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Introduction: Interventions that improve both physical activity and sleep quality may be more
effective in improving overall health. The purpose of the Synergy Study is to test the efficacy of a
mobile health combined behavior intervention targeting physical activity and sleep quality.

Study design: Randomized, waitlist-controlled trial.

Setting/participants: This study had an app-based delivery mode, Australia-wide. The partici-
pants were 160 adults who reported insufficient physical activity and poor sleep quality in an eligi-
bility survey.

Intervention: The intervention was a mobile app providing educational resources, goal setting,
self-monitoring, and feedback strategies. It included 12 weeks of personalized support including
weekly reports, tool sheets, and prompts.

Main outcome measures: Outcomes were assessed at baseline, 3 months (primary), and 6
months (secondary endpoint). Self-reported minutes of moderate-to-vigorous intensity physical
activity and sleep quality were co-primary outcomes. Resistance training; sitting time; sleep hygiene;
sleep timing variability; insomnia severity; daytime sleepiness; quality of life; and depression, anxi-
ety, and stress symptoms were secondary outcomes. Data were collected between June 2017 and
February 2018 and analyzed in August 2018.

Results: At 3 months, between-group differences in moderate-to-vigorous intensity physical activ-
ity were not statistically significant (p=0.139). Significantly more participants in the intervention
group engaged in ≥2 days/week (p=0.004) of resistance training. The intervention group reported
better overall sleep quality (p=0.009), subjective sleep quality (p=0.017), sleep onset latency
(p=0.013), waketime variability (p=0.018), sleep hygiene (p=0.027), insomnia severity (p=0.002),
and lower stress symptoms (p=0.032) relative to waitlist controls. At 6 months, group differences
were maintained for sleep hygiene (p=0.048), insomnia severity (p=0.002), and stress symptoms
(p=0.006). Differences were observed for bedtime variability (p=0.023), sleepiness (p<0.001), day-
time dysfunction (p=0.039), and anxiety symptoms (p=0.003) at 6 months, but not 3 months.
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Conclusions: This remotely delivered intervention did not produce statistically significant
between-group differences in minutes of moderate-to-vigorous intensity physical activity. Signifi-
cant short-term differences in resistance training and short- and medium-term differences in sleep
health in favor of the intervention were observed.

Trial registration: This study is registered at anzctr.org.au ACTRN12617000376347.
Am J Prev Med 2019;57(4):503−514. © 2019 American Journal of Preventive Medicine. Published by Elsevier
Inc. All rights reserved.
INTRODUCTION
L arge proportions of the adult population are
insufficiently active1 and also report poor sleep
health.2−5 Accruing <150 minutes/week of phys-

ical activity (PA) is considered insufficient,6 and poor
sleep health is characterized by the presence of one or
multiple complaints relating to the duration, quality, or
timing of sleep and daytime functioning.7 The two
behaviors are separately associated with increased
chronic disease risk (e.g., cardiovascular disease or Type
2 diabetes) and considerable economic burden.8−14

Given the high prevalence and associated burden of
insufficient PA and poor sleep health in adults,15 wide-
reaching interventions for PA and sleep health are
needed. Mobile health (m-Health) interventions have
the capacity to deliver accessible, scalable, and cost effec-
tive interventions,16 and are known to improve PA17

and reduce the severity of clinical sleep complaints.18 A
meta-analysis of sleep interventions administered to
adults without clinical sleep complaints reported that
interventions were effective (Hedge’s g=0.54), yet few
were delivered using m-Health.19 Behavior change inter-
ventions, which implement evidence-based strategies
that conceptually align with theoretic frameworks, are
thought to be more effective than those not informed by
theory.20 This is particularly important when multiple
behaviors are combined in a single intervention.21 Fur-
ther, given that both PA and sleep are influenced by
individual and environmental factors, it is useful for
interventions to be guided by a theory that acknowledges
this relationship.
Insufficient PA and poor sleep tend to co-occur,15 and

there is evidence that PA and sleep share a bi-directional
relationship.22−24 Consequently, interventions targeting
PA and sleep concurrently may yield larger improve-
ments in both behaviors and produce greater health ben-
efits than single-behavior interventions.25 However, it
appears that no previous m-Health studies have
addressed PA and sleep health simultaneously.26,27

This study aimed to test the efficacy of a novel m-
Health intervention to improve PA and sleep health in a
randomized waitlist-controlled trial.
METHODS
Prospective registration occurred through the Australian New
Zealand Clinical Trials Registry (ACTRN12617000376347). The
Human Research Ethics Committee, University of Newcastle,
Australia (H-2016-0181) granted ethical approval. Data were col-
lected between June 2017 and February 2018. Trial design, meth-
ods, and measures are detailed elsewhere.28

