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Abstract

Background Physical activity, sedentary behaviour and sleep are interrelated and may have a synergistic impact
on health. This systematic review and meta-analysis of prospective cohort studies aimed to evaluate the combined
influence of different combinations of these behaviours on mortality risk and incidence of cardiovascular disease
(CVD), cancer, diabetes, and mental health.

Methods Four online databases were used to identify studies from database inception to May 2023. Prospective
cohort studies that examined how different combinations of physical activity, sedentary and sleep behaviours were
associated with mortality and incident cardiovascular disease, cancer, diabetes and mental health in adults were
included. Random effects meta-analyses using the Der Simonian and Laird method were conducted.

Results Assessment of 4583 records resulted in twelve studies being included. Studies were qualitatively summarised
and a sub-group of studies (n=5) were meta-analysed. The most frequent combination of behaviours was duration

of leisure time physical activity and sleep (n=9), with all-cause mortality (n=16), CVD mortality (n=9) and cancer
mortality (n=7) the most frequently examined outcomes. Meta-analysis revealed that relative to High physical activity
& Mid sleep, High physical activity and Short sleep was not associated with risk of all-cause mortality (RR=1.05, 95%
C1=0.97, 1.14), however Low physical activity and Short Sleep (RR=1.42, 95% Cl=1.24, 1.63), Low physical activity and
Mid Sleep (RR=1.30, 95% Cl=1.12, 1.52), High physical activity and Long Sleep (RR=1.16,95% CI=1.01, 1.32), and Low
physical activity and Long Sleep were associated with risk of all-cause mortality (RR=1.63,95% Cl=1.21, 2.20).
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Conclusions High levels of physical activity may offset all-cause mortality risks associated with short sleep duration.
Low levels of physical activity combined with short sleep duration and any level of physical activity in combination
with long sleep duration appear to increase mortality risk. Currently there is limited evidence regarding how
dimensions of physical activity, sedentary and sleep behaviours other than duration (e.g., quality, timing, type) are

associated with future health status.

\Keywords Physical activity, Sleep, Sleep health, Mortality, Prospective, Sitting, Muscle-strengthening
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Introduction

Physical activity, sedentary behaviour and sleep are rec-
ognised risk factors for poor physical and mental health
[1, 2] and represent movement patterns across a 24-hr
period [3-5]. These behaviours are interrelated, as they
co-occur in distinct patterns [6] and are co-dependent
from a time-use perspective in each 24-period (3, 4, 7].
The need to consider these behaviours jointly as deter-
minants of health is reinforced by several countries that
have adopted 24-hr movement guidelines adults [8, 9]
and several prominent organisations (ie., American
Heart Association) highlighting sleep as a risk factor for
health in addition to physical inactivity and other risk
factors [10-12].

Despite the adoption of 24-hr movement guidelines,
the potential health effects of different compositions or
patterns of physical activity, sedentary behaviour and
sleep, or activity-sleep patterns, remains unclear [3].
This is particularly true for adult populations that have
more recently been prescribed 24-hr movement guide-
lines (e.g., Canadian 2020 24-hr Movement Guidelines
for Adults) [3, 13]. Several systematic reviews have been
conducted that have included studies using specific sta-
tistical models (e.g., isotemporal substitution models,
compositional data analysis) to quantify activity-sleep
patterns and subsequently examine these associations
with health outcomes [3, 13—15]. In systematic reviews
that required primary studies to use either isotemporal
substitution models or compositional data analysis, the
vast majority of studies have used cross-sectional designs
(i.e., 36/56 studies [13], 7/8 studies [15], 17/20 studies
[3]). Due to the reliance on studies using these specific
statistical models, available evidence is based only on the
time spent in each behaviour. Focussing on the duration
of these activities overlooks that physical activity, seden-
tary and sleep behaviour can be described using multiple
dimensions in addition to duration (i.e., Physical Activity:
frequency, intensity, type, duration; Sedentary: duration,
frequency of breaks in sedentary; Sleep: duration, timing,
variability, satisfaction) [16, 17]. Further, other non-time-
based dimensions (e.g., sleep quality) are infrequently
accounted for in these studies. Additionally, sleep dura-
tion has a U-shaped relationship with health outcomes
[2], where relative to adults who sleep 7-8 h per night,
mortality risks are increased among adults with shorter

or longer sleep durations, which is not accounted for in
these prior studies.

