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Abstract 

Study Objectives:  Rest-activity rhythms (RAR) may mark development, aging, and physical and mental health. Understanding how 
they differ between people may inform intervention and health promotion efforts. However, RAR characteristics across the lifespan 
have not been well-studied. Therefore, we investigated the association between RAR measures with demographic and lifestyle factors 
in a US nationally representative study.

Methods:  RAR metrics of interdaily stability (IS), intradaily variability (IV), relative amplitude (RA), and mean amplitude and tim-
ing of high (M10) and low (L5) activity were derived from 2011 to 2012 and 2013 to 2014 National Health and Nutrition Examination 
Survey (NHANES) actigraphy data. Population-weighted linear and logistic regression models were fit to examine the associations of 
age, gender, smoking, alcohol, season, body mass index (BMI), income-to-poverty ratio, and race/ethnicity with RAR. Significance was 
based on a false-discovery rate-corrected P-value of <0.05.

Results:  Among n = 12 526 NHANES participants (3–≥80 years), IS (higher = greater day-to-day regularity) and RA (higher = greater 
rhythm strength) generally decreased with age and were lower among males, whereas IV (higher = greater rhythm fragmentation) 
increased with age (p < 0.05). Dynamic changes in RAR trajectories were observed during childhood and adolescence. Income, BMI, 
smoking, and alcohol use were associated with RAR metrics, as well as season among children and teenagers (p < 0.05). RAR also dif-
fered by race/ethnicity (p < 0.05), with trajectories initially diverging in childhood and continuing into adulthood.

Conclusions:  RAR differed by demographic and health-related factors, representing possible windows for public health interven-
tion and sleep health promotion. RAR differences by race/ethnicity begin in childhood, are evident in early adolescence, and persist 
throughout adulthood.
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Graphical Abstract 

Statement of Significance

Rest-activity rhythms (RAR) are potentially useful markers for sleep and circadian health that are relatively inexpensive to collect 
at scale. Understanding their association with demographic and lifestyle factors can inform future public health research. This 
study builds on prior research to show that age, gender, income, smoking, alcohol use, BMI, season, and race/ethnicity are asso-
ciated with RAR. The greatest change in RAR occurs during childhood and adolescence, with emergence of differences by gender 
and race/ethnicity beginning during childhood and persisting until adulthood. During adolescence and young adulthood, activity 
timing shifts later in the evening. Overall, men had worse rhythmicity metrics compared to women. Our data support future inves-
tigation of the root causes for RAR differences and research on interventions to improve sleep and chronobiological health across 
groups, with a special focus on RA during childhood and adolescence.

Introduction
Sleep is vital to growth and development [1] and necessary for 
metabolic [2–9], cognitive [10–14], reproductive [15, 16], and immu-
nological [17–20] functioning. Likewise, sleep–wake rhythms are 
an important component of health, shaping (or shaped by) daily 
patterns in activity, meal timing, and general well-being. Sleep–
wake patterns change over the lifespan, with changes likely 
related to normal developmental processes as well as aging and 
other factors that contribute to human health and disease [21]. 
Actigraphy measurement over multiple days and nights allows 
for assessment of rest-activity rhythms (RAR) without the need 
for sleep–wake annotation. Non-parametric measures can pro-
vide objective assessment of rest-activity behavior, which, while 
not measures of sleep per se, can serve as robust markers of 
circadian rhythmicity relevant to chronobiological health [22]. 
Because sleep is a two-part process regulated in part by the circa-
dian system [23], RAR are also relevant to sleep health.

RAR measures capture different dimensions of behavioral 
rhythmicity. For example, interdaily stability (IS) reflects regu-
larity in activity patterns between days, serving as a proxy for 
entrainment to a 24-hour cycle [24, 25]. Intradaily variability 
(IV), on the other hand, is a measure of within-day rhythm frag-
mentation [24, 26, 27]. Across days, the average amplitude and 
timing of the 5 consecutive hours of lowest activity (L5) and 10 
consecutive hours of highest activity (M10) reflect bouts of rest/

sleep and activity, respectively. Relative amplitude (RA) describes 
the strength of the difference between periods of high and low 
activity, with a higher amplitude indicating a larger difference 
between the least (L5) and the most (M10) active period during 
the day (i.e. a stronger rhythmicity) [28]. Like sleep patterns, these 
metrics may be useful markers and/or predictors for health out-
comes, with the added benefit of ease of collection (low-cost, low 
impact for participants). For example, weakened rhythmicity 
of these measures (such as low RA, low IS, and/or high IV) has 
been linked to altered blood immune profiles [29], obesity [30], 
impaired metabolic health [31], and dementia risk [32]. RAR may 
also change in parallel with healthy developmental processes; for 
example, the consolidation of sleep that occurs in early childhood 
[33] and the influence of sex hormones on sleep and circadian 
rhythms [34] would be expected to be captured by RAR metrics. 
However, while these metrics hold promise as being informative, 
scalable, and harmonizable, characterization of these RAR met-
rics is underexplored.

Just as sleep patterns change with age and gender and differ 
between people, RAR may also differ with age, gender, substance 
use, socioeconomic status, race, and ethnicity and be a marker 
for underlying health. Prior studies have reported differences 
in non-parametric measures in a small pediatric sample (n = 
58, ages 5–18) [28] and a nationally representative adult sample 
[35] by sex and gender, age, and race/ethnicity. In these studies, 
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adult females had more stable RAR patterns (higher IS, higher 
RA) and higher peak activities (higher M10 amplitude) than males 
[28]. Similarly, sex and gender differences are reported for sleep 
[36, 37] and circadian rhythms, which may be attributed to bio-
logical [38] as well as sociocultural factors [39]. However, little is 
known about gender differences in pediatric samples and RAR 
measures across a spectrum of ages, including children and teen-
agers. Recent studies have reported disparities in pediatric sleep 
duration which mirror adult populations [40] and suggest that 
sleep disparities can emerge in early life for certain demographic 
groups and become more or less severe across time [36], but less 
is known regarding disparities in RAR. Because infancy, child-
hood, and teenage years may represent distinct developmental 
windows of vulnerability, which can influence the trajectory for 
later life health and disease outcomes [41–43], characterization 
of RAR across the lifespan and how they differ between people 
can inform public health interventions and disease prevention. 
Additionally, how these metrics differ with sociodemographic and 
health-related variables is unclear. For example, smoking and 
alcohol use are known to interfere with sleep [44, 45], but less is 
known whether these substances also influence RAR, or whether 
RAR patterns influence substance use.

To address key gaps in our understanding of how RAR metrics 
differ by age, gender, and other factors at a population level, we 
investigated the association between RAR measures across pedi-
atric and adult populations within US nationally representative 
National Health and Nutrition Examination Survey (NHANES) 
data with sociodemographic and health-related variables. Here, 
we adopt a lifespan approach to investigate age and develop-
mental specificity of RAR. While further research is necessary, 
the reported differences may identify possible age-sensitive time 
periods for intervention and health promotion.

