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Inadequate sleep is common and contributes to poor health outcomes. Physical activity has a positive
impact on sleep outcomes, however the prevalence of physical inactivity is increasing, coupled with
the rise of sedentary behaviour at work. Interventions that promote physical activity and reduce
sedentary behaviour are essential, as they can improve sleep. The current study investigated the
effects of breaking up prolonged sitting with physical activity during the day or night, compared to not
breaking up sitting, on sleep architecture during a9 h or 5 h sleep opportunity. Participants (n=125,
51% male, 23.4 + 4.8 years of age) completed an in-laboratory sleep study, with five simulated shifts
during the day or night. Sleep opportunities were either 9 h or 5 h following each shift. Participants
were allocated to one of six conditions: Sit9D or Break9D (sedentary or breaking up sitting day and 9 h
sleep opportunity), Sit5D or Break5D (sedentary or breaking up sitting day and 5 h sleep opportunity),
or Sit9N or Break9N (sedentary or breaking up sitting night and 9 h sleep opportunity). Sleep was
monitored using polysomnography. In the analysis of day shifts, mixed model ANOVAs demonstrated
a significant physical activity *sleep opportunity interaction for total sleep time (p <0.001), sleep
onset latency (p<0.001), time spent in N2 (p<0.001) and N3 (p=0.03). Post-hoc analyses revealed that
participants in the 9 h sleep opportunity conditions had longer total sleep time, shorter sleep onset
latency, and more slow-wave sleep (N3) during sleep opportunities 1-4 but not sleep opportunity 5.
There were no significant differences in sleep architecture between physical activity condition for the
nightshift conditions. Better sleep quality was seen in the 9 h condition compared to the 5 h condition,
and breaking up sitting did not affect sleep. Given the benefits of breaking up sitting on health, our
findings suggest a breaking up sitting intervention can be promoted without detrimental impacts on
sleep.
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Inadequate sleep is a global health concern and has been linked to seven of the fifteen leading causes of death!=>. It
is highly prevalent with up to 45% of Australian !~> and 33% of American adults not obtaining the recommended
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sleep quality or sleep quantity of 7-9 h of sleep per night®. Inadequate sleep impairs cognition, psychomotor
function, and mood’in addition to impacting health by increasing the risk of cardiovascular disease, obesity,
metabolic disease, depression, and mortalitys‘“. These health consequences contribute to the global cost of
inadequate sleep—$45.32 billion in Australia in 2016-207'2, and forecast to be up to US$718 billion in 2025
in five countries (USA, UK, Japan, Germany, and Canada). Given the health and safety consequences and
economic costs of inadequate sleep, strategies to improve sleep are important. Sleep co-occurs with other health
behaviours, including physical activity, with both sleep and physical activity considered to be modifiable risk
factors for long-term health problems!?.

Physical activity decreases the risk of developing long-term health problems, including cardiovascular
disease, diabetes, and obesity'*!>. Public health guidelines recommend adults participate at least 150 min per
week of moderate-intensity physical activity'®however, many adults do not meet the guidelines, with physical
inactivity a global health problem'. Physical inactivity is expected to cost healthcare systems approximately
INT$520 billion worldwide between 2020 and 20307. Importantly, a bi-directional relationship exists between
sleep and physical activity'®!°. For example, days with increased physical activity are associated with improved
sleep quality and quantity, and poorer sleep quality and quantity are associated with physical inactivity the
following day'®2°. Therefore, in addition to having direct health benefits, increasing physical activity could also
be a promising intervention to improve sleep..

While increased physical activity has positive effects on sleep quality?>~*’research has only just begun to
account for the impact of sedentary time?. As with inadequate sleep and physical inactivity, sedentary behaviour
(such as sitting) is a global health issue, with population estimates suggesting that, worldwide, adults spend
approximately 8.2 h/day sedentary”. It is possible to meet physical activity guidelines but still be highly
sedentary?8and previous research has highlighted the benefits of replacing sedentary time with physical activity to
improve health?”3. Given that sedentary behaviour is prevalent in office workers (80% of work hours), breaking
up or reducing sedentary time using physical activity at work (e.g., sit-to-stand desks, walking meetings) has
been researched as a promising intervention!32. A meta-analysis of 24 workplace physical activity interventions
found that physical activity interventions led to reductions in body weight, BMI and waist circumference, which
are all markers of cardiometabolic risk®*>. However, the impact of workplace interventions for physical activity
and sedentary time, on sleep is less understood.

A laboratory-based study conducted by our team investigated sleep architecture after an intervention during
simulated work shifts to reduce sedentary time with physical activity®®. In this pilot study, 12 participants
completed three simulated work shifts and were allocated to a breaking up sitting condition (breaking up
sitting with three-minute periods of light intensity physical activity) or a sedentary condition. We found a small
increase in slow-wave sleep (average 9.7 £ 0.6 min increase across three sleep periods) in the breaking up sitting
condition. While this was a pilot study and only included male participants, participants were restricted to a
5 h sleep opportunity and findings demonstrate the potential benefit of a physical activity intervention on sleep
quality at night.

For a workplace intervention for physical activity and sedentary behaviour on sleep to be widely effective,
there must also be consideration for those who may sleep during the day. While many people live diurnal
schedules and sleep at night, globally, approximately 20% of workers undertake night shifts*. Inadequate sleep
during the daytime hours is common in those working nonstandard hours (e.g., nightshift), with previous
research identifying disrupted sleep stages*®and less time spent in slow wave sleep®” and deep sleep®® when
workers sleep during the day compared to at night. Further, sedentary behaviour and physical inactivity are
higher in those working non-standard hours compared to those working day hours**’. To date, no research
has investigated whether reducing sitting time and increasing physical activity at night impacts daytime sleep.

Given the substantial impacts of inadequate sleep for both day and night workers, and the associations
between sleep, physical activity, and sedentary time, research is needed addressing all three of these behaviours.
Therefore, this study aimed to investigate the effects of breaking up prolonged sitting with physical activity during
the day or night, compared to not breaking up sitting, on sleep architecture during a 9-5 h sleep opportunity.

Results

Sample characteristics

Sample characteristics of the final 125 participants can be seen in Table 1. As expected based on the study
design, for dayshift conditions step count averaged across the experimental days significantly differed between
breaking up sitting and sedentary conditions, but not sleep conditions (Sit9D 1086 + 369, Break9D 6905 +728,
Sit5D 1408+ 1142, Break5D 6808 +1585; p<0.001). For nightshift conditions step count averaged across the
experimental days was significantly different (p < 0.001) between Break9N (6481 +546) and Sit9N (1305 £ 1034).

Dayshift Nightshift
(n=84) (n=41)
Total Sit9D Break9D Sit5D Break5D Sit9N BreakON
(n=125) (n=22) (n=20) (n=22) (n=20) (n=20) (n=21)
Age (years) 23.45+4.77 | 23.82+4.66 | 24.6+4.84 |22.41+4.27 |23.05+5.36 | 24.30+3.81 | 24.48+5.38
Sex (female n: male n) 62:63 10:12 10:10 11:11 10:10 11:9 10:11
Body Mass Index (kg/mz) 22.75+3.34 | 23.73+4.04 | 23.26+2.78 | 21.56+2.58 | 22.48+3.41 | 23.73+3.50 | 23.17+2.57

Table 1. Sample characteristics of participants by condition (mean + standard deviation).
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Sleep architecture

There were no significant differences between dayshift conditions (Sit9D, Break9D, Sit5D, Break5D) or between
nightshift conditions (Sit9N, Break9N) for sleep variables on the arrival night for the dayshift condition (TST
p<0.88; WASO p<0.97; SE p<0.89; SOL p<0.79; time spent in N1 p<0.83; time spent in N2 p<0.0.57; time
spent in N3 p<0.27; time spent in NREM p <0.56; time spent in REM p <0.56) or for the nightshift condition
(TST p<0.12; WASO p<0.59; SE p<0.20; SOL p<0.10; time spent in N1 p<0.06; time spent in N2 p<0.0.93;
time spent in N3 p <0.49; time spent in NREM p <0.74; time spent in REM p <0.74).

