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Abstract: Poor sleep is related to increased obesity risk in adolescents, though the mechan-

isms of this relationship are unclear. This paper presents a conceptual framework of the

various pathways that have been proposed to drive this relationship. In this framework,

increased food reward, emotional reactivity, decreased inhibitory control, metabolic distur-

bances, poorer dietary quality, and disrupted meal timings may increase the likelihood of

increasing overall energy intake. This paper further notes how poor sleep increases sedentary

behavior and screen time, which likely limits overall energy expenditure. The model posits

that these mechanisms result in an imbalance of energy intake and expenditure following

poor sleep, intensifying the overall risk for obesity. Increases in food reward processes,

decreases in insulin sensitivity, disrupted meal timing, and increases in sedentary behavior

seem to be the most compelling mechanisms linking poor sleep with increased obesity risk in

adolescents. Future directions and clinical implications of this framework are discussed.
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Introduction
Over two-thirds of adolescents are sleep deprived.1 Sleep timing factors (eg, circadian

phase delay), social factors (eg, bedtime autonomy, nighttime screen usage), and

academic factors (eg, early school start times, academic pressure) place adolescents at

increased risk of falling asleep late and waking up early.2,3 Short or disrupted sleep

has repeatedly been linked to increased risk of developing obesity in adolescence,4,5

though the mechanisms underlying these links remain unclear.

Previous reviews of the mechanisms driving the relationship between poor sleep

(defined as too little, poor quality, poorly timed, or inconsistent sleep) and obesity

in youth6–12 have reflected highly variable research findings.6 Differences in child

age across studies likely contribute to this variability. Adolescents are different

from younger children in their cognitive abilities,13 brain development,14 desire for

autonomy relating to health decision making,2 social context for eating,15 circadian

phase timing and accumulation of homeostatic sleep drive,3 and overall prevalence

of chronic sleep deprivation.3 Further, risk for developing obesity is high during

adolescence,16 and adolescent weight status is highly predictive of adult weight

status.17,18 This suggests that adolescence is a particularly important period to

understand from a weight management perspective.

To our knowledge, no recent research has proposed a mechanistic model to

explain the relationship between sleep and obesity in an exclusively adolescent

population. Such a mechanistic model could identify novel intervention targets for
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adolescents and areas where future research is needed.

This paper presents recent research within a multisystemic

conceptual framework to highlight the pathways that may

connect poor sleep to increased obesity risk in adolescents.

As illustrated in Figure 1, the model includes biological,

cognitive, emotional, and behavioral mechanisms that

impact the balance of energy intake and expenditure,

which in turn affect weight regulation. This paper first

reviews how poor sleep could impact energy intake,

including increased food reward, decreased inhibitory con-

trol, metabolic disturbances, and emotional reactivity, all

of which may influence food selection and portion control.

Next, we outline how poor sleep could limit energy expen-

diture via increased sedentary behavior and decreased

physical activity. We posit that, in combination, these

various mechanisms contribute to an energy imbalance,

subsequently intensifying the overall risk for obesity.

Proposed mechanisms impacting
energy intake
Food reward processes and hunger
Food reward processes, or how rewarding an individual

perceives or experiences food, may be impacted by poor

sleep. On the neurological level, this would be reflected in

sleep-related changes in the activity of reward centers of

the brain. For example, studies using monetary rewards

have shown alterations in reward-related neural activation

in adolescents with poor sleep quality19 and variability in

their sleep schedules,20 though the nature of these altera-

tions has varied. More recently, Jensen et al21 examined

reward-related neural activation following experimentally

shortened sleep and healthy sleep using a task involving

food images in samples of normal weight and overweight

adolescents. Regardless of weight class, adolescents had

amplified activation in brain regions associated with food

reward when experiencing shortened sleep, compared to

when undergoing healthy sleep.21

Other, more phenomenological aspects of food reward

include food appeal (ie, how appetizing a food appears)

and food desire (ie, how strongly one desires to consume

the food).22 Regarding food appeal, healthy adolescents

rated sweets/desserts as more appetizing after experimen-

tally shortened sleep than after healthy sleep.23 Another

study found that weight status may affect how sleep inter-

acts with appetitive cues; specifically, adolescents of nor-

mal weight increased their appetite ratings during

experimental sleep restriction compared to healthy sleep,

whereas adolescents who were overweight or obese

showed high appetite ratings regardless of sleep

condition.21 An intervention trial targeted to shift adoles-

cents with habitually late bedtimes to a healthier sleep

schedule also resulted in decreases in food desire for

high glycemic index foods.24

Hunger is a similar construct to food reward but is

more related to the physiological sensations (often dis-

comfort or feelings of weakness) that trigger the desire

to consume food. Studies evaluating relationships

between sleep duration and adolescents’ self-reported

hunger ratings have been mixed. Experimentally shor-

tened sleep has been associated with lower self-

reported motivation to eat in adolescent boys,25 though

another experimental study including both male and

female youth found no change in hunger ratings

based on sleep duration.23

Figure 1 Potential mechanisms driving the relationship between poor sleep and increased obesity risk in adolescence.
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In sum, poor sleep in adolescents appears to increase

