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Abstract

Study Objectives: This study evaluated the differences in obesity-related outcomes across multiple adolescent sleep health domains,
including circadian misalignment (CM), circadian timing, and sleep duration.

Methods: 53 adolescents (aged 14-18; body mass index [BMI] percentile < 95%; 53.7% female) completed a cross-sectional study that
included baseline assessment of height; weight; demographics; and 10 days assessment of sleep, physical activity, and dietary out-
comes. Sleep duration, sleep timing, and physical activity data were collected from all participants using wrist-worn and waist-worn
actigraphs. Dietary intake was measured using the Automated Self-Administered 24 Hours dietary recalls on 3 randomized days.
Circadian timing was measured using dim-light melatonin onset (DLMO), and CM was calculated as the distance of time between
DLMO and the average sleep onset time. Participants were categorized into groups (early vs late circadian timing, aligned vs mis-
aligned circadian timing, and adequate sleep vs short sleep), and differences in dietary outcomes, physical activity, and BMI were
analyzed using t-tests.

Results: Adolescents with later DLMO (M = 21:30 + 1:11) had 0.63 higher BMI and 0.47% less averaged daily percent fat consumption
than adolescents with early DLMO. Adolescents with CM (M = 1:42 + 1:06) consumed 451.77 more averaged daily kcal consumption
compared with those with circadian alignment. No statistically significant differences were found in any obesity-related outcome
between sleep duration groups.

Conclusions: Our cross-sectional findings indicate that focusing on sleep timing and circadian alignment, beyond sleep duration,
may promote better health outcomes for healthy adolescents. The findings of this study could enhance sleep education and inform
clinical models for prevention efforts for pediatric obesity.
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Statement of Significance

This study underscores the critical role of circadian timing and circadian misalignment (CM) on adolescent health, with impli-
cations beyond sleep duration alone. Adolescents with later circadian timing or misalignment exhibited a higher BMI and higher
calorie intake compared with aligned peers. Findings suggest that focusing on circadian factors, rather than just sleep duration,
may offer a targeted approach to obesity prevention and health optimization in adolescents. The use of gold-standard measures
such as dim-light melatonin onset strengthens these insights, providing a robust foundation for future longitudinal and inter-
vention-based research. These results support the inclusion of sleep timing and CM in adolescent health models, offering novel
avenues for impactful obesity prevention strategies.
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Introduction

Compared with other developmental periods, adolescence poses
a substantial risk of obtaining short sleep duration [1-3] and
decreased sleep quality [4]. It is estimated that over 40% of US
adolescents sleep less than 7 hours per night [5] and less than
30% of adolescents are obtaining the 8-10 hours of sleep that is
recommended for their age group [6, 7]. Many factors may con-
tribute to these poor sleep outcomes, including pubertal changes
in their circadian timing, which shift their circadian timing later
[8,9], and social factors such as earlier school start times, increas-
ing relationship demands, and growing independence in setting
bedtimes [10]. This mismatch can lead to circadian misalignment
(CM), which occurs when actual sleep timing differs substantially
from intrinsic circadian timing. CM is associated with a variety of
negative physical and mental health outcomes [11-13], includ-
ing cognitive and behavioral difficulties, poorer mental health,
increased risk-taking behaviors [14], impaired executive func-
tioning [15], lower academic performance [16], and worse self-re-
ported physical health, including worse somatic complaints and
decreased physical activity [17]. However, despite these known
associations, CM remains less studied than other dimensions of
sleep health in adolescents.

For example, while a myriad of research has been conducted
examining the role of sleep duration on obesity risk [18, 19], less
have examined how CM and circadian timing are associated with
obesity risk in adolescents [20]. Within adult men and women,
greater circadian alignment is related to greater overall caloric
intake, carbohydrate intake, and meal frequency [21], though this
has not been replicated in adolescents. Furthermore, 12%-16%
reductions in energy expenditure have been observed in night
shift workers, even when controlling for changes in sleep duration
associated with work shift variability [22]. Recently, it has been
observed that adolescent CM (often marked by irregularity in the
midpoint of sleep) and/or later circadian timing in adolescents
is related to obesity-related factors, including blunted heart rate
variability, greater fat mass, and increased visceral adipose tissue
[23, 24]. Furthermore, later bedtimes in children and adolescents
(which may increase the risk of CM) have been cross-sectionally
associated with increased intake of energy-dense, nutrient-poor
foods, while earlier bedtimes have been associated with increased
consumption of fruits and vegetables [25]. In-lab manipulation of
adolescents’ sleep timing resulted in alterations in reward-associ-
ated neural activation [26], and the neural activation patterns dif-
fer from those observed in adults [27]. This variability in research
findings across development, combined with the relative paucity
of research regarding the specific role that circadian timing and
CM have on obesity-related outcomes in adolescents, provides
further evidence for the necessity to explore these relationships
within this at-risk developmental period.

Because sleep issues and obesity are highly prevalent and
growing public health concerns among adolescents, research
that identifies the link between these two issues is important for
health promotion efforts. Specifically, understanding how various
domains of sleep health are related to obesity-related outcomes
in adolescents can better inform obesity prevention efforts, allow-
ing interventionists to enhance the focus of sleep-specific recom-
mendations. As such, we investigated how multiple aspects of
adolescent sleep health (i.e. circadian timing, CM, and sleep dura-
tion) relate to body mass index (BMI), physical activity, sedentary
behavior, and dietary outcomes among healthy adolescents ages
14-18. We hypothesized that adolescents with later circadian tim-
ing, greater CM, and shorter sleep duration would have higher

BMI, greater intake of calories, carbohydrates, sugars, and added
sugars, and increased sedentary activity, compared with adoles-
cents with earlier sleep timing, more circadian alignment, and
greater sleep duration, respectively. We also explored the differ-
ences in adolescents’ circadian timing, CM, and sleep duration
on the amount of fats, proteins, fruits, and vegetables consumed;
total number of meals consumed across the day; timing of the
last meal; and minutes of light activity and moderate-to-vigorous
physical activity (MVPA).