Dayshift

There was a significant condition* sleep opportunity interaction for TST (F=94.4 (12,256.8), p <0.001;Table 2)
such that Sit9D and Break9D had significantly longer TST than Sit5D and Break5D from sleep opportunities 1-4
but not 5. As discussed in the methods section, for the 5 h sleep conditions, sleep opportunity 5 was 9 h). There
was also a significant condition* sleep opportunity interaction for SOL (F=3.11 (12,258.4), p <0.001;Table 2),

Sleep Efficiency Time spent | Time spent in | Time spent in | Time spent in sT;:;et in
TST (h) WASO (mins) | (%) SOL (%) in N1 (%) N2 (%) N3 (%) NREM (%) REM (%)
M+£SD M+SD M+SD M+SD M+SD M+SD M+SD M+SD
Dayshift
All SitoD 8.02+0.58 | 27.23+20.07 | 89.18+6.51 31.05+26.94 |3.11+1.52 |46.07+589 |2674+6.86 |7592%6.25 |24.08+5.84
Break9D | 7.95+0.68 | 28.69+24.72 | 88.66+7.47 31.07+29.48 | 3.04+2.23 |47.43+7.02 | 2531+7.62 |75.79+6.72 | 24.21+6.72
Sit5D 557+1.48 | 7.51+12.67 |96.77+2.76 4.55+4.64 |3.12+1.35 |38.93+7.63 |33.55+8.62 |7559+7.34 |24.23+6.58
Break5D | 5.55+1.44 | 8.35+9.56 96.45+2.58 502+6.72 |2.36+1.53 |3506+9.98 |38.41+1027 |7579+6.72 |24.17+6.25
Sleep1 | Sit9D 8.25+0.42 | 20.69+12.49 | 91.8+4.61 23.46+24.76 | 2.75+1.60 | 45.4+598 26.6+6.71 74.7+6.61 25.3+6.61
Break9D |8.28+0.30 | 23.83+11.83 [92.3+3.13 17.44+11.67 | 2.8242.38 |46.4+6.85 27.5+8.62 76.7+7.05 23.3+7.05
Sit5D 4.83+0.09 | 5.25+3.50 96.6+1.82 4.86+4.67 |3.08+1.21 |373+622 37.8+7.04 78.2+5.60 21.8+5.60
Break5D | 4.83+0.13 | 5.42+3.28 96.9+2.55 3.88+5.15 [217+1.30 |358+11.52 |42.3+9.96 80.2+6.81 19.8+6.81
Sleep2 | Sit9D 8.18+0.57 | 24.15+15.96 | 91.2%6.38 23.35+22.85 | 3.36+1.69 | 47.3+6.25 25.3+6.31 75.9+5.66 24.1£5.66
Break9D | 8.07+0.50 | 25.11+18.44 | 89.9+5.65 27.61+25.80 | 2.86+1.85 |48.7+6.97 25.2+6.74 76.8+6.55 23.246.65
Sit5D 4.85+0.12 |5.29+2.71 96.9+2.38 4.03+491 |2.82+1.07 |38.6%+6.66 36.2+8.09 77.6+8.04 22.4+8.01
Break5D | 4.87+0.10 | 4.88+4.55 97.5+1.92 265+1.99 | 1.98+1.24 |333+9.52 39.8+8.44 75.0+5.76 25.0+5.76
Sleep3 | Sit9D 8.02+0.70 | 32.58+29.10 |89.2+7.85 25.73+20.62 | 3.02+1.46 | 453+4.89 27.9+6.78 76.1+7.94 23.9+7.94
Break9D | 7.97+0.76 | 25.22+18.34 | 88.7+8.24 31.75+31.11 | 2.76+1.82 | 49.1+8.46 23.947.53 75.7+7.58 24.3+7.58
Sit5D 4.88+0.05 | 3.79+1.47 97.7+0.95 3.03+252 |3.15+131 |363+6.83 35.546.95 74.9+6.86 25.1+6.86
Break5D | 4.82+0.09 | 6.72+4.35 96.5+1.84 3.80+330 |2.71+1.86 |32.4+9.47 40141049 | 752+7.27 24.8+7.27
Sleep4 | Sit9D 8.00+0.38 | 23.88+14.06 |89.2+4.15 342142223 |3.40+1.48 |47.9+6.18 25.0+7.39 76.3+4.82 23.7+4.82
Break9D | 7.82+0.66 | 32.00+21.71 |[87.2+7.28 37.09+35.57 | 3.22+2.37 | 46.8+6.38 24.2+8.09 74.2+6.57 25.8+6.57
Sit5D 4.88+0.03 | 4.47+1.67 97.6+0.70 2754173 | 2.60+0.75 |353+7.49 35.3+7.38 73.2+9.37 26.8+9.37
Break5D | 4.85+0.06 | 5.58+2.22 97.1+1.25 3.00+2.64 |213%1.27 |32.6+8.70 40.1+8.81 74.7+5.75 2534575
Sleep5 | Sit9D 7.62+0.62 | 34.58+22.76 | 84.5+6.92 48.73+35.94 | 3.61+1.50 |44.6+6.32 28.8+7.40 76.5+4.07 23.5+4.07
Break9D | 7.62+0.92 | 38.00+42.73 | 85.0+10.05 42.44+34.37 | 3.61+2.80 |45.9+6.38 25.9+7.33 75.4+6.06 24.6+6.06
Sit5D 8.35+0.94 | 18.34%25.29 | 95.1+4.92 8.00+6.14 |3.93+1.87 |46.9+525 23.2+4.84 74.1+5.65 25.9+5.65
Break5D |8.28+0.86 | 19.02+16.24 | 94.3+3.56 11.55+11.29 | 2.82+1.80 |41.1+8.54 30.049.58 73.9+3.34 26.1+3.34
Nightshift
All SitoN 7.66+1.03 | 70.3+62.9 85.5+11.2 591+843 |577+3.16 |46.0+41.3 26.8+6.93 78.6+5.99 21.4+5.99
BreakON | 7.38+1.05 | 91.5+56.2 82.0+11.7 591+6.75 |549+2.52 |41.3+7.99 30.1£7.82 76.9+5.82 23.1£5.82
Sleep1 | SitON 7.83+0.85 | 66.6+48.9 87.1+9.44 2714177 |5.84+3.38 |44.6+6.67 27.746.92 78.2+6.07 21.8+6.07
BreakON |7.22+1.42 | 10454849  [80.2+15.77 233+1.78 | 6.51+3.44 |40.7+8.20 30.8+7.57 78.0+6.15 22.0+6.15
Sleep2 | SitON 7.72+1.19 | 70.2+59.7 85.8+13.22 2954348 | 6.03+3.28 |45.8+549 27.146.34 78.9+4.75 2114475
BreakON | 7.63+0.88 | 79.8+52.4 84.8+9.81 261+£1.92 |503+227 |41.4+7.53 30.1£9.19 76.5+5.26 23.5+5.26
Sleep3 | Sit9N 7.68+1.01 | 73.8+59.1 85.3+11.24 547+458 | 572+3.07 |458+7.97 25.8+7.26 77.3+7.08 22.7+7.08
BreakON | 7.33+0.96 | 94.8+57.1 81.5+10.62 4834274 |526+221 |413+7.25 29.4+6.44 75.9+5.60 24.1£5.60
Sleep4 | SitON 7.85+0.71 | 61.7+41.6 87.2+7.84 7394549 |525+1.90 |47.1+548 26.2+5.37 78.5+5.85 21.5£5.85
Break9N | 7.47+0.96 | 84.8+54.6 83.0+10.15 6.88+4.61 |520+1.77 |41.1+9.55 31.0+7.88 77.3+6.07 22.7+6.07
Sleep5 | SitON 7.22+126 | 78.9+71.0 82.1+13.57 17.32+12.28 | 6.02+4.00 |46.8+7.25 27.048.80 79.9+6.29 20.1£6.29
Break9N | 7.23+1.06 | 92.7+63.6 80.4+11.73 13.3£10.93 | 5424250 |42.2+8.29 29.5+8.54 77.0+6.44 23.0+6.44
Table 2. Sleep variables by condition and sleep opportunity. TST =total sleep time, WASO = wake after sleep
onset, SOL =sleep onset latency. Sleep stages=N1, N2, N3, NREM (Non-Rapid Eye Movement), REM (Rapid
Eye Movement).
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such that Break9D and Sit9D had significantly longer SOL than Break5D and Sit5D across 1-4, and Break9D
and Sit9D had an increase in SOL across sleep opportunities 1-4 that was not seen in Break5D or Sit5D. SOL
was significantly higher in Break9D than in Sit9D in sleep opportunity 5, but otherwise there were no differences
between Break9D and Sit9D or Break5D and Sit5D in any of the other four sleep opportunities. There was a
significant condition* sleep opportunity interaction for time spent in N2 (F=5.63 (12,258.1), p<0.001), such
that Break9D and Sit9D had more time spent in N2 than Break5D and Sit5D for sleep opportunity 1-4, with no
difference for sleep opportunity 5. There was also a significant condition* sleep opportunity interaction for time
spent in N3 (F=9.55 (12,258.2), p<0.001), with Break9D and Sit9D having less time in N3 than Break5D and
Sit5D across sleep opportunities 1-4 but not sleep opportunity 5. There was no significant interaction between
condition*sleep opportunity for SE, WASO, or time spent in N1, NREM, or REM.

