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Purpose: Sedentary behavior and suboptimal sleep increase risks for chronic diseases. We
hypothesized that sedentary behavior and sleep affect each other and that an underlying sleep
disorder would alter these relationships. To test these hypotheses, we studied the bidirec-
tional relationships between sedentary behavior and sleep (duration and efficiency) in healthy
controls (HC) and people with untreated obstructive sleep apnea (OSA).

Patients and Methods: Fifty-two volunteers (18 HC, 19 mild OSA [apnea/hypopnea index
[AHI] range 5-14.9/hour], 15 moderate OSA [AHI range 15-29.9/hour]) were studied with
actigraphy and sleep diaries across ~9 consecutive nights of self-selected consistent ~8-hour
sleep episodes at home (range 4-21/nights per person). We analyzed whether total time
asleep and sleep efficiency affected the subsequent daytime sedentary duration while con-
trolling for body mass index and whether the severity of OSA altered this relationship. We
also tested the reverse relationship, namely whether daytime sedentary duration affected the
subsequent night’s sleep and if any such relationship differed with OSA severity.

Results: Overnight sleep duration and efficiency negatively predicted the subsequent day’s
sedentary duration in HC (p<0.02), but not in people with mild or moderate OSA (p>0.05).
There was no significant reverse relationship between daytime sedentary duration and the
subsequent night’s sleep duration or efficiency (p=>0.2).

Conclusion: In healthy adults, short nighttime sleep predicts a longer duration of sedentary
behavior on a subsequent day, but we did not observe this relationship in people with OSA.
The mechanisms underlying this association in healthy individuals and its disruption in the
presence of OSA need to be studied.

Keywords: sitting time, sedentary behavior, cardiometabolic risk, sleep quality, chronic

diseases, sleep disorders

Plain Language Summary

Increased sedentary behavior and poor sleep are associated with increased risk for many
chronic diseases. We were interested in exploring how these two common behaviors interact
with each other in middle-aged adults. We also included people with sleep apnea, a common
condition in this age group. Sleep duration, quality, and physical activity levels were
measured for several days using a wrist monitor that senses body position and movement.
We discovered that overnight sleep duration and efficiency are inversely associated with
subsequent day’s sedentary behavior in healthy participants but not in those with sleep apnea.
We did not find a relationship between daytime sedentary behavior and subsequent night’s
sleep duration or efficiency. This observational study sets the stage for experimental research

to confirm our findings.

Received: 29 May 2021
Accepted: 14 July 2021
Published: 11 August 2021

Nature and Science of Sleep 2021:13 1411-1418 1411
© 2021 Thosar et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.

AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creati org/licenses/by-nc/3.0/). By accessing the
work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



http://orcid.org/0000-0002-5075-4340
http://orcid.org/0000-0003-0950-8583
http://orcid.org/0000-0003-3729-7082
http://orcid.org/0000-0003-1949-0954
http://orcid.org/0000-0002-9428-6884
mailto:thosar@ohsu.edu
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Thosar et al

Dove

Introduction

Prolonged sedentary duration (>6 hours per day) and insuffi-
cient sleep (<7 hours per night) and are highly prevalent
among US adults.' Both these behaviors independently
increase risks for diabetes, cardiovascular disease, and all-
cause mortality.*” Moreover, it is reasonable that sedentary
behavior and sleep affect each other. For instance, it seems
possible that after a very active day, an individual is more
likely to sleep well on a subsequent night.* In terms of the
reverse association, it is plausible that an individual is more
likely to be lethargic after a poor night’s sleep, with increased
sedentary behaviors throughout the subsequent day. This latter
relationship has been studied in adolescents and young adults;
however, the results are not indisputable.”'® The equivocal
results could be due to a lack of objective sleep measurements,
differences in experimental protocols, and potential co-
occurrence of underlying chronic diseases, including obstruc-
tive sleep apnea (OSA). There is likely an intricate interaction
between sedentary behavior, sleep, and chronic disease. For
instance, habitual insufficient sleep and increased sedentary
behavior can increase the risk for obesity, which in turn can
increase sedentary behavior, which can also increase the risk
for sleep disorders such as OSA.'”2° OSA is highly prevalent
in the adult US population and is associated with multiple
comorbidities, including diabetes, hypertension, and metabolic
syndrome.?'2* Furthermore, people with OSA are more phy-
sically inactive than people without OSA, even while control-

