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Abstract
Study Objectives:  Pediatricians lack tools to support families at home for the promotion of childhood sleep. We are 
using the Multiphase Optimization Strategy (MOST) framework to guide the development of a mobile health platform for 
childhood sleep promotion. The objective of this study is to demonstrate feasibility of a mobile health platform towards 
treating children with insufficient sleep.

Statement of Significance
Pediatricians lack effective tools to treat insufficient sleep. The time needed to deliver sleep-promoting behavioral treat-
ment during brief visits, along with poor treatment adherence, are notable barriers. To overcome these barriers, we are 
using the Multiphase Optimization Strategy (MOST) framework to engineer an intervention with behavioral sleep promo-
tion components, and behavioral economic adherence components, that can be remotely delivered using a mobile health 
platform. We have successfully developed and deployed such a mobile health platform. Initial results suggest that this 
approach can increase sleep duration, especially if a loss-framed financial incentive is used to encourage meeting sleep 
duration goals. The promising candidate intervention components we have identified will be further investigated under 
the optimization phase of the MOST framework.
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Methods:  Children aged 10–12 years were enrolled (Study #1: N = 30; Study #2: N = 43). Participants wore a sleep tracker 
to measure sleep duration. Data were retrieved by a mobile health platform, programmed to send introductory messages 
during run-in (2 weeks) and goal achievement messages during intervention (7 weeks) periods. In study #1, participants 
were randomized to control, gain-framed incentive or loss-framed incentive arms. In study #2, participants were 
randomized to control, loss-framed incentive, normative feedback or loss-framed incentive plus normative feedback arms.

Results:  In study #1, 1514 nights of data were captured (69%) and sleep duration during the intervention was higher 
by an average of 21 (95% CI: −8, 51) and 34 (95% CI: 7, 61) minutes per night for the gain-framed and loss-framed arms, 
respectively, compared to controls. In study #2, 2,689 nights of data were captured (81%), with no major differences in 
average sleep duration between the control and the loss-framed or normative feedback arms.

Conclusions:  We have developed and deployed a mobile health platform that can capture sleep data and remotely 
communicate with families. Promising candidate intervention components will be further investigated under the 
optimization phase of the MOST framework.

Clinical Trials:  Both studies included in this manuscript were registered at clinicaltrials.gov:

-Study #1: NCT03263338
-Study #2: NCT03426644

Key words:   children; sleep; pediatrics; intervention

Introduction
Sleep is essential for health, but youth are increasingly spending 
less time sleeping [1–3]. Indeed, only 47% of middle school stu-
dents achieve sufficient sleep on school nights and this drops 
to 35% among high school students in the United States [4, 5]. 
Delaying school start times is a critical strategy that can help 
prevent insufficient sleep [6–12], but this does not fully resolve 
the problem [10]. In addition, school sleep education programs 
have had limited effectiveness [13–19]. Thus, sleep promo-
tion strategies delivered outside of the school setting must be 
considered.

Children are regularly seen in pediatric primary care, 
making this a promising setting for treating insufficient sleep 
in childhood, but pediatric primary care teams (e.g. pediat-
ricians, nurse practitioners, etc.) do not yet have effective 
tools for doing so [20–22]. The time needed to deliver sleep-
promoting behavioral treatment during brief visits, along 
with poor adherence to treatment, are notable barriers [20]. 
Interventions with behavioral sleep promotion components, 
and behavioral economic adherence components, that can be 
remotely delivered using mobile health platforms could over-
come these barriers and allow for broader dissemination to 
reach large numbers of youth.

We are engineering a mobile health platform for pedi-
atric primary care teams to treat insufficient sleep. This work 
is guided by the Multiphase Optimization Strategy (MOST) 
framework that includes three phases [23]: (1) the preparation 
phase, to conceptualize and initiate the testing of intervention 
components; (2) the optimization phase, to determine optimal 
component settings; and (3) the evaluation phase, to determine 
if the optimized intervention package is effective [23]. We 
have completed two preparation phase studies. Our objective 
is to demonstrate feasibility and present findings from two 
preparatory studies that included behavioral sleep promotion 
components and behavioral economic components, in a mo-
bile health platform, towards promoting longer sleep duration 
in children.

Inspired by the effectiveness of financial incentives to pro-
mote physical activity in adults and glucose monitoring in youth 
with type 1 diabetes [24, 25], in study #1, we explored whether 
providing financial incentives for achieving or exceeding sleep 
goals helped children to increase their sleep duration. We specif-
ically explored the effectiveness of gain-framed and loss-framed 
incentives. Based on Prospect Theory, the loss-framed structure 
should be more motivational because of loss aversion [26]. It was 
expected that the loss-framed incentive approach would yield 
the largest increase in sleep duration. In study #2, we explored 
whether providing normative feedback, with and without a loss-
framed financial incentive, in relation to achieving or exceeding 
sleep goals could encourage children to increase their sleep 
duration. The normative feedback approach was inspired by a 
team-based approach that effectively increased physical activity 
in adults [27]. We created cohorts of three participants and each 
participant received a weekly report that informed them of their 
rank compared to the other cohort members with respect to the 
number of times they achieved or exceeded their sleep goal. It 
was expected that the normative feedback and a loss-framed 
incentive combined would yield the largest increase in sleep 
duration. Here we present findings from both preparation phase 
studies.

