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ORIGINAL RESEARCH

Rest- Activity Rhythms Are Associated 
With Prevalent Cardiovascular Disease, 
Hypertension, Obesity, and Central 
Adiposity in a Nationally Representative 
Sample of US Adults
Nour Makarem , PhD; Charles A. German , MD; Zhanhao Zhang , MA; Keith M. Diaz , PhD; 
Priya Palta , PhD; Dustin T. Duncan , PhD; Cecilia Castro- Diehl , MD, PhD; Ari Shechter , PhD

BACKGROUND: Rest- activity rhythms (RARs), a measure of circadian rhythmicity in the free- living setting, are related to mortality 
risk, but evidence is limited on associations with cardiovascular disease (CVD) and its risk factors.

METHODS AND RESULTS: Participants included 4521 adults from the 2013 to 2014 National Health and Nutrition Examination 
Survey physical activity monitoring examination. Wrist- worn ActiGraph GT3X+ data were used to estimate RARs. Multivariable 
logistic models evaluated associations of RARs with prevalent CVD, hypertension, obesity, and central adiposity. Participants 
(mean age, 49 years) in the highest versus lowest tertile of relative amplitude (greater circadian rhythmicity) had 39% to 62% 
lower odds of prevalent CVD, hypertension, obesity, and central adiposity. A more active wake period was associated with 
19% to 72% lower CVD, hypertension, obesity, and central adiposity odds. Higher interdaily stability (regular sleep- wake and 
rest- activity patterns) was related to 52% and 23% lower CVD and obesity odds, respectively. In contrast, participants in the 
highest versus lowest tertile of intradaily variability (fragmented RAR and inefficient sleep) had >3- fold and 24% higher CVD 
and obesity odds, respectively. A later and less restful sleep period was associated with 36% to 2- fold higher CVD, hyperten-
sion, obesity, and central adiposity odds. A statistically significant linear trend was observed for all associations (P- trend<0.05).

CONCLUSIONS: A robust, stable, and less fragmented RAR, an active wake period, and an earlier and more restful sleep period 
are associated with lower prevalent CVD, hypertension, obesity, and central adiposity, with evidence of a dose- response rela-
tionship. The magnitude, timing, and regularity of sleep- wake and rest- activity patterns may be important targets for reducing 
cardiovascular risk.
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Cardiovascular disease (CVD) is the leading cause 
of morbidity and mortality in the United States and 
worldwide, with hypertension and excess adiposity 

being the strongest risk factors contributing to the CVD 
burden at the population level.1–4 Indeed, approximately 
half of US adults have hypertension, and ≈40% present 

with obesity.4,5 Furthermore, the prevalence of central 
adiposity has been steadily increasing over the past 2 
decades and is projected to reach ≈56% in men and 
≈80% in women by 2030.6 Lifestyle modification has 
been the cornerstone of CVD prevention approaches, 
with lifestyle recommendations, and consequently 
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interventions, traditionally focused on consumption 
of a healthy diet, achievement of the physical activity 
guidelines, and, more recently, having a sufficient sleep 
duration of ≥7 hours and <9 hours.7 However, the global 
increase in CVD and its risk factors over the past 3 de-
cades2 highlights the importance of identifying and tar-
geting novel modifiable risk factors that could enhance 
existing behavioral prevention approaches.

Emerging data suggest that the alignment of lifestyle  
behaviors, including sleep- wake, rest- activity, and 
eating- fasting patterns, with innate circadian rhythms 

may also play an important role in preserving car-
diometabolic health and preventing CVD.8,9 Intervention 
studies demonstrate that circadian misalignment in 
highly controlled laboratory settings increases blood 
pressure (BP) and impacts energy homeostasis, pre-
disposing to weight gain and thereby elevating CVD 
risk.9–11 Nevertheless, circadian disruption can also 
occur in a real- world setting when lifestyle behaviors 
are misaligned with innate circadian rhythms.12 For 
instance, shift work, particularly night and rotating 
shift work, represents an extreme model of circadian 
misalignment in the real world and has been linked 
to higher risk for CVD, hypertension, and obesity.13–15 
However, circadian disruption at the population level 
occurs beyond just shift work; nighttime eating and 
irregular eating timing patterns, later and irregular 
sleep- wake patterns, and being active or working later 
in the day because of individuals’ choices or their so-
cial constraints have become characteristic of modern 
society.16 The impact of circadian misalignment at the 
population level on CVD and its risk factors is much 
less studied.

The collection of objective activity and sleep data 
in population- based cohorts and the application of 
rhythmometric statistical approaches to minute- level 
wrist actigraphy data collected over multiple consecu-
tive days enables the estimation of 24- hour rest- activity 
patterns and sleep- wake cycles related to circadian 
phase.17,18 The resulting rest- activity rhythm (RAR) vari-
ables, representing an innovative measure of circadian 
rhythmicity in the free- living setting, enable the inves-
tigation of how characteristics of behavioral circadian 
rhythms contribute to the CVD burden at the population 
level.18,19 RARs, characterizing the magnitude, timing, 
and regularity of sleep- wake and rest- activity patterns, 
have not been comprehensively evaluated in relation to 
CVD and its risk factors, including in nationally repre-
sentative samples of adults. Thus, the purpose of the 
present study was to investigate nonparametric RAR 
variables in relation to odds of prevalent CVD, hyper-
tension, obesity, and central adiposity in a nationally 
representative cohort of racially and ethnically diverse 
US adults. We focused on nonparametric RAR vari-
ables given that they provide a measure of behavioral 
circadian rhythms that is translational for public health 
guidance and lifestyle modification approaches. We 
hypothesized that RAR characteristics indicative of 
greater overall circadian rhythmicity would be related 
to lower odds of CVD and its risk factors.

