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Abstract
Background
Rest-activity rhythm (RAR), a manifestation of circadian rhythms, has been associated with morbidity and mortality risk. However, RAR patterns in the general population and specifically the role of demographic characteristics in RAR pattern have not been comprehensively assessed. Therefore, we aimed to describe RAR patterns among non-institutionalized US adults and age, sex, and race/ethnicity variation using accelerometry data from a nationally representative population.

Methods
This cross-sectional study was conducted using the US National Health and Nutrition Examination Survey (NHANES) 2011–2014. Participants aged ≥20 years who were enrolled in the physical activity monitoring examination and had at least four 24-h periods of valid wrist accelerometer data were included in the present analysis. 24-h RAR metrics were generated using both extended cosinor model (amplitude, mesor, acrophase and pseudo-F statistic) and nonparametric methods (interdaily stability [IS] and intradaily variability [IV]). Multivariable linear regression was used to assess the association between RAR and age, sex, and race/ethnicity.

Results
Eight thousand two hundred participants (mean [SE] age, 49.1 [0.5] years) were included, of whom 52.2% were women and 67.3% Whites. Women had higher RAR amplitude and mesor, and also more robust (pseudo-F statistic), more stable (higher IS) and less fragmented (lower IV) RAR (all P trend < 0.001) than men. Compared with younger adults (20–39 years), older adults (≥ 60 years) exhibited reduced RAR amplitude and mesor, but more stable and less fragmented RAR, and also reached their peak activity earlier (advanced acrophase) (all P trend < 0.001). Relative to other racial/ethnic groups, Hispanics had the highest amplitude and mesor level, and most stable (highest IS) and least fragmented (lowest IV) RAR pattern (P trend < 0.001). Conversely, non-Hispanic blacks had the lowest peak activity level (lowest amplitude) and least stable (lowest IS) RAR pattern (all P trend < 0.001).

Conclusions
In the general adult population, RAR patterns vary significantly according to sex, age and race/ethnicity. These results may reflect demographic-dependent differences in intrinsic circadian rhythms and may have important implications for understanding racial, ethnic, sex and other disparities in morbidity and mortality risk.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12966-021-01174-z.
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Background
Circadian rhythms describe the endogenous ~ 24-h oscillations of molecular, physiological and behavioral processes which evolved to synchronize biological functions to the environmental light-dark cycle [1]. Circadian rhythms have been observed in almost all life forms and play a critical role in human health. Disruption of circadian rhythms has been associated with poor health, including increased risk of neurodegenerative diseases [2, 3], metabolic syndrome, diabetes [4, 5], cardiovascular disease [6], and cancer [7].
Rest-activity rhythm (RAR), namely magnitude, timing and regularity of rest-activity patterns, is the most evident manifestation of the circadian rhythm and can be objectively quantified from accelerometry data. In a recent prospective study, accelerometry-derived metrics of RAR including amplitude (strength or magnitude of the rhythm), acrophase (timing of peak activity) and pseudo-F statistic (robustness of the rhythm) independently predicted increased risk of incident diabetes among older men [8]. Another longitudinal analysis of 2930 older men also reported that, compared with participants in the highest quartile of amplitude, mesor (mean activity level) and pseudo-F statistic, those who were in the lowest quartiles had nearly three times greater risk of developing Parkinson disease [9]. Risk of dementia or mild cognitive impairment have also been associated with decreased amplitude or delayed acrophase [10, 11]. Metrics of RAR irregularity such as decreased interdaily stability (IS, day-to-day stability of RAR) and increased intradaily variability (IV, fragmentation of RAR) have been linked with increased risk of cardiometabolic disorders [12], neurodegenerative diseases [3, 13], and mortality [14–16], thus underscoring the critical role of RAR for human health.
Nonetheless, little is known about RAR patterns among general adults and its configuration by sex, age and race/ethnicity. Most of the population-level evidence from accelerometry is limited to standard physical activity levels [17–19]. A small study [20] with 590 adults (80.6% women) assessed RAR patterns and did not observe changes of RAR amplitude with aging, contrary to established knowledge on age-related trajectories in endogenous circadian rhythms [21], possibly because of the small sample size and uneven sex distribution. Therefore, there is need for studies describing RAR composition in the general populations in real-life settings, given that intrinsic circadian rhythms as assessed by core body temperature or melatonin release varied with demographic characteristics in laboratory settings [21–23].
To address the aforementioned gaps, the present study aimed to describe RAR patterns among general adults and to explore variations by sex, age and race/ethnicity using accelerometry data from a large sample from the US National Health and Nutrition Examination Survey (NHANES) 2011–2012 and 2013–2014.
Methods
This cross-sectional study was conducted and reported following recommendation of the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement [24].
Data source and population
NHANES provides nationally representative data on nutrition and health of non-institutionalized US civilians obtained from in-person interviews and physical examinations. A stratified, multistage probability sampling method is applied for participant selection [25]. For the present study, we pooled data from participants of the NHANES 2011–2012 and 2013–2014 cycles who underwent the accelerometry-based physical activity monitoring examination (N = 14,693). Participants with less than 4 valid-day accelerometry data (n = 2152) [26], aged less than 20 years (n = 4266), or who were pregnant at screening (n = 75) were excluded, leaving a total of 8200 participants for the present analysis. A valid-day of accelerometry data was defined as a day with over 80% wear time during a 24-h period [27], and the prediction of device wear status was made through an open-source algorithm [28]. NHANES protocols were approved by the National Center for Health Statistics Ethics Review Board and all participants provided written informed consent.
Assessment of rest-activity rhythm
Participants were asked to wear the ActiGraph accelerometer (model GT3X+, Pensacola, FL) on their non-dominant wrist continuously across the 24 h for seven consecutive days. The device was programmed to record acceleration data acquired from the x-, y- or z-axes with 80 Hz sampling frequency. Data quality was reviewed by staff from the National Center for Health Statistics (NCHS) and contractors at Northeastern University in Boston, MA. Acceleration measurements from all three axes were summed for each minute as Monitor-Independent Movement Summary (MIMS) units, a non-proprietary and device-independent universal summary metric [29].
We used two common approaches to quantifying RAR, the extended cosinor model [8, 9, 30] and the nonparametric method [31], excluding the first and last day of accelerometry data due to incomplete 24-h periods (from midnight to midnight). The extended cosinor model applies an antilogistic transformation to the cosinor curve and fits the activity data to a squared wave rather than a cosinor curve [30]. It has been proposed that the extended cosinor model may fit human activity data with higher flexibility since it assumes a shape more similar to a square wave than a cosinor curve [9]. Nonparametric methods do not make distributional or functional assumptions on patterns of rest-activity data, and therefore, may also describe the RAR better than the cosinor model [13]. RAR metrics of the extended cosinor model include the following: 1) amplitude (MIMS/min), measured as peak-to-nadir difference of activity in the fitted curve, represents the peak activity level and is an index of strength of the rhythm; 2) mesor (MIMS/min), is an estimate of the mean activity level based on the fitted curve, and is calculated as minimum value of the function plus 1/2 amplitude; 3) acrophase (clock hours) indicates the timing of peak activity of the fitted curve; 4) pseudo-F statistic, a measure of model goodness of fit, serves as an indicator of robustness of the rhythm. Figure 1 shows pictorial examples of RARs generated by the extended cosinor model using accelerometry data from two participants. The following RAR variables were calculated by nonparametric methods: 1) interdaily stability (IS), a measure of stability of day-to-day RAR, ranges from 0 to 1, with higher values indicating greater stability; 2) intradaily variability (IV), a measure of RAR fragmentation across the 24 h, ranges from 0 to 2 with higher values representing more fragmented rhythms. All RAR metrics were derived from minute-epoch data and detailed definitions of RAR variables are also presented in Additional file 1 Table S1. Missing activity data from non-wear periods were left as zero activity. Acrophase was categorized into three groups in accordance with previous studies [8, 9]: phase advanced (1 SD lower than the mean, i.e., before 12:44), phase delayed (1 SD or greater than the mean, i.e., 16:51 or later) and normal phase (mean ± 1SD, i.e., between 12:44 and < 16:51).
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Fig. 1Illustration of rest-activity rhythms of two participants generated using extended cosinor model. For participant A: amplitude = 19.54 MIMS/min, mesor = 14.07 MIMS/min, acrophase = 12:19, Pseudo-F statistic = 120.87. For participant B: amplitude = 28.06 MIMS/min, mesor = 14.03 MIMS/min, acrophase = 14:55, Pseudo-F statistic = 1058.92