Study Population
In June−August 2017, social media (Facebook) advertisements,
lifestyle magazine editorials, and e-Newsletters invited interested
individuals to take part. Participants were eligible if they were
aged 18−55 years, lived in Australia, reported being insufficiently
physically active (<90 minutes/week), and rated their sleep quality
as fairly bad or very bad during screening. Exclusion criteria were
a BMI <18.5 or >35, recent pregnancy or childbirth (<12
months), any contraindications for being more physically active
or changing sleep behaviors, diagnosed sleep disorders (e.g.,
chronic insomnia or sleep apnea), hypnotics use, shift work, fre-
quent jetlag-inducing travel, current use of an app/tracker to self-
monitor PA or sleep, and no access to an Internet-enabled device
(smartphone or tablet). Following completion of baseline assess-
ments, participants (n=160) were randomly allocated to the inter-
vention or a waitlist-control group (1:1 ratio). The concealed
allocation sequence (numbered opaque envelopes) was generated
according to recommended methods for permuted randomization
using blocks of 4 and 8.29
Measures
The intervention group (n=80) received access to the Balanced
app,28,30 which provided a platform for personalized goal setting,
daily logging with dynamic feedback, and comprehensive educa-
tional content for PA (i.e., moderate-to-vigorous intensity PA
[MVPA], daily steps, and resistance training [RT]) and for sleep
(i.e., bedtimes/waketimes, sleep quality, and sleep hygiene practi-
ces). Participants received a series of tool sheets (printed materials
via mail, followed up with an electronic copy once a month) that
was e-mailed to participants providing guidance on how to set
goals, develop action plans, and manage stress. During the 3-
month intervention period, participants were e-mailed individual-
ized weekly summary reports based on progress in relation to
goals (for both behaviors), as well as weekly SMS including educa-
tional content and separate SMS prompts to re-engage with self-
monitoring, if necessary (i.e., self-monitoring on <4 days in the
last 7 days). The behavior change strategies are described in the
context of the theoretic framework (i.e., Social Cognitive Theory)
in Appendix Table 1, available online. Following randomization,
www.ajpmonline.org
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participants were mailed a printed handbook including hard cop-
ies of the tool sheets and guidance specific to the initial stages of
app installation, usage, and troubleshooting, and a pedometer
(Yamax SW200) to monitor steps. Waitlist participants (n=80)
were offered full access to the intervention after the 6-month
assessment.

Sociodemographic and behavioral variables were assessed at
baseline. The primary endpoint occurred at 3 months and the sec-
ondary endpoint at 6 months. Two co-primary and 21 secondary
outcomes were assessed at all 3 time points (baseline, 3 months,
and 6 months). All data were collected via online survey between
June 2017 and February 2018. One of the two co-primary out-
comes was weekly minutes of MVPA. This was assessed using the
Active Australia Questionnaire,31 which is reliable and sensitive to
change.32,33 Sleep quality was the other co-primary outcome and
was assessed using the Pittsburgh Sleep Quality Index (PSQI),
which has also shown good reliability and sensitivity to change in
intervention studies.34,35 Secondary outcomes included the 7
PSQI component scores, RT (frequency and duration/week),36

minutes/day of sitting (Workforce Sitting Questionnaire),37 sleep
hygiene practices (Sleep Hygiene Index),38 sleep timing variability
(Sleep Timing Questionnaire),39 insomnia symptom severity
(Insomnia Severity Index),40 daytime sleepiness (Epworth Sleepi-
ness Scale),41 health-related quality of life (RAND-12),42 the
energy/fatigue subscale of RAND-36,43 as well as depression, anxi-
ety, and stress symptoms (DASS-21).44 To measure engagement,
the self-monitoring data participants logged in the Balanced app
(defined as logged data on a given day for any of the following:
active time, steps, RT, sleep duration, sleep quality, sleep hygiene)
were exported to calculate the average number of days for which
data were logged and the time to nonusage attrition (defined as
≥14 consecutive days of nonengagement at any given point within
a person’s 84-day intervention period), as previously used.45 Par-
ticipant satisfaction with the app was assessed using the System
Usability Scale (scores ranged from 0 to 100, with higher scores
indicating greater satisfaction) at 3 months only.46 The outcomes
assessed and instruments used in this study are described
elsewhere.28

Assuming an a of 0.025 (adjusting for use of two co-primary
outcomes), power of 0.80, moderate effects at the 3-month pri-
mary endpoint (Cohen’s d [d]=0.45, mean=88 minutes, SD=194
minutes for PA; and d=0.65, mean=1.55, SD=2.41 for sleep
quality47), and a pre−post correlation of 0.60 (between baseline
and 3 months), a total of 60 participants per group were required
for PA and 35 for sleep quality. Thus, the larger sample was used
for this study. To account for dropout, the sample size was inflated
by 25% (calculated as 60/[1−0.25]), resulting in 80 participants
needed per group.48
Statistical Analysis
Differences in sample characteristics (e.g., age, gender, baseline
levels of PA, and sleep quality) between completers and noncomp-
leters (lost to follow-up) were examined using t-tests (continuous
data) and chi-squared tests (categorical data).