neural activation in brain regions associated with food

reward, appeal, and desirability, but may not increase

adolescent’s subjective sensation of hunger or motivation

to seek out these foods. Furthermore, preliminary evidence

suggests that some aspects of food reward may be

improved following interventions tailored to improve

sleep. Even so, all of these studies have been conducted

within the past decade. Given the limited research in this

area, replication is needed to draw more confident and

nuanced conclusions. Most studies have used a limited

range of types of foods (eg, sweets/desserts compared to

fruits and vegetables) or fail to differentiate types of foods

at all, so we suggest specifying additional food categories

(eg, fast food, meats, snack foods) to better understand

food-specific reward responses relating to sleep outcomes.

Finally, recent research in the adult literature has begun to

examine the relative reinforcing value of food (ie, how and

when a food item is reinforcing) as an additional facet of

food reward;26,27 similar methods have not yet been pub-

lished in the adolescent sleep research literature.

Sleep and inhibitory control
Whereas reward processes increase appetitive drive, inhi-

bitory control (ie, one’s ability to withhold an automatic

response in order to meet one’s goals) can reduce dietary

intake. Adolescents in developed countries often have easy

access to appealing, high-calorie foods. If inadequate sleep

results in diminished ability to inhibit eating such foods,

this could lead to weight gain over time. Indeed, inade-

quate sleep has been correlated with a range of adolescent

risk-taking behaviors,28 suggesting broadly decreased inhi-

bitory control. However, findings from the few experimen-

tal studies of the impact of poor sleep on inhibitory control

have been mixed.29 For example, despite having a marked

effect on mood and attention, experimentally restricting

healthy adolescents’ sleep has been found to have minimal

effect on parent- or self-reported impulsive behaviors.30,31

Amongst adolescents with attention-deficit/hyperactivity

disorder, experimentally shortened sleep was found to

result in greater hyperactivity/impulsivity by adolescent

self-report but not by parent-report or on a computerized

test.32 Computerized testing has also indicated no signifi-

cant effect of a sleep treatment on response inhibition for

adolescents with insomnia, despite significant benefits for

attention.33

Even so, it remains possible that broad measures of

inhibitory control are insensitive to specific effects of sleep

on dietary inhibition or one’s ability to refrain from eating

a highly palatable food. Duraccio et al21 found that ado-

lescents were less effective at discriminating healthy from

unhealthy foods in a computerized inhibitory control task

when they were sleep-restricted compared to when well-

rested. While a direct mediation model has not been tested

in adolescents, in adults, the association between weight

and self-reported sleep quality is statistically mediated by

self-reported dietary disinhibition.34 Furthermore, experi-

mental sleep deprivation diminishes inhibitory control on a

food-related computerized task in adults.35

Interestingly, functional neuroimaging studies have

found that sleep restriction increases activation of inhibi-

tion-related cortical regions in response to food cues both

in young adults36 and in normal-weight adolescents.37 On

the surface, such findings might suggest paradoxically

better food-related inhibitory control during sleep restric-

tion. However, Demos et al36 caution that such activation

patterns reflect increased attempts at inhibiting hedonic/

reward drive but do not address whether such attempts

translate to actual inhibition in day-to-day eating.

Further, some individuals may not have such a compensa-

tory attempt at inhibition; Jensen et al found that, unlike

their normal-weight counterparts, adolescents who were

overweight failed to show increased recruitment of inhibi-

tory brain regions during sleep restriction.37

Thus, while the role of sleep in broadly defined beha-

vioral inhibition remains unclear, there is at least prelimin-

ary evidence that it has more salient effects on dietary

inhibition. Even so, much of that evidence is based on

studies of young adults (not adolescents) that used correla-

tional methods and indirect outcome measures (eg, food

proxies such as pictures presented on a computer screen).

Although generally in line with the hypothesis that inade-

quate sleep diminishes adolescents’ ability to inhibit con-

sumption in an obesogenic environment, more research is

needed on relevant samples using real-world outcome

measures.

