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Introduction

Despite being the focus of widespread public health efforts, childhood obesity remains 

epidemic worldwide. The most recent US estimates show that 17.7% (95% Confidence 

Interval, [CI]: 14.5–21.4) of 6–11 year old children are obese (body mass index-for-age 

≥95th CDC percentile) while a further 16.5% are overweight and at risk for becoming 

obese.
1
 Given the now well-documented consequences of obesity for childhood health and 

psychosocial functioning as well as associated morbidity in adulthood, identifying novel, 

modifiable behaviors that can be targeted to improve weight control is imperative.

The observation that while obesity levels were rising, the duration of children’s nighttime 

sleep was falling,
2
 accompanied by compelling evidence for the potential role of sleep in 

both intake and expenditure aspects of energy balance
3–7

 suggests that nighttime sleep might 

be one such modifiable factor. Numerous cross-sectional and prospective observational 

studies have supported the association between sleep duration and obesity risk in 

children.
8–10

 A recent meta-analysis found that, across 22 prospective observational studies 

of children aged 6 months to 18 years at baseline, from very diverse backgrounds, children 

with a shorter sleep duration had twice the risk of overweight/obesity (odds ratio 2.15; 95% 

CI: 1.64–2.81) compared to their longer sleeping peers.
10

 The association was stronger 

among younger (OR: 1.88, 95% CI: 1.26–2.81) compared to older children (OR: 1.55, 95% 

CI: 1.22–1.97).
10

Several pathways have been suggested which may link short sleep with obesity risk,
11 

(Figure 1). Experimental studies in healthy adults have provided evidence that sleep 
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restriction or deprivation results in several neuroendocrine and inflammatory changes: 

impaired glucose metabolism, reduced insulin sensitivity, and increased levels of 

inflammatory mediators such as IL-6 and TNF.
12–14

 Of particular interest are the changes 

that occur in hormones related to hunger and appetite; sleep restriction has been shown to 

lower levels of leptin, a hunger inhibitor, while raising levels of the hunger hormone 

ghrelin.
6,7,15–17

 Additional pathways proposed, and supported at least in part by adult 

experimental studies, include poorer food choices among those who are sleep deprived as 

well as reduced activity levels related to daytime tiredness.
3–7

 Pediatric observational 

studies
18–23

 are consistent with adult experimental studies, suggesting that similar pathways 

may be responsible for associations between short sleep and obesity risk in children as well. 

However, the pediatric literature remains limited by the observational nature of the majority 

of existing studies.

To build upon previous work, our group developed Project SLEEP, a series of studies 

designed to determine whether changes in children’s sleep lead to changes in eating and 

activity habits and weight status. The approach was grounded in behavioral theory and 

informed by empirically supported treatment approaches for pediatric sleep disorders.
24–28 

Importantly, studies were designed to systematically build upon each other (see Orbit Model 

for Intervention Development in Introduction to Supplement), and to test hypotheses using 

two distinct approaches: 1) an experimental research design and 2) randomized controlled 

trials to evaluate relative efficacy of a behavioral intervention. The experimental study
29 

enabled careful manipulation of children’s sleep to create large discrepancies in sleep 

duration and thus optimize detection of the impact of sleep on eating pathways associated 

with obesity risk. Given the need for translation of epidemiological findings for development 

of a novel approach for prevention and/or treatment of pediatric obesity, randomized 

controlled trials allowed for piloting of a novel behavioral intervention to enhance sleep. 

Provided below are findings from these studies, the process undertaken to move from one 

study to the next, and future directions for this work.

Commonalities Across Studies

Studies described below were designed with an eye towards dissemination. As such, to 

enhance ecological validity, all studies were conducted with children sleeping at home, and 

coming into the research center for assessment and intervention visits only. Further, all 

studies enrolled both children who were normal weight and overweight/obese given that 

epidemiological studies have demonstrated that long sleep is protective against subsequent 

change in weight status in both normal weight and overweight/obese children.
30,31

 Thus 

inclusion of children drawn from both populations increased generalizability of findings for 

both prevention and treatment of obesity.