Population characteristics
Sociodemographic characteristics were obtained by questionnaires during in-home interviews, including age, sex, race/ethnicity, education, employment status, marital status and poverty income ratio. Participants aged 80 years or older were coded as 80 years old in NHANES. Available race/ethnicity categories were ‘Mexican American’, ‘Hispanic’, ‘non-Hispanic white’, ‘non-Hispanic black’ and ‘non-Hispanic Asian’. For the current analysis, we considered respondents who self-reported as ‘Mexican American’ or ‘Hispanic’ as Hispanic. Details of other sociodemographic factors are provided in Additional file 1 Table S2.
Statistical analysis
To be representative of the US adult population, complex survey design factors including sample weights, clustering, and stratification were taken into account as recommended [32]. Categorical variables are expressed as numbers and weighted percentages and continuous variables are expressed as weighted means and standard errors (SE). RAR metrics are presented as averages for the entire sample as well as according to their quartile distribution and phase categories for acrophase. Differences were tested using the Rao-Scott χ2 test for categorical variables and analysis of variance (ANOVA) for continuous variables [33]. Multivariate linear regression models with each of the RAR metrics as dependent variable and each of demographic factors, i.e. age, gender and race/ethnicity as independent variable were fitted, adjusting for education, marital status, employment status and poverty income ratio. Estimated coefficients (β) and 95% confidence interval (CI) for the main predictors are reported. Sociodemographic variables were adjusted for when not tested as exposures. To explore whether the relation between RAR patterns and sex and race/ethnicity changes with age, we also assessed the interaction between sex and age and between race/ethnicity and age using multivariable linear regression. The association between RAR metrics and age stratified by sex and race/ethnicity was also plotted using spline regression, adjusting for the covariates stated above. To rule out potential effects of missing data from non-wear periods, a sensitivity analysis was performed by only including person-days with 100% wear time. Accelerometry data were processed using R (version 4.0.0) with the “ActCR” package [34]. Statistical analyses were performed using SPSS 20.0 (IBM Corp., Armonk, N.Y., USA) and R (version 4.0.0). A two-sided P < 0.05 was considered statistically significant.
Results
Study population and characteristics
The mean number of valid days of accelerometry data was 6.63 days (range 4 to 7 days) and 90.5% participants had at least 6 days of valid data. Of the total 54,375 person-days, 51,410 (94.5%) person-days had 100% wear time. Of the remaining 2965 (5.5%) person-days with ≤20% of non-wear time, 1399 (47.2%) person-days had 2 h or less of non-wear time (Additional file 1 Fig. S1). Table 1 shows the weighted demographic and RAR characteristics of the study population. Mean age of participants was 49.12 (0.45) years and 52.2% were women. Non-Hispanic whites constituted 67.3% of the population. Demographic characteristics stratified by phases of acrophase and quartiles of amplitude, mesor, pseudo-F statistic, IS and IV are reported in Additional file 1 Tables S3-S5. The population distribution of the RAR metrics is displayed in Additional file 1 Fig. S2.
Table 1Weighted means (SE) of the rest-activity rhythm parameters by population characteristics


	Characteristics
	No. (%) of participants
	Amplitude (MIMS/min)
	Mesor (MIMS/min)
	Acrophase, (hh:mm)a
	Pseudo F-statistic
	IS
	IV

	Total
	8200
	13.85 (0.10)
	8.10 (0.05)
	14:42 (2.7)
	240.27 (4.82)
	0.366 (0.002)
	0.436 (0.001)

	Sex

	 Women
	4224 (52.2)
	14.02 (0.11)
	8.17 (0.05)
	14:47 (2.5)
	271.62 (6.51)
	0.373 (0.002)
	0.424 (0.001)

	 Men
	3976 (47.8)
	13.67 (0.15)
	8.01 (0.08)
	14:36 (3.6)
	205.97 (4.50)
	0.359 (0.002)
	0.449 (0.002)

	 P
	 	0.053
	0.062
	< 0.001
	< 0.001
	< 0.001
	< 0.001

	Age group (years)

	 20–39
	2514 (31.8)
	15.35 (0.19)
	8.97 (0.11)
	15:22 (3.9)
	215.34 (5.28)
	0.358 (0.003)
	0.440 (0.002)

	 40–59
	2816 (38.9)
	14.29 (0.16)
	8.26 (0.08)
	14:25 (3.1)
	249.15 (6.49)
	0.368 (0.003)
	0.437 (0.002)

	  ≥ 60
	2870 (29.2)
	11.63 (0.13)
	6.92 (0.08)
	14:21 (2.1)
	255.58 (8.43)
	0.374 (0.002)
	0.429 (0.002)

	 P
	 	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	0.004

	Race/ethnicity

	 Hispanic
	1744 (14.3)
	16.13 (0.19)
	9.34 (0.09)
	14:48 (3.9)
	219.07 (7.28)
	0.386 (0.003)
	0.418 (0.003)

	 NH-White
	3367 (67.3)
	13.50 (0.14)
	7.83 (0.07)
	14:35 (3.3)
	245.18 (6.65)
	0.368 (0.002)
	0.437 (0.002)