Emotional reactivity
Emotional eating, or eating in response to negative affect,

may also increase dietary intake in adolescents with poor

or short sleep. Short sleep has consistently been found to

worsen affective functioning in adolescents in experimen-

tal studies.31,38,39 This is consistent with neuroimaging

studies in adults which have found increased amygdala

activation and limbic activity in response to negative sti-

muli following sleep deprivation.40 Beyond worsened
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mood, shortened sleep worsens adolescent’s ability to

modulate emotion swings.31 Studies outside of the sleep

research literature have found correlations between depres-

sive and emotional symptoms and increased preference

for, and consumption of, unhealthier foods.41,42 Eating

may, at least in the short term, help stabilize emotions

and improve mood, particularly for foods that heavily

impact the reward centers of the brain (eg, sugary,

energy-dense foods).43

Considering these findings, it is possible that adoles-

cents may consciously or unconsciously increase their

food intake as a way to regulate negative emotions experi-

enced as a result of poor sleep. However, the few studies

in adolescents that have directly examined the relationship

between sleep and emotional eating have produced incon-

sistent results. In a large sample of adolescents from

Finland, shorter sleep was associated with an increased

likelihood of self-reporting eating as a way to manage

stress in females but not males.44 Adolescent males from

Iran who were emotional eaters had worse sleep quality,

greater sleep disturbance, and worse sleep-related daytime

dysfunction than those with lower levels of emotional

eating.45 However, in a study comparing both pre-adoles-

cents and adolescents who had experienced child sexual

abuse with those with no abuse history, there was no

relationship between emotional eating and insomnia symp-

toms in either group.46 Constructs closely related to emo-

tional eating have also been examined in relation to sleep

in adolescents. Disordered eating attitudes and food pre-

occupation have been found to be related to sleep varia-

bility in adolescents47 as well as increased sleep

disturbance and daytime sleepiness in youth aged 8–17.48

Finally, greater daytime sleepiness has been associated

with increased odds of binge eating in adolescent girls

at-risk for developing type 2 diabetes.49

Eating as a way to regulate emotions may contribute to

the relationship between poor sleep and greater dietary

intake, but much research is needed before definitive con-

clusions can be made. In particular, there is a need for

experimental sleep research and more consistent measure-

ment of emotional eating including the use of objective,

behavioral tasks in addition to self-report questionnaires. It

will also be important to examine the moderating effect of

individual differences beyond sex, particularly focusing on

adolescents from disadvantaged backgrounds who may be

at increased risk for sleep problems and obesity.

Metabolic disturbances
Metabolic processes may also be disturbed in adolescents

with poor sleep. The two most studied hormones asso-

ciated with appetite regulation are ghrelin (ie, a peptide

hormone that stimulates appetite) and leptin (ie, a hormone

that suppresses hunger).50 Although adult studies have

found some evidence linking short sleep with altered pro-

files of leptin and ghrelin, this does not appear to general-

ize well to the adolescent literature. Only one

observational study of adolescent females has linked

shorter sleep duration to higher levels of ghrelin.51 This

relationship has not been found in observational studies10

nor in an experimental sleep restriction study of adolescent

males.25 Most adolescent research has also found no con-

sistent association between sleep and leptin levels.25,52,53

However, there may be a sex-dependent effect as one

study found shorter sleep duration was associated with

decreased leptin levels in adolescent boys but not girls.52

Another pathway by which sleep may impact weight

may be insulin resistance or the process in which the cells

in the human body become less responsive to insulin

(thereby hampering the regulation of blood glucose).

Although often thought of as a consequence of obesity

(evident in roughly two-thirds of adolescents with

obesity),54 insulin resistance has also been shown to con-

tribute to increased dietary intake.55 Adolescents are at

increased risk for developing insulin resistance simply by

going through puberty.56 There is also consistent evidence

that poor sleep further increases the risk of insulin resis-

tance in adolescents.57–61 Cross-sectional research shows

that adolescents who slept less than eight hours/night had

higher insulin resistance compared to those who slept for

eight or more hours/night.58,61 However, in an earlier

adolescent study, sleeping less than eight hours/night was

also associated with higher body mass index (BMI) and

central distribution of fat, two markers found to attenuate

the relationship between sleep and insulin sensitivity.62

Another study of adolescents with overweight/obesity

found that earlier weekday bedtimes and less circadian

misalignment were positively related to decreased insulin

resistance, suggesting an independent effect of sleep.61

Longitudinal research also demonstrates an effect of pre-

pubertal sleep duration and sleep efficiency on insulin

sensitivity in females.59 Experimentally induced sleep

restriction also increased fasting insulin levels and insulin

resistance in normal-weight adolescent boys.60
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In sum, adolescent sleep does not appear to be consis-

tently linked with leptin and ghrelin levels. It does seem

likely to impact insulin sensitivity, but no publications

have tested the mediating role of insulin resistance on

the relationship between poor sleep and obesity.

