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Abstract

Background: The 24-h rest and activity behaviors (i.e., physical activity, sedentary behaviors and sleep) are funda-
mental human behaviors essential to health and well-being. Functional principal component analysis (fPCA) is a
flexible approach for characterizing rest-activity rhythms and does not rely on a priori assumptions about the activity
shape. The objective of our study is to apply fPCA to a nationally representative sample of American adults to char-
acterize variations in the 24-h rest-activity pattern, determine how the pattern differs according to demographic,
socioeconomic and work characteristics, and examine its associations with general health status.

Methods: The current analysis used data from adults 25 or older in the National Health and Nutrition Examination
Survey (NHANES, 2011-2014). Using 7-day 24-h actigraphy recordings, we applied fPCA to derive profiles for overall,
weekday and weekend rest-activity patterns. We examined the association between each rest-activity profile in rela-
tion to age, gender, race/ethnicity, education, income and working status using multiple linear regression. We also
used multiple logistic regression to determine the relationship between each rest-activity profile and the likelihood of
reporting poor or fair health.

Results: We identified four distinct profiles (i.e,, high amplitude, early rise, prolonged activity window, biphasic pat-
tern) that together accounted for 86.8% of total variation in the study sample. We identified numerous associations
between each rest-activity profile and multiple sociodemographic characteristics. We also found evidence suggesting
the associations differed between weekdays and weekends. Finally, we reported that the rest-activity profiles were
associated with self-rated health.

Conclusions: Our study provided evidence suggesting that rest-activity patterns in human populations are shaped
by multiple demographic, socioeconomic and work factors, and are correlated with health status.

Keywords: Rest-activity cycle, Physical activity, Sedentary behavior, Sleep, Circadian rhythms, Population differences,
Self-rated health, Examine whether and how variations in rest-activity patterns may contribute to health disparities

Introduction
Physical activity, sedentary behaviors and sleep are fun-
damental human movement behaviors organized in a
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activity intensity and volume, duration of sitting, and
sleep duration and efficiency. However, However, there’s
been little focus on the timing and rhythmic profiles of
these behaviors and movement over the 24-h day. The
highly interconnected nature of these behaviors requires
an integrated and holistic approach to study the overall
patterns of the 24-h rest-activity cycle [2].

Multi-day accelerometry collects rich and complex data
for investigating movement behaviors, and its increasing
popularity in population studies has presented as both a
challenge and opportunity for characterizing 24-h rest-
activity rhythms. Using accelerometry data, previous
studies have derived both parametric (e.g., amplitude,
acrophase and mesor from cosinor-based models) [3]
and nonparametric (e.g., interdaily stability, intradaily
variability and relative amplitude) [4, 5] metrics to char-
acterize the rest-activity cycle and reported associations
with various health outcomes, including diabetes [6],
cognitive decline [7-9], inflammation [10], and mortal-
ity [11]. Although these investigations produced crucial
evidence linking rest-activity characteristics with health
and diseases, their characterization of rest-activity has
several methodological limitations: 1) most metrics only
capture specific aspects of the rest-activity cycle and fail
to assess overall rhythmicity; 2) parametric approaches
lack the flexibility in evaluating profiles that deviate from
the assumed shape. An alternative approach to overcome
these limitations is the functional principal component
analysis (fPCA), which applies flexible algorithms to fit
activity data with no a priori assumptions and is able to
identify overall rest-activity profiles. Several recent stud-
ies demonstrated the utility of the fPCA approach, and
used it to link rest-activity profiles with multiple health
outcomes, such as apathy in individuals with Alzheimer
disease [12], mood states among bipolar patients [13],
and sleep, cognitive decline and mortality in healthy
aging men [14].

Characterizing rest-activity patterns in the general pop-
ulation and by demographic, socioeconomic and work
characteristics provides key information to identify sub-
groups with sub-optimal rest-activity patterns, and shed
light on individual and environmental factors shaping
the rest-activity behaviors. To date, few studies examined
demographic and lifestyle correlates with rest-activity
patterns [15-17], and most used small samples with lim-
ited generalizability. The National Health and Nutrition
Examination Survey (NHANES) is a biennial national
survey which includes a large sample representative of
the US population. In the 2011-2012 and 2013-2014
cycles, the NHANES included the Physical Activity Mon-
itor module, which collected 24-h actigraphy data for 7
consecutive days. This represents a substantial improve-
ment over the first NHANES accelerometry protocol
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in 2003-20,066 where accelerometry monitoring was
limited to wake time and provides an ideal opportunity
to study 24-h rest-activity patterns in sociodemographi-
cally diverse populations. In the current study, we applied
fPCA to characterize rest-activity patterns in NHANES,
and studies their relationships to demographic attributes,
socioeconomic status (SES) and work status. To better
evaluate the public health implications of the variations
in rest-activity patterns across different subpopulations,
we also examined the relationship between rest-activ-
ity profiles and self-rated health, an indicator of overall
health status [18].

Methods

Study population

NHANES is a biennial cross-sectional survey designed
to assess the health and nutritional status of non-institu-
tionalized population in the United States and conducted
by the National Center for Health Statistics at the Center
for Disease Control and Prevention [19]. The NHANES
uses a four-stage probability sampling design and over-
samples racial/ethnic minority groups (Hispanic, non-
Hispanic Black and since 2011, non-Hispanic Asian),
older adults and low income populations to improve the
reliability and precision of estimates among these sub-
groups [19]. This current analysis used data from 2011—
2012 and 2013-2014 cycles, in which 24-h actigraphy
data were collected, along with sociodemographic char-
acteristics and health status.