Methods

Participants

Participants aged 10–12 years were enrolled in 2017 for study #1 
and in 2018 for study #2, from southeastern PA and southern NJ. 
We focused on a single developmental period as a starting point. 
Puberty often begins around ages 10–12 years, but progression 
more commonly occurs in older children. The inclusion of older 
children would have made data interpretation more challen-
ging at this initial research stage given the known changes in 
circadian sleep regulation during adolescence [28]. Participants 
had to have access to a tablet or smartphone to use a mobile 
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application to transmit their sleep data remotely. Finally, par-
ticipants had to typically spend 8–9 hours in bed as reported 
by a parent/guardian for study #1, and 7–8 hours in bed as re-
ported by a parent/guardian in study #2. The exclusion criteria 
were: diagnosed with any clinical sleep disorder, syndromic 
obesity, diagnosed psychiatric disorder, diagnosed eating dis-
order, diagnosed musculoskeletal or neurological disorder that 
impact movement and activity, and use of medications known 
to affect sleep and/or body weight. All sleep data were collected 
during the school term, with participants starting and ending 
the study during a single semester. The Children’s Hospital of 
Philadelphia’s (CHOP) Institutional Review Board approved both 
studies (study #1: 17-014078; study #2: 17-014700) and both were 
registered at clinicaltrials.gov (study #1: NCT03263338; study #2: 
NCT03426644).

Recruitment

CHOP’s Recruitment Enhancement Core compiled lists of poten-
tially eligible children by pre-screening electronic health records 
of children aged 10–12 years who had previously received care 
at CHOP. Families were invited by email to participate. Interested 
families opted in and were directed to a mobile health platform—
called Way to Health [29]—to complete a screening survey. If eli-
gible, the family was invited to the baseline study visit: informed 
consent/assent, survey completion, height and weight measure-
ments, and received a sleep tracker. Post-intervention, families 
were invited for a follow-up visit.

Remote data collection and communication

In both studies, remote data collection and communication 
was facilitated by using Way to Health, an automated infor-
mation technology platform that integrates wireless devices, 
clinical trial randomization, messaging (text and e-mail), self-
administered surveys, and secure data capture for research 
purposes [29, 30]. We consulted with, and used guides provided 
by, the Way to Health team to design the workflow and build 
the study-specific content for each study. We tested each study 
workflow in staging environments prior to each study launch, 
to ensure the platform was operating as designed. Additional 
details and selected screenshots of the Way to Health platform 
(W2H) are provided in Supplementary Appendix A.

The Fitbit Flex 2 was used to measure sleep duration in the 
home setting. The sleep data were captured by the W2H from 
the Fitbit mobile application using an application program-
ming interface system. This approach required participants to 
sync their Fitbit application every day. The Fitbit Flex 2 was 
used for the following reasons: (1) wireless data streaming 
capabilities; (2) battery could be recharged; and (3) Fitbits have 
been validated against polysomnography (PSG) in children 
[31].

The W2H was programmed to send automated messages to 
families in both studies. During the run-in periods, introductory 
messages were sent to orient families to the study. During the 
intervention periods, general sleep information messages were 
sent to provide general knowledge and to minimally engage 
the control groups. Goal achievement messages and, if applic-
able, related financial incentive and normative feedback mes-
sages, were sent during the intervention periods. Study specific 

methods are described below and key study similarities and dif-
ferences are listed in Supplementary Table 1.

Study #1: run-in, intervention and follow-up periods

A 1-week run-in period was used to measure baseline sleep pat-
terns, after which parents selected one of three times in bed 
(TIB) goals for their child: 9.5 hours, 10.0 hours, or 10.5 hours per 
night. Based on the compromise effect, which predicts that the 
middle option is most likely to be selected and not the lower or 
higher extremes [32], we expected that parents would be more 
likely to choose the 10.0 hours per night goal option. Participants 
were randomized to one of three study arms for 50 days, in a 
simple manner using a random number generator within the 
W2H: control, gain-framed incentive or loss-framed incentive. 
Blinding was not used.

During the intervention period, parents of children assigned 
to the gain-framed arm were provided with a virtual account 
with $0 and could gain $1 each night their TIB goal was achieved 
or exceeded. Parents of children assigned to the loss-framed 
arm were additionally provided with a virtual account with a $50 
endowment and $1 was deducted each night the TIB goal was 
not achieved. Based on Prospect Theory, the loss-framed struc-
ture should be more motivational because of loss aversion [26]. 
Parents were informed of their virtual account balance daily and 
payments were dispensed at the end of the intervention period. 
The incentives were directed at parents to engage them in the 
study. A  2-week follow-up period was used to measure sleep 
duration post-intervention.

Study #2: run-in, intervention, and follow-up periods

A 2-week run-in period was used in study #2, with school night 
data (Sun-Thurs nights) from the second week used to measure 
baseline sleep patterns. The first week was discarded to help 
avoid any upward bias (i.e. increased sleep duration upon ini-
tially receiving the sleep tracker) and participants were ex-
cluded if their average TIB was >9 hours on school nights during 
the second run-in week. Participants were randomized to a 
study arm for the 7-week intervention period, using block ran-
domization and block sizes of four and eight. The randomiza-
tion process was automated within the W2H. A TIB goal that was 
45 minutes per night above their baseline level was provided to 
each participant to achieve on school nights. TIB goals for school 
nights were increased by an additional 15 minutes per night at 
the mid-point of the intervention period. School nights were 
the focus because insufficient sleep is more prevalent on school 
nights [4, 5]. Blinding was not used.