Materials and Methods

The Institutional Review Board at the leading author’s institution
approved all study procedures, which included 11 days monitor-
ing period in which sleep, diet, weight, and physical performance
data were collected. Data collection occurred between January
through May of 2022 in the Western United States of America.
All study appointments took place at a university campus and
occurred on the weekends so as not to influence school perfor-
mance. Parents consented and adolescent participants assented
to all aspects of study participation at the first appointment.

Participants

Study staff recruited healthy adolescents (ages 14-18) using con-
venience sampling methods, including in-person booths to set up
during local middle and high school lunches, flyers emailed to
parents through school newsletters, flyers posted on school bulle-
tin boards, and flyers mailed to professors at the leading author’s
university. Exclusion criteria included factors that would signifi-
cantly influence sleep and participants’ ability to adhere to study
protocol. This included the presence of self-reported sleep dis-
orders (e.g. insomnia and obstructive sleep apnea), the potential
of a sleep disorder (e.g. persistent short sleepers, i.e. consistently
sleeping less than 5 hours per night), persistent long sleepers (i.e.
consistently sleeping more than 10 hours per night), and medica-
tions with known effects on sleep. Of note, no participants iden-
tified habitually short or long sleep during recruitment, and thus,
none were excluded based on this criterion. Further exclusion
criteria included factors that would influence eating habits, such
as a self-reported history of eating disorders or bariatric surgery,
medications with known effects on weight or eating behaviors
(medications that have been established to inhibit/activate appe-
tite or decrease/increase salivation), and severe food allergies.
Because the aim of this study was to better inform obesity pre-
vention efforts, individuals who met obesity criteria (BMI percen-
tile > 95%) were also excluded. Additional exclusion criteria were
used because this study took place as part of a larger study that
included magnetic resonance imaging (MRI) scanning. The MRI-
based exclusion criteria included left-handedness, pregnancy,
claustrophobia, and any metal implants in the body (except for
orthodontic retainers on the bottom teeth).

Procedures

Study staff texted, emailed, or called parents of interested ado-
lescents to give a brief overview of the study and obtain verbal
consent to complete an eligibility questionnaire, which was
sent to the parent and the interested adolescent via text/email.
Following the determination of eligibility criteria and continued
interest in participating in the study, adolescents were officially
enrolled in the study. Study procedures took place over 11 days
as outlined in Figure 1. First, a baseline appointment occurred
on a Tuesday or a Wednesday during which study staff obtained
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Participants encouraged to hold similar bedtimes and waketimes
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All participants wore waist ActiGraph throughout the day/night,
wore wrist Actiwatch each night, and a completed daily sleep diary.

Participants completed 3 ASA-24 dietary
recalls on randomly assigned days (2 weekday, 1 weekend).

Figure 1. Study procedure overview. All participants wore waist ActiGraph throughout the day/night, wore wrist Actiwatch each night, and a
completed daily sleep diary. Participants completed three ASA-24 dietary recalls on randomly assigned days (two weekday, one weekend).

the parent’s written consent and the adolescent’s written assent
to participate in the study. Following consent, the adolescent’s
height and weight were measured using a Seca scale and stadi-
ometer, and BMI was calculated. Participants were then informed
about procedures for the next 10 days, including how to wear
a wrist-worn and waist-worn actigraph, complete three dietary
recalls independently (to reduce desirability bias), and fill out
daily sleep diaries. The wrist-worn actigraph was to be worn
when getting into bed to sleep each night and to be removed
when they arose for the day. The provided sleep diary was to be
filled each day in partnership with actigraphy use. The waist-
worn accelerometer was to be worn at all times during the study.
Subjects were then given login information for the dietary recall
website and assigned 3 randomized days to fill out dietary recalls
(2 weekdays and 1 weekend day). Participants were informed
that they could sleep; however, they preferred for the first seven
nights of the study; for the final three nights, participants were
encouraged to “stabilize” their preferred sleep timing (selecting a
preferred, typical bedtime, and wake time that they could hold
relatively constant for the three nights leading up to the final
study appointment). Lastly, adolescents filled out a series of
sleep and demographic questionnaires.

Following the 10 days monitoring period (7 nights of free
sleep and 3 nights of encouraged stabilized sleep), participants
attended a follow-up appointment on a Friday or Saturday after-
noon, beginning 5 hours before the participant’s preferred bed-
time (i.e. the self-selected bedtime that they were encouraged to
adhere to for the prior three nights), and ending 1 hour past their
preferred bedtime, for a total of 6 hours. This appointment took
place in a dimly lit room (lux <5 throughout the appointment
duration, as confirmed by luxometer readings which occurred
every 30 minutes). Participants were provided with several enter-
tainment options during the appointment (e.g. watching movies
or playing video games on a dimly lit television, reading large-font
books, completing puzzles, coloring, or playing board games) as
well as unlimited snacks and meals from a standardized menu.

Every 30 minutes, participants provided saliva samples to
measure their salivary concentrations of melatonin. Ten minutes
before each saliva sample collection, participants brushed and
rinsed their teeth to remove any food residue and were instructed
to recline in a chair. After reclining for 10 minutes, participants
were given an untreated cotton swab to place in their mouth;
adolescents were instructed to “soak” the cotton swab to the best
of their ability and spit the cotton swab into the provided salivette
at the end of 5 minutes. Study staff immediately weighed all
salivettes provided to ensure that at least 2 mL of saliva was

obtained for proper analysis. At the end of the appointment, par-
ticipants were compensated and driven home by a legal guardian.

Measures
Potential covariates.
DEMOGRAPHICS.

Participants completed a 12-item questionnaire that asked about
age, current address, race/ethnicity, sex, annual gross income of
parents/guardians, and current medications.

DAYTIME SLEEPINESS.