There were significant main effects of condition for TST (F=288.0 (3,64.0), p<0.001; longer TST in Sit9D
and Break9D compared to Sit5D and Break5D), WASO (F=20.60 (3,66.4), p <0.001; less in Sit5D and Break5D
compared to Sit9D and Break9D), sleep efficiency (F=28.35 (3,65.7), p<0.001; higher in Sit5D and Break5D
compared to Sit9D and Break9D), SOL (F=17.90 (3,66.0), p <0.001; higher in Sit9D and Break9D compared
to Sit5D and Break5D), time spent in N2 (F=17.82 (3,65.7), p <0.001; more time in N2 in Sit9D and Break9D
compared to Sit5D and Break5D), and time spent in N3 (F=14.55 (3,65.9), p <0.001, more time in N3 in Sit5D
and Break5D compared to Break9D and Sit9D). There were significant main effects of sleep opportunity for TST
(F=166.8 (4,256.8), p <0.001; longer TST for sleep opportunity 5), sleep efficiency (F=15.39 (4,258.3), p<0.001;
less SE for sleep opportunity 5), WASO (F=9.32 (4,259.3), p <0.001; higher WASO for sleep opportunity 5), SOL
(F=15.60 (4,258.4), p<0.001; higher SOL for sleep opportunity 5), time spent in N2 (6.23 (4,258.1), p=0.015;
more time spent in N2 for sleep opportunity 5), and time spent in N3 (18.22 (4,258.2), p <0.001; less time spent
in N3 for sleep opportunity 5).

Nightshift

There were no significant interactions between condition (Sit9N vs. Break9N and sleep opportunity for any
of the sleep variables (TST p=0.43, WASO p=0.64; sleep efficiency p=0.58; sleep onset latency p=0.43; time
spent in N1 p=0.47; time spent in N2 p=0.98; time spent in N3 p=0.91; time spent in REM p=0.71; time spent
in NREM p=0.71; Table 2). There was a significant main effect of sleep opportunity for sleep onset latency
(F=35.42 (4,137.8), p <0.001; with higher sleep onset latency for sleep opportunity 5).

Subjective sleepiness pre- and post-sleep

Dayshift

There was a significant condition*timepoint interaction for sleepiness (F=7.21 (3,634), p<0.001; Fig. 1), such
that Break5D was the only condition to show a change in sleepiness pre-sleep compared to post-sleep. There was
no difference in pre- and post-sleep sleepiness in the other conditions. Further, Break5D had higher sleepiness
than Break9D, Sit9D, and Sit5D pre-sleep but not post-sleep. There were no significant interactions between
condition*sleep opportunity, or condition*sleep opportunity*timepoint. There was a significant main effect of
condition (F=12.98 (3,183), p <0.001) such that Break5D had the highest sleepiness, a significant main effect of
sleep opportunity (F=4.10 (4,525), p=0.003) such that the highest sleepiness was reported for sleep opportunity
4. There was no significant main effect of timepoint.

@ Pre-Sleep OPost-Sleep
(a) Dayshift (b) Nightshift

Sit9D Break9D Sit5D BreaksD SitON BreakON

Condition

Fig. 1. Subjective sleepiness results from the condition*timepoint interaction for all conditions. Panel a shows
the Dayshift conditions and panel b shows the nightshift conditions. Darker shade indicates pre-sleep ratings of
sleepiness and lighter shade indicate post-sleep ratings of sleepiness. Means presented are estimated marginal
means, and error bars indicate standard errors from model estimates.
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Nightshift

There were no significant three-way or two-way interactions between condition, sleep opportunity, and timepoint
for the nightshift condition (Fig. 1). There was a significant main effect of sleep opportunity (F=11.12 (4,305.3),
Pp<0.001) such that participants reported higher sleepiness for sleep opportunity 1, and there was a main effect
of timepoint (F=494.25 (1. 307.3), p <0.001) such that in both conditions, sleepiness was higher pre-sleep than
post-sleep.

Discussion

This study was the first to investigate the impact of breaking up sitting with physical activity during simulated
dayshifts and nightshifts on sleep architecture, adding to the limited literature on the relationships between
sleep, physical activity, and sedentary behaviour. The differences in sleep architecture found between conditions
during a dayshift schedule demonstrate the impact of a 5 h sleep opportunity compared to a 9 h sleep opportunity
on subsequent sleep quality. After simulated nightshifts, there were no differences in sleep architecture between
those that were breaking up sitting and those who were sedentary during their shift.

For simulated dayshifts we found differences in sleep architecture (sleep onset latency, and time spent in
stages N2, N3, NREM, and REM), but these differences were between the 5 h and 9 h sleep opportunity rather
than between the sitting and breaking up sitting conditions. The absence of an effect of breaking up sitting with
physical activity on sleep contrasts with previous research on moderate to high-intensity physical activity, which
resulted in greater slow wave sleep'*2 It is important to consider the type, duration, and frequency of the
physical activity intervention used in this study compared to prior research. The current study includes a light-
intensity physical activity intervention, with much of this previous work focussing on regular moderate- to high-
intensity physical activity or acute high-intensity activity*>-%°. Higher intensity physical activity may produce
greater physiological effects, such as increased heart rate, thermoregulation, and increased release of hormones*’
which may have a larger impact on sleep compared to the effects of lower intensity activity. It has been previously
argued that research is needed on the attributes of physical activity that lead to the greatest impacts on sleep, and
the exact physiological mechanisms underlying this effect?!.

