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Background: The prevalence of obesity continues to increase in spite of substantial
efforts towards its prevention, posing a major threat to health globally. Circadian disruption
has been associated with a wide range of preclinical and clinical disorders, including
obesity. However, whether rest-activity rhythm (RAR), an expression of the endogenous
circadian rhythm, is associated with excess adiposity is poorly understood. Here we
aimed to assess the association of RAR with general and abdominal obesity.

Methods: Non-institutionalized adults aged >20 years participating in the US National
Health and Nutrition Examination Survey (NHANES) 2011-2014 who wore accelerometers
for at least four 24-hour periods were included (N=7,838). Amplitude, mesor, acrophase
and pseudo-F statistic of RAR were estimated using extended cosinor model, and
interdaily stability (IS) and intradaily variability (IV) were computed by nonparametric
methods. We tested the association between rest-activity rhythm and general obesity
defined by body mass index and abdominal obesity by waist circumference. Waist-to-
height ratio, sagittal abdominal diameter, and total and trunk fat percentages measured by
imaging methods were also analyzed.

Results: In multivariable analysis, low amplitude (magnitude of the rhythm), mesor
(rhythm-corrected average activity level), pseudo-F statistic (robustness of the rhythm),
IS (day-to-day rhythm stability), or high IV (rhythm fragmentation) were independently
associated with higher likelihood of general or abdominal obesity (all Ps<.05).
Consistently, RAR metrics were similarly associated with all adiposity measures (all
Ps<.01). Delayed phase of RAR (later acrophase) was only significantly related to
general and abdominal obesity in women.

Conclusions: Aberrant RAR is independently associated with anthropometric and
imaging measures of general and abdominal obesity. Longitudinal studies assessing
whether RAR metrics can predict weight gain and incident obesity are warranted.
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INTRODUCTION

Obesity is a major risk factor for multiple noncommunicable diseases
and may contribute to reduced survival (1, 2). Excess body weight also
often leads to poor quality of life due to increased disability and social
stigma (3). Notwithstanding substantial public health efforts, the
prevalence of obesity continues to rise, having nearly tripled in adults
since 1975 (4). Along with its societal and medical burden, there is
pressing need to identify modifiable risk factors for obesity.

As circadian thythms contribute to regulation of energy homeostasis
and adipose tissue metabolism, circadian disruption has been identified
as an independent risk factor for obesity (5), as evidenced in animal
models (6), human with circadian gene variants (7-9), and shift workers
(10-12). Mutations or knock out of key circadian genes (e.g., CLOCK,
PER2) cause hyperphagia in mice, with animals consuming as much
energy during the day as during the night, leading eventually to obesity (6,
13). In humans, several genetic circadian genes variants have been
associated with greater risk of obesity, higher energy intake, lower energy
expenditure and difficulty in achieving and maintaining weight loss (7-
9). Night shift workers, who often experience chronic circadian
misalignment, have 23% increased risk for obesity, and 35% for
abdominal obesity (11). Rest-activity rhythm (RAR) is an evident
manifestation of circadian rhythms and can be objectively assessed by
accelerometers (14). Growing research links aberrant RAR patterns with
poor health status, including greater risk of neurodegenerative disease
(15-17), cardiometabolic disease (18) and mortality (19).
Accelerometry-generated RAR metrics, including intradaily
variability (IV, fragmentation of RAR) and interdaily stability (IS,
day-to-day stability of RAR), have been associated with obesity in
children, adolescents and in the elderly (20-23). However, the
relationship of RAR with obesity among general adults remains
unclear. Of note, obesity was defined solely by body mass index (BMI)
in most of the above studies. While BMI is widely used to determine
excess body weight, it has been criticized for its inability to
differentiate between lean mass and fat mass, and to inform on fat
mass distribution (24). The latter point is especially relevant as excess
body fat in the abdominal region is a better predictor of morbidity and
mortality than BMI (24). However, to the best of our knowledge, the
association between RAR and abdominal obesity or body fat
percentage has not been examined among general adults.

We aimed to investigate the association between accelerometry-
generated RAR with anthropometric and imaging measures of
general and abdominal obesity in a large sample of US adults
from National Health and Nutrition Examination Surveys
(NHANES) 2011-2012 and 2013-2014.