Participants were randomized to one of four study arms: 
control, loss-framed incentive, normative feedback, or loss-
framed incentive and normative feedback combined. All par-
ticipants started the study on the first Sunday following the 
end of their run-in period. Cohorts of three participants were 
manually created for those randomized to an arm with nor-
mative feedback. Participants assigned to an arm with nor-
mative feedback received daily notifications if they achieved 
their goal and received a report each Sunday informing them 
of their weekly goal tally and how they ranked compared to 
the other members. The parents of participants assigned to 
an arm with the loss-framed incentive were provided a virtual 

https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab006#supplementary-data
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account with a $70 endowment and $2 was deducted each 
school night the TIB goal was not achieved. Parents were 
informed of their virtual account balance daily and pay-
ments were dispensed at the end of the intervention period. 
A  2-week follow-up period was used to measure sleep dur-
ation post-intervention.

Qualitative data for study #2

Upon completion of study #2, families were invited to complete 
an optional semi-structured, audio-recorded telephone inter-
view to solicit separate feedback from caregivers and children. 
A grounded theory approach [33] was used to analyze qualitative 
data loaded into NVivo software (QSR International, Burlingame, 
MA). To develop the codebook, three study team members in-
dependently reviewed four interview transcripts (2 caregivers; 
2 children). The generated codes were compared and the initial 
codebook developed was applied to four additional transcripts. 
The codebook was refined and any disagreements were resolved 
via group consensus. The final, stable codebook was applied to 
the remaining transcripts. Twenty percent of the interview tran-
scripts were double-coded for reliability purposes; the weighted 
kappa of 0.81 indicated strong reliability. Example interview 
questions and the codebook are provided in Supplementary 
Appendix B.

Statistical analysis for quantitative data

The same statistical approaches were applied separately in each 
study. Descriptive statistics are presented overall and by study 
arms using means and standard deviations for continuous vari-
ables, and frequencies and percentages for categorical variables. 
Mixed effect linear models described nights of sleep data ac-
quired by study week, using random intercepts and slopes, and 
an unstructured covariance structure. Statistical interactions 
between study week and the following variables were tested: 
study arm, sex, race and self-reported household income. This 
was to determine if data acquirement differed by study arms 
and demographics.

To determine if nighttime sleep duration (hours per night) 
changed over the study period in the intervention groups, 
compared to the control arm, mixed effect linear models, with 
random intercepts and slopes, and an unstructured covari-
ance structure, were used. The fixed model components in-
cluded study arm assignment, time in weeks, a study arm by 
time in weeks interaction, and the following covariates: sex, 
race and household income. In study #1, weeknight status 
(school or non-school night) was an additional covariate. In 
study #2, the analyses were restricted to school nights. The 
mixed effect modeling was repeated with TIB (hours per 
night) as an outcome. TIB and sleep duration were highly cor-
related (r = 0.96 in study #1 and r = 0.97 in study #2). Finally, 
to determine if the probability of sleeping ≥9 hours per night 
changed over the study period, compared to the control arm, 
mixed effect logistic regression was used with random inter-
cepts and slopes, and an unstructured covariance structure. 
The fixed effect components for the logistic model were the 
same as described for the linear model. All quantitative ana-
lyses were performed using Stata version 14.2 (StataCorp, 
College Station, TX).

Results

Recruitment and baseline characteristics

Study #1 was completed during the fall school semester in 2017. 
A total of 147 Way to Health accounts were created (Figure 1). Of 
these, 76 parents/guardians completed the screening question-
naire; 37 were eligible and scheduled a study visit; 31 attended 
the study visit; 30 families selected a sleep goal and were ran-
domized to a study arm; 22 returned for the post-intervention 
visit. The mean age was 11.4 years and 50% were female; 60% 
were White, 37% were Black, and 3% were Asian; most (60%) 
lived in households with incomes ≥$90,000 (Table 1). Average 
sleep duration was 8.24 hours per night, with average time of 
onset and offset being 22:20 and 07:06 hours (Table 1). The TIB 
goal of 9.5 hours per night was selected by 28 out of the 30 par-
ticipants (Table 1).

Study #2 was completed during the spring and fall school 
semesters in 2018. A total of 235 Way to Health accounts were 
created (Figure 1). Of these, 169 parents/guardians completed 
the screening questionnaire; 49 were eligible and scheduled 
a study visit; 44 attended the study visit; 43 were randomized 
to a study arm; 37 returned for the post-intervention visit; 26 
families completed the optional phone interview (Figure 1). The 
mean age was 11.3y and 54% were female; 58% were White, 28% 
were Black, and 14% were Asian; most (63%) lived in households 
with incomes ≥$100,000 (Table 1). Average sleep duration was 
8.13 hours per night, with average time of onset and offset being 
22:48 and 07:28, respectively (Table 1). The average initial TIB 
goal was 9.11 hours per night (Table 1).

Sleep data acquisition

Overall, 1514 nights of sleep data were collected in study #1 
representing 68.8% data acquisition. On average 6.6 nights per 
week, 5.0 nights per week, and 3.5 nights per week were ac-
quired during the run-in, intervention and follow-up periods, 
respectively (Figure 2). Data acquisition was similar for each 
study arm, both sexes and household income groups (Figure 2). 
Compared to White participants, data acquisition among Black 
participants was 2.2 (95% CI: 0.8, 3.7) nights per week lower 
during the intervention period (Figure 2).