	 NH-Black
	1918 (11.0)
	13.07 (0.18)
	8.08 (0.10)
	15:00 (2.9)
	230.18 (4.31)
	0.337 (0.002)
	0.446 (0.002)

	 NH-Asian
	933 (4.7)
	14.13 (0.27)
	8.39 (0.16)
	15:05 (4.6)
	282.97 (9.93)
	0.365 (0.004)
	0.433 (0.004)

	 P
	 	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001

	Married or living with a partner

	 Yes
	4729 (62.5)
	14.03 (0.11)
	8.13 (0.06)
	14:31 (2.4)
	255.20 (6.53)
	0.432 (0.002)
	0.376 (0.002)

	 No
	3471 (37.5)
	13.55 (0.15)
	8.04 (0.08)
	15:00 (4.2)
	215.41 (3.63)
	0.442 (0.002)
	0.350 (0.002)

	 P
	 	0.007
	0.316
	< 0.001
	< 0.001
	< 0.001
	< 0.001

	Education

	 Less than high school
	1832 (15.9)
	14.56 (0.20)
	8.52 (0.11)
	14:35 (3.0)
	214.38 (7.09)
	0.431 (0.003)
	0.383 (0.003)

	 High school or equivalent
	1809 (21.3)
	14.37 (0.20)
	8.44 (0.11)
	14:33 (4.2)
	230.70 (10.17)
	0.432 (0.003)
	0.375 (0.003)

	 Some college or AA degree
	2486 (32.0)
	13.55 (0.19)
	7.96 (0.10)
	14:54 (5.4)
	226.18 (6.78)
	0.444 (0.002)
	0.359 (0.002)

	 College graduate or above
	2066 (30.8)
	13.55 (0.19)
	7.96 (0.10)
	14:54 (5.4)
	226.18 (6.78)
	0.444 (0.002)
	0.359 (0.002)

	 P
	 	< 0.001
	< 0.001
	0.18
	< 0.001
	< 0.001
	0.001

	Employed

	 Yes
	4324 (59.4)
	14.91 (0.16)
	8.61 (0.09)
	14:31 (3.0)
	257.35 (6.45)
	0.373 (0.002)
	0.432 (0.002)

	 No
	3871 (40.6)
	12.29 (0.12)
	7.35 (0.06)
	14:57 (2.4)
	215.19 (4.62)
	0.357 (0.002)
	0.441 (0.001)

	 P
	 	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001

	Poverty income ratio

	  ≥ 1
	5815 (84.0)
	13.75 (0.12)
	8.00 (0.06)
	14:37 (2.4)
	247.67 (5.89)
	0.435 (0.002)
	0.367 (0.002)

	  < 1
	1777 (16.0)
	14.24 (0.24)
	8.50 (0.11)
	15:12 (4.8)
	198.92 (7.24)
	0.443 (0.004)
	0.358 (0.004)

	 P
	 	0.091
	< 0.001
	< 0.001
	< 0.001
	0.077
	0.115


All estimates accounted for complex survey design. Data are presented as number with weighted percentage (%) or weighted means with standard error (SE)
IS Interdaily stability, IV Intradaily variability, NH Non-Hispanic, SE Standard error
aClock hours (hh:mm) with standard error (minutes)



Association between RAR metrics and sex
Compared with men, women had higher amplitude, mesor, pseudo-F statistic and IS values, and lower IV value (Table 1). Consistently, women were more likely to be in the highest quartile of amplitude (53.5% vs. 46.5%), mesor (53.5% vs. 46.5%), pseudo- F statistic (63.0% vs. 37.0%) and IS (57.9% vs. 42.1%) and in the lowest quartile of IV (61.4% vs 38.6%) than men (Additional file 1 Table S3–5). Women were also more likely to be in the normal acrophase than men (54.1% vs 45.9%) (Additional file 1 Table S4). Sex differences in RAR metrics remained evident in multivariable analysis (all P’s < 0.001), except for acrophase (P = 0.06) (Table 2).
Table 2Coefficients of sex, age and race/ethnicity for rest-activity rhythm metrics from multivariable analysis


	RAR metrics
	Coefficients
	Women vs. Mena
	Ageb
	Hispanics vs NH-whitesc
	NH-blacks vs NH-whitesc
	NH-Asians vs NH-whitesc

	Amplitude
	β (95%CI)
	0.82 (0.45, 1.19)
	−0.08 (− 0.09, − 0.07)
	1.30 (0.84, 1.76)
	−0.84 (− 1.27, − 0.41)
	0.14 (− 0.43, 0.70)

	Adjusted P
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	0.628

	Mesor
	β (95%CI)
	0.39 (0.20, 0.57)
	−0.04 (− 0.05, − 0.04)
	0.78 (0.54, 1.02)
	0.01 (− 0.20, 0.22)
	0.30 (− 0.03, 0.62)

	Adjusted P
	< 0.001
	< 0.001
	< 0.001
	0.940
	0.070

	Acrophase
	β (95%CI)
	0.10 (−0.004, 0.20)
	−0.03 (− 0.04, − 0.03)
	0.003 (− 0.15, 0.16)
	0.14 (− 0.05, 0.34)
	0.32 (0.14, 0.50)

	Adjusted P
	0.055
	< 0.001
	0.972
	0.140
	0.001

	Pseudo-F statistic
	β (95%CI)
	71.57 (59.59, 83.56)
	1.56 (1.14, 1.97)
	−5.85 (−28.50, 16.81)
	8.62 (−3.95, 21.18)
	39.79 (17.60, 61.98)

	Adjusted P
	< 0.001
	< 0.001
	0.603
	0.172
	0.001

	IS
	β (95%CI)
	0.02 (0.015, 0.025)
	0.001 (0.0003, 0.001)
	0.015 (0.009, 0.022)
	−0.025 (−0.031, −0.018)
	− 0.001 (− 0.008, 0.006)

	Adjusted P
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	0.755

	IV
	β (95%CI)
	−0.027 (− 0.031, − 0.023)
	−0.0004 (− 0.001, − 0.0003)
	−0.020 (− 0.027, − 0.014)
	0.005 (− 0.001, 0.011)
	−0.004 (− 0.012, 0.003)

	Adjusted P
	< 0.001
	< 0.001
	< 0.001
	0.088
	0.249


IS Interdaily stability, IV Intradaily variability, NH Non-Hispanic, RAR Rest-activity rhythm
aAdjusted for age, race, education, marital status, employment status, poverty income ratio
b Adjusted for sex, race, education, marital status, employment status, poverty income ratio
cAdjusted for sex, age, education, marital status, employment status, poverty income ratio