METHODS
Study Design and Population
This was a cross- sectional study of adults from the  
2013 to 2014 National Health and Nutrition Examination  
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What Is New?
• It is known that circadian misalignment in highly 

controlled laboratory settings alters energy 
homeostasis, promotes weight gain, and in-
creases blood pressure, but there are limited 
data on how circadian disruption at the popula-
tion level, which occurs beyond just shift work, 
is related to cardiovascular risk; the estimation 
of rest- activity rhythm characteristics from wrist 
actigraphy, reflecting sleep- wake cycles, physi-
cal activity levels, and circadian influences, 
provides insight into circadian rhythmicity and 
multidimensional sleep- wake and rest- activity 
patterns in the free- living community setting.

• We demonstrate that rest- activity rhythms in-
dicative of greater overall circadian rhythmic-
ity, a more active wake period, less variability 
in sleep- wake and rest- activity patterns across 
days, and an earlier, more restful, and efficient 
sleep period were associated with lower preva-
lent cardiovascular disease, hypertension, obe-
sity, and central adiposity in US adults, with 
evidence of a dose- response relationship.

What Question Should Be Addressed 
Next?
• Studies of intervention programs to improve 

circadian rhythmicity through modifications of 
lifestyle, behavioral, and environmental factors 
should be conducted to shed light on the causal 
links between circadian disruption, cardiometa-
bolic risk, and cardiovascular disease.
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Survey (NHANES), who participated in the accelerometry- 
based physical activity monitoring examination.20 
NHANES data are available in a public, open access re-
pository: https:// www. cdc. gov/ nchs/ nhanes/ index. htm. 
NHANES, which was conducted by the National Center 
for Health Statistics of the US Centers for Disease 
Control and Prevention, is nationally representative, as 
recruitment is accomplished through a complex, strati-
fied, multistage probability sampling design (counties, 
segments, households, and individuals) to ensure exter-
nal validity.20 In addition to completing the physical ac-
tivity monitoring, participants completed both in- home 
interviews and in- person mobile examination center vis-
its to provide sociodemographic, lifestyle, and medical 
history data, a blood sample, and complete anthropo-
metric and BP assessments. Of the total participants 
in the NHANES 2013 to 2014 physical activity monitor-
ing examination (n=7732), we excluded, in the following 
order: (1) those aged <20 years (n=2910), (2) those with 
<3 days of valid accelerometer data to compute the RAR 
variables (n=235), and (3) pregnant women (n=66). The 
final analytic sample included 4521 men and women. 
NHANES is approved by the National Center for Health 
Statistics Research Ethics Review Board (protocol num-
ber 2011- 17). All NHANES participants provide written 
informed consent before commencing any data collec-
tion procedures.20

Assessment of RARs
Participants in the physical activity monitoring ex-
amination wore the ActiGraph GT3X+ accelerometer 
(Pensacola, FL) on their nondominant wrist continu-
ously across the 24- hour period for 7 consecutive 
days.21 The first and last days of accelerometry data 
were excluded for each participant because of in-
complete 24- hour periods (from midnight to midnight). 
Furthermore, those with <3 days of valid accelerometer 
data were excluded; we considered days with >1 hour 
of nonwear time during sleep and <10 hours of wear 
time during wakefulness to be invalid.22 The actigraph 
was programmed to record acceleration data on the x, 
y, or z axis with 80- Hz sampling frequency. Acceleration 
measurements from all 3 axes were summed for each 
minute; these summary measures, specified in Monitor 
Independent Movement Summary units, a nonproprie-
tary, open- source, device- independent universal sum-
mary metric, were used.23

We estimated RAR variables, describing strength, 
timing, and regularity of sleep and physical activity 
patterns and representing in part a behavioral man-
ifestation of the circadian function in response to 
environmental cycles.18,19,24 RAR metrics serve as re-
liable estimates of 24- hour rest- activity patterns and 
sleep- wake cycles and circadian influences that are 
generalizable to the US population. Nonparametric 

rhythmometric analysis was used to estimate RAR 
variables,25,26 given that nonparametric approaches 
do not make distributional or functional assumptions 
on the rest- activity data and may therefore be superior 
to the traditionally used cosinor approach in character-
izing 24- hour RARs.27 The following RAR variables with 
detailed definitions and interpretation shown in Table 1 
were calculated by nonparametric methods and identi-
fied pre hoc for the analysis:

• Interdaily stability: a measure of day- to- day stability 
in sleep- wake and rest- activity patterns, with higher 
values indicating greater stability across days.

• Intradaily variability: a measure of RAR fragmenta-
tion across the 24- hour day, with higher values rep-
resenting greater rhythm fragmentation typical of 
frequent napping and inefficient sleep.

• Most active 10- hour period (M10) counts and mid-
point: a measure of timing and level of physical ac-
tivity, with higher M10 counts representing a more 
active wake period and a later midpoint indicating 
that activity occurs later on in the day.

• Least active 5- hour period (L5) counts and timing: a 
measure of restfulness and timing of the sleep pe-
riod, given that this metric coincides with sleep, with 
higher L5 counts indicating less restful sleep and a 
later midpoint indicating a later sleep period.