In study #2, 2689 nights of sleep data were collected, repre-
senting 81.2% data acquisition. On average, 6.3 nights per week, 
5.7 nights per week, and 4.9 nights per week were acquired 
during the run-in, intervention, and follow-up periods, respect-
ively (Figure 2). Data acquisition was similar for each study arm, 
both sexes, and race and household income groups (Figure 2).

Changes in sleep by study arm assignment

In study #1, sleep duration during the overall 50-day interven-
tion period was higher by an average of 0.36 hours per night (95% 
CI: −0.13, 0.85) and 0.57 hours per night (95% CI: 0.11, 1.02) for 
the gain-framed and loss-framed arms, respectively, compared 
to the control arm (Figure 3). During the follow-up period, sleep 
duration was higher by an average of 0.55 hours per night (95% 
CI: −0.01, 1.11) and 0.34 hours per night (95% CI: −0.20, 0.89) for 
the gain-framed and loss-framed arms, respectively, compared 
to the control arm (Figure 3). Similar findings were observed 
when using TIB as the outcome (Supplementary Figure 1). The 
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probability of sleeping ≥9 hours per night during the overall 
50-day intervention period was higher by an average of 10.0 per-
centage points (95% CI: −5.0, 25.4) and 18.0 percentage points 
(95% CI: 3.3, 32.6) for the gain-framed and loss-framed arms, re-
spectively, compared to the control arm (Figure 4). And was also 
higher for the gain-framed and loss-framed arms during the 
follow-up period by an average of 12.1 percentage points (95% 
CI: −7.0, 31.0) and 5.8 percentage points (95% CI: −12.2, 23.8), re-
spectively, compared to the control arm (Figure 3).

In study #2, two out of the eight cohorts assigned to a norma-
tive feedback arm included two members (Supplementary Table 
2). Delayed intervention starts occurred in five of the cohorts, 
with three participants having delays of 1–2 weeks and two par-
ticipants having a delay of 26 weeks (Supplementary Table 2); 
meaning, members of these cohorts were not always active on 
study at the same time to provide data for the weekly rankings.

In study #2, school night sleep duration during the overall 
7-week intervention period differed on average by 0.23 hours per 
night (95% CI: −0.37, 0.83), 0.11 hours per night (95% CI: −0.41, 
0.64), and 0.12 hours per night (95% CI: −0.52, 0.76) for the loss-
framed arm, normative feedback arm, and the combined arm, 
respectively, compared to the control arm (Figure 4). During the 
follow-up period, school night sleep duration differences with 
the control arm averaged −0.22 hours per night (95% CI: −0.81, 
0.37), −0.06 hours per night (95% CI: −0.58, 0.45), and −0.23 hours 
per night (95% CI: −0.86, 0.41) for loss-framed arm, normative 
feedback arm, and the combined arm, respectively (Figure 4). 
Similar findings were observed when using TIB as the outcome 
(Supplementary Figure 2). The probability of sleeping ≥9 hours 
per school night during the overall 7-week intervention period 
differed on average by 8.1 percentage points (95% CI: −14.6, 30.8), 
9.0 percentage points (95% CI: −7.4, 25.4), and 5.7 percentage 
points (95% CI: −13.9, 25.3) for the loss-framed arm, normative 
feedback arm, and the combined arm, respectively, compared 
to the control arm (Figure 4). And for the follow-up period, the 
probability of sleeping ≥9 hours per school night differed on 
average by −10.0 percentage points (95% CI: −27.3, 7.2), 2.4 per-
centage points (95% CI: −12.3, 17.1), and −9.6 percentage points 
(95% CI: −23.8, 4.6) for the loss-framed arm, normative feedback 

arm, and the combined arm, respectively, compared to the con-
trol arm (Figure 4).

Family feedback for study #2

Supplementary Table 3 provides descriptive statistics for the sub-
sample that completed the optional telephone interview. Key 
themes and quotations from child and caregivers are shown 
in Supplementary Appendix A, Supplementary Tables 4 and 
5. Qualitative data revealed a number of intervention facilita-
tors, including: enhanced sleep focus and knowledge (e.g. increased 
awareness of sleep routines and importance of sleep) and benefits 
to child health and wellbeing outside of sleep (e.g. use of the Fitbit 
to encourage exercise). Interestingly, electronics rules and norms 
emerged as an intervention facilitator in cases in which families 
had pre-existing evening electronics usage rules, but as an inter-
vention barrier for families who reported difficulties limiting de-
vice usage consistently, especially when needed for homework. 
Salient intervention barriers included: beliefs about electronics usage 
(e.g. electronics devices are “addicting” and therefore difficult to 
limit), competing academic demands and schedules and competing 
extracurricular activities (e.g. homework, school start times, and late 
evening activities), family context and schedules (e.g. sibling activities 
and caregiver work schedules limit consistent sleep routines), and 
long-term sustainability (e.g. challenge of maintaining optimal sleep 
schedule and duration after study ended). Of note, children and 
caregivers also indicated a desire for intervention personalization in 
both intervention content (e.g. sleep information and advice) and 
style (e.g. graphics and photos).