ling for indices of body composition.>>

Table | Participant Characteristics

As a first step to understanding the interactions between
sleep, sedentary behavior, and chronic disease, we tested the
hypothesis that nighttime sleep would negatively affect the
subsequent day’s sedentary behavior in healthy people at-risk
for chronic disease (ie, midlife adults). We also hypothesized
that any such relationship observed in healthy people would be
altered by the presence of an underlying sleep disorder,
namely, untreated OSA without other comorbidities. We also
tested the reverse associations that daytime sedentary behavior
would negatively affect nighttime sleep in these same groups.

Materials and Methods

These data were collected as part of more extensive stu-
dies investigating circadian rhythms and cardiovascular
physiology, and we have previously published partial
results from two of these studies.”’® The circadian studies
were not powered for these exploratory analyses.

Screening Procedures

This study was conducted in accordance with the
Declaration of Helsinki. Oregon Health & Science
University’s Institutional Review Board approved all pro-
cedures, and each participant signed a written informed
consent form before participation.

Fifty-two participants had complete data to be included
in the study (Table 1). Based on at-home screening (Itamar
Medical Ltd, WatchPAT, Caesarea, Haifa, Israel), 18 par-
ticipants were healthy controls, 19 had untreated mild

Characteristics HC (n=18) Mild OSA (n=19) Moderate OSA (n=15)
n (%) n (%) n (%)
Sex
Female 9 (50.0) 9 (47.4) 5(333)
Male 9 (50.0) 10 (52.6) 10 (66.6)

Mean (range)

Mean (range)

Mean (range)

Age (years)

Height (cm)

Weight (kg)

BMI (kg/m?)

Baseline Systolic BP (mmHg)
Baseline Diastolic BP (mmHg)
Baseline Heart Rate (bpm)
Plasma Glucose (mg/dL)
In-bed Time (hour:min)

Days of data

44.7 (29 to 64)

176.7 (163.2 to 201.4)
78.5 (53.5 to 125.8)
25.0 (19.3 to 36.2)*

114.8 (99 to 139)*
62.2 (34 to 79)*
61.3 (48 to 74)*
86.1 (72 to 97)*
22:49 (21:00 to 01:00+|day)
8.8 (4 to 21)

47.8 (26 to 64)
172.3 (148.7 to 186.0)
82.7 (563 to 123.9)

27.8 (19.9 to 40.0)
120.6 (101 to 140)
68.5 (56 to 84)
63.4 (52 to 72)
91.2 (77 to 108)

22:21 (20:00 to 01:00+ | day)

9.7 (5 to 16)

52.6 (34 to 67)
173.5 (153.9 to 188.8)
90.8 (75.8 to 111.9)
30.5 (22.7 to 40.4)*
126.3 (107 to 142)*
70.7 (59 to 85)*
69.5 (51 to 86)*
95.5 (82 to 127)*
22:30 (20:00 to 23:30)
9.1 (6 to 14)