Association between RAR metrics and age
In older adults (≥60 years), amplitude, mesor and IV values were lower while pseudo-F statistic and IS values were higher than in both younger adults (20–39 years) and middle-aged adults (40–59 years) (Table 1). Similarly, older adults were more likely to be in the lowest quartiles of amplitude, mesor and IV (Additional file 1 Table S3 and Table S5) than younger and middle-aged adults, but also more likely to be in the highest quartile of pseudo-F statistic and IS (Additional file 1 Table S4–5). Older adults reached their peak activity earlier than younger adults (Acrophase, 14:21 vs 15:22; Table 1) and were more likely to be in advanced phase (36.5% vs 17.4%) (Additional file 1 Table S4). In multivariable linear analysis, age was inversely associated with amplitude, mesor, acrophase and IV, and was positively associated with pseudo-F statistic and IS (Table 2).
Association between RAR metrics and race/ethnicity
Hispanics had the highest amplitude, mesor, and IS and lowest IV, whereas non-Hispanic blacks had the lowest amplitude and IS and highest IV. Consistently, Hispanics were more likely to be in the highest quartiles of amplitude, mesor, and IS and lowest quartiles of IV, whereas non-Hispanic blacks were more likely to be in the lowest quartile of amplitude, IS and highest quartiles of IV (Additional file 1 Table S3 and Table S5).
Relative to non-Hispanic whites, Hispanics had significantly higher amplitude, mesor, and IS and significantly lower IV independent of covariates (Table 2). Conversely, non-Hispanic blacks had significantly lower amplitude and IS than non-Hispanic whites. Non-Hispanic Asians had a significantly more delayed acrophase than non-Hispanic whites (β, 0.32; P = 0.001) (Table 2).
Interaction between sex, race/ethnicity and age and sensitivity analysis
The interaction analyses showed that acrophase advance with age was more striking in men than women (P = 0.001, Fig. 2C, Additional file 1 Table S6) and sex differences in pseudo-F statistic were more evident during middle age (P = 0.02, Fig. 2D, Additional file 1 Table S6). There were no significant interactions between sex and age on other RAR metrics. Interactions between race/ethnicity and age were observed for IS (P = 0.04) and IV (P = 0.01), showing a more pronounced increase in IS and decrease in IV in older non-Hispanic Asians (Fig. 3E-F, Additional file 1 Table S7).
[image: ../images/12966_2021_1174_Fig2_HTML.png]
Fig. 2Rest-activity rhythm metrics in men and women across age groups. Graphs were plotted using spline regression adjusting for race, education, marital status, employment status and poverty income ratio

[image: ../images/12966_2021_1174_Fig3_HTML.png]
Fig. 3Rest-activity rhythm metrics in Hispanics, NH-whites, NH-blacks and NH-Asians across age groups. Graphs were plotted using spline regression adjusting for sex, education, marital status, employment status and poverty income ratio. NH, non-Hispanic