Compositional data analyses are one way to quantify
different patterns of physical activity, sedentary and sleep
behaviour. Other alternative data analysis approaches
that may more readily enable multiple or other non-
time-based dimensions to be examined are available [4].
One approach is to simply classify each behaviour into
groups (e.g., meeting guidelines or not) and then exam-
ine associations between joint categories of behaviour
and outcomes [4, 18]. A review of studies examining
compliance with all three behaviours of the 24-hr guide-
lines (i.e., number of guidelines adhered to) identified
31 studies, 29 of which were cross-sectional [3]. This is
despite the existence of a number of prospective stud-
ies examining the relationship between behaviour dyads
and health outcomes [19-24]. For example, studies have
examined the joint association between the physical
activity and short sleep duration [23-26], physical activ-
ity and long sleep duration [23-26], physical activity and
sleep difficulties [20], physical activity and sleep quality
[23], and sedentary behaviour and sleep problems [21].
These studies suggest that physical activity moderates the
association between sleep and health outcomes, however,
associations are inconsistent across studies [19, 20, 22].
Although these studies only examine behavioural dyads
they may provide insight into how physical activity, sed-
entary and/or sleep behaviours jointly influence health
outcomes. This information may be useful to inform the
next iteration of 24-hr movement guidelines and future
interventions targeting these behaviours. However, to
our knowledge no systematic review of this literature has
been conducted. Therefore, the aim of this systematic
review was to synthesis evidence on the prospective asso-
ciations of activity-sleep patterns with mortality risk and
the incidence of cardiovascular disease (CVD), cancer,
diabetes, and mental health in adults.

Methods

Protocol registration and reporting

The review protocol was posted on the Open Sci-
ence Framework (available from https://osf.io/67nw8/)
[27]. The review was conducted and reported in accor-
dance with the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) statement
[28]. This review used previously published data for all
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analyses and did not include human participants there-
fore no informed consent was sought from participants
nor was the study approved by a institutional human eth-
ics research committee.

Eligibility criteria

The Population, Intervention/Exposure, Comparison,
Outcomes, Study design (PICOS) framework was used to
guide the identification and selection of studies.

Population

Studies were eligible if they included adults aged>18
years. For studies that examined the incidence of a dis-
ease/condition (e.g., cancer, depression) as the outcome,
participants had to be free of the condition at baseline.

Intervention/exposure

The intervention/exposures of interest were different
combinations of either: physical activity and sleep, sed-
entary behaviour and sleep, or physical activity, seden-
tary behaviour, and sleep (i.e., High Active/Good Sleep
Quality, High Active/Poor Sleep Quality, Low Active/
Good Sleep Quality, Low Active/Poor Sleep Quality). As
physical activity, sedentary behaviour and sleep can be
conceptualised using multiple dimensions (i.e., activity:
frequency, intensity, type, duration; Sedentary: duration,
frequency of breaks in sedentary; Sleep: duration, timing,
variability, satisfaction) [16, 17], studies which measured
behaviours using any of these dimensions were included.
The exposures could be assessed by either self-report,
objective measures (e.g., accelerometry, polysomnogra-
phy (PSG)), or through clinician assessment. Additional
indicators of sleep included symptoms of insomnia (e.g.,
present/ absent) or obstructive sleep apnoea (OSA) (e.g.,
present/ absent) using self-report instruments, clinician
diagnosis or objective measurement [29]. Studies were
not required to use a specific classification of an individ-
ual behaviour (e.g., compliance with the physical activity
guidelines, or number of categories).

Comparators

Comparators were different combinations of activity-
sleep patterns, and studies needed to compare different
classifications of the exposure using a single reference
category. Studies were also included that examined the
association between changes in activity-sleep patterns
over time with health outcomes (i.e., change from High
Active/Short Sleep to Low Active/Short Sleep).

Outcomes

Outcomes of interest were all-cause mortality, cause-
specific mortality, and the incidence of any of the follow-
ing health outcomes: CVD, cancer, diabetes, or mental
health. Outcomes were selected based on evidence that
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the exposures are individually associated with these
outcomes, plausible overlapping biological pathways
between the individual exposures and these behaviours
and knowledge of studies assessing joint associations
between exposures and these outcomes [1, 2, 30-34].
Mortality outcomes needed to be assessed by medi-
cal record/data linkage, and incident outcomes could be
assessed via self-report, clinician assessment, medical
record/data linkage or an established screening instru-
ment. Mental health outcomes included symptoms of
depression and anxiety. The association between activity-
sleep patterns and outcomes had to be reported using
adjusted or unadjusted odds ratio, hazard ratio, or rela-
tive risk and 95% confidence intervals, or reported data in
a way that allowed calculation of odds ratios/relative risk.

Study Design

Eligible studies were prospective observational cohort
studies, with at least a 12-month follow-up [32]. This was
required to limit the potential of reverse causality. There
were no restrictions imposed on study sample sizes.