Additional areas to explore include the potential moderat-

ing impact of sex, given the wide variability of leptin and

ghrelin alterations across sexes. Importantly, future studies

should be careful to control for potential nuisance or con-

founding variables (eg, time-of-day of blood draws, BMI,

or adiposity) as hormone levels are highly sensitive to

circadian effects and other difficult to control influences.

See Hagan et al63 for a thorough discussion of these

concerns and future directions.

Measured caloric intake and eating-
related behaviors
Caloric consumption and snacking
Whereas there is some evidence for sleep-related differences

in processes affecting caloric intake in teens, the literature

linking sleep with actual daily caloric intake is not as straight-

forward. Cross-sectional findings are most variable, reflect-

ing both positive and negative correlations between

adolescents sleep length and caloric consumption.47,49,64

Experimental research has demonstrated that restricted

sleep resulted in increases in caloric consumption in free-

living conditions23,65 but not in a highly controlled laboratory

setting.25 Encouragingly, the proportion of calories con-

sumed from foods with a low glycemic index (which induce

only modest swings in blood sugar) increased following an

intervention targeted to improve sleep in adolescents.24

Findings may differ depending on each adolescent’s

sleep phase preference (ie, “night owl” versus “morning

lark”). Beebe et al66 observed that sleep phase preference

moderated the relationship of experimentally manipulated

sleep duration (ie, 6.5 hrs in bed vs 9.5 hrs in bed) and

caloric intake in adolescents. Only those with an early phase

preference (“morning larks”) showed a reduction in caloric

consumption when they got more sleep by going to bed

early; those with a late phase preference (“night owls”)

showed no change in their caloric intake during that sleep

condition. The authors also found some moderating effects

of race, with White adolescents consuming more calories

when sleep-restricted than non-White adolescents. While

this effect did not hold after accounting for circadian pre-

ference, it did raise questions about what other environmen-

tal or contextual factors (eg, access to healthy vs unhealthy

foods) may influence how the sleep/eating relationship

plays out among minority adolescents. Other studies have

also found that adolescents with late phase preference get

more of their daily calories from snacking.64,67 These find-

ings may suggest that circadian factors influence eating

behaviors and that healthy sleep may only positively impact

caloric consumption or snacking behaviors if sleep is

aligned with one’s internal clock.

Sleep regularity, or consistency in bedtime and wake

time across weekdays and weekends, is emerging as a

significant predictor of caloric consumption. He et al68

showed that greater sleep variability (but not shorter

sleep duration) correlated with higher caloric consumption

and intake of snacks in adolescents. That team69 also took

an important next-step in the literature by showing that the

relationship between sleep variability and obesity was

mediated by changes in total caloric intake. Others have

also linked greater sleep variability (measured by weekend

oversleep) to greater caloric consumption.47 Finally, sleep

quality has been shown as a unique construct that is

inversely related with caloric consumption.70

In sum, discrepancies in how sleep duration affects

caloric intake may be driven by several factors. We suggest

that future research explores how chronotype, sleep regu-

larity, and sleep quality impact caloric intake, as well as the

nature of the research design. Clinically, before intervening

at the level of sleep, it may be important to consider each

individual’s sleep phase preference. Promoting healthy

sleep duration via earlier bedtimes may only be useful for

reducing caloric intake amongst those with an early phase

preference. Though snacking behavior is only beginning to

be explored in this context, it is emerging as a unique eating

behavior that may both be sensitive to sleep and signifi-

cantly contribute to overall daily caloric intake. Future

studies will need to be mindful to carefully operationalize

the term snacking, as it is sometimes used to refer to eating

outside of breakfast, lunch and dinner (ie, “snack bouts”),

while on other occasions it is defined by the kinds of foods

one eats (ie, “snack foods”).

Dietary quality
Sleep has also been posited to alter the kinds of foods

adolescents consume. Across multiple studies, adoles-

cents’ overall dietary quality has been found to correlate

with their sleep duration, quality, and regularity. However,

the definition and measurement of “dietary quality” have

varied across studies. Often, researchers define dietary

quality in terms of macronutrients (eg, fat, carbohydrate,

Dovepress Duraccio et al

Adolescent Health, Medicine and Therapeutics 2019:10 submit your manuscript | www.dovepress.com