Between-group differences at 3 months and 6 months were esti-
mated using generalized linear mixed models, except for PSQI com-
ponent scores (mixed effects ordered logistic regression). Owing to
positive skewness in the data, both RT outcomes were analyzed as
dichotomized outcomes (with RT frequency dichotomized as
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<2 days/week or ≥2 days/week, as per guidelines,6 and RT duration
dichotomized as <10 minutes/week or ≥10 minutes/week). All
models included fixed effects for group and time, group X time
interaction, the baseline value of the outcome, and a random inter-
cept for individuals. White−Huber SEs were used if departures of
homoscedasticity or normality were observed.49 Residual diagnos-
tics informed the specification of family and link functions (Table 2).
Models were interpreted using a levels of 0.025 for co-primary out-
comes and 0.05 for secondary outcomes.

The impact of missing data was assessed using sensitivity anal-
yses. Missing data were imputed using chained equations and pre-
dicted mean matching. Twenty data sets were imputed, using
baseline values of the outcome, predictors of missingness, and any
variables that predicted a given outcome. The models specified for
complete-case analyses were repeated using pooled estimates
derived from imputed data sets and coefficients compared for
consistency, with little deviation from complete-case analyses
indicating robustness of findings.

Secondary analyses using generalized linear mixed models with
a binomial logit link function were conducted to examine the pro-
portion of participants meeting guidelines for PA (≥150 minutes
of MVPA combined with RT on ≥2 days/week)6 and reporting
good sleep (PSQI total score <5).34 Data were analyzed in August
2018 using Stata, version 14.2.
RESULTS

The flow of participants throughout the trial is shown in
Figure 1. The baseline sample included 128 women and
32 men, most of whom were middle-aged and over-
weight. Most were married or in a relationship, highly
educated, employed in a professional occupation, and
reported having 1 or more chronic conditions. Sociode-
mographic, health, and behavioral characteristics are
provided in Table 1.
Groups did not differ in the proportion of withdrawals

(p=0.181). Participants who were lost to follow-up
reported more severe depression symptoms (p=0.035) and
lower mental health (p=0.012). Complete data (primary
outcomes) from 125 participants were available at the 3-
month primary endpoint, which corresponds to an overall
retention of 78%. Participant retention at the 6-month fol-
low-up was 56%. Dropout rates (defined as formal with-
drawal from the trial) were 9% in both groups. Reasons
for withdrawal are listed in Figure 1.
Throughout the 84-day intervention period, partici-

pants (intervention group only) logged data for at least 1
of the 2 behaviors on an average of 38.2 (SD=30.09)
days. Ten percent of participants did not log any data
during this period. Nonusage attrition occurred for 89%
of participants. The average number of days to nonusage
attrition was 32 (SD=25) days. The average number of
days on which data were logged and the proportion of
participants logging no data did not differ between PA
(36 days and 12.5%, respectively) and sleep (37 days and
10%, respectively). Intervention group participants



Figure 1. Participant flow chart.
an for complete-case analyses at 3 months.
bn for complete-case analyses at 6 months.
PA, physical activity.
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(n=58; assessed at 3 months) reported good usability and
acceptance, consistent with a mean system usability
score of 70.8 (SD=19.71).46

At 3 months, the estimated between-group difference
in MVPA was 109 minutes in favor of the intervention
group, which was not statistically significant (Table 2),
corresponding to a small effect size (p=0.139, d=0.24).
At 6 months, this difference was reduced to 5 minutes
(p=0.952, d=0.01).
The groups showed significant differences in the rela-

tive odds of engaging in at least 2 days of RT per week
(OR=20.56, 95% CI=2.69, 157.46, p=0.004) and ≥10
minutes of RT/week (OR=6.71, 95% CI=1.52, 29.65,
p=0.012), favoring the intervention at 3 months, but
these were not maintained at 6 months. Differences in
average sitting time were not statistically significant at
either time point (Table 2).
The between-group difference in average sleep quality

(PSQI total score) at 3 months was �1.3 points, with
medium-sized effect estimates showing significantly bet-
ter sleep quality in the intervention group (p=0.009,
d=0.48). This difference was slightly attenuated at 6
months and no longer statistically significant (p=0.040,
d=0.46). The intervention group was more likely to
report improved subjective sleep quality (p=0.017) and
sleep onset latency (p=0.013) (Table 3). Small-to-
medium effect sizes in favor of the intervention were
found at 3 months for waketime variability (p=0.018,
d=0.40), sleep hygiene (p=0.027, d=0.40), and insomnia
severity (p=0.002, d=0.56). At 6 months, significant
www.ajpmonline.org



Table 1. Baseline Sociodemographic, Health, and Behavioral Characteristics of Study
Participants

Characteristics IG (n=80) WLG (n=80)

Age, years, mean (SD) 41.1 (9.84) 41.9 (10.07)

Gender, n (%)

Male 14 (17.50) 18 (22.50)

Female 66 (82.50) 62 (77.50)