Methods
Study population
This analysis utilized data from NHANES, a cross-sectional 
study representative of the non-institutionalized US population 
conducted by the Centers for Disease Control and Prevention 
(CDC). NHANES included actigraphy measurements during the 
2011–2012 and 2013–2014 cycles. Demographic and lifestyle 
information was collected via survey questionnaires and inter-
views and blood and physical measures were collected during 
physical examination in the Mobile Examination Center (MEC). 
Participants younger than 20 completed the questionnaires with a 
computer-assisted interview. NHANES was approved by the Ethics 
Review Board of the CDC National Center for Health Statistics, 
and all participants provided written informed consent.

Actigraphy measurement and data processing
Activity patterns were measured in NHANES using wrist-worn acti-
graphs (GT3X+ ActiGraph; ActiGraph, Pensacola, FL). Participants 
were asked to continuously wear the device across 9 days of meas-
urement, beginning on the day of the MEC exam. Participants 
6 years of age and older were included in the 2011–2012 cycle 
(n = 6917; physical activity (PA) Monitor protocol detailed here: 
https://wwwn.cdc.gov/nchs/data/nhanes/2011-2012/manuals/
Physical_Activity_Monitor_Manual.pdf), and participants 3 years 
of age and older included in the 2013–2014 cycle (n = 7776; PA 
Monitor protocol detailed here: https://wwwn.cdc.gov/nchs/data/
nhanes/2013-2014/manuals/2014-Physicial-Activity-Monitor-Pro-
cedures-Manual-508.pdf); therefore, all data for ages 3–5 are from 

the 2013–2014 cycle. Actigraphy data quality were reviewed and 
annotated by NHANES researchers, such as in the event of impos-
sible values or contiguous minimum values (variable PAXFLGSM).

Minute-epoch actigraphy files were downloaded from 2011 to 
2012 and from 2013 to 2014 NHANES database website. Actigraphy 
data were trimmed to include the first 7 full 24-hour days (days 
2–8) of measurement, excluding the first and last partial day of 
measurement. We evaluated the Monitor Independent Movement 
Summary triaxial minute values, a summary acceleration meas-
ure from the x-, y-, and z- axes, as a measure of activity. Using the 
NHANES-processed and annotated data (detailed for 2011–2012 
here: https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/PAXMIN_G.
htm#Data_Processing_and_Editing and for 2013–2014 here: 
https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/PAXMIN_H.htm; 
data quality flag summary table here: https://wwwn.cdc.gov/
nchs/nhanes/Pam/Default.aspx), we created three quality control 
flags where activity Monitor Independent Movement Summary 
values were set to missing: (1) if a letter value for PAXFLGSM 
variable, (2) if PAXPREDM = 3 [46], or (3) if PAXMTSM value was 
“−0.01”. We then imputed missing activity data using the “accel-
missing” package [47] version 1.4 using predictive mean match-
ing (pmm) under the zero-inflated Poisson Log-normal model 
(method=“zipln.pmm”). The data was preprocessed with the fol-
lowing specifications: NAs were converted to 0; a flag matrix for 
missing data was created with a missing interval set to 60 min-
utes; a valid day was defined as 16 hours of wear time [28]; and 
participants with <4 valid days of data were excluded [29, 48].

Dependent variables
Five imputed activity datasets were generated and measures 
of IS, IV, RA, and start time and average activity for L5 and M10 
were then derived from each using the “nparACT” package [49], 
version 0.8. RAR metrics were modeled as continuous outcomes 
in linear regression analyses and as dichotomized outcomes in 
logistic regression analyses. For the linear regression models, 
both untransformed RAR and Box-Cox transformed RAR (details 
in Supplementary Material) results are provided. For logistic 
regression models, RAR variables were dichotomized based on 
the median value (lower half = 0, ref; upper half = 1). More details 
regarding data processing methods are provided in Supplementary 
Material. Code for preprocessing data are available here: https://
github.com/DWallace0/NHANES_RAR_across_lifecourse.

Predictor variables and covariates
Variables used in the analysis were based on data from NHANES 
questionnaires or physical examinations. NHANES derived a 
ratio of family income to federal poverty level, which we dichot-
omized as higher than federal poverty level (=0, ref) or at or 
below the federal poverty level (=1) and included in the analysis 
as a marker of socioeconomic status [50]. Body mass index (BMI) 
was measured using the formula: weight in kilograms/ height in 
meters [2] and modeled as a continuous variable. Gender was 
either reported by the NHANES interviewer based on percep-
tion or asked of the participant, but the options provided were 
“male”, “female”, “don’t know” or “refuse”; here, the term “gen-
der” is used to reflect the wording provided by NHANES, but 
we acknowledge that this variable may reflect sex and/or not 
appropriately capture gender identity. Likewise, the NHANES 
race/ethnicity variable was a self-report of NHANES-determined 
categories. Analyses of participants 20 and older included var-
iables for current smoking and alcohol use (described in more 
detail in Supplementary Material); heavier alcohol use was 
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defined as having ≥3 drinks/day for males or ≥2 drinks/day for 
women [51]. Missing values for binary measures of income below 
the federal poverty level, current smoking, and heavier alcohol 
use were imputed using multiple imputation by chained equa-
tions (described in Supplementary Material) with the “mice” 
package [52]. We additionally performed linear regression with 
complete case analysis (with non-imputed income, smoking, 
and alcohol variables) and Box-Cox transformed outcomes in 
sensitivity analyses. Exploratory follow-up analyses included 
measures of education and occupation; A measure of high PA 
was derived from the imputed activity data. Pregnant partici-
pants were excluded. More details on covariates are provided in 
Supplementary Material.

Statistical analysis
All analyses utilized the appropriate NHANES sample sur-
vey weights using the “survey” package [53] to derive popu-
lation-based estimates, except for the time-based circular 
variables M10 start and L5 start. Because actigraphy data were 
available across 2011–2014, 4-year MEC population weights 
were created according to CDC guidance (https://wwwn.cdc.
gov/nchs/nhanes/tutorials/module3.aspx). Mean RAR measures 
and 95% confidence intervals were first examined in age and 
gender-stratified tables; within age strata, gender was modeled 
as a predictor in linear regression. RAR were then analyzed as 
continuous, continuous Box-Cox transformed, or as binary out-
comes (median split) in linear and logistic regression models. 
Associations between demographic factors and RAR measures 
were analyzed in survey-weighted linear and logistic regression 
models. Visual inspection of RAR metrics plotted by age indi-
cated age-specific inflection points around ages 20 and 60 years. 
Prior research has also suggested that the change in chrono-
type that occurs around age 20 signals the end of puberty [54]. 
Testing of model fit with and without natural spline terms for 
age (knots at 20 and 60 years) and interaction terms for age 
category (<20, 20–59, and ≥60 years) supported stratification 
by age categories to account for age-related non-linearity in 
the RAR metrics (more details in Supplementary Material). 
To account for developmental periods and biological shifts in 
sleep patterns, participants 19 years of age and younger were 
split into age brackets utilized by the CDC [55] and by the 
American Academy of Sleep Medicine [56] to capture preschool, 
childhood, and teenage years (3–5, 6–12, and 13–19 years old). 
Additionally, population-weighted estimates were calculated 
for each RAR metric and provided in age-stratified and gen-
der-stratified tables; 95% confidence intervals were used to 
infer group differences. The multiple (n = 5) imputed datasets 
were analyzed according to Rubin’s rule [57] to generate pooled 
effect estimates, standard errors, and confidence intervals for 
non-circular variables using the “mitools” package, version 2.4 
[58] in order to account for uncertainty in the imputed val-
ues. For L5 start and M10 start variables, circular means and 
standard deviations for the first imputed sample are presented 
without population weights; existing software does not allow 
for the application of sample weights to circular variables. We 
also conducted sensitivity analyses defining a valid day as 20 
hours of actigraph wear time and excluding participants with 
<6 days of valid data [59]. To account for multiple comparisons, 
P-values were corrected for false-discovery rate for each set of 
tests using the Benjamini and Hochberg method and consid-
ered statistically significant if false-discovery rate-corrected 
P-value <0.05. All analyses were performed in R version 4.1.1.

