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Abstract

Study Objectives: Studies have demonstrated a daily, bidirectional relationship between sleep and physical activity.
However, little is known about how other health behaviors, such as alcohol consumption affect this relationship. This study
examined how daily and average alcohol consumption affects the relationships between sleep and physical activity.

Methods: Participants included 70 men and women, ages 18-50 with sleep duration >6.5 hours. Participants wore an
actigraph, physical activity monitor and recorded number of alcoholic drinks by daily food logs for 7 days. Results were
analyzed using multi-level models to evaluate the 7-day average (i.e. between-person effects) and daily effects (i.e. within-
person effects) simultaneously.

Results: Those with more average (7 day) minutes of vigorous physical activity had less wake after sleep onset (WASO).
Furthermore, a higher number of alcoholic drinks was associated with longer sleep duration and higher WASO over 7 days.
Days with a higher number of alcoholic drinks were associated with higher WASO and sleep fragmentation that night.
Alcohol intake moderated the average (7 days) and daily relationships between sleep and physical activity such that high
average (7 days) WASO was associated with shorter average total physical activity duration, but only for those with higher
alcohol intake. In addition, longer physical activity duration during the day was associated with lower sleep fragmentation
that night, but only for those with lower alcohol intake.

Conclusions: These data demonstrate that in a naturalistic setting, alcohol intake negatively impacts sleep and diminishes
the benefits of physical activity on sleep.

Statement of Significance

Although physical activity is known to promote sleep health, little is known about how other health behaviors impact
these relationships. This study evaluated how alcohol affects the links between physical activity and sleep both on average
(over 1 week) and day-to-day. Results showed that alcohol reduces the benefits of physical activity on sleep.
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Introduction

Along with proper nutrition, sleep and physical activity are two
of the three pillars of modifiable health-protective behaviors [1].
Sleep serves an important role in maintaining and promoting
health such as brain function, metabolism, immune system
health, cardiovascular function, and endocrine system function
[2-5]. Regular physical activity also plays a vital role in overall
health, fitness, and emotional well-being and in decreasing
the risk for chronic diseases [6]. As such, lack of adequate good
quality sleep and physical activity are associated with poor
health outcomes [6, 7]. According to a 24-hours health behavior
framework, it is important to understand and examine both
sleep health behavior and waking health behaviors (WHB) such
as physical activity and alcohol consumption simultaneously
[8]. Several prior studies have reported associations between
sleep and physical activity both overall and in daily analyses
[9-14]. For example, midlife women who are more physically ac-
tive are likely to have better sleep [9]. However, few studies have
examined how other WHB such as alcohol consumption play a
role in the relationship between sleep and physical activity.
Alcohol consumption, a prevalent, modifiable, health risk be-
havior among adults, can affect both sleep and physical activity
[15, 16]. Even though alcohol is commonly used as a sleep aid
in the general population, alcohol can negatively affect sleep
health [17]. Specifically, acute alcohol consumption can increase
sleep fragmentation and cause a decrease in rapid eye move-
ment (REM) sleep [18, 19]. Alcohol consumption can also impact
daytime functioning, including daytime alertness, which might
hamper an individual’s ability to engage in physical activity.
However, little is known about the role of other health behaviors
such as alcohol consumption in relationships between sleep
and physical activity. Identifying whether the relationship be-
tween sleep and physical activity and are influenced by alcohol
use can inform strategies aimed at promoting and sustaining
health-protective behaviors and inhibiting health risk behaviors.
Sleep quality and quantity, physical activity level, and quan-
tity of alcohol consumption can each fluctuate from day-to-day
and the interactions among these health behaviors can also vary
day-to-day. These health behaviors are time-varying constructs
that include both between-person and within-person variability.
[20, 21]. The use of daily diary data can inform researchers
about how health behaviors fluctuate and influence each other,
day-to-day [8, 22], by examining both between-person and
within-person effects [20, 21]. For example, some people tend
to engage in more physical activity or alcohol use than others
(i.e. between-person variation). In addition, an individual may
experience better sleep some days more than others (i.e. within-
person variation). Recently, the daily relationships between
sleep and physical activity has been studied in several samples
[11-14]. For example, a study reported the relationship between
sleep and physical activity among young adults and found that
longer total sleep duration and greater wake after sleep onset
(WASO) predicted less activity the following day [11]. In addition,
a recent study of daily associations between alcohol consump-
tion and sleep among in a sample of African Americans found
that alcohol consumption was related to lower sleep efficiency
that night [23]. However, little is known about the role of alcohol
consumption in the daily relationships between sleep and phys-
ical activity. Therefore, the goals of this study are to examine
both the average (7-day or between-person) and day-to-day

(within-person) associations between sleep, physical activity,
and alcohol consumption in a sample of healthy adults.