MATERIALS AND METHODS
Study Design and Population

This cross-sectional analysis used data collected from NHANES, an
ongoing, nationally representative, cross-sectional survey on

Abbreviations: BMI, body mass index; CI, confidence interval; MIMS, Monitor-
Independent Movement Summary units; NHANES, National Health and
Nutrition Examination Survey; IS, interdaily stability; IV, intradaily variability;
OR, odds ratio; RAR, rest-activity rhythm; SAD, sagittal abdominal diameter; SD,
standard deviation; WhtR, waist-to-height ratio.

nutrition and health of non-institutionalized US civilians.
Accelerometry data were available for a total of 14,693 participants
from NHANES 2011-2012 and 2013-2014 cycles. Days were
regarded as valid when there was >80% wear time during the 24-
hour period (25), with the device wear status ascertained by an open-
source machine learning algorithm, which identified device wear
status for each minute (26). Of the 14,693 participants, we excluded
2,152 participants with <4 days of valid accelerometry data (27), 4,266
aged <20 years, 75 pregnant, and 362 without BMI or waist
circumference data. A total of 7,838 participants was thus included
in the present analysis (Supplementary Figure 1). Characteristics of
the population included in the current analysis were largely
comparable to and thus representative of the non-pregnant US
adult population (Supplementary Table 1). All participants
provided written informed consent and the NHANES protocols
were approved by the National Center for Health Statistics (NCHS)
Ethics Review Board.

Rest-Activity Rhythm Measures

Detailed information regarding generation of RAR metrics has been
reported elsewhere (28). In brief, participants were instructed to
wear an accelerometer (ActiGraph GT3X+, Pensacola, FL) on their
non-dominant wrist for seven consecutive 24-hour periods. One-
minute epochs of triaxial acceleration were summarized using
Monitor-Independent Movement Summary (MIMS) units (29)
and were used to compute RAR metrics.

We excluded the first and the last days for each participant due to
partial/incomplete data. Both the extended cosinor model (30-32)
and the nonparametric method (33) were used to quantify RAR
metrics. The extended cosinor model utilizes an antilogistic
transformation to fit the activity data to a squared wavev (32),
which has been shown to better depict human activity patterns than
a regular cosinor shape (31). We analyzed the following RAR
measures estimated from the extended cosinor: amplitude
(MIMS/min), mesor (MIMS/min), acrophase (hh:mm), and
pseudo-F statistic. Amplitude is calculated as the difference
between the peak and trough of the fitted extended cosinor curve,
and represents the magnitude or height of the RAR. Mesor
represents the rhythm-adjusted mean activity level based on the
fitted curve, with higher values indicating higher average activity
levels. Acrophase is the clock time of peak activity of the fitted curve.
Finally, pseudo-F statistic, is an adjusted measure of goodness-of-fit
and represents robustness of the rhythm, with higher values
suggesting greater rhythmicity. Examples of parametric RAR
variables from two representative individuals with (Figure 1A)
and without obesity (Figure 1B) are presented in Figure 1. The
following non-parametric RAR metrics were calculated: 1)
interdaily stability (IS; range of values 0 to 1), an index of stability
of day-to-day rest-activity patterns, with greater values indicating
more stable and consistent RAR across days; 2) intradaily variability
(IV; range of values 0 to 2), an index reflecting fragmentation of the
24-hour RAR, with higher values indicating greater RAR
disruption. Detailed definition of all RAR variables is also
presented in Supplementary Table 2. All RAR measures were
generated from 1-min epoch length. Histograms depicting data
distribution of all RAR variables and scatter plots for bivariate
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FIGURE 1 | Rest-activity rhythm from participants with and without general obesity generated using extended cosinor model. (A) This participant had a BMI of 44.7
kg/m? and was in the lowest quartiles of amplitude and mesor, indicating a lower magnitude of the rest-activity rhythm and a lower rhythm-adjusted average activity
level. This participant exhibited a normal phase of rest-activity rhythm, as shown by the activity rhythm peaking at 14:24, and did not have distinct rest-activity
periods as indicated by low rhythm robustness (pseudo-F statistic). (B) This participant had a BMI of 20.3 kg/m? and was in the highest quartiles of amplitude and
mesor, indicating a higher magnitude of the rest-activity rhythm and a higher rhythm-adjusted average activity level. This participant exhibited a normal phase of rest-
activity rhythm, as shown by the activity rhythm peaking at 14:41, and had distinct rest-activity periods as indicated by the high value for rhythm robustness

correlations between each pair of RAR measures are provided as
Supplementary Figures 2, 3, respectively.