DovePress
121

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


protein) or food groupings that are more familiar to lay

audiences (eg, sugar-sweetened beverages, fruits, vegeta-

bles, sweets/desserts). In general, sleep duration shows

little consistent relationship to macronutrient intake in

youth, with mixed and often contradictory findings across

correlational studies6 and null effects in experimental

work.65 Similarly, correlational data are mixed regarding

sleep-related effects on consumption of fruits, vegetables,

or sugar-sweetened beverages.71,72 In experimental stu-

dies, Asarnow et al reported greater consumption of fruits

and vegetables and less consumption of salty food after a

clinical intervention to improve adolescents’ bedtimes,24

but Beebe et al reported no such effects.65

Findings have been more consistent, however, when

examining sleep specifically in relation to intake of sweet/

dessert foods. Beebe et al23,65 reported that, compared to

healthy sleep duration, experimentally shortened sleep

nearly doubled adolescents’ intake of sweet/dessert foods,

but not other types of foods. Two independent research

groups have found that improving sleep duration or timing

decreases adolescents’ consumption of high glycemic index

foods (which are generally high in simple sugars, inducing

rapid changes in blood glucose after consumption) – both in

the free-living home environment and during an observed

in-lab snack task.24,65 Similar effects have been found in

several large-scale correlational studies.71,73–75

In sum, although adolescent sleep does not show a

consistent relationship with macronutrient intake or certain

types of foods, there is growing evidence that inadequate

sleep increases consumption of sweets/desserts and other

foods that are high in glycemic index. Such foods are often

calorie-dense, so increased consumption has implications

both for overall caloric consumption and for the develop-

ment of disorders of glucose regulation.65 Given that there

are documented disparities in accessibility of healthy ver-

sus highly processed foods in youth from minority or low-

income backgrounds, future work on sleep and dietary

intake should also prioritize including these populations

in their research. This area could also benefit from novel

methods of assessing for consumption of foods at varying

levels of dietary quality. For example, outcome measures

could be derived from observation of behavior at food

buffets to assess for real-time impacts on dietary decision

making in adolescents.

Meal skipping
Beyond quantity and quality of caloric intake, meal fre-

quency has emerged as a possible obesity risk factor in

adolescents with poor sleep. De Castro et al76 proposed

that by restricting an early meal (eg, breakfast), adoles-

cents may overcompensate later in the day by eating more

energy-dense foods. Short sleep duration and/or poor sleep

timing might shorten morning routines, and thereby

increase the likelihood of breakfast-skipping. Nearly all

published studies, which include adolescents from around

the world, find that shorter sleep duration,71,75,77–80 later

chronotype,81,82 and poorer sleep quality83 are linked with

higher rates of breakfast-skipping. Only one study found

no association between breakfast skipping and sleep

outcomes.73 Further, preliminary evidence suggests that

shorter sleep duration may also be related to more irregu-

lar consumption of lunch and dinner75 and higher odds of

eating less than three meals each day.84

Taken in context of the literature on poor sleep and

food reward, meal-skipping and short sleep may interact

synergistically to drive higher consumption of energy-

dense foods at later meal occasions. Future work should

attempt to investigate how sleep timing, circadian prefer-

ence, meal timing, and caloric spread across meals interact

at the within-person, day-to-day level. Considering the

context in where adolescents eat their meals would also

be beneficial. Given that nearly half of American teens

qualify for free or reduced breakfast and lunch at school

due to low family income,85 additional research should

investigate how sleep may impact access to these meals

at school.

Processes impacting energy
expenditure
Physical activity
Potentially offsetting intake, energy expenditure (often

estimated from a person’s waking activity levels) repre-

sents the other side of weight homeostasis. There is intui-

tive reason to suspect that sleep may impact adolescents’

engagement in vigorous physical activity, with down-

stream effects on obesity risk. However, such findings

are not consistently reflected in the correlational

literature.71,86–89 Several studies have found that adoles-

cents who report sleeping <8 hrs/night also report enga-

ging in fewer sports, muscle-strengthening exercises,

cardiovascular activities,75,78,90 and moderate-to-vigorous

physical activity than those who report sleeping >8 hrs.91

However, two studies found just the opposite, with longer

sleep correlating with less time in objectively measured

moderate-to-vigorous physical activity86 and lower levels
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of self-report high-intensity physical activity.71 Moreover,

others have found no such relationship.87–89

There is notable variability in physical activity measure-

ment across these correlational studies, making them diffi-

cult to compare. Studies with self-report measures ranged

from single items (eg, “How many minutes per week do

you usually spend exercising?”) to well-validated question-

naires. Objective devices (eg, accelerometers) provide

movement-based daily estimates of time spent in varying

intensities of physical activity but do not provide context for

which activities were occurring. Future studies should use

complementary measures to assess physical activity from

several vantage points while simultaneously allowing for

greater comparability across studies. Additionally, future

research may also find that physical activity is more sensi-

tive to other sleep facets beyond sleep duration. For exam-

ple, perceptions of poor sleep quality87 have predicted less

engagement in physical activity. Moderating factors may

also be important; Steele et al89 found that adolescents

who slept in later on weekends engaged in less recreational

physical activity, but only if they were also experiencing

daytime sleepiness.