Physical activity measurement and fPCA-based
rest-activity profiles

Details of the physical activity monitor protocol have
been published online [20]. Briefly, participants wore
an ActiGraph GT3X + (Pensacola, Florida) on the wrist
of the non-dominant hand for seven consecutive days
except during showering and water-based activities [21].
Valid measurements after data quality control were cat-
egorized as wake wear, sleep wear or non-wear using an
open-source algorithm [21, 22]. We used the minute-by-
minute triaxial acceleration measures, Monitor-Inde-
pendent Movement Summary units (MIMS), and coded
any invalid measure or non-wear time as missing.

We used R packages fda to perform the fPCA [23] to
derive rest-activity profiles for each participant, for the
overall activity and also stratified by weekdays/weekends.
We first calculated the mean activity value for each 5-min
epochs (N=288/day) across all available days and fitted
a curve with Fourier bases to create a single “smoothed”
activity pattern for the 24-h period. We then performed
standard PCA on this activity pattern, and the eigen-
vectors from the fPCA were extracted for the top com-
ponents, each representing a distinct feature, or profile,
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of the rest-activity cycle. For each PCA component, the
associated eigenvalue quantifies to what degree the par-
ticipent’s 24-h rest-activity pattern reflects the specific
rest-activity profile characterized by this PCA compo-
nent, and was used in subsequent association studies.
The number of principle components was determined by
a scree plot. Our code for the fPCA and a sample data-
set are available at https://github.com/cicibauer/fpca_
NHANES.

Participant characteristics

Trained interviewers gathered sociodemographic infor-
mation from the participant family and sample per-
son, and we focused on the following: 1) age (25-29,
30-39, 40-49, 50-59, 60-69, and 70+); 2) gender (male,
female); 3) race/ethnicity (non-Hispanic White, non-
Hispanic Black, Mexican American, Other Hispanic,
Non-Hispanic Asian, and others); 4) education (less than
high school, high school graduate, some college, col-
lege graduate or higher); 5) household income (<$20 k,
$20 k-$44.9 k, $45 k-$74.9 k, > $75 k); 6) work status in
the past week (did not work, worked for <40 h, worked
40 h or more). Study participants also reported self-rated
health status as excellent, very good, good, fair or poor,
from which we created a dichotomous variable indicating
whether a participant reported poor or fair health. Dis-
tribution of sociodemographic variables and self-rated
health are presented in Supplementary Table 1. Analytic
sample.

A total of 19,931 participants were in NHANES 2011—
2014. We focused on adults 25 or older (N=10,275)
because socioeconomic indicators assessed among
younger adults in the early 20 s may not accurately reflect
their lifelong SES. We excluded those missing educa-
tion (N=11), income (N=894) and work status (N=6)
(none missing age, gender or race/ethnicity). We further
excluded those with no actigraphy data (N=1,378) or
missing one or more 5-min epochs across all seven days
(N=329). The overall analysis included 7,657 partici-
pants. The stratified analysis investigating the weekday-
weekend differences had 7,041 participants with both
weekday and weekend rest-activity profiles (detailed
below). The analysis on self-rated health excluded partici-
pants with missing self-reported health status (N=528).

Statistical analysis

The association between participant characteristics and
rest-activity profiles was determined by multiple lin-
ear regression, where the PCA values were the outcome
variable, and participant characteristics as the explana-
tory variables. The reference group for each explanatory
variable was chosen as follows: For age, we chose the
youngest group (25-29) because it was presumed to be
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the healthiest. For gender and race/ethnicity, we chose
men and NH White because they had the larger/larg-
est sample size. For all SES and work variables, we chose
the group with presumably the highest SES (i.e., college
graduate for education,>$75 k for income, and worked
40 h or more for work status). To determine the associa-
tion between rest-activity profiles and self-rated health,
we first divided the eigenvalue for each component, or
rest-activity profile, into quintiles and then used multiple
logistic regression to calculate the odds ratio (OR) and
95% confidence intervals (CI) for reporting fair or poor
health comparing Q1-Q4 to Q5 (reference group), adjust-
ing for age, gender, race/ethnicity, education, income and
work status. We performed analyses for overall activity
and for weekday- and weekend-specific patterns sepa-
rately. All analyses accounted for the complex sample
design by including NHANES full sample weights (cal-
culated as % * WTMEC2YR). We performed fPCA using
R package fda (version 5.1.9) and the rest of the analyses
were performed in SAS (version 9.4, Cary NC).

Results
Figure 1 presents the average rest-activity profiles with
a high vs low eigenvalue (above vs below median) for
each of the top four PCA components, which together
explained 86.8% of the total variance in the rest-activ-
ity profiles. The four top components are: 1) The high
amplitude activity profile (PCA1): A higher value for this
component suggested a higher level of physical activ-
ity throughout the day (Fig. 1A). 2) The early rise profile
(PCA2): A higher values for this component suggested an
earlier timing for the rising phase of the daytime active
period (Fig. 1B). 3) The prolonged activity profile (PCA3):
A higher value for this component suggested a longer
daytime active period (Fig. 1C). 4) The biphasic activity
profile (PCA4): A higher value suggested a pattern with
two activity peaks in the morning and the evening and a
dip in activity level in the middle of the day (Fig. 1D). The
activity profiles for weekdays and weekends were largely
similar to those in the overall analysis (Supplementary
Figs. 1 and 2), showing mostly moderate-to-high corre-
lation coefficients among each set of the top four com-
ponents for overall, weekday and weekend fPCA results
(Supplementary Table 2). The correlation between week-
day and weekend profiles was higher for PCA1 and PCA2
(correlation coefficients, 0.72 and 0.65, respectively). In
contrast, the weekday-weekend correlation for PCA4 was
low (0.14) and the weekend component exhibited a more
prominent later peak than a biphasic pattern, suggesting
a distinct profile.