Exclusion criteria

Studies were excluded if they: (1) included other lifestyle
behaviours (e.g., diet) or health characteristics (e.g., use
of medication) as part of the joint exposure categories,
(2) were cross-sectional, case-control studies, reviews,
intervention studies, or protocols. Studies using iso-
temporal substitution were also excluded, (3) were not
reported in the English language, and (4) were not pub-
lished peer-reviewed articles. If>2 studies reported the
data of the same cohort, the study with the most recent
follow-up period was included. No studies were excluded
based on risk of bias assessment (see Risk of Bias).

Search Strategy

Four electronic databases (SCOPUS, CINAHL, MED-
LINE and EMBASE) were initially searched from incep-
tion to 8 Feburary 2021, and then updated in 1 May, 2023.
The predefined search strategy was developed by LM
and MJD and agreed to by all authors (Supplementary
Tables 1-3). Database searches were conducted by LM
and SF. In addition, the author’s research libraries were
screened to identify potentially eligible studies, refer-
ence lists of reference lists of relevant systematic reviews
and included articles (backward citation tracking), and
articles citing an included study (forward citation track-
ing via Scopus) were also manually screened, and authors
of included studies were contacted to identify any further
studies, these search strategies were not documented
in the Open Science Framework protocol and was per-
formed to identify as many relevant articles as possible.
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Study selection

Search results were imported and screened using Covi-
dence to automatically remove duplicates (Veritas Health
Innovation, Melbourne). Two independent reviewers
(MJD and LM/SF) evaluated the title/abstract and full
texts of the studies against the pre-specified inclusion/
exclusion criteria. Discrepancies were resolved by discus-
sion between the reviewers. Consensus was reached for
all included articles.

Risk of Bias

Risk of bias was assessed using the Newcastle-Ottawa
Scale (NOS) [35]. Two reviewers (SO/MJD, SF) indepen-
dently assessed each study. The NOS uses three domains
to evaluate the risk of bias in prospective studies (selec-
tion of participants, comparability, and outcome). Selec-
tion of participants includes representative of exposed
cohort, selection of the non-exposed cohort, ascertain-
ment of exposure, and demonstration that the outcome
of interest was not present at the beginning of the study.
Comparability includes the comparability of cohorts
based on design/analysis. Outcomes includes adequate
assessment of outcome, adequate follow-up time, and
adequacy of follow-up. A study is awarded one point
for each numbered item within the selection and out-
come categories, and a maximum of two points may be
given for comparability. The total maximum score is nine
points. Based on the total score, studies were allocated
into one of three quality categories: low (0—3), moderate
(4-6), or high (7-9) quality.

Data extraction

Data extraction was conducted using a data extrac-
tion template developed for this review in Microsoft
Excel (Office 365, Version 2209). Data were extracted by
one reviewer (SF/SO) and checked by a second (M]D).
Extracted information included population character-
istics (age, sex), sampling methods, measurement and
classification of exposures (recall period, method of
assessment, dimension assessed (e.g., activity duration,
frequency; sedentary time or sitting; sleep duration, qual-
ity), comparison/reference group, outcome/s and out-
come ascertainment (e.g., self-report, data linkage), study
design, follow-up length, statistical analysis (i.e., statisti-
cal analysis, covariates included) and associations.

Data synthesis

An a priori decision was made to summarise results
using meta-analysis only if an adequate number (=5) of
comparable effect sizes were available [36]. Several stud-
ies examined the association between sleep duration and
mortality within strata of physical activity or vice versa
and were only included in the narrative review [25, 37],
and were not included in the meta-analysis as they were
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not considered comparable to those that used a single
exposure category [18, 23, 24, 26, 38]. Studies used a
number of different criteria to classify physical activity
and sleep duration including several intermediate levels
of either physical activity (e.g., inactive, meeting aerobic
guidelines only, meeting muscle strengthening guide-
lines only, meeting neither guideline; <7.5 METs, 7.5—
14.9 METs, 15.0-29.9 METS; 230.0 METs) or sleep (e.g.,
<6 h, 6-<8 h, 8-<9 h, 29 h; <7 h; <6, 6-6.5, 6.6-7.4, 7.5-
8.0, >8.0). Consequently, meta-analysis was undertaken
to examine the association between joint categories of
physical activity and sleep duration with all-cause mor-
tality using the highest and lowest level of activity and the
shortest and longest level of sleep duration.