Note: *Indicates a significant difference between groups.
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OSA (apnea/hypopnea index [AHI] range 5-14.9/hour),
and 15 had untreated moderate OSA (AHI range 15-29.9/
hour). In a validation against full polysomnography, this
WatchPAT device provided 82% positive and 86% nega-
tive predictive value for OSA.>’ No participant was ever
treated with continuous positive airway pressure. We
determined participants’ health status via 1) medical his-
tory, 2) blood pressure and heart rate measurements, 3) 12
lead electrocardiogram, and 4) fasting blood assay for
metabolic and hematological variables, including com-
plete blood count and blood glucose. Body mass index
(BMI), calculated as kg/m*, was measured before study
participation. 42 of the 52 participants also underwent
a physical and psychological exam by a physician. We
excluded participants if they were pregnant, had any
chronic physical or mental illness, history of smoking, or
use of any prescription or non-prescription medication
besides birth control as verified by urinalysis of drugs
(Speares Medical Inc,
Alpharetta, GA, USA) and nicotine (Nymox
Corporation, NicAlert®, Hasbrouck Heights NJ, USA),
or history of travel across more than three time zones in

Drugsmart 12 panel cup,

the three months before screening or shift work in the six
months before screening.

Sleep Monitoring and Activity Behaviors

Participants’ sleep and activity behaviors were assessed by
sleep diary and actigraphy across an average of 9 conse-
cutive nights of self-selected consistent 8 hour sleep per-
iods at home (range 4-21/nights per person). Specifically,
we instructed participants to remain in bed for 8 hours,
irrespective of whether they were asleep or not, to stabilize
the circadian system as these visits occurred before multi-
day circadian studies. We checked adherence using: 1) an
ActiGraph monitor (Actigraph Corporation, ActiGraph
wGT3X-BT, Pensacola, FL, USA), which the participants
wore on their non-dominant wrist at all times; 2) phone
calls to a time-stamped mailbox at bedtime and upon
awakening, and 3) a written sleep diary. We chose to use
wrist ActiGraphs due to their ability to simultaneously
collect 24-hour activity and sleep data with greater com-
pliance compared to hip monitors.*® Additionally, this
monitor is well validated against polysomnography as
a tool to measure sleep duration and efficiency in healthy
adults and those with OSA.*'~*? During this at-home acti-
graphy monitoring, except for birth control, participants
also refrained from over-the-counter medications, health
food

supplements, caffeinated food and beverages,

alcohol, and structured exercise >60 min per day.
Adherence to instructions was verified using self-report
and sleep diary. Compliance with wearing the ActiGraph
was confirmed by a priori criteria using Wear Time
Analysis from the ActiLife 6 software. We removed
incomplete data from partial days of wearing the device
(<22 hours of wear in 24 hours).

Sleep timing, total sleep duration (TSD), and sleep
efficiency (SE) were calculated using the Cole-Kripke
algorithm in ActiLife 6 with diary sleep/wake times and
call-in times to identify the beginning and end of each
sleep episode.> When sleep diary sleep/wake times and
call-in times were missing, data for those days were
counted as missing data (n=1). We used Freedson Adult
1998 cut-points in ActiLife 6 to define activity levels.**
Sedentary behavior was defined as <99 counts per minute
of physical activity based on manufacturer guidelines.***
We calculated total sedentary duration (TSedD) over 24
hours based on hourly ActiGraph activity counts after
accounting for sleep/wake times. TSedD was summed for
each hour a participant was awake and classified as seden-
tary behavior only if most of that hour was spent awake,
effectively removing each sleep episode. Classification of
wake status for each hour was based on the sleep onset
time calculated by the Cole-Kripke algorithm and the out-
of-bed time from the sleep diary or call-in.

Statistical Analyses

We included data on participants with at least four days of
data, including one weekend day.*® Hours when
a participant was asleep (based on sleep onset time from
actigraphy and out of bed time from sleep diary or call-in)
or when their sleep/wake status was unknown/ambiguous
due to missing sleep diary or call-ins were not included in
the analysis.