Discussion
We have developed and deployed a mobile health platform that 
can remotely capture sleep data from children. This platform 
can also remotely communicate behavior change strategies 
toward promoting sleep duration to families in the home set-
ting. For example, in study #1 we used a guideline-based sleep 
goal paired with a loss-framed incentive directed at parents; 

Figure 1.  Consort diagrams for study #1 (A) and study #2 (B). W2H, Way to Health platform; Q, questionnaire; V1, study visit number 1; V2, study visit number 2; TIB, time 

in bed; LF, loss-framed incentive; NFB, normative feedback; Qual, qualitative data collection.

https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab006#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab006#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab006#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab006#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab006#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab006#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab006#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpab006#supplementary-data


6  |  SLEEPO, 2021, Vol. 2, No. 1

Ta
b

le
 1

. 
B

as
el

in
e 

ch
ar

ac
te

ri
st

ic
s 

of
 e

ac
h

 s
tu

d
y 

sa
m

p
le

St
u

d
y 

#1
St

u
d

y 
#2

O
ve

ra
ll

 (N
 =

 3
0)

C
on

tr
ol

 (N
 =

 1
1)

G
F 

(N
 =

 9
)

LF
 (N

 =
 1

0)
O

ve
ra

ll
 (N

 =
 4

3)
C

on
tr

ol
 (N

 =
 1

0)
LF

 (N
 =

 1
1)

N
FB

 (N
 =

 1
1)

LF
 +

 N
FB

 (N
 =

 1
1)

A
ge

, m
ea

n
 (S

D
), 

ye
ar

s
11

.4
 (0

.8
)

11
.7

 (0
.9

)
11

.3
 (0

.9
)

11
.2

 (0
.7

)
11

.3
 (0

.8
)

11
.1

 (0
.7

)
11

.2
 (0

.6
)

11
.6

 (0
.7

)
11

.4
 (0

.9
)

Fe
m

al
e,

 N
 (%

)
15

 (5
0.

0)
8 

(7
2.

7)
2 

(2
2.

2)
5 

(5
0.

0)
23

 (5
3.

5)
7 

(7
0.

0)
3 

(2
7.

3)
10

 (9
0.

9)
3 

(2
7.

3)
A

si
an

: N
on

-H
is

p
an

ic
, N

 (%
)

1 
(3

.3
)

1 
(9

.1
)

–
–

6 
(1

4.
0)

1 
(1

0.
0)

1 
(9

.1
)

1 
(9

.1
)

3 
(2

7.
3)

A
si

an
: H

is
p

an
ic

, N
 (%

)
–

–
–

–
–

–
–

–
–

B
la

ck
: N

on
-H

is
p

an
ic

, N
 (%

)
8 

(2
6.

7)
3 

(2
7.

3)
2 

(2
2.

2)
3 

(3
0.

0)
9 

(2
0.

9)
5 

(5
0.

0)
3 

(2
7.

3)
1 

(9
.1

)
–

B
la

ck
: H

is
p

an
ic

, N
 (%

)
3 

(1
0.

0)
2 

(1
8.

2)
–

1 
(1

0.
0)

3 
(7

.0
)

–
–

1 
(9

.1
)

2 
(1

8.
2)

W
h

it
e:

 N
on

-H
is

p
an

ic
, N

 (%
)

17
 (5

6.
7)

4 
(3

6.
4)

7 
(7

7.
8)

6 
(6

0.
0)

23
 (5

3.
5)

4 
(4

0.
0)

7 
(6

3.
6)

6 
(5

4.
6)

6 
(5

4.
6)

W
h

it
e:

 H
is

p
an

ic
, N

 (%
)

1 
(3

.3
)

1 
(9

.1
)

–
–

2 
(4

.7
)

–
–

2 
(1

8.
2)

–
$2

0–
$2

9K
, N

 (%
)

1 
(3

.3
)

–
–

1 
(1

0.
0)

–
–

–
–

–
$3

0–
$3

9K
, N

 (%
)

–
–

–
–

–
–

–
–

–
$4

0–
$4

9K
, N

 (%
)

3 
(1

0.
0)

2 
(1

8.
2)

–
1 

(1
0.

0)
6 

(1
4.

0)
1 

(1
0.

0)
1 

(9
.1

)
–

4 
(3

6.
4)

$5
0–

$5
9K

, N
 (%

)
4 

(1
3.

3)
2 

(1
8.

2)
–

2 
(2

0.
0)

3 
(7

.0
)

1 
(1

0.
0)

1 
(9

.1
)

–
1 

(9
.1

)
$6

0–
$6

9K
, N

 (%
)

–
–

–
–

1 
(2

.3
)

–
1 

(9
.1

)
–

–
$7

0–
$7

9K
, N

 (%
)

3 
(1

0.
0)

1 
(9

.1
)

–
2 

(2
0.

0)
1 

(2
.3

)
–

1 
(9

.1
)

–
–

$8
0–

$8
9K

, N
 (%

)
–

–
–

–
2 

(4
.7

)
1 

(1
0.

0)
1 

(9
.1

)
–

–
$9

0–
$9

9K
, N

 (%
)

5 
(1

6.
7)

1 
(9

.1
)

3 
(3

3.
3)

1 
(1

0.
0)

2 
(4

.7
)

1 
(1

0.
0)

–
–

1 
(9

.1
)

≥$
10

0K
, N

 (%
)

13
 (4

3.
3)

5 
(4

5.
5)

6 
(6

6.
7)

2 
(2

0.
0)

27
 (6

2.
8)

6 
(6

0.
0)

6 
(5

4.
6)

10
 (9

0.
9)

5 
(4

5.
5)

D
on

’t
 k

n
ow

/r
ef

u
se

, N
 (%

)
1 

(3
.3

)
–

–
1 

(1
0.

