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Abstract

Background Cardiorespiratory fitness (CRF) is an important indicator of current and future health. While the impact of
habitual physical activity on CRF is well established, the role of sedentary behaviour (SB) remains less understood.
Objective We aimed to determine the effect of SB on CRF.

Methods Searches were conducted in MEDLINE, Embase, PsycINFO, CINAHL and SPORTDiscus from inception to August
2022. Randomised controlled trials, quasi-experimental studies and cohort studies that assessed the relationship between SB
and CRF were eligible. Narrative syntheses and meta-analyses summarised the evidence, and Grading of Recommendations,
Assessment, Development and Evaluation (GRADE) certainty was based on evidence from randomised controlled trials.
Results This review included 18 studies that focused on youth (four randomised controlled trials, three quasi-experimental
studies, 11 cohort studies) and 24 on adult populations (15 randomised controlled trials, five quasi-experimental studies, four
cohort studies). In youth and adults, evidence from randomised controlled trials suggests mixed effects of SB on CRF, but
with the potential for interventions to improve CRF. Quasi-experimental and cohort studies also support similar conclusions.
Certainty of evidence was very low for both age groups. A meta-analysis of adult randomised controlled trials found that
interventions targeting reducing SB, or increasing physical activity and reducing SB, had a significant effect on post-peak
oxygen consumption (mean difference =3.16 mLkg 'min~!, 95% confidence interval: 1.76, 4.57).

Conclusions Evidence from randomised controlled trials indicates mixed associations between SB and CRF, with the poten-
tial for SB to influence CREF, as supported by meta-analytical findings. Further well-designed trials are warranted to confirm
the relationship between SB and CRF, explore the effects of SB independent from higher intensity activity, and investigate
the existence of such relationships in paediatric populations.

Clinical Trial Registration PROSPERO CRD42022356218.
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Cardiorespiratory fitness is a useful prognostic indicator
for the health of a population [14, 15] and is predictive of
future health outcomes, including cardiometabolic health
[16, 17], cardiovascular disease [18, 19], cardiovascular
mortality [20, 21], cancer mortality [19, 22] and all-cause
mortality [18, 19, 23-26]. Cardiorespiratory fitness is linked
to mortality independently of a number of important covari-
ates including age, sex, smoking, alcohol consumption,
self-reported physical activity levels, socioeconomic status
and comorbidities, making it a powerful predictor of future
health states and death [18, 19, 24, 27, 28]. In fact, no other
modifiable risk factor has been shown to be a stronger inde-
pendent predictor of health (e.g. cardiometabolic disease)
and longevity than CRF [1, 20, 28, 29].

While habitual physical activity, specifically vigorous
intensity physical activity, has long been established as an
important contributor to CRF [1, 8], much less is known
about the other end of the activity continuum, including
sedentary behaviour (SB). Sedentary behaviour is not syn-
onymous with physical inactivity (i.e. insufficient moder-
ate-to-vigorous intensity physical activity [MVPA]), but
a distinct behaviour defined by activities undertaken at a
low energy expenditure (< 1.5 metabolic equivalents of
task [METs]) while sitting, lying or reclining [30]. Levels
of SB, especially sedentary screen time, have continued to
rise [31-34], while CRF has been declining over time [35].
Given that many countries observed increases in popula-
tion levels of SB during the coronavirus disease 2019 pan-
demic [36-38] and declines in CRF [39, 40], it is essential
to understand the direct relationship between SB and CRF.

Cross-sectional evidence suggests that higher vol-
umes of SB are associated with lower CRF in youth
[41-44] and adults [45-49]. A recent systematic review
of cross-sectional studies of adults found that device-
assessed sedentary time was negatively, though weakly,
associated with CRF (r= —0.16, 95% confidence inter-
val [CI]: —0.24,—-0.09) [48]. Recently, there has been
an increase in the number of randomised controlled tri-
als (RCTs) assessing the efficacy of SB interventions to
increase CRF either as a primary or secondary outcome
[50-53]. No such review has focused on RCTs (to establish
causality) or considered the effects of SB independent of
physical activity. Therefore, the primary objective of this
systematic review was to determine the effect of SB on
CRF. A secondary objective was to understand whether
the effect of SB on CRF is independent of MVPA.

2 Methods

A systematic review was used to identify all studies that
reported on the effects of SB (e.g. sedentary time, sit-
ting time, screen time) on CRF outcomes. To meet the

objective of this review, RCTs were the primary study
design considered, but quasi-experimental and cohort
studies were also explored to supplement RCT findings.
The review adheres to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) state-
ment [54] and was prospectively registered on PROSPERO
(CRD42022356218).