Each rest-activity profile was associated with mul-
tiple participant characteristics (Fig. 2 and Table 1). A
higher eigenvalue for the high amplitude profile (PCA1)
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Fig. 1 Rest-activity profiles of 24-hour actigraphy data from adults in the National Health and Nutrition Examination Survey (2011-2014). Each
panel depicts the mean 24-hour activity patterns for participants with high (solid line) and low (dotted) eigenvalues of the first four components
derived from the functional principal component analysis (PCA): A The first component (50.2% variance), with higher eigenvalues representing

a higher amplitude; B the second component (21.6% variance), with higher eigenvalues representing earlier rise time; C the third component
(9.4% variance), with higher eigenvalues representing a more prolonged daytime activity window; D the forth component (5.6% variance), with
higher eigenvalues representing a more pronounce biphasic pattern characterized by a mid-day dip in activity

was observed among Mexican American and the other
Hispanic ethnic groups, and those who had lower edu-
cation, and/or reported working for<40 h during the
previous week, while a lower amplitude was observed
among older adults, men, and participants with house-
hold income<$20 k and/or reporting not working,
compared to the relevant reference groups (Fig. 2A).
A higher eigenvalue for the early rise profile (PCA2)
was strongly associated with older age (Fig. 2B), and
lower education levels. In contrast, a lower value for
this profile was observed among participants who were
non-Hispanic Black, Asians and in the other Hispanic
group, had a household income<$45 k and reported
not working or working for <40 h. The prolonged activ-
ity window profile (PCA3) was most strongly associated
with work status, with those reporting not working or
working for <40 h showing a higher eigenvalue for this
profile (Fig. 2C). Moreover, non-Hispanic Black par-
ticipants had a significantly increase in the eigenvalue
for this profile when compared to their non-Hispanic
White counterparts. A lower eigenvalue for the biphasic

activity profile was associated with lower education and
income levels (Fig. 2D). In addition, men, non-Hispanic
Black and Hispanic groups and those who reported not
working or working for<40 h also had a lower eigen-
value for the biphasic pattern profile.

Table 2 presents the association between participant
characteristics and rest-activity profiles by weekday/
weekends. PCA1-PCA3 showed weakened associa-
tions with work status in weekends than weekdays. In
contrast, some results appeared stronger for weekends,
including associations of a lower value of PCA1 among
participants with lower income, a lower value of PCA2
among non-Hispanic Black participants, and a higher
value of PCA3 among those in higher education and
lower income groups. Finally, for PCA4, which likely
presented two distinct patterns for weekdays and week-
ends, the previously noted associations between over-
all PCA4 and gender, education and income were only
observed for weekdays, but not weekends. In contrast,
a significantly lower weekend PCA4 or biphasic/late
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Fig. 2 Associations between study characteristics and rest-activity profiles in adults in the National Health and Nutrition Examination Survey
(2011-2014). Multiple linear regression models included all study characteristics and their categories simultaneously. Abbreviations: Cl, confidence
interval; HS, high school; NH, non-Hispanic; PCA1-4, principal component analysis component 1-4
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Table 1 Associations  between study characteristics and rest-activity
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profiles in adults in the National Health and Nutrition

PCAT1 - high amplitude

PCA2 - early rise

PCA3 - prolonged activity

PCA4 - biphasic pattern

window
Median (IQR) B (95% Cl) Median (IQR) B (95% CI) Median (IQR) B (95% Cl) Median (IQR) B (95% CI)
Age
25-29 0.27(-039,0.86)  ref -043(-1.18,0.15)  ref 4(-0.66,045) ref .11 (-0.55,0.81)  ref
30-39 0.27 (-0.36,0.93)  0.08 (-0.02,0.18)  -0.20(-0.85,0.38)  0.20 (0.09,0.31) -0.08 (-0.56,0.51)  0.05(-0.05,0.15)  0.32(-041,0.94)  0.14(0.03,0.25)
40-49 0.20(-0.38,0.88)  0.04(-0.08,0.15)  0.12(-0.45,0.65)  0.50 (0.36, 0.65) -0.02 (-0.50,0.51) 0.06 (-0.05,0.16) 027 (-0.31,0.87)  0.12(0.02,0.22)
50-59 0.10(-045,0.69)  -0.04 (-0.15,0.06) 0.23(-0.35,0.77) 0.64(0.51,0.76) 11(-062,0.55) 0.03(-0.10,0.16)  0.08(-0.58,0.74)  -0.10(-0.21,0.02)
60-69 -0.13(-0.64,042) -0.19(-0.30,-009)  0.40(-0.18,0.86)  0.84(0.72,0. 95) -0.30(-0.77,0.29) -0.06 (-0.18,0.05) -0.01 (-0.54,0.50) -0.12 (-0.25, 0.00)
70+ -071(-121,-0.14)  -064(-074,-054) 049 (0.07,0.84) 1.11(0.97,1 -0.39(-0.79,0.06) -0.07 (-0.18,0.03) -0.04 (-042,032) -0.01(-0.14,0.11)
Gender
Male -0.10(-0.68,0.52) -030(-035,-025)  0.21(-045,0.73) 0.02(-0.02,006) -0.11(-0.59,045) 0.07(0.02,0.12)  0.06 (-0.54,0.61) -0.24(-0.30,-0.18)
Female 0.14(-0.48,0.80)  ref 0.12(-0.51,065)  ref -0.22 (-0.72,037) ref 0.18(-040,0.76)  ref