First, we examined daily, bidirectional relationships between
sleep and physical activity both in terms of daily relationships
(within-person variability, or deviation from one’s average
across the 7 days) and the weekly average (between-person
variability, averaged across the 7 days [20, 21]) We hypothesized
that there would be a bidirectional association between sleep
and physical activity in both daily (nights with lower sleep frag-
mentation and WASO would be followed by higher physical ac-
tivity duration and vice versa) and average levels (individuals
with lower average sleep fragmentation and WASO would have
higher physical activity over the 7 days period) (Hypothesis 1).

Second, we examined the association between alcohol con-
sumption with sleep and physical activity respectively for both
the daily (within-person) and weekly average level (between-
person levels). We hypothesized that alcohol would be asso-
ciated with poorer sleep at the daily and average level (i.e. on
days when participants consumed a higher number of alcoholic
drinks than usual, they would demonstrate poorer sleep on the
subsequent night and participants with a higher number of al-
coholic drinks across 7 days would report poorer sleep across
7 days compared to their counterparts). Regarding the role of
alcohol consumption on physical activity, we hypothesized that
higher alcohol intake would be associated with lower physical
activity both in daily and weekly associations.

Finally, we examined whether alcohol consumption moder-
ated the relationship between sleep and physical activity at both
within-person and between-person levels. We hypothesized
that higher number of alcoholic drinks would moderate the re-
lationships between physical activity duration at both within-
person and between-person levels, respectively.

Methods

This is a secondary analysis of a larger study of circadian timing,
alignment, and obesity-related behaviors [24]. Participants were
recruited from the community using flyers, web advertisements,
and participant registries with advertisements for healthy vo-
lunteers with “normal” or “late” sleep timing. Inclusionary cri-
teria included: age 18-50, habitual sleep duration >6.5 hours and
<8.5 hours, and ability to read and write English. Exclusionary
criteria included: comorbid sleep, medical or psychiatric dis-
orders, current use of psychiatric medications and medications
that could affect sleep, melatonin production, or metabolism
(e.g. antidepressants, decongestants, anti-inflammatory medi-
cations, cardiac medications), use of illicit drugs or alcohol in-
take >2 drinks per day, shift work or travel over two time zones in
the past six months, caffeine >300 mg per day, current smoking,
pregnancy or the desire to become pregnant during the study
period. Our analytic sample was limited to persons who com-
pleted actigraphy, daily sleep, and food diary (n = 70).

Procedure

A full description of the procedures is reported elsewhere
[24]. Briefly, participants completed preliminary screening for
study criteria via questionnaires, 7 days of actigraphy, and
one-night home apnea monitoring. After screening was com-
pleted, participants were scheduled for a one-night overnight



in the clinical research unit (CRU). Participants were dis-
charged in the morning after breakfast. Prior to the CRU ses-
sion, participants completed 7 days of actigraphy, as well as
daily sleep and food diaries. Participants were instructed to
complete the daily sleep diaries upon waking. On the food
diaries, participants recorded time, location, type of food,
amount of food they consumed and a description of each com-
ponent, including brands and restaurant names. Participants
were instructed to complete the food diary as they consume
and drink and to email, fax, or call in their diary each day.
All procedures were approved by Northwestern’s Institutional
Review Board and participants provided written informed
consent.

Measures

Sleep.

Sleep/wake patterns were estimated using 7 days of wrist
actigraphy using the Actiwatch Spectrum (Philips/Respironics,
Inc, Bend, OR). Actiwatches were worn on the non-dominant
wrist and set with 30 seconds epoch length and medium sen-
sitivity. Actigraphic sleep parameters were calculated using
Actiware-Sleep 6.0 software with default settings. Rest inter-
vals were manually entered using a standardized algorithm [25].
Sleep variables utilized in this analysis included sleep duration
(total minutes of sleep from sleep onset to sleep offset), WASO
(minutes of wake between sleep onset and sleep offset), and
fragmentation index (an index of restlessness calculated as the
sum of two percentages: (1) The percentage of the sleep period
spent moving and (2) The percentage of the number of immobile
phases that are only 1 minute long. Actigraphic sleep param-
eters were calculated using Actiware-Sleep 6.0 software with
default settings.

Physical activity.

Physical activity was assessed using the Sensewear Pro arm-
band monitor (Bodymedia Inc., Pittsburgh, PA). The Sensewear
monitor estimates physical activity and energy expenditure
using several sensors, including a three-axis accelerometer,
heat flux sensor, skin temperature sensor, near body ambient
temperature sensor, and galvanic skin response sensor. The
Sensewear monitor has demonstrated accuracy and reliability
for physical activity assessment [26-28]. Physical activity values
were calculated using Sensewear Professional software (Version
8.1). The Sensewear recordings were considered valid if parti-
cipants had at least 3 days of recording with >18 hours of wear
time each day. Physical activity variables included in our ana-
lyses included (1) total physical activity duration (minutes of PA
per day >3 METs) and (2) vigorous activity duration (minutes of
PA per day >6 METs).