• Relative amplitude: a summary measure of the ro-
bustness of the overall RAR, computed from M10 
and L5 counts and timing, with higher values indicat-
ing greater circadian rhythmicity.

Ascertainment of CVD
A composite CVD outcome that included heart failure, 
coronary heart disease, angina/angina pectoris, heart 
attack, and stroke, obtained by self- report on the med-
ical conditions questionnaire, was created.28

Assessment of Hypertension
During the mobile examination center medical exami-
nation, 4 BP measures were obtained on participants’ 
right arm after they had been resting in a seated position 
for ≈5 minutes. The average of the first 3 measurements 
was used for the present analysis, consistent with prior 
work in NHANES.28 Hypertension was defined as hav-
ing systolic BP ≥130 mm Hg or diastolic BP ≥80 mm Hg 
or self- reported use of any prescribed drugs to con-
trol BP, consistent with the 2017 American College of 
Cardiology/American Heart Association guidelines.4

Assessment of Adiposity
Anthropometric measures were collected during the 
mobile examination center medical examination by 

https://www.cdc.gov/nchs/nhanes/index.htm
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trained health technicians. Height was measured using 
a stadiometer, and weight was assessed using a digital 
weight scale to calculate body mass index (BMI; kg/
m2). Obesity was defined by having a BMI ≥30 kg/m2. 
Waist circumference measurements were obtained 
using a measuring tape wrapped just above the iliac 
crest and rounded to the nearest 0.1 cm. Waist circum-
ference values ≥102 cm for men and ≥88 cm for women 
were considered to be indicative of central adiposity.29

Statistical Analysis
Participants’ sociodemographic, lifestyle, and clinical 
characteristics were described using mean±SD for 
continuous variables and frequencies for categorical 
variables for the overall sample and by categories of 
relative amplitude, given that relative amplitude serves 
as a summary measure of overall RAR robustness (ie, 
circadian rhythmicity). t- Tests and χ2 tests were used 
to determine whether participant characteristics var-
ied significantly among those with relative amplitude 
greater than versus below the median value. Survey- 
weighted univariate and multivariable logistic regres-
sion models were used to evaluate tertiles of the RAR 
variables in relation to odds of prevalent CVD, hyper-
tension, obesity, and central adiposity. The test for lin-
ear contrast was used to compute P- trend values for 
the detection of a linear trend across the tertiles of RAR 
variables.

We present, for all associations, results from 3 
models, a univariate model (model 1) and 2 multivari-
able models (model 2 and model 3). Model 2 was ad-
justed for the following a priori selected covariates: 
age, sex, race and ethnicity, marital status, education, 
smoking status, and alcohol use. We additionally con-
sidered a model 3, adjusted for all model 2 covariates 

plus self- reported sleep disorders. Model 2 was the 
primary model given that sleep disorders were not ob-
jectively assessed, but rather self- reported in response 
to the question: “Ever told by doctor have sleep dis-
order?,” making it unclear what type of sleep disorder 
the participant is reporting and introducing some mea-
surement error. Furthermore, disrupted RARs may be 
a consequence or a manifestation of sleep disorders 
and would thus likely represent partial mediators of the 
relation between sleep disorders and cardiovascular 
risk.30 P<0.05 was considered statistically significant. 
Statistical analyses were performed using R, version 
3.6.3, and all analyses accounted for the complex 
stratified survey design of NHANES.

RESULTS
Study Population Characteristics
The weighted sociodemographic, lifestyle, clinical, 
and RAR characteristics of the study population are 
shown in Table 2. The average age of participants was 
49±17 years, 53% were women, and 64% reported 
being married or living with a partner and an education 
level equivalent to some college and above. In terms 
of the racial and ethnic distribution, 5% were Asian, 
11% were Black, 15% were Hispanic, and 67% were 
non- Hispanic White. The prevalence of CVD and hy-
pertension in the overall sample was 10% and 43%, 
respectively, whereas that of obesity and central adi-
posity was 39% and 57%, respectively.

When participant characteristics were compared by 
categories of relative amplitude, those with relative am-
plitude greater than the median value (0.89), indicative 
of greater circadian rhythmicity, were more likely to be 
younger, married, and nonsmokers and more likely to 

Table 1. Definitions and Interpretation of Nonparametric 24- Hour Rest- Activity Rhythm Variables

Rest- activity rhythm 
variable Definition Interpretation

IS Measure of sleep- wake and rest- activity 
patterns’ regularity across days and 
synchronization to 24- h light/dark cycles and 
environmental cues

0≤IS≤1
Higher IS indicates less day- to- day variability in sleep- wake and rest- 
activity cycles and better synchronization to 24- h light/dark cycles and 
other environmental cues that regulate the biological clock (assuming 
that an individual is awake during the daytime and asleep during the 
nighttime).

IV Measure of rhythm fragmentation (frequency 
and extent of transitions between rest and 
activity) and sleep efficiency

IV≥0
(IV=0 for perfect sine wave and IV≅2 for Gaussian noise). For example, 
higher IVs are typically observed among those who nap during the 
daytime and have more frequent awakenings during the night.

M10 timing and counts Measure of wake time activity and circadian 
phase

Higher M10 counts indicate a more active wake period.
Higher M10 timing indicates that an individual is active later on in the 
day.