0)
1 

(2
.3

)
–

–
1 

(9
.1

)
–

B
M

I, 
m

ea
n

 (S
D

), 
kg

/m
2

18
.4

 (3
.2

)
17

.9
 (3

.0
)

18
.1

 (3
.0

)
19

.3
 (3

.9
)

19
.9

 (4
.2

)
19

.7
 (2

.4
)

20
.3

 (2
.5

)
20

.1
 (5

.5
)

19
.4

 (5
.6

)
 

T
h

in
, N

 (%
)

3 
(1

0.
0)

2 
(1

8.
2)

–
1 

(1
0.

0)
5 

(1
1.

6)
–

–
2 

(1
8.

2)
3 

(2
7.

3)
 

N
or

m
al

, N
 (%

)
22

 (7
3.

3)
8 

(7
2.

7)
7 

(7
7.

8)
7 

(7
0.

0)
24

 (5
5.

8)
8 

(8
0.

0)
7 

(6
3.

6)
5 

(4
5.

5)
4 

(3
6.

4)
 

O
ve

rw
ei

gh
t,

 N
 (%

)
3 

(1
0.

0)
1 

(9
.1

)
2 

(2
2.

2)
–

10
 (2

3.
3)

2 
(2

0.
0)

4 
(3

6.
4)

2 
(1

8.
2)

2 
(1

8.
2)

 
O

be
se

, N
 (%

)
2 

(6
.7

)
–

–
2 

(2
0.

0)
4 

(9
.3

)
–

–
2 

(1
8.

2)
2 

(1
8.

2)
D

u
ra

ti
on

, m
ea

n
 (S

D
), 

h
ou

rs
/n

ig
h

t
8.

24
 (0

.6
7)

8.
16

 (0
.7

1)
8.

13
 (0

.7
7)

8.
41

 (0
.5

8)
8.

13
 (0

.5
1)

8.
16

 (0
.3

1)
8.

08
 (0

.5
6)

8.
33

 (0
.4

7)
7.

94
 (0

.6
2)

 
Sc

h
oo

l N
ig

h
t

8.
08

 (0
.8

7)
7.

86
 (1

.2
0)

8.
05

 (0
.7

6)
8.

36
 (0

.4
6)

8.
04

 (0
.5

8)
8.

02
 (0

.4
0)

8.
06

 (0
.6

9)
8.

15
 (0

.6
4)

7.
94

 (0
.6

0)
 

N
on

-S
ch

oo
l N

ig
h

t
8.

43
 (1

.0
5)

8.
44

 (0
.8

5)
8.

29
 (1

.0
0)

8.
56

 (1
.3

5)
8.

24
 (0

.8
6)

8.
38

 (0
.9

3)
8.

09
 (0

.6
8)

8.
54

 (0
.7

3)
7.

97
 (1

.0
4)

O
n

se
t,

 m
ea

n
 (S

D
), 

h
ou

rs
 f

ro
m

 0
0:

00
−

1.
66

 (0
.8

3)
−

1.
61

 (1
.2

3)
−

1.
74

 (0
.6

2)
−

1.
64

 (0
.4

2)
−

1.
20

 (0
.9

7)
−

1.
26

 (1
.4

0)
−

1.
17

 (0
.6

6)
−

1.
31

 (0
.8

5)
−

1.
06

 (0
.9

9)
 

Sc
h

oo
l N

ig
h

t
−

1.
92

 (0
.9

9)
−

1.
82

 (1
.5

5)
−

1.
95

 (0
.6

1)
−

2.
00

 (0
.4

1)
−

1.
39

 (1
.0

1)
−

1.
39

 (1
.4

4)
−

1.
37

 (0
.7

8)
−

1.
47

 (0
.8

6)
−

1.
31

 (1
.0

4)
 

N
on

-S
ch

oo
l N

ig
h

t
−

0.
99

 (1
.0

4)
−

1.
17

 (1
.1

1)
−

1.
13

 (0
.7

7)
−

0.
65

 (1
.1

9)
−

1.
04

 (1
.3

2)
−

1.
89

 (1
.9

2)
−

0.
77

 (0
.8

7)
−

1.
08

 (0
.8

2)
−

0.
50

 (1
.1

9)
O

ff
se

t,
 m

ea
n

 (S
D

), 
h

ou
rs

 f
ro

m
 0

0:
00

7.
10

 (0
.7

0)
7.

18
 (0

.8
7)

6.
84

 (0
.7

6)
7.

25
 (0

.3
8)

7.
47

 (0
.9

2)
7.

47
 (1

.3
5)

7.
54

 (0
.9

6)
7.

50
 (0

.6
3)

7.
37

 (0
.7

6)
 

Sc
h

oo
l N

ig
h

t
6.

66
 (0

.5
6)

6.
57

 (0
.5

0)
6.

57
 (0

.7
2)

6.
83

 (0
.4

8)
7.

20
 (1

.0
3)

7.
20

 (1
.4

6)
7.

31
 (1

.1
6)

7.
14

 (0
.6

9)
7.