To account for heterogeneity between studies ran-
dom effects meta-analyses using the Der Simonian and
Laird methodwere undertaken using Stata MP (17) using
the meta suite of commands. All studies report Haz-
ard Ratios which were assumed to approximate Relative
Risk. To avoid double counting the effect size for mid-
sleep/low active in one study that reported the associa-
tion between short and long sleep duration separately
using a common reference group of mid-sleep and high
active, the mid-sleep and low active group from the anal-
ysis of short sleep duration was omitted [38]. This group
was selected as it was a secondary focus and the analy-
sis resulted in larger magnitude effects for mid-sleep and
low active [38]. Therefore, it was omitted to provide con-
servative pooled effects. Meta-analysis was not under-
taken for other outcomes due to the limited number
of effect sizes available and the heterogeneity between
studies. Studies not included in the meta-analysis were
narratively summarised as after full text screening was
completed, in most cases there was only a single study
examining a specific exposure in relation to an outcome.

Results

Search results and risk of bias

The search strategy identified 4583 records (Supplemen-
tary Fig. 1). After contacting authors, and backwards and
forwards citation tracking, an additional five studies were
included for screening. After the removal of 1363 dupli-
cates, title and abstract screening was conducted on 3225
articles. From these articles, 3028 were excluded and 197
full texts were screened. Of the 197 studies, 185 were
excluded (Supplementary Fig. 1). In total, 12 studies met
the eligibility criteria and were included in the review. All
included studies were of high quality with a mean score
of 7.7 in the Newcastle-Ottawa Scale (Range 7-9) (Sup-
plementary Table 4).

Description of included studies
Supplementary Table 5 summaries the characteristics
of the included studies. The 12 included studies were
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published between 2014 and 2022 and were conducted
in eight countries: USA (n=5) [18, 24, 37, 39, 40], Aus-
tralia (n=1) [41], China (n=1) [38], Finland (n=1) [23],
Spain (n=1) [42], Sweden (n=1) [25], Taiwan (n=1) [26],
and the UK (n=1) [22]. There was a total of 1,524,584
participants across the included cohorts, with sample
sizes ranging from 1638 [23], to 380,055 participants [22]
(Supplementary Table 5). Both male and female partici-
pants were included in 92% of studies (n=11), while one
study (8%) included only male participants [23]. Of the
studies, 58% (n=7) included adults of all ages (i.e., 218
years) [18, 23, 26, 37, 38, 40, 41], and 42% (n=5) included
only mid to older aged adults using various criteria (Sup-
plementary Table 5) [22, 24, 25, 39, 42].

Description of exposures and outcomes

To examine the association between combinations of
the separate behaviours, included studies either exam-
ined: the association between study outcome/s and sleep
duration stratified by physical activity level [25, 37], the
association between study outcome/s and sleep duration
stratified by sedentary behaviour level [37], a single joint
exposure variable comprised of physical activity, seden-
tary behaviour and sleep [39, 40, 42], physical activity and
sleep [23, 24, 26, 38], sedentary behaviour and sleep or
presented associations using both stratified and a single
joint exposure [18, 22, 41]. The average length of follow-
up across the studies ranged from five years [41] to 26
years [23], and one study conducted annual follow-ups of
the outcome [41].
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Figure 1 shows the frequency that different combina-
tions of exposures that have been examined across each
outcome. One study reported associations stratified by
gender [38], and was considered to contribute two asso-
ciations for each combination of exposure and outcome.
Across all combinations of exposures, all-cause mortal-
ity was the most frequently examined outcome (n=16)
[18, 22, 24-26, 39, 40, 42], followed by CVD mortality
(n=9) [22, 24-26, 39], and cancer mortality (n=7) [22,
24-26, 39]. Leisure time physical activity, sleep duration,
and multi-domain sitting time were the most frequently
examined domains (Fig. 1). The most frequently exam-
ined combination of behaviours was leisure time physi-
cal activity (LTPA) and sleep duration (n=9), followed by
occupational physical activity and sleep duration (n=2).
All other combinations were examined once only (Fig. 1).

Studies that examined physical activity classified physi-
cal activity levels into four [18, 22, 26], three [25, 41] or
two levels [23, 24, 37, 38, 40] (Supplementary Table 5).
Studies used either five [25], four [26], three [18, 22,
26, 37, 38] or two [23, 24, 40, 41] levels to classify sleep
(Supplementary Table 5). Studies that examined sed-
entary behaviour used four [37], or two [24, 40] levels.
Two studies did not classify activity, sleep or sedentary
behaviour into any levels [39, 42] instead using statisti-
cal techniques (i.e., factor analysis, generalized additive
models) [39, 42] to create composite scores which were
then classified into multiple levels. The specific criteria
used to classify behaviours varied considerably across
studies as shown in Supplementary Tables 5, with some
using criteria that included at least one level that aligned
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with minimum compliance to physical activity [18, 22,
23, 40], sleep duration [18, 40] sedentary behaviour
guidelines [40]. However, several studies classified behav-
iours in ways that didn’t appear to align with any specific
recommendations for physical activity [24], sleep dura-
tion [38, 25]. The single study examining sleep quality did
not detail the rationale for the classification used [23]. A
single study specifically examined muscle strengthening
activity as a separate exposure group [18], although two
studies included some measure of muscle strengthening
in their assessment of physical activity [39]. Supplemen-
tary Table 6 provides the association between each expo-
sure and each outcome for all included studies.

