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Abstract

Objective: To identify longitudinal bidirectional associations between unique sleep trajectories 

and obesity and hypertension among Black, adolescent girls.
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Design, setting, and participants: Longitudinal data were from a randomized controlled 

trial (2009–2013) implemented in schools serving low-income communities aimed at preventing 

obesity among adolescent girls (mean age = 12.2 y (SD ± 0.72).

Measures: Nocturnal sleep data were extracted from accelerometers at T1 (enrollment, n = 470), 

T2 (6-month, n = 348), and T3 (18-month follow-up, n = 277); height and weight were measured 

at T1–T3; and systolic/diastolic blood pressure (SDBP) at T1 and T3 using an oscillometric 

monitor. Multilevel models examined longitudinal associations. Finite mixture models identified 

sleep trajectory groups. Structural equation models examined whether T1 chronic disease risk 

predicted sleep profiles, and conversely, if sleep trajectories predicted T3 chronic disease risk. 

Data were analyzed in 2021.

Results: For each additional hour of sleep and 1% increase in efficiency there was a 7% 

lower risk of overweight/obesity at T1 and 6% lower risk at T2, but not at T3. Four sleep 

trajectories emerged: Worsened, Irregular, Improved, and Regular, with no demographic or 

metabolic differences between the trajectories. Improved sleep trajectory predicted lower diastolic 

percentile at T3 (b = −8.81 [95% CI −16.23, −1.40]).

Conclusions: Group-based trajectories of sleep duration and quality provide information on 

modifiable factors that can be targeted in interventions to evaluate their impact on reducing 

chronic diseases and addressing disparities. Additional research is needed on samples beyond 

those recruited in the context of an intervention study.
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Introduction

Insufficient sleep is common among adolescents, as most middle school-age (60%) and 

high school-age adolescents (78%) report sleeping less than the recommended 8 hours per 

night.1, 2 Adolescents experience changes in sleep patterns due to both biological factors, 

including delay in circadian rhythm with the onset of puberty3, and social factors such as 

early school start times, after school commitments (i.e. family, academic, vocational, and 

recreational activities) and increasing autonomy over bedtimes4, all of which may contribute 

to shorter sleep durations.

However, lack of routines, crowded housing, neighborhood noise and lighting, and crime 

are among the social and environmental determinants of insufficient sleep duration and poor 

quality that disproportionally impact adolescents of color and low socioeconomic status.5 

Black adolescent girls in the U.S. report shorter sleep durations6, have more fragmented 

sleep7, and disproportionally higher prevalence of obesity8 than White adolescent girls 

and are at greatest risk for hypertension in adulthood.9 Sufficient sleep is necessary for 

optimal daytime functioning, school performance, and wellbeing, thus placing adolescents 

from low-income backgrounds at higher risk for health disparities. Although most studies 

investigating health disparities compare outcomes across socioeconomic strata, studies that 
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examine the variability within low-income groups are necessary to avoid perceptions of 

stereotypic health behavior based on race, age, sex, or socioeconomic status.10

Short sleep duration and low sleep efficiency (i.e., the percentage of time spent awake 

between sleep onset and offset) are important dimensions of pediatric sleep health11 that 

may increase the risk of chronic diseases, such as obesity and hypertension.12 It has been 

suggested that poor sleep disrupts hormone regulation leading to an energy imbalance and 

changes in body composition.13 In turn, obesity may influence sleep through emotional 

regulation and stress.14 Stress and depressive symptoms may mediate the association 

between weight stigma and sleep.15 Furthermore, fat accumulation makes the upper airway 

vulnerable to collapse during sleep and can contribute to sleep disordered breathing, 

resulting in shorter and more fragmented sleep.16

A recent cross-sectional study found that sleep duration and efficiency, measured with 

accelerometry, were inversely associated with blood pressure among adolescents.17 

Consistent late bedtimes, paired with longer light exposure, might disrupt the secretion 

schedule of melatonin and potentially raise average 24-h blood pressure.18 Although 

reverse-causality may be possible, few studies explore whether high blood pressure can 

reduce sleep duration or efficiency. Results from a retrospective study showed that children 

with hypertension reported significantly more difficulty initiating sleep than children with 

normal blood pressure.19 Although causality cannot be inferred given the design of the 

referenced study, a possible mechanism for this association is that living with a chronic 

disease may act as a chronic stressor, thus disrupting sleep homeostasis.20

The directional and mechanistic longitudinal associations between sleep (duration and 

efficiency) and obesity and hypertension are complex and remain unclear.21 Furthermore, 

there is heterogeneity in sleep trajectories indicated by intraindividual variability of sleep 

patterns throughout adolescence.22 However, most research to date investigating changes in 

sleep over time uses population average trajectories23, assuming a uniform process in the 