Number of alcoholic drinks.

The number of alcoholic drinks were collected in the 7-day
food logs and reviewed with study staff using a multiple pass
interviewing procedure that included review of each entry to
query missing items, brand names and confirm estimated por-
tion size in order to improve the calculation of alcohol intake.
Participants were asked to report the amount and contents of
each drink and based on the logs, the servings of alcohol per day
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were calculated (1 drink = 1.5 oz of hard liquor, 6 oz of wine and
12 oz of beer).

Analytic strategy

We first ran a descriptive analysis for demographic data
and main research variables of the participants included in
our analyses. Second, we conducted analyses to determine
whether there was sufficient variability in our variables
of interest (i.e. if there was insufficient daily variability in
sleep, alcohol or physical activity, then analyses should not
be conducted on change). Thus we ran preliminary uncondi-
tional models to calculate intraclass correlation coefficients
(ICCs) and examine within- and between-person variability in
sleep, physical activity, and alcohol consumption across the
7 diary days to make sure that multilevel modeling is appro-
priate for this study. There was both within-person (72.25%)
and between-person variability (27.75%) in sleep duration,
sleep fragmentation (60.82% within; 39.18% between), WASO
(60.64% within; 39.36% between), total physical activity dur-
ation (42.75% within; 57.25% between), vigorous physical
duration (73.62% within; 26.38% between), and alcohol con-
sumption (85.71% within;14.29% between). Therefore, we pro-
ceeded with conducting multilevel models [29] in IBM SPSS
Mixed (version 25 [30]) to account for the data structure,
wherein diary days were nested within individuals.

We employed a two-level model to address the study’s cen-
tral questions. Level 1 represented variability due to within-
person repeated measures for participants (i.e. day-to-day
within an individual), and Level 2 represented between-person
variability for participants (on average, differences between in-
dividuals) [21, 22]. Day (1-7 days) of the daily diary was centered
and then included in all models. Random effects were allowed
on the intercept.

We separated the within- and between-person variability
by group (person) mean (i.e. subtracting the individual’s group
mean (average across 7 days) from the individual’s score meas-
ured everyday) centering at Level 1 and grand mean centering
at Level 2 [22]. Modeling within- and between-person variability
decomposes the effect of individuals’ day-to-day fluctuations in
the constructs of interest while accounting for between-person
(individual) differences in these constructs. For instance, the
models that examined the effect of daily sleep on daily physical
activity allowed for the separation of the effect of individuals’
day-to-day fluctuations in sleep while accounting for between-
person differences in sleep (i.e. average levels of a participant’s
sleep across the 7 days) on daily physical activity. We used max-
imum likelihood (ML) estimation to handle missing data in multi-
level model.[31] Age and gender were included as covariates in
every model. A p value of <.05 was considered significant.

For the main research questions 1 and 2, our multilevel
model includes two levels. As an example, the equations below
were based on the role of sleep on physical activity.

Level 1 was represented by the following equation:

Physical Activity = mq; + m1i(Day),+m2i(Sleep)+T4

Level 2 was represented by these equations:

moi = Boo + Pfor(Mean Sleep); + foa(Age); + Boz(Gender); + ro;
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mi = B1o
i = P20

In Level 1, the measure of “sleep” was group (person) mean-
centered, whereas “mean health” at Level 2 represents each
person’s average sleep score across the 7 days, which then was
grand-mean centered. The slope (8,) represents the within-
person sleep effect on physical activity and f,, represents the
between-person sleep effect on physical activity. These are
the coefficients used for hypothesis testing. Day (B,,) is level 1
covariates because they are time-varying. Age (8,,) and Gender
(B,,) are level 2 covariates because they are time invarying.

For the moderating role of alcohol consumption (main
question 3), independent variables are sleep (both at the daily
level and on average), alcohol consumption (both at the
daily level and on average), and the daily-level (daily sleep by
daily alcohol consumption), average-level (average sleep by
average alcohol consumption), and cross-level (daily sleep
by average alcohol consumption) interactions between al-
cohol consumption and sleep. We tested all three interactions
at the same time (daily, average, and cross-level interaction).
Significant interactions decomposed one standard deviation
above and below the mean number of alcoholic drinks and
simple slopes were tested.

As an example, the equations below were based on moder-
ating role of alcohol consumption between sleep and physical
activity.

