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Abstract

Purpose: Emerging data indicate that the timing and rhythms of energetic behaviors may 

influence metabolism and obesity risk. Our aim was to derive diurnal rest-activity patterns from 

actigraphy in adolescents and analyze associations with adiposity measures and cardio-metabolic 

risk factors.

Methods: Adolescents in the Project Viva cohort wore a wrist actigraph over seven days. We 

derived markers of daily rest-activity patterns from actigraphy using non-parametric models, 

generating measurements of relative amplitude (RA). RA reflects the normalized difference in 

activity measured during the most active 10-hour period and the least active 5-hour period, 

averaged over multiple 24-hour periods. Using multivariable-adjusted linear regression models, we 

estimated associations of RA and its components with markers of adiposity (body mass index, 

waist circumference, skinfolds, dual-energy X-ray absorptiometry fat mass) and cardio-metabolic 

health (cardio-metabolic risk score, derived as the mean of five sex-specific internal z-scores for 

waist circumference, systolic blood pressure, HDL-cholesterol scaled inversely, and log-

transformed triglycerides and HOMA-IR).

Results: 778 adolescents provided at least five days of valid actigraphy data. The average age 

was 13.2 (±0.9) years, 52% were female and the average RA was 0.9 (±0.1). A higher RA 

reflecting higher activity during wakefulness and lower activity during the night was associated 

with more favorable indices of adiposity (e.g. −0.35 kg/m2 lower BMI per each 0.04 units 

increment of RA; 95% CI: −0.60, −0.09).

Conclusions: In this large sample of adolescents, a higher RA emerged as a novel biomarker, 

associated with more favorable cardio-metabolic profiles.

Keywords
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Introduction

Obesity is prevalent in more than 20% of US adolescents ages 12 to 19 years. Obesity that 

begins during adolescence increases the risk of obesity and its complications later in life (1). 

Adolescence is also a particularly critical developmental period for the emergence of 

behaviors that increase risk for obesity; therefore, identification of new behavioral risk 

factors could provide novel intervention targets. Both sleep duration and physical activity 

have been identified as modifiable risk factors for obesity (2, 3). There is also an emerging 

literature demonstrating a relationship between the timing of sleep and weight regulation in 

children and adolescents (4). In addition, irregular sleep patterns and circadian misalignment 

are risk factors for obesity in children and adolescents (5–8) and may be inter-related to 

sleep-wake activity patterns.

While both activity and sleep play key roles in energy metabolism through physiological as 

well as behavioral mechanisms (9, 10), little is known regarding the combined effect of 

activity and sleep in adolescents across 24-hour-periods on risk factors associated with 

adiposity.
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Actigraphy is an objective method for estimating patterns of activity and sleep in large 

cohorts and can be used to derive reliable estimates of 24-hour rest-activity rhythms (11). 

We used actigraphy data to estimate relative amplitude (RA), a composite measure of the 

strength of rest and activity rhythms over a 24-hour day that has previously been associated 

with body mass index (BMI) among adults (12). RA reflects the difference between the most 

active 10-hour period and the least active 5-hour period. It is a marker that captures four 

dimensions: the timing and average level of activity during sleep and also during the day, 

with a normalized value between 0 and 1. A higher RA is indicative for more restful sleep, 

higher activity during the day, but also stronger rhythm or rhythm fit (more robust rhythms 

have a higher RA). It provides a normalized value that allows comparison between 

individuals (13). Our overall objective was to test if RA and its components could provide 

informative markers reflective of energetic behaviors over the day and night (activity and 

rest), as well as indices of rest-activity timing and rhythm strength, that associate with 

obesity-related health outcomes. We hypothesized that an earlier timing of peak activity and 

rest periods and greater difference in the amplitude of activity in the active and rest periods 

(i.e., an overall stronger rest-activity patterns, or RA) would be associated with a lower BMI 

and more favorable markers of adiposity and cardio-metabolic function in community-

dwelling adolescents. We analyzed data from Project Viva, a Boston-area cohort that 

included comprehensive actigraphy and cardio-metabolic measurements on 769 adolescents, 

ages 11 to 16 years.