For nightshifts, there was no difference in sleep architecture between those who were sedentary and those
breaking up sitting with physical activity. Moreover, participants in both conditions had a sleep efficiency of over
80%, indicating good sleep?"*. Sleeping well in the sleep laboratory is consistent with previous laboratory sleep
studies with day sleep periods following nightshifts**>* and is likely due to the increase in homeostatic sleep
pressure experienced across the nightshift and increased sleep need by the start of the sleep period. Increasing
sleep pressure across the nightshift is reflected in the subjective sleepiness results, with significantly more
sleepiness pre-sleep than post-sleep, regardless of physical activity condition. Further, participants slept well in the
laboratory, likely due to the control over external factors that influence sleep (such as light, sound, temperature)
that create an ideal sleeping environment, in addition to controlled lighting during. This good sleep contrasts
with results from field-based studies, in which shiftworkers report poor quality sleep during the day’!often due
to the external factors that are controlled for in the laboratory. The ability to obtain good quality sleep each day in
the laboratory may have masked any improvements in sleep seen after breaking up sitting. That is, if participants
are already sleeping well (e.g., over 80% sleep efficiency) despite a short sleep opportunity, breaking up sitting
may not have an added impact. In real-world settings with poor quality daytime sleep in addition to shorter
sleep opportunities, a breaking up sitting intervention may act differently on sleep architecture. Additionally,
as discussed for the dayshift results, it is also important to consider the type, duration, and frequency of the
physical activity at night. However, alternate physical activity interventions need to be considered alongside the
potential feasibility challenges of using higher intensity or longer duration physical activity during nightshifts
when workers may be engaged in safety-critical tasks®2. This is the first study to investigate a physical activity
intervention during consecutive simulated nightshifts, and more research is needed to assess the feasibility of
other physical activity interventions.

We found less time spent in N3 (slow wave sleep) for those in the sitting and breaking up sitting conditions
with a 9 h sleep opportunity compared to a 5 h sleep opportunity each night. This finding suggests that time
spent in N3 is sensitive to the prior amount of sleep and any subsequent increased sleep pressure from short
sleep. This is consistent with previous research on sleep restriction, with increased time spent in slow wave sleep
found following periods of sleep restriction®. This is thought to be due to the increasing homeostatic pressure
for sleep. For example, in previous work®* analyses predicted a 10-20% increase in slow wave activity over
the first few days of sleep restricted to 4 h>>. Our findings confirm this, as the increased time spent in N3 was
seen during sleep periods 1-4, with no difference between the 9 h and 5 h sleep opportunities for the last sleep
opportunity (9 h for all participants). The lack of difference in sleep architecture between the dayshift 5 h sleep
conditions could be due to the low-intensity physical activity intervention not having enough of an effect to
overcome the impact of the increased homeostatic drive for sleep on subsequent sleep architecture.

The subjective sleepiness findings are also consistent with increasing homeostatic pressure for sleep following
a 5 h sleep opportunity, as subjective sleepiness pre-sleep was significantly higher in the 5 h sleep opportunity
conditions compared to the 9 h sleep opportunity conditions. Of note, participants in the breaking up sitting
condition who had a 5 h sleep opportunity reported the highest level of sleepiness pre-sleep, compared to the 9
and 5 h sleep opportunity sedentary conditions. This may be due to energy expenditure, with previous research
finding increased energy expenditure under conditions of sleep loss®>’. If participants in the breaking up sitting
5 h sleep opportunity condition were experiencing greater energy expenditure than the sedentary participants
in the 5 h sleep opportunity condition, this would explain higher subjective sleepiness pre-bed. This may suggest
that workers who are sleep restricted should be cautious when adopting a breaking up sitting intervention, as
they may experience increased sleepiness towards the end of the shift. Future research should focus on longer-
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term physical activity interventions (e.g., a month-long intervention) to potentially allow time for participants
to adjust to the increased activity.

This is the first study to investigate whether a breaking up sitting intervention during the day and night
impacts subsequent sleep. A strength of the current study is the controlled, in-laboratory environment with
control over confounding factors such as light and sound®®>°. However, when interpreting the findings, there are
limitations to consider. For instance, an in-laboratory protocol, although well-controlled, may be considered less
ecologically valid than a design that collects data in a naturalistic environment?2. The study was also across five
shifts and as such, we cannot comment on the long-term effectiveness of the intervention on sleep?>¢*6!. While
the participant age range encompasses working age young adults, results cannot be generalised to adolescents or
older populations. Given research indicates SWS decreases as humans age reductions in SWS may be expected in
older participants®? and physical activity may differentially impact SWS compared to in younger adults. Further,
participants with sleep disorders were excluded from the current study which limits our findings to ‘healthy’
sleepers. Given that many shiftworkers are diagnosed with or suffer symptoms of sleep disorders®*** (insomnia
obstructive sleep apnea), it is important to investigate whether breaking up sitting differentially impacts the
sleep of those with sleep disorders. Future research should focus on the pragmatic questions on feasibility and
use of an intervention to break up sitting with light-intensity walking. For example, do workplaces have space
or access to space for a light-intensity walk, or should treadmills or treadmill desks be supplied. As discussed,
workplace interventions for increasing physical activity have been implemented successfully in workplaces for
day work®"*?however there is no research on the feasibility of workplace interventions for physical activity in
nightwork. This is an important focus for future research, as the efficacy and feasibility of such an intervention
may differ at night. Factors such as break opportunities, resourcing levels, access to facilities, and work tasks
need to be taken into account. A first step for this future research is to engage those with lived experience of night
work to understand the feasibility of breaking up sitting interventions in workplaces at night.

While we did not find impacts on sleep architecture based on breaking up sitting compared to sedentary
behaviour, this research still has important implications for the health of the workforce. Over the past 15 years,
sedentary behaviour at work has increased®-%’. Breaking up sitting is a strategy recommended for mitigating
health risks attributed to extended sedentary behaviour®*®®-7!. For example, research has demonstrated
the benefits of reducing sedentary time with breaking up sitting on insulin sensitivity, cardiometabolic
health, individual metabolic profile, and mortality risk*+%3-70. Qur findings contribute to the argument for
implementing breaking up sitting interventions, as there were no adverse effects of breaking up sitting on sleep
architecture. This is important for implementing breaking up sitting interventions in workplaces for day and
night shift workers to improve overall health.

Methods

Study design

The study was an unblinded, parallel (1:1) in-laboratory randomised controlled trial, with an experimental
repeated measure, between-subjects factorial design with six conditions (Table 5). Study method and results
are reported following the Consolidated Standards of Reporting Trails (CONSORT) Statement. In the principal
study’? two additional conditions were planned (sedentary or breaking up sitting and 5 h sleep), however due
to COVID-19 restrictions, the principal study was terminated early and no participants were recruited for the
remaining two conditions. No other changes to the study method or outcomes for this study occurred after trial
commencement.

These analyses are for secondary outcomes as part of a larger study, with the complete protocol’?and
secondary outcomes to date published elsewhere’>~7¢. This study was approved by the Central Queensland
University Human Research Ethics Committee (0000021914) and registered with the Australian New Zealand
Clinical Trials Registry on 04/11/2019 (ACTRN12619001516178). The authors declare that all procedures
performed were in accordance with the ethical standards of the relevant national and institutional committees
on human experimentation and with the 1975 Declaration of Helsinki (as revised 2008). Participants provided
written consent and were compensated financially for their time after the study on a pro rata basis (AUD$780
total for all days).