Qualitative summary

Bayan-Bravo et al., used principal components analy-
sis to identify patterns of physical activity, sedentary
behaviour, and sleep duration. Two behavioural patterns
were identified, one characterised by low levels of physi-
cal activity, high levels of sedentary behaviour and long
sleeping time (“sedentary and non-active”); a second,
characterised by higher levels of physical activity and low
sedentary behaviour without any sleep duration pattern
(“active and non-sedentary”). Relative to quartile 1 (i.e.,
least sedentary) of the sedentary and non-active pat-
tern, only quartiles three and four were associated with
increased all-cause mortality risk, indicating that lower
activity levels, higher sedentary and longer sleep dura-
tions are associated with increased all-cause mortality
risk. Relative to quartile 1 (i.e., most active) of active and
non-sedentary pattern, only quartiles three and four were
associated with reduced all-cause mortality risk (quartile
3: HR=0.83; quartile 4: HR=0.68), indicating that higher
activity levels and lower higher sedentary behaviours are
associated with reduced mortality risk.

Using five sleep duration categories (<6, 6-6.5, 6.6—7.4,
7.5-8.0, >8.0) Bellavia et al., examined the association
between sleep duration with all-cause mortality risk
stratified across physical activity tertiles. Across all physi-
cal activity tertiles, relative to mid (6.6—7.4) sleep dura-
tion the shortest sleep duration category was associated
with increased all-cause mortality risk (HR=1.21-1.48),
and risks increased with decreasing physical activity lev-
els. Only the longest sleep duration (>8.0) was associated
with increased mortality risk in the lowest tertile of activ-
ity (HR=1.24).

Clarke et al., examined compliance with the Canadian
24-hour movement guidelines for physical activity, sed-
entary and sleep behaviour by examining the number of
behaviours an individual met the guidelines for (i.e., 0-3
guidelines met). Relative to not meeting any guidelines,
there were inconsistent associations observed between
the number of guidelines met and all-cause mortality risk
with some evidence that a greater number of guidelines
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met was associated with reduced mortality risk, and
these associations appeared to depend on if accelerom-
eter or self-reported screen time was assessed.

Duncan et al, [43] examined the joint associations
between joint categories of physical activity and insomnia
symptoms and the onset of poor mental health based on
symptoms of depression and anxiety. Relative to the High
Physical Activity and No Insomnia Symptoms group,
any activity level in combination with insomnia symp-
toms was associated with increased odds of poor mental
health, as was low physical activity in combination with
no insomnia symptoms. Among those with insomnia
symptoms, the odds of poor mental health increased with
decreasing physical activity levels [43]. A similar pat-
tern of observations was also observed when examining
joint exposures of physical activity and sleep disturbance
which was classified as the presence of insomnia symp-
toms and short sleep duration (<7 h per night) (Supple-
mentary Table 5).

Huang et al [22]. examined the joint associations
between physical activity and a composite sleep score
comprised of sleep duration, chronotype, insomnia
symptoms, snoring and daytime sleepiness with the risk
of all-cause mortality, cancer, CVD coronary heart dis-
ease, haemorrhagic stroke, ischaemic stroke, and lung
cancer related mortality. Relative to the High Physical
Activity and Healthy Sleep Score, the risk of all-cause
mortality increased with poorer sleep across all physical
activity levels and the risks were greatest among adults
classified as doing no physical activity. This pattern of
associations was relatively consistent when examining
CVD mortality and total cancer mortality, however there
was no discernible pattern when examining coronary
heart disease, haemorrhagic stroke, ischaemic stroke, and
lung cancer, where only the combination of no physical
activity and poor sleep was consistently associated with
increased risk.