Race/ethnicity

Non-Hispanic ~ -0.08 (-0.68,0.54) -008(-0.15,-001)  -0.01 (-0.66, 0.49)
Black

Mexican 0.54(-0.12,1.19)  040(0.31,049)  0.13 (-0.66, 0.75)
American

Other His- 0.36(-0.28,1.09) 033(0.21,045)  -0.13(-0.78,0.52)
panic

Asian 0.02(-0.51,0.62) 0.01(-0.08,0.09 -0.08 (-0.78,0.46)

Other 0.00 (-0.69,0.49) -0.13(-0.29,0.04) 0.08 (-0.51,0.53)

Non-Hispanic
White

Education

Less than high
school

-0.03 (-0.63, 0.59)

0.07 (-0.65, 0.86)

ref

0.20(0.12,0.28)

0.22 (-0.39,0.73)

0.19 (-0.49, 0.75)

-0.17(-0.25,-008)

0.04 (-0.08,0.16)

-0.18(-031,-004)

-022(-032,-0.12)
-0.07 (-0.22,0.09)

ref

0.12(0.01,0.23)

0.07 (-0.02,0.16)

-0.02 (-0.09, 0.05)

High school 0.07 (-0.59,0.83)  0.15(0.10,0.21) 0.23 (-0.45,0.80)
graduate

Some college  -0.01 (-:0.65,0.62) -0.04(-0.11,0.03) 0.12(-0.52,0.64)

Collegegrad ~ 0.02(-049,0.54)  ref 0.13(-046,061)  ref
or higher

Household income

-022(-030,-0.13)
-0.10(-0.19,-001)
-0.01(-0.09, 0.08)

<$20k -0.13(-0.88,064) -012(:020,-004) -0.03(-0.71,0.57)
$20k-$44.9k -0.07 (-0.71,0.70)  -0.02 (-0.09,0.05) 0.15(-0.57,0.71)
$45k-$74.9k 0.11(-0.50,0.78)  0.07(-0.02,0.16) ~ 0.23(-0.37,0.73)
$75k+ 0.06 (-045,0.63)  ref 0.18(-041,0.68)  ref

Work status, last week

-033(-041,-0.26)
-0.13(-0.21,-006)

Did notwork ~ -0.33(-0.92,0.35) -032(-042,-023)  0.14(-0.52,0.64)
<40 hour 0.28(-0.27,0.92)  0.10(0.01,0.19) 0.09 (-0.56, 0.66)
40+ hour 0.18(-037,0.81)  ref 0.20(-0.41,0.74)  ref

0.13(-0.37,0.74)

-0.17 (-0.74,0.43)

-0.19 (-0.72,0.42)

-0.12 (-0.55,0.43)
-0.07 (-0.57,0.55)
-0.22 (-0.69, 0.36)

-0.22 (-0.74,0.39)

-0.11 (-0.65, 0.52)

-0.18 (-0.64, 0.40)
-0.16 (-0.62,0.39)

-0.25
-0.20

0.72,0.32
-0.72,0.37
0.63,047

(-
(-
3(
3(-0.60, 046

)
)
)
)

-0.35(-0.8,0.12)
-0.25(-0.77,0.34)
0.08 (-0.43, 0.68)

0.35(0.28,042)

-0.05 (-0.18,0.08)

-0.03(-0.12,0.07)

0.06 (-0.02,0.14)
0.15(0.00,0.30)

ref

0.07 (-0.03,0.17)

0.12 (-0.01,0.24)

0.05(-0.02,0.12)
ref

0.05 (-0.05, 0.16)
0.02 (-0.07,0.11)
0.03 (-0.05,0.11)
ref

-048 (-:0.54,-042)
-031(-041,-022)

ref

0.04 (-0.57,0.53)

-0.12 (-0.81,047)

-0.07 (-0.71,0.52)

0.28(-0.33,0.92)
0.05 (-0.42,045)
0.16 (-0.41,0.75)

-0.19 (-0.74,0.34)

0.01 (-0.60, 0.55)

0.05(-0.50,0.61)
040 (-0.19,0.99)

-0.10 (-0.66, 0.35)
-0.08 (-0.65, 0.43)
0.07 (-0.45,0.63)
040 (-0.23,0.95)

-0.04(-0.53,042)
0.10(-0.51,0.76)
0.33 (-0.36,0.93)

-0.10(-0.17,-0.03)

-0.23 (-0.35,-0.12)

-0.17 (-0.29,-0.05)

-0.02 (-0.12,0.07)
-0.03 (-0.15,0.09)

ref

-0.38 (-0.47,-0.29)

-0.31(-040,-0.22)

-0.25 (-0.36,-0.15)
Ref

-0.29 (-0.39,-0.19)
-0.30(-0.37,-0.24)
-0.19 (-0.30,-0.08)
ref

-0.19(-0.29,-0.09)
-0.14 (-0.25,-0.04)

ref

Abbreviations: Cl confidence interval, HS high school, IQR interquartile range, NH non-Hispanic, PCAT-4 principal component analysis component 1-4

2 Derived from multiple linear regression models included all study characteristics and their categories simultaneously

peak pattern was observed among non-Hispanic Black,
other Hispanic and Asian groups.

