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ABSTRACT

Objective/Background: Short and long sleep duration, later sleep midpoint,
and greater intra-individual sleep variability are associated with lower phy-
sical activity, but previous research lacks objective and concurrent assess-
ment of sleep and physical activity. This cross-sectional study examined
whether sleep duration, midpoint, and variability in duration and midpoint
were related to wrist actigraphy-measured physical activity.

Participants: Participants were 2156 Hispanics/Latinos in the Hispanic
Community Health Study/Study of Latinos (HCHS/SOL) Suefo Ancillary
Study.

Methods: Participants wore Actiwatch devices to measure sleep and physical
activity via the wrist for =5 days. Physical activity was defined as minutes/day in
the upper quartile of the sampling distribution’s non-sleep activity, capturing
light to vigorous physical activity.

Results: An inverse linear relationship between sleep duration and physical
activity was found such that each additional sleep hour related to 29 fewer
minutes of physical activity (B = —28.7, SE = 3.8), p < .01). Variability in sleep
midpoint was also associated with physical activity; with each 1-hr increase in
variability there were 24 more minutes of physical activity (B = 24.2, SE = 5.6,
p < .01). In contrast, sleep midpoint and variability in duration were not
associated with physical activity. Sensitivity analyses identified an association
of short sleep duration and greater variability in sleep duration with greater
accelerometry-derived moderate-to-vigorous physical activity measured at
the HCHS/SOL baseline (M = 2.1 years before the sleep assessment).
Conclusions: Findings help clarify inconsistent prior research associating
short sleep duration and sleep variability with greater health risks but also
contribute novel information with simultaneous objective assessments.

Introduction

Sleep duration and timing influence risk of obesity, diabetes, and other cardiometabolic disorders in
prospective studies (Ogilvie & Patel, 2017; Shan et al., 2015). While some research suggests physio-
logical factors (i.e., the circadian rhythm’s role in regulation of appetite and stress hormones and
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inflammatory proteins) may underlie these relationships (Knutson et al., 2007; Wright et al., 2015),
time spent engaging in healthy behaviors, such as physical activity may also be an important
mechanism in the pathway from sleep to health.

Most of the research surrounding sleep and health behaviors has focused on sleep duration.
A curvilinear relationship between sleep duration and objectively measured physical activity has
been observed in the National Health and Nutrition Survey (NHANES), such that both short and
long sleep duration were linked with less physical activity; however, sleep duration was measured by
self-report with its inherent limitations (McClain et al, 2014). In another study examining the
associations of self-reported sleep duration and physical activity, obtaining >6 -7 hr of sleep was
associated with greater odds of meeting physical activity guidelines compared to <6 hr, but associa-
tions between sleep and physical activity were not significant when comparing groups with greater
levels of sleep duration to those who obtained <6 hr (Towne et al., 2017). Longer self-reported sleep
duration has been associated with less self-reported (Bellavia et al., 2014) and objectively measured
physical activity (Gabriel et al., 2017). Specifically, longer self-reported sleep (>9 hr) was associated
with lower daily total activity and a reduced likelihood of achieving >20 min of moderate-to-vigorous
physical activity (MVPA; Gabriel et al., 2017). Sleep timing and the midpoint of sleep also have been
associated with physical activity in several studies. Later sleep timing has been linked with less physical
activity (Rutters et al., 2014), but sleep was measured by self-report. In a small study that examined
sleep and physical activity using wrist actigraphy, later sleep midpoint was associated with less light
intensity physical activity and MVPA (Shechter & St-Onge, 2014). Few studies have examined
objective measures of sleep timing in relation to physical activity in large adult samples. Given the
unclear pattern of findings in studies relying mainly on self-report approaches and small sample sizes,
further investigation using objective sleep and activity measures and larger samples is needed to better
understand these associations.