development of sleep behavior and health outcomes.24

Theories of multiple developmental pathways propose dynamic differences in progression 

to health outcomes (e.g., sleep problems, or chronic risk).25 A person-centered approach 

with longitudinal data, such as finite mixture modeling, can represent heterogeneity in sleep 

trajectories by identifying groups of people who may have similar developmental pathways 

of sleep over time. Although some studies have identified different sleep trajectories among 

adolescents26, 27, they usually describe the trajectories based on one sleep dimension (e.g., 

duration) without linking the sleep patterns with health indicators. Identifying distinct sleep 

patterns, risk factors, and implications for later health outcomes among adolescents would 

allow programs to design tailored strategies that prevent chronic diseases and address health 

disparities.

This analysis remedies these gaps by analyzing longitudinal sleep behaviors among Black 

adolescent girls living in low-income, urban communities to examine the temporal relations 

among sleep (i.e., duration and efficiency), body mass index z-score (BMIz), overweight/

obesity, and systolic and diastolic blood pressure (SDBP). The aims of this study are:
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1. To examine the longitudinal relation between sleep habits (duration and 

efficiency) and chronic disease risk (BMIz, overweight or obesity, and SDBP).

2. To identify unique trajectories of sleep patterns during adolescence and 

determine the bidirectional association between unique trajectories of sleep 

patterns and chronic disease risk.

Methods

Design.

Longitudinal data were from participants in Challenge! In Middle Schools, a multilevel 

school-based randomized controlled trial aimed at improving diet and physical activity using 

a mentorship model in schools serving low-income, urban communities.28 The intervention 

was implemented over four years (2009–2013). Data collection occurred at three time points 

within each cohort: Time 1 (enrollment, fall), Time 2 (6-month follow-up, spring), and Time 

3 (18-month follow-up, spring).

Study Sample.

The parent study enrolled 22 middle schools in a large urban public school district located 

within seven miles of a YMCA, with predominantly Black students (70%), and majority 

(75%) eligible for free/reduced priced meals. Within each school, 20–40 adolescent girls in 

6th and 7th grades who were able to participate in a physical education class, and whose 

parent/caregiver reads English were recruited to participate through mailings or in-person 

during lunch shifts. A total of 789 girls enrolled in the study. There were no weight 

inclusion/exclusion criteria. Adolescent girls signed a written informed assent. Adolescents’ 

primary caregivers signed a written informed consent. The study protocol was approved by 

the Institutional Review Boards (HP-00040540) at both the University and the city public 

school system where the study took place.

Intervention.

In the multi-level intervention, schools were randomized to a school–wide intervention 

vs. control (1:1 randomization ratio). The school-wide intervention developed strategies to 

encourage physical activity and healthy eating throughout the school. Participating 6th and 

7th grade girls in both intervention and control schools were randomized to small groups 

that addressed either physical activity and nutrition (small-group intervention) or stress-

reduction (control). Thus, there were four-level intervention groups with approximately 

25% of sample in each: school-wide only, small group only, both school-wide and small 

group, and neither. Sleep was not incorporated into either the school-wide or small group 

interventions. At the conclusion of the trial, there were no significant changes in BMIz, the 

prevalence of obesity, or in body composition attributed to either the school-wide or small 

group interventions.

Trude et al. Page 4

Sleep Health. Author manuscript; available in PMC 2022 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Measures

Overweight and Obesity.

Height and weight were measured at three time points using a portable stadiometer (Shorr 

Productions, Olney, MD) and a weight scale (Tanita TBF-410, Arlington Heights, IL) to 

the nearest 0.1 cm and 0.1 kg in triplicate and then averaged. Participants were measured 

with their shoes removed and light clothing. BMI-for-age and -sex specific z-scores were 

calculated and compared to the CDC growth charts. Overweight or obesity were defined as 

BMI-for-age > 1 z-score.

Systolic and Diastolic Blood Pressure.

Blood pressure (systolic and diastolic) was objectively measured at two time points (Time 1 

and 3) using a validated digital oscillometric blood pressure monitor (Omron, HEM-907XL, 

Bannockburn, IL). Blood pressure was measured at least twice, between a three-minute rest, 

and then averaged with the participant in a seated position and right arm in an extended 

position resting at heart level with palm facing up. Age-, gender- and height-specific SDBP 

percentile were calculated following national standards normalized for U.S. adolescents.29 

Prehypertension was defined as having systolic or diastolic blood pressure at or above the 

90th percentile.

Accelerometry.