2.1 Inclusion Criteria
2.1.1 Population

All in-vivo human studies were eligible. Pregnant popula-
tions were ineligible.

2.1.2 Exposures

Sedentary behaviour includes activities undertaken at a
low energy expenditure (< 1.5 METs) while sitting, lying
or reclining [30]. Intervention studies were required to
include an intervention component that targeted total or
type-specific SB or the disruption (break-up) of prolonged
SB. Co-interventions (e.g. including a physical activity, diet,
weight loss component) were eligible, but were required to
provide a quantification of time spent sedentary. A minimum
follow-up time of >7 days was required to exclude studies
that assessed immediate/acute effects on CRF. Cohort stud-
ies were required to assess exposure to SB at baseline or
changes in SB over time and their subsequent effects on
CRF.

Sedentary behaviour could be measured either via self-
report (e.g. questionnaire, diary/log) or by device (e.g. accel-
erometer, inclinometer) and could include total time spent
sedentary, sitting or in a specific sedentary activity (e.g.
screen time, watching television, reading, using a computer
or electronic device, playing video games).

2.1.3 Controls

Randomised controlled trials were required to have a no-
intervention comparison arm (e.g. usual care, attention con-
trol, no intervention). Other studies included historical or
comparator controls (e.g. pre-post single-arm trial, multi-
arm trial without controls, prospective cohorts, case—con-
trol) to establish some element of causality.

2.1.4 Outcomes

Cardiorespiratory fitness could be measured directly or
indirectly. Direct measures of CRF include maximal or
peak oxygen consumption during exercise testing (hereaf-
ter called VO,peak). Indirect estimates included prediction
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equations with a variety of inputs, including age, sex, body
mass index, height and aerobic exercise performance (i.e.
test time, distance, physiological response). Additionally,
indirect measures included resting heart rate, maximal heart
rate, exercise performance/tolerance (e.g. distance covered,
laps, running speed, test duration) and efficiency/economy
(heart rate response to exercise, METs). Cardiorespiratory
fitness testing could be maximal or submaximal using a vari-
ety of modalities such as cycling, running, walking or bench

stepping.
2.1.5 Study Designs

Randomised controlled trials were required to have a no-
intervention comparison arm. Other study designs included
those with historical or comparator controls such as retro-
spective cohort studies, prospective cohort studies, pre-post
studies (quasi-experimental studies) and case—control stud-
ies. These study designs provide sufficient detail to examine
causal associations for changes in SB and its impact on CRF.

2.1.6 Study Language, Publication Status and Timeframe

No language restrictions were included in the search strat-
egy, but only publications in English, French, Spanish and
Czech were included based on authors’ language capacity.
Only published peer-reviewed studies were eligible. All lit-
erature regardless of date of publication was considered.

2.2 Search Strategy

A comprehensive search strategy was developed in col-
laboration with a research librarian (KM) from the Health
Canada Library with input from review authors. The primary
search was created in MEDLINE and tested to ensure the
capture of previously identified key papers. An RCT filter
was used and adapted from the Cochrane Handbook for
Systematic Reviews of Interventions [55]. The MEDLINE
search was peer reviewed by a Health Canada librarian using
the PRESS peer review guidelines [56]. KM completed
the searches in MEDLINE® All (via Ovid), Embase (via
Ovid) and Scopus. A research librarian from the University
of Ottawa (VL) translated and completed the searches in
CINAHL (via EBSCOhost) and SPORTDiscus (via EBSCO-
host). All searches were run from database inception. The
CINAHL and SPORTDiscus searches for non-RCTs were
exported on 31 August, 2022. All remaining searches were
exported on 29 August, 2022 (Table S1 of the Electronic
Supplementary Material [ESM]). Bibliographies of topical
systematic reviews evaluating SB and health outcomes that
included CRF were scanned for additional studies.

2.3 Article Screening

Articles were imported into EndNote, where duplicates were
removed. Screening was conducted in Covidence, which
also automatically identified and removed duplicates. Two
independent reviewers (two of the following authors: SAP,
PCD, JLR, LR, TJS, JT, GRT or JIL) screened the titles and
abstracts of all studies to identify potentially relevant arti-
cles. The full texts of all studies that either met the inclusion
criteria or provided insufficient information in the abstract
to exclude were obtained and reviewed. Two independent
reviewers (two of the following authors: SAP, PCD, JLR,
LR, TJS, JT, GRT or JJL) screened the full texts for inclu-
sion. If conflicts arose, discussion between the reviewers
and a possible third reviewer was conducted to achieve a
final decision.