Anthropometric and Imaging

Obesity Measures

Height (cm), weight (kg), waist circumference (cm), and sagittal
abdominal diameter (SAD, cm) were all measured following
standard procedures (Supplementary Table 3). BMI (kg/mz)
was derived from height and weight and waist-to-height ratio
(WHtR) was calculated as waist circumference divided by height.
Total and trunk fat percentage (%) were quantified from whole-
body dual-energy x-ray absorptiometry (DEXA) scans (Hologic,
Inc., Bedford, MA) using software Apex 3.2 and were available in
4567 (58.3%) of the 7838 participants. General obesity was
defined as BMI >30 kg/m? while abdominal obesity was
defined as waist circumference >102 cm for men and >88 cm
for women (34).

Covariate Assessment

Age, sex, race/ethnicity, education, family poverty income ratio,
marital status, diet quality, self-reported general health status,
alcohol consumption, smoking status, employment status, sleep
duration, depression (35), analgesic or painkiller use, and
diagnosed sleep disorders were obtained from in-home
interviews using questionnaires. Details of these covariates are
listed in Supplementary Table 4. Self-reported physical activity
was collected using the Global Physical Activity Questionnaire
(GPAQ) (36) and presented as metabolic equivalents (MET-
minutes/week).

Statistical Analysis

Categorical variables are reported as number (weighted percentage)
and continuous variables as weighted means (standard errors [SE]).
Comparisons of population characteristics across obesity groups
were performed using the Rao-Scott 3 test for categorical variables

and ANOVA for continuous variables (37). RAR metrics were
assessed as both continuous and categorical variables. Amplitude,
mesor, pseudo-F statistics, IS, and IV were categorized into quartiles
using the entire sample, while acrophase was categorized into three
groups in accordance with previous studies (30, 31): phase advanced
(1 SD less than mean, before 12:44), phase delayed (1 SD or greater
than mean, 16:51 or after), and normal phase (mean + 1SD, 12:44
to <16:51).

The association of RAR metrics, both categorical and
continuous variables, with obesity was assessed using
multivariable logistic regression adjusting for age, sex, race,
education, marital status, employment status, poverty income
ratio, diet quality, self-reported general health status, alcohol
consumption, smoking status, and sleep duration. Odds ratios
(ORs) with 95% confidence interval (CI) are reported for each
RAR metric. The association of RAR metrics as continuous
variables with BMI, waist circumference, SAD, total body fat
percentage, trunk fat percentage, and WHtR was examined using
multivariable linear regression adjusting for the covariates listed
above, and standardized coefficients () are presented.
Interaction effects and stratified analyses by sex and age (265
or <65years) were also performed. We also conducted several
sensitivity analyses by further adjusting for potential
confounders (i.e., self-reported physical activity levels, objective
physical activity [mesor], depression, diagnosed sleep disorders
and analgesic use) separately; by excluding those person-days
with non-wear time; by excluding those who reached their peak
activity level (acrophase) between 23:00 and 04:00. Additionally,
to test for potential effects of different data length (number of
days) on the association between nonparametric RAR metrics
and obesity measures, we analyzed the association of IS and IV
with obesity by including only participants for whom we had full
7-day data (n=6005). For all analyses, we took complex survey
design factors into account as recommended. Accelerometry data
were processed using the “ActCR” package in R (version 4.0.0)
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and statistical analyses were performed using SPSS 20.0 (IBM
Corp) and R (version 4.0.0). A two-sided P-value of <.05 was
considered statistically significant.

RESULTS

Participant characteristics and RAR metrics are showed in
Table 1. The mean age of all participants was 48.66 (0.44)
years, with 48.1% being men and 67.2% Non-Hispanic Whites.
The mean number of valid wear days was 6.62 (0.01). Of the total
51,984 person-days, 49,129 (94.5%) person-days had 100% wear time
and 1,347 (47.2%) of the 2,855 (5.5%) person-days with non-wear
time had <2 hours of non-wear time (Supplementary Figure 4).

Overall, 37.8% of participants exhibited general obesity, while
abdominal obesity was present in 57.5% of the sample. Participants
with general or abdominal obesity were more likely to be women
and to have poor diet quality, depression, diagnosed sleep disorders,
poor perceived health status, shorter sleep duration and lower self-
reported physical activity level (Table 1).