BMI, mean (SD) 28.7 (4.64) 27.2 (4.01)

Weight status

Normal weight (≤25.0) 23 (28.75) 28 (35.00)

Overweight (25.1‒30) 23 (28.75) 33 (41.25)

Obese (>30.0) 34 (42.50) 19 (23.75)

Marital status, n (%)

Single 22 (27.50) 20 (25.00)

Married/de facto 48 (60.00) 45 (56.25)

Divorced/separated 10 (12.50) 12 (15.00)

Widowed/not stated 2 (2.50) 1 (1.25)

Ethnicity, n (%)

Caucasian 75 (93.75) 71 (88.75)

Asian 3 (3.75) 7 (8.75)

Not stated 2 (2.50) 2 (2.50)

Area of residencea

Major city 56 (70.00) 52 (65.00)

Regional or remote 24 (30.00) 28 (35.00)

Education in years, mean (SD) 16.3 (2.71) 15.8 (2.87)

Occupation, n (%)

Professional 51 (63.75) 49 (61.25)

White-collar 16 (20.00) 9 (11.25)

Blue-collar 0 (0.00) 4 (5.00)

Not workingb 13 (16.25) 17 (21.25)

Hours of work, n (%)

Daytime only 67 (83.75) 62 (77.50)

Other (including not working) 13 (16.25) 18 (22.50)

Annual income, n (%)

<$30,000 13 (16.25) 20 (25.00)

$30,001−$50,000 13 (16.25) 9 (11.25)

$50,001−$70,000 24 (30.00) 17 (21.25)

$70,001−$100,000 14 (17.50) 16 (20.00)

≥$100,001 9 (11.25) 13 (16.25)

Not stated 7 (8.75) 5 (6.25)

Chronic disease status, n (%)

None 26 (32.50) 28 (35.00)

1 22 (27.50) 19 (23.75)

≥2 32 (40.00) 33 (41.25)

Alcohol consumption, n (%)c

Never 9 (12.00) 16 (21.62)

Monthly or less 23 (30.67) 13 (17.57)

2‒4 times/month 18 (24.00) 19 (25.68)

≥2 times/week 25 (33.34) 26 (35.13)

Caffeine consumption, n (%)c

2‒4 times/month or less 20 (26.66) 13 (17.58)

≥2 times/week 55 (73.34) 61 (82.42)

(continued on next page)
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Table 1. Baseline Sociodemographic, Health, and Behavioral Characteristics of Study
Participants (continued)

Characteristics IG (n=80) WLG (n=80)

Smoking, n (%)c

Yes 6 (8.00) 5 (6.76)

No 69 (92.00) 69 (93.24)

Physical activity, mean (SD)

MVPA minutes/week 164.0 (165.45) 191.3 (244.12)

Resistance training frequency, n (%)

<2 days/week 72 (90.00) 76 (95.00)

≥2 days/week 8 (10.00) 4 (5.00)

Resistance training duration, n (%)

<10 minutes/week 65 (81.25) 73 (91.25)

≥10 minutes/week 15 (18.75) 7 (8.75)

Sitting minutes, mean (SD) 661.4 (197.71) 671.9 (180.43)

Sleep quality, mean (SD)

PSQI total scored 9.2 (3.07) 9.2 (2.86)

Subjective quality 2.0 (0.56) 1.9 (0.56)

Sleep onset latency 1.8 (1.01) 1.7 (1.06)

Sleep duration 1.0 (0.91) 1.2 (0.96)

Sleep efficiency 1.1 (1.03) 1.1 (1.03)

Sleep disturbances 1.6 (0.51) 1.5 (0.55)

Sleep medication 0.2 (0.53) 0.3 (0.66)

Daytime dysfunction 1.6 (0.67) 1.7 (0.73)

Timing variabilitye

Bedtime 3.9 (1.96) 3.5 (1.85)

Waketime 2.7 (1.51) 2.4 (1.25)

Sleep hygienef 32.3 (6.72) 32.4 (6.63)

Insomnia severityg 12.4 (4.23) 12.7 (3.82)

Daytime sleepinessh 8.9 (4.68) 7.9 (4.42)

Symptom severity

Depressioni 11.3 (7.87) 12.6 (8.84)

Anxietyj 6.9 (5.94) 7.1 (6.83)

Stressk 15.3 (6.02) 15.4 (7.46)

Quality of lifel

Mental health 47.5 (4.96) 47.44 (5.13)

Physical health 44.6 (7.74) 44.19 (8.00)