Level 1 for the research question 3 represented by the fol-
lowing equation:

Physical Activity = mo; + mpi(Day),+moi(Sleep),;
+m3i(Number of Alcoholic Drinks),
+4i (Sleep) = (Number of Alcoholic Drinks),; + 1y
and Level 2 for the research question 3 represented by these
equations:

moi = Boo + Por(Mean Sleep);
+fo2(Mean Number of Alcoholic Drinks);

+f03 (Mean Sleep) (Mean Number of Alcoholic Drinks);
+ Boa(Age); + Bos(Gender); + To;

m1i = B1o

7o = PB20+621(Mean Number of Alcoholic Drinks);+1;
m3i = B30
mai = Pao

The slope B, represents the daily level interaction, f , represents
the average level interaction, and f,, represents cross-level inter-
action. These are the coefficients used for hypothesis testing.

Results
Participant characteristics

Table 1 describes our analytic sample, which consisted of
men (38.6%) and women (61.4%), ranging in age from 18 to 50
(M = 26.71, SD = 7.30). The sample was largely non-Hispanic
(92.9%) and white (64.3%). Descriptive statistics for main re-
search variables were calculated as averages across all 7 days.
Average sleep duration was 435.53 minutes (7 hours 15 min-
utes; range 164-729; SD = 82.47) WASO for 32.67 minutes (range

5-134; SD = 16.66) and sleep fragmentation index was 15.49
percent (range 3-38; SD = 6.78) and. In addition, total phys-
ical activity duration was 151.57 minutes (2 hours 32 minutes;
range 0-663; SD = 107.89) and vigorous physical activity for 6.05
minutes (range 0-88; SD = 12.12). In addition, weekly alcohol
consumption ranged from 0 to 16.25 drinks per week with an
average of 3.96 (SD = 4.15) drinks. A substantial number of par-
ticipants (22.1%) did not report any alcoholic drinks across the
7 days, 57.3% of participants reported at least 1 and up to 7
drinks across the 7 days. A total of 17.7% of participants re-
ported >7 to 14 drinks across the 7 days. A small number (2.9%)
of participants reported >14 drinks across the 7 days.

Is sleep associated with physical activity? (Research
question 1)

There were no daily (i.e. within-person) effects between daily
sleep and daily physical activity for either direction (Tables 2
and 3), in that daily sleep did not impact sleep that night, and
sleep did not impact next day activity. We, however, found some
effects between sleep and physical activity on average (7 days
or between-person). For example, persons who, on average, re-
ported longer sleep duration reported shorter total physical ac-
tivity duration for the 7-day period (Table 2). In addition, people
who, on average, reported longer vigorous physical activity dur-
ation reported lower WASO, respectively (see Table 3).

Is alcohol consumption associated with sleep and
physical activity, respectively? (Research question 2)

We found some daily (i.e. within-person) effects between daily
alcohol consumption and subsequent daily sleep. That is, we
found that on days when individuals reported higher number
of alcoholic drinks (more than their own average), they dem-
onstrated higher sleep fragmentation and WASO, respectively
during the subsequent night. We also found some average
(between-persons) effects between alcohol consumption and
sleep. That is, people who, on average, reported higher number

Table 1. Demographic information and descriptive statistics of sleep,
physical activity, and number of alcoholic drinks across 7 days for
participants

M/% (SD) Range

Age 26.71(7.30) 18.28-50.12
Gender (% Women) 61.4%
Race (%White) 64.3%
Ethnicity (% Hispanic) 7.1%
Sleep duration (minute) 435.53 (82.47)  164-729
Sleep fragmentation 15.49 (6.78) 3-38
WASO (minute) 32.67 (16.66) 5-134
Total Physical Activity 151.47 (107.87)  0-663
Vigorous Physical Activity 6.05 (12.12) 0-88
Weekly number of alcohol consumption  3.96 (4.15) 0-16.25

0 drink per week (% Participants) 22.1%

0 < drink per week < (% Participants) 57.3%

7 < drink per week < 14 (% Participants) 17.7%
14< drink per week (% Participants) 2.9%

WASO, wake after sleep onset.