Results
Of the 14 693 participants with actigraphy data from 2011 to 
2014, 2089 had <4 valid days of data, and 78 participants were 
pregnant, resulting in a total sample of 12 526 participants for 
analysis (Figure 1). Relative to the NHANES participants from 
the same cycle who did not have actigraphy measures, partic-
ipants with actigraphy measures were more likely to be older, 
female, non-Hispanic (NH) White, have higher BMI, have higher 
income, and report heavier alcohol use (Supplementary Table 1). 
Compared to participants with actigraphy records but excluded 
from the analysis, included participants were more likely to be 
older, have higher BMI, have family income above the federal 
poverty level, are less likely to currently smoke, and are less 
likely to have heavier alcohol use (Table 1). Non-parametric 
measures for each individual were derived from actigraphy data 
(Supplementary Figures 1–3). The average start time of the 10 
hours of highest activity (M10) was 9:37 am (median = 9:42 am, 
SD = 2.3 hours) and average start time of the 5 hours of low-
est activity (L5), a marker of rest, was 12:45 am (median = 1:45 
am, SD = 1.5 hours)(Table 2). It should be noted that both the 
M10 and L5 start times do not reflect wake time or sleep onset, 
but rather the window of averaged highest and lowest activity, 
respectively.

Continuous measures of RAR and timing differ 
by age and gender
There were age-specific and gender-specific patterns in IS, IV, 
and RA values. When visualized across the age spectrum, IS 
and RA decreased with age, with the greatest period of change 
occurring between the ages of 3 and 19, after which activity 
patterns reached a plateau and increased or decreased slightly 
with age. IV increased with age, with the greatest periods of 
change occurring between approximate ages of 3 and 19 and 
after the age of 60 (Figure 2, Supplementary Table 2). Women 
had higher mean M10 amplitude and lower mean L5 ampli-
tudes than males.

Participants <20 years old
Among participants 19 years and younger, there were clear dif-
ferences in activity patterns between age-stratified groups. 
Preschool-age children (ages of 3–5 years) had the highest levels 
of IS and lowest IV, followed by declining IS and rising IV over 
the course of adolescence and early adulthood, with teenagers 

Figure 1. Flow chart depicting sample sizes of participants included in 
the analyses. 
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(13–19 years old) demonstrating the lowest IS and highest IV 
values (Supplementary Table 2). When comparing gender, girls 
had higher mean IS from 3 to 5 and 3 to 10 years and lower 
mean IV between the ages of 3 and 12 years compared to boys 
(Table 2, Supplemental Table 2). Boys had −0.02 units lower IS 
and 30% decreased odds of higher regularity, 0.03 higher IV and 
35% increased odds of higher fragmentation, −0.01 lower RA and 
28% decreased odds of higher amplitude, and 0.06 units higher 
L5 amplitude than girls (Table 3, Supplementary Tables 3–5). 
Participants 3–12 years of age also had the earliest mean L5 and 
M10 start times, with average activity timing becoming later in 
teenagers (Figure 3, Supplementary Table 2). As age progressed 
from childhood to adolescence, the difference in timing was 
greater for L5 values compared to M10 values, suggesting larger 
delays in sleep timing compared to activity timing. Boys had 
higher M10 amplitudes at ages 6–12 years and higher L5 ampli-
tudes at ages 13–19 compared to girls.

Participants ≥20 years old.
Among those 20 years of age and older, women had higher IS 
from 31 to 60 years old (Table 2) and higher RA from 20 to 59 
years compared to men (Table 2, Supplementary Table 2). Men 
had −0.03 lower IS and 28% decreased odds of higher regular-
ity, 15% decreased odds of higher fragmentation, −0.02 lower 
RA and 30% decreased odds of higher amplitude, and −0.87 
units lower M10 amplitude and 0.16 units higher L5 ampli-
tude than women (Table 3, Supplementary Tables 3-5). Among 
women, M10 amplitudes were higher at ages 20 years and older 
and L5 values were lower from 20 to 59 years. Participants 
aged 20–59 had the greatest standard deviations in M10 start 
times, with the largest standard deviation at ages 41–50 (Table 
2, Supplementary Table 2). There were similar patterns for L5 
start times, with latest L5 start and largest standard deviation 
at ages 21–30. When stratified by gender, men had greater var-
iation (SD) in M10 and L5 timing across almost all age cate-
gories compared to women; within genders, the largest M10 
variation for women occurred at ages 41–50 years, whereas 
the largest variation for men occurred at ages 21–30 years; the 

largest variation for L5 occurred at ages 21–30 for both men and 
women. Across all age ranges, there was a U-shaped curve in 
M10 and L5 timing (Table 2).

Measures of RAR and timing differ by race and 
ethnicity across ages
Race and ethnicity groups were significantly associated with 
RAR metrics in age-stratified linear and logistic regression mod-
els (Table 3, Supplementary Tables 3–5, Figure 4, Supplementary 
Figure 4). When visualized across ages, RAR metrics between racial 
and ethnic groups began to diverge during childhood, becoming 
progressively wider across ages (Figure 4, Supplementary Figure 
4).

Participants <20 years old.
In participants 3–19 years old, race/ethnicity was significantly 
associated with RAR metrics (Table 3). The NH Asian, NH Black, 
and Other/Multiracial groups had −0.03, −0.03, and −0.02 units 
lower IS and the NH Asian and NH Black groups had 35% and 53% 
decreased odds, respectively, of higher regularity compared to the 
NH White group (Table 3, Supplementary Tables 3-5), suggest-
ing greater irregularity among children and teenagers in these 
groups. Likewise, the Mexican-American, NH Asian, NH Black, 
and Other/Multiracial groups had 0.03, 0.07, 0.03, and 0.04 higher 
IV and 40%, 92%, 44%, and 67% increased odds of higher fragmen-
tation compared to the NH White group (Table 3, Supplementary 
Tables 3–5). Additionally, the NH Asian and NH Black groups had 
lower RA and M10 values.