Two rounds of article screening were conducted. First, the
search strategy used a filter to only include RCTs because
this was considered the gold standard of evidence for the
research question. Limited RCT evidence was identified
resulting in a second expanded search that included arti-
cles originally excluded by the RCT filter. This resulted in a
second round of screening that captured quasi-experimental
studies and cohort studies.

2.4 Data Extraction and Analysis

Data extraction forms were completed in Covidence by two
independent reviewers (SAP, PCD, JLR, LR, TJS, JT, GRT
or JJL) with conflicts resolved by a third (SAP or JJL). The
reviewers were not blinded to the authors or journals when
screening or extracting data but did not extract data from
their own work.

A narrative synthesis, including summary tables, was
used to summarise findings across all studies and grouped by
outcome. When enough RCTs were available (more than two
studies), pooled effects of SB interventions on each outcome
were estimated using a random-effects (Der Simonian Laird
method) meta-analysis for mean differences (using post-val-
ues or changes, depending on reporting of data in primary
studies). When more than one intervention was compared to
a single control group, the control group sample was divided
by the number of intervention groups. Heterogeneity was
assessed using the chi-squared test and I statistic. Publica-
tion bias was not assessed as fewer than ten studies were
included in each meta-analysis [57, 58]. Leave-one-out sen-
sitivity analyses were conducted to determine if removing
an individual study had a meaningful impact on the final
effect estimates. Forest plots and meta-analyses were cre-
ated using Review Manager (RevMan) 5.4 (The Cochrane
Collaboration, 2020).
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To assess the secondary objective of SB on CRF inde-
pendent of MVPA, we conducted a subgroup analysis com-
paring RCTs that did and did not include a physical activity
focus/component. Additionally, subgroup analyses explored
the population group (i.e. apparently healthy vs condition/
disease population), CRF outcome measurement method
(i.e. direct vs indirect method), average CRF levels at base-
line (age-specific and sex-specific low CRF: <50th percen-
tile vs high CRF > 50th percentile [59]; female percentiles
were used if the sample included both male and female indi-
viduals), degree of intervention effectiveness for sedentary
behaviour (e.g. intervention had a statistically significant
effect on overall sedentary time in hour/day), intervention
duration (e.g. <3 months/3—6 months/> 6 months) and study
risk of bias scores (i.e. low, some, high). Non-RCT interven-
tions were not included in the meta-analysis because of high
levels of heterogeneity in the methodology and reporting of
results.

2.5 Risk of Bias Appraisal for Individual Studies

The risk of bias of the individual studies was assessed based
on study design. Version 2 of the Cochrane Collaboration’s
Tool for Assessing Risk of Bias (RoB 2) was used for ran-
domised trials [60, 61], the Risk of Bias in Non-randomized
Intervention Studies (ROBINS-I) tool for quasi-experimen-
tal studies [62] and the Risk Of Bias in Non-randomized
Studies—of Exposure (ROBINS-E) tool for observational
studies [63]. Risk of bias assessments were carried out by
two independent reviewers (SAP, PCD, JLR, LR, TIS, JT,
GRT or JJIL). Conflicts were resolved by a third reviewer
(SAP or JIL).

2.6 Grading of the Overall Evidence

The certainty and strength of the evidence were assessed
using a modified Grading of Recommendations, Assessment,
Development and Evaluation (GRADE) approach [64]. The
certainty of the evidence was categorised as high, moder-
ate, low or very low. Randomised controlled trials provided
evidence starting at high certainty, while observational stud-
ies began at low certainty. For this systematic review, the
GRADE assessment was based solely on the evidence from
RCTs. Certainty was determined based on confidence in the
effect estimate and adjusted considering limitations in study
design or execution, inconsistency of results, indirectness
of evidence and imprecision (see Table S2 of the ESM for a
summary of decision rules). One reviewer (SAP) assessed
the evidence for each outcome, and a second reviewer (JJL)
verified the assessment for accuracy. Disagreements were
resolved through group discussion and consensus. Evidence
profiles are presented using summary of findings tables.

3 Results
3.1 Study Characteristics

Figure 1 provides a detailed flow diagram of the literature
search and screening process including reasons for a full-
text exclusion. The two search rounds identified 21,769
potentially relevant papers. Of these, 3416 were identified
in MEDLINE, 3311 in Embase, 4275 in Scopus, 5240 in
CINAHL and 5527 in SPORTDiscus. After deduplication,
a combined 14,623 relevant papers remained. Title and
abstract review resulted in 221 full-text papers for assess-
ment. Of these, 19 RCTs [50, 51, 65-81], eight quasi-exper-
imental studies [82—89] and 15 cohort studies [11, 90-102]
met the study inclusion criteria. A list of excluded full texts
and reasons can be found in Table S3 of the ESM. Individual
study characteristics can be seen in Tables S4-S6 of the
ESM.