Table 2. Effect of sleep on physical activity
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Sleep > Physical activity

Total physical activity duration

Vigorous physical activity duration

b (SE) b (SE)
Intercept 146.52 (14.38)" 7.34 (1.47)"
Day 1.72 (2.86) 0.54 (0.39)
Age -0.08 (1.41) -0.14 (0.14)
Gender 18.85 (23.60) -1.33(2.37)
Sleep duration (WP) -0.09 (0.06) -0.005(0.01)
Sleep duration (BP) -0.66 (0.22)" -0.04 (0.02)

b (SE) b (SE)
Intercept 135.28 (14.39)" 6.65 (1.43)"
Day 1.74 (2.87) 0.56 (0.39)
Age -0.53 (1.48) -0.12 (0.14)
Gender 44.30 (23.09) 0.50(2.24)
Sleep fragmentation (WP) 0.62 (0.90) -0.07 (0.12)
Sleep fragmentation (BP) -0.19 (2.34) -0.33(0.23)

b (SE) b (SE)
Intercept 136.63 (14.36)" 7.03 (1.40)"
Day 1.85 (2.87) 0.55 (0.39)
Age -0.22 (1.49) -0.08 (0.14)
Gender 41.38 (22.90) -0.58 (2.19)
WASO (WP) 0.04 (0.35) -0.01 (0.05)
WASO (BP) -0.81 (0.95) -0.19 (0.09)*

wp = within-person. bp = between-person. Table reports unstandardized coefficients (b) with standard errors (SE) in parentheses.

*p < .05, "p <.01,p <.001.

Table 3. Effect of physical activity on sleep

Sleep duration Sleep fragmentation WASO

Total physical activity duration b (SE) b (SE) b (SE)
Intercept 447 .49 (8.34)" 15.59 (0.83)™ 33.59 (2.03)"
Day -2.06 (2.60) 0.15 (0.19) -0.60 (0.49)
Age 0.58(0.77) 0.12 (0.08) 0.47 (0.20)*
Gender -29.99 (12.35)" 1.50 (1.30) -2.37 (3.15)
Physical activity (WP) -0.02 (0.06) -0.003 (0.005) 0.004 (0.01)
Physical activity (BP) -0.20 (0.07)" -0.001 (0.01) -0.01 (0.02)
Vigorous physical activity duration b (SE) b (SE) b (SE)
Intercept 450.61 (8.69)" 15.65 (0.81)" 33.91 (1.96)"
Day -2.11 (2.60) 0.15 (0.19) -0.61 (0.49)
Age 0.53(0.82) 0.10 (0.08) 0.41 (0.19)
Gender -38.35 (12.74)" 1.41 (1.23) -3.09 (2.96)
Physical activity (WP) -0.12 (0.41) 0.01 (0.03) 0.05 (0.08)
Physical activity (BP) -0.94 (0.81) -0.15 (0.08) -0.42 (0.19)*

wp = within-person. bp = between-person. Table reports unstandardized coefficients (b) with standard errors (SE) in parentheses.

*p <.05,"p <.01,p <.001.

of alcoholic drinks demonstrated longer sleep duration and
higher WASO, respectively (Table 4).

We found no daily or average effects between daily alcohol con-
sumption and daily physical activity the following day (Table 4).

Does alcohol consumption moderate the
bidirectional relationships between daily sleep and
daily physical activity? (Research question 3)

Regarding the moderating role of alcohol consumption in
the effect of sleep on physical activity, we found that average
number of alcoholic drinks moderated the between-person

effects between WASO and total physical activity duration (level
2 interactions). That is, greater average WASO over 7 days was
associated with shorter average total physical activity duration
for those with higher average number of alcoholic drinks (1 SD
above the mean) (b = -2.63, z = -2.06, p = .04). However, average
WASO was not associated with average total physical activity
duration for those with lower average number of alcoholic
drinks (1 SD below the mean) (b = 1.49, z = .10, p = .33) (Table 5;
Figure 1)

Regarding the moderating role of alcohol consumption in
the effect of physical activity on sleep, we found that average
number of alcoholic drinks moderated the relationships
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Table 4. Effects of number of alcoholic drinks on sleep and physical activity

Number of alcoholic drinks > Sleep

Sleep duration Sleep fragmentation WASO

b (SE) b (SE) b (SE)
Intercept 439.20 (7.55)" 14.71 (0.72)" 3243 (1.75)"
Day -3.85 (1.98) ~0.04 (0.15) -0.88 (0.37)*
Age 0.97 (0.79) 0.09 (0.08) 0.35 (0.19)
Gender -25.90 (11.84)* 2.06 (1.15) -1.28 (2.78)
Alcohol consumption (WP) 3.08 (3.23) 0.64 (0.25)" 2.03 (0.60)"
Alcohol consumption (BP) 24.58 (9.14)* 1.06 (.88) 4.27 (2.13)*

Number of alcoholic drinks > Physical activity

Total physical activity duration

Vigorous physical activity duration

b (SE) b (SE)
Intercept 137.52 (15.68)™ 6.67 (1.46)"
Day -0.18 (2.45) 0.39 (0.34)
Age ~0.64 (1.54) -0.15 (0.14)
Gender 36.76 (24.39) -0.15 (2.19)
Alcohol consumption (WP) -4.59 (3.65) -0.16 (0.50)
Alcohol consumption (BP) -12.46 (17.83) -0.83 (1.61)

wp = within-person. bp = between-person. Table reports unstandardized coefficients (b) with standard errors (SE) in parentheses.