Energy/fatigue 54.0 (10.74) 55.19 (9.63)
aArea of remoteness was determined via residential postcode using the Accessibility and Remoteness
Index of Australia (ARIA).
bNot working included participants who were on home duties, retired, or a student.
cFor the lifestyle items, only 149/160 participants provided valid data.
dScores range from 0 to 21 with scores >5 indicating poor quality sleep.
eScores range from 1 to 11 where lower scores indicate less variability in bed- or waketimes.
fScores range from 13 to 65 (lower scores indicate better sleep hygiene).
gScores range from 0 to 7 (no clinically significant insomnia), 8‒14 (subthreshold insomnia), 15‒21
(moderate clinical insomnia), 22‒28 (severe clinical insomnia).
hScores range from 0 to 24 where higher scores indicate higher levels of daytime sleepiness.
iScores for depression symptoms range from 0 to 9 (normal), 10‒13 (mild), 14‒20 (moderate), 21‒27
(severe), 29+ (extremely severe).
jScores for anxiety symptoms range from 0 to 7 (normal), 8‒9 (mild), 10‒14 (moderate), 15‒19 (severe),
20+ (extremely severe).
kScores stress symptoms range from 0 to 14 (normal), 15‒18 (mild), 19‒25 (moderate), 26‒33 (severe),
34+ (extremely severe).
lHigher scores for mental and physical health and the energy/fatigue subscale indicate better quality of life.
IG, intervention group; MVPA, moderate-to-vigorous intensity physical activity; PSQI, Pittsburgh Sleep Quality
Index; WLG, waitlist-control group.
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Table 2. Marginalized Mean Estimates and Results From Tests of Between-Group Differences for Continuous Outcomes
Using Complete Cases

Outcomes

3 monthsa 6 monthsb

IG, mean (SD) WLG, mean (SD) p-value d IG, mean (SD) WLG, mean (SD) p-value d

Co-primary

MVPA minutes/weekc,d 428.4 (523.41) 319.7 (378.23) 0.139 0.24 405.3 (491.45) 400.2 (497.80) 0.952 0.01

Sleep quality (PSQI)e 6.7 (3.04) 8.0 (2.34) 0.009 0.48 6.3 (2.98) 7.5 (2.57) 0.040 0.46

Secondary

Sitting minutese 612.3 (160.91) 653.7 (202.12) 0.205 0.22 579.7 (187.83) 581.7 (197.27) 0.960 0.01

Bedtime variabilityc 3.6 (1.70) 4.1 (2.10) 0.171 0.24 3.4 (1.46) 4.2 (1.92) 0.023 0.47

Waketime variabilityc 2.5 (1.84) 3.0 (1.95) 0.018 0.40 2.6 (1.06) 3.0 (1.92) 0.236 0.22

Sleep hygienee 30.0 (4.27) 31.6 (3.98) 0.027 0.40 30.6 (4.33) 32.8 (6.02) 0.048 0.42

Insomnia severitye 9.3 (3.80) 11.3 (3.50) 0.002 0.56 8.5 (4.23) 11.4 (4.11) 0.002 0.69

Daytime sleepiness 7.1 (3.44) 8.0 (3.31) 0.103 0.29 5.7 (2.92) 8.4 (3.98) <0.001 0.74

Depression symptomsc,d 10.6 (7.62) 12.6 (7.97) 0.120 0.26 10.9 (8.01) 13.3 (9.49) 0.190 0.27

Anxiety symptomsd 6.4 (3.65) 7.5 (5.04) 0.148 0.25 5.9 (3.54) 8.9 (4.70) 0.003 0.57

Stress symptomsd 13.6 (4.20) 15.4 (4.97) 0.032 0.38 13.0 (5.75) 16.3 (5.24) 0.006 0.62

Mental healthe 44.4 (6.81) 44.9 (7.12) 0.689 0.07 47.6 (5.53) 45.0 (8.12) 0.071 0.37

Physical healthe 47.6 (5.21) 46.8 (5.54) 0.400 0.15 46.5 (4.95) 47.3 (5.14) 0.467 0.16

Energy/fatiguee 52.4 (8.29) 53.4 (11.08) 0.541 0.11 54.7 (9.90) 51.1 (11.49) 0.118 0.33

Note: Boldface indicates statistical significance at p<0.025 for co-primary outcomes and p<0.05 for secondary outcomes.
Analyzed using a GLMM with gaussian distribution and log link function; all GLMM were fitted using the robust variance estimator.
Cohen’s d (the magnitude of effects is interpreted as small [0.2], medium [0.5], or large [0.80]).
aAt 3 months, 125 observations (n=59 in IG; n=66 in WLG) were available for analyses of MVPA, sleep quality, mental health, physical health and
energy/fatigue, and 124 observations (n=59 in IG; n=65 in WLG) were available for analyses of all other outcomes.
bAt 6 months, 89 observations (n=35 in IG; n=54 in WLG) were available for analyses of MVPA, sleep quality, mental health, physical health and
energy/fatigue, and 88 observations (n=34 in IG; n=53 in WLG) were available for analyses of all other outcomes.
cAnalyzed using a GLMM with gamma distribution and log link function.
dA small positive constant (+1) was added to minutes of MVPA and the DASS-21 scores for the purpose of data analysis and these outcomes are
reported with this constant included.
eAnalyzed using a GLMM with gaussian distribution and identity link function.
DASS, Depression Anxiety and Stress Scales; GLMM, generalized linear mixed model; IG, intervention group; MVPA, moderate-to-vigorous intensity
physical activity; PSQI, Pittsburgh Sleep Quality Index; WLG, waitlist-control group.
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differences in favor of the intervention group were main-
tained for sleep hygiene (p=0.048, d=0.42) and insomnia
severity (p=0.002, d=0.69), with an increase in the mag-
nitude of differences for insomnia severity. Additional
significant differences at 6 months, which were not sta-
tistically significant at 3 months, were observed for bed-
time variability (p=0.023, d=0.47), daytime sleepiness
(p<0.001, d=0.74), and daytime dysfunction (OR=0.28,
95% CI=0.08, 0.94, p=0.039) (Tables 2 and 3).
No significant differences were observed for mental or