Methods

Participants

Project Viva is a longitudinal pre-birth cohort study of 2,128 children and their mothers. 

Data collection started in 1999, when Project Viva recruited pregnant women at in-person 

visits in the first trimester of pregnancy from Atrius Harvard Vanguard Medical Associates, 

a multi-specialty group practice located in eastern Massachusetts. Mother-child in-person 

visits occurred in infancy, early childhood, mid-childhood, and early adolescence, and 

additional information was collected from medical records and annual questionnaires. 

Details of the study protocol and recruitment/retention procedures are available elsewhere 

(14). For this study, we included adolescents in attendance of the “Early Teen” visit (2012–

2016), who provided valid actigraphy data and anthropometric measurements. Institutional 

review boards of Harvard Pilgrim Health Care and Brigham and Women’s Hospital 

approved the study protocols and all mothers provided written informed consent, and 

children provided verbal consent starting at the mid-childhood.

Actigraphy

The adolescents wore a triaxial GT3X+ actigraph (ActiGraph, Pensacola, FL) on their non-

dominant wrist, for 24-hours per day (except when bathing or swimming) on seven to 10 

consecutive days. Bedtimes, naps and any times when actigraphs were removed were 

reported in a paper diary. At the end of their wear period, the participants returned their 

actigraphs in the mail or in person and the data were downloaded using ActiLife software 

(version 6.7 [or later], ActiGraph, Pensacola, FL) and scored blinded to other information at 

the Brigham and Women’s Sleep Reading Center. Activity counts for the GT3X+ were 
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collected in 1-minute epochs. The GT3X+ actigraphs were initialized at a sampling rate of 

30 Hz. We recently validated the GT3X+ actigraph for detecting sleep and wakefulness 

versus polysomnography in adolescents, showing high sensitivity to detect sleep periods 

(15). We considered a day valid if >10 hours of activity counts were collected. Participants 

had to provide at least five days of recordings to be included in our analysis. We screened all 

data files visually and identified a main rest interval as the primary sleep period based on 

self-completed logs and observation of a sharp decrease/increase in activity. We considered 

the primary sleep period invalid if the device was removed for one hour or more within the 

in-bed interval. Sleep onset and offset were determined using the Cole-Kripke sleep 

algorithm (15), which determines if an epoch is sleep or awake based on a seven-minute 

window, which includes the four previous epochs and the two epochs after the current (16). 

We chose the Cole-Kripke algorithm because of its higher accuracy to identify sleep-wake 

periods in teenagers as compared to the Sadeh algorithm (15).

Rest-activity patterns:

Non-parametric analyses of actigraphy data stem from the assumption that the rest-activity 

rhythm may not be optimally modeled through a sinusoidal shape, but rather resembles an 

asymmetrical square shape (13). We estimated the following 5 characteristics of sleep 

patterns using non-parametric analysis:

1. L5: L5 is the average of the activity values for the 5 least active consecutive 

hours in the 24-hour cycle. Lower L5 counts indicate more consolidated sleep, 

whereas higher L5 counts indicate less restful sleep.

2. L5 midpoint: The L5 midpoint refers to the mean decimal clock time of the 5 

consecutive hours with the lowest activity in the 24-hour cycle.

3. M10: M10 is the average of the activity values for the 10 most active consecutive 

hours in the 24-hour cycle. Lower M10 counts indicate lower activity levels, 

whereas higher M10 counts indicate higher activity levels.

4. M10 midpoint: The M10 midpoint indicates the mean decimal clock time of the 

10 consecutive hours with the highest activity in the 24-hour cycle.

5. RA: The RA is computed as the difference between the activity level at M10 and 

that at L5, normalized by their sum. RA is calculated as follows: (M10-L5)/

(M10+L5). Higher RA values indicate a more robust 24-hour rest-activity 

rhythm, reflecting both higher activity during wakefulness and lower activity 

(more restful sleep) during the night.