Association of RAR With Obesity
Measures

Results of multivariable analyses showed a graded relation
between RAR and obesity, with progressively higher odds of
both general (Figure 2) and abdominal (Figure 3) obesity across
quartiles of RAR measures. Lower RAR magnitude (amplitude,
Q1 vs Q4, OR [95% CI]: 2.27 [1.75-2.95] for general obesity, 2.23
[1.70-2.92] for abdominal obesity) and rhythm-corrected
average activity level (mesor, OR [95% CIJ: 2.37 [1.83-3.06] for
general obesity, 2.08 [1.59-2.71] for abdominal obesity) were
significantly associated with higher odds of general and
abdominal obesity. Lower RAR stability (IS, Q1 vs Q4, OR
[95% CI]: 1.89 [1.52-2.35] for general obesity, 1.53 [1.16-2.01]
for abdominal obesity) was related with significantly higher odds
of both obesity types, and lower RAR robustness (pseudo-F
statistic, Q1 vs Q4, OR [95% CI]: 1.34 [1.11-1.62]) was
associated with general obesity. Because we observed a significant
pseudo-F statistic x sex interaction (P interaction <0.001), we
analyzed the association of RAR robustness with abdominal
obesity in women and men separately in the stratified analysis
below. Lastly, RAR fragmentation (higher IV) was associated with
greater odds of both general (Q4 vs. Q1, OR [95% CI], 2.82 [2.20-
3.62] and abdominal obesity (OR [95% ClI], 2.51 [1.93-3.27])
(Figures 2, 3). Similar results were observed when these RAR
variables were analyzed as standardized continuous variables
(Supplementary Table 5).

Regarding adiposity measures, results of multivariable linear
regression showed that BMI and waist circumference were
inversely associated with RAR magnitude (amplitude), average
activity level (mesor), robustness (pseudo-F statistic), and
regularity (IS), but positively associated with RAR
fragmentation (IV) (all Ps<.001; Table 2 and Supplementary
Table 6). Results were consistent when considering other
adiposity measures, namely WHtR, SAD, total fat percentage
and trunk fat percentage (all Ps<.001, Table 2).

Sex- and Age-Stratified Analyses

Interaction effects between RAR metrics and sex were largely
nonsignificant for both general and abdominal obesity, except for
the association of pseudo-F statistic with abdominal obesity
(Supplementary Figures 5A, 6A). In stratified analysis pseudo-F
statistic (RAR robustness) was significantly associated with
abdominal obesity only in women (Q1 vs. Q4, OR [95%CI], 1.80
[1.31-2.46]; P interaction <-001, Supplementary Figure 6A).
Although there was no significant interaction between acrophase
and sex for both general and abdominal obesity (Supplementary
Figures 5A and 6A), delayed RAR acrophase (later time of rhythm’s
peak) was associated with significantly higher odds of both general
(OR[95% CI]: 1.38 [1.02-1.87]) and abdominal (OR [95% CIJ: 1.40,
[1.04-1.88]) obesity in women but not in men. The relationship of
RAR and either general or abdominal obesity did not differ
significantly in adults aged 265 years vs those aged <65 years (all
PS interaction >-05, Supplementary Figures 5B, 6B).

Additional Analysis

In sensitivity analysis, additional adjustment for mesor
attenuated the observed associations between RAR measures
and obesity, while additional adjustment for other factors (i.e.,
self-reported physical activity, depression, diagnosed sleep
disorders and analgesic use) generated results similar to those
obtained from the main analysis (Supplementary Table 7).
Results of sensitivity analyses by excluding those who reached
their peak activity level between 23:00 and 04:00 and by
excluding the person-days with non-wear days were largely
comparable to those from the main analysis (Supplementary
Figures 7, 8 and Supplementary Table 8). Lastly, analysis of the
association of IS and IV with obesity measures including only
participants with full 7-day data yielded again similar results
(Supplementary Tables 9 and 10).

DISCUSSION

In this large, nationally representative sample of US adults, we
found evidence of a graded association between RAR metrics and
obesity measures participants with erratic (i.e., low IS or
pseudo-F statistic values), fragmented (ie., high IV values), or
dampened RAR (i.e., low amplitude or mesor values) were more
likely to have general or abdominal obesity compared to those
exhibiting greater magnitude, robustness, or regularity of RAR, with
odds being 2-3 times greater when comparing highest to lowest
quartiles. Consistently, RAR magnitude (amplitude, mesor) and
robustness/regularity (pseudo-F statistic, IS) indices were inversely
while fragmentation index (IV) was positively associated with BMI,
waist circumference and secondary measures of excess adiposity
(i.e, WHtR, SAD, and total and trunk body fat percentage).
Notably, the relationship between RAR and obesity appeared
more robust in women than in men. Later timing of peak activity
was also associated with higher odds of general and abdominal
obesity only among women.