14
 (0

.8
0)

 
N

on
-S

ch
oo

l N
ig

h
t

8.
04

 (1
.0

1)
8.

10
 (1

.1
5)

7.
54

 (1
.1

1)
8.

42
 (0

.5
4)

7.
74

 (1
.4

6)
7.

03
 (2

.4
9)

7.
98

 (0
.7

1)
7.

95
 (0

.9
4)

7.
96

 (1
.1

3)
G

oa
l: 

9.
5 

h
ou

rs
, N

 (%
)

28
 (9

3.
3)

9 
(8

1.
8)

9 
(1

00
)

10
 (1

00
)

–
–

–
–

–
G

oa
l: 

10
.0

 h
ou

rs
, N

 (%
)

1 
(3

.3
)

1 
(9

.1
)

–
–

–
–

–
–

–
G

oa
l: 

10
.5

 h
ou

rs
, N

 (%
)

1 
(3

.3
)

1 
(9

.1
)

–
–

–
–

–
–

–
In

it
ia

l G
oa

l, 
m

ea
n

 (S
D

), 
h

ou
rs

/n
ig

h
t

–
–

–
–

9.
11

 (0
.7

0)
9.

02
 (0

.6
3)

9.
06

 (0
.7

2)
9.

44
 (0

.3
7)

8.
91

 (0
.9

3)
R

am
p

-u
p

 G
oa

l, 
m

ea
n

 (S
D

), 
h

ou
rs

/n
ig

h
t

–
–

–
–

9.
33

 (0
.6

8)
9.

27
 (0

.6
3)

9.
31

 (0
.7

2)
9.

69
 (0

.3
7)

9.
01

 (0
.8

5)



Mitchell et al.  |  7

compared to the control arm, the loss-framed incentive arm in-
creased sleep duration by an average of 34 minutes per night 
and increased the probability of sufficient sleep (≥9 hours per 
night) by an average of 18 percentage points. However, this 
promising loss-framed incentive finding was not replicated in 
study #2. Guided by the MOST framework, these studies repre-
sent essential preparation phase research needed to inform a 
future optimization trial as we work towards engineering a mo-
bile health platform for pediatric primary care teams to support 
families at home for the promotion of childhood sleep duration. 
This work has important clinical implications given that insuf-
ficient sleep has been associated with pediatric obesity and re-
lated metabolic health (e.g. insulin resistance and hypertension) 
and neurobehavioral outcomes in childhood (e.g. attention, ex-
ecutive functioning, and cognition) [34]. It also demonstrated 
that this mode of intervention has the potential to improve 
average sleep duration by more than 30 minutes per night; this 
magnitude of increase in sleep duration has been shown to im-
prove neurobehavioral outcomes [35].

Nights of data captured improved from 69% to 81% as we pro-
gressed from study #1 to study #2. We acquired fewer nights of 
data in study #1 from Black versus White participants, but this 
protocol disparity was not observed in study #2, indicating that 

the mobile health platform in development is feasible and can 
engage a diverse scope of participants. The adherence improve-
ments are likely the consequence of a more rigorous process to 
actively monitor adherence to the study protocol and the ease 
of doing so with the structured study start in study #2 (i.e. inter-
vention periods started on the first Sunday following the end of 
the run-in period).

Setting a sleep goal is a key intervention component for 
sleep extension [36–38]. In study #1, we offered three TIB goals, 
all based around the sleep duration guideline. When presented 
with three choices, the compromise effect predicts that the 
middle option is most likely to be selected and not the lower 
or higher extremes [32]. However, 28 out of 30 participants 
selected the lowest option indicating that the goals we offered 
may have been too challenging. Self-efficacy theory predicts 
that children will be more motivated to increase their sleep 
duration if they believe that they can attain the goal [39]. In 
study #2, we used a personalized approach that set TIB goals 
to be 45 minutes per night higher than baseline, with an 
additional 15 minute per night ramp up mid-study. This ap-
proach may be more conducive to enhancing self-efficacy, but 
assumes that the baseline measurement correctly captures 
typical sleep duration and that the initial and ramp-up goals 

Figure 2.  Average nights of sleep data acquired in each study, by study week, with 95% confidence intervals. (A) Average acquirement for study #1 (left) and study #2 

(right). (B) Difference in average nights acquired by study arm, for study #1 (left) and study #2 (right). (C) control arm; GF, gain-framed arm; LF, loss-framed arm; and NF, 

normative feedback arm. Panel C. Difference in average nights acquired by sex for study #1 (left) and study #2 (right). (D) Difference in average nights acquired by race 

for study #1 (left) and study #2 (right). Due to the small number of participants, the Asian race category is not presented. (E) Difference in average nights acquired by 

household income for study #1 (left) and study #2 (right).
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that we set are realistic and achievable. In a future optimiza-
tion trial, we will further investigate goal component settings. 
Optimizing the sleep goal component is especially important 
when other intervention components are tied to achieving or 
exceeding the goal, such as with financial incentives and nor-
mative feedback.