Sensitivity analysis including only person-days with 100% wear time showed similar results compared to the overall sample (Additional file 1 Table S8).
Discussion
In this large, nationally representative US sample we found that women had higher RAR amplitude and mesor and also had a more stable and less fragmented rest-activity circadian rhythm than men. We also observed lower RAR amplitude and mesor, and more advanced RAR acrophase along with more stable and less fragmented RAR in older adults than in younger adults. RAR also varied among race/ethnicity, with the highest amplitude and mesor levels, and most stable (highest IS) and least fragmented (lowest IV) RAR observed in Hispanics, while the lowest amplitude and most unstable RAR was observed in non-Hispanic blacks. To our knowledge, this is the first study to systematically describe demographic factors associated with RAR patterns in a real-life setting using a large and, importantly, representative sample of US adults.
In line with findings from the UK Biobank and the FinHealth 2017 Survey [18, 19], accelerometry data showed slightly higher amplitude and mesor in women relative to men, indicating higher physical activity as estimated from the fitted curve. However, other reported men having higher or similar accelerometer-measured total physical activity levels compared with women [35, 36], with men being more likely to be sedentary and engaged in moderate-to-vigorous activities and women in light activities. Such discrepancy may be owed to the approach used to determine activity. Because amplitude and mesor are circadian rhythm-adjusted estimates of physical activity based on the fitted curve derived from the extended cosinor model, they may not align with conventionally measured physical activity levels, and especially may not reflect short bursts of vigorous activity. A prior small study showed that women had more stable RAR but showed similar fragmentation levels compared with men, possibly due to the small proportion of male participants (19.4%) and the small sample size (n = 590) [20]. Supporting this hypothesis and in line with our results, men were found to have a more fragmented RAR in a study with more balanced sex distribution [13]. The more stable RAR pattern in women could potentially result from the more frequent involvement of regular household activities [37]. When we explored interactions between sex and age, we found that the age-related RAR phase advance was attenuated in women compared to men. This aligns with data from a Spanish population study on chronotypes, showing that, in participants aged > 40 years, women are more evening-oriented [38]. Although underlying mechanisms are unclear, this observation may reflect potential effects of estrogens on the intrinsic circadian rhythm. The slightly shorter circadian period exhibited by women in comparison to men, which results in earlier intrinsic circadian phase [23, 39, 40], has been attributed to their higher level of estrogens. As estrogen levels decrease with aging, their shortening effects on the circadian period may be blunted, therefore leading to less striking phase advance in women than men. Sociocultural factors could also contribute to the observed sex differences in acrophase changes with aging. For instance, prior to retirement years, women may engage in housework and/or childcare activities before going to work in the early morning hours [38].
The association between aging and changes in circadian rhythm has been well established. Briefly, the phase of endogenous circadian rhythms advances and the amplitude dampens with aging [21]. Our findings that mesor and amplitude of RAR decreased while phase advanced in older adults are consistent with these data. Moreover, environmental factors such as reduced work-related physical activity [41] and diminished social interaction [42] may also contribute to decreased amplitude and mesor in older adults. On the other hand, we also unexpectedly found that older adults had more stable and less fragmented RAR than younger adults. This result is seemingly at variance with evidence of decreases in stability and increases in fragmentation relating to age-related neurodegenerative disorders, such as Parkinson’s disease [43] and Alzheimer’s disease [11, 13]. However, the association between circadian rhythms and neurodegenerative disease has been reported to be bidirectional, with neurodegenerative disease also affecting circadian rhythms [1, 3]. Moreover, the present study aimed to assess the association of RAR with age in the general population, which may account for the discrepancy. Accordingly, many studies showed decreased variability in activity in older adults [20, 43–45]. It is plausible that the higher interdaily stability and lower intradaily variability of RAR in older adults may reflect their more rigid day-to-day routine.
Little is known about differences in RAR patterns associated with race/ethnicity [20, 46, 47]. Similar to our findings, a previous study with 590 adults showed that African-Americans and Asians had less stable and weaker accelerometry-derived rest-activity patterns compared to Whites [20]. Mechanisms of the observed racial/ethnic RAR disparities may be complex, resulting from both endogenous and exogenous factors. Genetic differences or biological factors could be potential cause for the observed racial/ethnic variations in our findings [22, 48], and other unmeasured environmental and/or socioeconomic factors, such as work stability, could also be contributors to the observed racial/ethnic pattern of RAR. Although prior laboratory studies [46, 47, 49] reported that, compared with white individuals, African-Americans had slightly shorter intrinsic circadian period (about 13 to 16 min shorter), which often lead to phase advancing [50], we did not find significant differences in acrophases between non-Hispanic blacks versus non-Hispanic whites. Similarly, a recent study also reported no significant difference between whites and blacks on circadian rhythms phase measured by dim light melatonin onset in free-living environment [51]. Potential explanation could be that entrainment of environmental factors may offset the minor circadian rhythms phase difference between the white and black populations. A significantly more delayed phase of RAR in non-Hispanic Asians compared with non-Hispanic whites was observed. Additionally, we noted that the increase in IS and decrease of IV seeing with aging was accentuated in NH-Asians compared to other racial/ethnic groups. Environmental determinants, such as immigration and lifestyle changes, may play a role in this findings, as we found that in this sample the proportion of Asians who lived in US 10 years or longer also increased with age (Additional file 1 Fig. S3). Studies have reported that Asians or Asian immigrants are usually sedentary during their leisure time and longer duration of residence in US has been linked to more leisure time physical activity [52, 53], potentially reflecting the process of settling down into new environment and culture. However, potential mechanisms remain speculative and further studies on racial/ethnic circadian rhythms disparities are needed.
Our findings provide important and novel insights into characteristics of RAR and their potential role on health and disease. First, we report that RAR at least partially reflected the age and sex variation of endogenous circadian rhythms. Supporting our findings, significant correlations between fragmentation of RAR and decreased amplitude of melatonin secretion [54] and between RAR acrophase and cortisol acrophase [55] have been observed. Hence, RAR metrics derived from accelerometry data may serve as complementary marker for assessing endogenous circadian rhythms patterning in epidemiological studies and our data provided a compelling hypothesis-generating foundation for future studies of endogenous circadian variations and their health implications among different populations. Second, the different patterns of RAR we observed based on sex and race/ethnicity may have implications for understanding and potentially addressing disparities in risk of diseases and premature death [56]. Likewise, the higher activity levels and most stable RAR exhibited by Hispanics may at least partially account for the well-known ‘Hispanic paradox’, according to which US Hispanic populations live longer than Whites despite their socioeconomic disadvantages [57, 58]. Our observations that non-Hispanic blacks had the lowest RAR amplitude and interdaily stability are also consistent with the greater risk of premature mortality [57, 59] suffered by African-Americans compared with other ethnic/racial groups. Last, as disruption of RAR has been associated with increased risk of neurodegenerative diseases [3, 13], cardiometabolic diseases [12] and cancer [7], findings from the present study support targeting RAR in preventive and therapeutic strategies to enhance public health.
Strength and limitation
Strengths of the current study include high device-wearing compliance with 90.5% participants with at least 6 days of valid data, long device wearing periods and use of a large and nationally representative sample, which enabled us to estimate demographic characteristics associated with RAR in free-living environment. By using both an extended cosinor model and non-parametric methods we performed a comprehensive assessment of RAR patterns, describing strength, timing and regularity, which are generalizable to the US population. Our study also has several limitations. First, we acknowledge that accelerometry-derived RAR metrics may be influenced by several environmental and sociodemographic factors in addition to endogenous circadian rhythms. Although we have adjusted for common sociodemographic factors, unmeasured environmental factors could have affected our findings. Second, as this is a cross-sectional study, differences in RAR measures between older and younger individuals that we attributed to age could potentially reflect cohort effects or other confounders. In addition, the observed association between age and RAR metrics may not generalize to the very elderly because individuals aged 80 years or older are top-coded at 80 years in NHANES. Therefore, findings regarding age-dependent differences in RAR should be interpreted cautiously and need further exploration. Third, because accelerometry data from NHANES 2011–2014 are provided as MIMS-units rather than the previously widely used count-units, direct comparisons of RAR metrics such as ‘amplitude’ with previous studies cannot be performed. However, MIMS-units are a non-proprietary and device-independent universal summary metric which have been previously validated to enable comparisons of raw data from different devices (even consumer devices) [29]. Lastly, we did not impute missing data from non-wear periods which might potentially have led to underestimation of RAR metrics. However, missingness was minimal, as 94.5% of person-days had 100% wear time. Furthermore, results of a sensitivity analysis including only person-days with 100% wear time were comparable to those obtained from the entire sample, confirming robustness of our findings.
In conclusion, among the general adult population, RAR patterns vary significantly according to sex, age and race/ethnicity. These results may reflect demographic-dependent differences in intrinsic circadian rhythms and may have important implications for understanding, preventing, and treating disparities in morbidity and mortality risk.
Acknowledgements
Not applicable.

Authors’ contributions
NC contributed to study conception, data interpretation, and drafting of manuscript. JGL contributed to the data abstraction and analysis, data interpretation, and manuscript drafting. JD contributed to data abstraction, data analysis, and manuscript revision. VKS and FLJ contributed to study conception, data interpretation and manuscript revision. The author(s) read and approved the final manuscript.

Funding
Dr. Somers is supported in part by grants HL65176, HL134885 and HL134808 from National Institutes of Health and the Alice Sheets Marriott Professorship. Dr. Covassin is supported by grants HL134885 and HL134808 from National Institutes of Health, Mayo Clinic Marie Ingalls Research Career Development Award and a grant from Sleep Number Corporation to Mayo Clinic. Dr. Li is supported by grant 82004301 from the National Natural Science Foundation of China. The funding bodies had no roles in the design of the study and collection, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The NHANES protocols were approved by the National Center for Health Statistics Ethics Review Board (Protocol# 2011–17) and all participants provided written informed consent.

Consent for publication
Not applicable.

Competing interests
VKS has served as a consultant for Respicardia, Baker Tilly, Bayer and Jazz Pharmaceuticals and serves on the Sleep Number Research Advisory Board. All other authors claimed no conflicts of interest.