physical health-related quality of life, energy/fatigue lev-
els, or for depression symptoms, at either time point (all
p>0.05). The intervention group reported significantly
lower stress symptom severity relative to waitlist con-
trols at 3 months (p=0.032, d=0.38) with an additional
increase in magnitude at 6 months (p=0.006, d=0.62).
Further, differences in anxiety symptoms at 6 months
were statistically significant, in favor of the intervention
group (p=0.003, d=0.57).
Results from analyses using imputed data are pro-

vided in Appendix Tables 2 and 3, available online,
showing robustness of findings at 3 months for all
October 2019
outcomes, except for stress symptoms, which was no
longer statistically significant (p=0.078). Group differen-
ces in the co-primary outcome of sleep quality (PSQI
total score) were statistically significant at 6 months
based on imputed data (p=0.015). Differences in bedtime
variability, sleep hygiene, and anxiety measured at 6
months, which were statistically significant based on
complete-case analysis, no longer reached statistical sig-
nificance (all p>0.05).
Secondary analyses using complete cases showed, at

3 months, participants in the intervention group were
significantly more likely to meet aerobic exercise and RT
guidelines,6 relative to participants in the waitlist-control
group (OR=16.32, 95% CI=2.24, 119.00, p=0.004). This
difference was not maintained at 6 months (OR=1.05,
95% CI=0.08, 13.13, p=0.970) (Appendix Figure 1A,
available online). The proportion of participants report-
ing good sleep (Appendix Figure 1B, available online)
was significantly higher in the intervention group rela-
tive to the control group at 3 months (OR=13.13, 95%
CI=2.94, 58.64, p=0.001), but not at 6 months (OR=4.47,
95% CI=0.96, 20.79, p=0.056). Results from analyses



Table 3. ORs, 95% CIs, and Results From Tests of Between-Group Differences for Categorical Outcomes Using Complete
Cases

Variable

3 monthsa 6 monthsb

OR SE (95% CI) p-value OR SE (95% CI) p-value

Resistance training on ≥2 days/weekc 20.56 21.36 (2.69, 157.46) 0.004 1.05 1.35 (0.08, 13.13) 0.970

Resistance training for ≥10 minutes/weekc 6.71 5.09 (1.52, 29.65) 0.012 1.84 1.72 (0.30, 11.43) 0.511

Subjective sleep qualityd,e 0.36 0.15 (0.16, 0.84) 0.017 0.89 0.50 (0.29, 2.68) 0.832

Sleep onset latencyd,e 0.27 0.14 (0.10, 0.76) 0.013 0.48 0.32 (0.13, 1.74) 0.263

Sleep durationd,e 0.49 0.25 (0.18, 1.32) 0.158 0.45 0.29 (0.13, 1.56) 0.208

Sleep efficiencyd,e 0.52 0.23 (0.21, 1.25) 0.107 0.64 0.33 (0.23, 1.77) 0.392

Sleep disturbancesd,e 0.34 0.22 (0.10, 1.18) 0.089 0.25 0.20 (0.05, 1.22) 0.086

Sleep medication used,e 0.47 0.42 (0.08, 2.72) 0.402 0.07 0.10 (0.00, 1.19) 0.066

Daytime dysfunctiond,e 0.80 0.41 (0.29, 2.19) 0.665 0.28 0.17 (0.08, 0.94) 0.039

Note: Boldface indicates statistical significance at p<0.05.
aAt 3 months, 125 observations (n=59 in IG; n=66 in WLG) were available for analyses.
bAt 6 months, 89 observations (n=35 in IG; n=54 in WLG) were available for analyses.
cORs for resistance training frequency and duration were calculated using GLMMs with binomial distribution, logit link function and robust variance
estimator.
dEstimates for the seven PSQI composites represent proportional ORs, robust SEs, and 95% CIs based on mixed effects ordered logistic regression
that tested between-group differences in the likelihood of shifting to another level of the variable (lower PSQI composites indicate better sleep quality,
thus OR <1 indicates the intervention group was less likely to move up a level or report worse outcomes for the composites).
eA small positive constant (+1) was added to PSQI component scores for the purpose of data analysis.
GLMM, generalized linear mixed model; IG, intervention group; PSQI, Pittsburgh Sleep Quality Index; WLG, waitlist-control group.
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using imputed data were consistent with these results,
except the proportion of participants reporting good
sleep quality at 6 months was significantly higher in the
intervention group relative to the control group at 6
months (OR=4.05, 95% CI=1.11, 14.75, p=0.034).
DISCUSSION