To the best of our knowledge, this is the first study to
systematically assess the association of accelerometry-measured
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TABLE 1 | Participant characteristics and RAR metrics according to general and abdominal obesity status.

Characteristics Overall (n=7838) General obesity P Abdominal obesity P
No (n=4867) Yes (n=2971) No (n= 3459) Yes (n=4379)

Men, n (%) 3830 (48.1) 2550 (49.8) 1280 (45.4) .006 2205 (60.9) 1625 (38.7) <.001
Age, year, mean (SE) 48.66 (0.44) 48.24 (0.52) 49.35 (0.50) .06 44.74 (0.62) 51.56 (0.38) <.001
Race, n (%) <.001 <.001

Hispanic 1695 (14.4) 976 (13.3) 719 (16.9) 704 (14.9) 991 (14.1)

NH-White 3197 (67.2) 2000 (68.3) 1197 (65.5) 1258 (64.0) 1939 (69.7)

NH-Black 1820 (10.9) 953 (9.1) 867 (13.9) 711 (10.1) 1109 (11 6)

NH-Asian 896 (4.6) 796 (6.6) 100 (1.4) 678 (8.9) 218 (2.0
Married/living with a partner, n (%) 4570 (63.1) 2891 (63.8) 1679 (62.0) .23 2063 (63.4) 2507 (63. O) .82
Ever attended college, n (%) 4393 (63.2) 2831 (65.4) 1562 (59.2) <.001 2037 (66.1) 2356 (61.1) <.001
Employed 4245 (60.7) 2716 (61.6) 1529 (59.9) 12 2103 (66.5) 2142 (56.5) <.001
Income poverty ratio<1, n (%) 1680 (15.7) 993 (15.2) 687 (16.5) 131 693 (15.6) 987 (15.8) .83
Smoking status, n (%) .030 <.001

Never 4421 (55.7) 2742 (56.3) 1679 (54.7) 1980 (57.9) 2441 (54.1)

Former 1859 (24.9) 1100 (23.4) 759 (27.2) 706 (20.5) 11563 (28.0)

Current 1551 (19.5) 1021 (20.9) 530 (18.1) 769 (21.6) 782 (17.9)
Alcohol consumption, n (%) 5366 (78.6) 3385 (80.6) 1981 (75.3) <.001 2480 (83.2) 2886 (75.3) <.001
Diet quality, n (%) <.001 <.001

Excellent/very good 2363 (32.5) 852 (40.8) 323 (21.5) 1288 (40.5) 1075 (26.6)

Good 3364 (42.6) 998 (41.5) 745 (45.0) 1489 (41.1) 1875 (43.6)

Fair/poor 2107 (25.0) 467 (17.7) 622 (33.5) 682 (18.4) 1425 (29.8)
Health status, n (%) <.001 <.001

Excellent/very good 2698 (43.0) 562 (14.0) 143 (56.5) 1522 (55.7) 1176 (33.9)

Good 2982 (39.5) 1772 (35.7) 1281 (45.6) 1176 (32.5) 1806 (44.5)

Fair/poor 1713 (17.5) 758 (11.5) 761 (21.5) 531 (11.8) 1182 (21.6)
Analgesic use 982 (12.3) 491 (10.1) 491 (16.0) <.001 285 (8.2) 697 (15.3) <.001
Depression 674 (8.2) 325 (6.5) 349 (11.0) <.001 209 (6.2) 465 (9.7) <.001
Diagnosed sleep disorders 767 (9.9) 279 (6.0) 488 (16.5) <.001 163 (5.2) 604 (13.5) <.001
Sleep duration, hrs, mean (SE) 6.91 (0.02) 6.98 (0.02) 6.80 (0.03) <.001 6.97 (0.03) 6.87 (0.03) .02
Self-reported PA, MET- minutes/week, mean (SE)  3253.65 (105.63) 3000.71 (148.70) 3407.11 (114.80) .01 3993.02 (144.39) 2708.10 (114.00) <.001
BMI, kg/m?, mean (SE) 29.08 (0.14) 25.00 (0.07) 35.81 (0.19) <.001 24.06 (0.07) 32.79 (0.18) <.001
Waist circumference, cm, mean (SE) 99.79 (0.30) 90.67 (0.27) 114.81 (0.40) <.001 86.79 (0.21) 109.39 (0.30) <.001
SAD, cm, mean (SE) 22.78 (0.09) 20.32 (0.08) 26.90 (0.10) <.001 19.40 (0.06) 25.31 (0.10) <.001
WHtR, mean (SE) 0.593 (0.002) 0.538 (0.002) 0.685 (0.003) <.001 0.512 (0.001) 0.653 (0.002) <.001
Trunk fat percentage (%), mean (SE) 32.19 (0.22) 28.53 (0.23) 38.31 (0.23) <.001 26.00 (0.19) 37.79 (0.16) <.001
Total fat percentage (%), mean (SE) 33.23 (0.21) 30.43 (0.23) 38.22 (0.23) <.001 27.95 (0.19) 38.08 (0.16) <.001
Amplitude, MIMS/min, mean (SE) 14.01 (0.10) 14.60 (0.17) 13.08 (0.13) <.001 14.98 (0.19) 13.29 (0.10) <.001
Mesor, MIMS/min, mean (SE) 8.16 (0.05) 8.44 (0.09) 7.70 (0.06) <.001 8.66 (0.10) 7.79 (0.05) <.001