Table 3 presents associations between rest-activity
profiles and the odds of reporting poor or fair health, for
overall and weekday/weekend profiles. Compared to par-
ticipants with a higher eigenvalue for the high amplitude
profile, those with a lower eigenvalue (i.e., participants
with lower daily activity levels) were significantly more
likely to report poor or fair health (OR ;s s (95% CI),

2.61 (2.02, 3.37), p-trend <0.0001), and the results were
similar for both weekday and weekend profiles. The early
rise profile showed a suggestive inverse U-shaped asso-
ciation, with Q2 and Q3 each exhibiting a 28% increase
in the OR for poor and fair health. Moreover, the results
appeared more pronounced for the weekend early rise
profile, showing a 43—44% increase. Participants in the
lowest quintile of the eigenvalue for the prolonged activ-
ity window profile (i.e., shortest daytime active period)
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were 38% less likely to report poor or fair health, when
compared to those in the highest quintile (0.62 (0.48,
0.82)). However, the association was weaker in the analy-
sis focusing on weekday and weekend profiles specifi-
cally. Finally, participants in the lower quintiles (Q1-Q4)
of the eigenvalues for the biphasic activity profile exhib-
ited a 47%-62% increase in the odds of reporting poor or
fair health when compared to those in the Q5, and the
results were fairly consistent between weekday and week-
end profiles.

Discussion

In a nationally representative sample of US adults, we
identified four distinct profiles for the 24-h rest-activity
cycle. We found considerable variation in these profiles
across different subgroups by age, gender, race/ethnic-
ity, SES and work status. We also observed associations
between rest-activity profiles and self-rated health status.

The high amplitude profile

The High amplitude profile (PCA1) appeared to be pri-
marily driven by a daytime physical activity levels. Pre-
vious studies using fPCA also found the high amplitude
profile as the primary component substantially explain-
ing the population variance [12-14, 16], varying from
34.3% in a study of 359 adults in the Netherlands [16]
and 50% in 2,796 men in the Osteoporotic Fractures in
Men (MrOS) study in the US [14]. We found a high cor-
relation between the weekday and weekend high ampli-
tude profiles, suggesting a relatively high consistency
in physical activity levels throughout the week among
individuals. The strong inverse association between high
amplitude and the odds or reporting fair or poor health
was also consistent with the well-documented associa-
tion between health status and physical activity levels.
Our findings and those from previous studies suggest
that overall daytime physical activity level represents a
primary, possibly most distinguishing feature for rest-
activity patterns.

The high amplitude profile was significantly associated
with almost every participant characteristic in our study,
although some findings were consistent with previous lit-
erature while others not. For example, lower amplitude
was positively associated with age, which was consistent
with the well-established evidence suggesting a decline
in physical activity levels in older adults [24, 25]. In addi-
tion, relative to their non-Hispanic white counterparts,
Hispanic participants exhibited a higher amplitude while
non-Hispanic black participants exhibited a lower ampli-
tude, which agreed with previously reported racial/ethnic
differences in physical activity [26]. For gender, we found
a lower amplitude in men, similar to previous studies that
reported lower levels of total activity measured by wrist
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actigraphy in men than in women [27, 28]. Notably, an
analysis using hip-worn accelerometry data in NHANES
2003-2006 reported higheractivity levels in men [26].
The discrepancy may be explained by the higher level of
women’s engagement in light-intensity household activi-
ties, which require more upper-body movement and thus
are better captured by wrist-worn actigraphy [29].

High amplitude profile was positively associated with
income and the association was more pronounced on
weekends than on weekdays. A previous study in NAH-
NES 2003-2006 also reported that higher income was
associated with higher activity levels, especially less fre-
quent but higher intensity physical activity on weekends
[30], suggesting that the association with income may be
explained by weekend recreational/exercise activities.
High amplitude profile, on the other hand, was negatively
associated with education and only for the weekdays, sug-
gesting that this association may be driven by weekday
occupational activities, possibly because the lower edu-
cation groups tend to hold labor-intensive jobs. Moreo-
ver, we observed that participants who did not work in
the previous week had a substantially lower amplitude
compared to those working 40 h or more, again support-
ing occupational activity as a key contributor to the daily
physical activity, as reported in previous research [31].

The early rise profile
The early rise profile (PCA2) captures the timing aspect
of the rest-activity cycle. All previous fPCA studies iden-
tified at least one component related to early vs. late
activity window, explaining 11.4%-23.0% of total activity
variation [12-14, 16]. We found a relatively high week-
day-weekend correlation (0.65) for the early rise profile,
which supports an important role of intrinsic factors in
regulating the timing of diurnal behaviors. On the other
hand, the imperfect correlation and weekday-weekend
difference in the association between the early rise pro-
file and sociodemographic factors, as described below,
also suggested a considerable impact of environmental
factors, such as work schedule, on the timing of sleep.
A growing body of literature has linked the evening
chronotype (i.e., the preference to sleep at a later time)
with disease risks such as mental disorders and metabolic
dysfunction [32, 33]. However, in our analysis, we did not
observe a relationship between a lower eigenvalue for
the early-rise profile and higher odds of reporting poor
or fair health. The discrepancy between our findings and
those in earlier research may suggest that although corre-
lated with sleep timing, early rise profile is not redundant
with the measure of chronotype, and its relationship with
health should be examined in future research.

The strong positive relationship between age and
the early rise profile observed in our study has been
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Table 2 Associations (3 (95% Cl))? between study characteristics and rest-activity profiles for weekdays and weekends separately in
adults in the National Health and Nutrition Examination Survey (2011-2014)

PCAT1 - high amplitude

PCA2 - early rise

PCA3 - prolonged activity

PCA4 - biphasic pattern

window
Weekday Weekend Weekday Weekend Weekday Weekend Weekday Weekend

Age

25-29 ref ref ref ref ref ref ref ref

30-39 0.08 (-0 18) 5(0.04,026) 0.16(0.02,0.29) 0.25(0.12,039) 0.09(-0.02,0.20) 0.04 ( 0.08,0.17) 0.03(-0.10,0.17) 0.06 (-0.08, 0.20)

40-49 0.07 (-0.04,0.18) 0.05(-0.07,0.17) 0.47(0.33,061) 0.50(0.33,0.68) 1(0.00,0.21) 1(-023,002) 0.02(-0.09,0.14) 0.06(-0.08,0.21)