In addition, all studies enrolled children who reported sleeping approximately 9.5 hours/

night (or less). This criterion was used because children in the United States report sleeping 

approximately 9.5 hours/night on average,
32,33

 which is lower than what has been 

recommended (i.e., 10–11 hours/night)
34,35

 for children 8–11 years old, the population of 

interest in these studies. Thus, as with the decision regarding enrollment by weight status, 

establishing a criterion for sleep at 9.5 hours/night enabled greater generalizability of 
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findings. Importantly, in the experimental study, enrolling children who slept approximately 

9.5 hours/night allowed for both sleep extension and restriction by 1.5 hours/night without 

reaching a ceiling for how much sleep children this age could achieve while also not sleep 

depriving them too much. In terms of the behavioral interventions, enrolling children who 

slept 9.5 hours or less allowed for sufficient room to potentially enhance sleep using 

behavioral strategies.

Lastly, across all studies we differentiate between two sleep constructs: time in bed (TIB) 

and the actigraph sleep period. Because we cannot force a child to sleep, but can prescribe 

when they should be in bed with the lights out and attempting to sleep, all prescriptions for 

changes in sleep were made by changing children’s TIB (i.e., the time between their lights 

being turned off and the child trying to fall asleep and waking the next morning). However, 

the primary outcome of interest across all studies was change in the objective assessment of 

sleep-the actigraph sleep period (i.e., the time between when the actigraph estimates sleep 

onset and offset).

Study 1 Development: Can we enhance sleep in otherwise healthy children?

Several studies-primarily with preschool children-demonstrate that brief behavioral 

interventions can promote healthier sleep in children diagnosed with behavioral sleep 

disorders.
25,26,36–39

 However, there is limited evidence for the efficacy of behavioral 

intervention to enhance sleep in otherwise healthy school-aged children who are reported to 

have insufficient sleep. Thus the goal of study 1 was to determine whether a brief behavioral 

intervention could enhance sleep in short sleeping children. Given that it was a first 

evaluation of the newly designed intervention (described below; see Table 1) it focused on 

acute changes in sleep. With an eye towards obesity prevention/treatment, it also focused on 

whether changes in sleep affected children’s eating behaviors. We assessed the relative 

reinforcing value (RRV) of food, which provided an objective measure of motivation for an 

energy-dense food reward.

Fourteen children 8–11 years old who slept 9.5 hours/night or less most nights/week were 

enrolled into this three-week pilot study. Following a one-week baseline assessment, 

children were randomized to either increase their TIB by 1.5 hours/night or continue with 

their current sleep habits. The 1.5 hour TIB increase was a prescription designed to 

maximize a child’s ability to achieve an increase in the actigraph sleep period of at least 45 

minutes/night. (i.e., estimating sleep onset latency of 20–25 minutes and not expecting 

children to have perfect adherence to the prescribed change in TIB). Intervention families 

were provided with effective behavioral strategies to increase TIB, and returned after one 

week to assess adherence and problem-solve regarding barriers. Table 1 details the effective 

behavioral strategies employed in this study. A 2:1 (intervention: control) randomization 

scheme was used to ensure adequate sample to assess intervention efficacy. All children 

returned again two weeks after baseline for the follow-up assessment. Primary variables of 

interest were change in the actigraph sleep period and change in food reinforcement (i.e., 

how motivated a child was for a food reward). The Behavioral Choice Task
40

-a validated 

computer based measure- was used to assess food reinforcement.
41–43

 In this pilot, we were 
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specifically interested in the relative reinforcing value (RRV) of energy-dense snack foods 

compared to sedentary activities (that were equally liked).

Twelve (86%) children had complete study data (one child did not attend the two-week 

assessment, and an actigraph malfunctioned in a second child). Children were 9.2 ± 1.1 

years old with a mean BMI percentile (using CDC norms) of 71.7 ± 29.3 (58% overweight/

obese); 75% were male, and 66% were nonHispanic White. As shown in Fig 2, children in 

the intervention condition increased their actigraph sleep period by 40 ± 22 minutes/night 

versus a decrease (−16 ± 30 minutes/night) in control participants, t = 3.77, p = .004 (d = 

2.30). Children in the intervention tended to decrease proportion of points earned for a food 

reward (−.09 ± .21), while children in control demonstrated no change (.006 ± .04), t = 

−1.09, NS (d = 0.56) (Fig. 3). Although this change in the relative reinforcing value of food 

was not significant it represents a medium size effect.