Participants completed the Epworth Sleepiness Scale for
Children and Adolescents (ESS-CHAD). The ESS-CHAD is used
to understand general sleepiness levels throughout the day.
The questionnaire contains eight questions. A total score is
calculated by summing the value of each question’s answer,
and a higher score indicates greater levels of daytime sleepi-
ness. Using the ESS-CHAD for adolescents ages 12-18 has been
shown to be reliable and valid for measuring daytime sleepiness,
with a Cronbach a score of 0.73 and moderate-to-strong posi-
tive Pearson correlations for item-totals [28]. Within our study
sample, we observed adequate reliability (Cronbach’s a = 0.753).
We tested the ESS-CHAD total score as a potential covariate in
our analyses.

PHYSICAL DEVELOPMENT.

The Pubertal Development Scale (PDS) uses five items to deter-
mine participants’ stages of physical development. The PDS has
been shown to be a reliable and valid measure of physical devel-
opment with an intraclass correlation coefficient of .81-.92 [29].
Consequently, the PDS is comparable to physical assessments
(e.g. Tanner staging) performed by healthcare professionals [29].
Within our study sample, we observed questionable reliability for
females and adequate reliability for males (Cronbach’s a=0.507
and 0.700, respectively). We tested the PDS total score as a poten-
tial covariate in our analyses.

Primary outcomes.
BMI.

To calculate the BMI for each participant, study staff weighed and
measured the height of each participant using a standardized
Seca scale and stadiometer. Study staff used a sex- and age-cor-
rected BMI calculator based on CDC norms for minors (UC San
Diego Health BMI Calculator for Children and Teens). BMI was
included as an outcome in our final models.
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PHYSICAL ACTIVITY.

During the 10 days between the baseline and DLMO appoint-
ments, physical activity was measured via waist-worn actigraphy
(Actigraph GT3X+). The devices were calibrated to the partici-
pants’ height and weight, used a sample rate of 30 seconds, and
recorded data using an epoch length of 15 seconds. Participants
wore the devices on their dominant (right) hip continually,
except in cases that put the device at risk of physical or water
damage. Participants were instructed to record instances when
they removed the accelerometers in their sleep diaries. Wearing
accelerometers on the hip has been shown to accurately measure
energy expenditure, including the type and intensity of physical
activity [30, 31]. Accelerometers worn at the hip have been shown
to have the highest accuracy (97.81%) compared with other single
locations [32]. We used Actiware software to analyze the availa-
ble data using Freedson, Pober, and Janz [33] cutoffs; specifically,
we examined sedentary activity (0-25 counts/15 seconds epoch),
light physical activity (26-555 counts/15 seconds epoch), and
MVPA estimates (556+ counts/15 seconds epoch) for each day, and
then averaged each day’s estimates across the monitoring period.
Sedentary activity served as the primary outcome in this study,
and light and MVPA served as exploratory outcomes.

DIETARY INTAKE.

Dietary intake was measured using the Automated Self-
Administered 24-hour Dietary Assessment Tool (ASA-24) on 3
randomized days within the monitoring period, with one recall
being randomized to a weekend day and 2 recalls being rand-
omized to weekdays. ASA-24 uses the Automated Multiple Pass
Method (recording all food and drink consumed across the day in
a multiple-iteration approach) This has been shown to be accu-
rate within 3% of total energy expenditure among normal-weight
subjects [34] and to reduce desirability bias while reporting.
Research among adolescents points to no significant variance in
reporting accuracy between experimenter-administered inter-
views and self-completed online forms [35]. For this study, pri-
mary outcomes of interest included the averaged values (across
the 3 recall days) for caloric consumption, grams of carbohy-
drates, sugar, and added sugar consumed; exploratory outcomes
included averaged grams of total fat and protein consumed, num-
ber of fruits and vegetable servings consumed, total number of
meals consumed across the day, and timing of the last meal of
the day. For macronutrients (fat, protein, carbohydrates, sugars,
and added sugars), we divided averaged daily grams consumed by
daily kilocalorie consumption.

Predictor variables.
CIRCADIAN TIMING (DLMO).

Participants’ circadian timing was determined by using 6 hours
dim-light melatonin onset (DLMO) procedure to measure mela-
tonin concentrations across 12 saliva samples (collection every
30 minutes). Using saliva samples to measure DLMO has been
shown to be an accurate measure of circadian timing, compa-
rable to plasma assessment of DLMO (correlation coefficient
of 0.93) [36]. Immediately after sample collection, the samples
were weighed to ensure they measured >2 mL. Samples that
were <2mL were immediately discarded, and participants were
instructed to provide another sample. If samples were >2 mL,
they were centrifuged at 3000 g for 5 minutes (to remove the
saliva from the cotton swab) and then immediately frozen. At
the end of the study, frozen samples were shipped to SolidPhase

Inc., which used Novolytix RIA kits to determine salivary mela-
tonin concentrations. DLMO was considered reached when the
melatonin levels exceeded a threshold of 4 pg/mL of saliva [37].
Similar to work conducted previously in our lab [38], adoles-
cents were then dichotomized into two circadian phase groups:
early timing (DLMO occurring before 10:00 pm) and late circa-
dian timing (DLMO occurring at or after 10:00 pm), with 10:00 pm
being selected as the cut-point as it was the closest to previously
observed mean DLMO times in similarly aged adolescents [39].

SLEEP DURATION AND SLEEP ONSET.

Sleep was measured for 10 days following the baseline appoint-
ment using wrist-worn actigraphy devices (Philips Respironics
Actiwatch 2) worn on the nondominant (left) wrist; data from
these devices were cross-checked with the participants’ sleep
diaries for bedtimes and wake times. Participants were instructed
to put the devices on when they attempted to fall asleep for the
night and to take the devices off when they woke up for the day.
With a 0.81-0.86 epoch accuracy, wrist actigraphs have been
shown to accurately measure circadian sleep/wake rhythms and
are comparable to polysomnographic devices [40, 41]. However,
wrist actigraphs have also been shown to underestimate total
sleep time in adolescents; this can be offset by cross-checking
sleep and wake times with participants’ sleep diaries [42]. The
10 days sleep diaries used in this study asked when participants
got into bed, when they tried falling asleep, when they woke up,
when they got out of bed, and if/when they removed the waist
actigraphy devices.