*p <.05,"p<.01, "p <.001.

between daily total physical activity duration and daily sleep
fragmentation. That is, longer daily total physical activity dur-
ation was associated with lower sleep fragmentation that same
night for those with lower average number of alcoholic drinks (1
SD below the mean) (cross-level interaction; b= -.02, z = -2.65,
p = .01), whereas daily total physical activity duration was not
associated with daily sleep fragmentation for those with higher
average number of alcoholic drinks (1 SD above the mean) (cross-
level interaction; b = .01, z =1.35, p = .18) (see Table 6; Figure 2).
We further used the Johnson-Neyman technique to probe for
interaction and to identify ranges of values of the moderator
(alcohol consumption) for which the interaction effect is signifi-
cant. Figure 3 is the J-N plot of the simple slope of total physical
activity duration on sleep fragmentation when total physical ac-
tivity duration is held at its mean and alcohol consumption is
allowed to vary. It indicates that when alcohol consumption is
low (specifically < .28), an increase in total physical activity dur-
ation is expected to result in significantly lower levels of sleep
fragmentation. The simple slope of total physical activity dur-
ation does not differ significantly from zero from -.28 to 1.10
units of alcohol consumption, but when alcohol consumption is
>1.10 units, one would expect that an increase in total physical
activity duration would result in a significant, increase in sleep
fragmentation.

We also found that daily number of alcoholic drinks moder-
ated the relationships between daily vigorous physical activity
duration and daily sleep duration; however, simple slope test
showed that neither slopes are significant (within-person inter-
actions; b =-1.09,z=-1.71,p = .09; b = .97, z = 1.64, p = .10). We
also found that daily number of alcoholic drinks moderated the
relationships between daily vigorous physical activity and daily
sleep fragmentation, but simple slope test showed that nei-
ther slopes are significant (within-person interactions; b = .08,
z=1.70,p =.09; b = -.05, z = -1.10, p = .27). Finally, we found that
average number of alcoholic drinks moderated the relationships

between daily total physical activity duration and daily WASO,
but simple slope test showed that neither slopes are significant
(cross-level interactions; b = -.03, z = -1.56, p = .12; b = .03, z
=1.82, p = .07; Table 6).

Discussion

Guided by the 24-health behavior framework [8], the current
study sought to examine how alcohol consumption influences
the bidirectional, within-person, and between-person relation-
ship between sleep and physical activity. Consistent with our
hypotheses we found individuals with higher WASO engaged
in less vigorous physical activity. We also found that a higher
number of alcoholic drinks was associated with poorer sleep at
both the daily and weekly average levels.

Somewhat unexpectedly, we also found that sleep and ac-
tivity were unrelated in the daily analyses and that on average,
across the 7-day period, longer sleep duration was associated
with shorter physical activity duration. Previous research has
also reported contradictory findings in this area but our result
does appear to be in line with results from younger, healthier
samples [11, 12]. For example, a study conducted by Master and
colleagues among adolescents found that shorter sleep dur-
ation was associated with more next-day sedentary behavior
and moderate and vigorous physical activity was associated
with longer sleep duration [12]. Furthermore, a recent study con-
ducted by Mead and colleagues in a sample of undergraduate
students found that longer sleep duration was associated with
shorter physical activity the following day, which is consistent
with our findings [11]. Our study, combined with these prior
studies, suggests that among healthy, young adults without
sleep disorders, there may be a trade-off between physical ac-
tivity and sleep, in that additional sleep may limit time for phys-
ical activity and vice versa.
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Table 5. Moderating role of number of alcoholic drinks on the relationships between sleep and physical activity

Total physical activity duration

Vigorous physical activity duration

Total sleep duration b (SE) b (SE)
Intercept 151.44 (15.18)™ 7.66 (1.64)"
Day 1.58 (2.94) 0.59 (0.42)
Age 0.05 (1.43) -0.14 (0.15)
Gender 14.97 (24.60) -1.37 (2.59)
Sleep (WP) -0.07 (0.07) -0.01 (0.01)
Sleep (BP) -0.66 (0.25)* -0.03 (0.03)
Alcohol use (WP) -5.24 (4.36) -0.33(0.62)
Alcohol use (BP) 10.65 (18.43) -0.14 (1.99)
Sleep (WP)*Alcohol use (WP) -0.07 (0.05) -0.002 (0.01)
Sleep (BP)*Alcohol use (BP) -0.39 (0.41) -0.02 (0.04)
Sleep (WP)*Alcohol use (BP) -0.17 (0.11) 0.01 (0.02)