Sleep variability, operationalized as the intra-individual variability in sleep characteristics (e.g., duration,
midpoint) across environmental contexts (e.g., from a work night to a free night), may also have health
implications. Variability partially reflects social “jetlag,” a phenomenon occurring when individuals go to
sleep and wake up later on free nights than they do on work or school nights (Wittman et al., 2006), or due
to differing work schedules (e.g., shift work; Reid et al., 2018). The shift to accommodate social and
occupational activities leads to disruptions in circadian rhythms, which have negative implications for
cardiometabolic health indicators such as impaired glucose tolerance and insulin resistance in experimental
studies (Morris et al., 2015; Wright et al., 2015). Both greater variability in self-reported bed times and wake
times (Duncan et al., 2016) and greater differences in self-reported sleep midpoint between work days and
free days (Rutters et al., 2014) have been associated with less physical activity. Further research using
objective measurement of sleep and physical activity is needed to better understand these associations.

Limited research has examined relationships between sleep duration, variability, and physical
activity, particularly in Hispanics/Latinos, who are at increased risk for low levels of physical activity
(Arredondo et al., 2016) and poorer sleep health (Dudley et al., 2017). Hispanics/Latinos face unique
stressors (i.e., ethnic discrimination, acculturation stress) that have been shown to influence sleep
(Alcantara et al., 2017). A previous study in this cohort found that self-reported short sleep duration
(<7 hr) was associated with 26 min/day more of work-related (e.g., paid work, household chores)
physical activity (Tom et al., 2019). Similarly, another study in Hispanics/Latinos showed that the
nature of the association differed by physical activity type, with caregiving activities relating to
a greater likelihood of short sleep, and light intensity physical activity to a lower likelihood of long
sleep (Hawkins et al., 2018).

The current study addresses gaps in the literature by examining cross-sectional relationships of
objectively and concurrently measured sleep duration and physical activity among Hispanic/Latino
adults 18-64 years of age. The current study also examined the additional associations of variability in
nightly sleep duration and sleep midpoint, over and above mean sleep duration and midpoint, with
physical activity. We hypothesized that shorter and longer sleep duration (compared to intermediate



duration), later sleep midpoint, and greater variability in both sleep duration and midpoint would be
associated with lower levels of physical activity.

Methods
Study design

The Hispanic Community Health Study/Study of Latinos (HCHS/SOL; 2008-2011) is a population-
based cohort of 16,415 self-identified Hispanics/Latino adults from four urban US communities
(Bronx, NY; Chicago, IL; Miami, FL; and San Diego, CA). Participants were enrolled using
a stratified 2-stage area probability sampling design (LaVange et al., 2010; Sorlie et al., 2010). This
design allowed for a broadly diverse sample, socioeconomic status, and age distribution. Sampling
weights were adopted to account for probability of selection and nonresponse to ensure that the
estimates from the study would be representative of the target populations (LaVange et al., 2010). The
Sueiio ancillary study enrolled a subset of 2,252 participants from HCHS/SOL (2010-2013) who were
within 30 months of their baseline visit, between 18 and 64 years of age, and free of narcolepsy, severe
obstructive sleep apnea, and use of nocturnal positive airway pressure therapy (Patel et al., 2015). All
participants gave written consent and the protocol was approved by the institutional review boards for
all participating institutions. Of those enrolled, 2,156 participants (96%) had at least 5 valid days of
actigraphy data (considered invalid if >4 hr of missing data or >2 minutes of missing data during sleep
in main rest interval; Patel et al., 2015) and were included in the current analytic sample.

Study procedure

The current study used cross-sectional objective sleep and physical activity from the Suefio assessment,
and objective physical activity data and sociodemographic information from the HCHS/SOL baseline
visit, as described next.

Primary variable measures

Sleep

In the Suefio assessment, each participant received an Actiwatch Spectrum (Philips Respironics,
Murrysville, PA) to be worn on the non-dominant wrist for 25 days and nights, and also completed
a brief daily sleep diary. Sleep data were processed using a standardized reproducible scoring algo-
rithm, integrating both diary and raw sensor data (Patel et al., 2015). Sleep duration in hours was the
total time scored in 30 second epochs as sleep between sleep onset and offset during the main sleep
period. In categorical analysis of sleep duration, short, intermediate, and long sleep were defined as
<6 hr, 6-8 hr, and >8 hr, respectively (Mossavar-Rahmani et al., 2017). Sleep midpoint represents the
clock time midway between sleep onset and offset. The current study defined sleep midpoint
continuously, as the number of minutes after 4:00 AM (approximate median midpoint of the sample).
Within-person sleep variability was the standard deviation (SD) of a participant’s nightly sleep
duration and sleep midpoint.