50-59 -005(-0.16,006)  -001(-0.15,0.13)  0.61(048,0.73) 067 (051,0.82) 0.05(-0.08,0.17) -009(-022,005 -020(-032,-007) 0.14(0.02,0.27)

60-69 -0.17(-0.26,-008) -0.18(-0.32,-004) 0.75(0.62,0.88) 0.88(0.72,1.03) -009(-020,003) -009(-022,004) -0.17(-031,-003) 0.17(0.02,0.32)

70+ -057 (-068,-047) -064(-0.77,-051) 1.06(0.91,1.20) 1.10(0.95,1.25) -0.16(-025-006) -004(-0.17,008) -007(-021,007) 0.10(-0.04,0.24)
Gender

Male -026(-031,-021) -035(-040,-029) 0.04(0.00,0.09) 0.02(-0.03,0.07) -003(-008,002) 0.07(0.02,0.12) -023(-028,-0.18) -0.04(-0.11,0.03)

Female ref ref ref ref ref ref ref ref
Race/ethnicity

Non-His- -007 (-0.14,000) -0.11(-0.18,-003) -0.12(-021,-003) -021(-031,-0.11) 0.29(0.23,0.35) 0.31(0.22,041) -0.15(-022,-008) -023(-029,-0.17)
panic Black

Mexican 043(0.34,053) 0.19(0.11,0.27) 0.03(-0.10,0.16) 0.02(-0.12,0.17) -0.12(-024,-001) 0.01(-0.15,0.17) -0.15(-027,-003) -0.18(-0.28,-007)
American

Other His- 032(0.22,043) 0.22(0.08,0.37) -0.18(-031,-005) -024(-040,-007) -008(-0.19,004) 0.08 (-0.03,0.19) -0.13(-024,-001) -023(-034,-0.12)
panic

Asian 0.01(-0.08,0.11)  0.00 (-0.09,0.09) -020(-030,-0.11) -0.18(-028,-008) 0.03 (-0.06,0.13) 0.20(0.12,0.29) -003(-0.13,006) -0.24(-038,-0.10)

Other -0.11(-024,003) -0.11(-031,009 -003(-0.180.13) -0.13(-0.29,003) 0.09(-0.07,0.25) 0.13(-0.07,0.34) -012(-028,003) 0.04(-0.20,0.28)

Non-His- ref ref ref ref ref ref ref ref
panic White
Education

Less than 0.27(0.20,0.34) 0.06 (-0.01,0.14) 0.12(0.01,0.23) 0.02(-0.10,0.15) -004(-0.14,006) 0.08 (0.00,0.17) -040(-051,-030) 0.05 (-0.05,0.16)
high school

High school  0.21(0.14,0.27) -003(-0.10,004) 0.06 (-0.03,0.15) -004(-0.13,005) 0.01(-0.09,0.11) 0.11(0.00,0.21) -033(-042,-0.23) 0.07 (-0.04,0.18)
graduate

Some col- 0.02 (-0.06,0.09) -0.14(-022,-007) -002(-0.09,006) -007(-0.14,000) -001(-007,006) 0.01(-0.07,0.10) -0.25(-035,-0.14) -0.03 (-0.12,0.07)
lege

College grad  ref ref ref ref ref ref ref ref
or higher

Household income

<520k -009(-017,-001) -0.15(-023,-007) -0.19(-027,-0.10) -021(-028,-0.13) -006(-0.15003) 0.15(0.03,0.27) -034(-043,-025) -0.05(-0.14,0.04)
$20k-$44.9k  0.03 (-0.04,0.09) -0.13(-021,-006) -008(-0.18,002) -0.15(-023,-007) -008(-0.17,002) 0.12(0.03,021) -031(-040,-023) -0.05 (-0.15,0.05)
$45k-$749k  0.11(0.04,0.18) 0.01(-0.09,0.12) -001(-0.11,008) -002(-0.10,006) -004(-0.13,004) 0.07 (-0.04,0.18) -022(-032,-0.13) 0.07 (-0.03,0.17)

$75k+ ref ref ref ref ref ref ref ref

Work status, last week

Did not work  -036(-046,-026) -0.25(-0.33,-0.18) -0.36(-044,-029) -0.14(-023,-004) -059(-066,-052) -008(-0.15,-001) -0.12(-0.21,-002) -0.11(-0.19,-0.02)

<40 hour 0.05 (-0.03,0.14) 0.12(0.04,0.20) -0.15(-0.23,-008) 0.00 (-0.09,0.09) -040(-050,-030) -0.01(-0.12,0.100 -0.03(-0.13,007) -0.13(-0.27,0.01)
404 hour ref ref ref ref ref ref ref ref

Abbreviations: Cl confidence interval, HS high school, IQR interquartile range, NH non-Hispanic, PCA1-4 principal component analysis component 1-4

? Derived from multiple linear regression models included all study characteristics and their categories simultaneously

consistently reported previously [34, 35]. There is a well-
documented developmental shift of the human circa-
dian clocks towards a delayed phase during adolescence
and early adulthood, and after which the rhythm starts to
become more advanced as people age [36]. Gender dif-
ferences in chronotype has also been well documented
where women generally have a more advanced phase [34,

35], possibly driven by a shorter intrinsic circadian period
among women [37]. However, such gender difference was
not observed in our analysis either in overall or weekday-
and weekend-specific analysis. Moreover, two previous
studies also did not find a significant gender difference in
either acrophase or the early rise profile [15, 16]. It is worth
noting that studies reporting no gender differences tended
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Table 3 Associations ? between overall, weekday and weekend rest-activity profiles and self-rated health ° in adults in the National