Acrophase, n (%) .37 24

Advanced (<12:44) 710 8.1) 428 (7.9) 254 (8.5) 315 (8.1) 367 (8.1)

Normal (12:44-<16:51) 6455 (81.7) 3871 (82.4) 2368 (80.9) 2698 (81.0) 3541 (82.5)

Delayed (>16:51) 952 (10.2) 568 (9.7) 349 (10.6) 446 (10.9) 471 (9.4)
Pseudo-F statistic, mean (SE) 240.56 (4.80) 251.28 (5.92) 222.90 (519) <001  252.93 (6.41) 231.43 (5.75)  .008
IS, mean (SE) 0.37 (0.002) 0.37 (0.002) 0.36 (0.002)  <.001 0.37 (0.003) 0.36 (0.002) .006
IV, mean (SE) 0.43 (0.001) 0.42 (0.002) 0.45 (0.002)  <.001 0.42 (0.002) 0.44 (0.001)  <.001

All estimates accounted for complex survey design. Data are presented as number with weighted percentage (%) or weighted means with standard error (SE). BMI, body mass index; NH,
non-Hispanic; IS, interdaily stability; IV, intradaily variability; PA, physical activity; SE, standard error.

RAR metrics with excess body fat in the general population.
Pooling accelerometry data from three different studies (N=578)
to assess the relation between BMI and RAR magnitude,
regularity, and timing, Cespedes Feliciano et al. (38) found
only a significant, inverse association between BMI and RAR
magnitude. This apparent discrepancy with our findings may
result from the fact that, of the three original studies, the largest
one with 329 participants only enrolled women, with BMI
derived from self-reported height and weight and ranging
between 21 and 39.9 kg/m’. As individuals tend to under-
report their weight and over-report their height (39), BMI
generated from self-reported measures may be inaccurate,

leading to misclassifications and potentially biasing the
association between RAR and obesity. Analysis of baseline data
of a randomized trial of 97 patients with metabolic syndrome
showed that, of all RAR metrics analyzed, only amplitude was
inversely correlated with BMI in women, possibly because of the
strict inclusion and exclusion criteria and the small sample size
(40). Sohail et al. (23) assessed the relationship between RAR
stability (IS) and metabolic syndrome in the very elderly and
found that low IS was associated with increased risk of BMI-
based general obesity. Of note, these previous studies (22, 23, 38,
40) evaluated RAR in relation to excess body fat only as
expressed by BMI. Abdominal obesity, defined according to
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Lower odds of Higher odds of
No.of cases/Total OR (95% Cl) _general obesity general obesity P trend
Amplitude
Q1 900/1959 2.27 (1.75-2.95) — <0.001
Q2 783/1960 1.77 (1.47-2.13) —
Q3 684/1959 1.40 (1.15-1.69) —
Q4 604/1960 reference L
Mesor <0.001
Q1 892/1959 2.37 (1.83-3.06) —
Q2 773/1960 1.76 (1.51-2.05) ——
Q3 694/1959 1.31 (1.01-1.70) I
Q4 612/1960 reference n
Acrophase 0.557
Advanced (<12:44) 254/682 1.02 (0.79-1.32) .
Delayed (216:51) 349/917 1.15 (0.89-1.48) —
Normal (12:43-<16:51)  2368/6239 reference [ ]
Pseudo_F statistic <0.001
Q1 782/1959 1.34 (1.11-1.62) —
Q2 775/1960 1.36 (1.16-1.59) —
Q3 776/1959 1.53 (1.26-1.87) —
Q4 638/1960 reference L
IS <0.001
Q1 861/1960 1.89 (1.52-2.35) —
Q2 833/1959 1.69 (1.35-2.12) —
Q3 698/1959 1.33 (1.07-1.66) —
Q4 579/1960 reference n
v <0.001
Q1 558/1960 reference L
Q2 685/1959 1.31(1.04-1.65) —
Q3 788/1959 1.88 (1.54-2.30) —
Q4 940/1960 2.82 (2.20-3.62) — —
10 20 40