Physical activity

Physical activity data were also obtained from the Actiwatch. Data collected by the Actiwatch during
active (i.e., non-sleep) epochs of 30-s duration were categorized into physical activity according to
their number of accelerations (in activity counts) per minute to mirror more standardized physical
activity measures/recommendations (e.g., 2018 Physical Activity Guidelines Advisory Committee,
2018). There is little research establishing and validating cutpoints to determine physical activity from
the wrist-worn device used in the current study. We used a cutoff value at the upper quartile (Murillo
et al., 2017; defined as 2245 counts/30-s epoch, equivalent to 490 counts/min) of the sampling



distribution, which captured light to vigorous physical activity. A sensitivity analysis was conducted
examining the average activity counts/minute during all active (non-rest) intervals.

Additional sensitivity analyses were conducted using physical activity information from the hip-worn
accelerometer data collected at the HCHS/SOL baseline visit (Actical version B-1 model 198-0200-03;
Respironics Co. Inc., Bend, OR). Participants were instructed to wear the device for 1 week during
waking hours. This device captured physical activity counts in 1-min epochs and has well-established
cutoff values (Colley & Tremblay, 2011) which have previously been used in this cohort (Evenson et al.,
2015). Epochs with activity count >1535 counts/min were considered MVPA (Colley & Tremblay, 2011).
Because the baseline assessment data were collected an average of 2.1 years (SD = 0.4 years) before the
Suefio assessment, and the aim of this study was to examine contemporaneous associations of sleep and
physical activity, these baseline data were only used in sensitivity analyses.

Covariate measures

Sociodemographic characteristics

Sociodemographic information, including age, sex, field center, household income, and employment
status, was obtained via interview administered self-report at the Suefio assessment, where available, or
the HCHS/SOL baseline visit.

Depression

Depression symptoms were measured at the Suefio assessment with the Center for Epidemiologic
Studies Depression Scale 10 (CES-D-10; Andresen et al., 1994). This 10-item screening tool measured
self-reported depression symptoms in the past week, and has been tested and established as reliable
and valid in the HCHS/SOL cohort (Gonzélez et al., 2017).

Comorbid health conditions

Potentially confounding physically limiting conditions were assessed using a summative comorbidity index
[range from 0 to 4] in which one point was scored for having diabetes, cardiovascular disease, obstructive
lung disease, and cancer history, as self-reported or measured at baseline (Vasquez et al., 2016).

Statistical analysis

Analyses were performed using IBM SPSS Statistics Version 24 (IBM, Inc., Armonk, NY) and Mplus
Version 7.31 (Muthén & Muthén, 2006) and accounted for HCHS/SOL complex survey design and
Suefio sampling weights to account for non-response to the ancillary study. In primary analyses, we fit
a multivariable linear regression model with continuous sleep duration as an explanatory variable and
physical activity, indicated as the upper quartile of Actiwatch epochs, as the response variable (model 1).
Next, variability in sleep duration was added as an explanatory variable to the model (model 2). A similar
model with categorical sleep duration variables was fit to test for potential curvilinear relationships
(model 3). Model 4 examined sleep midpoint as the explanatory variable and variability of sleep midpoint
was added as an explanatory variable in model 5. All analyses controlled for the complex survey design
and sampling weights, sociodemographic (i.e., age, sex, field center, income, and employment status),
and health characteristics (i.e., depression and comorbidities, as described earlier). Further, the two sleep
variability models included continuous sleep duration or sleep midpoint as covariates to determine the
influence of sleep variability over and above average duration or midpoint.