A subset of participants was selected using a randomization procedure to wear an Actical 

accelerometer (n=556), a widely used and validated proxy for sleep.30 Adolescent girls wore 

an omnidirectional accelerometer (Actical; Respironics, Inc.; Bend, OR) for at least seven 

days on their non-dominant ankle with a non-removable hospital band (i.e., no nonwear 

time) at three time points (Times 1–3).31 Data from Actical were collected in 60-second 

epochs (time-sampling intervals) detecting movement in the 0.5- to 3.0-Hz range.

Sleep Metrics.

Sleep and wake measures were estimated from accelerometer data using the validated 

American Sleep Association (ASA) Sadeh algorithm for adolescents32 based on a wake 

threshold of 40 (medium sensitivity). Only complete days (i.e., full 24-hr periods) with a 

daily average of 80 counts/minute, and at least three nights/assessment33 were included in 

the analysis. Data were truncated after seven days (totaling maximum of 6 nights).

Sleep onset was defined as the first of ten continuous minutes scored as sleep based on 

the algorithm occurring between 7:00 p.m. and 5:00 a.m. next day to capture delayed sleep 

schedules. Sleep offset was the last minute of sleep followed by ten continuous minutes 

of awake34, and could occur anytime between 5:00 a.m. and 1:00 p.m. Nocturnal sleep 
was the sum of minutes scored as sleep from sleep onset to sleep offset, converted into 

hours. Wake time after sleep onset (WASO) was the number of wake minutes between sleep 

onset and offset. Sleep efficiency was the percentage of nocturnal sleep minutes out of the 

total sleep period. Supplemental Figure 1 illustrates the participant flow from the baseline 

sample, visual inspection, reasons for nights excluded, and final analytical sample. Only 3 

adolescents had missing sleep onset/offset, thus cut-offs were deemed plausible.
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Covariates.

Sociodemographic characteristics were collected at Time 1. Age was calculated in years 

using dates of birth and interview and treated as a continuous variable. Caregivers reported 

household size and annual household income (US$) via a self-administered questionnaire 

sent by mail. The income-to-poverty ratio was calculated using the weighted average poverty 

thresholds by the U.S. Census Bureau specific to each cohort (2009–2013). A poverty ratio 

below 1 indicates that the average income for each respective family size is below the 

federal poverty threshold.

At every time point (T1–3), the two-item Tanner scale was used to assess puberty 

development. Girls reported sexual maturation on a scale from 1–4 for breast and pubic. 

Higher scores denoted more maturation. The average of the two-item Tanner scale was used 

as a time-varying covariate.

Moderate-to-vigorous physical activity (MVPA) data were extracted using Actical 

accelerometer and reduced using Actiware 9.0. Validated thresholds for MVPA were 

applied35, yielding minutes of MVPA per day.

Statistical Analysis.

All analyses were conducted using Stata SE 16.1 software (StataCorp, College Station, TX, 

USA). For all analyses, statistical significance was defined by a p-value of <0.05.

Multilevel models assessed the longitudinal associations between sleep parameter (time-

variant, independent variable) and chronic disease risk factors (i.e., BMIz, overweight/

obesity, and SDBP), using full-information maximum likelihood estimation with a 

random intercept to account for repeated measures over time (ICCBMIz = 0.96; 

ICCoverweight/obese=0.61; ICCsystolic = 0.48, ICCdiastolic = 0.47) and clustering of students 

within school (ICCBMIz = 0.006; ICCoverweight/obese=0.008; ICCsystolic = 0.09, ICCdiastolic 

= 0.11). To assess whether the association varied over time, an interaction term between 

time of assessment (T1–T3) and sleep parameters were included in all models. For 

the categorical outcome (overweight/obesity), multilevel models with Poisson distribution 

were conducted. Cohen’s f2 effect size was calculated to estimate the magnitude of the 

longitudinal association between sleep and chronic disease risk factors, allowing for a direct 

comparison of the two regressors.

Adolescents’ sleep trajectories were identified using a group-based trajectory model (finite 

mixture model) based on two adolescent-level mean sleep parameters (i.e., nocturnal sleep 

hours and sleep efficiency), assessed longitudinally. Akaike information criterion (AIC) 

statistic for model fit, the Bayesian information criteria (BIC), entropy, interpretability of 

the trajectories, and percentage of sample in the smallest profile were used to identify the 

number of trajectories. A restriction requiring at least 5% per trajectory was implemented 

to avoid small group sizes. Then, adolescents were assigned to a mutually exclusive 

trajectory based on the individual’s maximum posterior probability. To assess the potential 

bidirectionality of the association between sleep trajectories and chronic disease risk 

factors, structural equation models with linear response variables (or Poisson for categorical 

outcome) were employed to examine if chronic disease risk factors at T1 were associated 
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with sleep trajectory at T3 and conversely, generalized structural equation modeling with 

multinomial logistic models examined whether sleep trajectory at T1 was associated with 

later chronic disease risk factors at T3 (BMIz, SDBP).