L5 timing and counts Measure of restfulness of sleep and circadian 
phase

Higher L5 counts indicate less restful sleep.
Higher L5 timing indicates that bedtime occurs later in the day.

Relative amplitude Measure of 24- h rhythm robustness and 
overall circadian rhythmicity derived from 
timing and activity counts of M10 and L5

Higher values indicate a more robust 24- h rest- activity rhythm and 
greater overall circadian rhythmicity (ie, higher activity when awake and 
lower activity at night).

IS indicates interdaily stability; IV, intradaily variability; L5, least active 5- hour period; and M10, most active 10- hour period.
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report Hispanic or non- Hispanic White race and eth-
nicity. Furthermore, participants with relative amplitude 
greater than the median value had significantly lower 
prevalence of CVD (6% versus 13%; P<0.001), hyper-
tension (37% versus 50%; P<0.001), obesity (34% ver-
sus 45%; P<0.001), and central adiposity (51% versus 
62%; P<0.001). Notably, participants with relative am-
plitude above the median also had a more favorable 
overall RAR profile characterized by higher interdaily 
stability and M10 counts, lower intradaily variability and 
L5 counts, and an earlier timing of the M10 and L5 
periods in the 24- hour day.

RARs and CVD
In multivariable models (model 2), those in the highest 
versus lowest tertile of interdaily stability, M10 counts, 

and relative amplitude, indicative of greater day- to- 
day stability in sleep- wake and rest- activity patterns, a 
more active wake period, and greater circadian rhyth-
micity, had 52%, 72%, and 62% lower odds of preva-
lent CVD, respectively (Figure). In contrast, participants 
in the highest versus lowest tertile of intradaily variabil-
ity, indicative of a more fragmented RAR and inefficient 
sleep, had >3- fold greater odds of CVD. Furthermore, 
those with a later L5 midpoint and higher L5 counts, 
representing a later, less restful sleep period, had 70% 
and 59% higher odds of CVD, respectively. A statis-
tically significant linear trend demonstrating a dose- 
response relationship was observed across tertiles of 
these RAR characteristics (P<0.05). Null associations 
were observed for the M10 midpoint in relation to CVD. 
Additional adjustment for sleep disorders (model 3) did 
not alter any of these associations (Table S1).

Table 2. Descriptive Characteristics of the Overall Study Population and by RA Categories

Characteristics Overall sample (n=4521) RA below median (n=2260) RA above median (n=2261) P value

Age, y 48.7 (16.7) 49.6 (17.6) 47.0 (16.4) <0.001

Female sex, % 52.9 51.0 54.5 0.096

Race and ethnicity, %

Asian 4.8 4.8 4.8 <0.001

Black 11 16.5 6.7

Hispanic 14.5 12.6 16.2

White 66.8 62.3 70.2

Married/living with partner, % 63.9 56.3 68.6 <0.001

Education level of some college 
and above, %

63.6 61.9 64.5 0.288

Current smoker, % 19.3 24 15.8 <0.001

Alcohol, No. of drinks on drinking 
days

2.5 (2.1) 2.6 (2.2) 2.5 (2.1) 0.250

Self- reported sleep disorder, % 10.8 12 9.6 0.092

BMI, kg/m2 29.4 (7.1) 30.5 (7.7) 28.4 (6.4) <0.001

Obesity, % 39.2 45.2 33.5 <0.001

Waist circumference, cm 100.1 (16.6) 103.1 (17.8) 97.2 (15.1) <0.001

Central adiposity, % 56.8 62.4 50.8 <0.001

Systolic blood pressure, mm Hg 121.3 (16.4) 123.4 (17.3) 119.3 (15.1) <0.001

Diastolic blood pressure, mm Hg 69.5 (11.9) 69.6 (13.1) 69.1 (11.1) 0.211

Hypertension, % 43.3 49.6 36.7 <0.001

Cardiovascular disease, % 9.5 13.4 5.9 <0.001

Interdaily stability 0.64 (0.16) 0.58 (0.16) 0.68 (0.15) <0.001

Intradaily variability 0.69 (0.25) 0.76 (0.25) 0.63 (0.24) <0.001

M10 midpoint 14.16 (2.72) 14.48 (2.99) 13.92 (2.47) <0.001

M10 counts 497.17 (169.59) 455.74 (153.98) 532.67 (174.95) <0.001

L5 midpoint 3.89 (3.67) 4.41 (4.04) 3.47 (3.23) <0.001

L5 counts 36.82 (37.39) 59.75 (45.35) 17.97 (9.5) <0.001

RA 0.86 (0.12) 0.77 (0.13) 0.94 (0.03) <0.001

Data are given as mean (SD) unless otherwise indicated. RA median value was 0.89. χ2 Tests were used to compare frequencies for categorical variables, 
and t- tests were used to compare means for continuous variables. BMI indicates body mass index; L5, least active 5- hour period; M10, most active 10- hour 
period; and RA, relative amplitude.
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RARs and Hypertension
Being in the highest versus lowest tertile of M10 counts 
and relative amplitude was associated with 19% and 39% 
lower odds of hypertension, respectively (P- trend=0.032 
and P- trend=0.002, respectively). In contrast, being in the 
highest versus lowest tertile of L5 counts was associated 
with 59% higher odds of hypertension (P- trend=0.007) 
(Table 3). Null associations were observed for all other RAR 
characteristics in multivariable models. Associations were 
similar after additional adjustment for sleep disorders.