Keadle et al., [39] examined the association between a
physical behaviour score and the risk of all-cause, CVD,
cancer and other mortality (Supplementary Table 1). The
overall physical behaviour score was classified into quin-
tiles, and relative to the lowest (i.e., poorest behaviour)
the risks of all outcomes examined reduced with increas-
ing quintiles of behaviour. This suggests that as overall
behaviour improved, mortality risks reduced. Keadle et
al,, [39] also examined associations between a 10-unit
increase in the physical behaviour score and all-cause
mortality stratified by sex, age category (i.e., younger,
older based on median split), self-rated health status
(Excellent, Very Good, Good, Fair) and BMI (obese, over-
weight, normal weight), showing that across all strata a
10-unit increase was associated with reduced mortality
risk.
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Shen et al, [37] examined the association between
categories of sleep duration per night (<6 h, 6-<8 h,
8-<9 h, 29 h) and cancer incidence stratified across physi-
cal activity levels (Low, Medium/High) and also strati-
fied by sitting time (<2 h, 2—4 h, 4-6 h, >6 h). Relative
to 8-<9 h of sleep, there was no association between any
sleep duration category among the Low active group, and
only the shortest (<6 h; HR=2.32) and longest (=9 h;
HR=2.10) sleep durations were associated with cancer
incidence among the Medium/High active group. Within
the four strata of sitting time, only the shortest (<6 h;
HR=1.65) sleep duration was associated with cancer inci-
dence in the <2 h sitting time.

Quantitative summary

The meta-analysis included five studies [18, 23, 24, 26,
38], contributing a total of six effect sizes as one study
reported associations stratified by gender [38]. All stud-
ies used a reference category of “high physical activ-
ity and mid sleep duration” (High PA & Mid Sleep), and
examined physical activity in combination with short
sleep duration or mid sleep duration, only four stud-
ies [18, 23, 26, 38] examined physical activity in combi-
nation with long sleep duration. Relative to High PA &
Mid Sleep, High PA and Short Sleep was not associated
with risk of all-cause mortality (RR=1.05, 95% CI=0.97,
1.14; p=0.255; 1>=35%; N=6; Fig. 2) however Low PA
and Short Sleep (RR=1.42, 95% CI=1.24, 1.63 p=<0.001;
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>=84%; N=6; Fig. 3), Low PA and Mid Sleep (RR=1.30,
95% CI=1.12, 1.52 p=<0.001; ’=90%; N=6; Fig. 4),
High PA and Long Sleep (RR=1.16, 95% CI=1.01, 1.32
p=0.033; [*=14%; N=5; Fig. 5), and Low PA and Long
Sleep were associated with risk of all-cause mortality
(RR=1.63, 95% CI=1.21, 2.20 p=0.001; [*=92%; N=5;
Fig. 6). Figure 7 illustrates the pooled estimates for each
exposure category.

Discussion

The systematic review summarised prospective cohort
studies that examined the association between joint cat-
egories of physical activity and sleep, sedentary behav-
iour and sleep or physical activity, sedentary and sleep
with the risk of diabetes, CVD, poor mental health, and
mortality in adults. Results of the meta-analysis suggest
that high levels of physical activity may offset all-cause
mortality risks associated with short sleep durations,
yet low levels of physical activity in combination with
either short, mid or long sleep duration increase all-cause
mortality risk, as does high physical activity in combina-
tion with long sleep duration. The qualitative summary
of studies not included in the meta-analysis also pro-
vided some evidence that low physical activity in com-
bination with number of different indicators of poor
sleep increased risk of adverse health outcomes. Twelve
studies were included; the majority examined associa-
tions between physical activity and sleep duration with

RR [95%ClI)
RR Weight

Study with 95% CI (%)
Chen et al., (2021) — 0.92[0.81, 1.06] 21.99
Duncan et al., (2022) —— 1.08[0.92, 1.26] 18.27
Liuetal., (2018) M = 1.41[0.82, 242] 226
Liuetal., (2018) F 1.96[0.89, 4.31] 1.09
Wennman et al., (2017) = 1.04[0.75, 1.45] 5.67
Xiao et al., (2014) ] 1.07[1.05, 1.10] 50.71
Overall <> 1.05[0.97, 1.14)
I°= 35.41%
Q(5)=7.74,p=0.171
Overall Z=1.14, p = 0.255

06 10 14 18 22 26

Fig. 2 Meta-analysis of high physical activity & short sleep duration relative to high physical activity & mid sleep duration with all-cause mortality
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RR [95%Cl]
RR Weight
Study with 95% ClI (%)
Chen et al., (2021) - 1.27[1.17, 1.38] 27.20
Duncan et al., (2022) - 1.59[1.43, 1.76] 25.56
Liu et al., (2018) M - 1.84[1.04, 3.24] 4.81
Liu et al., (2018) F - 377[175 812] 283
Wennman et al., (2017) = 1.49[1.05, 2.11] 10.04
Xiao et al., (2014) O 1.23[1.19, 1.27] 29.56
Overall < 1.42[1.24, 1.63]
1= 84.30%
Q(5) = 31.85, p<0.001
Overall Z = 5.08, p<0.001
1.0 14 18 22 26 30 34 2842