Inverse probability weighting (IPW) was used to address potential bias due to loss to 

follow-up and to correct for the effects of missing data using the pweight option in 

Stata. For all analyses, there was no significant effect by intervention group on the 

association between sleep and chronic disease risk, nor was there baseline differences in 

sleep between the 4-level intervention groups, thus intervention group was treated as a 

covariate in all models. For the most parsimonious model, the following covariates were 

selected: adolescent’s school grade (categorical), Tanner score (continuous, time-varying), 

cohorts of data collection (2009–2013), moderate-to-vigorous physical activity (minutes), 

and intervention group (time invariant). Covariates were chosen based on associations 

reported previously and significant associations with sleep and chronic disease risk factors.

Results

On average, at Time 1, adolescent girls were 12.15 years old (± 0.72) and most were at 

tanner stage of 3 (mean 3.2 points ± 0.96) (Table 1). Two percent were prehypertensive 

(systolic or diastolic blood pressure at or above 90th percentile) and 47.8% had overweight 

or obesity. On average, adolescent girls had 4.8 nights of valid sleep data (min: 3, max: 

6), slept for 7.9 hours, average WASO of 67 minutes, and sleep efficiency at 87.9%. Sleep 

efficiency decreased by 1.45% and WASO increased by six minutes over time (p = 0.005) 

in unadjusted growth mixture models (Table 1). There were no statistically significant 

differences between the analytical sample and all available data (Supplemental Table 1).

Longitudinal associations between sleep and chronic disease risk factors

The magnitude of the longitudinal associations between sleep and chronic disease risk 

factors was larger in models treating sleep parameters as predictors of health outcomes 

(Supplemental Table 2). Longer sleep duration and higher efficiency were associated with 

lower risk for having overweight/obesity at Time 1 and 2, but not at Time 3 (Table 2). For 

each one-minute increase in nocturnal sleep duration, there was a 7% lower risk for having 

overweight or obesity at Time 1 (RR = 0.93 [95% CI 0.89, 0.97]) and 6% lower risk at Time 

2 (RR = 0.94 [95% CI 0.91, 0.96]), but not at Time 3 (RR = 0.99 [95% CI 0.96, 1.03]). 

Similarly, for each one-percentage increase in sleep efficiency, there was a 1% lower risk 

for having overweight/obesity at Time 1 and 2 (RR = 0.99 [95% CI 0.98, 0.99]), but not 

at Time 3 (RR = 0.99 [95% CI 0.99, 1.01]). Longer sleep duration was cross-sectionally 

associated with lower BMIz (b = −0.03 [95% CI −0.06, −0.01]), and systolic percentile (b 

= −1.42 [95% CI −2.75, −0.10]), but not longitudinally. Similarly, greater sleep efficiency 

was associated with lower BMIz (b = −0.003 [95% CI −0.006, −0.001]) at Time 1, but not 

at Time 2 and 3. WASO did not predict any chronic disease risk outcomes. Sleep duration, 

WASO, nor efficiency predicted diastolic percentile in the person-centered models.
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Adolescent Sleep Trajectory

Results of the finite mixture model following the statistical criteria illustrated in the 

Supplemental Table 3 indicated a four-sleep trajectory solution: 1) worsened sleep pattern 

with decrease in sleep duration and efficiency over 18-months of assessment (Worsened, 

12.3% of the sample); 2) irregular sleep pattern with high variability in sleep duration and 

efficiency over time (Irregular, 10.0%); 3) improved sleep pattern with increase in sleep 

duration and efficiency over time (Improved, 6.5%); 4) regular sleep pattern over time with 

low variability in sleep duration and efficiency (Regular, 71.2% of the sample) (Figure 1). 

Girls in the Improved trajectory had a greater mean Tanner score at T1 (3.4 ± 1.1) compared 

to girls in the Worsened trajectory (mean = 3.2 ± 0.9) (p-value for mixed level model < 

0.001) (Supplemental Table 4).

Associations between chronic disease risk factors with sleep trajectory

Girls in the Improved sleep trajectory had the lowest sleep duration (M = 5.1 ± 1.3) at Time 

1 and maintained an eight-hour average sleep duration for Times 2 and 3 (Supplemental 

Table 5). Chronic disease risk at Time 1 did not predict sleep trajectory at Time 3. 

Adolescents in the Improved sleep trajectory presented reduction in diastolic-for-age by 

8.8 percentile (95% CI: −16.23, −1.40) at Time 3, after controlling for demographics, 

intervention group, BMIz, and diastolic percentile at enrollment (Table 3). Statistical 

significance remained after Bonferroni corrections for multiple testing. Sleep trajectories 

at time 1 did not predict BMIz, overweight/obesity, nor systolic percentile at Time 3.