One-way ANOVA tests were used to evaluate differ-
ences in TSedD, TSD, SE, and other baseline variables
between three groups —HC, mild OSA, and moderate
OSA. When a significant main effect was observed, post-
hoc tests were used to determine group-specific differences
using a Bonferroni correction for multiple comparisons. To
test if TSD or SE affected TSedD on the subsequent day,
we ran a mixed model analysis with TSedD as the depen-
dent variable, TSD (and separately SE), body mass index
(BMI), and group as fixed factors, and participant as
a random factor. We included an interaction term of TSD
(and separately SE) x group in the model to test if the
relationship between TSD (and SE separately) and TSedD

Nature and Science of Sleep 2021:13

1413

Dove:


https://www.dovepress.com
https://www.dovepress.com

Thosar et al

Dove

is influenced by OSA status. To test if daytime TSedD
affected subsequent night’s TSD or SE, we ran similar
models with TSD and SE as the independent variables
and TSedD as the dependent variable. Although our parti-
cipants were instructed not to nap during the daytime, we
noticed occasional napping based on the sleep diary
entries. Therefore, we tested whether nap durations were
different between groups and if the results were consistent
after removing days when naps occurred. Significance was
set at p<0.05. Analyses were performed using Stata 14
(StataCorp LLC, Stata 14, College Station, Texas, USA).

Results

Table 1 describes participants’ characteristics. Table 2
describes mean results by OSA status. Participants wore an
ActiGraph monitor on average for at least 22.7-hours per 24-
hour day. Overall time in bed was mean 7.97+SD 0.32
h each night. There was no difference between the three
groups with regard to number of days of data collected
(F2,4970.31, p=0.73), age (F49=2.61, p=0.08), TSD
(F2,497=0.18, p=0.83), TSedD (F(149=0.60, p=0.55), SE
(F(2,49y=0.46, p=0.63). In line with previous work,”” BMI
(F2,497=5.45, p=0.007), resting systolic blood pressure
(F2,49y74.3, p=0.02), diastolic blood pressure (F 49y=3.7,
p=0.03) heart rate (F 49y=4.06, p=0.02), and fasting plasma
glucose (F(249=3.97, p=0.03) were different between
groups. Post-hoc significant differences were observed only
between HC and moderate OSA groups. Two participants
with mild OSA and two participants with moderate OSA had
a single hypertensive measurement of resting systolic blood
pressures. One participant with moderate OSA had a fasting
blood glucose of 127 mg/dL, suggestive of diabetes.

The overall model examining TSD’s effect on
subsequent day’s TSedD trended significance F(5,86)=1.99,
p=0.08). There was a significant trend for the interaction
between TSD and group (p=0.09), such that TSD negatively
predicted subsequent day’s TSedD only in the HC group
(p=0.033), but not the mild OSA group (p=0.16) or moderate
OSA group (p=0.77). The overall model examining SE’s
effect on subsequent day’s TSedD trended significance F

Table 2 Activity and Sleep Measures Between Groups

(5,79)=2.6, p=0.03). There was a significant interaction
between SE and group (p=0.006), such that SE negatively
predicted subsequent day’s TSedD only in the HC group
(p=0.02), but not the mild OSA group (p=0.72).
Specifically, in HC, a one-hour loss in TSD or a ~10%
decrease in SE could increase the subsequent day’s TSedD
by ~35 minutes. Lastly, we observed a non-significant trend
relationship between SE and the
following day’s TSedD in the moderate OSA group
(p=0.056; Figure 1).

There was no significant effect of TSedD on subse-
quent night’s TSD (p=0.7) or SE (p=0.2) in either group.
Nap duration was not statistically significant between

for a positive

groups (p>0.1), and even after removing data for days
when naps occurred, our results held. The only difference
was that the trend in the positive association between SE
and subsequent day’s TSedD became statistically signifi-
cant (and therefore, more robust) for the moderate OSA
group (coefficient=+3.66 [95% CI:0.57 to +6.70], p=0.02).