Health and Nutrition Examination Survey (2011-2014)

Self-rated health, poor or fair

Overall Weekday Weekend
No. OR (95% Cl) No. OR (95% Cl) No. OR (95% Cl)

fPCA1 - high amplitude
Q1 (low amplitude) 507 2.61(2.02,337) 485 262 (1.96, 3.49) 467 2.94(2.26,3.83)
Q2 357 1.99 (1.55, 2.55) 319 1.76 (1.33,2.32) 367 2.37(1.83,3.05)
Q3 302 147 (1.16, 1.86) 291 1.52(1.19,1.94) 301 1.94 (1.51,249)
Q4 280 1.29(1.02,1.63) 271 1.30(1.00, 1.67) 264 1.55(1.23,1.95)
Q5 (high amplitude) 262 ref 247 ref 214 ref
p-trend <.0001 <.0001 <.0001

fPCA2 - early rise
Q1 (late rise) 317 1.07 (0.82, 1.39) 292 0.88 (0.65,1.19) 274 1.07 (0.83, 1.38)
Q2 352 1.28 (1.00, 1.64) 333 1.01(0.76, 1.33) 342 143(1.12,1.82)
Q3 349 1.28 (0.97,1.70) 325 1.06 (0.78,1.43) 350 144 (1.14,1.83)
Q4 351 1.14(0.92,142) 327 1.00(0.76, 1.33) 340 1.17 (0.96, 1.43)
Q5 (early rise) 339 ref 336 ref 307 ref
p-trend 0.34 047 0.26

fPCAS3 - prolonged activity window
Q1 (short activity window) 323 0.62(0:48,0.82) 327 0.80(0.57,1.12) 265 0.76 (0.55, 1.05)
Q2 341 0.83(0.59, 1.16) 362 1.01(0.75,1.37) 349 3(0.85,1.49)
Q3 378 1.04 (0.74,1.44) 368 1.19(0.88, 1.59) 323 1.01(0.71,1.43)
Q4 345 0.84 (0.66, 1.05) 322 1.14(0.83, 1.58) 341 095 (O 72,1.25)
Q5 (long activity window) 321 ref 234 ref 335 ref
p-trend 0.005 0.07 0.26

fPCA4 - biphasic pattern
Q1 (monophasic) 405 147 (1.11,1.96) 383 1.54 (1.05,2.27) 320 1.32(1.02,1.71)
Q2 396 1.50 (1.07, 2.10) 394 1.69 (1.30,2.18) 359 147 (1.11,1.94)
Q3 384 1.62(1.22,2.17) 362 1.58(1.11,2.25) 354 147(1.13,1.91)
Q4 330 1.56 (1.18,2.07) 298 1.38(1.00, 1.90) 308 1.19(0.90, 1.56)
Q5 (biphasic) 193 ref 176 ref 272 ref
p-trend 0.05 0.009 0.01

Abbreviations: Cl confidence interval, HS high school, IQR interquartile range, NH non-Hispanic, PCA1-4 principal component analysis component 1-4

2 adjusted for age (25-29, 30-39, 40-49, 50-59, 60-69, and 70+), gender (male, female), race/ethnicity (non-Hispanic White, non-Hispanic Black, Mexican American,
Other Hispanic, Asian, and other), education (less than high school, high school graduate, some college, college graduate or higher), household income (<$20k,
$20k-$44.9k, $45k-$74.9k, >$75k), work status in the past week (did not work, worked for <40 hours, worked 40 hours or more)

Pincluded in the model as a dichotomous outcome, indicating if the participant reported poor or fair health status

to focus on activity timing, not chronotype or sleep timing.
It is possible that chronotype and early rise profile, although
likely correlated, represent two distinct measures that may
be influenced by different internal and external factors.
Racial/ethnic differences reported in earlier studies were
almost exclusively made on the Black-White comparisons,
and the results were mixed, with several studies reporting
an earlier chronotype among Blacks [38—40], while others
reporting no racial difference [15, 41]Hardly any research
reported chronotype or rest-activity timing among His-
panic and Asian populations. We filled the knowledge gap
by using a diverse sample representing the US population,

and reported that except for Mexican Americans, all other
non-White racial/ethnic groups exhibited a lower eigen-
value for the early rise profile, a novel finding that needs to
be confirmed by future research.

Previous studies on the relationship between SES
(e.g., education and income) and timing of rest-activity
patterns were inconclusive: Mitchell et al. reported an
association between earlier acrophase and lower edu-
cation, but no difference across income groups, [15]
while Difrancesco et al. found no relationship between
early vs. late activity profiles and education. [16] Lim-
ited research on SES and the rest-activity timing and the
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mixed findings therein warrant future investigations to
confirm our findings. In addition, we found a significant
relationship between not working/working for <40 h and
a later rise time, particularly on weekdays, suggesting
the important role of work schedule in determining rest-
activity patterns in the working population.

The prolonged activity window profile

The prolonged activity window profile is characterized
by an early rise time but also a later time in the declin-
ing phase of the rest-activity pattern, resulting in a longer
day activity window, and a similar profile was reported
in previous studies in the MrOS [14] and a sample of
Dutch adults [16]. We found higher odds of reporting
fair or poor health was associated with prolonged activity
window, as opposed to shorter window. A longer activ-
ity window may reflect shorter, less regular, or less restful
sleep, and thus the observed association with self-rated
health may be driven by well-established adverse health
effects of sleep deficiency [42].