For this study, ActiWatch software (Actiware 6.3) was used
to download the wrist-worn accelerometer data into 30-second
epoch intervals. Sleep diary data were used to inform scoring pro-
cedures to mark sleep period onset and offset. In two instances,
sleep period onset and/or offset was not noted in a participant’s
sleep dairy. Additionally, there were two instances of a signifi-
cant mismatch between the sleep diary and the Actiwatch log.
For these four instances, two reviewers jointly reviewed the
Actiwatch log and marked the start of the sleep onset period
as the beginning of the last downward trend of physical activity
of the day and the sleep offset of the sleep period as the start
of the first prolonged period of activity following sleep. All data
were scored using the Sadeh algorithm [43], with sleep duration
serving as a predictor variable, which has shown to be internally
consistent in children [44]. Sleep duration was then dichoto-
mized across the sample into “short sleep” (i.e. <8 hours of sleep
per night) and “healthy sleep” (i.e. 28 hours of sleep per night)
[38]. We also derived sleep onset time and averaged it across the
10 days monitoring period; we used this averaged sleep onset
time to calculate CM.

CIRCADIAN MISALIGNMENT.

CM was calculated as the distance of time between DLMO and the
averaged sleep onset time across the 10 days monitoring period.
Similar to our previous work [38], CM estimates were then dichot-
omized into “aligned” (=2 hours but <4 hours between DLMO and
averaged sleep onset time, which reflects the expected delay
between DLMO and sleep initiation under low-light conditions
[39, 45]) and “misaligned” (<2 hours, suggesting adolescents are
going to bed before they are physiologically prepared). No adoles-
cent had a CM index that was >4 hours, which would have also
been conceptualized as being “misaligned” (falling asleep later
than the body was physiologically ready for).



Statistical analyses

We ran a series of correlations, regressions, and independent
sample t-tests to determine whether our primary outcomes
differed based on age, sex, race/ethnicity, income, pubertal sta-
tus, or baseline daytime sleepiness (ESS). No covariate emerged
as significantly related to our outcomes of interest; therefore,
none were included as covariates in the final models; descriptive
information regarding these variables can be found in Tables 1
and 2. We first ran a series of bivariate regressions to examine
the linear relationship between all variables of interest. Next, we
conducted a series of independent samples t-tests to examine
whether the following variables differed across sleep outcomes
across three sleep metrics (late vs early timing, aligned vs mis-
aligned, short sleep vs adequate sleep): dietary outcomes (i.e.
amount of calories consumed, % of macronutrients consumed,
le. %fat, %sugar, %protein, %carbohydrates, and %added sug-
ars), timing of the last meal of the day, averaged number of
total daily meals, physical activity outcomes (i.e. time spent in
sedentary, light, and moderate-to-vigorous physical activity),
number of meals, and BMI. We confirmed that the assump-
tions for independent samples t-tests were met before analy-
ses, including testing for normality using Shapiro-Wilk test. To
determine statistical significance, a two-tailed p-value of .05 was

Table 1. Sample characteristics

Demographics Mean + SD or N; %
N 53
Age 15.51+1.39
BMI 21.58 +2.69
Female (N; %) 47:53.7%
Race/Ethnicity (N; %)
White, European American 47 88.9%
Native American or Alaskan Native 1;2.0%
Mexican, Mexican American, or Chicano 2:3.2%
Asian or Pacific Islander 3:5.9%
Household Income (N; %)
$20 000-$49 000 1, 1.9%
$50 000-$74 000 10; 18.9%
$75 000-$99 000 9; 16.9%
$100 000-$149 000 17;32.1%
$150 000 or more 13; 24.5%
Declined to report 3;5.7%
Physical Activity
Sedentary (Minutes) 551.48 £ 52.09
Light (Minutes) 35.08 +11.40
MVPA (Minutes) 57.68 + 18.05

Dietary Outcomes

Energy (kcal) 2180.79 + 669.68

Protein (g) 76.23 £ 27.58
Fat (g) 88.03 = 33.13
Carbohydrate (g) 278.27 +90.57
Sugar (g) 120.55 £ 52.35
Added Sugar (g) 17.72 +10.42
Fruit (servings) 1.19+1.79
Vegetables (servings) 1.10+0.69
Number of Meals (per day) 4.67 +£2.02

Final Meal Timing (hh:mm) 20:02:20 + 1:27:35

SLEEPO, 2024,Vol. 5,No.1 | 5

selected, though we interpreted findings of any comparison with
a medium or larger effect size (Cohen’s d > 0.05). Post-hoc power
analysis using G'Power 3.1 indicated that the study was ade-
quately powered (achieved power of 0.80) to detect large effect
sizes between groups. Due to accelerometer issues, we were
unable to collect waist-worn physical activity measurements on
six participants and wrist-worn accelerometry on five partici-
pants. Furthermore, we were unable to derive meaningful DLMO
values from six participants. Missing data were handled with
listwise deletion.

Results

Participant characteristics

Out of 239 adolescents who expressed interest, 151 completed
an eligibility survey. Of these, 67 were deemed eligible and were
attempted to be recruited, and 57 of the eligible participants com-
pleted a baseline appointment; and 53 completed a baseline and
follow-up appointment (see Figure 2). Our final sample included
a total of 53 participants (mean age = 15.51, SD = 1.39) who com-
pleted the study protocol. The sample consisted of the follow-
ing demographics: 53.7% female and 88.9% White, European
American (see Table 1 for more key demographic details).
Participants slept an average of 7.61 hours (SD=0.85) on the
weekdays and 8.39 hours (SD = 1.31) on the weekends. Additional
averaged sleep outcomes, as well as dietary and physical activity
outcomes, are also included in Tables 1 and 2. The relationship
between all the predictor variables (continuous) and the dietary
outcomes is presented in Table 3.