Participant recruitment and screening

Participants were recruited via word of mouth, online advertisements, and flyers. Participants were required
to meet the following criteria: (1) between 18 and 35 years, (2) no medical, psychiatric, or sleep disorders, (3)
no previous shiftwork, (4) no travel across time zones within three months prior to laboratory admission, (5)
no prescription medication, (6) non-smoker, (7) habitual bedtime 22:00-00:00 and wake time 06:00-08:00, (8)

Condition Sleep opportunity

Dayshift

9 h (10:00-07:00)

5h (02:00-07:00)

Sedentary

SitoD

Sit5D

Breaking up sitting

Break9D

Breaks5D

Nightshift 9 h (08:00-17:00)
Sedentary SitON
Breaking up Sitting | BreakON

Table 5. Condition names and sleep opportunity.
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consumption of <10 standard alcoholic drinks per week and <3 caffeinated beverages per day, (9), fluent in
English, (10) low physical activity levels, (11) no contraindications to exercise, (12) body mass index between
18 and 30 kg/m2. Female participants commenced the laboratory protocol during the follicular phase of their
menstrual cycle (self-reported). Randomisation was stratified by sex, BMI, and age. Random allocation sequence
and group assignment was managed by a researcher who was not involved in the screening of participants.
The allocation sequence was concealed to both participants and the remaining research team members until
interventions were assigned. Given the nature of experimental conditions (prolonged sitting or breaking up
prolonged sitting), participants and assessors were not blinded post-randomisation. Data analysts were also
not blinded to the group allocation. Based on the time when participants were admitted into the study, they
were allocated into the dayshift or nightshift condition. Participants were randomised at the group level (6
participants per group, consistent with the 6 bedrooms in the laboratory environment) to either the 9 h-5h
sleep condition. Within each group, 3 participants were randomised to the sedentary or breaking up sitting
condition. For detailed screening criteria and the sample size calculations based on the primary outcome of the
larger study (daily and postprandial glucose response), refer to the study protocol’?. The screening process for
the present analyses is shown in Fig. 2.

Procedure

The study consisted of 6-nights and 7-days in-laboratory at the Appleton Institute Sleep Laboratory at Central
Queensland University Adelaide Campus. The facility has six sound-attenuated and temperature-controlled
(21°C+2°C) bedrooms with king-single beds and individual ensuites, and two living/kitchen areas. Light levels
were maintained at > 300 Ix during wake periods and were negligible (< 0.3 1x) during sleep periods. An overview
of the protocol is shown in Fig. 3.

Inall conditions, participants entered thelaboratoryon arrival day (AR) and had a9 h baseline sleep opportunity
(22:00-07:00). On Adaptation Day (AD) participants were familiarised with all relevant questionnaires and
components of the cognitive and self-perceived testing battery that are part of the larger study. Participants in
the nightshift condition (Sit9N, Break9N) had a nap opportunity from 15:00-17:00 on AD to prepare for the first
nightshift. On experimental days E1 to E5 participants completed a simulated workshift (8 h in duration). For
the dayshift conditions (Sit9D, Break9D, Sit5D, Break5D) the shift was from 09:00-17:00 and in the nightshift
conditions (Sit9N, Break9N) the shift was from 22:00-06:00. During dayshifts or nightshifts, participants in the
Break conditions spent 3-minutes every 30-minutes performing light-intensity physical activity. This consisted
of walking at a speed of 3.2 km/h on a motorised treadmill (Healthrider H95T; Icon Health & Fitness Inc, Utah,
USA) with alevel incline (0% gradient). In total, participants in all Break conditions performed 17 x 3 min bouts
of walking per experimental day. All participants in the Sit conditions remained seated for the entire study, aside

( RECRUITMENT AND SCREENING J Initial Screening Survey

(n = 1228) Excluded
v N n=867)
Phone Screening \ J
( (n = 338) VTR
¥ Excluded
[ Second Survey ) (n=336)
(n=3135)
Ny Excluded
Lab Study Enrollment (n=167)
(n=148)

Dayshift B \ ( Nightshift }
(n = 96) ) L (n=52)

ANALYSIS

4

9 h sleep opportunity A 5 h sleep opportunity 9 h sleep opportunity
(n = 46) (n=50) (n = 52)

[

e

Sit9D ¥ Break9D SitsD L BreaksD SitON ¥ Break9N
(n=24) 1 (=22 (n=24) (n=26) (n=26) 1 m=26)

Withdrawals Withdrawals Withdrawals [ Withdrawals J Withdrawals Withdrawals
(n=2) (n=2) (n=2) (n=6) (n=6) (n=5)

Sit9D Break9D SitsD | BreaksD Sit9N J[ BreakoN
(n=22) (n=20) m=22) T (n=20) m=20) [ (n=21)

v

Fig. 2. Flow diagram of recruitment and screening process.
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(a) Sit9D (b) Break9D
Enter Enter
SLEEP SLEEP
SLEEP WORK SHIFT SLEEP WORK IS
SLEEP 1 WORK SHIFT SLEEP 1 WORK|SHTET
SLEEP2 WORK SHIFT SLEEP2 WORK 8T
SLEEP 3 WORK SHIFT SLEEP 3 WORK|$HIFT
SLEEP 4 WORK SHIFT Exi SLEEP 4 WORK|SHEFT
SLEEP 5 Exit SLEEP 5 Exit
(c) Sit5D (d) Break5D
Enter Enter
WORK SHIFT SLEEP WORK| $HEFF
WORK SHIFT SLEEP 1 WORK SHI
WORK SHIFT SLEEP2 Wik SHIF
WORK SHIFT SLEEP 3 WORK HIHT
WORK SHIFT Exit SLEEP 4 WORK BHIF Exit
SLEEP 5 Exit SLEEP 5 Exit
(e) SitON (f) Break9N

AR
AD
El

WORK SHIFT SLEEP 1 SLEEP 1

E3 WORK SHIFT SLEEP 2 SLEEP 2
E3 WORK SHIFT SLEEP 3 SLEEP 3
E4 WORK SHIFT SLEEP 4 SLEEP 4
ES WORK SHIFT SLEEP 5 SLEEP 5

2o L ae o o Lo

)

Fig. 3. Protocol diagram for the six study conditions: a Sit9D, b Break9D, ¢ Sit5D, d Break5D, e Sit9N, f
Break9N. Y-axis represents day of the study (AR =arrival, AD =adaptation day, E1-E5=experimental days,
RC=Recovery). X-axis represents time of day (24 h). Black bars are sleep opportunities (1-5), grey bars are
shift periods, vertical lines indicate the breaking up sitting periods.

from all participants were walking to and from the dining room at meal-time (distance:~32 m) or walking to
their ensuites (distance:~8 m). During sitting periods, participants were engaged in activities such as reading,
watching television, or completing cognitive testing as part of the larger study. Sleep opportunity opportunities
after each workshift were 9 h-5 h depending on the condition, with the exception of the fifth workshift (E5),
after which all participants had a 9 h sleep opportunity as a recovery sleep prior to exiting the laboratory. For
the Sit5D and Break5D, this means that the fifth sleep opportunity was 9 h. This sleep opportunity is included in
analyses. Immediately before and after each sleep period, participants completed a Karolinska Sleepiness Scale
presented via Qualtrics (Qualtrics, Provo, Utah, USA) on an Apple iPad (Apple Inc, Cupertino, California, USA).