RARs and Adiposity
In multivariable models (model 2), being in the highest 
versus lowest tertile of relative amplitude (ie, greater 
overall circadian rhythmicity) was associated with 55% 
and 53% lower odds of obesity and central adiposity, 
respectively (Tables 4 and 5). Similarly, participants in 
the highest versus lowest tertile of M10 counts (more 
active wake period) had 58% and 45% lower odds of 
these outcomes, respectively, whereas those in the 
highest versus lowest tertile of interdaily stability (ie, 
greater invariability across days) had 23% lower odds 
of obesity only. A statistically significant linear trend was 
observed for all these associations (P- trend<0.001).

In contrast, greater L5 counts were associated with 
72% and 2- fold greater odds of obesity and central ad-
iposity, respectively (P- trend<0.001). Higher intradaily 
variability and L5 midpoint, indicating greater rhythm 
fragmentation and a later sleep period, were additionally 
associated with 24% and 36% greater odds of obesity 
(P- trend<0.05), respectively, but no associations were 
observed with central adiposity. M10 timing was not as-
sociated with either outcome. All associations persisted 
after adjustment for sleep disorders, with the exception of 
the association between intradaily variability and obesity, 
which was no longer statistically significant (P=0.234).

DISCUSSION
In this sample of nationally representative US adults, 
greater overall circadian rhythmicity, an active wake pe-
riod, invariability in sleep- wake and rest- activity patterns 
across days, and an earlier, restful, and more efficient 
sleep period were associated with lower prevalent CVD, 
hypertension, obesity, and central adiposity, with evi-
dence of a dose- response relationship. To our knowl-
edge, this is the first study to systematically investigate 
nonparametric RARs, assessed in a real- life setting 

Figure. Multivariable associations of 24- hour rest- activity rhythms and cardiovascular disease (n=4521).
This figure shows multivariable associations of rest- activity rhythm characteristics with prevalent cardiovascular disease. Tertiles of 
nonparametric rest- activity rhythm variables were evaluated in relation to odds of cardiovascular disease. Gray plots represent odds 
ratio (95% CI) of participants in tertile 2 vs tertile 1, whereas black plots represent odds ratio (95% CI) of participants in tertile 3 vs 
tertile 1. Logistic regression models were adjusted for age, sex, race and ethnicity, marital status, education, smoking, and alcohol 
use. Additional adjustment for self- reported sleep disorders did not alter statistical significance of any associations (Table S1). P- trend 
was computed using the linear contrast method, and P- trend<0.05 was considered indicative of a dose- response relationship across 
the tertile categories of rest- activity rhythm variables. L5 indicates least active 5- hour period; and M10, most active 10- hour period.
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using a large, representative sample of US adults, in re-
lation to CVD and its risk factors. Although we cannot 
determine the directionality of the associations in this 
cross- sectional study, these findings, in light of prior 
experimental work on circadian misalignment, suggest 
that reduced circadian rhythmicity may contribute to the 
CVD burden at the population level in US adults, and 
that RAR characteristics may play a role in the patho-
genesis of CVD, hypertension, and excess adiposity.

There are no prior studies of nonparametric RAR 
variables in relation to CVD in a nationally representa-
tive cohort of US adults. However, 1 prior study inves-
tigated RAR variables from extended cosine models in 
relation to incident CVD in older US men (mean age, 
76 years) who participated in the MrOS (Osteoporotic 
Fractures in Men) Study.31 In the MrOS Study, de-
creased circadian activity rhythm robustness, repre-
sented by reduced amplitude and greater minimum 

Table 3. Multivariable Associations of 24- Hour RAR Variables and Hypertension (n=4521)

24- h Rest- activity rhythm variables Model 1 OR (95% CI)* Model 2 OR (95% CI)† Model 3 OR (95% CI)‡

Interdaily stability

<0.58 1.00 1.00 1.00

0.58–0.73 1.16 (1.0–1.34) 0.92 (0.78–1.09) 0.92 (0.78–1.09)

>0.73 1.19 (1.07–1.33) 0.93 (0.72–1.19) 0.94 (0.73–1.21)

P- trend 0.002 0.565 0.613

Intradaily variability

<0.56 1.00 1.00 1.00

0.56–0.77 1.25 (1.01–1.54) 1.10 (0.87–1.39) 1.09 (0.85–1.38)

>0.77 1.5 (1.19–1.89) 0.98 (0.69–1.40) 0.94 (0.66–1.35)

P- trend <0.001 0.921 0.754

M10 midpoint

<12.82 1.00 1.00 1.00

12.82–15.15 1.02 (0.87–1.20) 1.07 (0.83–1.39) 1.08 (0.84–1.4)

>15.15 0.55 (0.48–0.63) 0.97 (0.81–1.17) 0.96 (0.80–1.16)

P- trend <0.001 0.782 0.699

M10 counts

<413 1.00 1.00 1.00

413–557 0.71 (0.6–0.84) 1.08 (0.88–1.32) 1.09 (0.89–1.35)

>557 0.45 (0.40–0.51) 0.81 (0.66–0.98) 0.83 (0.69–1.00)

P- trend <0.001 0.032 0.055

L5 midpoint

<2.6 1.00 1.00 1.00

2.6–3.98 0.83 (0.72–0.96) 0.88 (0.75–1.03) 0.89 (0.75–1.04)

>3.98 0.85 (0.69–1.04) 1.16 (0.93–1.45) 1.14 (0.90–1.43)