Relationship with circadian timing

When treating DLMO timing as a continuous variable, there was
a significant negative relationship between DLMO timing and
%fat consumption, with later DLMO scores being associated
with less %fat consumption (r(46) = —.307, p = .038; see Table 3).
These findings were consistent when examining dietary differ-
ences following dichotomizing DLMO into early and late DLMO
groups, with adolescents with later circadian timing having
lower %fat consumption (M =3.63%, SD = 0.09%) compared with
adolescents with earlier DLMO timing (M =4.10%, SD = 0.58%;
d =0.70). Furthermore, DLMO timing was positively correlated
with BMI z-score, with later timing being associated with higher
BMI z-scores (r(46) = .294, p = .047). These findings were consist-
ent when examining BMI z-scores following dichotomizing DLMO
into early and late groups; those with early DLMO had moder-
ately lower BMI z-scores (M = 0.20, SD = 1.01) than those with later
DLMO (M =0.83, SD = 0.58; d = -0.70; see Table 4). While no other

Table 2. Sleep characteristics

Sleep outcome Mean + SD
CM' (hh:mm) 1:42 + 1:06
DLMO (hh:mm) 21:30 + 1:11
Actiwatch 2 Estimates
Weekday Sleep Duration (hh:mm) 7.61+0.85
Weekday Sleep Onset (hh:mm) 23:11 £ 0:57
Weekend Sleep Duration (hh:mm) 8.39+1.31
Weekend Sleep Onset (hh:mm) 23:52 + 1:.04
ESS_CHAD Total Score 6.75+3.89

‘CM was calculated as the distance of time between DLMO and average sleep
onset time across the 10 days monitoring period.



6 | Sleep Advances, 2024, Vol. 5, No. 1

relationships between continuous DLMO and dietary and physical
outcomes were noted, we did observe nonsignificant but medium
effects of dichotomized DLMO in %protein and % sugar, with
late DLMO consuming more %protein (M =3.96%, SD = 1.24%)
and more %sugar (M =6.01%, SD =2.05%) compared with early
DLMO (M =3.42%, SD =0.89%; M =5.22%, SD = 1.23%; d’s =-0.54
and —0.52, respectively). No other group differences emerged in
dietary outcomes or physical activity outcomes across later vs
earlier circadian timing.

Relationship with CM

There were no relationships between continuous CM on BMI or
any dietary or physical activity outcome (see Table 3). However,
following dichotomizing the sample into adolescents experi-
encing CM versus adolescents sleeping in an aligned fashion,
those experiencing CM had a moderately higher averaged daily
caloric intake (2391.81 kilocalories, SD = 673.44) compared with
those with circadian alignment (1940.04 kilocalories, SD = 474.88;
d =-0.76; see Table 5). Interestingly, there were no differences in
%macronutrient consumption, servings of fruits and vegetables
consumed, numbers of meals consumed, or the timing of the last
meal of the day across alignment groups (see Table 5). However,
there was a nonsignificant but medium effect of CM group on
minutes spent in sedentary activity, with adolescents with CM
spending ~34 more minutes in sedentary activity per day com-
pared with aligned adolescents (misaligned =562.63 minutes,
SD =20.71; aligned = 528.00 minutes, SD =77.17; d =-0.65), and
on light physical activity, with adolescents with CM spending ~6
less minutes in light physical activity compared with aligned ado-
lescents (misaligned = 33.27 minutes, SD =8.29; aligned =39.02
minutes, SD =13.73; d =0.52); no differences were no noted in
minutes spent MVPA activity estimates across alignment groups
(see Table 5).

Relationship with sleep duration

There were no significant relationships between continuous
weekday sleep duration and BMI, dietary outcomes, and physi-
cal activity outcomes (see Table 3). There were nonsignificant
but medium effects of dichotomized sleep duration (short vs
adequate) on %carbohydrates consumed and servings of fruits
per day. Specifically, adolescents obtaining adequate sleep con-
sumed more %carbohydrates (M =13.41%, SD = 1.87%) and serv-
ings of fruit (M=1.68, SD=2.92) compared with adolescents
obtaining short sleep (M = 12.55%, SD = 1.34%; M = 0.81, SD = 0.45;
d’s =-0.56 and -0.50, respectively; see Table 6). There were no sig-
nificant group differences between those with short sleep versus
adequate sleep duration on BMI, any other dietary outcome, or
any physical activity outcome (see Table 6).

Discussion

The goal of this study was to examine the unique relationship of
sleep timing, CM, and sleep duration on obesity-related outcomes
in healthy adolescents. More specifically, we were interested in
comparing how adolescents experiencing early versus late cir-
cadian timing, aligned versus misaligned circadian timing, and
adequate sleep versus short sleep duration differ in their BMI,
average dietary intake, macronutrient intake, number of meals,
timing of the last meal of the day, and average sedentary, light,
and MVPA levels. We observed that adolescents with later circa-
dian timing had higher BMI than adolescents with earlier circa-
dian timing, as well as consumed less fat but more protein and

Pre-screening
(n =239)

Not assessed for eligibility
(n=88)
Primary reasons:
- Unresponsive to eligibility survey

Assessed for eligibility
(n=151)

Did not meet eligibility requirements
(n=84)
Primary reasons:
- BMI > 95th percentile
- Braces or permanent metal retainers
- Medication interfered with sleep

Confirmed eligible
(n=67)

Not scheduled
(n=10)
Primary reasons:
Unresponsive to scheduling request

Completed baseline
appointment
(n=57)

Did not complete follow-up appointment
(n=4)
Primary reasons:
- Canceled after first appointment

Completed baseline and
follow-up appointment
(n=53)

\2

Analyzed
(n=53)

Figure 2. Participant recruitment and eligibility.

sugar, compared with adolescents with earlier circadian timing.
Furthermore, adolescents with CM were more likely to eat more
calories, spend more time in sedentary activity, and spend less
time in light physical activity, compared with adolescents with
better circadian alignment. Finally, adolescents obtaining ade-
quate sleep consumed more carbohydrates and servings of fruits
compared with adolescents with short sleep. These findings offer
novel information about various sleep and circadian domains
uniquely related to dietary and physical activity outcomes in a
critical developmental population.