Discussion

Three major findings emerged from this longitudinal investigation of associations between 

sleep parameters and chronic disease risk factors among Black adolescent girls from a 

predominantly low-income background. First, greater sleep duration was associated with 

lower chronic disease risk cross-sectionally (Time 1), and greater sleep duration and 

efficiency were associated with lower risk for having overweight/obesity over time. Second, 

four trajectories of sleep were identified. Third, chronic disease risk did not predict sleep 

trajectories, although Improved sleep trajectory (sleep duration and efficiency) predicted 

reduction in diastolic-for-age percentile at Time 3, after accounting for diastolic measures 

and BMIz at enrollment.

Both variable-centered and person-centered approaches consistently indicated that sleep 

predicted chronic disease risk, but not the other way round. Despite the increased 

importance of sleep on cardiovascular health, clinical and public health guidelines (e.g., 

American Heart Association Life’s Simple 7®) do not routinely promote sleep as a 

protective behavioral factor. In this study, longer and more efficient sleep was cross-

sectionally associated with lower BMIz and SDBP and longitudinally with lower risk for 

having overweight/obesity, even after accounting for physical activity. The findings from 

this investigation are consistent with many reviews and meta-analysis demonstrating the 

protective role of sleep on chronic disease risk in adolescents.36
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The Improved sleep trajectory was associated with lower diastolic blood pressure percentile 

at Time 3, independent of age, puberty stage, intervention group, BMIZ, and physical 

activity level. This is an encouraging finding, meaning that interventions to improve sleep 

behaviors during adolescence may have a positive influence on cardiovascular health. 

Although the underlying mechanism for the association between short sleep duration or 

efficiency and high blood pressure is not fully understood, it has been hypothesized 

that short sleep duration may influence cardiometabolic factors through inflammatory 

mechanisms.37 Habitual short sleep duration has been shown to increase free fatty acids 

in plasma, which would in turn increase mitochondrial uncoupling, causing a reduction in 

high-energy phosphate level, manifested as diastolic dysfunction.38 Thus, a longer duration 

of nocturnal sleep with greater efficiency could decrease free fatty acids in plasma and 

influence average blood pressure, especially diastolic blood pressure.38 More clinical studies 

are needed to confirm the potential biological mechanism of sleep on blood pressure.

Other studies evaluating sleep duration trajectories among adolescents classified most 

individuals as having a reduction in sleep duration over time.27 However, in this study, the 

majority was classified into the Regular trajectory; perhaps the 18-month follow-up period 

did not capture the sleep reduction that often occurs with pubertal onset and psychosocial 

alterations.3, 4 Conversely, results from the variable-centered approach indicated that 

efficiency, as opposed to duration of sleep, decreased over time. In the present study, girls 

who had a Worsened and Irregular sleep trajectories had a significant variation in sleep 

duration and efficiency over time, possibly due to lack of sleep routines (e.g., irregular 

bedtimes). Consistent bedtime is an important protective factor to prevent weight gain, 

especially in the context of poverty.39

Both sleep duration and efficiency were longitudinally associated with lower risk for 

having overweight/obesity. Most studies on sleep among adolescents have been cross-

sectional34 and used self-reported sleep.27 However, meta-analyses of prospective studies 

have consistently shown the inverse association between sleep duration and weight gain 

among children and adolescents.40 Of note, sleep duration nor efficiency were associated 

with chronic disease risk at the 18-month assessment (Time 3). The lack of the long-term 

association could be due to the loss to follow-up, leading to a reduced statistical power 

to detect true differences. Other studies could replicate these findings in other samples of 

adolescents that are followed up over 18 months, while examining potential moderators 

(e.g., individual-level factors such as stress and environmental-level factors such as school 

start time). Contrary to what was observed in the variable-centered approach, the trajectory 

of sleep duration and efficiency over time did not predict chronic disease risk, like 

overweight/obesity, but predicted lower diastolic percentile. Girls in the Worsened trajectory 

had a significant decrease in sleep duration and efficiency between the two follow-ups, 

which may not have been enough time to influence chronic disease risk.

A major strength of this study was the use of objectively measured sleep quantity 

(duration), efficiency, and chronic disease risk factors (BMIz and blood pressure) analyzed 

longitudinally. Further, a person-centered approach was used to identify groups of 

adolescent girls sharing similar developmental pathways of sleep longitudinally. This is a 
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relatively novel method in sleep research and is typically characterized by higher levels of 

statistical power than comparable traditional methods applied to the same data.