Several sensitivity analyses were conducted. First, we repeated analyses examining the average
activity counts/minute during all active (non-rest) intervals as an alternative outcome for the
Actiwatch. We found that the correlation between this activity count variable and the (primary)
upper quartile operationalization was very high (r = 0.94) and findings across the models were
consistent in direction, magnitude, and statistical significance. Thus, we do not present these
analyses. Second, because the wrist-measured physical activity is not expected to mirror more



commonly used measures of MVPA reported in the literature, a sensitivity analysis was conducted
using the MVPA data measured by hip accelerometry at the HCHS/SOL baseline visit as the
outcome variable. In addition to the aforementioned covariates, this model additionally controlled
for the number of hours/day the device was worn. Third, in analyses of variability in sleep
duration or sleep midpoint, we conducted a sensitivity analysis limiting the sample to only
participants with a minimum of 7 nights’ data (n=1,862), to account for the full range of
variability across all days of the week. The effects were consistent in terms of direction, magnitude,
and statistical significance to those with the larger sample size, and thus we maintained the larger
sample and do not report these analyses further. Finally, we tested the consistency of results across
potential effect modifiers of age, sex, and shift work status, which have been shown to modify
associations of sleep duration with physical activity in prior research (McClain et al., 2014) or to
alter sleep schedules in the HCHS/SOL (Reid et al., 2018). Age, sex, and shift work were entered as
product terms separately with sleep duration (both continuous and categorical), sleep midpoint,
and variability in sleep duration and midpoint in the models, with physical activity measured by
wrist actigraphy as the outcome. Further, to evaluate possible differential effects of sleep variability
according to sleep duration, sleep duration (continuous) was entered as a product term with
variability in sleep duration and variability in midpoint in separate models.

Results

A description of the population can be found in Table 1. The mean sleep duration was 6.7 (SD = 1.1)
hours, the mean within-person variability in sleep duration 1.3 (SD = 0.6) hours, the mean sleep
midpoint 04:05:12 (SD = 01:35:06), and the mean within-person variability in sleep midpoint 1.0
(SD = 0.7) hours. The mean number of minutes per day in the upper quartile of physical activity
according to concurrent, wrist-worn actigraphy was 250.4 (SD = 111.7) minutes. The mean number of
minutes per day in MVPA according to the baseline hip-worn accelerometer was 26.0 (SD = 25.3)
minutes. The wrist- and hip-worn physical activity measurements (assessed at different points in time)
were weakly correlated (r = 0.08).

Sleep duration, midpoint, and variability with concurrent wrist-worn actiwatch physical
activity

When analyzed continuously, sleep duration was negatively associated with minutes of physical activity
[B =-28.7 (SE = 3.8), p < .001, see model 1 in Table 2] after adjusting for covariates. When variability in
sleep duration was added to the model with continuous sleep duration, it was not related to physical activity
[B =-0.7 (SE = 0.9), p = .43, see model 2]. When examined categorically, compared to intermediate sleep,
short sleep was related to greater minutes of physical activity [B = 52.3 (SE = 9.3), p <.001, see model 3] and
long sleep was associated with fewer minutes of physical activity [B = —40.3 (SE = 9.4), p < .001]. Sleep
midpoint was not related to physical activity [B = —4.6 (SE = 2.5), p = .07, see model 4]. When variability in
sleep midpoint was added to the model with sleep midpoint, variability in sleep midpoint was positively
associated with minutes of physical activity [B = 24.2 (SE = 5.6), p < .001, model 5].

Sensitivity analyses

Analyses examining associations of sleep variables with hip-worn accelerometer derived MVPA
minutes/day collected at the HCHS/SOL baseline are presented in Table 3. Short sleep duration
(reference = intermediate) was associated with greater minutes/day of MVPA [B = 6.0 (SE = 2.5),
p = .02, see model 3 in Table 3]. Variability in sleep duration was related to greater MVPA [B = 4.3
(SE = 1.7), p = .01, see model 2]. Continuous sleep duration, sleep midpoint, and variability in
midpoint were not significantly associated with minutes/day of MVPA.