Discussion
Sedentary behavior and insufficient or disrupted sleep are
associated with increased risks for chronic disease. We
discovered that nighttime sleep duration and efficiency
negatively impact subsequent day’s sedentary duration
only in healthy individuals, but not in people with
untreated mild or moderate sleep apnea. Based on our
results, just one hour of sleep loss (totaling 6 h/night of
sleep), or low sleep efficiency (totaling 78%/night), such
as that in people with insomnia, could increase the
subsequent day’s sedentary duration by 35 minutes
each day.”® We did not observe a significant association
between daytime sedentary behavior and the following
night’s sleep parameters, possibly because the participants
were on a self-selected fixed ~8-hours/night in bed sche-
dule, thus imposing potential floor or ceiling effects.
Whether these results hold in a study without controlled
time in bed needs to be evaluated.

It is important to note that the observed relationships
existed even after controlling for BMI, which was

HC (n=18) Mild OSA (n=19) Moderate OSA (n=15)
Mean Sleep Efficiency (%) = SD 88 %5 88 * 4 89 + 4
Mean Total Sleep Time (min) + SD 425 + 29 424 + 21 420 + 29
Mean Total Sedentary Duration (min) * SD 366 £ |01 386 + 108 404 + 80

Note: SD indicates standard deviation from the mean.
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Figure | Forest plots (with 95% CI) of (A) mean sleep duration versus total subsequent sedentary time, and (B) sleep efficiency versus subsequent sedentary duration
between healthy controls, mild and moderate obstructive sleep apnea (OSA) groups. The x-axis shows the marginal effects’ coefficient. The relationship between sleep
parameters and subsequent day’s sedentary duration was statistically significant only in healthy controls.

generally higher in individuals with OSA than HC. There
was no significant difference in age between groups in our
study, yet people with OSA were slightly older than HC.
Therefore, we also reanalyzed our data while including
age as a factor, but our results remained nearly identical.
We also did not find any difference in daytime sedentary
duration, nighttime sleep duration, or sleep efficiency
between groups. Nonetheless, as expected, participants
with mild and moderate OSA were at greater cardiometa-
bolic risk, as evidenced by increased BMI, blood pressure,
heart rate, and fasting plasma glucose level.*” Our partici-
pants’ sleep duration and timing were homogenous,
including having similar self-selected sleep timings, even
in people with OSA. In our study, the average sleep dura-
tion for healthy controls was >7 hours, and the sleep
efficiency was 88%, which is comparable to normative
data in healthy people.>* Moreover, although participants
were scheduled to maintain a fixed time in bed, which
would be expected to result in sleep duration and effi-
ciency to be identical across the study, we observed
small deviations for the time in bed each night (mean
time in bed was 7.97+SD 0.32 h/night). To accommodate
these deviations and because previous literature has
included sleep quality, we included sleep efficiency in
our analysis.'> We also included an equal distribution of
men and women in our healthy control group and a more
than acceptable ratio in the sleep apnea group, as OSA is
much more prevalent in men.** We studied healthy mid-
dle-aged people and people with untreated OSA without
any other comorbidities (except n=3 mentioned in the
methods), making for precise interpretation of these
results. Our population was also clinically relevant

because midlife adults are likely at increased risk for
chronic diseases compared to previously studied low-risk
young adults or older adults who already may have devel-
oped chronic disease.'* '

A plausible mechanism that may account for the pre-
sence of the observed inverse relationship between sleep
parameters (TSD and SE) with subsequent day’s TSedD
only in healthy controls is one of energy balance. It is
well-established that sleep is an energy-conserving state in
healthy humans, and overnight sleep deprivation or insuf-
ficient sleep results in higher 24-h energy expenditure.*'**
It is also well-established that acute and chronic exercise,
which increases energy expenditure during the day,
increases sleep duration during the night, even in people
with 8,43-45