Participants ≥20 years old.
Among participants aged 20–59 years, IS values were lowest 
among the NH Black group and highest among the Mexican-
American, Other Hispanic, and NH White groups. While the 
Mexican-American and Other Hispanic groups had −0.06 and 
−0.05 lower IV values and 39% and 32% decreased odds of higher 
fragmentation, the NH Asian group had the highest IV values 
from 20 to 59 years old (Table 3, Supplementary Tables 3–5). 
The Mexican-American and Other Hispanic groups also had the 

Table 1. Characteristics of 2011–2014 NHANES Participants With Actigraphy Measures Included and not Included in the Analysis 

Variable Excluded† (n = 2167) Included† (n = 12 526) P-value

Age, years (mean [SD]) 31.06 (17.66) 40.93 (21.40) <0.001

Gender, men (n [%]) 1033 (46.19) 6155 (48.55) 0.17

Race/Ethnicity (n [%]) 0.07

Mexican-American 269 (8.82) 1917 (10.14)

Non-Hispanic Asian 284 (5.81) 1397 (4.70)

Non-Hispanic Black 557 (13.13) 3092 (11.82)

Non-Hispanic White 745 (62.65) 4402 (64.0)

Other Hispanic 216 (6.25) 1224 (6.27)

Other or Multiracial 96 (3.35) 494 (3.08)

BMI (mean [SD]) 26.68 (7.58) 27.46 (7.51) 0.003

Below federal poverty level (n [%])* 596 (21.27) 3238 (18.47) 0.03

Season of measurement, May 1–October 31 (n [%]) 1188 (56.38) 6305 (54.16) 0.32

Current smoking (n [%])* 304 (23.01)  1637 (19.17) 0.0127

Heavier alcohol use (n [%])* 520 (51.46)  2616 (39.54) <0.001

†Raw participant sample numbers (n=) are provided for variables with sample number (such as race/ethnicity) information; however, the percentages, means, and 
standard deviations provided in the table are all population-weighted; differences in population-weighted values were tested using t-tests or chi-squared tests.
*Numbers and percentages provided are for non-imputed data.
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Table 2. Population-Weighted RAR Measures (Mean (95% CI)) in NHANES 2011–2014 Participants 3–80+ Years Old, Stratified by Gender 
and Age Groups by 10-Year Categories: all Ages (n = 12526), 3–10 Years Old (n = 2085), 11–20 Years Old (n = 2313), 21–30 Years Old (n = 
1231), 31–40 Years Old (n = 1336), 41–50 Years Old (n = 1441), 51–60 Years Old (n = 1430), 61–70 Years Old (n = 1427), and 71–≥80 Years 
Old (n = 1263)

All Men Women

Interdaily Stability (IS)

All ages (3–80) 0.591 (0.586–0.596) 0.579 (0.573–0.586) 0.602 (0.597–0.607)

  3–10 0.699 (0.693–0.706) 0.686 (0.677–0.695) 0.714 (0.708–0.721)

  11–20 0.567 (0.556–0.579) 0.561 (0.544–0.577) 0.574 (0.564–0.583)

  21–30 0.541 (0.530–0.553) 0.533 (0.517–0.548) 0.551 (0.537–0.565)

  31–40 0.568 (0.559–0.576) 0.550 (0.536–0.563) 0.586 (0.576–0.595)

  41–50 0.575 (0.563–0.587) 0.561 (0.549–0.574) 0.588 (0.574–0.602)

  51–60 0.591 (0.580–0.602) 0.577 (0.564–0.591) 0.604 (0.590–0.617)

  61–70 0.616 (0.607–0.624) 0.604 (0.588–0.620) 0.625 (0.615–0.635)

  71–80(+) 0.613 (0.603–0.624) 0.609 (0.596–0.622) 0.617 (0.604–0.629)

Intradaily Variability (IV)

All ages (3–80) 0.698 (0.690–0.705) 0.697 (0.686–0.707) 0.698 (0.691–0.705)

  3–10 0.567 (0.559–0.575) 0.593 (0.584–0.601) 0.539 (0.528–0.550)

  11–20 0.688 (0.678–0.699) 0.693 (0.680–0.707) 0.683 (0.669–0.698)

  21–30 0.680 (0.660–0.700) 0.669 (0.643–0.696) 0.692 (0.668–0.715)

  31–40 0.683 (0.667–0.699) 0.679 (0.656–0.703) 0.686 (0.671–0.700)

  41–50 0.691 (0.675–0.706) 0.675 (0.656–0.695) 0.705 (0.682–0.728)

  51–60 0.696 (0.682–0.710) 0.708 (0.684–0.733) 0.684 (0.663–0.706)

  61–70 0.726 (0.711–0.741) 0.727 (0.704–0.750) 0.725 (0.707–0.743)

  71–80(+) 0.854 (0.837–0.872) 0.867 (0.844–0.890) 0.844 (0.818–0.871)

Relative amplitude (RA)

All ages (3–80) 0.866 (0.862–0.869) 0.858 (0.853–0.862) 0.874 (0.869–0.878)

  3–10 0.945 (0.943–0.947) 0.945 (0.943–0.947) 0.945 (0.943–0.947)

  11–20 0.889 (0.883–0.896) 0.882 (0.873–0.892) 0.895 (0.889–0.902)

  21–30 0.840 (0.833–0.848) 0.828 (0.816–0.840) 0.855 (0.845–0.864)

  31–40 0.855 (0.847–0.863) 0.842 (0.829–0.854) 0.868 (0.859–0.877)

  41–50 0.859 (0.851–0.867) 0.846 (0.836–0.856) 0.871 (0.862–0.881)

  51–60 0.854 (0.845–0.862) 0.845 (0.833–0.858) 0.862 (0.849–0.874)

  61–70 0.861 (0.852–0.870) 0.856 (0.842–0.870) 0.865 (0.856–0.873)

  71–80(+) 0.844 (0.834–0.853) 0.837 (0.826–0.849) 0.848 (0.837–0.860)

Highest activity amplitude (M10)

All ages (3–80) 15.230 (15.079–15.381) 14.996 (14.797–15.195) 15.450 (15.284–15.617)

  3–10 23.561 (23.280–23.842) 23.700 (23.389–24.011) 23.407 (23.019–23.796)

  11–20 16.744 (16.481–17.007) 16.727 (16.391–17.063) 16.761 (16.475–17.046)

  21–30 15.322 (15.019–15.626) 15.091 (14.648–15.533) 15.585 (15.259–15.910)

  31–40 15.158 (14.944–15.373) 14.708 (14.396–15.021) 15.600 (15.327–15.873)

  41–50 14.777 (14.491–15.062) 14.397 (14.013–14.781) 15.129 (14.772–15.485)

  51–60 14.041 (13.780–14.302) 13.471 (13.111–13.832) 14.584 (14.210–14.959)

  61–70 13.021 (12.766–13.275) 12.151 (11.785–12.517) 13.717 (13.370–14.063)

  71–80(+) 10.616 (10.337–10.895) 10.154 (9.821–10.488) 10.975 (10.631–11.319)

Lowest activity amplitude (L5)

All ages (3–80) 1.043 (1.013–1.072) 1.095 (1.052–1.139) 0.993 (0.957–1.029)

  3–10 0.653 (0.638–0.669) 0.656 (0.630–0.681) 0.651 (0.627–0.675)

  11–20 0.962 (0.904–1.021) 1.016 (0.934–1.098) 0.913 (0.847–0.978)

  21–30 1.343 (1.274–1.412) 1.445 (1.325–1.564) 1.228 (1.143–1.313)
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highest M10 values. Similar to the race/ethnicity differences in 
RAR at earlier ages, the NH Asian and NH Black groups had 0.04 
and 0.03 higher IV, −0.03 and −0.06 lower RA, and 0.16 and 0.52 
higher L5 compared to the NH White group.