Eighteen studies focused on youth (four RCTs, three
quasi-experimental studies, 11 cohort studies) and 24 on
adults (15 RCTs, five quasi-experimental studies, four cohort
studies). Included studies were published between 1999 and
2022; the majority (67%) in the past 5 years. The evidence
was obtained from 17 countries/regions, with the USA
(28%) and Australia (12%) being the most frequent.

Nineteen RCTs examined the influence of a SB inter-
vention on CRF [50, 51, 65, 67-81, 103]. In youth, three
RCTs took place in schools, and one was among children
with obesity in a community setting. In adults, most (60%)
of the RCT evidence included adults working in seden-
tary occupations in office settings. Seven had at least one
intervention arm that only targeted SB (vs a combination
of SB plus physical activity), 16 targeted the reduction in
total or domain-specific SB (e.g. school, occupational) and
most used an educational intervention. In youth, the inter-
vention duration was similar with a range between 6 and
8 months. In adults, the RCT intervention length ranged
from 4 weeks to 3 years, with most (60%) lasting 12 weeks
or less. Most RCTs targeted non-clinical populations and
included both sexes. The majority of RCTs included CRF
as a secondary outcome. In youth, laps completed on the
20-m shuttle run test was the most common measure of
CRF, while in adults the most common was VO,peak
(mL'kg™''min™").

3.2 Risk of Bias

Risk of bias for the individual studies is summarised in
Tables S7a—c of the ESM. Fourteen of the RCTs (some
concerns to high), all quasi-experimental studies (serious
or critical), and seven of the cohort studies (high or very
high) were identified as having a moderate to high risk of
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Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram for the identification, screening and inclu-
sion of studies. CRF cardiorespiratory fitness, SB sedentary behaviour, RCT randomised controlled trial

bias. Of the RCTs, the majority had some or a high risk
of bias owing to deviations from the intended interventions
(72%) and missing outcome data (56%). Among the quasi-
experimental studies, most suffered from a serious or critical
risk of bias due to confounding (75%) and the measurement
of outcomes (50%). Of the cohort studies, the largest sources
of bias included a lack of control for important confounding
factors (40%) and missing data (47%).

3.3 RCT Evidence

Tables S8 and S9 of the ESM present the individual study
findings for the RCTs. Tables 1 and 2 presents the sum-
mary of findings and certainty of the evidence for youth and
adults, respectively. In youth, there was evidence of mixed
effects of SB on CRF with two studies reporting no signifi-
cant between-group difference [77, 79] and two reporting a
significant improvement in CRF [80, 81] in the intervention
compared with the control group. A meta-analysis of three
RCTs (Fig. 2) found there was no statistically significant effect

of SB interventions on post-values for laps completed on the
20-m shuttle run test (mean difference [MD]=7.9 laps, 95%
CI: -0.7, 15.5, p=0.07). The intervention effects reported by
Zhou et al. [81] for the two arms that targeted physical activ-
ity in an afterschool programme (ASP and ASP plus school
physical education) were significantly higher than the school
physical education-targeted arm, and the other RCT evidence.
Removal of these arms reduced the heterogeneity from 94 to
0%. The quality of evidence from RCTs assessing youth was
downgraded to very low because of a risk of bias (one study
had a high risk of bias and two with concerns), inconsistency
(one trial [81] reported different effects) and indirectness (due
to variations in populations and co-interventions).