The code used for the extraction of the rest-activity patterns is publicly available as the 

Matlab/Octave toolbox ActiCircadian, at https://sleepdata.org/community/tools/

acticircadian. For the rest-activity analysis, we used raw activity counts from axis 1. Before 

analysis, we excluded non-wear times using the Troiano algorithm (17). M10 and L5 were 

computed by filtering the average sleep profile over the recording days with a 10 and 5 hour 

long window, respectively, and selecting the highest and lowest value, respectively, and their 

relative time of occurrence.
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Anthropometry

We assessed the participants’ height and weight using a calibrated stadiometer (Shorr 

Productions, Olney, MD) and scale (model TBF-300A, Tanita Corporation of America, Inc., 

Arlington Heights, IL) and derived BMI in kg/m2. Age- and sex-specific BMI z scores were 

derived from US national reference data (18). We further evaluated adiposity by using dual-

energy X-ray absorptiometry (DXA) and calculated the trunk and total fat mass index (kg/

m2). We measured waist circumference (cm) using a Lefkin woven tape. We measured 

subscapular and triceps skinfold thicknesses using Holtain calipers (Holtain LTD, Crosswell, 

United Kingdom) and calculated the sum of the skinfold thicknesses. Research assistants 

performed all measurements following standardized techniques and participated in in-

service training to ensure measurement validity.

Cardio-metabolic biomarkers

We measured fasting insulin, glucose, triglycerides and high-density lipoprotein cholesterol 

(HDL-C) from fasting blood samples. Electrochemiluminescence immunoassay was 

performed for insulin, while glucose, triglycerides, and HDL-C were measured 

enzymatically (Roche Diagnostics, Indianapolis, IN). We calculated insulin resistance by 

using the homeostatic model assessment (HOMA-IR = fasting insulin [μU/mL] × fasting 

glucose [mg/dL]/405). We measured blood pressure using automated oscillometric monitors 

(Dinamap Pro100, Tampa, FL). Trained research assistants obtained five measurements at 

one-minute-intervals from which we calculated the mean systolic blood pressure. We 

derived a cardio-metabolic risk score, as reported previously, as the mean of five sex-specific 

internal z-scores for systolic blood pressure, waist circumference, log-transformed HOMA-

IR, log-transformed triglycerides and HDL-C (scaled inversely) (19). A positive score 

indicates a higher cardio-metabolic risk than the Project Viva cohort average.

Other measures

We calculated physical activity by taking the sum of the reported activity hours of the 

following two questions: “In the past month, how many hours per week does your child 

spend engaged in light or moderate recreational activities or sports such as biking, 

skateboarding, dancing, gymnastics, baseball, playing outdoors, or other similar activities? 

(Do not include walking.)” and “In the past month, on average, how many hours per week 

does your child spend engaged in vigorous recreational activities or sports such as 

swimming, running, basketball, soccer, hockey, football, rollerblading, tennis, karate, or 

other similar activities?” Mothers reported the pubertal stage of their child using a validated 

rating scale for pubertal development (20). The score was defined as a mean score of the 

sex-specific puberty metrics separately for girls (breast development, menstruation, body 

hair, growth spurts, and acne) and boys (voice changes, facial hair, body hair growth spurts, 

and acne). We obtained demographic data using questionnaires or from caregiver interviews. 

We asked mothers to report the child’s average total sleep duration over 24-hours. We 

assessed TV (or screen) time by asking children the number of hours the child spent 

watching television on a TV, computer, or handheld device on an average weekday and 

weekend day in the past month. TV (screen) time was a weighted average (weighted 5:2 for 

weekday vs. weekend to account for the distribution of days in a week). We defined season 
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when actigraphy was collected by a four-level categorical variable according to the 

meteorological definition of seasons determined by range of temperature: Spring: March 1st-

May 31th; Summer: June 1st –August 31st, Autumn: September 1st – November 30th, 

Winter: December 1st – February 28th.