References
	1.
Allada R, Bass J. Circadian mechanisms in medicine. New Engl J Med. 2021;384(6):550–61. https://​doi.​org/​10.​1056/​NEJMra1802337.CrossrefPubMed

	2.
Lananna BV, Musiek ES. The wrinkling of time: aging, inflammation, oxidative stress, and the circadian clock in neurodegeneration. Neurobiol Dis. 2020;139:104832. https://​doi.​org/​10.​1016/​j.​nbd.​2020.​104832.CrossrefPubMedPubMedCentral

	3.
Leng Y, Musiek ES, Hu K, Cappuccio FP, Yaffe K. Association between circadian rhythms and neurodegenerative diseases. Lancet Neurol. 2019;18(3):307–18. https://​doi.​org/​10.​1016/​S1474-4422(18)30461-7.CrossrefPubMedPubMedCentral

	4.
Albrecht U. The circadian clock, metabolism and obesity. Obes Rev. 2017;18(S1):25–33. https://​doi.​org/​10.​1111/​obr.​12502.CrossrefPubMed

	5.
Mason IC, Qian J, Adler GK, Scheer FAJL. Impact of circadian disruption on glucose metabolism: implications for type 2 diabetes. Diabetologia. 2020;63(3):462–72. https://​doi.​org/​10.​1007/​s00125-019-05059-6.CrossrefPubMedPubMedCentral

	6.
Thosar SS, Butler MP, Shea SA. Role of the circadian system in cardiovascular disease. J Clin Invest. 2018;128(6):2157–67. https://​doi.​org/​10.​1172/​JCI80590.CrossrefPubMedPubMedCentral

	7.
Masri S, Sassone-Corsi P. The emerging link between cancer, metabolism, and circadian rhythms. Nat Med. 2018;24(12):1795–803. https://​doi.​org/​10.​1038/​s41591-018-0271-8.CrossrefPubMedPubMedCentral

	8.
Xiao Q, Qian J, Evans DS, Redline S, Lane NE, Ancoli-Israel S, et al. Cross-sectional and prospective associations of rest-activity rhythms with metabolic markers and type 2 diabetes in older men. Diabetes Care. 2020;43(11):2702–12. https://​doi.​org/​10.​2337/​dc20-0557.CrossrefPubMed

	9.
Leng Y, Blackwell T, Cawthon PM, Ancoli-Israel S, Stone KL, Yaffe K. Association of circadian abnormalities in older adults with an increased risk of developing Parkinson disease. JAMA Neurol. 2020;77(10):1270–8. https://​doi.​org/​10.​1001/​jamaneurol.​2020.​1623.CrossrefPubMed

	10.
Tranah GJ, Blackwell T, Stone KL, Ancoli-Israel S, Paudel ML, Ensrud KE, et al. Circadian activity rhythms and risk of incident dementia and mild cognitive impairment in older women. Ann Neurol. 2011;70(5):722–32. https://​doi.​org/​10.​1002/​ana.​22468.CrossrefPubMedPubMedCentral

	11.
Li P, Gao L, Gaba A, Yu L, Cui L, Fan W, et al. Circadian disturbances in Alzheimer's disease progression: a prospective observational cohort study of community-based older adults. Lancet Healthy Longevity. 2020;1(3):e96–e105. https://​doi.​org/​10.​1016/​s2666-7568(20)30015-5.CrossrefPubMed

	12.
Hoopes EK, Witman MA, D'Agata MN, Berube FR, Brewer B, Malone SK, et al. Rest-activity rhythms in emerging adults: implications for cardiometabolic health. Chronobiol Int. 2021;38(4):543–56. https://​doi.​org/​10.​1080/​07420528.​2020.​1868490.CrossrefPubMed

	13.
Musiek ES, Bhimasani M, Zangrilli MA, Morris JC, Holtzman DM, Ju YS. Circadian rest-activity pattern changes in aging and preclinical alzheimer disease. JAMA Neurol. 2018;75(5):582–90. https://​doi.​org/​10.​1001/​jamaneurol.​2017.​4719.CrossrefPubMed

	14.
Wanigatunga AA, Di J, Zipunnikov V, Urbanek JK, Kuo PL, Simonsick EM, et al. Association of total daily physical activity and fragmented physical activity with mortality in older adults. JAMA Netw Open. 2019;2(10):e1912352. https://​doi.​org/​10.​1001/​jamanetworkopen.​2019.​12352.CrossrefPubMedPubMedCentral

	15.
Paudel ML, Taylor BC, Ancoli-Israel S, Blackwell T, Stone KL, Tranah G, et al. Rest/activity rhythms and mortality rates in older men: MrOS sleep study. Chronobiol Int. 2010;27(2):363–77. https://​doi.​org/​10.​3109/​0742052090341915​7.CrossrefPubMedPubMedCentral

	16.
Zuurbier LA, Luik AI, Hofman A, Franco OH, Van Someren EJW, Tiemeier H. Fragmentation and stability of circadian activity rhythms predict mortality: the Rotterdam study. Am J Epidemiol. 2014;181(1):54–63. https://​doi.​org/​10.​1093/​aje/​kwu245.CrossrefPubMed

	17.
Evenson KR, Wen F, Metzger JS, Herring AH. Physical activity and sedentary behavior patterns using accelerometry from a national sample of United States adults. Int J Behav Nutr Phys Act. 2015;12:20. https://​doi.​org/​10.​1186/​s12966-015-0183-7.CrossrefPubMedPubMedCentral

	18.
Doherty A, Jackson D, Hammerla N, Plotz T, Olivier P, Granat MH, et al. Large scale population assessment of physical activity using wrist worn accelerometers: the UK biobank study. PLoS One. 2017;12(2):e0169649. https://​doi.​org/​10.​1371/​journal.​pone.​0169649.CrossrefPubMedPubMedCentral

	19.
Wennman H, Pietilä A, Rissanen H, Valkeinen H, Partonen T, Mäki-Opas T, et al. Gender, age and socioeconomic variation in 24-hour physical activity by wrist-worn accelerometers: the FinHealth 2017 survey. Sci Rep. 2019;9(1):6534. https://​doi.​org/​10.​1038/​s41598-019-43007-x.CrossrefPubMedPubMedCentral

	20.
Mitchell JA, Quante M, Godbole S, James P, Hipp JA, Marinac CR, et al. Variation in actigraphy-estimated rest-activity patterns by demographic factors. Chronobiol Int. 2017;34(8):1042–56. https://​doi.​org/​10.​1080/​07420528.​2017.​1337032.CrossrefPubMedPubMedCentral

	21.
Hood S, Amir S. The aging clock: circadian rhythms and later life. J Clin Invest. 2017;127(2):437–46. https://​doi.​org/​10.​1172/​JCI90328.CrossrefPubMedPubMedCentral

	22.
Egan KJ, Knutson KL, Pereira AC, von Schantz M. The role of race and ethnicity in sleep, circadian rhythms and cardiovascular health. Sleep Med Rev. 2017;33:70–8. https://​doi.​org/​10.​1016/​j.​smrv.​2016.​05.​004.CrossrefPubMed

	23.
Duffy JF, Cain SW, Chang A-M, Phillips AJK, Münch MY, Gronfier C, et al. Sex difference in the near-24-hour intrinsic period of the human circadian timing system. Proc Natl Acad Sci U S A. 2011;108(Suppl 3):15602–8. https://​doi.​org/​10.​1073/​pnas.​1010666108.CrossrefPubMedPubMedCentral

	24.
von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke JP. The strengthening the reporting of observational studies in epidemiology (STROBE) statement: guidelines for reporting observational studies. PLoS Med. 2007;4(10):e296. https://​doi.​org/​10.​1371/​journal.​pmed.​0040296.Crossref

	25.
Zipf G, Chiappa M, Porter KS, Ostchega Y, Lewis BG, Dostal J. National health and nutrition examination survey: plan and operations, 1999-2010. Vital Health Stat. 2013;(56):1–37.