The use of group-based trajectory modeling comes with some limitations. Misclassification 

can occur in assigning trajectory membership. Irregular and Improved trajectories 

represented a small percentage of the population, although many studies identifying 

trajectories typically require at least 5% of the population per group. This was a secondary 

analysis with various exposures being tested and it is possible that type I error inflation was 

present. Although this study examined important domains of pediatric sleep such as duration 

and efficiency, future studies should consider additional domains such as satisfaction, 

napping, timing, and sleep routines.11 Furthermore, the presented analysis incorporated 

weekend sleep into sleep measurements, given that most sleep data available were collected 

during weekdays (65%). Future studies should examine potential differences in sleep 

between weekday versus weekend among adolescents. Accelerometers are commonly used 

in population-based studies; however, they are less precise than the gold standard (PSG). 

Actical, placed on the wrist or ankle, yields similar or high intraclass correlation compared 

to PSG in sleep latency, total sleep time, and sleep efficiency. Environmental factors known 

to influence sleep such as housing conditions and temperature control, room-sharing, and 

screen use, as well as psychological factors such as stress, depression, and anxiety, were 

not evaluated. Obstructive sleep apnea syndrome is also known to impact sleep duration and 

efficiency and it should be measured in future studies. Seasonality is unlikely to have played 

a role in our study, as Actical data were collected when school was in session and not during 

periods of extreme weather conditions (Summer or Winter) or holiday breaks. Participant 

loss is a limitation, although attrition rate was typical of expectations in community- 

and school-based intervention trials. To address potential selection bias, IPW and full-

information likelihood estimation models were employed in all analyses. Lastly, although 

the parent study recruited adolescent from schools serving low-income communities, almost 

half of the sample had a family income-to-needs ratio > 1.0. However, data on household 

income were limited and self-reported by only 56% of the adult caregivers. Thus, poverty 

level may be underestimated. Additional clinical research is needed on samples of color and 

of low-income backgrounds, beyond those recruited in the context of an intervention study.

Conclusions

In summary, greater sleep duration and efficiency were longitudinally associated with lower 

risk of having overweight/obesity among a sample of Black adolescent girls. Girls followed 

four unique sleep trajectories through adolescence: Worsened, Decreased, Improved, and 

Regular. When linking sleep trajectories with health indicators, girls who improved sleep 

duration and efficiency over time also improved their blood pressure profile. Determining 

the sources of vulnerability in health behaviors experienced within each of these groups, 

such as short sleep duration and low sleep efficiency, provides opportunities to intervene 

to disrupt chronic disease risk and address disparities. Future interventions could aim to 

promote both sleep duration and sleep consolidation by employing multilevel preventive 

strategies to improve both individual-level factors (i.e., sleep hygiene) and social and 

environmental factors (i.e., noise, light, school start time) and test the effect on weight 

gain and blood pressure in adolescents.
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Figure 1. 
Four profile trajectory solution of the group-based trajectory model of quality (efficiency) 

and duration (hours) of nocturnal sleep.
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Table 1.

Descriptive information on adolescent characteristics, cardiometabolic outcomes, and sleep measures of 

analytical sample.

Time 1 Time 2 Time 3 Change over time (p-

value)
6

Adolescent characteristics n Mean (SD) n Mean (SD) n Mean (SD)

 Age (years) 464 12.1 (0.7) 348 12.6 (0.7) 276 13.2 (0.7) <0.001

 School grade 464 6.4 (0.5) 348 6.5 (0.5) 276 7.4 (0.5) <0.001

 Tanner score
1 420 3.2 (0.9) 326 3.5 (0.9) 264 3.6 (0.9) <0.001

 Race Black (%) 470 100.0

 Poverty ratio (<1.0) (%)
2 113 51.1

Chronic disease risk outcomes

 Body mass index (z-score)
3 464 0.9 (1.0) 348 1.0 (1.0) 276 0.9 (1.1) 0.827

 Systolic blood pressure (mmHg, Average) 449 104.4 (9.8) -- -- 276 106.5 (9.2) 0.275

 Diastolic blood pressure (mmHg, Average) 449 59.7 (7.9) -- -- 276 60.1 (8.0) 0.673

 Systolic blood pressure (percentile) 449 39.9 (23.3) 276 38.1 (23.2) 0.902

 Diastolic blood pressure (percentile) 449 44.9 (27.8) -- -- 276 46.2 (25.9) 0.933

 Overweight or obese (%) 222 47.8 172 49.4 131 47.5 0.371

 Prehypertensive
4
 (%) 7 1.6 -- -- 5 1.8 0.913

Sleep parameters 470 349 276

 Total number of nights 4.8 (0.7) 4.7 (0.6) 4.7 (0.5) 0.010

 Nighttime sleep (hours) 7.9 (1.2) 7.6 (1.5) 7.8 (1.6) 0.092

 WASO (minutes) 66.8 (49.1) 76.3 (46.6) 80.5 (50.8) 0.005

 Sleep efficiency (%)
5 87.9 (8.6) 85.4 (10.9) 84.9 (10.9) 0.002

Abbreviations: SD (standard deviation); WASO (wake after sleep onset)

-- Not measured at Time 2 assessment.