Sociodemographic characteristics associated 
with RAR measures in logistic regression models
In linear and logistic regression models, age, BMI, family income to 
poverty ratio, smoking, alcohol use, and season of measurement 

All Men Women

  31–40 1.212 (1.130–1.293) 1.318 (1.181–1.454) 1.108 (1.029–1.187)

  41–50 1.117 (1.046–1.188) 1.203 (1.101–1.304) 1.038 (0.959–1.117)

  51–60 1.091 (1.017–1.164) 1.110 (1.012–1.207) 1.073 (0.947–1.198)

  61–70 0.932 (0.874–0.990) 0.903 (0.814–0.991) 0.956 (0.891–1.021)

  71–80(+) 0.847 (0.802–0.893) 0.858 (0.796–0.919) 0.839 (0.779–0.900)

Start Time of Highest Activity (M10 Start)*, time (std in hours)

All ages (3–80) 9:37 am (2.27) 9:35 am (2.33) 9:38 am (2.21)

  3–10 10:16 am (1.40) 10:08 am (1.42) 10:24 am (1.37)

  11–20 10:38 am (1.97) 10:35 am (2.00) 10:41 am (1.93)

  21–30 10:30 am (2.45) 10:27 am (2.70) 10:33 am (2.15)

  31–40 9:46 am (2.45) 9:56 am (2.53) 9:36 am (2.36)

  41–50 9:14 am (2.50) 9:17 am (2.59) 9:11 am (2.41)

  51–60 8:50 am (2.29) 8:42 am (2.30) 8:56 am (2.28)

  61–70 8:30 am (2.05) 8:26 am (2.07) 8:33 am (2.02)

  71–80(+) 8:08 am (1.76) 8:04 am (1.84) 8:13 am (1.67)

Start Time of Lowest Activity (L5 Start)*, time (std in hours)

All ages (3–80) 12:45 am (1.53) 12:45 am (1.65) 12:45 am (1.42)

  3–10 12:18 am (1.25) 12:18 am (1.22) 12:18 am (1.28)

  11–20 1:09 am (1.40) 1:14 am (1.47) 1:04 am (1.33)

  21–30 1:33 am (1.76) 1:39 am (1.95) 1:28 am (1.52)

  31–40 12:45 am (1.42) 1:07 am (1.72) 12:50 am (1.43)

  41–50 12:42 am (1.59) 12:41 am (1.77) 12:42 am (1.42)

  51–60 12:31 am (1.55) 12:23 am (1.59) 12:39 am (1.49)

  61–70 12:33 am (1.49) 12:26 am (1.55) 12:38 am (1.42)

  71–80(+) 12:22 am (1.36) 12:15 am (1.52) 12:29 am (1.18)

*not population-weighted because appropriate software is not available for circular variables; circular means and standard deviations are provided in 
parentheses.
Population-weighted estimates and 95% CI were calculated with Rubin’s rule for pooled estimates. For gender-stratified estimates, age groups where gender was 
significantly (FDR P-values <0.05) associated with non-circular RAR are bolded.

Table 2. Continued

Figure 2. Plots of Interdaily stability (IS, purple), Intradaily variability (IV, magenta), and relative amplitude (RA, blue) by gender (solid line = women, 
dashed line = men) across ages 3–80 in NHANES 2011–2014.
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Table 3. Linear Regression Model Associations Between Demographic Characteristics and RAR Measures as Outcomes in NHANES 
2011–2014 Participants Aged 3–80+ Years Old, Stratified into 3–19 Years Old (n = 4270) and 20–59 Years old (n = 5389), and 60+ (n = 2867); 
Population-Weighted Adjusted Estimates With Lower and Upper 95% CI in Parentheses are Provided

Variable* Interdaily 
stability (IS)

Intradaily 
variability (IV)

Relative 
amplitude (RA)

Highest activity 
amplitude (M10)

Lowest activity 
amplitude (L5)

Participants aged 3–19 years

Age (years) −0.02 (−0.017, −0.015) 0.01 (0.013, 0.016) −0.01 (−0.006, −0.005) −0.72 (−0.769, −0.67) 0.03 (0.019, 0.032)

Gender

Female ref ref ref ref ref

Male −0.02 (−0.028, −0.01) 0.03 (0.015, 0.038) −0.01 (−0.012, −0.002) 0.18 (−0.084, 0.438) 0.06 (0.014, 0.104)

Race/Ethnicity

Non-Hispanic 
White

ref ref ref ref ref

Mexican-American −0.01 (−0.019, 0.006) 0.03 (0.008, 0.045) 0 (−0.006, 0.007) −0.23 (−0.958, 0.488) 0.02 (−0.065, 0.106)

Non-Hispanic Asian −0.03 (−0.039, −0.012) 0.07 (0.05, 0.086) −0.01 (−0.023, −0.006) −2.14 (−2.649, −1.626) 0.06 (−0.009, 0.124)

Non-Hispanic Black −0.03 (−0.044, −0.026) 0.03 (0.016, 0.045) −0.02 (−0.023, −0.011) −0.56 (−0.943, −0.173) 0.16 (0.096, 0.222)

Other Hispanic −0.01 (−0.026, 0.009) 0.02 (0.001, 0.035) 0 (−0.012, 0.008) −0.26 (−0.746, 0.227) 0.04 (−0.056, 0.13)

Other/Multiracial −0.02 (−0.033, −0.005) 0.04 (0.017, 0.055) −0.01 (−0.019, 0.002) −1.39 (−2.089, −0.69) 0.05 (−0.048, 0.139)

BMI 0 (−0.001, 0.001) 0 (−0.001, 0.001) 0 (−0.002, −0.001) −0.08 (−0.107, −0.047) 0.01 (0.005, 0.018)

Below federal poverty level

No ref ref ref ref ref

Yes 0.01 (−0.003, 0.021) −0.02 (−0.03, −0.006) −0.01 (−0.017, 0.001) 0.36 (0.01, 0.705) 0.1 (0.009, 0.184)

Season

November–April ref ref ref ref ref

May–October 0 (−0.01, 0.009) −0.04 (−0.05, −0.021) 0 (−0.008, 0.002) 0.69 (0.257, 1.123) 0.05 (0.009, 0.099)

  Participants aged 20–59

Age (years) 0 (0.001, 0.002) 0 (−0.001, 0.001) 0 (0, 0.001) −0.02 (−0.035, −0.014) −0.01 (−0.01, −0.004)

Gender

Female ref ref ref ref ref

Male −0.03 (−0.034, −0.02) −0.01 (−0.019, 0.009) −0.02 (−0.032, −0.017) −0.87 (−1.114, −0.618) 0.16 (0.08, 0.231)

Race/Ethnicity

Non-Hispanic 
White

ref ref ref ref ref

Mexican-American 0.02 (0.004, 0.028) −0.06 (−0.087, −0.035) 0 (−0.01, 0.016) 2.32 (1.874, 2.775) 0.14 (0.014, 0.27)

Non-Hispanic Asian −0.02 (−0.036, −0.001) 0.04 (0.018, 0.068) −0.03 (−0.037, −0.014) −0.71 (−1.115, −0.306) 0.16 (0.041, 0.269)