Sedentary activity and screen time
Though evidence related to vigorous physical activity is

mixed, unhealthy sleep has been frequently linked to ado-

lescents’ sedentary behaviors, particularly while using

screen-based technology. Screen time is thought to be the

most “dangerous” sedentary behavior for obesity risk.92 As

of nearly a decade ago, 9 out of 10 adolescents slept with at

least one screen-based device (eg, phone, tablet) in their

bedroom, highlighting this issue to be particularly proble-

matic within this population relative to other age groups.93

Research has consistently pointed to a bidirectional relation-

ship between sleep and screen time, and a 2016 meta-

analysis of 20 studies found “a strong and consistent

association between bedtime media use and inadequate

sleep quantity, … quality … and excessive daytime sleepi-

ness” across youth 6–19 years old.94

Nearly all cross-sectional adolescent studies found that

various self-reported indicators of poor sleep were predictive

of more screen time. Higher levels of daytime sleepiness,89,95

later bedtime,74,87 shorter sleep duration,75,79,84,87,96–98 and

greater variability in sleep99,100 have all been associated with

greater self-reported total time spent watching television or

playing computer or video games. Although many studies

investigate the role that mobile phone usage plays on later

sleep timing or problems, there is a notable dearth of research

on the reverse sequence: how poor sleep might predict sub-

sequent mobile phone use.101 This highlights one of the

major challenges in this line of research; keeping current,

given the speed at which technology changes.

In sum, the available literature linking sleep with screen

time appears compelling but has clear limitations. Studies

have been correlational and based heavily on self-report.

Self-reporting may be particularly problematic as it relates

to screen time use as adolescents often multi-task in their

screen time use (eg, scrolling phone-based social media

while doing homework on a laptop).102 This brief,

unplanned, and dynamic nature of screen time may hamper

adolescents’ ability to estimate their use. Instead, it may be

helpful to leverage electronic monitors that objectively

report on daily frequency, duration, and timing of device

use to get more nuanced information about potentially

bidirectional relationships between sleep and screen time.

Energy expenditure
The combination of decreased physical activity and

increased sedentary activity is thought to decrease overall

energy expenditure, and subsequently increase obesity

risk. In its purest form, energy expenditure is a measure-

ment of the amount of energy (typically measured in kilo-

joules) the body burns to maintain physical functioning.

Measuring energy expenditure requires highly precise,

costly equipment that cannot be taken outside the lab

(which limits accessibility and generalizability). To date,

only one experimental study used such equipment to

examine the effect of sleep on adolescents’ energy expen-

diture. Klingenberg et al25 found that healthy adolescent

boys expended more energy, had more spontaneous body

movement, and consumed less daily calories compared

when spending 4 hrs in bed than when spending 9 hrs in

bed per night. While it is tempting to conclude that shor-

tened sleep results in greater energy expenditure for ado-

lescent boys, these results must be interpreted in the

context of the highly controlled lab setting, in which

adolescents had limited options for activities or dietary

intake. In normal life, environment and context are para-

mount to adolescent behavior; when and how long adoles-

cents sleep directly influences their daytime environment

and which foods and activities they have access to. For

example, an adolescent who sleeps from 1 am to 6 am on

school nights may spend a greater proportion of the day

awake than her peer who sleeps from 10 pm to 6 am. She

may not, however, have proportionally greater opportu-

nities for energy-burning physical activity during the
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hours of 10 pm–1 am, so there may be no change at all in

such activity. Results from a small, randomized counter-

balanced experimental sleep extension study may lend

credibility to this theory. Van Dyk et al88 showed that

increasing the total sleep duration of typically short-sleep-

ing adolescents by over 60 mins decreased the adolescent’s

total daily sedentary time, but did not impact moderate or

vigorous physical activity. These authors inferred that

increasing sleep time does not “steal” time from opportu-

nities to engage in energy-burning activities, but rather

decreases sedentary behaviors.

Strengths of proposed mechanisms
The proposed model incorporates multisystemic mechan-

isms that may drive the link between poor sleep and

increased obesity risk in adolescents. Overall, however,

this literature is in its infancy, and future research on

each is warranted. At this stage, sleep-driven increases in

food reward processes, decreases in insulin sensitivity, and

disrupted meal timing seem to be the most compelling

mechanisms impacting energy intake. Similarly, an

increase in sedentary behavior (particularly screen time)

seems to be the most likely factor limiting energy expen-

diture after poor sleep.