FIGURE 2 | Association between rest-activity rhythm parameters and general obesity among US adults (n=7838). Odds ratios (datapoints) and 95% confidence
interval (error bars) are presented. Cl, confidence interval; IS, interdaily stability; IV, intradaily variability; OR, odds ratio.

Lower odds of Higher odds of
No. of cases/Total OR (95% Cl) ial obesity ial obesity P trend
Amplitude <0.001
Q1 1259/1959 2.23(1.70-2.92) —
Q2 1141/1960 1.69 (1.37-2.09) —
Q3 1071/1959 1.45 (1.16-1.82) —
Q4 908/1960 reference L]
Mesor <0.001
Q1 1264/1959 2.08 (1.59-2.71) —
Q2 1123/1960 1.64 (1.39-1.92) —
Q3 1047/1959 1.15 (0.93-1.41) T
Q4 945/1960 reference L]
Acrophase 0.268
Advanced (<12:44) 367/682 0.96 (0.68-1.36) —
Delayed (216:51) 471/917 1.21(0.96-1.51) T
Normal (12:43-<16:51) 3541/6239 reference u
IS 0.045
Q1 1127/1960 1.53 (1.16-2.01) —
Q2 1145/1959 1.45 (1.10-1.91) I —
Q3 1098/1959 1.29 (0.99-1.67) -
Q4 1009/1960 reference L]
v <0.001
Q1 978/1960 reference L]
Q2 1087/1959 1.41(1.07-1.87) —
Q3 1121/1959 2.04 (1.62-2.58) —
Q4 1193/1960 2.51(1.93-3.27) —
0‘50 10 2‘0

FIGURE 3 | Association between rest-activity rhythm parameters and abdominal obesity among US adults (n=7838). Odds ratio (datapoints) and 95% confidence
interval (error bars) are presented. Cl, confidence interval; IS, interdaily stability; IV, intradaily variability; OR, odds ratio.
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TABLE 2 | Multivariable linear regression results of the association between RAR metrics and obesity measures.

RAR measures  BMI (n=7838) Waist circumference WHtR (n=7838) SAD (n=7667) Total body fat percentage Trunk fat percentage
(n=7838) (n=4382) (n=4567)

B Pvalue B P value B Pvalue B Pvalue B P value B P value
Amplitude -0.12  <.001 -0.13 <.001 -0.12 <001 -0.13 <.001 -0.11 <.001 -0.11 <.001
Mesor -0.10 <.001 -0.11 <.001 -0.13 <001 -0.10 <.001 -0.09 <.001 -0.09 <.001
Acrophase 0.01 .78 0.04 .82 0.01 .64 0.01 .50 0.02 .34 0.03 24
Pseudo-F statistic -0.07  <.001 -0.07 <.001 -0.06 <001 -0.06 <.001 -0.05 .001 -0.07 <.001
IS -0.14 <.001 -0.14 <.001 -0.13 <001 -0.13 <.001 -0.07 <.001 -0.08 <.001
vV 0.21  <.001 0.23 <.001 021 <001 0.23 <.001 0.15 <.001 0.17 <.001

B represents standardized coefficient. Bold values indicate significant associations (P values <.001). Adjusted variables included age, sex, race, education, marital status, employment
status, poverty income ratio, diet quality, self-reported general health status, alcohol consumption, smoking status, and sleep duration. BMI, body mass index; IS, interdaily stability; 1V,

intradaily variability; SAD, sagittal abdominal diameter; WHIR, waist-to-height ratio.

waist circumference or waist-to-hip ratio, is an indicator of
visceral fat accumulation (41) and is a more powerful predictor
of chronic diseases and premature death than BMI (42, 43). SAD
and WHtR have also been reported as predictors of
cardiovascular disease independent of BMI, and proposed as
surrogate measures of visceral fat (42-44). In this study, we
found that RAR metrics were also significantly associated with
these measures, in agreement with prior findings from
adolescents (20, 21).

