to improve sleep outcomes such as digital interventions
(e.g., web- or smartphone-based) that could be encouraging directions for future research [5].
However, as noted, limited data exists on the efficacy of these platforms. Thus, there is a major
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opportunity for researchers to investigate the effects of commercially available mindfulness
meditation mobile apps on sleep outcomes and future research in this area is warranted.

Intervention group participants reported significant improvements in perceived sleep qual-
ity over the course of the intervention period and more time spent using the mindfulness med-
itation app was associated with greater improvements in sleep quality. These findings are
similar to mobile apps delivering CBT-I (no meditation component) suggesting that mindful-
ness meditation apps could be a less intensive and more affordable alternative, or adjunctive
treatment, to gold standard treatment for those with sleep problems [56, 57]. For example, the
app used in the current study costs $59.99/year compared to a CBT-I app at $300/year [58].
Other mobile app interventions with a meditation component have produced mixed sleep
quality outcomes. One study conducted in Canada tested DeStressify, a mobile app for stress
that includes meditation, in a sample of University students compared to a wait-list control
group on mental health outcomes with sleep quality (measured using the Pittsburgh Sleep
Quality Index) as a secondary outcome [59]. No significant differences in sleep quality were
reported between groups [59]. This is likely because the (1) the intervention duration was too
short to impact sleep outcomes (only four weeks) or (2) the sample did not present with signif-
icant sleep problems at baseline making it difficult to detect changes in sleep quality. Rung and
colleagues (In press) evaluated the feasibility of a commercial-based mindfulness meditation
mobile app (i.e., Headspace) and its association with changes in various health outcomes
including sleep quality in a sample of women (N = 43) [60]. Women were asked to download
and use the app for 30 days, 10 minutes per day. Findings suggest that using Headspace was
associated with improvements in sleep quality sleep duration, and sleep latency [60]. However,
as there was no control group and it is not possible to determine if the observed changes were
due to the intervention or non-specific effects such as expectation for benefit. A review by
Donker and colleagues (2013) concluded that the research regarding mental health-based
mobile apps and sleep disturbance was particularly weak and there is a need for future research
in this area [61]. It is clear that there is a need to test mindfulness meditation mobile apps and
their effects on sleep quality, especially those currently available to the public.

Adherence to intervention. Participants reported robust usage of the mindfulness medi-
tation mobile app with an average of approximately 14.98 minutes/day (6.36 sessions/week).
Interestingly, participants spent substantially more time using the general meditations (i.e.,
not specifically designed for sleep) than other sleep-specific components of the app (e.g., Sleep
Stories, sleep-specific meditations). However, the most common time for to meditate was at
night (made up 52% of sessions). Despite participants using general meditations rather than
sleep-specific meditations, changes in sleep outcomes were observed. It would be interesting to
test if the magnitude of changes would be greater (or the same) if participants were instructed
to use sleep-specific meditations prior to bed. Perhaps the effects of meditation are driven via
other processes (i.e., changes in mental health) rather than directly impacting sleep. Future
studies testing different types of meditation (e.g., daily, sleep-related) on sleep outcomes as
well as mechanisms of change is warranted.

The attrition rate in our study was 44/263 (17%), which is similar to or lower than what has
been reported in other studies of app-based meditation interventions [60]. However, this is
better than studies using digitally delivered CBT-I which have reported average attrition rates
0f 21.6 + 16.9% or non-completion rates of 35.2 + 19.4% [62, 63]. In our study we used objec-
tive data provided by Calm to determine adherence, providing a more accurate measure of
participation in the app compared to self-report. Similar to our study, Rung and colleagues (In
press) collected objective adherence data from Headspace. Participants logged onto the app an
average of 36 times (SD 80) for an average of 24 days (SD 36) with a 26% attrition rate. Their
attrition was higher than our study and because objective adherence was reported as number
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of logins and days of use, it is unclear how many minutes of meditation were actually com-
pleted. A review by Donker and colleagues (2013) suggests that app-based health interventions
may have high adherence rates because of the portability and flexible usage of mobile apps
[61]. Even so, future studies should aim to provide more descriptive details regarding adher-
ence (e.g., number of sessions completed, minutes of meditation completed, content accessed)
as this information is important to further our understanding of the optimal dosage of medita-
tion for maximal benefit. As the adherence in our study declined over time (similar to other
studies), creative strategies for encouraging adherence throughout the program such as push
notifications, weekly reminders, or peer support should be considered in future studies.
Regardless, mobile meditation apps appear to have better attrition and completion rates than
even digitally delivered CBT-I programs and should be considered as potential strategies to
improve sleep in individuals with insomnia symptoms.

Limitations

Although the findings in this study are promising, there are important limitations noted. The
sample recruited was primarily female and highly educated, and therefore limits the generaliz-
ability of our findings. Although there were fairly high rates of sleep-related diagnoses in our
sample (40%), it is also unclear whether the effects of the intervention would be similar in clin-
ical settings or in populations with very severe sleep disturbance. In addition, we collected data
online which may result in unrepresentative samples. Due to the remote nature of the study,
we cannot determine whether or not participations were actually meditating or actively engag-
ing with the Calm app (i.e., distracted while listening to a meditation, not paying attention,
accidently left on). This is common in digitally delivered interventions [64]. Fatigue was mea-
sured as our primary outcome, but we did not require participants to report fatigue as part of
our inclusion criteria. This could have attributed to the restriction of range from pre-post
scores and future studies should consider adding a fatigue assessment as part of inclusion crite-
ria. Sleep quality was not comprehensively assessed as we only analyzed one question on the
sleep diaries, which provided information on subjective sleep quality, but does not capture
other components which may provide a more complete representation of sleep quality (e.g.,
sleep latency, sleep duration, etc.) [65]. In addition to sleep diaries, future studies should
include validated and reliable surveys as well as objective methods to assess sleep quality. Self-
reported data presents inherent limitations (biased results, participant burden, potential data
errors, incorrect interpretation of survey items) and the addition of objective measures may be
less subject to bias. Additionally, sleep quality was only measured in the intervention group
and therefore the intervention group is confounded by monitoring of sleep and group differ-
ences were unable to be explored on this outcome measure. Without comparison to a control
group, it is unknown whether the effects observed are due to the intervention. Although, we
used a wait-list control to compare our secondary outcomes. Future mHealth studies should
consider using an active app-based control group to control for non-specific effects of the
intervention on sleep. Finally, due to the nature of the study, participants were not blinded to
treatment condition which may affect behavior especially if randomized to the wait-list control
group. However, we did ask wait-list control group participants to not use any mobile apps for
relaxation, meditation, or sleep during the 8-week intervention period.

Conclusions

This is one of the first randomized controlled trials to examine the effects of a mindfulness
meditation mobile app (i.e., Calm) on sleep outcomes in adults reporting elevated insomnia
symptoms. Calm is an easily accessible and cost-effective resource that may be used to help
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sleep disturbed adults improve their sleep. Mobile apps provide a convenient way to improve
sleep disturbance as users have access 24/7 in the comfort and privacy of their homes or even
on the go as they please. As Calm is widely accessible, disseminating this resource as a tool for
sleep can be done easily and effectively and has the potential for large reach as it is available
globally.
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