Our first major finding demonstrated that adolescents with
later circadian timing were more likely to have a higher BMI
than those with earlier circadian timing (by an increase of 0.63
BMI z-score units). Later sleep timing has been similarly asso-
ciated with higher BMI in adults [46]. A BMI z-score of 0.20 or
greater is considered clinically significant by the United States
Preventive Services Task Force, with such changes being asso-
ciated with improved cardiometabolic health [47]. In younger
children, earlier bedtimes have resulted in greater BMI z-scores
following a weight-management intervention [48], and in
young adults, advancing bedtime earlier resulted in decreased
appetite and cravings for sweet/salty foods [49]. Our find-
ings also suggested that timing may influence macronutrient
consumption patterns in adolescents, with those with later
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Table 3. Correlations between continuous sleep predictor variables and dietary outcomes

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1. DLMO
(hh:mm)
2.CM (hh:mm)  -.709"
3. Sleep -.284 -.073
duration
(hh:mm)
4. Total Energy .068 -.236 .035
(kcal/day)
S. Fruit 151 -168 177 -.017
(servings)
6. Vegetables -.017 -.164 170 305"  .388"
(servings)
7. Sedentary 179 -216 -121 -.064 142 .050
(min)
8.Light (min) ~ -.201  .172 281 .089 -.277 -.010 -.089
9. MVPA (min) .015 .071 -.040 -307* -.073 -.148 145 .261
10. Protein (g/ 187 -.054 -.095 -.194 290 014 123 -.078 .008
kcal)

11. Fat (g/kcal)  -307* 133 -197 269 -494" -097 -.024 .175 .098 -.200
12. Carb (g/kcal) .165 -.096 .257 -.129 370" 140 -.023 -.140 -.081 -.419" -.797*

13. Sugar (g/ 261 -.252 .065 .156 541 183 049 -.133 -.127 -.153 -562" 653"

kcal)

14. Added sugar 130 -.115 -.074 395" -420" -.096 -.086 .226 -.033 -596™ .040 284" .438*

(g/kcal)

15. BMI Z-score 294*  -.091 -.287 .054 .044 -074 .095 -218 -200 .225 -046 -.110 .062 -.020
16.Number of  -.113 -.014 -.039 .336" -.109 189 .006 176 -.059 -.251 201 -.028  .004 206 -.049
meals (per day)

17. Final 262 -100 -.134 .331* 025 -.021 -.022 .002 -.310" -.118 -.133 175 261 *325 -.078 .251
Mealtime (per

day)

CM also known as phase angle, Kcal = kilocalories, MVPA = moderate to vigorous activities; Carbs = carbohydrates; BMI = body mass index.
*Indicates a P-value < .05 and *indicates a P-value < .01.

Table 4. Group differences in obesity-related outcomes among early circadian timing vs late circadian timing

Early DLMO (N = 32) Late DLMO (N = 15)

M SD M SD df t P Cohen’s d
Total energy (kcal/day) 2176.19 652.47 2163.79 676.47 44 0.06 953 0.02 (-0.61, 0.65)
% Protein (g/kcal per day) 3.42 0.89 3.96 1.24 44 -1.69 .098 -0.54 (-1.18, 0.10)
% Fat (g/kcal per day) 4.10 0.58 3.63 0.85 44 2.92 034 0.70 (0.05, 1.34)
% Carbohydrates (g/kcal per day) 12.68 1.59 13.22 2.12 44 -0.97 .338 -0.31(-0.94, 0.32)
% Sugar (g/kcal per day) 5.22 1.23 6.01 2.05 44 -1.62 113 -0.52 (-1.15,0.12)
% Added sugar (g/kcal per day) 0.75 0.29 0.80 0.36 44 -0.54 .589 -0.17 (-0.79, 0.45)
Fruit (serving/day) 0.96 0.87 1.62 3.09 44 -1.13 264 ~0.36 (~0.99, 0.27)
Vegetables (serving/day) 1.07 0.72 1.17 0.72 44 -0.42 678 -0.13 (-0.76, 0.50)
Sedentary (minutes/day) 541.78 64.67 560.36 16.87 39 -1.05 .300 -0.35(-0.99, 0.31)
Light (minutes/day) 36.96 12.04 33.46 8174 39 0.97 336 0.32 (~0.33,0.97)
MVPA (minutes/day) 55.53 19.46 59.70 15.65 39 -069 492 ~0.23 (~0.88, 0.42)
BMI z-score 0.20 1.01 0.83 0.58 44 -2.18 .034 -0.70 (-1.34, -0.51)
Number of meals (per day) 4.67 1.26 4.90 3.35 44 -0.35 732 -0.11 (-0.74, 0.52)
Final mealtime (per day) 19:57 1:30 20:15 1:38 44 -059 559 -0.19 (~0.80, 0.43)

*Significant (p < .05). P-values were determined by a series of independent samples t-tests to examine whether variables differed for early sleep timing vs late
sleep timing.