P- trend 0.117 0.189 0.280

L5 counts

<21 1.00 1.00 1.00

21–39 1.25 (1.05–1.49) 1.39 (1.04–1.84) 1.38 (1.03–1.85)

>39 1.43 (1.17–1.74) 1.59 (1.13–2.24) 1.57 (1.10–2.24)

P- trend <0.001 0.007 0.013

Relative amplitude

<0.85 1.00 1.00 1.00

0.85–0.92 0.80 (0.71–0.92) 0.87 (0.65–1.15) 0.88 (0.65–1.19)

>0.92 0.50 (0.43–0.58) 0.61 (0.44–0.84) 0.62 (0.44–0.88)

P- trend <0.001 0.002 0.007

Risk estimates are shown from logistic regression models, comparing odds of hypertension among those in the highest vs lowest tertile of each RAR variable. 
L5 indicates least active 5- hour period; M10, most active 10- hour period; OR, odds ratio; and RAR, rest- activity rhythm.

*Model 1 represents univariate associations.
†Model 2 is adjusted for age, sex, marital status, education, race and ethnicity, smoking, and alcohol use.
‡Model 3 is adjusted for model 2 covariates and additionally for sleep disorders.
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activity, was associated with up to a 33% increased 
risk of CVD events. Furthermore, a dampened RAR, 
estimated from extended cosine models, has been 
linked to >2- fold greater CVD mortality risk in older 
adults from the MrOS Study and the SOF (Study of 
Osteoporotic Fractures).32,33 Collectively, these results 
are in line with our findings that reduced overall cir-
cadian rhythmicity and a dampened RAR are associ-
ated with higher odds of prevalent CVD, but we further 

demonstrate robust associations between other RAR 
characteristics and CVD.

There are limited studies on RARs in relation to hy-
pertension and adiposity.19,34,35 In the cross- sectional 
Hispanic Community Health Study/Study of Latinos 
Sueno sleep ancillary study of ≈2000 adults, encom-
passing different life stages (mean age, 47 years), 
those with hypertension had lower interdaily stability, 
but associations of interdaily stability and sleep timing 

Table 4. Multivariable Associations of 24- Hour RAR Variables and Obesity (n=4521)

24- h Rest- activity rhythm variables Model 1 OR (95% CI)* Model 2 OR (95% CI)† Model 3 OR (95% CI)‡

Interdaily stability

<0.58 1.00 1.00 1.00

0.58–0.73 0.95 (0.83–1.09) 0.93 (0.73–1.17) 0.93 (0.76–1.14)

>0.73 0.85 (0.73–0.98) 0.77 (0.67–0.88) 0.79 (0.69–0.90)

P- trend 0.026 <0.001 <0.001

Intradaily variability

<0.56 1.00 1.00 1.00

0.56–0.77 0.95 (0.79–1.15) 0.94 (0.75–1.17) 0.9 (0.72–1.13)

>0.77 1.16 (0.99–1.36) 1.24 (1.05–1.47) 1.12 (0.93–1.34)

P- trend 0.063 0.014 0.234

M10 midpoint

<12.82 1.00 1.00 1.00

12.82–15.15 0.81 (0.67–0.99) 0.90 (0.69–1.17) 0.92 (0.7–1.21)

>15.15 0.87 (0.73–1.05) 1.08 (0.82–1.42) 1.05 (0.81–1.35)

P- trend 0.151 0.579 0.737

M10 counts

<413 1.00 1.00 1.00

413–5.57 0.89 (0.78–1.02) 0.80 (0.65–0.99) 0.84 (0.67–1.05)

>557 0.54 (0.47–0.63) 0.42 (0.34–0.52) 0.46 (0.36–0.58)

P- trend <0.001 <0.001 <0.001

L5 midpoint

<2.6 1.00 1.00 1.00

2.6–3.98 1.04 (0.88–1.24) 1.07 (0.87–1.31) 1.08 (0.87–1.33)

>3.98 1.12 (0.97–1.29) 1.36 (1.11–1.66) 1.28 (1.02–1.60)

P- trend 0.135 0.003 0.032

L5 counts

<21 1.00 1.00 1.00

21–39 1.33 (1.09–1.62) 1.37 (1.12–1.67) 1.39 (1.14–1.68)

>39 1.64 (1.44–1.86) 1.72 (1.35–2.18) 1.67 (1.33–2.08)

P- trend <0.001 <0.001 <0.001

Relative amplitude

<0.85 1.00 1.00 1.00

0.85–0.92 0.74 (0.61–0.91) 0.71 (0.55–0.92) 0.74 (0.57–0.94)

>0.92 0.51 (0.42–0.62) 0.45 (0.34–0.60) 0.47 (0.35–0.63)

P- trend <0.001 <0.001 <0.001

Risk estimates are shown from logistic regression models, comparing odds of obesity among those in the highest vs lowest tertile of each RAR variable. L5 
indicates least active 5- hour period; M10, most active 10- hour period; OR, odds ratio; and RAR, rest- activity rhythm.