Sleep fragmentation b (SE) b (SE)
Intercept 141.64 (15.38)" 6.76 (1.58)"
Day 1.46 (2.98) 0.56 (0.42)
Age -0.45 (1.51) -0.13 (0.15)
Gender 41.23 (24.06) 0.43 (2.42)
Sleep (WP) 0.71 (0.94) -0.09 (0.13)
Sleep (BP) 0.83 (2.48) -0.33(0.24)
Alcohol use (WP) -6.63 (4.45) -.22 (0.63)
Alcohol use (BP) 6.71(20.77) -0.99 (2.10)
Sleep (WP)*Alcohol use (WP) 0.13 (0.99) 0.10 (0.13)
Sleep (BP)*Alcohol use (BP) -6.19 (3.46) 0.09 (0.35)
Sleep (WP)*Alcohol use (BP) -0.76 (1.32) ~0.004 (0.19)

WASO b (SE) b (SE)
Intercept 147.12 (15.58)™ 7.24 (1.58)"
Day 1.70 (2.98) 0.57 (0.42)
Age -0.04 (1.51) -0.10 (0.15)
Gender 33.46 (24.15) -0.73 (2.39)
Sleep (WP) 0.06 (0.36) ~0.02 (0.05)
Sleep (BP) -0.57 (1.00) -0.21 (0.10)*
Alcohol use (WP) -7.90 (4.41) -0.32 (0.62)
Alcohol use (BP) 13.27 (20.22) -0.33 (2.03)
Sleep (WP)*Alcohol use (WP) -0.41 (0.35) -0.01 (0.05)
Sleep (BP)*Alcohol use (BP) -3.16 (1.54)* 0.06 (0.15)
Sleep (WP)*Alcohol use (BP) 0.10 (0.48) 0.01 (0.07)

wp = within-person. bp = between-person. Table reports unstandardized coefficients (b) with standard errors (SE) in parentheses.

*p < .05, "p <.01,p <.001.

We also found that although alcohol affected sleep, both in
daily (within-person) and on average (between-person), there
was not a relationship between alcohol use on physical activity
the following day. There are several potential explanations for
this lack of effect. First, our participants tended to have low al-
cohol consumption (97% of participants reported consuming
<14 drinks in the week). Furthermore, as alcohol consumption in
this study was measured by the number of alcoholic drinks only,
the severity of hangovers after drinks was not directly captured.
Therefore, at this level of alcohol intake, perhaps the effects on
next day functioning were not noticed by participants on the fol-
lowing day. Previous studies found that severity of hangover is
associated with sleep and physical activity experiences respect-
ively [32-35]. Therefore, future research is needed to examine
severity of hangover symptoms along with the number of alco-
holic drinks, in particular in clinical samples with participants
who are heavy drinkers in daily life.

As anticipated, alcohol moderated the associations be-
tween sleep and physical activity both at the daily and
average (7-day) level. We found that longer daily total physical
activity duration was associated lower sleep fragmentation

only among those with lower alcohol consumption. In other
words, individuals with higher alcohol consumption did not
receive the benefits of physical activity on their objective
sleep quality. Thus, alcohol consumption, even in lower levels,
may cancel out the positive effect of physical activity on sleep.
Furthermore, we found that greater mean WASO was asso-
ciated with less total physical activity duration only among
those with higher alcohol consumption. All in all, these find-
ings imply that a higher number of alcoholic drinks can play
a role in diminishing the positive effect between longer phys-
ical activity duration and better sleep and enhancing the ad-
verse relationship between poorer sleep and shorter physical
activity duration.

Furthermore, we found between-person main effects be-
tween sleep and physical activity, but we did not find within-
person main effects between sleep and physical activity. Several
potential explanations exist for why fluctuations of sleep did
not affect physical activity and those of physical activity did not
affect sleep. First, other factors may affect the relationship be-
tween sleep and physical activity at within-person levels. For ex-
ample, we found that average alcohol consumption moderated
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the relationship between sleep and physical activity at within-
person levels, even we did not find the significant main effects.
These results can be found when cross-over interaction occurs.
That is, the relationship between daily sleep and physical ac-
tivity may have the opposite direction depending on alcohol
consumption. Second, as mentioned above, our sample con-
sisted of healthy individuals with at least 6.5 hours of habitual
sleep duration, so they may be less sensitive to fluctuation of
sleep or physical activity in daily life.