Therefore, we hypothesize that lack of energy conserva-

sleep disorders, including sleep apnea.
tion during the night (ie, lower sleep duration and effi-
ciency) may lead to increased sedentary behavior (an
energy-conserving state) during the day.*® Indeed, there
is evidence to suggest that in healthy people, the sleep/
wake cycle is impacted by changes in energy
homeostasis.*’ In people with OSA, the energy homeosta-
sis system is dysfunctional. For instance, OSA is asso-
ciated with increased resting energy expenditure and
increased nighttime energy expenditure, yet people with
OSA often gain weight.**° Though not statistically sig-
nificant in our moderate OSA group, there was a positive
relationship between SE and daytime sedentary behavior
(25 min increase in TSedD per 10% increase in SE),
supporting our hypothesis regarding dysfunctional energy
balance. In fact, our data of changes in sedentary behavior

with differing levels of OSA may suggest a dose-response
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effect of severity of OSA on the relationship between
nighttime sleep parameters and daytime sedentary beha-
vior. Further work, including 24-hour energy expenditure
measurement, is needed to test these hypotheses and
uncover potential metabolic mechanisms driving these
relationships. Our results have potential significance for
understanding mechanisms underlying chronic disease.
For instance, based on our results, the relationship between
poor sleep efficiency and chronic disease could be modu-
lated by sedentary behavior. Future studies need to experi-
mentally determine the separate effects of these behaviors
on cardiometabolic parameters.

It is unclear how previous work in this field has
handled daytime naps.'* '® Daytime napping is physiolo-
gically different from simple daytime sedentary behavior
and can also affect nighttime sleep.’’ The presence of naps
did not have a significant effect on our results.

Several strengths and limitations of our study need to be
considered for the full interpretation of the results. Our study’s
strength is that participants self-selected an ~8-hour in-bed
schedule rather than letting their sleep times fluctuate. This
methodology enabled us to examine how sedentary duration
and sleep duration/efficiency affected each other during
a controlled sleep schedule across the three groups, thereby
controlling for confounders such as changes in circadian tim-
ing of the sleep episode that could disrupt sleep.”* On the other
hand, it is possible that a strict 8-hour schedule in bed could
change activity patterns. Our participants’ timing and duration
of sleep and activity episodes and the number of days of data
were not different, pointing to a homogenous sample for these
variables. Furthermore, to control any participant level varia-
bility, we included “participant” as a random variable. We
could not collect food logs and did not directly measure energy
expenditure, which could potentially help explain some of the
findings. We also did not collect qualitative details on posture,
exercise, occupational status, or sedentary behavior domains
(eg, occupational, leisure, or travel). The cutoff of 99 counts
per minute to define sedentary behavior in accelerometry ana-
lysis is commonly used in the field yet can potentially under-
estimate sedentary time (~5%, according to one report).”
There is a debate on the best positioning of activity devices
and cut points while measuring 24-hour behaviors.® We used
wrist actigraphy to simultaneously measure both sleep and
activity for multiple days in one device. We also used the
Freedson Adult 1998 activity cut-points that were originally
developed for hip actigraphy for activity without a clear stan-
dard for wrist-based devices.****>> We note that the lack of

population-specific cut-points for defining sedentary behavior

using wrist actigraphy is a limitation. There are potential
limitations of creating sleep apnea groups based on one night
of AHI using a home sleep device, and we included AHI as
a continuous variable to overcome this limitation. Our sample
size per group is also somewhat limited, and future experi-
mental studies can be powered using this work. Even though
we examined subsequent day’s sedentary duration and subse-
quent night’s sleep parameters, our study was observational,
and causality needs to be tested in future investigations.

Our observations shed light on the intertwined nature of
sedentary behavior, sleep, and activity. Given the Centers for
Disease Control and Prevention (CDC) recommendations
for reducing sedentary behavior and increasing moderate-
vigorous intensity physical activity to at least 150 minutes
a day, it is especially salient to consider these behavioral
factors together. To further health-promoting behaviors at
a population level, we need to understand how these factors

affect each other at an individual level.>®

Conclusion

In conclusion, nighttime sleep duration and efficiency are
negatively associated with subsequent day’s sedentary
duration only in healthy individuals but not in people
with untreated sleep apnea. This work lays the foundation
for further mechanistic evaluation into energy expenditure
abnormalities accompanying obstructive sleep apnea.
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