We found Black participants were more prone to
exhibit the prolonged activity window profile, consistent
with the current literature invariantly reported that Black
Americans had shorter sleep duration than their White
counterparts [43]. We also found a strong relationship
between not working or working for<40 h and a lower
eigenvalue for this profile, particularly on weekdays,
which suggests a longer weekday sleep duration among
these groups and supports the crucial role of work on
shaping sleep and rest-activity patterns. Finally, we found
that people with lower education or income were more
likely to exhibit prolonged activity window profile, but
only on weekends and not weekdays, suggesting a com-
paratively shorter sleep duration on weekends among
these groups. It is noteworthy that this finding may be
driven by a longer catch-up sleep on weekends among
higher SES groups. Several studies reported that weekend
catch-up sleep may be associated with health benefits,
particularly among short sleepers [44—46]. Thus the ina-
bility to have catch-up sleep on weekends among low SES
groups may be a public health concern.

The biphasic pattern profile

The biphasic profile was reported by previous fPCA stud-
ies [12-14, 16], and also by several recent papers focus-
ing on sedentary behaviors and moderate-to-vigorous
physical activity [31, 47]. Although this profile does not
explain the rest-activity pattern nearly as much as, say,
the amplitude profile, its constant appearance in vari-
ous populations suggests it as an important feature of the
rest-activity cycle. In our analysis, participants exhibit-
ing less biphasic pattern were more likely to report fair
or poor health, contrary to the finding from MrOS study
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where biphasic pattern was associated with higher cardi-
ovascular-related mortality in older men [14]. Notably,
the biphasic pattern in the MrOS analysis was insepa-
rable from a longer activity window, while in our study
these profiles emerged as two unique and distinguish-
able components. The disagreements in findings may
be attributable to different health outcomes assessed in
the two studies, and/or different age, gender and racial/
ethnic compositions in the two study populations, which
led to different rest-activity profiles generated by fPCA.
More research is needed to clarify the health effect of the
biphasic pattern.

The biphasic profile was more pronounced among par-
ticipants with higher education and income, and who
reported working 40 h or more. Moreover, the bipha-
sic pattern was only present on weekdays, suggesting a
role of occupational factors. Therefore, the morning and
evening peaks of activity in this profile may correspond
to work-related commute and social and family activities
before and after work hours [31, 47], while the reduced
activity during the middle day may correspond to a more
sedentary 9-5 work period typical of white-collar jobs.
We also found that the biphasic pattern was more pro-
nounced in women than in men, which may be explained
by women’s higher engagement in household chores and
family obligations before and after work. Finally, the
biphasic pattern was less obvious in non-Hispanic Black
and Hispanic groups, which may be partially explained by
racial/ethnic differences in occupations.

Strengths and limitations

A major strength of our study is its large, diverse and
nationally representative sample, which allowed us to
evaluate rest-activity patterns in the general US popu-
lation and make comparisons across subgroups by
demographic, socioeconomic and work characteristics.
Moreover, we took a flexible, data-driven approach with-
out a priori assumptions to characterize rest-activity pat-
terns, and derived multi-dimensional features of the 24-h
movement behaviors. Finally, we performed stratified
analysis by weekdays/weekends, allowing for the assess-
ment of potential impact of workday schedule on the
rest-activity cycles.

Our study also has several limitations. First, although fPCA
is an innovative method with many advantages, it also has
some limitations. Most notably, the derived profiles are sam-
ple-specific and may not be applicable to other populations.
It is thus important to include a large, diverse and representa-
tive sample such as the NHANES to improve the generaliz-
ability of study findings. Moreover, the method can be subject
to over-fitting, and profiles obtained can be difficult to inter-
pret. However, we did identify distinct and interpretable pro-
files in our sample. Second, we only examined six participant
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characteristics, while many other factors such as lifestyle,
health conditions, and social interactions may play a role in
shaping rest-activity behaviors. Third, the work variable in our
study was crude and only collected information on the work
status in the previous week. Given our finding of an impor-
tant role of work status, future studies should include more
detailed information and long-term assessment to better
examine employment and occupational factors in relation to
rest-activity patterns. Fourth, despite the representativeness
of our study sample, the profiles and associations reported by
our study may not be generalizable to other samples, espe-
cially populations with highly distinct rest-activity patterns
such as night-shift workers and severely ill patients. Fifth, we
focused on self-rated health as a general measure of health,
whereas rest-activity profiles may have different associations
with different disease outcomes. Finally, NHANES is a cross-
sectional study, and therefore we could not determine the
direction of certain associations, particularly those related to
SES, work status, and self-rated health.

Conclusions

Our study identified distinct rest-activity profiles among
the US population and provided supporting evidence
that human rest-activity patterns are shaped by demo-
graphic, socioeconomic and work factors. Some of the
results, especially those for the high amplitude com-
ponent, were consistent with previous studies focusing
on individual behavior patterns such as overall physical
activity. However, we also identified and examined pro-
files that captured additional aspects of the behavior
(e.g., timing, biphasic shape) of the diurnal rest-activity
patterns, for which there has been limited study on their
sociodemographic, occupational and health correlates.
Currently, behavioral interventions largely focus on alter-
ing individual behaviors, such as increasing physical
activity levels, reducing prolonged sitting, and improv-
ing sleep quality. More recently, researchers in the field of
circadian physiology have also developed strategies that
may help improving the rhythmicity of diurnal behav-
iors, such as timed melatonin treatment, light exposure,
and exercise regimes [48, 49]. We believe individuals may
benefit from multiple types of interventions, and a com-
prehensive characterization of various aspects of the rest-
activity pattern using algorithms such as the fPCA may
help identifying areas for behavioral improvement and
evaluating the efficacy of interventions.

Overall, the relationships between environmental exposures
and behavior patterns are complicated, and may also inter-
twine with the internal circadian clock. We encourage future
studies to focus on identifying additional individual and envi-
ronmental factors that explain rest-activity patterns, and.
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