Statistical analysis

Sample characteristics were described as means and standard deviations for the continuous 

variables, and frequencies and percentages for the categorical variables. We used 

multivariable linear regression models to examine the associations of rest-activity patterns 

with adiposity measures and the cardio-metabolic risk score. Our first model, model 1, 

included the following covariates that we hypothesized based on a priori knowledge 

suggesting that they associate with cardio-metabolic health or could operate as a design 

variable: maternal education and annual household income; child age, sex, race/ethnicity, 

and parent-reported puberty score; and season of data collection. We then adjusted for 

parent-reported physical activity of the child (model 2), parent-reported sleep duration of the 

child (model 3), and child-reported TV time (model 4). We decided to adjust for parent-

reported physical activity rather than for actigraphy-recorded physical activity in order to 

avoid intercorrelation since all exposures were obtained from actigraphy. We carried out a 

sensitivity analysis adjusting for light and moderate-to-vigorous physical activity based on 

actigraphy. This analysis showed that the associations did not vary substantially with 

adjustment for actigraphy-derived physical activity as compared to parent-reported physical 

activity. In addition, we adjusted the cardio-metabolic risk score for BMI z-score in model 4 

to examine associations independent of overall adiposity. We performed all analyses using 

SAS 9.4 (SAS Institute, Inc., Cary, NC).

Results

Characteristics of the study sample (N=778) are shown in Table I. The average age of the 

participants was 13.2 (±0.9) years and the sample included approximately equal proportions 

of males and females. Approximately one-third of adolescents were of minority ethnicity/

race and 14% were obese defined by a BMI ≥ 95th percentile (21). Compared to the 778 

participants in this analysis, non-participants (N=1,350) showed small differences in 

maternal educational attainment (60% versus 73% college-educated) and annual household 

income (59% versus 66% > $70,000).

Associations of rest-activity patterns (per each inter-quartile range [IQR] increment) with 

adiposity measures and the cardio-metabolic risk score are shown in Table II. In 

multivariable analyses, adjusted for maternal education and annual household income; child 

age, sex, race/ethnicity, and parent-reported puberty score, season of data collection, and 

parent-reported physical activity, adolescents with higher log transformed L5 (nighttime 

activity) counts (IQR: 0.63 counts, log transformed) had higher BMI levels (model 2: 0.71; 

95% CI: 0.33, 1.09), BMI-z-scores (model 2: 0.11; 95% CI: 0.02, 0.20) as well as had higher 

metrics of all other adiposity and cardio-metabolic health indices. Associations were slightly 

attenuated in subsequent models with further adjustment for parent-reported child sleep 

duration and child-reported TV time. Conversely, adolescents with higher M10 (daytime 
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activity) counts (IQR: 630 counts) had smaller skinfold thicknesses (model 1: −1.45 mm; 

95% CI: −2.73, −0.17). However, associations lost significance after additional adjustment 

for parent-reported physical activity (model 2 to 5). In all four models, adolescents with a 

higher RA (IQR: 0.04 units) had a lower BMI (model 4: −0.35 kg/m2; 95% CI: −0.60, 0.09) 

and lower adiposity (model 4: waist circumference [−1.09 cm; 95% CI: −1.75, −0.44], 

skinfold thicknesses [−0.85 mm; 95% CI: −1.65, −0.05], DXA total fat mass index [−0.36 

kg/m2; 95% CI: −0.57, −0.15] and trunk fat mass index [−0.15 kg/m2; 95% CI: −0.25, 

−0.05]). A higher RA was also related to a lower cardio-metabolic risk score in models 1 

and 2. Figure 1 shows two examples of adolescent with either low or high RA. Interestingly, 

we observed a negative association between L5 midpoint (IQR: 1.72 decimal hours) and 

skinfold thicknesses (model 4: −1.32 mm; 95% CI: −2.59, −0.05) in model 3 and 4, 

indicating that a later timing of lowest activity was associated with lower skinfolds. M10 

midpoint did not associate with any markers of adiposity and cardio-metabolic risk.