Measures

Sleep architecture

All sleep periods were measured using polysomnography (PSG), which is a comprehensive sleep measurement
that involves monitoring various physiological parameters during sleep’”. Recordings (Compumedics Ltd,
Melbourne, Australia) were taken from the three standard electrode channels, C3/M2, F4/M1 and O2/M1116 in
addition to electromyography recordings, from the left, right and middle of the jawline and electrooculography
recordings (left and right outer canthi). Sleep was scored by a trained sleep technician in 30-s epochs, according
to standard criteria’®. Variables included total sleep time (TST; min), sleep efficiency (SE; %), sleep onset latency
(SOL; min), wake after sleep onset (WASO; min) and percentage of time spent in stage N1, stage N2, stage N3,
stage NREM and stage REM (expressed as a percentage of total sleep time). This is considered standard practice
in sleep research*7°.
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Subjective sleepiness pre-sleep and post-sleep

The Karolinska Sleepiness Scale (KSS)® was used to measure an individual’s subjective level of sleepiness
immediately pre-sleep and post-sleep. The KSS is a well validated®! 1-item questionnaire requiring participants
to rate their current level of sleepiness on a 9-item scale. This scale ranges from 1(‘extremely alert’) to 9 (‘very
sleepy, great effort to keep awake, fighting sleep’).

Step count

Step count was measured via ActivPAL Micro 4 monitor (PAL Technologies, Glasgow, Scotland), a tri-axial
accelerometer. This device was worn continuously throughout the 7-day protocol attached to the midline on the
right thigh via an adhesive dressing. Data was sampled at 20 Hz and analysed in 15-s epochs using ActivPAL
software-PAL analysis (V8.10.8.76) The daily step count of each participant was calculated using the ActivPAL
PAL analysis software.

Statistical analysis

Analyses were conducted to verify that the randomisation strategy to strategy by sex, age, and BMI had achieved
equal distributions between the breaking up sitting and sedentary conditions. For the dayshift analyses, separate
ANOVA were conducted to compare the means of each group (Sit9D, Break9D, Sit5D, Break5D, ) for sex, age,
and BML. For the nightshift analyses, separate independent t-tests were conducted for the Break9N and Sit9N
groups for sex, age, and BMI. No significant differences were found for these analyses and so these variables were
not included as covariates in the linear mixed-effect models.

Linear mixed-effects models were conducted for all PSG outcome variables (TST, WASO, SE, SOL, time spent
in N1, time spent in N2, time spent in N3, time spent in NREM, time spent in REM). For dayshift conditions,
there were fixed effects of condition (Break9D, Sit9D, Break5D, Sit5D) and sleep opportunity (1-5) and a
random effect of participant ID. For nightshift conditions, there were fixed effects of condition (Break9N, Sit9N)
and sleep opportunity opportunity (1-5), with a random effect of participant ID. Main effects of condition and
sleep opportunity, along with the 2-way interaction between condition*sleep opportunity were analysed.

Linear mixed-effects models were also conducted for KSS. For dayshift there were fixed conditions of condition
(Break9D, Sit9D, Break5D, Sit5D), sleep opportunity (1-5), and timepoint (pre-sleep or post-sleep). For nightshift
conditions, there were fixed effects of condition (Break9N, Sit9N), sleep opportunity (1-5), and timepoint
(pre-sleep or post-sleep) with a random effect of participant ID. Main effects of condition, sleep opportunity,
timepoint, along with the 2-way interactions between condition*sleep opportunity, condition*timepoint, and
3-way interaction of condition*timepoint*sleep opportunity were analysed. Linear mixed-effects analyses were
chosen as they are suited to repeated measures data and account individual variability at baseline®?. Significant
effects were further investigated by post hoc Bonferroni comparisons. Residuals were checked for normality. For
all sleep variables a Bonferroni corrected alpha of p <0.006 was used (to account for the multiple comparisons
of 8 sleep variables). Data is reported as mean+standard deviation (SD), unless otherwise stated. Statistical
analyses were conducted using Jamovi software (Version 2.2.5.0). Results are presented by dayshift and nightshift,
separately.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 17 January 2025; Accepted: 29 May 2025
Published online: 01 July 2025

References
1. Adams, R. J. et al. Sleep health of Australian adults in 2016: results of the 2016 sleep health foundation National survey. Sleep.
Health. 3, 35-42 (2017).
2. Hafner, M., Stepanek, M., Taylor, J., Troxel, W. M. & van Stolk, C. Why sleep Matters-The economic costs of insufficient sleep: A
Cross-Country comparative analysis. Rand Health Q. 6,11 (2017).
. CDC & About Sleep. Sleep (2024). https://www.cdc.gov/sleep/about/index.html.
4. Metse, A. P. & Bowman, J. A. Prevalence of self-reported suboptimal sleep in Australia and receipt of sleep care: results from the
2017 National social survey. Sleep. Health. 6, 100-109 (2020).
5. Watson, N. E et al. Recommended amount of sleep for a healthy adult: A joint consensus statement of the American academy of
sleep medicine and sleep research society. Sleep 38, 843-844 (2015).
6. Pankowska, M. M. et al. Prevalence and geographic patterns of Self-Reported short sleep duration among US adults, 2020. Prev.
Chronic Dis. 20, 220400 (2023).
7. Dinges, D. F. et al. Cumulative sleepiness, mood disturbance, and psychomotor vigilance performance decrements during a week
of sleep restricted to 4-5 hours per night. Sleep 20, 267-277 (1997).
8. Cappuccio, E P, Cooper, D., D’Elia, L., Strazzullo, P. & Miller, M. A. Sleep duration predicts cardiovascular outcomes: a systematic
review and meta-analysis of prospective studies. Eur. Heart J. 32, 1484-1492 (2011).
9. Cappuccio, E P, D’Elia, L., Strazzullo, P. & Miller, M. A. Sleep duration and all-cause mortality: a systematic review and meta-
analysis of prospective studies. Sleep 33, 585-592 (2010).
10. Zhai, L., Zhang, H., Zhang, D., Sleep duration and & depression among adults: a meta-analysis of prospective studies. Depress.
Anxiety. 32, 664-670 (2015).
11. Gangwisch, J. E. et al. Sleep duration as a risk factor for diabetes incidence in a large U.S. Sample. Sleep 30, 1667-1673 (2007).
12. Hillman, D. et al. The economic cost of inadequate sleep. Sleep 41, zsy083 (2018).
13. Oftedal, S., Vandelanotte, C. & Duncan, M. J. Patterns of diet, physical activity, sitting and sleep are associated with socio-
demographic, behavioural, and Health-Risk indicators in adults. Int. . Environ. Res. Public. Health. 16, 2375 (2019).
14. Kohl, H. W. et al. The pandemic of physical inactivity: global action for public health. Lancet 380, 294-305 (2012).

w

Scientific Reports |

(2025) 15:20883 | https://doi.org/10.1038/s41598-025-04955-9 nature portfolio


https://www.cdc.gov/sleep/about/index.html
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

15. Pratt, M., Norris, J., Lobelo, E, Roux, L. & Wang, G. The cost of physical inactivity: moving into the 21st century. Br. J. Sports Med.
48, 171-173 (2014).

16. Ding, D. et al. Physical activity guidelines 2020: comprehensive and inclusive recommendations to activate populations. Lancet
396, 1780-1782 (2020).

17. Ding, D. et al. The economic burden of physical inactivity: a global analysis of major non-communicable diseases. Lancet Lond.
Engl. 388, 1311-1324 (2016).

18. Loh, R,, Stamatakis, E., Folkerts, D., Allgrove, J. E. & Moir, H. J. Effects of interrupting prolonged sitting with physical activity
breaks on blood glucose, insulin and triacylglycerol measures: A systematic review and Meta-analysis. Sports Med. 50, 295-330
(2020).