In summary, this study showed that our intervention was able to acutely enhance school-

aged children’s sleep. Importantly, there were no observed or reported negative effects of 

intervention such as longer sleep onset latency or greater percent time lying awake in bed. 

Further, there was also a signal that changes in sleep could lead to changes in children’s 

motivation for food. Thus these encouraging results suggested the need to continue to 

evaluate the potential utility of sleep in enhancing children’s weight-related behaviors. 

Findings were, however, limited by the focus on acute (two-week) changes in sleep in a 

small sample of children. Further, it was challenging reviewing with families all of the 

behavioral strategies (e.g., goal setting, stimulus control/sleep hygiene, self-monitoring, and 

positive reinforcement) in a single 45–60 minute visit. Thus to enhance potential efficacy, 

the intervention needed to be refined to deliver the behavioral content across greater than 

one treatment session. Further, to strengthen rationale it would be important to demonstrate 

that changes in sleep could be maintained over longer periods of time and with a larger 

sample of children. Finally, while the primary focus of study 1 was to determine if we could 

enhance sleep in otherwise healthy children, it was not designed to create large changes in 

sleep to maximize our ability to detect whether changes in sleep affect changes in a number 

of potential pathways through which sleep may affect obesity risk.

Study 2 Preliminary Testing: Experimental Changes in Sleep, Eating, and Weight

As Study 1 was closing out, Study 2, which employed an experimental design was being 

launched. As noted above, this second study, a “proof of concept” study, was designed to 

maximize differences in children’s sleep to allow for detection of how sleep may impact 

obesity risk-primarily through eating pathways. Primary findings have been previously 

reported; readers are referred to the main paper for details.
29

 In brief, 39 children were 

enrolled into a three-week study. During the first week, children were asked to sleep their 

typical amount. This week served two main purposes: to ensure final eligibility for the study 

based on reported sleep length (that was confirmed with actigraphy), and to establish a 

starting point from which to prescribe changes in TIB during the experimental weeks. After 

the baseline week, children were randomized to either increase or decrease TIB by 1.5 

hours/night (thus, the goal was to create a three hour TIB difference between experimental 

conditions). All changes in TIB were made by changing bedtimes; wake times remained 
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constant across all study weeks. In order to achieve high levels of participant adherence, a 

number of strategies were employed, including prescription of bedtimes and wake times 

(which were closely monitored by study staff through a twice daily call-in system) as well as 

children being paid to adhere to the sleep schedule.
29

 Primary outcomes of interest were 

reported dietary intake (measured by three day 24-hour dietary recalls), fasting levels of 

leptin and ghrelin, and food reinforcement.

Thirty-seven of the 39 enrolled children completed the study. Findings demonstrated high 

levels of adherence to the prescribed sleep schedule with a 141 minute difference in the 

actigraph sleep period between conditions.
29

 Importantly, when children decreased their 

sleep, they reported consuming 134 kcal/day more (based on three days of 24-hour dietary 

recalls) and weighed approximately 0.5 lbs more at the end of the decreased week compared 

to their weight at the end of the increased week.
29

 Most of the additional caloric intake was 

reportedly consumed during the additional hours awake in the evening during the decreased 

sleep condition. Despite these changes in reported caloric intake and measured weight, there 

were no differences in food reinforcement or in fasting ghrelin levels. Further, findings 

regarding leptin were contrary to hypotheses, which may have been due to a number of 

factors, including the fact that energy balance was not maintained (i.e., children’s weight 

changed) and potential effects of the circadian timing system (given large shifts in 

bedtimes).
29

Nonetheless, findings from this experimental study were encouraging. High levels of 

adherence to the prescribed changes in TIB and objective measures of sleep time allowed for 

a valid comparison of how changes in sleep could affect changes in our study outcomes. 