Discussion

This study of 24-hour actigraphic rest-activity patterns, adiposity and cardio-metabolic 

health in a community-based sample of adolescents identified several novel associations. 

RA, an indicator of a more robust 24-hour rest-activity rhythm, was consistently associated 

with a range of measures of adiposity and a cardio-metabolic risk score. Those associations 

persisted after controlling for parent-reported physical activity and sleep duration and child-

reported TV time, suggesting that this marker is independently associated with cardio-

metabolic health. Given that RA is determined by M10 (daytime activity) and L5 (nocturnal 

activity), we also observed significant associations of L5 with adiposity outcomes in the 

expected directions. For example, teens with obesity had about 23% higher L5 counts as 

compared to their peers with normal weight. The more consistent associations for L5 than 

M10 suggest that restful sleep rather than increased daytime activity may be a strong driver 

for the association of RA with adiposity.

Our data support a growing literature suggesting that adiposity and cardio-metabolic health 

are closely related to rest-activity rhythms (22–24). These findings are consistent with a 

previous study from our group that showed in an adult sample an inverse association 

between RA and BMI independent of multiple confounders as well as the duration of rest 

and/or activity (22). In adults, a more flattened RA has also been related to lower weight loss 

in overweight and obese women enrolled in a weight reduction program (25). Of note, rest-

activity patterns vary across the lifespan and there is thus a need to also consider age-related 

changes in rhythm and their impact on obesogenic behavior. For example, we previously 

reported that older children compared to children aged 5–9-year-olds had a lower RA (26). 

However, the current literature on actigraphy-based rest-activity patterns, particularly using 

RA, in adolescents is sparse. Research on RA in adolescents had been mostly from 

psychiatric studies. For example, children and adolescents with major depressive disorder 

had a lower RA compared to controls (27). Interestingly, overweight and obese children and 

adolescents are more likely to experience psychological comorbidity than their normal-

weight peers and genetic studies suggest a biological overlap of sleep traits with metabolism 

and psychiatric traits (37). However, it remains unclear as to whether psychiatric disorders 

and psychological problems are a cause or a consequence of childhood obesity or whether 
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common factors promote both obesity and psychiatric disturbances in susceptible children 

and adolescents (28).

A number of biological theories may help explain why a high RA could be considered as a 

predictor of a healthier weight status, including its ability to index activity patterns in both 

day and nighttime and relate each to the other. First, individuals with longer periods of 

consolidated sleep (low L5, high RA) may have a shorter daily eating duration and thus may 

have lower caloric intake. Supporting this, a research study that employed actigraphy and a 

mobile app in healthy adults found that the total overnight fasting duration paralleled the 

time of inactivity at night (29). Second, higher RA may reflect higher physical activity level 

during the day, with attendant positive health effects (30). Third, the RA reflects overall 

strength of activity rhythms which are partially determined by circadian clocks. Disturbed 

rest-activity alterations may reflect disruptions in circadian rhythms, which are known to be 

closely linked to energy regulation and metabolic physiology (31).

Contrary to our working hypothesis, the timing of the most active period (M10 midpoint) 

was not associated with any adiposity outcome and a later timing of rest (L5 midpoint) was 

related to lower skinfolds. The midpoint of L5 and M10 provides reliable information about 

the timing of the rhythm, similar to that given by the acrophase of the cosinor method (32). 

Later M10 midpoint was related to obesity and metabolic risk in a recent study from Europe 

including 1044 adolescents (23). A limitation of that study was that the actigraphy 

recordings included only daytime measures and not 24-hour patterns (23). In a previous 

study of adults, we found that later acrophase (calculated using the cosinor approach), but 

not L5 and M10 midpoint, was associated with BMI (33). Differences in results highlight the 

possibility that measures of rest-activity and their relationship with obesity may differ 

between children and adults.

We observed an association between later L5 midpoint and skinfolds that was in the reverse 

direction than what we had hypothesized. There is however, controversy over the benefits of 

early vs late chronotype, and while some research suggests metabolic benefits of being a 

“lark” (34), recent research reported that genetic variants associated with later sleep timing 

were associated with lower BMI (35). Further research using 24-hour activity measurements 

along with chronotype information may clarify this association.