Non-Hispanic Black −0.05 (−0.066, −0.039) 0.03 (0.006, 0.045) −0.06 (−0.072, −0.047) −0.21 (−0.552, 0.122) 0.52 (0.43, 0.605)

Other Hispanic 0.01 (−0.005, 0.02) −0.05 (−0.072, −0.027) −0.01 (−0.021, 0.007) 1.74 (1.186, 2.289) 0.19 (0.06, 0.329)

Other/Multiracial −0.03 (−0.054, −0.011) 0.02 (−0.019, 0.067) −0.04 (−0.055, −0.016) −0.34 (−1.062, 0.387) 0.26 (0.085, 0.43)

BMI 0 (−0.001, 0) 0 (−0.001, 0.002) 0 (−0.003, −0.002) −0.1 (−0.118, −0.078) 0.01 (0.009, 0.019)

Below federal poverty level

No ref ref ref ref ref

Yes −0.01 (−0.021, 0.011) −0.02 (−0.042, 0.003) −0.02 (−0.035, −0.008) 0.17 (−0.256, 0.591) 0.19 (0.077, 0.308)

Season

November–April ref ref ref ref ref

May–October 0 (−0.013, 0.009) 0.01 (−0.01, 0.028) 0 (−0.01, 0.007) −0.18 (−0.441, 0.088) −0.01 (−0.095, 0.071)

Current smoking

No ref ref ref ref ref

Yes −0.02 (−0.031, −0.004) −0.06 (−0.082, −0.042) −0.05 (−0.059, −0.035) −0.15 (−0.6, 0.293) 0.4 (0.292, 0.507)

Heavier alcohol use

No ref ref ref ref ref

Yes −0.02 (−0.026, −0.007) −0.02 (−0.038, −0.005) −0.01 (−0.024, −0.006) 0.36 (0.035, 0.677) 0.17 (0.084, 0.254)
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were associated with each of the non-parametric measures (Table 
3, Supplementary Tables 3-5).

Participants <20 years old.
In those 19 and younger, higher BMI was associated with 
decreased RA and M10 and increased L5, but not IS or IV (Table 3). 
Family income below the federal poverty level was also linked to 
−0.02 lower IV and 18% decreased odds of higher fragmentation, 
suggesting less rhythm fragmentation (Table 3, Supplementary 
Table 5). Differences in IV, M10, and L5 by season were only evi-
dent among those <20 years; measurement from May–October 
was associated with −0.04 units lower fragmentation and 0.69 
and 0.05 higher M10 and L5 amplitudes (Table 3).

Participants ≥20 years old.
In participants aged 20–59 years, higher BMI was associated with 
weakened rhythmicity metrics (lower IS, RA, M10, and higher L5; 
Table 3). Having a family income ratio below the federal poverty 
level was also associated with 20% decreased odds of higher frag-
mentation, −0.02 lower RA and 33% decreased odds of higher 
amplitude, and 0.19 higher L5 activity (Table 3, Supplementary 

Table 5). To try to understand whether associations varied by 
education and occupation, we conducted an exploratory analy-
sis including education or occupation as a covariate terms. The 
association between income ratio and fragmentation was no 
longer statistically significant after adjusting for education, with 
the odds ratio changing by more than 10%. When occupation 
was instead included as a covariate, the odds ratio also changed 
by more than 10%. Therefore, education and occupation may 
be confounders in the association between income ratio and IV 
(Supplementary Table 6).

In participants aged 20–59, heavier alcohol use was associated 
with −0.02 lower IS and 21% decreased odds higher regularity and 
−0.01 lower RA and 26% decreased odds higher amplitude (Table 
3, Supplementary Table 5). Current smoking was also associated 
with −0.02 lower IS, −0.06 lower IV, and 45% decreased odds of 
higher fragmentation, and −0.05 lower RA and 50% decreased odds 
of higher amplitude (Table 3, Supplementary Table 5). To explore 
whether smoking associations varied by education and occupa-
tion, we compared model estimates with and without including 
education or occupation as covariate terms. When education was 
included as a covariate, the odds ratio for smoking changed by 
more than 10%, suggesting that education may be a confounder 

Variable* Interdaily 
stability (IS)

Intradaily 
variability (IV)

Relative 
amplitude (RA)

Highest activity 
amplitude (M10)

Lowest activity 
amplitude (L5)

  Participants aged 60+

Age (years) 0 (−0.002, 0) 0.01 (0.009, 0.013) 0 (−0.003, −0.001) −0.24 (−0.266, −0.208) 0 (−0.009, 0.001)

Gender

Female ref ref ref ref ref

Male −0.02 (−0.034, −0.01) 0.02 (−0.005, 0.039) −0.01 (−0.024, −0.005) −1.26 (−1.549, −0.98) 0.02 (−0.054, 0.085)

Race/Ethnicity

Non-Hispanic 
White

ref ref ref ref ref

Mexican-American 0.01 (−0.008, 0.029) −0.05 (−0.088, −0.009) 0 (−0.018, 0.014) 1.36 (0.955, 1.765) 0.14 (0.005, 0.27)

Non-Hispanic Asian −0.01 (−0.034, 0.017) 0.04 (0.008, 0.076) −0.03 (−0.053, −0.015) 0.4 (−0.169, 0.96) 0.26 (0.131, 0.389)

Non-Hispanic Black −0.07 (−0.08, −0.052) 0.01 (−0.021, 0.036) −0.07 (−0.077, −0.056) −0.42 (−0.812, −0.037) 0.45 (0.373, 0.517)

Other Hispanic −0.01 (−0.027, 0.015) −0.03 (−0.062, −0.008) −0.01 (−0.024, 0.003) 0.94 (0.362, 1.509) 0.14 (0.057, 0.223)

Other/Multiracial −0.05 (−0.12, 0.018) 0.04 (−0.072, 0.154) −0.05 (−0.123, 0.021) 0.07 (−1.122, 1.263) 0.48 (−0.226, 1.196)

BMI 0 (−0.005, −0.002) 0.01 (0.005, 0.01) 0 (−0.004, −0.003) −0.16 (−0.194, −0.127) 0.01 (0.007, 0.019)

Below federal poverty level

No ref ref ref ref ref

Yes −0.02 (−0.029, −0.002) −0.01 (−0.043, 0.018) −0.02 (−0.038, −0.011) −0.46 (−0.931, 0.02) 0.13 (0.042, 0.225)

Season

November–April ref ref ref ref ref

May–October 0.01 (−0.008, 0.021) −0.01 (−0.033, 0.022) 0 (−0.011, 0.011) 0.18 (−0.217, 0.584) 0.02 (−0.049, 0.087)

Current smoking

No ref ref ref ref ref

Yes −0.04 (−0.062, −0.018) 0.04 (0.003, 0.083) −0.07 (−0.091, −0.047) −1.82 (−2.337, −1.305) 0.3 (0.146, 0.46)

Heavier alcohol use

No ref ref ref ref ref

Yes 0.02 (−0.003, 0.035) −0.03 (−0.066, −0.004) 0.01 (−0.002, 0.021) 0.13 (−0.475, 0.739) −0.06 (−0.146, 0.026)

*Estimates from linear regression models adjusting for all included covariates (age, gender, race/ethnicity, BMI, income ratio below federal poverty level, season; smoking and 
alcohol use are only adjusted for participants aged 20 and older).
Note: Population-weighted estimates and 95% CI were calculated with Rubin’s rule for pooled estimates.
Association effect estimates with false-discovery rate P-values <0.05 are shown in bold.