Findings also provided a second signal that changes in sleep could affect changes in eating 

behaviors. Importantly, they also suggested that large changes in sleep could affect 

children’s weight status. However, limitations were observed, including the focus, again, on 

acute changes in sleep duration and a small study sample as well as a lack of a wash out 

period between experimental conditions. To determine clinical significance of preliminary 

findings, a larger trial that assesses how prescribed changes in TIB affect children’s sleep, 

eating and activity behaviors, and weight status was needed.

Study 3 Efficacy: Does a brief behavioral intervention lead to short-term changes in sleep, 
eating and activity behaviors and weight status?

To address limitations of the two previous studies, Study 3, which is an ongoing, fully-

powered randomized-controlled trial, was launched. Primary aims are to determine whether 

a brief behavioral intervention to increase sleep in school-aged children results in changes in 

the actigraph sleep period relative to control over a 2-month interval, and to determine the 

effect of intervention on eating and activity behaviors, and weight status. Specifically, we 

hypothesize that children randomized to the optimized sleep condition will demonstrate 

greater increases in the actigraph sleep period at two months than children in the control 

group. Second, children in the optimized sleep group will demonstrate a greater decrease in 

total caloric intake and percent of their calories consumed as fat relative to control. 

Additional secondary hypotheses are that the optimized sleep group will engage in more 

moderate-vigorous physical activity and less sedentary activity, that they will demonstrate a 

Hart et al. Page 5

Pediatr Clin North Am. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



greater decrease in the RRV of food, and that they will demonstrate a greater decrease in 

zBMI compared to children in the control group.

One hundred four children aged 8–11 years who are reported by parents to sleep 

approximately 9.5 hours or less each night are being enrolled in the 2-month study. After 

completing a baseline assessment week during which eligibility based upon reported TIB is 

confirmed with actigraphy, children are randomized in a 1:1 fashion to either the active 

behavioral intervention or a control for contact condition (i.e., same number of visits as the 

intervention arm, but no discussion of enhancing sleep-just a focus on accurate completion 

of assessments and study procedures). As in Study 1, children randomized to the 

intervention group are being asked to increase TIB by 1.5 hours/night over the study period, 

and children in the control group are being asked to continue with current sleep behaviors. 

To extend findings from the first two studies, assessments are occurring at baseline, 2-weeks 

and 2-months. At each assessment, sleep duration is being estimated using standard 

procedures for wrist-worn actigraphy to establish the actigraph sleep period;
44,45

 dietary 

intake is being assessed with three days of 24-hour dietary recalls (using multiple pass 

methodology); and physical activity is being assessed with hip-worn accelerometry. Height 

and weight are being assessed by study staff using standard procedures and while children 

are in light clothing and without shoes. Lastly, food reinforcement is being assessed as in 

Studies 1 and 2 with the Behavioral Choice task. Importantly, given findings from Study 2 

suggesting that changes in food intake were observed later in the day, assessments were 

moved from the morning to the late afternoon/early evening in an effort to capture potential 

changes in eating behaviors that may result from changes in sleep.

The sleep intervention mirrors the one developed and tested in Study 1, but is being 

delivered across four sessions. Given the evidence from the prior studies and the wider sleep 

literature that a brief behavioral intervention can produce large changes in sleep,
25,26,36–39 

we are providing two in-person intervention sessions (60-minutes and 30-minutes, 

respectively) delivered by a trained behavioral interventionist in the first two weeks post-

randomization: the first immediately following randomization and the second one-week 

later. Given findings from behavioral weight control interventions that early success predicts 

overall success in behavioral programs, this was done intentionally to support changes in 

TIB quickly. As in Study 1, effective behavioral strategies were employed to promote 

changes in TIB (see Table 1). In-person sessions are followed by phone follow-ups at four 

and six-weeks post-randomization. These sessions focus primarily on reinforcing progress 

towards sleep goals, identifying facilitators and barriers to enhancing TIB, and problem 

solving to maximize facilitators and minimize risk of continued barriers.