19. Prince, S. A, Saunders, T. ], Gresty, K. & Reid, R. D. A comparison of the effectiveness of physical activity and sedentary behaviour
interventions in reducing sedentary time in adults: a systematic review and meta-analysis of controlled trials. Obes. Rev. 15, 905-
919 (2014).

20. Schoeppe, S. et al. Efficacy of interventions that use apps to improve diet, physical activity and sedentary behaviour: a systematic
review. Int. J. Behav. Nutr. Phys. Act. 13,127 (2016).

21. Kline, C.E. et al. Physical activity and sleep: an updated umbrella review of the 2018 physical activity guidelines advisory committee
report. Sleep. Med. Rev. 58, 101489 (2021).

22. Wang, E & Boros, S. The effect of physical activity on sleep quality: a systematic review. Eur. J. Physiother. 23, 11-18 (2021).

23. Christie, A. D., Seery, E. & Kent, J. A. Physical activity, sleep quality, and self-reported fatigue across the adult lifespan. Exp.
Gerontol. 77, 7-11 (2016).

24. Holfeld, B. & Ruthig, J. C. A longitudinal examination of sleep quality and physical activity in older adults. J. Appl. Gerontol. Off J.
South. Gerontol. Soc. 33, 791-807 (2014).

25. Memon, A. R. et al. Sleep and physical activity in university students: A systematic review and meta-analysis. Sleep. Med. Rev. 58,
101482 (2021).

26. Sampasa-Kanyinga, H. et al. Bidirectional associations of sleep and discretionary screen time in adults: longitudinal analysis of the
UK biobank. J. Sleep. Res. 32, e13727 (2023).

27. (PDF) The Descriptive Epidemiology of Sedentary Behaviour.

28. Van Der Ploeg, H. P. & Hillsdon, M. Is sedentary behaviour just physical inactivity by another name? Int. J. Behav. Nutr. Phys. Act.
14, 142 (2017).

29. Li, X,, Ma, H,, Zhou, T. & Qi, L. Replacing sedentary behavior time with physical activities, recommended physical activity, and
incident coronary heart disease. Mayo Clin. Proc. 98, 111-121 (2023).

30. Rees-Punia, E. et al. Mortality risk reductions for replacing sedentary time with physical activities. Am. J. Prev. Med. 56, 736-741
(2019).

31. Clemes, S. A, O'Connell, S. E. & Edwardson, C. L. Office workers’ objectively measured sedentary behavior and physical activity
during and outside working hours. J. Occup. Environ. Med. 56, 298-303 (2014).

32. Tuckwell, G. A., Vincent, G. E., Gupta, C. C. & Ferguson, S. A. Does breaking up sitting in office-based settings result in cognitive
performance improvements which last throughout the day? A review of the evidence. Ind. Health. 60, 501-513 (2022).

33. Mulchandani, R. et al. Effect of workplace physical activity interventions on the cardio-metabolic health of working adults:
systematic review and meta-analysis. Int. J. Behav. Nutr. Phys. Act. 16, 134 (2019).

34. Vincent, G. E. et al. Does breaking up prolonged sitting when sleep restricted affect postprandial glucose responses and subsequent
sleep architecture? — a pilot study. Chronobiology Inter. 35(6), 821-826. https://doi.org/10.1080/07420528.2018.1466789 (2018).

35. Sweileh, W. M. Analysis and mapping of global research publications on shift work (2012-2021). J. Occup. Med. Toxicol. 17, 22
(2022).

36. Akerstedt, T. Shift work and disturbed sleep/wakefulness. Occup. Med. Oxf. Engl. 53, 89-94 (2003).

37. McHill, A. W. et al. Impact of circadian misalignment on energy metabolism during simulated nightshift work. Proc. Natl. Acad.
Sci. U. S. A. 111, 17302-17307 (2014).

38. Pedersen, T. T. et al. Sleep homeostasis and night work: A polysomnographic study of daytime sleep following three consecutive
simulated night shifts. Nat. Sci. Sleep. 14, 243-254 (2022).

39. Beus, J. M., McCord, M. A. & Zohar, D. Workplace safety: a review and research synthesis.

40. Knight, D. K., Becan, J. E. & Flynn, P. M. The impact of staff turnover on workplace demands and coworker relationships. Couns.
Deerfield Beach Fla. 14, 20-23 (2013).

41. Kredlow, M. A, Capozzoli, M. C., Hearon, B. A., Calkins, A. W. & Otto, M. W. The effects of physical activity on sleep: a meta-
analytic review. J. Behav. Med. 38, 427-449 (2015).

42. Dworak, M. et al. Increased slow wave sleep and reduced stage 2 sleep in children depending on exercise intensity. Sleep. Med. 9,
266-272 (2008).

43. Driver, H. S. & Taylor, S. R. Exercise and sleep. Sleep. Med. Rev. 4, 387-402 (2000).

44. Asif Ali, M. Faisal mehmood. Prevalence of poor sleep and relationship of physical exercise with sleep among male adult exercisers.
J. Acc. Finance Emerg. Econ. 6, 539-545 (2020).

45. Brand, S. et al. High exercise levels are related to favorable sleep patterns and psychological functioning in adolescents: a
comparison of athletes and controls. J. Adolesc. Health Off Publ Soc. Adolesc. Med. 46, 133-141 (2010).

46. Brand, S. et al. High self-perceived exercise exertion before bedtime is associated with greater objectively assessed sleep efficiency.
Sleep. Med. 15, 1031-1036 (2014).

47. Kartaram, S. W. et al. Kinetics of physiological responses as a measure of intensity and hydration status during experimental
physical stress in human volunteers. Front. Physiol. 11, 1006 (2020).

48. Desjardins, S., Lapierre, S., Hudon, C. & Desgagné, A. Factors involved in sleep efficiency: a population-based study of community-
dwelling elderly persons. Sleep 42, zsz038 (2019).

49. Pedersen, T. T. et al. Sleep homeostasis and night work: A polysomnographic study of daytime sleep following three consecutive
simulated night shifts. Nat Sci. Sleep Volume. 14, 243-254 (2022).

50. Sprajcer, M., Gupta, C., Roach, G. & Sargent, C. Can we put the first night effect to bed? An analysis based on a large sample of
healthy adults. Chronobiol Int. 39, 1567-1573 (2022).

51. Akerstedt, T. Shift work and disturbed sleep/wakefulness. Occup. Med. 53, 89-94 (2003).

52. Wright, K. P, Bogan, R. K. & Wyatt, J. K. Shift work and the assessment and management of shift work disorder (SWD). Sleep. Med.
Rev. 17, 41-54 (2013).

53. Walsh, J. K., Hartman, P. G. & Schweitzer, P. K. Slow-wave sleep deprivation and waking function. J. Sleep. Res. 3, 16-25 (1994).

54. Banks, S. & Dinges, D. F. Behavioral and physiological consequences of sleep restriction. J. Clin. Sleep. Med. 03, 519-528 (2007).

55. Banks, S. & Dinges, D. F. Behavioral and physiological consequences of sleep restriction. J. Clin. Sleep. Med. JCSM Off Publ Am.
Acad. Sleep. Med. 3, 519-528 (2007).

56. Jung, C. M. et al. Energy expenditure during sleep, sleep deprivation and sleep following sleep deprivation in adult humans. J.
Physiol. 589, 235-244 (2011).

57. St-Onge, M. P. The role of sleep duration in the regulation of energy balance: effects on energy intakes and expenditure. J. Clin.
Sleep. Med. 09, 73-80 (2013).