Table 1. Demographic, health, sleep, and physical activity characteristics (N = 2,156), HCHS/SOL Suefio Ancillary Study
(2010-2013).

n (%) or M (SD)

Demographic Characteristics

Age (years), M (SD) 40.7 (13.0)
Female, n (%) 1396 (51.8)
Hispanic background, n (%)

Central American 291 (5.8)

Cuban 389 (20.2)
Dominican 270 (13.1)
Mexican 576 (37.1)
Puerto Rican 452 (20.0)
South American 178 (3.7)

Field Center, n (%)

Bronx, NY 547 (29.7)
Chicago, IL 584 (16.3)
Miami, FL 667 (27.6)
San Diego, CA 358 (26.4)
Less than high school education, n (%) 696 (29.7)
Household income, n (%)

<$20,000 985 (47.8)
$20,001-$40,000 693 (34.2)
>$40,001 314 (18.0)
Employment status, n (%)

Employed full-time (>35 hours/week) 713 (32.2)
Employed part-time (<35 hours/week) 379 (18.4)
Not retired and not currently employed 960 (46.2)
Retired and not currently employed 89 (3.1)

Nativity/Immigration status, n (%)

Born in the US mainland 357 (25.1)
Immigrated > 10 years ago 1239 (46.7)
Immigrated < 10 years ago 552 (28.2)
Health Characteristics

Depression symptoms (CES-D-10 score), M (SD) 7.2 (5.8)
Comorbidity count [range 0-4], M (SD) 0.3 (0.6)
Sleep Characteristics

Duration (continuous), hours/day, M (SD) 6.7 (1.1)
Duration categorized, n (%)

Short (< 6 hours/day) 476 (22.6)
Intermediate (6-8 hours/day) 1457 (67.6)
Long (> 8 hours/day) 223 (10.3)
Variability in duration, hours/day, M (SD) 1.3 (0.6)
Sleep midpoint (clock time, hh:mm:ss), M (SD) 04:05:12 (01:35:06)
Variability in midpoints, hours/day, M (SD) 1.0 (0.7)
Physical Activity Characteristics

Concurrent wrist-worn actigraphy upper quartile of activity, minutes/day, M (SD) 250.4 (111.7)
Baseline hip-worn accelerometry moderate-vigorous physical activity, minutes/day, M (SD) 26.0 (25.3)

Note. Unweighted n (Weighted %) or Weighted M (SD) are presented. Sampling weights account for probability of selection
and nonresponse. Wrist-worn actigraphy used Actiwatch Spectrum device (Philips Respironics, Murrysville, PA). Physical
activity using this device was defined as number of minutes per day spent in the upper quartile of activity of the sampling
distribution, or = 490 counts/minute. Hip-worn accelerometry used Actical version B-1 model 198-0200-03 (Respironics Co.
Inc., Bend, OR). Moderate-to-vigorous physical activity using this device was defined as number of minutes per day with
activity count = 1535 counts/minute.

In the effect modification analyses, sex, age, and shift worker status did not moderate associations of
sleep variables with minutes/day of Actiwatch-assessed physical activity (all p > .05). Variability in
sleep duration and midpoint also did not moderate the effects of sleep duration in relation to minutes/
day of Actiwatch-assessed physical activity (all p > .05).



Table 2. Multivariable linear regression analyses, regressing concurrent wrist-worn Actiwatch physical activity (in minutes) on sleep
variables, HCHS/SOL Suefo Ancillary Study (2010-2013).

Model 1 Model 2 Model 3 Model 4 Model 5
B (SE) B (SE) B (SE) B (SE) B (SE)
Sleep duration (hours) —28.7(3.8)**  —37.2(5.2)** - - -
Sleep duration, categorical (intermediate 6-8 =
referent)