Findings from this ongoing trial will provide important information regarding the efficacy of 

a brief behavioral intervention to produce sustainable changes in sleep over a two month 

time period. By focusing on additional outcomes such as children’s eating and activity 

behaviors and weight status, it will also allow for assessment of whether enhancing 

children’s sleep could have important implications for prevention and treatment of pediatric 

obesity.
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II. Summary/Discussion

In summary, findings from the studies described above demonstrate that enhancing 

children’s sleep may show promise in assisting with weight regulation. These findings are 

particularly encouraging given that different methodological approaches have been/are being 

employed and that each study has built systematically on prior work. Although encouraging, 

a number of avenues of future study are warranted, including better delineation of the 

mechanisms through which sleep duration influences weight status, continued refinement of 

intervention targets, and evaluation of intervention efficacy over longer periods of time. 

Further, determination of the relative efficacy of sleep as an adjunct treatment approach for 

pediatric obesity may also be warranted.

Although a number of pathways through which sleep may impact obesity risk have been 

proposed, it will be important to more clearly specify potential mechanisms underlying this 

relationship. Doing so may not only help to strengthen rationale for enhancing sleep as a 

means of impacting children’s weight status, but may also help identify ways to further 

enhance intervention efficacy. For example, findings from our experimental study suggest 

that the additional hours awake may, at least in part, account for additional caloric intake 

when children’s sleep is restricted.
29

 This finding is consistent with other emerging work 

with adolescents
46

 and adults,
3
 and may suggest that the increased exposure to food-rich 

environments is a primary pathway through which short sleep affects obesity risk. As such, 

interventions focused on stimulus control efforts to minimize less healthy food options and 

potentially decrease the variety of foods available in the home may be an important adjunct 

treatment target. Alternatively, given large shifts that were made in children’s bedtimes in 

study 2, the circadian timing system may also be influencing eating behaviors. Emerging 

work demonstrates a potentially important role of the circadian system in eating behaviors, 

hormonal release and metabolism, and weight regulation.
47–49

 Thus it is possible that shifts 

in circadian timing could affect study outcomes.

In addition to previously identified mechanisms, other unique mechanisms could account for 

how changes in sleep affect obesity risk. For example, one mechanism that has been 

associated with both sleep and obesity risk is executive functions (EF). It is notable that the 

association between sleep and obesity risk is strongest during a period of rapid growth in 

EF.
50,51

 This observation is underscored by a number of studies that have demonstrated 

independent associations between EF and both sleep
52,53

 and obesity-risk
54,55

. It has been 

suggested that sleep deprivation may lead to unhealthy eating behaviors and weight gain via 

changes in EF secondary to functional changes in the prefrontal cortex (PFC), specifically 

regions involved in reward and regulation of emotion and behavior. Imaging studies with 

adults support this hypothesis. When presented with food images, participants demonstrate 

increased activation in the right anterior cingulate cortex,
56

 and orbitofrontal cortex
57

 when 

sleep is restricted (compared to a rested condition). These regions are involved in 

motivation, reinforcement, decision-making and self-control.
57

 An additional study 

demonstrated decreased activation to food images in the ventromedial PFC in individuals 

who reported greater daytime sleepiness (compared to those who were less sleepy) 

suggesting possible decreases in inhibition related to energy dense foods when fatigued.
58 

Thus insufficient sleep may predispose individuals to excessive caloric intake because the 
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rewarding properties of food (particularly highly palatable foods)
17

 strengthen, the ability to 

inhibit responses to energy dense foods is impaired, and the ability to sustain goal-directed, 

healthy eating behaviors is compromised. This hypothesis is consistent with behavioral 

findings. Experimental studies with adults suggest that increased caloric intake is not due to 

greater homeostatic need for energy, but rather to hedonic processes (i.e., greater appetitive 

drive).
3,59,60

 Enhancing sleep could therefore decrease excessive energy intake by 

decreasing the rewarding properties of food (an effect we found in Study 1), and enhancing 

an individual’s ability to resist food temptations within the context of our food-rich 

environment. At present these potential pathways are speculative. It will be important to 

conduct additional studies to more definitively delineate underlying processes that may be at 

work.