Table 3. Continued
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in the association between smoking and IV. Lack of current occu-
pation (not currently working) was also associated with increased 
fragmentation, but the odds ratio did not change by more than 10% 
when it was included as a covariate in the model (Supplementary 
Table 6). Because IV captures both the frequency and extent of 
rest-activity transitions within a day, we further explored whether 
increased IV could be driven by a spike in high PA, such as during 
exercise. Among participants aged 20–59 years, high PA was both 
uncommon among smokers and associated with increased odds of 
high IV. When high PA was included as a covariate, the odds ratio 
for smoking changed by more than 10%, suggesting that high PA 
may also be a confounder in the association between smoking and 
IV (Supplementary Table 7).

Sensitivity analysis results.
In the complete case analysis with non-imputed missing values 
for income, current smoking, and heavier alcohol use, results 
were largely the same for participants <60 years old, with more 
differences for participants ≥60 years old (who also had higher fre-
quency of missingness, Supplementary Materials, Supplementary 
Table 8). In participants <20 years old, income ratio below the 
federal poverty level became associated with higher M10 and L5 
amplitude, and gender was no longer associated with L5 ampli-
tude. In participants 20–59, current smoking was no longer 

associated with IS. In participants ≥60, age became associated 
with lower L5, income ratio became associated with lower M10 
amplitude, the NH Asian group was no longer associated with IV, 
the NH Black group was no longer associated with M10 ampli-
tude, and the Other Hispanic group was no longer associated with 
L5 amplitude. Current smoking was no longer associated with IS 
and heavier alcohol use became negatively associated with IV 
(Supplementary Table 8).

Associations were largely similar in the sensitivity anal-
ysis using a more strict inclusion criteria for missingness 
(where a valid day was defined as ≥20 hours of wearing, with 
≥6 valid days data), but there were some minor differences. 
Demographic characteristics of those included in the sensitiv-
ity analysis were similar except for lower frequency of heav-
ier alcohol use (Supplementary Table 9). Among participants 
aged 3–19 years old, gender was no longer associated with RA 
or L5, family income ratio became associated with IS and M10 
but was no longer associated with L5 amplitude, M10 was no 
longer associated with the NH Black group, the Other Hispanic 
group had higher IV and the Other/Multiracial group had lower 
RA compared to the NH White group, and season was no longer 
significantly associated with L5 amplitude when tested with 
linear regression (Supplementary Table 10); likewise, there 
were some minor differences in the logistic regression results 
(Supplementary Table 11). For participants 20–59 years old, the 

Figure 3. Circular plot of the start time of the 10 hours of highest activity (M10) for ages (A) 3–5 years old (n = 398) (B) 6–12 years old (n = 2281) and (C) 
13–19 years old (n = 1591) and the start time of the 5 hours of lowest activity (L5) for ages (D) 3–5 years old (E) 6–12 years old and (F) 13–19 years old in 
NHANES. The arrows on the clockface represent the circular mean of the M10 and L5 times by age group.
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Mexican-American group was no longer associated with IS and 
the NH Asian group became associated with lower IS. Among 
those 60 years and older, age became associated with lower IS, 

men were no longer associated with lower RA, the Mexican-
American group became associated with higher L5, income ratio 
was no longer associated with IS, and heavier alcohol use was 

Figure 4. Plots of (A) interdaily stability (IS), (B) intradaily variability (IV), and (C) relative amplitude (RA) by race/ethnicity and gender as measured by 
actigraphy across ages 3–80 in NHANES 2011–2014. Solid line = women, dashed line = men, orange = Mexican-American, purple = NH Asian, sky blue = 
NH Black, dark blue = NH White, pink = Other/Multiracial, red = Other Hispanic.
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no longer associated with lower IV in linear regression results 
(Supplementary Table 10).

Discussion
This lifespan analysis of RAR in a large, national sample of chil-
dren and adults highlights inflection points relevant to age-re-
lated changes such as adolescence, early adulthood (~20 years 
old), and older adulthood/ menopause (~≥50) as times across 
development when rhythm patterns show the most change. This 
analysis also highlights differences in within and between-day 
rhythms associated with gender, race/ethnicity, and health-re-
lated and sociodemographic factors related to development and 
aging. The greatest change in RAR was found to occur during 
childhood and adolescence, with differences by gender and race/
ethnicity emerging during childhood and persisting until adult-
hood. Compared to the NH White group, the Mexican-American 
and Other Hispanic groups generally had better RAR metrics, 
while the NH Asian, NH Black, and Other/Multiracial groups had 
worse RAR metrics (with differences by age and gender). Young 
children had the most stable rhythms, possibly due to more rigid 
daily routines in addition to biological factors. In comparison, 
teenagers had decreased RAR stability, possibly due to the con-
fluence of school and work times, social commitments and social 
jet lag, and later chronotype due to hormonal changes [60]. The 
steep declines in IS and RA and increases in IV that occur in teen-
agers underscores this period of life as an important opportunity 
for chronobiological and sleep health promotion. After the age of 
20 years, RAR stabilizes at about 20 years old and persists until 
approximately 60 years of age; RAR during this period may pla-
teau, rather than improve or worsen, due to a holding pattern in 
daily schedules through occupational, family, social, and behav-
ioral factors. Interventions during this period, particularly ones, 
which focus on occupational, health, and home-related factors, 
may also be effective at improving sleep health. However, after 
the age of 60 there is a steep rise in IV (but little change in IS or 
RA), which may represent an increase in napping frequency [61]. 
Sleep quality and duration tend to worsen with age due to age-re-
lated chronic disease, pain, rhythm dampening, and other fac-
tors, and napping may become more frequent to compensate for 
poor nighttime sleep [61]. Interventions for this age group which 
can treat the factors which drive nighttime sleep disruption may 
reduce daytime napping and rhythm fragmentation.

Our results align with and build upon prior research of RAR. 
These RAR differences may be due in part to biological aging, 
but they could also be due to environmental, behavioral, social, 
and occupational factors that change with age. The patterns 
of pediatric RAR timing, such as the delay in L5 timing dur-
ing adolescence [62–64], are consistent with known biological 
shifts in chronotype that occur around puberty and persist 
until approximately 20 years of age [54, 65, 66], with slightly 
higher eveningness among men [66]. Likewise, a previous anal-
ysis of NHANES data reported shifts towards later sleep onset 
time during adolescence, a U-shaped pattern in sleep duration 
across age (reaching the minimum at age 40 and increasing 
again around age 50), and a gradual decrease in sleep efficiency 
across the lifespan, with differences by gender and race/eth-
nicity [48]. Our pediatric IS, IV, and RA results are comparable 
to previous findings in samples of Dutch children (n = 94) [67], 
which reported similar estimates and trends in non-paramet-
ric measures by pediatric age group; however, this study did 
not report any sex differences, possibly due to limited sample 