Short sleep (<6 hours) - - 52.3(9.3)** - -
Long sleep (>8 hours) - - —40.3(9.4)** - -
Sleep midpoint (number of hours after 4:00 AM) - - - —4.6(2.5) —6.8(2.4)**
Variability in sleep duration, hours/day - —0.7(0.9) - - -
Variability in sleep midpoint, hours/day - - - - 24.2(5.6)**
Age, years -1.0(0.3)**  —0.9(0.4)* -1.0(0.3)**  —=1.1(0.3)**  —1.1(0.3)**
Sex (female = referent) —37.6(6.8)** —35.7(9.2)** —34.8(6.9)** —23.8(7.2)** —27.2(7.0)**
Field center (Miami = referent)
Bronx —15.9(8.8) -23.8(11.1)* —15.9(8.9) —10.3(8.8) -10.4(8.7)
Chicago 20.5(8.0)* 14.8(10.9) 19.3(8.1)* 18.4(8.3)* 19.0(8.3)*
San Diego 39.5(11.6)**  56.3(16.6)**  40.1(11.9)**  37.1(12.4)**  38.0(12.2)**
Household income (<$20,000 = referent)
$20,001-40,000 —-1.8(8.9) 6.6(11.3) —-0.7(8.9) -3.7(9.4) -2.009.3)
>$40,000 —28.8(9.0)**  —29.3(12.1)* —27.7(9.1)**  —33.4(9.8)** —31.1(9.6)**
Employment status (employed full time = referent)
Employed part time -16.7(10.4) -26.7(13.5)* —14.4(10.0) -9.8(10.2) -9.1(10.2)
Unemployed —27.1(83)**  —35.0(12.1)** —28.8(8.3)** —31.2(8.4)** —28.4(8.1)**
Retired -34.6(14.1)* —23.5(19.2) —30.7(15.5)* -34.1(17.3)* -34.1(16.2)*
Depression (CES-D-10 score) —1.3(0.6)* —0.8(0.8)* -1.2(0.6) -1.1(0.6) —1.2(0.6)*
Number of Comorbidities —11.9(5.5)* —0.9(6.9) -11.3(5.5)*  —11.1(5.8) -9.3(5.8)

Note: All regression models adjusted for age, sex, field center, household income, employment status, depression symptoms, and
comorbid health conditions. Model 1 included continuous sleep duration as an explanatory variable. Model 2 further adjusted
model 1 with variability in sleep duration as an explanatory variable. Model 3 included categorical sleep duration as an explanatory
variable. Model 4 included sleep midpoint as an explanatory variable. Model 5 further adjusted model 4 and included variability in
sleep midpoint as an explanatory variable. *p < 0.05; **p < 0.01.

Discussion

The current study investigated relationships between objectively measured sleep duration, midpoint,
and variability and physical activity among Hispanic/Latino adults representative of four US urban
communities using both wrist- and hip-worn devices. Shorter sleep duration (in continuous and
categorical analyses) and more variability in sleep midpoint were related to greater minutes of wrist
actigraphy-assessed (light to vigorous) physical activity. Sleep midpoint and variability in sleep
duration were not significantly associated with wrist actigraphy-assessed physical activity. Sensitivity
analyses examining associations of sleep variables with hip-worn accelerometer data from 2.1 +
0.4 years earlier were generally not statistically significant.

Short and long sleep duration have been shown to be detrimental for health in prior research
(Knutson et al., 2007), but in our study short sleep was associated with greater physical activity levels.
This result was surprising, considering sleep duration’s inverse linear relationship with obesity
prevalence and positive linear association with diet quality in the HCHS/SOL Suefio cohort (Loredo
et al., 2019; Mossavar-Rahmani et al., 2015, 2017); however, it has been associated with higher levels of
self-reported work-related physical activity in the cohort (Tom et al., 2019). When considered in the
context of the 24-hr day, the change of time spent in one activity directly influences time spent in
another activity (Matricciani et al., 2020). In those obtaining shorter sleep, the extra minutes or hours
in the day must be spent engaging in another activity. It is possible that those obtaining shorter sleep
might be spending that time on social, occupational, or caregiving activities, which could be augment-
ing their minutes per day of physical activity (i.e., they are spending less time asleep and more time
engaging in active behaviors), which has been shown before among Hispanics/Latinos (Hawkins et al.,
2018; Tom et al., 2019). Of the studies that found a positive relationship between sleep duration and
physical activity levels, there is evidence that moderating factors such as age and sleep duration may be



Table 3. Multivariable linear regression analyses, regressing baseline hip-worn accelerometer MVPA (in minutes) on sleep variables,

HCHS/SOL baseline visit (2008-2011).