	26.
Berkemeyer K, Wijndaele K, White T, Cooper AJM, Luben R, Westgate K, et al. The descriptive epidemiology of accelerometer-measured physical activity in older adults. Int J Behav Nutr Phys Act. 2016;13(1):2. https://​doi.​org/​10.​1186/​s12966-015-0316-z.CrossrefPubMedPubMedCentral

	27.
Merilahti J, Viramo P, Korhonen I. Wearable monitoring of physical functioning and disability changes, circadian rhythms and sleep patterns in nursing home residents. IEEE J Biomed Health Inform. 2016;20(3):856–64. https://​doi.​org/​10.​1109/​JBHI.​2015.​2420680.CrossrefPubMed

	28.
National Health and Nutrition Examination Survey-2011-2012 Data Documentation, Codebook, and Frequencies. Available at https://​wwwn.​cdc.​gov/​Nchs/​Nhanes/​2011-2012/​PAXMIN_​G.​htm. Accessed 18 Feb 2021.

	29.
John D, Tang Q, Albinali F, Intille S. An open-source monitor-independent movement summary for accelerometer data processing. J Meas Phys Behav. 2019;2(4):268. https://​doi.​org/​10.​1123/​jmpb.​2018-0068.CrossrefPubMedPubMedCentral

	30.
Marler MR, Gehrman P, Martin JL, Ancoli-Israel S. The sigmoidally transformed cosine curve: a mathematical model for circadian rhythms with symmetric non-sinusoidal shapes. Stat Med. 2006;25(22):3893–904. https://​doi.​org/​10.​1002/​sim.​2466.CrossrefPubMed

	31.
Van Someren EJ, Swaab DF, Colenda CC, Cohen W, McCall WV, Rosenquist PB. Bright light therapy: improved sensitivity to its effects on rest-activity rhythms in Alzheimer patients by application of nonparametric methods. Chronobiol Int. 1999;16(4):505–18. https://​doi.​org/​10.​3109/​0742052990899872​4.​CrossrefPubMed

	32.
Centers for Disease Control and Prevention (CDC). The National Health and Nutrition Examination Survey Tutorials. 2020. https://​wwwn.​cdc.​gov/​nchs/​nhanes/​tutorials/​default.​aspx. Accessed Jan 11 2021.

	33.
Rao JNK, Scott AJ. On chi-squared tests for multiway contingency tables with cell proportions estimated from survey data. Ann Stat. 1984;12(1):46–60. https://​doi.​org/​10.​1214/​aos/​1176346391.Crossref

	34.
Di J, Zipunnikov V. ActCR: Extract Circadian Rhythms Metrics from Actigraphy Data. R package version 0.2.0. https://​CRAN.​R-project.​org/​package=​ActCR, Accessed Feb. 11, 2021.

	35.
Troiano RP, Berrigan D, Dodd KW, Masse LC, Tilert T, McDowell M. Physical activity in the United States measured by accelerometer. Med Sci Sports Exerc. 2008;40(1):181.Crossref

	36.
Dyrstad SM, Hansen BH, Holme IM, Anderssen SA. Comparison of self-reported versus accelerometer-measured physical activity. Med Sci Sports Exerc. 2014;46(1):99–106.Crossref

	37.
Picavet HSJ, Wendel-Vos GCW, Vreeken HL, Schuit AJ, Verschuren WMM. How stable are physical activity habits among adults? The Doetinchem cohort study. Med Sci Sports Exerc. 2011;43(1):74–9. https://​doi.​org/​10.​1249/​MSS.​0b013e3181e57a6a​.CrossrefPubMed

	38.
Díaz-Morales JF, Parra-Robledo Z. Age and sex differences in morningness/eveningness along the life span: a cross-sectional study in Spain. J Genet Psychol. 2018;179(2):71–84. https://​doi.​org/​10.​1080/​00221325.​2018.​1424706.CrossrefPubMed

	39.
Bailey M, Silver R. Sex differences in circadian timing systems: implications for disease. Front Neuroendocrinol. 2014;35(1):111–39. https://​doi.​org/​10.​1016/​j.​yfrne.​2013.​11.​003.CrossrefPubMed

	40.
Morin LP, Fitzgerald KM, Zucker I. Estradiol shortens the period of hamster circadian rhythms. Science. 1977;196(4287):305–7. https://​doi.​org/​10.​1126/​science.​557840.CrossrefPubMed

	41.
Berger U, Der G, Mutrie N, Hannah MK. The impact of retirement on physical activity. Ageing Soc. 2005;25(2):181–95.Crossref

	42.
Lee GR, Ishii-Kuntz M. Social interaction, loneliness, and emotional well-being among the elderly. Res Aging. 1987;9(4):459–82.Crossref

	43.
Barbe MT, Amarell M, Snijders AH, Florin E, Quatuor EL, Schönau E, et al. Gait and upper limb variability in Parkinson's disease patients with and without freezing of gait. J Neurol. 2014;261(2):330–42. https://​doi.​org/​10.​1007/​s00415-013-7199-1.CrossrefPubMed

	44.
Ramirez V, Shokri-Kojori E, Cabrera EA, Wiers CE, Merikangas K, Tomasi D, et al. Physical activity measured with wrist and ankle accelerometers: age, gender, and BMI effects. PLoS One. 2018;13(4):e0195996. https://​doi.​org/​10.​1371/​journal.​pone.​0195996.CrossrefPubMedPubMedCentral

	45.
Rowe DA, Kemble CD, Robinson TS, Mahar MT. Daily walking in older adults: day-to-day variability and criterion-referenced validity of total daily step counts. J Phys Act Health. 2007;4(4):434–46.Crossref

	46.
Crowley SJ, Eastman CI. Free-running circadian period in adolescents and adults. J Sleep Res. 2018;27(5):e12678. https://​doi.​org/​10.​1111/​jsr.​12678.CrossrefPubMedPubMedCentral

	47.
Smith MR, Burgess HJ, Fogg LF, Eastman CI. Racial differences in the human endogenous circadian period. PLoS One. 2009;4(6):e6014. https://​doi.​org/​10.​1371/​journal.​pone.​0006014.CrossrefPubMedPubMedCentral

	48.
Prasad B, Saxena R, Goel N, Patel SR. Genetic ancestry for sleep research: leveraging health inequalities to identify causal genetic variants. Chest. 2018;153(6):1478–96. https://​doi.​org/​10.​1016/​j.​chest.​2018.​03.​024.CrossrefPubMedPubMedCentral

	49.
Eastman CI, Tomaka VA, Crowley SJ. Sex and ancestry determine the free-running circadian period. J Sleep Res. 2017;26(5):547–50. https://​doi.​org/​10.​1111/​jsr.​12521.CrossrefPubMedPubMedCentral