Strengths of this study include the collection of seven con-
secutive days of sleep, physical activity, and alcohol consump-
tion data, which allow us to examine both within-person
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Figure 1. Between-person effects of WASO on total physical activity duration
moderated by average number of alcoholic drinks.

variability on a daily basis and between-person variability [21].
Furthermore, this study also used objective measures of sleep
and physical activity, and a rigorous multiple-pass method of
collecting alcohol intake over 7 days. Despite these strengthens
this study is not without limitations which include the general-
izability of the findings to groups other than young and middle-
aged adults who had healthy sleep and were largely non-Hispanic
white. This sample, overall, contained highly active participants
with low to moderate alcohol intake, which may not generalize
to less healthy or samples with higher alcohol intake (e.g. binge
drinkers). In addition, our study did not examine the underlying
mechanisms of this associations between sleep, physical activity
and alcohol, such as EEG changes sleep or exercise capacity. We
also did not measure self-reported sleep quality, which may
be an important factor in the sleep and physical activity rela-
tionships. For example, in our prior study in older adults, self-
reported fatigue was strongly correlated with exercise minutes.
[36] Future research is needed to identify potential physiological,
psychological, and relational mechanisms of this association. For
example, a previous study found that alcohol interfered with the
body’s ability to regulate sleep homeostasis.[37] This study also
did not evaluate other important determinants of physical ac-
tivity, such as fatigue, self-efficacy and reward.

In conclusion, the findings of this study demonstrate that al-
cohol intake negatively affected objective sleep quality and di-
minished the benefits of physical activity on sleep. Our results
also demonstrate the complex interactions between sleep and
physical activity and may be a foundation to explore the role of
other WHBs to understand the relationships between sleep and
physical activity. Finally, given that exercise is often used as a
technique to improve sleep among individuals with poor sleep

Table 6. Moderating role of number of alcoholic drinks on the relationships between physical activity and sleep

Sleep duration Sleep fragmentation WASO

Total physical activity duration b (SE) b (SE) b (SE)

Intercept 445.45 (8.17)" 15.62 (0.84)™ 34.07 (2.00)"
Day -2.72 (2.69) 0.16 (0.19) -0.62 (0.51)
Age 0.41 (0.73) 0.12 (0.08) 0.40 (0.19)*
Gender -31.31 (11.81)" 1.05 (1.30) -3.82 (3.06)
Physical activity (WP) 0.01 (0.07) -0.005 (0.005) 0.002 (0.01)
Physical activity (BP) -0.19 (0.07) 0.003 (0.01) -0.01 (0.02)
Alcohol use (WP) 1.01 (4.07) 0.83 (0.29)" 2.29 (0.77)"
Alcohol use (BP) 21.61 (8.91) 1.03 (.95) 4.40 (2.26)
Physical activity (WP)*Alcohol use (WP) -0.01 (0.05) -0.003 (0.004) -0.004 (0.01)
Physical activity (BP)*Alcohol use (BP) -0.10 (0.09) -0.02 (0.02) -0.04 (0.02)
Physical activity (WP)*Alcohol use (BP) -0.08 (0.10) 0.02 (0.01)" 0.05 (0.02)*
Vigorous physical activity duration b (SE) b (SE) b (SE)

Intercept 447.72 (8.62)" 15.52 (0.84)" 34.56 (2.01)™
Day -3.39 (2.69) 0.14 (0.20) -0.78 (0.52)
Age 0.51 (0.81) 0.12 (0.08) 0.38 (0.20)
Gender -39.92 (12.31)" 1.15 (1.26) -4.32 (2.98)
Physical activity (WP) -0.06 (0.46) 0.02 (0.03) 0.05 (0.09)
Physical activity (BP) -0.40 (0.88) -0.19 (0.09)* -0.42 (0.21)*
Alcohol use (WP) 1.32 (3.90) 0.74 (0.28)" 1.92 (0.75)*
Alcohol use (BP) 25.40 (10.52) 0.26 (1.07) 3.96 (2.53)
Physical activity (WP)*Alcohol use (WP) 0.99 (0.40)* -0.06 (0.03)* -0.02 (0.08)
Physical activity (BP)*Alcohol use (BP) 0.05 (1.95) -0.34 (0.20) -0.38 (0.47)
Physical activity (WP)*Alcohol use (BP) -.84 (0.94) -.005 (0.07) -0.18 (0.18)

wp = within-person. bp = between-person. Table reports unstandardized coefficients (b) with standard errors (SE) in parentheses.

*p <.05,"p <.01, "p < .001.
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Figure 2. Within-person effects of total physical activity duration on sleep frag-
mentation duration moderated by average number of alcoholic drinks.
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Figure 3. Johnson-Neyman plot of the simple slope of total physical activity dur-
ation on sleep fragmentation at the average value (0) of total physical activity
across the range of alcohol consumption. Dotted lines represent the 95% of con-
fidence interval.

quality, further research should investigate whether alcohol im-
pairs the benefits for this population as well.
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