size. Our findings are also supported by a previous analysis of 
non-parametric RAR (actigraphy measured with same device 
model, ActiGraph GT3X+) in adults (n = 590) and children (n 
= 58) which reported lower IS, higher IV, and later M10 and 
L5 times in teenagers compared to younger children [28]; this 
study also did not report sex differences. The same study also 
reported higher IS, lower IV, and earlier M10 and L5 times in 
adults aged 30 and older compared to adults aged 18–29 [28], 
and lower IS and RA values in Black participants, similar to 
our findings. Furthermore, similar to our L5 and IS findings, an 
analysis of different NHANES actigraphy data, measured with 
a hip-worn accelerometer during 2003–2006 (n = 11 951 aged 
6–≥80), showed greatest later time in bed midpoint on Fridays 
and Saturdays during later adolescence and early adulthood 
(approximately 16–26 years of age) [68]. Our results also sup-
port low variation (SD) in activity timing among children and 
high variation among ages of peak workforce employment (21–
50 years). Another prior study of non-parametric measures in 
children ages 4–11 (n = 93) reported increasing RA with age and 
gender-related differences [69]; similarly, our findings show 
increasing RA at ages 3–10 years old, followed by a decline. This 
same study did not report age-related associations with L5 or 
M10 timing.

While many studies focus on the cardiometabolic conse-
quences of disrupted sleep in older adults, children and younger 
adults may be equally or more vulnerable than older adults to the 
adverse health effects of sleep disruption [6, 70–72]. Our results 
indicated an association between higher BMI and lower RA and 
M10 in the 3–19 age group. Likewise, an analysis of adolescents (n 
= 778) in the Project Viva cohort reported an association between 
higher RA, but not L5 and M10, and lower measures of adipos-
ity [73]. A study of young adults (n = 52) reported an association 
between greater regularity (IS) with lower blood lipids and greater 
fragmentation (IV) with higher C-reactive protein [74], a marker 
of inflammation. They also reported attenuation of associations 
between RAR and cardiometabolic metrics after adjusting for 
smoking and alcohol use [74], which may indicate substance use 
as possible upstream or downstream contributors on a causal 
path between RAR and health outcomes. Our results support 
associations between smoking and alcohol use and altered RAR. 
Among those aged ≥20 years old, current smoking was associated 
with reduced regularity, reduced amplitude, and higher L5, possi-
bly due to the sleep-disrupting properties of nicotine [75, 76], as 
well as lower fragmentation in those aged 20–59; the combination 
of both reduced regularity and lower fragmentation with smoking 
are unexpected and may require further exploration. Education 
and other unmeasured contributing factors that are outside the 
scope of this analysis may also be confounding this association. 
Our results also supported associations between family income 
below federal poverty level and decreased fragmentation and 
amplitude, with education and employment status as possible 
confounders.

Rhythm fragmentation and regularity also differed by race/eth-
nicity and gender across ages. The Mexican-American and Other 
Hispanic groups had lower rhythm fragmentation while the NH 
Asian group had higher fragmentation compared to the NH White 
group. The high IS and low IV values of the Mexican-American 
and Other Hispanic groups is similar to previous research in 
Hispanic/Latino populations [77] and may be a relevant factor in 
the so-called “Hispanic paradox” [78], which describes a general 
trend for better cardiometabolic health and lower mortality rates 
among people of Hispanic origin in the United States, despite 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsad220#supplementary-data
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disparities in adverse factors; social networks and decreased 
prevalence of smoking have been proposed as possible protective 
factors in these groups. Similarly, weaker rhythmicity metrics for 
men between ages 21 and 50 map onto broad trends in cardio-
vascular disease and may represent a marker for poorer health 
behavior and outcomes among men compared to women [79].

There is a growing body of data supporting disparities in sleep 
metrics, which may contribute to disparities in health outcomes. In 
the United States, disparities in sleep health [80–84] occur among 
historically marginalized groups due to structural violence and 
racism, resulting in a disproportionate burden of adverse social, 
political, environmental, and economic factors [85–89]. Because 
adverse sleep patterns are associated with inflammation [90–93], 
cardiovascular [94–96], and cardiometabolic disease [2, 5, 72, 97–
101], it is hypothesized that sleep disparities may contribute to 
disparities in health outcomes [102]. However, disparities in RAR 
are less well-studied. Our data show patterns in RAR that differ 
by race and ethnicity, beginning in childhood and progressing into 
adulthood. These findings are consistent with the sleep literature 
that demonstrates sleep disparities emerge early in childhood, 
with earlier age of onset and greater severity [40, 103]. These dif-
ferences in RAR support a need to better understand the social, 
occupational, and environmental exposures that may contribute 
to these racial/ethnic differences in rhythmicity metrics. If these 
differences are due to unjust exposures, early interventions may 
reduce disparities over time.

This study has multiple strengths, including use of a large, 
diverse dataset across a continuum of ages with popula-
tion-weighted estimates for generalizability to the non-insti-
tutionalized US population. Additionally, a sensitivity analysis 
using strict quality criteria resulted in comparable findings to 
the primary analysis. Investigation of demographic characteris-
tics associated with RAR were concordant with a prior analysis 
in NHANES in people aged 20 and older, which reported rhythm 
differences by age, gender, and race/ethnicity [35]. Our study 
includes a pediatric sample, adds description of factors associ-
ated with RAR (such as season, BMI, and smoking), and derives 
new measures of rest and activity timing (i.e. L5 and M10 start 
times) and how they differ with age and gender. We further 
address a limitation mentioned in the prior study with data pre-
processing methods and imputation for more reliable estimates. 
However, our study also has limitations, which should be consid-
ered when interpreting the results. NHANES is a cross-sectional 
study and causality cannot be ascertained. Information regarding 
school start times, child bedtime routines, discrimination, stress, 
sleep timing, and shiftwork were not collected in the 2011–2012 
or 2013–2014 cycles, so we are limited in our ability to account for 
these factors in our analysis. Individuals older than 80 years of 
age are specified as 80 years old in the NHANES data, and there-
fore the estimates for the 71–80(+) year old age group may include 
older individuals. Sample weights are not able to be applied to 
the circular, time-related variables of M10 and L5 start times, 
and therefore we are unable to derive population estimates for 
these measures. The findings between RAR metrics and season 
of measurement should also be interpreted cautiously because 
NHANES is designed to sample from northern parts of the US 
during warmer summer months, and southern parts of the US 
during colder winter months; therefore, any seasonal findings 
may be biased by study design. Additionally, participants with 
valid actigraphy measures differed in characteristics to those 
without actigraphy measures, suggesting results may be affected 
by selection bias.

Conclusion
We report population-based estimates of RAR across the lifespan; 
patterns differ by age, gender, race/ethnicity, income ratio, and 
health-related factors and behaviors. Differences in RAR meas-
ures by race/ethnicity emerge in childhood and progressively 
widen during adolescence to persist throughout adulthood. 
Adolescent and young adult men have worse rhythmicity meas-
ures compared to women. These findings suggest that sleep dur-
ing early life may represent an important area for intervention 
and sleep health promotion. By mapping RAR trajectories across 
ages and evaluating associated factors, this analysis identifies 
possible drivers of RAR differences as well as sub-populations 
that may benefit from targeted interventions. Further research is 
necessary to investigate environmental, occupational, and social 
contributors to RAR differences.
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