The Synergy Study was a combined behavior m-Health
intervention that improved sleep quality and a range of
secondary outcomes, including RT, sleep time variabil-
ity, sleep hygiene, subjective sleep quality, sleep onset
latency, insomnia severity, and symptoms of stress and
anxiety. Moreover, participants were more likely to meet
guidelines for aerobic PA and RT and report good sleep
quality after the 3-month intervention.
Although group differences in MVPA were not statis-

tically significant at either endpoint, several promising
changes were observed. At 3 months, the intervention
group engaged in an additional 109 minutes/week of
MVPA, relative to waitlist control, which is encouraging
given that even small improvements in MVPA are bene-
ficial for long-term health.50 The effect size of this non-
significant difference (d=0.24) was consistent with
previous meta-analyses of m-Health PA interventions.48

The lack of statistically significant between-group differ-
ences in MVPA may have been because of the large vari-
ation in activity at all time points and the increased
activity reported in the control group, which is com-
monly observed.51 Secondary analyses showed a signifi-
cantly greater proportion of intervention group
participants (37.3%) met PA guidelines (≥150 minutes
of MVPA and RT on ≥2 days/week). These improve-
ments may be attributable to the detailed strategies pro-
vided for both MVPA and RT and thus supports their
use in multibehavior interventions. This finding is rele-
vant from a public health perspective, given that most
adults do not engage in RT,52 and only approximately
15% meet guidelines for both MVPA and RT, although
this would confer significant reductions for morbidity
and mortality.53−55 However, this outcome should be
interpreted with caution, as the analyses of meeting PA
guidelines were exploratory. Also, although both
minutes of MVPA and frequency of RT increased, the
higher proportion of participants meeting PA guidelines
at 3 months appeared to be largely driven by an
increased frequency of RT.
A unique contribution of this study is that it assessed

sleep quality at 3 and 6 months, which is longer than the
intervention periods and follow-up intervals of many
sleep interventions.56 The magnitude of the between-
group difference in favor of the intervention group at 3
months is consistent with findings from trials in subclin-
ical population groups.19 Although sleep quality contin-
ued to improve at 6 months, the difference between
groups was no longer statistically significant for com-
plete-case analysis but was for analysis based on multiple
imputation (at a=0.025). Given that the observed effect
sizes at 3 months (d=0.48) and 6 months (d=0.46) were
consistent, this may have been because of improvements
in both groups and the lack of power at the 6-month
time point. The intervention was designed for a
www.ajpmonline.org
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population with poor sleep quality but without a diag-
nosed sleep disorder. Baseline values of the PSQI,
Insomnia Severity Index, and the Epworth Sleepiness
Index suggest that most participants did have poor sleep
quality but did not have a clinical sleep disorder (e.g.,
above clinical threshold for insomnia or sleep apnea). A
smaller margin for improvement relative to that typically
seen in clinical population groups was a function of
studying a subclinical group with lower baseline symp-
tom severity. Accordingly, the shift in scores observed in
the Synergy Study was deemed satisfactory, especially
given that the effect size (d=0.48) associated with
between-group differences in sleep quality was compara-
ble to that reported in a systematic review of Internet-
delivered cognitive behavioral therapy for insomnia
(d=0.49).56 This is important considering the high per-
centage of the population with poor sleep quality, but
without a clinical sleep disorder and limited access to
practitioner-based treatment.57,58 PSQI scores <5 indi-
cate remission of sleep problems,59 and despite the mag-
nitude of improvement observed in the intervention
group, average scores remained >5, which is consistent
with most studies in subclinical populations.19 However,
the intervention group had 32% more participants
reporting good sleep quality (PSQI scores <5) (Appen-
dix Figure 1B, available online) indicating the interven-
tion may have considerable public health utility. The
hypothesized synergistic relationship between PA and
sleep was not examined in this study. However, changes
in MVPA and sleep quality were lower in magnitude
than anticipated. It is possible the magnitude of change
in PA was not large enough to leverage larger increases
in sleep quality and vice versa, or the study duration was
too short to detect this.
The intervention group further exhibited significantly

better sleep hygiene practices and improvements in sub-
jective sleep quality and sleep onset latency. More-pro-
nounced improvements in sleep onset latency for the
intervention group were likely a result of adherence to
and improvements in sleep hygiene practices, which
were targeted specifically in the Synergy Study. More-
over, PA is associated with reduced sleep onset latency,60