Given the limitations in the existing adolescent literature

(including inconsistent operationalization and measurement

across constructs) and under-studied relationships, it is

unclear which pathways are truly operative. Further, it

remains unclear whether the multiple putative mechanisms

are best viewed as part of a conditional model or a cumu-

lative model. In a conditional model, certain conditions

have to be met in order to induce increased obesity risk,

whereas in a cumulative model, each mechanism could

incrementally increase risk (without any single mechanism

being essential). As these various pathways continue to be

researched, the strength of the relationships may become

clearer, and we may better understand whether conditional

relationships occur.

Currently, we speculate that there are some conditional

relationships within the model. For example, increases in

food reward pathways might increase risk for obesity only

if there is no change in, or a simultaneous decline in,

inhibitory control. Jensen et al37 observed that nearly all

adolescents had increases in activation in brain regions

associated with food reward, but only individuals of a

normal weight demonstrated increases in brain regions

associated with inhibitory control. This is consistent with

the idea that, unlike those with obesity, adolescents of a

normal weight may experience a protective inhibitory

response to counteract sleep-deprivation-induced desire

or temptation. However, Jensen et al did not assess actual

dietary behavior during their study. Another conditional

relationship worth exploring is that of emotional reactivity

and inhibitory control. While sleep restriction may result

in negative emotions, it may be that adolescents who over-

eat in the presence of negative emotionality are also low in

inhibitory control, either habitually or due to poor sleep.

Additional factors for consideration
While the current model focuses on individual-level beha-

vioral factors that increase obesity risk, it is important to

acknowledge other factors that play a large role in obesity

risk and likely interact with factors in this model.

Health disparities in the sleep/obesity

relationship
There is reason to suspect that racial and economic back-

ground may compound risk for sleep-related weight gain

and other health disparities in adolescence.103 Research

investigating sleep and weight-related behaviors has

tended to focus on middle- to upper-middle class families

or failed to account for socioeconomic status in analyses.

However, compared to White adolescents, Black and

Hispanic adolescents exhibit higher rates of obesity (38%

and 37% vs 31%, respectively)16 as well as shorter sleep

durations and later bedtimes.104

Although the etiology of these disparities remains uncer-

tain, drivers are likely complex, spanning the individual,

family, economic, political, and socio-cultural landscapes.105

Research has found that families from disadvantaged back-

grounds may experience real, pressing, and pragmatic bar-

riers to sleep and weight health. For example, work schedules

are often outside of parental control, especially in lower-

income families, and inconsistent parent work schedules

may lead to irregular use of bedtime routines and/or varia-

bility in child sleep timing.106,107 Housing insecurity or

noisy, crowded, and unsafe sleeping environments also nega-

tively impact sleep, perhaps well beyond childhood due to

the development of sleep habits that adapt to the environ-

ment, but have adverse effects on health.106,108 Cultural

norms and beliefs around sleep, nighttime socializing, sleep

habits, and bedroom-sharing may further influence sleep

practices.109 Simultaneously, low-resource neighborhoods

tend to be highly “obesogenic” (ie, lacking environmental

features that support healthy eating and physical activity).110
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Low-income neighborhoods often lack accessible supermar-

kets with healthy food options, smaller convenience stores

are more prevalent which often sell energy-dense, pre-pack-

aged foods that are specifically marketed toward youth. As

noted, there is evidence that poor sleep may decrease the

ability to resist these energy-dense foods.

Overall, very little is known about how the sleep/obesity

relationship works in youth from diverse backgrounds, but

there is reason to suspect that this could be an important

target for promoting health equity. Future research should

specifically seek to recruit diverse samples and move

beyond the individual to focus on the various systems that

may influence both sleep and weight-related behaviors. This

may include examining the built environment in neighbor-

hoods, school start times, access to and use of free and

reduced breakfast and lunch, and family and cultural beliefs

about sleep and weight-related behaviors.

Other potential moderating factors
Parental obesity is one of the strongest predictors of ado-

lescent obesity,111 likely due to increased genetic predispo-

sition for obesity and the passing down of familial dietary

practices. However, the majority of the literature presented

in this review did not account for parental obesity within

analyses. Further, sex is a potential moderating variable that

is critical in future research. For example, in one study sleep

duration predicted body mass index in adolescent males, but

not adolescent females.112 Assessment of these between-

subject variables may help to elucidate moderating factors

that influence the link between poor sleep and increased

obesity risk.

Measurement
Most relevant research to date has been comprised of

observational studies utilizing adolescent self-report of

their sleep duration. Given limitations in self-report metho-

dology and the multi-faceted nature of sleep, we recom-

mend that future research reevaluate these associations

utilizing both objective and subjective measures of sleep

duration and quality. While polysomnography (PSG) is

considered the gold standard for sleep assessment in the

lab setting, it can be quite costly and the extensive measure-

ment equipment and procedures could affect sleep, limiting

the generalizability of the results. We suggest utilization of

PSG-validated accelerometer-based assessments within

future research. Additionally, given evidence of the impact

of differences in sleep that extend beyond simple duration

(eg, variability in sleep timing) on health factors, we

suggest thoroughly testing the impact of other sleep para-

meters (eg, chronotype, variability in sleep timing).