Model 1 Model 2 Model 3 Model 4 Model 5

B (SE) B (SE) B (SE) B (SE) B (SE)
Sleep duration (hours) —1.5(0.9) -1.2(0.8) - - -
Sleep duration, categorical (intermediate 6-8 = referent)
Short sleep (<6 hours) - - 6.0(2.5)* - -
Long sleep (>8 hours) - - -0.9(2.4) - -
Sleep midpoint (number of hours after 4:00 AM) - - - —0.1(0.6) —0.2(0.6)
Variability in sleep duration, hours/day - 43(1.7)* - - -
Variability in sleep midpoint, hours/day - - - - 0.9(1.0)
Age, years -0.3(0.1)**  —0.3(0.1)**  —0.3(0.1)**  —0.3(0.1)**  —0.3(0.1)**
Sex (female = referent) 12.7(1.8)**  12.2(1.7)**  124(1.7)**  13.4(1.8)**  13.2(1.8)**
Field center (Miami = referent)
Bronx 7.5(2.7)%* 7.3(2.7)** 7.6(2.7)%* 7.3(2.8)** 7.3(2.8)**
Chicago 1.8(2.4) 1.9(2.4) 2.0(2.4) 1.2(2.4) 1.2(2.4)
San Diego 8.9(2.5)** 8.4(2.3)** 9.1(2.5)** 8.8(2.5)** 8.8(2.5)**
Household income (<$20,000 = referent)
$20,001-40,000 -3.1(2.1) -2.8(2.1) -2.7(2.1) -3.2(2.1) -3.1(2.2)
>$40,000 —7.6(2.2)**  —6.9(2.0)** —7.2(2.2)** -7.8(2.2)** —7.7(2.2)**
Employment status (employed full time = referent)
Employed part time 4.5(2.8) 4.0(2.7) 4,5(2.8) 4.8(2.8) 4.8(2.8)
Unemployed -2.7(1.9) —-3.3(1.8) -2.7(1.9) -2.9(1.9) -2.8(1.9)
Retired 4.3(5.0) 4.1(5.0) 4.8(5.1) 4.2(4.9) 4.2(4.9)
Depression (CES-D-10 score) —-0.3(0.1) —0.4(0.1)** -0.3(0.1)*  -0.3(0.1)*  -0.3(0.1)*
Number of Comorbidities -0.3(1.3) -0.2(1.3) —0.5(1.3) -0.3(1.4) -0.3(1.4)
Hours/day accelerometer was worn 1.9(0.4)** 1.8(0.4)** 1.8(0.4)** 2.0(0.4)** 1.9(0.4)**

Note: All regression models adjusted for age, sex, field center, household income, employment status, depression symptoms, and
comorbid health conditions. Model 1 included continuous sleep duration as an explanatory variable. Model 2 further adjusted
model 1 with variability in sleep duration as an explanatory variable. Model 3 included categorical sleep duration as an explanatory
variable. Model 4 included sleep midpoint as an explanatory variable. Model 5 further adjusted model 4 and included variability in
sleep midpoint as an explanatory variable. *p < 0.05; **p < 0.01.

important (McClain et al., 2014). However, the current study found consistent associations of sleep
with physical activity across age, sex, and levels of sleep duration. Additionally, some previous research
using objective assessment has found no relationship between sleep duration and physical activity
(Kline et al., 2017; Mitchell et al., 2016).

In the current study, sleep midpoint did not significantly relate to physical activity levels in primary
or sensitivity analyses. These relationships are unclear in the previous research, with some studies
showing a relationship between later sleep midpoint and lower levels of physical activity (Shechter &
St-Onge, 2014) and others showing a null association (Kline et al., 2017). Similar to sleep midpoint,
those with later bed and wake times were more likely to have less physical activity and be overweight/
obese than those with early bed and early wake times, even though they had similar sleep durations
(Olds et al., 2011). Evening chronotype, or a preference to perform daily activities in the evening (vs.
daytime), has been associated with less physical activity as well (Haraszti et al., 2014; Makarem et al.,
2020). However, our findings do not support that sleep midpoint is associated with physical activity
levels in the HCHS/SOL population. While research has linked later sleep timing with higher body
mass index (Baron et al., 2012), the association may occur through increased food consumption later
in the evening and less nutritious food choices, and not through decreased physical activity (Gariépy
et al., 2019).