and the large amount of additional MVPA reported in
the intervention group (adjusted group difference=109
minutes, d=0.24), albeit not statistically significant, com-
bined with the greater increase in RT may have contrib-
uted to improvements in sleep health indicators (i.e.,
sleep onset latency), which is consistent with the litera-
ture.61,62 These improvements, combined with those
seen for insomnia severity, which capture clinically rele-
vant characteristics of poor sleep health, support the
overall finding that the intervention was efficacious in
improving sleep.
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The lack of group differences in health-related quality
of life might indicate that changes in these parameters
take longer than 3−6 months to manifest and may be of
small magnitude in a population with nonacute condi-
tions.63 Long-term follow-up assessments therefore are
warranted. The Synergy Study provided detailed stress
management resources but none specifically for depres-
sion or anxiety, which may explain the significantly
greater improvements in stress symptoms observed in
the intervention group. Given that high stress levels are
associated with engagement in unhealthy behaviors and
poorer sleep quality,64 facilitating stress management to
reduce symptoms is important for multiple behavior
interventions, particularly those targeting sleep.
App usability ratings were fair, time to nonusage attri-

tion was 32 days, and 89% of participants suffered non-
usage attrition. Although there are few app usage data
available from multiple behavior interventions, the pro-
portion of participants making at least one entry (90%)
is similar to that observed in single-behavior m-Health
programs.65 However, there is no evidence that defines
the minimum amount of app usage needed for behavior
change to occur and whether continuous usage differs
from intermittent usage with regard to the magnitude of
behavior change it confers. Time to nonusage attrition
in the current study (32 days) appears to indicate mod-
erate usage in comparison with other studies for which
time to nonusage attrition ranged from 1.5 weeks to 25
weeks.66 These results suggest that targeting 2 behaviors
simultaneously does not adversely impact app usage
rates. Despite fair participant ratings for app usability
and time to nonusage attrition, almost all participants in
the intervention group still suffered nonusage attrition
during the intervention period. Several devices exist that
allow automated self-monitoring of PA and sleep.67

However, manual data entry was used for pragmatic rea-
sons (e.g., cost) and this may have contributed to nonus-
age attrition, although it is unknown which method
(manual or automated) is optimal for use in behavior
change interventions. Moreover, it is possible that some
participants reached personal goals relating to PA and
sleep sooner than others or lost motivation over time.
Furthermore, participants may have engaged in PA and
sleep hygiene practice more frequently than indicated by
the completed logs, possibly because of not feeling any
need to keep track, or because of time restrictions. This
is in line with findings from a study indicating that par-
ticipants only log approximately 60% of their objectively
measured daily activity.24

To the authors’ knowledge, this was the first trial of its
kind to target both PA and sleep with an m-Health inter-
vention using an RCT design. Trial strengths included its
potential for wide reach, given the remote delivery,
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which made it accessible for those living outside metro-
politan areas, as well as the personalized approach,
which reinforced personally meaningful goals.

Limitations
Several factors reduced the power to detect significant
between-group differences in MVPA. Despite requiring
that participants report <90 minutes/week to be eligible,
41.25% reported doing >150 minutes at baseline. Dis-
crepancies between the levels of PA participants
reported at the eligibility screening and those reported at
baseline may have been because of the different methods
of assessment used (e.g., eligibility survey: single item
versus baseline survey: multiple items). This may indi-
cate that using a single-item measure has limited useful-
ness as a screening tool for interventions.68,69 Self-report
measures of PA are subject to recall bias, and there was
large variation in minutes of PA at baseline and follow-
up in both groups. In addition, the waitlist-control group
reported substantial increases in activity, which reduced
the difference between groups. Given that participants
volunteered to take part, this could have been because of
high levels of readiness to make changes to PA and sleep
behaviors upon enrollment in the study, as seen in previ-
ous trials.51,70 However, participants’ readiness to
change behavior was not assessed in this study. More-
over, the study was powered based on effect sizes that
assumed a synergistic effect between PA and sleep and
this may have been overestimated. The use of objective
measures (e.g., accelerometry and polysomnography)
however, was not feasible in this trial. Moreover, the
self-report sleep measure (PSQI) was likely able to better
capture the restorative effects of improved sleep, which
is not possible using objective measures.71 A number of
secondary outcomes were examined, and this may have
increased the risk of Type 1 errors. The classification of
RT duration may have been somewhat arbitrary, and it
is unknown if a minimum duration of 10 minutes con-
fers a health benefit. Finally, it is possible that access to
an Internet-enabled device as an eligibility criterion has
reduced the representativeness of the sample. However,
the associated risk of bias may be minimal, given the
widespread ownership of smartphones in Australia.72
CONCLUSIONS

This remotely delivered intervention produced short-
term improvements in RT and short- and medium-term
improvements in sleep health. Some of the group differ-
ences seen at 3 months were not sustained at the 6-
month follow-up. The capacity of m-Health interven-
tions to foster long-term engagement and sustainable
changes in behavior remains to be determined, but
m-Health interventions may be useful at least in the
short-term to promote a combination of healthy habits.
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