Notably, the observed association between RAR and excess
adiposity estimated by anthropometrics was confirmed by the
significant correlation of RAR with total and trunk fat percentage
quantified using DEXA, a method more accurate than
anthropometry and comparable to the gold standard computed
tomography in assessing body fat (45). Consistency of the
associations between RAR and obesity risk across multiple
measures of adiposity warrant reliability of our findings.

The association we observed between RAR and obesity is in
accordance with previous studies that identified circadian
disruption as a determinant of excess body fat accumulation (10,
46). A growing body of experimental data suggests that the
association between circadian disruption and obesity can be
attributed to dysregulation of energy homeostasis caused by
altered rhythmicity of hormones, primarily melatonin, leptin, and
glucocorticoids (46, 47).Later timing of food intake, which often
results from circadian misalignment (48), has also been strongly
linked to weight gain and obesity (49, 50), with potential mediating
mechanisms including reduced resting and postprandial energy
expenditure and increased insulin resistance (51, 52). On the other
hand, because the fasting-feeding cycle contributes to synchronise
peripheral circadian rhythms with the central clock, shifted
mealtimes may also evoke or aggravate circadian disruption by
uncoupling peripheral and central clocks (53). In addition,
emerging evidence also implies derangements in gut microbiota, a
critical factor for energy homeostasis, following circadian
misalignment (54, 55).

In a previous study, we found that RAR patterns vary by age
and sex (28). However, our age-stratified results showed that
younger and older adults with disrupted RAR are at similar risk
of having excess adiposity, implying that age was not an effect
modifier of the association with obesity. Conversely, we found
that the association between robustness of RAR (pseudo-F

statistic) and abdominal obesity appeared to be stronger in
women than men, and that delayed acrophase was associated
with significantly greater risk of general and abdominal obesity
only among women. These findings are in agreement with
observational reports that female shift workers have greater
risk of obesity or metabolic syndrome than men (56). An
experimental study (57) found that circadian misalignment led
to decreases in leptin, the satiety hormone, and increases in
ghrelin, the hunger hormone, only in women, while men showed
increases in leptin and no changes in ghrelin, suggesting that
altered RAR may predispose to obesity in women by increasing
energy intake signalling.

Although further, longitudinal studies confirming the relation
between poor RAR and excess body weight are needed, our
findings might have implications for obesity management and
prevention in light of current evidence. As a recent study
indicated that exercise in the morning might be more effective
for weight loss than exercise in the afternoon (58), future
interventions assessing whether improving magnitude,
regularity and/or phase of RAR can provide protection against
weight gain are warranted.

A major strength of our study is the application of objective
measurements of both obesity and rest-activity patterns. By
assessing multiple anthropometric and imaging indices of
excess adiposity, together with parametric and non-parametric
RAR metrics, we provided a comprehensive characterization of
the relation between RAR and obesity. The present study also has
limitations. First, because this is a cross-sectional investigation,
no causal inferences can be drawn, although adjustment for
numerous potential confounders in sensitivity analysis, including
depression, diagnosed sleep disorders and analgesic use, overall
did not alter the findings. Similar to the relation between RAR
and neurodegenerative disorders (15), such as Alzheimer’s
disease (17), the association between RAR and obesity could be
bidirectional, as obesity could also affect rest-activity patterns
through different mechanisms (59) In this regard, objectively
measured physical activity partially explained the observed
relations. Second, we cannot verify alignment of RAR measures
with conventional indicators of endogenous circadian rhythms
such as 24-hour cortisol and melatonin, as these measures are
unavailable within this dataset. Third, lack of information on
shift work schedule could potentially confound our findings.
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Nevertheless, exclusion of those who reached peak activity
during overnight hours (i.e., between 23:00 and 04:00) did not
change our results, thus suggesting that the potential impact of
shift work on our findings would be minimal. Lastly, data on
neurodegenerative diseases, which have been associated with
disrupted rest-activity patterns, were not available. Therefore,
future studies are needed to confirm our results and to explore
potential mechanisms underlying the association between
obesity and RAR.

CONCLUSION

Aberrant RAR, as objectively derived from accelerometry data, is
significantly and independently related with greater odds of both
general and abdominal obesity. These associations are evident
across multiple indices of excess adiposity, are similar manifest in
older and younger adults but appear to be stronger in women.
Longitudinal studies are needed to confirm our findings and to
determine whether disrupted RAR can predict future weight gain
and obesity.
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