DLMO timing eat less fat but more protein and sugar. While previous literature may suggest that promoting earlier sleep
future studies are needed to understand how timing influences timing may potentially serve as an obesity prevention target
micronutrient pattern consumption, our findings paired with in adolescents.
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Table 5. Group differences in obesity-related outcomes among adolescents with CM vs circadian alignment

Aligned sleep (N = 18) Misaligned sleep

(N =25)
M SD M SD df t P Cohen’s d
Total energy (kcal/day) 1940.04 474.88 2391.81 673.45 40 -2.43 .020 -0.76 (-1.39,-0.12)
% Protein (g/kcal per day) 3.48 1.07 3.72 1.07 40  -0.73 467 ~0.23 (-0.84, 0.39)
% Fat (g/kcal per day) 3.93 0.49 4.00 0.81 40 -0.32 751 -0.10, (-0.71, 0.51)
% Carbohydrates (g/kcal per day) 13.02 1.59 12.64 1.93 40 0.07 .507 0.21 (-0.41, 0.82)
% Sugar (g/kcal per day) 5.26 1.15 5.65 1.86 40 -0.78 441 -0.24 (-0.86, 0.37)
% Added sugar (g/kcal per day) 0.75 0.31 0.79 0.34 40 -0.40 691 -0.16 (-0.74, 0.49)
Fruit (serving/day) 1.01 0.94 1.33 241 40 -0.54 594 -0.17 (-0.78, 0.45)
Vegetables (serving/day) 0.91 0.56 1.17 0.69 40 -1.26 213 -0.39 (-0.99, 0.22)
Sedentary (minutes/day) 528.00 77.16 562.63 2071 36 -1.98 056 ~0.65 (~1.30, -0.02)
Light (minutes/day) 39.02 13.73 33.27 829 36 1.60 119 0.52 (-0.13, 1.17)
MVPA (minutes/day) 61.47 19.59 53.26 17.81 36 1.35 185 0.44 (-0.21, 1.09)
BMI z-score 0.24 1.06 0.62 0.65 40 -1.45 154 -0.45 (-1.07,0.17)
Number of meals (per day) 4.38 0.86 4.90 2.74 40 -0.78 440 -0.24 (-0.86, 0.37)
Final mealtime (per day) 19:52 1:16 20:14 1:37 40 -0.78 443 -0.22 (-0.83, 0.40)

*Significant (p < .05). P-values were determined by a series of independent samples t-tests to examine whether variables differed for aligned sleep vs misaligned

sleep.

We also found that adolescents with CM were more likely to
consume ~450 more calories compared with adolescents with
circadian alignment. Previous manipulation studies have found
similar relationships between CM and overall caloric intake and
meal frequency in adults [21]. While we did not observe signifi-
cant changes in the percentage of macronutrient consumption
by daily caloric intake, additional research has demonstrated
that increased social jetlag, which may indicate risk for CM, is
related to higher sugar-sweetened beverage [50], fat and oil [51],
and unhealthy food consumption [52], as well as increased BMI
[52]. However, to the best of our knowledge, no other studies have
used gold-standard physiological measurements to determine
CM indexes to explore such relationships in adolescent groups.
These mixed findings suggest that future research on this topic
is warranted.

In a similar vein, adolescents with CM spent more time in sed-
entary behavior and less time in light physical activity compared
with adolescents with circadian alignment, though no differences
were noted across CM groups on physical activity. In adolescents
and adults, CM has been associated with physical activity lev-
els [21, 52], though fewer studies have explored the role of CM
on sedentary activity. Recent reviews have illustrated that poor
sleep may impact sedentary activity more directly than MVPA [18,
19]. Sedentary activity imparts a substantial risk for the devel-
opment of obesity, independent of physical activity levels, as it
significantly alters metabolic functioning [53, 54]. Given the pau-
city of research on CM and sedentary activity, future exploration
of the intersection of CM and sedentary behavior is especially
warranted.

Beyond timing and alignment, we also examined whether ado-
lescents meeting sleep recommendations [55] (i.e. obtaining an
average of 8 hours of sleep during the weekday) differed from
adolescents failing to meet this recommendation. We observed
that adolescents obtaining adequate sleep consumed more car-
bohydrates and more servings of fruit compared with adolescents
obtaining short sleep. While previous adolescent experimental
sleep restriction research has demonstrated that adolescents
consume more carbohydrates when undergoing sleep restriction

than when undergoing sleep extension [S6], these increases in
carbohydrates were accompanied by increases in foods higher in
a glycemic load. Our findings seem to suggest that adolescents
getting healthy sleep may consume more carbohydrates, but
rather than having these increases be driven by corresponding
increases in sugar/added sugar, their carbohydrate count may be
driven by increasing their fruit intake.

Over the past decade, there has been a call to move beyond
simply examining sleep duration and to rather evaluate multiple
dimensions of sleep and how they relate to health [57]. This study
highlights the justification for such a call, demonstrating that by
examining sleep from a multimodal perspective, we were able to
uncover unique mechanisms that link poor sleep to obesity-related
outcomes, namely CM and circadian timing. Furthermore, while
we observed that the amount of sleep adolescents engaged (i.e.
sleep duration) in influenced carbohydrate and fruit consumption,
it did not significantly relate to BMI, the majority of dietary out-
comes, or physical activity patterns. Instead, it appears that circa-
dian timing and CM held greater predictive validity for weight and
weight-related behaviors in adolescents. Previous literature has
posed that CM and circadian preference could be heavily related to
obesity risk due to several factors, including poorer inhibitory con-
trol (i.e. worse regulation over food choices and timing), emotional
reactivity (i.e. emotional eating), metabolic disturbances, snacking,
meal timing, meal skipping, and sedentary behaviors [58]. While
our findings are cross-sectional and did not examine mediating
factors, moderating factors, or causality, our findings affirm that
circadian timing and CM may be critical factors to examine when
seeking to better understand adolescent health.