Time 1 (enrollment), Time 2 (6-month follow-up), Time 3 (18-month follow-up)

1
Mean score of the two Tanner items breast and pubic

2
The income-to-poverty ratio was calculated according to the U.S. Census Bureau, Weighted Average Poverty Thresholds, 2009–2012. Annual 

household income was reported by adolescent’s caregiver (n = 261)

3
Body mass index was calculated for age- and sex-specific z-score according to the CDC Child Growth Reference for girls.

4
90th percentile for either SBP or DBP

5
% of time asleep during sleep period

6
P-value for change over time was derived from multilevel growth models (unadjusted)
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Table 2.

Associations between sleep behavior and chronic disease risk factors among adolescents across three time 

points.

Body mass index z-score (BMIz) as chronic disease risk outcome

Model
a Metabolic outcome

Difference in beta 
between time 1 and 
time 2

Difference in beta 
between time 1 and time 
3

Difference in beta 
between time 2 and 
time 3

Cohen’s f2 

effect size

Time-variant 
predictors b (95% CI) p-value b (95% CI) p-value b (95% CI) p-value b (95% CI) p-value

Sleep hours

 Time 1
−0.033 
(−0.054, 
−0.012)

0.002 Reference Reference 25.80

 Time 2
−0.002 
(−0.017, 
0.012)

0.751 0.031 (0.011, 
0.050) 0.002 Reference

 Time 3
0.004 
(−0.025, 
0.032)

0.808 0.036 (0.012, 
0.061) 0.004

0.006 
(−0.020, 
0.032)

0.656

WASO

 Time 1
0.000 
(−0.000, 
0.001)

0.143 Reference Reference 25.54

 Time 2
0.000 
(−0.000, 
0.001)

0.358
−0.000 
(−0.001, 
0.001)

0.687 Reference

 Time 3
0.000 
(−0.001, 
0.001)

0.599
−0.001 
(−0.001, 
0.000)

0.080
−0.000 
(−0.001, 
0.000)

0.247

Sleep efficiency

 Time 1
−0.003 
(−0.006, 
−0.001)

0.012 Reference Reference 25.67

 Time 2
−0.001 
(−0.003, 
0.001)

0.307
0.002 
(−0.001, 
0.005)

0.123 Reference

 Time 3
0.001 
(−0.003, 
0.004)

0.769 0.004 (0.001, 
0.007) 0.025

0.002 
(−0.002, 
0.005)

0.304

Overweight or obesity as chronic disease risk outcome

RR (95 % 
CI) p-value RR (95% 

CI) p-value RR (95% CI) p-value RR (95% 
CI) p-value

Sleep hours

 Time 1 0.931 (0.897, 
0.966) <0.001 Reference Reference 0.001

 Time 2 0.941 (0.919, 
0.964) <0.001 1.020 (0.921, 

1.119) 0.689 Reference

 Time 3 0.996 (0.957, 
1.036) 0.839 1.140 (1.009, 

1.271) 0.031 1.118 (1.020, 
1.216) 0.013

WASO

 Time 1 1.001 (1.000, 
1.002) 0.117 Reference Reference −0.001
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 Time 2 1.001 (1.000, 
1.002) 0.059 1.001 (0.998, 

1.003) 0.674 Reference

 Time 3 1.001 (1.000, 
1.002) 0.146 1.000 (0.998, 

1.002) 0.605 1.000 (0.998, 
1.002) 0.786

Sleep efficiency

 Time 1 0.994 (0.989, 
0.998) 0.010 Reference Reference 0.001

 Time 2 0.993 (0.989, 
0.997) 0.001 0.999 (0.986, 

1.013) 0.936 Reference

 Time 3 0.997 (0.990, 
1.003) 0.313 1.005 (0.991, 

1.020) 0.470 1.006 (0.993, 
1.018) 0.355

Systolic blood pressure percentile as chronic disease risk outcome

b (95 % CI) p-value b (95% CI) p-value

Sleep hours

 Time 1
−1.424 
(−2.748, 
−0.101)

0.035 Reference 0.26

 Time 3
1.099 
(−1.059, 
3.256)

0.318
2.630 
(−0.180, 
5.440)

0.067

WASO

 Time 1
0.008 
(−0.027, 
0.042)

0.667 Reference 0.25

 Time 3
−0.038 
(−0.092, 
0.016)

0.166
−0.046 
(−0.099, 
0.007)

0.089

Sleep efficiency

 Time 1
−0.085 
(−0.295, 
0.124)

0.423 Reference 0.24

 Time 3
0.137 
(−0.204, 
0.477)