Beyond the importance of identifying mechanisms, future work could continue to extend the 

present findings in a number of ways. Although Study 3 is ongoing, if findings are consistent 

with previous studies, demonstration of persistence of treatment effects over longer periods 

of time will be important. This will be particularly relevant given that enhancing children’s 

sleep for longer periods of time will likely be necessary to observe significant effects on 

weight-related outcomes. Given the need for translation of empirical findings to community 

settings, it will also be important to identify active treatment components. As noted above, 

our studies in this area affect both the duration of sleep and parameters that may optimize 

circadian functioning (i.e., advancing bedtimes, promoting consistent sleep schedules). Thus 

it will be important to determine which component is driving observed findings (or whether 

both are key) so that targeted messages can be developed to efficiently promote necessary 

behavior change. Given that this work has focused singularly on enhancing sleep duration, to 

maximize impact on weight outcomes, it will also be important to consider combining a 

brief behavioral sleep intervention with other established approaches and or strategies for 

weight regulation (i.e., as adjunct to standard behavioral weight control treatment and/or 

with targeted obesogenic behaviors). Such an approach may be key to understanding the 

utility of sleep at enhancing weight regulation, and maximizing the efficacy of brief 

approaches with high translation potential.

In conclusion, our developmental work related to the effect of enhancing sleep on weight-

related outcomes suggests that sleep may play an important role in children’s weight 

regulation. Although additional work is needed to more definitively identify sleep as a key 

behavior to enhance in an effort to decrease pediatric obesity risk, these preliminary studies, 

along with emerging work with adolescents and adults, provide a strong foundation for 

continued exploration.
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Key Points

• Use of multiple methodological approaches for determining the potential 

efficacy of a novel approach for pediatric obesity prevention and treatment can 

provide a strong foundation and rationale for refining approaches and current 

treatment targets.

• Systematic study of how sleep duration may affect eating and activity pathways 

suggests that sleep may be an important modifiable risk factor for obesity 

treatment.

• A number of future directions are warranted, including further refinement of 

behavioral interventions, and further delineation of the mechanisms through 

which sleep may impact obesity risk.
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Figure 1. 
Pathways through which Sleep Duration Could Impact Obesity Risk
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Figure 2. 
Mean Between Groups Change in Actigraph Sleep Period
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Figure 3. 
Mean Between Groups Change in the Relative Reinforcing Value of Food
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Table 1

Behavioral Intervention Components Employed in Studies 1 and 3.

Behavioral Strategy Operationalization

Goal Setting Families are prescribed a 1–1.5 hour increase in children’s TIB, which is based on family-reported TIB achieved 
at baseline and confirmed with actigraphy.

Pre-planning Although the behavioral goal for TIB is fairly prescriptive, interventionists preplan with families how best to 
achieve the goal given schedules and life circumstances. Flexibility is afforded on weekends (i.e., children are 
allowed to stay up one hour later as long as they can sleep in the next day for an additional hour).

Self-Monitoring Families are provided with sleep diaries in which they document the time lights are turned off and the child is 
trying to fall asleep, time the child woke up, and time the child got out of bed. Monitoring of mood, aberrations 
during the day (e.g., vacation day from school, illness), and activities included in bedtime routines are also 
included.

Problem-Solving Both facilitators and barriers to achieving the behavioral goals are identified. Intervention staff work with 
families to help them identify strategies for maximizing facilitators and minimizing likelihood of barriers to 
behavior change.

Positive Reinforcement Positive reinforcement is woven throughout the intervention. Intervention staff positively reinforce families 
throughout intervention sessions, parents are taught to do the same at home throughout the duration of the study, 
and a sticker chart with family-focused, non-monetary (or minimally priced) rewards is used to encourage 
children to make large changes in their TIB.

Positive Routine To promote sleep onset, families are encouraged to develop a bedtime routine of approximately 20–30 minutes in 
length that includes the use of a routine set of behaviors that can serve as cues for sleep onset (e.g., brushing 
teeth, getting pajamas on, reading a book together).

Sleep Hygiene/Stimulus 
Control Strategies

In addition to positive routines, a number of stimulus control strategies are reviewed and recommended to 
enhance the likelihood of adherence to the prescribed changes n TIB. These include a consistent sleep schedule, 
no caffeine within at least 2 hours of bedtime, no screen time as part of the bedtime routine, removing televisions 
and other light emitting devices from bedrooms, and using beds only for sleeping (e.g., no homework in bed).
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