Fig. 3 Meta-analysis of low physical activity & short sleep duration relative to high physical activity & mid sleep duration with all-cause mortality

RR [95%CI]
RR Weight

Study with 95% ClI (%)

Chen et al., (2021) B 1.17(1.08, 1.26] 23.95

Duncan et al., (2022) - - 1.68 [ 1.53, 1.84] 23.29

Liu et al., (2018) F - 1.42[0.61, 3.31] 296

Liu et al., (2018) M 1.65[0.92, 2.94] 5.59

Wennman et al., (2017) —— 1.15[0.97, 1.37] 19.31

Xiao et al., (2014) O 1.18[1.13, 1.23] 24.91

Overall N 1.30[1.12, 1.52]

1> = 90.22%

Q(5) = 51.13, p<0.001

Overall Z = 3.34, p<0.001

06 1.0 14 18 22 26 30 34

Fig. 4 Meta-analysis of low physical activity & mid sleep duration relative to high physical activity & mid sleep duration with all-cause mortality
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RR [95%ClI]
RR Weight
Study with 95% CI (%)
Chen et al., (2021) —— 1.11[0.93, 1.31] 40.68
Duncan et al., (2022) —ii— 1.40([1.11, 1.77] 25.74
Liu et al., (2018) M = 1.05[0.68, 1.62) 8.67
Liu et al., (2018) F - 1.41[0.73, 2.71] 3.97
Wennman et al., (2017) 0.99[0.76, 1.29] 20.95

Overall

I>= 14.76%

Q(4)=4.69, p=0.320
Overall Z=2.13, p = 0.033

08 10

1.15[1.01, 1.32]

14 18 22 26 30

Fig. 5 Meta-analysis of high physical activity & long sleep duration relative to high physical activity & mid sleep duration with all-cause mortality

RR [95%Cl]

RR Weight

Study with 95% CI (%)
Chen et al., (2021) » 1.55[1.43, 1.69) 25.77
Duncan et al., (2022) - 2.20[1.99, 2.44] 25.54
Liu et al., (2018) F o -2.46 [1.30, 4.66] 11.90
Liu et al., (2018) M ! 1.97 [1.27, 3.05] 16.76
Wennman et al., (2017) —— 0.80[0.58, 1.11] 20.04
Overall i 1.63[1.21, 2.20)
1= 92.08%
Q(4) = 50.48, p<0.001
Overall Z = 3.24, p = 0.001

06 1.0 14 18 22 26 303438

Fig. 6 Meta-analysis of low physical activity & long sleep duration relative to high physical activity & mid sleep duration with all-cause mortality

all-cause mortality risk. The diversity of exposure com-
binations and outcomes examined limited the ability
to draw conclusions on the association between these
behaviours and health outcomes.

This review included 12 prospective studies with adults
which is an increase on the two prospective studies [44,

45] included in a 2021 review that required studies to
examine either compliance with the Canadian 24-hr
Movement Guidelines or apply isotemporal substitution
analyses [3]. As such this review offers a unique insight
on how combinations of physical activity, sedentary
behaviour and/or sleep are associated with the risk of
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RR (95%Cl)
>

Short Mid
Sleep Sleep
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Sleep

High Physical Activity Low Physical Activity

Fig. 7 Summary of pooled effect sizes from meta-analyses of physical ac-
tivity and sleep duration with all-cause mortality

future adverse health outcomes. Specifically, the meta-
analysis of five studies suggests that relative to the high
physical activity and mid sleep duration groups (except
for high levels of physical activity combined with short
sleep duration) all other combinations of low or high
physical activity with short, mid or long sleep dura-
tion increase all-cause mortality risk. Notably, low lev-
els of physical activity in combination with either short
(RR=1.42) or long sleep duration (RR=1.62) are associ-
ated with the greatest all-cause mortality risks, whereas
high levels of physical activity either fully or partially
offset the risks of short and long sleep. These meta-
analytic results are consistent with the results of several
individual studies included in the meta-analysis [18, 38]
and suggests that interventions that target both physical
activity and sleep in combination may be warranted [20,
22, 43, 46, 47]. There was some evidence of a U-shaped
relationship between sleep duration and all-cause mor-
tality risk which is consistent with evidence from meta-
analyses that examine sleep duration as a separate risk
factor [30, 31], with the magnitude of these relationships
greater among those in the low physical activity strata.
The results of this review highlight several research
gaps. Specifically, that most research to date has exam-
ined joint combinations between the duration of leisure
time physical activity and sleep duration in relation to
all-cause mortality risk, and there is limited understand-
ing of how combinations of other dimensions physical
activity, sedentary behaviour and sleep are associated
with all-cause mortality risk [22-26, 37, 39, 43]. Physical
activity (e.g., frequency, intensity, type [aerobic, muscle
strengthening activity], domain [recreational, occupa-
tional, transport, household]), sedentary behaviour (e.g.,
type [screen time, reading, educational, occupational])
and sleep (e.g., duration, timing, quality, satisfaction)
can be characterised by multiple dimensions [16, 17, 48].
Research examining these behaviours as separate risk
factors demonstrates that the different dimensions may