What are the clinical implications of our study? Traditional public health approaches have 

targeted either day or nighttime activities. Our results highlight the importance of 

considering both day and nighttime patterns of activity, which together influence health 

outcomes, and the potential role of addressing 24 hour activity patterns as a component of 

anticipatory guidance for adolescents and their families. Engaging adolescents in discussions 

of rest-wake activity patterns, and employing interventions that target 24 hour rest-activity 

rhythms, such as timed light exposure and exercise interventions, and sleep interventions, 

may be particularly useful. The utility of such approaches is supported by several small 

studies. In patients with seasonal affective disorder, bright light therapy in the morning was 

found to normalize disturbed rest-activity patterns with an increase in RA (36). In 

adolescents, being more active in the immediate period after morning awakening was 

suggested as helping to entrain circadian rhythms (37). A bout of moderate-intensity aerobic 
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exercise in the morning (7 AM) was shown to improve blood pressure and sleep quality 

compared to exercise in the afternoon (1 PM) or evening (7 PM) in prehypertensive subjects 

(38). In addition, moderate outdoor running in the morning for three consecutive weeks 

impacted positively on objective and subjective sleep and psychological functioning in 

healthy adolescents (39). This literature as well as our data showing that higher RA is 

associated with less adiposity, supports the importance of 24 hour rest-activity rhythms in 

health and well-being. There is a need for rigorous clinical trials to formally test the role of 

interventions informed by circadian biology in adolescents, a group who often experience 

circadian misalignment. The strong associations we observed between actigraphy-assessed 

RA and adiposity suggests that actigraphy RA may be used both to identify those 

adolescents at risk for cardiometabolic dysfunction and to monitor the effects of 

interventions that target rest-activity rhythms.

Strengths of our study are the relatively large sample size, the modeling of daily 24-hour 

rest-activity patterns derived from wrist-actigraphy, and the large set of objectively obtained 

measures of adiposity and cardio-metabolic health. We also acknowledge several limitations. 

First, due to the cross-sectional nature of the study design, causal inferences cannot be made. 

For example, we cannot determine if RA is a consequence of adiposity or whether RA 

contributed to the development of overweight and obesity and/or cardio-metabolic risk. 

Second, given that many exposures and outcomes were correlated with one another, we did 

not correct for multiple comparisons, thereby increasing the likelihood of spurious results. 

Third, we did not directly measure physiological markers of circadian phase, such as dim 

light melatonin onset. However, linear correlations between L5 and M10 midpoint obtained 

from actigraphy with dim light melatonin onset (the most accurate marker for assessing the 

circadian pace marker) are moderate to strong (40). Fourth, data collection was only 

performed over seven days and conducted at a single urban area (Eastern Massachusetts) and 

findings may differ in areas with different climate and geography.

In summary, our results highlight the potential utility of RA to identify adolescents at risk 

for metabolic disorders and suggest the need to consider activity and sleep patterns across 

the 24-hour period as future behavioral targets. Failure to only consider physical activity and 

sleep duration without considering the timing and quality of sleep may reduce the ability to 

optimally classify adolescents at high cardio-metabolic risk. Future research should 

determine how RA could be best manipulated for obesity prevention and intervention. For 

example, adiposity intervention programs may consider including morning light exposure 

and exercise in order to stabilize rest-activity patterns.
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Abbreviations:

BMI Body mass index

SD Standard deviation

HOMA-IR Homeostatic Model Assessment of Insulin Resistance

HDL-C High-density lipoprotein cholesterol

DXA dual-energy X-ray absorptiometry
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Implications and Contributions:

In a cross-sectional study of adolescents, relative amplitude, a composite measure of the 

strength of daily rest and activity patterns from actigraphy, was associated with more 

favorable cardio-metabolic profiles, independent of the duration of sleep or activity. 