Of note, greater variability in sleep midpoint related to greater levels of physical activity in the
current study. Though the effect magnitude was small, this finding was in the opposite direction of
hypotheses based on prior research linking greater variability in sleep timing with less physical activity,
using self-report (Duncan et al., 2016; Rutters et al., 2014). With inconsistent sleep timing from night
to night, circadian rhythms are disrupted, which has negative physiological consequences for the
metabolic, inflammatory, immune, and other physiological systems (Buxton et al., 2012). As posited
for those with shorter sleep duration, perhaps individuals who obtain more variable sleep are also more



active socially and occupationally, which may lead to greater physical activity. In this cohort, shift work
schedule has been associated with later sleep timing and more variable sleep (Reid et al., 2018), which
may also influence the amount of physical activity obtained. In the current study, the interaction effect
of shift work approached significance, but did not reach the cutoft of p < .05. In individuals obtaining
more variable sleep, the higher levels of physical activity may offset some of the negative physiological
consequences of their sleep variability (Saner et al., 2018). Further research is needed to elucidate the
effect of sleep variability, in conjunction with physical activity, in individuals at risk of cardiometabolic
disease.

In interpreting the findings that shorter sleep duration and greater variability in sleep midpoint
related to greater physical activity, it is important to also consider the context through which the
physical activity was obtained. In the HCHS/SOL, much of the cohort’s physical activity is work-
related (Arredondo et al., 2016), which has been associated with higher mortality in men (Coenen
et al, 2018) and overweight/obesity in the HCHS/SOL cohort (Singer et al., 2016). While the
objective measure of physical activity has its strengths, with the accelerometer used it misses the
ability to characterize the type of physical activity which may provide insight into its relation to
health.

While the current study has strengths, such as objective measures of sleep and physical activity
in a large and diverse Hispanic/Latino cohort, it also has several limitations. By measuring physical
activity using a sensor on the wrist, as opposed to the hip, certain types of physical activity in
which the wrist remains relatively inactive may be under-represented. Conversely, the wrist
measurement may include activity typically categorized as non-active when measured via the
hip, such as typing and fidgeting. Although the use of wrist-worn devices is beginning to gain
traction as a means of measuring physical activity (Crouter et al., 2015), the wrist-worn device in
the current study has not been widely studied. As such, no MVPA cutoff value has been
established for the wrist-worn Actiwatch Spectrum. To obtain contemporaneous data in the
current study, a physical activity cutoff was created by using the upper quartile of physical activity
from the same device used to measure sleep. The limitation of this approach is that the mean
number of minutes/day spent in this category of physical activity is considerably larger than the
more standardized MVPA estimates in the cohort and the correlation between the two is very low.
This suggests that this operationalization of physical activity includes light intensity physical
activity as well as MVPA. Notably, although it is less frequently studied than MVPA, greater
light intensity activity as a substitution for sedentary behavior has been linked with lower risk of
mortality (Matthews et al., 2015), and the current study contributes new information around total
activity (light plus moderate to vigorous). The current study is limited by its cross-sectional design
and we are unable to establish temporal associations or mechanisms. Because the hip acceler-
ometer-derived MVPA was collected prior to the sleep data, reverse and bidirectional relationships
between these behaviors are possible. Longitudinal studies would be valuable in establishing
temporality in these relationships.

In summary, the current study contributes important information about relationships between
sleep and physical activity in Hispanics/Latinos, a large and growing US population at risk for low
activity levels, and cardiometabolic disorders. By examining multiple objectively measured dimen-
sions of sleep health, the study highlights the importance of intra-individual sleep variability from
night to night in sleep timing (i.e., midpoint). In addition to the role of sleep timing in regulating
circadian rhythms and other physiological responses, sleep variability may influence physical activity
levels. Findings from the current study suggest some possible relationships but raise new research
questions. Further experimental or longitudinal research regarding directionality between sleep
variability and physical activity is warranted. As both behaviors are modifiable and have been linked
with metabolic consequences, conclusive research in this area is needed to guide future recommenda-
tions that could aid in prevention of chronic disease.
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