*Model 1 represents univariate associations.
†Model 2 is adjusted for age, sex, marital status, education, race and ethnicity, smoking, and alcohol use.
‡Model 3 is adjusted for model 2 covariates and additionally for sleep disorders.
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with hypertension prevalence and BMI were not signif-
icant in multivariable models.34 In contrast, in the Rush 
Memory and Aging cohort of ≈1000 older adults (mean 
age, 82 years), having higher interdaily stability was as-
sociated with 22% and 27% lower odds of prevalent 
hypertension and obesity, respectively.35 Furthermore, 
in a predominantly female (≈80%) sample of 578 
community- dwelling adults (mean age, 52 years), par-
ticipants in the lowest versus highest quintile of rela-
tive amplitude had 3 kg/m2 higher BMI, but null results 

were reported for other RAR variables.19 It is possible 
that we observed no association between interdaily 
stability and hypertension, consistent with the HCHS/
SOL but not the Rush cohort, due to the similar age 
distribution, as associations of sleep regularity with 
BP may be more pronounced in older adults.36 Our 
result that lower overall rhythmicity is related to prev-
alent obesity is consistent with the previous finding of 
an inverse association between relative amplitude and 
BMI. However, we additionally demonstrate that other 

Table 5. Multivariable Associations of 24- Hour RAR Variables and Central Adiposity (n=4521)

24- h Rest- activity rhythm variables Model 1 OR (95% CI)* Model 2 OR (95% CI)† Model 3 OR (95% CI)‡

Interdaily stability

<0.58 1.00 1.00 1.00

0.58–0.73 1.20 (0.97–1.49) 1.00 (0.74–1.34) 1.01 (0.75–1.35)

>0.73 1.17 (1.02–1.35) 0.92 (0.78–1.09) 0.94 (0.81–1.10)

P- trend 0.027 0.348 0.473

Intradaily variability

<0.56 1.00 1.00 1.00

0.56–0.77 1.21 (0.97–1.50) 1.08 (0.81–1.44) 1.06 (0.79–1.42)

>0.77 1.17 (0.99–1.37) 1.05 (0.87–1.27) 0.98 (0.8–1.18)

P- trend 0.059 0.618 0.799

M10 midpoint

<12.82 1.00 1.00 1.00

12.82–15.15 1.00 (0.85–1.19) 1.08 (0.85–1.38) 1.10 (0.86–1.42)

>15.15 0.80 (0.66–0.97) 1.02 (0.74–1.42) 1.00 (0.73–1.36)

P- trend 0.024 0.890 0.988

M10 counts

<413 1.00 1.00 1.00

413–557 0.90 (0.78–1.04) 0.76 (0.59–0.97) 0.78 (0.61–1.00)

>557 0.68 (0.59–0.78) 0.55 (0.44–0.68) 0.58 (0.47–0.72)

P- trend <0.001 <0.001 <0.001

L5 midpoint

<2.6 1.00 1.00 1.00

2.6–3.98 0.94 (0.81–1.09) 0.88 (0.73–1.05) 0.88 (0.73–1.07)

>3.98 0.91 (0.76–1.09) 1.18 (0.91–1.52) 1.12 (0.86–1.47)

P- trend 0.306 0.210 0.395

L5 counts

<21 1.00 1.00 1.00

21–39 1.48 (1.29–1.71) 1.60 (1.33–1.93) 1.61 (1.31–1.97)

>39 1.70 (1.38–2.08) 2.00 (1.55–2.58) 1.96 (1.53–2.50)

P- trend <0.001 <0.001 <0.001

Relative amplitude

<0.85 1.00 1.00 1.00

0.85–0.92 0.95 (0.7–1.29) 0.91 (0.63–1.31) 0.94 (0.65–1.35)

>0.92 0.56 (0.45–0.70) 0.47 (0.36–0.61) 0.49 (0.37–0.63)

P- trend <0.001 <0.001 <0.001

Risk estimates are shown from logistic regression models, comparing odds of central adiposity among those in the highest vs lowest tertile of each RAR 
variable. L5 indicates least active 5- hour period; M10, most active 10- hour period; OR, odds ratio; and RAR, rest- activity rhythm.

*Model 1 represents univariate associations.
†Model 2 is adjusted for age, sex, marital status, education, race and ethnicity, smoking, and alcohol use.
‡Model 3 is adjusted for model 2 covariates and additionally for sleep disorders.
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RAR characteristics are related to obesity; the null as-
sociations in prior work may be ascribed to the modest 
sample size, resulting in limited statistical power to de-
tect associations.19

The association between RARs and CVD is biolog-
ically plausible, given the observed relations between 
disrupted RARs and individual CVD risk factors ob-
served here. It is likely that excess adiposity and hyper-
tension may lie in the causal pathway of the association 
between RARs and CVD. However, although all RAR 
characteristics, with the exception of M10 timing, were 
associated with CVD, differential associations were 
observed with hypertension and central adiposity. 
On the other hand, associations of RAR with obesity 
mirrored those with CVD, but additional adjustment of 
multivariable models on RARs in relation to CVD for 
BMI did not alter the statistical significance of findings 
(Table  S1), suggesting that there are likely additional 
mechanisms at play.