	50.
Duffy JF, Rimmer DW, Czeisler CA. Association of intrinsic circadian period with morningness-eveningness, usual wake time, and circadian phase. Behav Neurosci. 2001;115(4):895–9. https://​doi.​org/​10.​1037/​/​0735-7044.​115.​4.​895.CrossrefPubMed

	51.
Titone MK, McArthur BA, Ng TH, Burke TA, McLaughlin LE, MacMullen LE, et al. Sex and race influence objective and self-report sleep and circadian measures in emerging adults independently of risk for bipolar spectrum disorder. Sci Rep. 2020;10(1):13731. https://​doi.​org/​10.​1038/​s41598-020-70750-3.CrossrefPubMedPubMedCentral

	52.
Ranasinghe CD, Ranasinghe P, Jayawardena R, Misra A. Physical activity patterns among south-Asian adults: a systematic review. Int J Behav Nutr Phys Act, 10.1186/1479-5868-10-116. 2013;10:116.

	53.
Kandula NR, Lauderdale DS. Leisure time, non-leisure time, and occupational physical activity in Asian Americans. Ann Epidemiol. 2005;15(4):257–65. https://​doi.​org/​10.​1016/​j.​annepidem.​2004.​06.​006.CrossrefPubMed

	54.
Corbalan-Tutau MD, Madrid JA, Ordovas JM, Smith CE, Nicolas F, Garaulet M. Differences in daily rhythms of wrist temperature between obese and normal-weight women: associations with metabolic syndrome features. Chronobiol Int. 2011;28(5):425–33. https://​doi.​org/​10.​3109/​07420528.​2011.​574766.CrossrefPubMedPubMedCentral

	55.
Casey T, Sun H, Suarez-Trujillo A, Crodian J, Zhang L, Plaut K, et al. Pregnancy rest-activity patterns are related to salivary cortisol rhythms and maternal-fetal health indicators in women from a disadvantaged population. PLoS One. 2020;15(3):e0229567. https://​doi.​org/​10.​1371/​journal.​pone.​0229567.CrossrefPubMedPubMedCentral

	56.
Zarulli V, Barthold Jones JA, Oksuzyan A, Lindahl-Jacobsen R, Christensen K, Vaupel JW. Women live longer than men even during severe famines and epidemics. Proc Natl Acad Sci U S A. 2018;115(4):E832–E40. https://​doi.​org/​10.​1073/​pnas.​1701535115.CrossrefPubMedPubMedCentral

	57.
Chen Y, Freedman ND, Rodriquez EJ, Shiels MS, Napoles AM, Withrow DR, et al. Trends in premature deaths among adults in the United States and Latin America. JAMA Netw Open. 2020;3(2):e1921085. https://​doi.​org/​10.​1001/​jamanetworkopen.​2019.​21085.CrossrefPubMedPubMedCentral

	58.
Cortes-Bergoderi M, Goel K, Murad MH, Allison T, Somers VK, Erwin PJ, et al. Cardiovascular mortality in Hispanics compared to non-Hispanic whites: a systematic review and meta-analysis of the Hispanic paradox. Eur J Intern Med. 2013;24(8):791–9. https://​doi.​org/​10.​1016/​j.​ejim.​2013.​09.​003.CrossrefPubMed

	59.
Meadows TA, Bhatt DL, Cannon CP, Gersh BJ, Rother J, Goto S, et al. Ethnic differences in cardiovascular risks and mortality in atherothrombotic disease: insights from the reduction of Atherothrombosis for continued health (REACH) registry. Mayo Clin Proc. 2011;86(10):960–7. https://​doi.​org/​10.​4065/​mcp.​2011.​0010.CrossrefPubMedPubMedCentral



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Demographic characteristics associated with circadian rest-activity rhythm patterns: a cross-sectional study


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12966_2021_1174_Fig3_HTML.png
Acrophase Amplitude (MIMS)

15:00

Interdaily stability

17:00

16:00

14:00

13:00

0.38 0.40 0.42
[

0.36

0.34

A. Amplitude

P for interaction =0.294

—— Hispanic
4 —— NH—-White
— NH-Black
—— NH-Asian
20 30 40 50 60 70 80
Age (years)

C. Acrophase

P for interaction =0.112

| — Hispanic
— NH—-White
— NH-Black
| —— NH-Asian
20 30 40 50 60 70 80
Age (years)

E. Interdaily stability

Hispanic P for interaction=0.037
NH-White
NH-Black

NH-Asian

r T T T T T J

50
Age (years)

60 70 80

Mesor (MIMS)

Pseudo—F statistic

250

Intradaily variability

=3
S
<

350

300

200

150

0.40 0.42 0.44 0.46

0.38

B. Mesor

P for interaction =0.198

Hispanic

| — NH-White
— NH-Black
| —— NH-Asian
20 30 40 50 60 70 80
Age (years)

D. Pseudo—F statistic

b Hispanic
NH-White
NH-Black
NH-Asian

P for interaction =0.206

r T T T T T J

20 30 40 50

Age (years)

60 70 80

F. Intradaily variability

P for interaction=0.008

s

L

Hispanic

NH-White
NH-Black
NH-Asian

30 40 50 60 70 80
Age (years)

0

2





OEBPS/images/12966_2021_1174_Fig1_HTML.png
phase

! Acro

v

|

]

12:00

Minimum

194

0T Sl 01 S

urw/SINIIN

o4t - — — - - — =

1

12:00 12:00

00:00

00:00

00:00

00:00

Clock Time (hh:mm)

' Acrophase

gl
urw/SINTIAN

Clock Time (hh:mm)





OEBPS/css/envelope.png





OEBPS/images/12966_2021_1174_Fig2_HTML.png
Amplitude (MIMS)

Acrophase
15:00

Interdaily stability

14 16 18

2

1

10

17:00

16:00

14:00

13:00

036 038 040 042

0.34

A.Amplitude

P for interaction= 0.277
| —— Women
—— Men
20 30 40 50 60 70 80
Age (years)
C. Acrophase
P for interaction= 0.001
—— Women
—— Men
20 30 40 50 60 70 80
Age (years)
E. Interdaily stability
P for interaction= 0.961
—— Women
© —— Men
20 30 40 50 60 70 80
Age (years)

Mesor (MIMS)

;

Pseudo—F statistic

200

Intrady variability

0.40 042 0.44 046 048 0.50 0.52

e}

300 350

i

250

150

100

P for interaction= 0.222

—— Women

50 60
Age (years)

D. Pseudo—F statistic

P for interaction= 0.021

T —— Women
—— Men

20 30 40 50 60 70
Age (years)

F. Intradaily variability

P for interaction= 0.063

)

—— Women
—— Men

50 60 70

Age (years)

30 40

[
S





OEBPS/css/sidebar.gif