Future research should determine how relative amplitude could be best manipulated for 

obesity prevention.

Quante et al. Page 13

J Adolesc Health. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Actigraphic measurements in two adolescents displaying different RA patterns. The solid 

line represents the raw activity scores of one adolescent with a low RA of 0.73 (Subject A) 

in comparison with an adolescent with a high RA of 0.99 (Subject B, dashed line). Data are 

smoothed by applying a moving average of 15 minutes. Note that the adolescent with a 

lower RA compared to higher RA has modestly higher activity overnight and markedly 

lower activity during the day.
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Table I.

Descriptive characteristics of the study population (N=778).

Early teen BMI percentile category

Overall Normal<85th %tile Overweight 85th-<95th %tile Obese ≥95th %tile

N (%)

Mother

College graduate 564 (72.6) 440 (77.7) 77 (70.0) 46 (46.5)

Annual household income >$70,000 467 (65.5) 355 (68.0) 73 (70.9) 38 (43.7)

Adolescent

Female 403 (51.8) 291 (51.3) 64 (58.2) 47 (47.5)

Race/ethnicity. White 497 (64.0) 382 (67.5) 65 (59.1) 49 (49.5)

. Black 123 (15.8) 74 (13.1) 19 (17.3) 29 (29.3)

. Hispanic 35 (4.5) 21 (3.7) 8 (7.3) 6 (6.1)

. Asian 21 (2.7) 21 (3.7) 0 (0.0) 0 (0.0)

. Other 101 (13.0) 68 (12.0) 18 (16.4) 15 (15.2)

Mean (SD)

Age, years 13.2 (0.9) 13.2 (0.9) 13.2 (0.8) 13.2 (0.9)

Pubertal development scale (units, range 1–4) 2.5 (0.8) 2.4 (0.8) 2.8 (0.8) 2.8 (0.8)

Adiposity and cardio-metabolic risk score

BMI (kg/m2) 20.9 (4.6) 18.7 (2.0) 23.8 (1.4) 30.2 (4.3)

BMI z-score 0.36 (1.08) −0.12 (0.82) 1.31 (0.18) 2.06 (0.29)

Waist circumference (cm) 72.9 (11.9) 67.5 (6.3) 79.9 (5.5) 95.7 (9.9)

DXA total fat mass index (kg/m2) 6.3 (3.1) 4.8 (1.3) 8.1 (1.6) 12.2 (2.8)

DXA trunk fat mass index (kg/m2) 2.4 (1.5) 1.7 (0.5) 3.2 (0.9) 5.2 (1.5)

Subscapular + triceps skinfold (mm) 28.3 (13.9) 22.0 (6.9) 36.7 (9.0) 55.5 (10.4)

Cardio-metabolic risk score −0.03 (0.60) −0.25 (0.48) 0.35 (0.45) 0.74 (0.49)

Sleep, physical activity & TV time

Sleep duration (hours/day), parent-report 8.8 (0.9) 8.9 (0.9) 8.7 (0.8) 8.4 (1.0)

Physical activity (hours/day), parent-report 1.2 (1.0) 1.3 (1.0) 1.2 (0.9) 0.9 (0.9)

TV time (hours/day), child-report 2.0 (1.3) 1.8 (1.2) 2.1 (1.2) 2.9 (1.6)

Rest-activity patterns

Relative amplitude 0.9 (0.1) 0.9 (0.0) 0.9 (0.1) 0.9 (0.1)

L5 (counts) 56.8 (43.4) 53.5 (37.4) 59.4 (45.7) 73.3 (64.5)

L5 midpoint (decimal hours) 3.2 (1.4) 3.2 (1.5) 3.2 (1.3) 3.2 (1.3)

M10 (counts) 1787 (514) 1813 (516) 1746 (485) 1704 (495)

M10 midpoint (decimal hours) 14.2 (4.3) 14.2 (4.2) 14.8 (3.1) 13.6 (5.5)

Abbreviations: BMI=body mass index; DXA=dual-energy x-ray absorptiometry; SD=standard deviation
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