In addition to being linked to excess adiposity and 
hypertension, dampened RARs are associated with 
metabolic syndrome, diabetes, and dyslipidemia, 
which are also CVD risk factors.35,37,38 For instance, 
in adults without type 2 diabetes, who participated 
in the NHANES physical activity monitoring exam-
ination, lower relative amplitude and higher intradaily 
variability were related to impaired glucose tolerance.38 
Furthermore, those with the weakest rhythmicity based 
on cosine model analysis had >2 times greater odds 
of diabetes.37 Finally, in the Rush Memory and Aging 
cohort, lower interdaily stability was linked to 24%, 
31%, and 18% higher odds of diabetes, metabolic syn-
drome, and dyslipidemia, respectively, highlighting ad-
ditional pathways through which RARs could influence 
CVD risk.35

Lastly, our findings are consistent with intervention 
studies providing causal evidence that forced mis-
alignment of behavioral and environmental cycles, in-
cluding sleep- wake cycles, with endogenous circadian 
rhythms increases blood pressure, blood glucose, 
and inflammatory markers (eg, interleukin- 6, CRP 
[C- reactive protein], and tumor necrosis factor- α) and 
reduces insulin sensitivity, contributing to greater risk 
of developing CVD and hypertension.9,39,40 Circadian 
misalignment in experimental studies has also been 
linked to higher levels of ghrelin, reduced leptin, and 
increased appetite for energy- dense foods predis-
posing to obesity.40,41 Our finding that a more active 
wake period is related to lower CVD, hypertension, and 
obesity risk is also consistent with the health effects of 
interventions aimed at increasing daytime physical ac-
tivity through implementing physical activity bouts into 
daily routines, reducing sedentary time, and increasing 
adherence to physical activity guidelines.42–45 These in-
terventions are effective at improving blood pressure, 
blood glucose, BMI, and low- density lipoprotein, while 

also having positive effects on psychosocial CVD risk 
factors, such as stress and mood.42–45

Strengths of this study include the population- 
based nature of the study cohort, which was nation-
ally representative and diverse in terms of age, race, 
and ethnicity, as the limited prior studies on RARs 
were conducted primarily in geographically restricted 
samples or with small sample sizes, limiting general-
izability of findings. The use of objectively assessed 
sleep, rest, and activity data from accelerometry, high 
device- wearing compliance by participants (>90% with 
at least 6 days of monitoring), and rigorous approach 
for assessing data validity reduces the chances of 
measurement error. Furthermore, the use of nonpara-
metric rhythmometric methods to estimate RAR vari-
ables makes fewer assumptions about the distribution 
of the data, resulting in estimates of the amplitude of 
circadian oscillations that are biologically relevant to 
cardiovascular outcomes19 and that are easier to inter-
pret with translational applications for lifestyle guide-
lines and interventions in public health settings. Finally, 
weight, height, waist circumference, and BP were 
measured in mobile examination clinics by trained staff 
using gold standard approaches, minimizing the po-
tential for measurement error for these outcomes. In 
sum, the high- quality sampling and rigorous data col-
lection procedures of NHANES enhance internal and 
external validity of our study’s findings.

Nevertheless, our study has some limitations that 
should be considered when interpreting the results. 
First, the cross- sectional study design prohibits the 
establishment of temporality and limits the ability to 
understand any potential causal associations be-
tween blunted RARs and CVD risk. Reverse causality 
is also possible but unlikely, given that several plau-
sible biological mechanisms underlie the association 
of reduced circadian rhythmicity or circadian misalign-
ment, poor sleep, and a less active wake period with 
cardiometabolic risk factors and CVD and the con-
sistency of our findings with prior work, as outlined 
above.9,39,40 Second, the composite CVD outcome 
was based on self- report and is, therefore, prone to 
measurement error. Third, we did not adjust for type 1 
error, so some findings may be attributable to chance; 
however, given the robustness of our findings, most 
associations would persist even after adjustment for 
multiple comparisons. Fourth, we did not have suffi-
cient power for subgroup analyses, given that CVD 
was a primary outcome. Fifth, although we adjusted for 
relevant sociodemographic and behavioral factors, our 
results are prone to residual confounding, particularly 
by unmeasured environmental factors and aspects of 
endogenous circadian rhythms. Related to that, al-
though RARs are a measure of circadian rhythmicity 
in the free- living setting, they do not directly measure 
physiological circadian rhythms. Nevertheless, prior 
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work has shown that 24- hour RARs are relevant mea-
sures of circadian rhythmicity linked to the biological 
measures of chronodisruption, as fragmented RARs 
have been linked to declines in the amplitude of mela-
tonin secretion.46

CONCLUSIONS
We demonstrate that weakened RARs are associated 
with CVD and its major risk factors, hypertension, obe-
sity, and central adiposity. These findings contribute 
novel evidence to a growing body of literature sug-
gesting that RARs may play a key role in cardiometa-
bolic health preservation and CVD prevention. Notably, 
the strongest associations were observed for relative 
amplitude, the summary measure of overall circadian 
rhythmicity, and for M10 counts, reflecting physical 
activity levels, whereas no association was observed 
for M10 timing, indicating that greater physical activity 
levels may lower CVD risk regardless of their timing in 
the 24- hour day. Longitudinal observational studies are 
needed to illuminate the temporal sequence of circa-
dian disruption, cardiometabolic dysfunction, and CVD 
and investigate their complex associations across the 
life course and by sex, race, and ethnicity. Furthermore, 
although investigation of RARs in relation to subclinical 
CVD (eg, coronary artery calcium and endothelial dys-
function) is needed to elucidate additional mechanisms 
underlying the RAR and CVD link, the magnitude, tim-
ing, and regularity of sleep- wake and rest- activity pat-
terns may represent an important target for reducing 
cardiovascular risk in adults. Ultimately, studies of in-
tervention programs to improve circadian rhythmicity 
through modifications of lifestyle, behavioral, and en-
vironmental factors should be conducted to shed light 
on the causal links between circadian disruption, car-
diometabolic risk, and CVD.
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