Loss-framed financial incentives have been used in prior 
studies to effectively change behavior [24, 25]. Based on 
Prospect Theory, the loss-framed structure should be more 
motivational than the gain-framed structure because of loss 
aversion [26]. In study #1, preliminary findings support the ap-
plication of a parent-directed loss-framed financial incentive 
to encourage sleep promotion in children, but this was not rep-
licated in study #2. It is important to highlight that TIB goals 
tied to the incentives (guideline-based for all nights versus 
personalized on school nights) and incentive values ($1 vs. $2) 
differed between the two studies. More research is needed to 
determine the most optimal application of the loss-framed in-
centive for sleep promotion. In both studies, the money was 
dispensed at the end of the intervention period and dispensing 
more frequently may be more effective. We directed the in-
centives at parents because caregiver engagement in setting 
bedtimes is key to children sleep sufficiently [40], and because 
a lack of caregiver knowledge can be a barrier to identifying 
and addressing child sleep problems in pediatric primary care 
[20, 21]. However, effectiveness may be improved if the in-
centive is directed at children, and this warrants further in-
vestigation. Also, the longer-term implications of incentives 

on establishing lasting changes in behavior to promote sleep 
needs to be investigated.

At this stage, the loss-framed incentive remains a prom-
ising candidate intervention component. As this research 
progresses through the MOST framework phases, we will deter-
mine if this incentive approach is selected into the final inter-
vention package. If selected, we envision that pediatric health 
care teams will write a prescription so their patient can receive 
the sleep promotion intervention and it will be covered by their 
healthcare plan. A  number of states have received waivers to 
enact Healthy Behavior Incentive Programs [41], and private 
insurers are increasingly offering enrollees discounted insur-
ance premiums if behavioral targets, measured by wearable de-
vices, are achieved [42]. Of course, the delivery of incentives in 
these programs may not exactly match how we delivered the 
inventive. If our delivery mode of direct payment to families is 
critical, then this should be considered carefully as there would 
be risk of a research to implementation gap.

In study #2, the normative feedback approach used was not 
associated with meaningful changes in sleep duration, with 
or without a loss-framed incentive. We failed to correctly align 
the start times for five out of the eight normative feedback co-
horts, meaning that members of those cohorts were not always 
active on study at the same time to provide data for the weekly 
rankings. These protocol deviations may have impacted effective-
ness. Further, cohorts were created based on the order of recruit-
ment and membership was not contingent on having any similar 
(or dissimilar) characteristics. The cohort approach was adopted 

Figure 3.  Changes in nighttime sleep duration for study #1. The left column presents averages and 95% confidence intervals for sleep duration (hours per night) by 

study arm and study week. The column on the right presents the difference in sleep duration and the probability of sleeping ≥9 hours per night by study week and 

study arms, relative to the control arm.
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to facilitate feedback because we do not yet have extensive refer-
ence data from which to make normative comparisons. It would 
be of interest to investigate this further after more data are gener-
ated and representative reference data become available.

In study #2, qualitative interview data provided important in-
formation about intervention barriers and facilitators. Barriers to 
sleep extension were primarily related to competing academic 
and extracurricular demands, as well as sibling activities and 
caregiver work schedules. Families reported challenges around 
creating consistent rules related to electronic device usage. In 
line with findings from a recent qualitative study with adoles-
cents [43], children described feeling “addicted” to electronic 
devices. Of note, child participants desired more personalized 
messaging to target their specific sleep habits, while caregivers 
suggested enhancing the style of the message content (e.g. 
photos). Based on this feedback, a future candidate component 
could focus on delivering more personalized, evidence-based 
guidance to overcome barriers to changing sleep patterns, par-
ticularly around electronics rules, norms, and beliefs.

Both studies included limitations. We disproportionately 
enrolled more White and higher income participants. There are 
established sex, race, and income disparities in sleep health: 
male children (vs. female), Black children (vs. White) and chil-
dren from lower income households (vs. higher income) tend 
to have shorter sleep duration [44–46]. The recruitment ap-
proach used in both studies used email invitations. In future 
studies, it will be critical to adopt additional recruitment strat-
egies to ensure a more diverse sample. Otherwise, the mobile 
health platform we are engineering will be less effective for the 

children in most need of sleep promotion treatment. The com-
mercial sleep tracker we used likely overestimated sleep and 
underestimate wake [47], and the sleep scoring algorithm used 
is proprietary [31, 48]. As sleep tracker technology advances, it 
will be important to consider a device that provides access to 
the raw data captured by the device sensors and the application 
of transparent and validated sleep scoring algorithm for chil-
dren. In addition, participants were required to sync a mobile 
application so that their sleep data could be retrieved by the 
W2H. Removing this step would improve the flow of data col-
lection. This could be accomplished by using a device that has 
built-in wi-fi to transmit the data and would negate the need 
for participants to have access to a smartphone or tablet com-
puter to be eligible. Finally, we enrolled typically developing 
children aged 10–12 years and future research should consider 
older and younger children, as well as children with existing 
medical and behavioral health conditions for which increasing 
sleep duration could potentially help.

In conclusion, we have developed and deployed a mobile 
health platform that is capable of capturing sleep data and re-
motely communicating with families towards promoting longer 
sleep among middle-school-aged children. We will further in-
vestigate promising candidate intervention components in a fu-
ture optimization trial.

Supplementary material
Supplementary material is available at SLEEP Advances online.

Figure 4.  Changes in nighttime sleep duration for study #2. The left column presents averages and 95% confidence intervals for sleep duration (hours per school night) 

by study arm and study week. The column on the right presents the difference in school night sleep duration and the probability of sleeping ≥9 hours per school night 

by study week and study arms, relative to the control arm.
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