58. Gupta, C. C. et al. A time to rest, a time to dine: sleep, time-restricted eating, and cardiometabolic health. Nutrients 14, 420 (2022).

59. Baranwal, N., Yu, P. K. & Siegel, N. S. Sleep physiology, pathophysiology, and sleep hygiene. Prog Cardiovasc. Dis. 77, 59-69 (2023).

Scientific Reports|  (2025) 15:20883 | https://doi.org/10.1038/s41598-025-04955-9 nature portfolio


https://doi.org/10.1080/07420528.2018.1466789
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

60. Atoui, S. et al. Daily associations between sleep and physical activity: A systematic review and meta-analysis. Sleep. Med. Rev. 57,
101426 (2021).

61. Wennberg, P. et al. Acute effects of breaking up prolonged sitting on fatigue and cognition: A pilot study. BMJ Open. 6, €009630
(2016).

62. Raichlen, D. A. et al. Sitting, squatting, and the evolutionary biology of human inactivity. Proc. Natl. Acad. Sci. U. S. A. 117,
7115-7121 (2020).

63. Reynolds, A. C. et al. Shift work, clinically significant sleep disorders and mental health in a representative, cross-sectional sample
of young working adults. Sci. Rep. 12, 16255 (2022).

64. Reynolds, A. C. et al. Diagnosis and management of sleep disorders in shift workers, with patient informed solutions to improve
health services research and practice. Sleep. Med. 113, 131-141 (2024).

65. Alter, D. A. Tracking our physical inactivity and progression to death: is this evolutionary stagnation?? Ann. Intern. Med. 167,
513-514 (2017).

66. Ng, S. W. & Popkin, B. M. Time use and physical activity: a shift away from movement across the Globe. Obes. Rev. Off J. Int. Assoc.
Study Obes. 13, 659-680 (2012).

67. Australian Health Survey. Physical Activity, 2011-12 financial year. (2013). https://www.abs.gov.au/statistics/health/health-conditi
ons-and-risks/australian-health-survey-physical-activity/latest-release

68. Chastin, S. E. M., Palarea-Albaladejo, J., Dontje, M. L. & Skelton, D. A. Combined effects of time spent in physical ctivity, sedentary
behaviors and sleep on obesity and cardio-metabolic health markers: A novel compositional data analysis approach. PloS One. 10,
€0139984 (2015).

69. Chastin, S. F. M., Egerton, T., Leask, C. & Stamatakis, E. Meta-analysis of the relationship between breaks in sedentary behavior
and cardiometabolic health. Obes. Silver Spring Md. 23, 1800-1810 (2015).

70. Katzmarzyk, P. T. Standing and mortality in a prospective cohort of Canadian adults. Med. Sci. Sports Exerc. 46, 940-946 (2014).

71. Vincent, G. E. et al. Improving Cardiometabolic Health with Diet, Physical Activity, and Breaking Up Sitting: What about Sleep?
Front Physiol. 8, 856 (2017).

72. Vincent, G. E. et al. Are prolonged sitting and sleep restriction A dual curse for the modern workforce? A randomised controlled
trial protocol. BMJ Open. 10, 040613 (2020).

73. Tuckwell, G. A. et al. On the move: the impact of breaking up sitting during the day on driving performance when sleep restricted.
Transp. Res. Part. F Traffic Psychol. Behav. 96, 233-247 (2023).

74. Tuckwell, G. A. et al. Calibrated to drive: measuring self-assessed driving ability and perceived workload after prolonged sitting
and sleep restriction. Accid. Anal. Prev. 202, 107609 (2024).

75. Tuckwell, G. A. et al. A deep learning approach to classify sitting and sleep history from Raw accelerometry data during simulated
driving. Sensors 22, 6598 (2022).

76. Easton, D. E. et al. The relationship between circadian type and physical activity as predictors of sleepiness and fatigue during
simulated nightshifts: a randomised controlled trial. Ergonomics 1-15 (2024). https://doi.org/10.1080/00140139.2024.2430369

77. Rundo, J. V., Downey, R. & Polysomnography Handb. Clin. Neurol. 160, 381-392 (2019).

78. Iber, C., Ancoli-Israel, S., Chesson, A. & Quan, S. The AASM manual for the scoring of sleep and associated events: rules,
terminology and technical specifications American Academy of Sleep Medicine, Westchester, IL, 2007.

79. Sargent, C., Darwent, D., Ferguson, S. A., Kennaway, D. ]. & Roach, G. D. Sleep restriction masks the influence of the circadian
process on sleep propensity. Chronobiol Int. 29, 565-571 (2012).

80. Akerstedt, T. & Gillberg, M. Subjective and objective sleepiness in the active individual. Int. J. Neurosci. 52, 29-37 (1990).

81. Kaida, K. et al. Validation of the Karolinska sleepiness scale against performance and EEG variables. Clin. Neurophysiol. Off J. Int.
Fed. Clin. Neurophysiol. 117, 1574-1581 (2006).

82. Van Dongen, H. P, Maislin, G., Mullington, J. M. & Dinges, D. F. The cumulative cost of additional wakefulness: dose-response
effects on neurobehavioral functions and sleep physiology from chronic sleep restriction and total sleep deprivation. Sleep 26 (2),
117-126 (2003).

Acknowledgements
Thankyou to the research assistants and students who assisted with data collection. Thankyou to the participants
who took part in this study.

Author contributions

Charlotte GuptaMethodology, Formal Analysis, Investigation, Data Curation, Writing—Original Draft, Visual-
isation. Imesha Vitanege—Formal Analysis, Data Curation, Writing—Original Draft. Sally Ferguson—Concep-
tualisation, Methodology, Writing—Review & Editing, Funding Acquisition. Corneel Vandelanotte—Conceptu-
alisation, Methodology, Writing—Review & Editing, Funding Acquisition. Mitch Duncan—Conceptualisation,
Methodology, Writing—Review & Editing, Funding Acquisition. Dayna Easton—Investigation, Data Curation,
Writing—Review & Editing. Georgia Tuckwell—Investigation, Data Curation, Writing—Review & Edition.
Courtney Ah Shay—Data Curation, Formal Analysis, Writing—Review & Edition. Philip Tucker—Conceptual-
isation, Methodology, Writing—Review & Editing, Funding Acquisition. Michele Lastella—Conceptualisation,
Methodology, Writing—Review & Editing, Funding Acquisition. Maria Zerella—Investigation, Data Curation,
Writing—Review & Editing. Grace Vincent—Conceptualisation, Methodology, Writing — Review & Editing,
Funding Acquisition, Supervision.

Funding
Funding was provided by the Australian Research Council (DP190101130).

Competing interests
No conflict of interest was declared by the authors.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-04955-9.

Correspondence and requests for materials should be addressed to C.C.G.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2025) 15:20883 | https://doi.org/10.1038/s41598-025-04955-9 nature portfolio


https://www.abs.gov.au/statistics/health/health-conditions-and-risks/australian-health-survey-physical-activity/latest-release
https://www.abs.gov.au/statistics/health/health-conditions-and-risks/australian-health-survey-physical-activity/latest-release
https://doi.org/10.1080/00140139.2024.2430369
https://doi.org/10.1038/s41598-025-04955-9
https://doi.org/10.1038/s41598-025-04955-9
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

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

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:20883 | https://doi.org/10.1038/s41598-025-04955-9 nature portfolio


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿The impact of breaking up prolonged sitting with physical activity during simulated dayshifts and nightshifts on sleep architecture: a randomised controlled trial
	﻿Results
	﻿Sample characteristics
	﻿Sleep architecture
	﻿Dayshift
	﻿Nightshift


	﻿Subjective sleepiness pre- and post-sleep