Furthermore, these findings can directly inform prevention
models that aim to improve adolescent health and prevent obe-
sity. Unfortunately, most adolescent weight-related interven-
tions have not historically included sleep as a component of the
treatment [59], though there is evidence that adolescents with
better baseline sleep have increased weight loss outcomes fol-
lowing standard weight-loss interventions [60, 61]. Furthermore,
there is preliminary evidence that adolescent sleep timing may
be effectively advanced earlier into the morning particularly
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Table 6. Group differences in obesity-related outcomes among adolescents with short sleep vs adequate sleep

Short sleep (N = 31)

Adequate sleep (N = 16)

M SD M SD df t Cohen’s d
Total energy (kcal/day) 2151.16 669.94 2285.48 589.42 44 -0.67 .504 -0.21 (-0.82, 0.40)
% Protein (g/kcal per day) 3.67 1.09 3.23 0.92 44 1.37 179 0.42 (-0.19, 1.03)
% Fat (g/kcal per day) 4.04 0.41 3.88 0.95 44 0.76 448 0.24 (-0.37,0.85)
% Carbohydrates (g/kcal per day) 12.55 1.34 13.41 1.87 44 -1.81 .078 -0.56 (-1.17, 0.06)
% Sugar (g/kcal per day) 5.28 1.16 5.93 002 44  -1.39 172 ~0.46 (~1.08), 0.18)
% Added sugar (g/kcal per day) 0.79 0.30 0.81 035 44  -023 816 -0.07 (~0.68, 0.54)
Fruit (serving/day) 0.81 0.45 1.68 292 44 -162 113 -0.50 (-1.11,0.12)
Vegetables (serving/day) 1.00 0.66 1.27 077 44  -121 233 -0.37 (~0.98, 0.24)
Sedentary (minutes) 547.13 62.88 557.44 24.57 40 -0.55 .587 -0.19 (-0.86, 0.49)
Light (minutes) 34.02 11.35 37.68 13.23 40 -0.90 372 -0.31 (-0.98, 0.37)
MVPA (minutes) 58.08 20.46 58.34 12.90 40 -0.04 .968 -0.01 (-0.68, 0.66)
BMI z-score 0.55 0.82 0.22 1.11 44 1.17 250 0.37 (-0.26, 0.98)
Number of meals (per day) 4.78 2.43 4.46 1.43 44 0.49 626 0.15 (-0.46, 0.76)
Final mealtime (per day) 19:53 1:33 20:09 1:30 44  -056 573 -0.18 (~0.78, 0.43)

*Significant (p < .05). P-values were determined by a series of independent samples t-tests to examine whether variables differed for short sleep vs adequate sleep.

those with circadian phase delay [62-65] and that CM can be
diminished following adolescent sleep interventions [64, 66]. As
such, advancing the timing of adolescent sleep and decreasing
CM may serve as a salient intervention target for weight-related
interventions. One recent pilot study demonstrated that by
improving sleep by shifting bedtimes earlier, adolescents were
able to increase their consumption of low glycemic index foods
(e.g. fruits) and decrease the desire to consume higher glycemic
foods compared with adolescents who were unable to shift their
bedtime earlier [67]. These preliminary findings suggest that
future obesity prevention efforts should consider addressing CM
and sleep timing factors as part of intervention procedures to
improve dietary patterns and enhance weight-loss outcomes.
Our study holds multiple strengths that set it apart in the field
of adolescent sleep health research. This study is one of the first
endeavors to contrast how sleep duration and circadian factors
relate to physical health outcomes in adolescents, providing a
unique standpoint in adolescent health research and paving the
way for more nuanced studies in the future. Furthermore, the uti-
lization of gold-standard methodologies for both predictor and
outcome variables is a particular strength, including actigraphy,
DLMO, and direct measurements of height and weight. Reliance
on these methods reduces desirability bias in our participants.
However, this study is not without limitations. Due to the
study’s cross-sectional design, causal inferences cannot be made,
even as key trends are identified. Future research should con-
tinue to explore relationships between CM and obesity-related
outcomes in adolescents by using similar physiological measures
within experimental manipulation protocols. Additionally, while
dietary recalls have been shown to accurately represent macro-
nutrient intake in adults [34] and to be comparable to clinical
interviews in adolescents [35], they are also subject to difficul-
ties such as recall bias, underreporting, and misunderstanding of
instructions. Future studies may incorporate clinically adminis-
tered dietary interviews, photographic methods (taking pictures
before and after consumption), or using apps/technology to con-
tinuously monitor dietary intake to minimize errors associated
with self-reporting. Additionally, given this study’s explorative
nature, our sample size was comparatively small and underpow-
ered to detect small to medium effect sizes. Of note, our sample

was largely homogenous, composed of predominantly high-in-
come, white adolescents, which limits the generalizability of our
study, especially given that historically minoritized groups may
be especially at risk for poor sleep and obesity [68], particularly
among adolescents [69]. Additionally, by excluding adolescents
with obesity or severe sleep difficulty, we may have limited the
variability of our data (thus limiting our power) and the gener-
alizability of our research findings. Similarly, having adolescents
maintain a consistent bedtime/waketime in the 3 days leading up
to the DLMO appointment may have reduced our ecological valid-
ity, and not accounting for napping behaviors may have influ-
enced obesity-related outcomes. Finally, our use of dichotomizing
our predictor variables to examine group differences in obesi-
ty-related outcomes and having multiple comparisons limits our
statistical validity. Therefore, we encourage future research to use
larger sample sizes, account for multiple comparisons, seek to
include more diverse populations, minimize eating/sleep/activity
disruptions, and use longitudinal studies to evaluate these rela-
tionships continuously over time.

In conclusion, this study demonstrates that circadian factors
such as circadian timing and the presence of CM are unique pre-
dictors of obesity-related outcomes in healthy adolescents, beyond
sleep duration. Specifically, adolescents who have later circadian
timing are more likely to have a higher BMI than those with earlier
circadian timing and have altered macronutrient consumption.
Additionally, adolescents who are experiencing CM (compared with
adolescents who are relatively aligned to their circadian rhythms)
are more likely to consume more calories, spend less time in
light physical activity, and spend more time in sedentary activity,
compared with those who are experiencing circadian alignment.
Shorter sleep duration was also associated with less carbohydrate
and fruit consumption, compared with obtaining adequate sleep.
These findings give insight into potential mechanisms that link
poor sleep with obesity outcomes in adolescents.
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