0.431
0.222 
(−0.159, 
0.603)

0.253

Diastolic blood pressure percentile as chronic disease risk outcome

b (95 % CI) p-value b (95% CI) p-value

Sleep hours

 Time 1
0.091 
(−1.399, 
1.582)

0.904 Reference 0.25

 Time 3
−0.589 
(−2.642, 
1.464)

0.574
−0.680 
(−3.229, 
1.868)

0.601

WASO

 Time 1
0.022 
(−0.024, 
0.068)

0.345 Reference 0.27

 Time 3
0.036 
(−0.007, 
0.079)

0.102
0.014 
(−0.045, 
0.073)

0.646

Sleep efficiency

 Time 1
−0.103 
(−0.364, 
0.158)

0.439 Reference 0.27
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 Time 3
−0.196 
(−0.439, 
0.047)

0.113
−0.093 
(−0.403, 
0.217)

0.556

Abbreviations: CI (confidence interval), WASO (wake after sleep onset) b represents the average marginal effect of change in BMIz that is 
produced by a 1-unit increase in sleep at a given time point.

RR represents the exponentiated Poison coefficient (relative risk) for 1-unit increase in sleep at a given time point. Time 1 (enrollment), Time 2 
(6-month follow-up), Time 3 (18-mo follow-up)

a
Hierarchical models controlled for adolescent’s school grade (6th to 7th), minutes of moderate-to-vigorous physical activity, Tanner score, cohort 

of data collection (2009–2012), and intervention group. (n=547)
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Table 3.

Association between chronic disease risk factors (body mass index z-score, overweight/obesity, systolic and 

diastolic percentile) with sleep trajectory

BMIz Overweight or obesity Systolic percentile Diastolic percentile

Cardiometabolic (Time 1) → sleep trajectory
a

RR (95 % CI) p-value RR (95 % CI) p-value RR (95% CI) p-value RR (95% CI) p-value

Regular Reference Reference Reference Reference

Worsened 0.93 (0.67, 1.30) 0.689 0.99 (0.97, 1.01) 0.160 0.89 (0.45, 1.78) 0.763 0.99 (0.98, 1.01) 0.259

Irregular 0.75 (0.53, 1.05) 0.098 1.01 (0.99, 1.01) 0.445 1.01 (0.40, 1.68) 0.591 1.01 (0.99, 1.01) 0.599

Improved 1.05 (0.69, 1.61) 0.795 1.01 (0.98, 1.01) 0.591 0.99 (0.66, 3.56) 0.320 0.99 (0.98, 1.01) 0.737

Sleep trajectory → cardiometabolic (Time 3)
b

b (95% CI) p-value RR (95% CI) p-value b (95% CI) p-value b (95% CI) p-value

Regular Reference Reference Reference Reference

Worsened −0.04 (−0.20, 
0.10) 0.564 0.96 (0.69, 1.32) 0.795 −4.70 (−13.43, 

4.02) 0.291 −0.33 (−7.55, 6.88) 0.928

Irregular −0.01 (−0.12, 
0.11) 0.970 0.96 (0.75, 1.22) 0.736 1.94 (−6.08, 9.97) 0.634 −2.67 (−11.56, 

6.21) 0.555

Improved −0.01 (−0.13, 
0.12) 0.867 0.95 (0.72, 1.26) 0.742 −4.80 (−17.26, 

7.65) 0.450 −8.81 (−16.23, 
−1.40) 0.020

Abbreviations: BMIz (body mass index z-score); RR (relative risk ratio); b (regression coefficient); CI (confidence interval);

RR represents the exponentiated multinomial or Poison coefficient (relative risk) for one unit increase in cardiometabolic variable for the worsened 
or irregular trajectory relative to the regular trajectory (reference)

b represents the change in the metabolic outcome that is produced by a sleep profile compared to regular trajectory (reference)

Regular = Regular sleep trajectory; Worsened = Worsened sleep profile trajectory; Irregular = Irregular sleep trajectory; Improved = Improved sleep 
trajectory

a
Generalized structural equation with multinomial logistic models with full information maximum likelihood estimation corrected missing data 

using the inverse probability weighted method controlled for adolescent’s age at baseline, Tanner score (baseline), moderate-to-vigorous physical 
activity (baseline), and intervention group; n = 464. Systolic and Diastolic Percentile models were further controlled for body mass index z-score at 
baseline.

b
Structural equation with linear response variables (or Poisson for categorical outcome) and full information maximum likelihood estimation 

controlled for adolescent’s cardiometabolic factor at baseline, age at baseline, Tanner score (baseline), moderate-to-vigorous physical activity 
(baseline), and intervention group; n = 464. Systolic and Diastolic Percentile models were further controlled for body mass index z-score at 
baseline.
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