(2023) 2:19
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have differing effects on health [49-51] but it is unknown
how the combinations of these different behavioural
dimensions influence health. Given the interdependence
of physical activity, sedentary and sleep behaviours [7,
16] where data are available future studies are encour-
aged to consider activity-sleep patterns that consider all
of these behaviours and to use multiple dimensions of
each behaviour as exposures. This likely requires inte-
grating these multiple dimensions using approaches that
can accommodate variables measured using different
metrics (i.e., time, frequency, quality) such as the use of
overall composite scores (e.g., [17, 39]) or other meth-
ods (e.g., latent class analyses e.g., [16]). This will pro-
vide greater understanding of how overall activity-sleep
patterns influence health outcomes. Within the range of
health outcomes examined in this review, there was lim-
ited evidence examining combinations of physical activ-
ity, sleep and/or sedentary behaviours and outcomes
other than all-cause mortality [22-26, 37, 39, 43]. In most
cases, specific combinations of behaviour were examined
in relation to health outcomes in a single study. Finally,
well established sociodemographic disparities exist in
physical activity, sedentary and sleep behaviours [52] and
also chronic disease risks [53]. All studies adjusted for a
variety of potential sociodemographic confounders and
only two studies [38, 39], examined how health risks of
specific behavioural combinations varied according to
socio-demographic characteristics, which can be useful
in identifying higher risk groups and priority interven-
tion groups. Only a single study included device-based
measures of behaviours, [40] with remaining studies
utilising self-report measures of all behaviours which
have inherent limitations.

Limitations of the current review include only includ-
ing studies published in English, the health outcomes
examined, and the exclusion of studies using isotemporal
substitution or compositional data analysis approaches
to minimise overlap with prior reviews [14, 15]. Studies
examining positive aspects of mental health were omitted
which is also a limitation of the review. Studies adjusted
for a variety of potential confounders in their analyses,
however studies that experimentally manipulate physi-
cal activity, sedentary and sleep behaviours are needed to
more clearly understand how improving overall activity-
sleep patterns can influence health. Experimental stud-
ies manipulating various dimensions of physical activity,
sleep and sedentary behaviour are necessary to improve
understanding of how these behaviours jointly influence
health and will be particularly useful to help account for
potential confounding that may be present in prospec-
tive studies (i.e., residual confounding in the relationship
between sleep duration and mortality [54]) and inform
the development of future public health guidelines.
Withstanding these limitations, from the perspective of
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minimising all-cause mortality risk, it appears beneficial
for adults to engage in higher levels of physical activity
and also obtain “mid” sleep durations - which likely cor-
respond with other sleep duration recommendations [8,
55]. As noted, earlier, all-cause mortality risks associated
with “short” and “long” sleep appear to be reduced among
adults engaging in high levels of physical activity. These
observations have important potential implications for
public health guidelines related to physical activity and
sleep. The underlying mechanisms linking combinations
of physical activity, sedentary behaviour and sleep with
health outcomes examined in this review are unclear, and
experimental studies will be useful in clarifying these.
Possible pathways linking these patterns of behaviour to
these adverse health outcomes likely overlap and include
disruptions to the endocrine system, hormones, inflam-
mation and oxidative stress, blood pressure and cardio-
metabolic health [56-60].

Conclusions

There is some evidence that higher levels of physi-
cal activity may offset all-cause mortality risks associ-
ated with short sleep duration, and that mortality risks
remain elevated among combinations of low activity and
short sleep duration, and any level of activity combined
with long sleep duration. There is a paucity of evidence
examining other non-duration dimensions of activity,
sedentary and sleep behaviours combine to influence
future health status. Available evidence is dominated by
research using all-cause mortality as the outcome, and as
a consequence there is currently limited evidence of how
combinations of these behaviours are prospectively asso-
ciated with risk of other health outcomes.
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