Clinical implications
While the strength and the interrelations of the pathways

within this model are not clear at this stage, the current state

of the literature linking sleep with BMI and adiposity sug-

gests that sleep is an appropriate target for weight loss

prevention and intervention efforts within the adolescent

population. In fact, previous studies have demonstrated

that baseline sleep predicts the success of weight loss inter-

ventions. For example, Valrie et al113 found that adolescents

with shorter baseline sleep durations and longer weekend

oversleep lost less weight following a summer camp immer-

sion treatment program than did adolescents with longer

initial sleep times. Sallinen et al114 also showed that longer

baseline sleep was predictive of greater weight loss follow-

ing a 3-month adolescent weight loss intervention.

Sleep was not manipulated in those weight-loss trials,

but Tan et al115 were able to show an effect of a sleep

intervention on adolescents’ body mass. By establishing

and providing a set of “sleep rules” to adolescents, they

were able to improve sleep hygiene, reduce daytime slee-

piness, reduce overall sleep disturbances, and decrease

sedentary behavior. Interestingly, they did not see impacts

of their intervention on accelerometry-based measure-

ments of sleep duration but they did see reductions in

overall BMI. Other sleep-related factors (eg, sleep regu-

larity, sleep quality, daytime sleepiness) may have played

important roles. Asarnow et al24 recently conducted a pilot

study to see how an intervention targeting sleep practices

impacted dietary outcomes. They observed that adoles-

cents who were able to advance their bedtimes earlier

during the sleep intervention had increased consumption

of low glycemic index foods (eg, fruit, dairy products) and

decreased desire to consume high glycemic foods than

those who were unable to advance their bedtime.

However, such work remains preliminary and rigorous

randomized clinical trials are needed.

Societal influences of sleep may also be intervention

targets. For example, one systematic review found that by

delaying early school start times by 25–60 mins, adoles-

cents were able to add 25–77 mins (on average) of sleep per

night, with additional improvements in daytime sleepiness

and depression (though obesity or its mechanisms were not

addressed).116 More recently, a study examining delaying

school start times in Canadian children found that with

every 10-min delay in start time, there was a subsequent
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decline in BMI z-score.117 Comparing high schools with

start times around 8:00 am versus 9:30 am showed a dif-

ference in student BMI percentiles of the 70th versus 64th

percentiles. However, it is important to keep in mind that

these studies have been correlational, and there is a potential

moderating impact of circadian phase preference on the

impact of delayed start time. Given prior research,66 we

may observe that later school start times are most beneficial

for adolescents with a particularly late night preference,

compared to those with earlier phase preference.

Conclusions and limitations
Poor sleep – variably defined as too little, poor quality,

poorly timed, or inconsistent sleep – is related to increased

obesity risk in adolescents, though the mechanisms driving

this relationship are unclear. In proposing a multisystem

mechanistic model specific to adolescence, we highlight

several pathways by which poor sleep might increase

adolescent obesity. Specifically, increased food reward

and emotional reactivity, decreased inhibitory control,

metabolic disturbances (eg, insulin sensitivity), and poorer

dietary quality and meal timings likely increase overall

energy intake. Simultaneously, we discuss how poor

sleep limits vigorous physical activity and increases seden-

tary activity, particularly screen time, limiting overall

energy expenditure.

We elected a narrative review format for this paper to

allow for greater conceptual discussion than is typical of

more structured systematic reviews, which are often

dominated by methodological details of the review pro-

cess itself and large, detailed reference tables. This

choice was also motivated by the wide variety of methods

employed in this relatively small and emerging research

literature, which precluded a formal meta-analysis or

even a less sophisticated “vote count” procedure. Even

so, it is acknowledged that this review does not conform

to the well-defined methodologies associated with sys-

tematic reviews (eg, PRISMA guidelines). Readers inter-

ested in a systematic review that covers similar ground

but with less conceptual emphasis are directed to

Krietsch et al.6 Beyond the limitations of the narrative

review format, it is important to acknowledge that all

reviews are dependent upon the quality of the existing

empirical literature. The current paper highlights limita-

tions in this emerging literature area, highlighting the

most promising and speculative proposed mechanisms

for the sleep-obesity link in adolescents. Future research

needs to explore these relationships in more detail to help

elucidate both the strength and the conditional relation-

ships between these various mechanisms, as well as

explore external moderators (eg, race, SES, sex, maternal

obesity). These relationships can help inform current

preventative and weight-loss intervention efforts in ado-

lescent populations.
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