In adults, seven RCTs [50, 51, 66, 71, 73-75] exam-
ined the effects of interventions on VO,peak. Figure 3
provides the meta-analyses of mean post-value effects for
these interventions stratified by whether the intervention
arm focused exclusively on reducing/interrupting SB or
was included as a component alongside a physical activ-
ity intervention. Overall, interventions had a significantly
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higher post-VO,peak than control groups (MD =3.16
mLkg™" min~!, 95% CI: 1.76, 4.57, p <0.0001). There was
no statistically significant difference (Chi’=2.53, df=1,
p=0.11) between interventions for which the primary
objective was to reduce SB (MD =2.18 mLkg ™" min™!,
95% CI: 0.01, 4.36) and interventions that targeted
increased physical activity (MD =4.29 mL'kg™"" min!,
95% CI: 2.87,5.70). No statistically significant differences
in post-values were observed by a risk of bias (low vs
some vs high), population (desk-based workers vs clinical
populations), intervention success on reducing SB (reduc-
tions in SB statistically significant vs not), SB target (i.e.
interrupt vs reduce vs reduce + interrupt), intervention
duration (<12 weeks vs > 12 weeks), intervention strat-
egy (i.e. prompts, education, self-monitoring, environment
plus prompts, education plus environment, education plus
self-monitoring) or VO,peak measure (direct vs indirect).
Sensitivity analyses found that removing the RCT by Dun-
ning et al. [71] caused the overall effect and SB-only inter-
vention effect to increase IMD =2.67, 95% CI: 0.78, 4.55).
The 10-week trial by Dunning et al. sampled young desk-
based workers in South Africa and was designed to reduce
SB using prompts. While those in the intervention group
sat less compared with the control group (4.9 vs 6.4 h/
day, p=0.04), there were no significant changes in CRF.
Removing the trial by Larisch et al. [74] reduced the SB-
focused intervention effects MD =1.41, 95% CI: - 0.61,
3.43), and resulted in a significant difference between the
SB-focused interventions and those with a physical activ-
ity component or focus (Chi2 =5.24,df=1, p=0.02). The
6-month trial by Larisch et al. sampled middle-aged sed-
entary office workers in Sweden and was designed to both
reduce and interrupt SB using education and environmen-
tal and organisational-level changes. The SB intervention
arm did not significantly reduce SB.

Three adult studies [67, 69, 72] examined the effects of
interventions on resting heart rate. Figure 4 provides the meta-
analyses of change values for these interventions. Overall,
there was no significant effect of SB interventions on changes
in the resting heart rate (MD= —0.12 bpm, 95% CI: —2.45,
220, p=0.92, ’=0%, p=0.78).

While meta-analysis data for VO,peak suggest a significant
effect of SB on CRF in adults, evidence across all RCTs is
mixed with 11 reporting no statistically significant interven-
tion effect [50, 65, 67-74, 76] and three reporting that CRF
increased in the intervention [75, 78, 103] compared with a
control group. The quality of evidence from RCTs assessing
adults was downgraded to very low because of a risk of bias
(six studies had a high risk of bias), inconsistency (estimates
of effect were mixed, though a VO, meta-analysis suggested
no significant heterogeneity) and indirectness (largely office
workers and clinical populations and variations in co-inter-
ventions and physical activity targets).

3.4 Quasi-Experimental and Cohort Evidence

In youth, evidence from quasi-experimental studies and
cohort studies (Tables S10 and S12 of the ESM) was similar
to RCT evidence, suggesting mixed effects with some show-
ing statistically significant improvements in CRF with reduc-
tions in SB [83, 90, 91, 93, 97, 98, 100, 104] and some show-
ing no effect [85, 86, 94, 99, 102, 105]. In adults, evidence
from quasi-experimental studies was mixed (Table S11 of the
ESM), with one study showing significant improvements in
CRF [87], one study showing no effect [82], and two stud-
ies being unclear as to the effect of reduced SB or increased
physical activity on CRF [84, 88]. Evidence from cohort stud-
ies (Table S13 of the ESM) generally suggested that lower
SB is associated with greater CRF, even after controlling for
physical activity levels.

4 Discussion

This systematic review examined the effects of SB on CRF
in youth and adults. Evidence from RCTs suggests mixed
associations between SB and CRF, but with the poten-
tial for SB to influence CRF as evidenced by results from
meta-analyses. In adults, results from the meta-analysis
of VO,peak, which included the most studies and par-
ticipants, suggest SB interventions could significantly
improve CRF. The certainty of evidence was very low,
highlighting the need for higher quality RCTs specifi-
cally designed and powered to assess this relationship,
to improve confidence in the direction and magnitude of
effects. Evidence from quasi-experimental studies and
cohort studies also suggests mixed associations between
SB and CRF.

Previous systematic review evidence for youth was
largely based on cross-sectional studies and suggested that
SB is negatively associated with CRF [44, 106]. Similarly,
previous review evidence from cross-sectional studies
involving adults suggested a weak, statistically significant
negative association between SB and CRF (r= —0.16, 95%
CI: - 0.24,-0.09) [48]. Findings from our review build on
the evidence base by providing more prospective and inter-
vention evidence to support benefits.

Several but not all quasi-experimental and cohort studies
adjusted for physical activity. Randomised controlled trials
are the gold standard for assessing this relationship. Inter-
estingly, out of all the SB-only interventions (i.e. interven-
tions that did not primarily target increased MVPA or did
not target the displacement of SB by higher intensity physi-
cal activity), only one showed a significant between-group
change in MVPA. This finding suggests that improved CRF
by increased light-intensity physical activity may be feasible,
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Intervention Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI

Peralta et al. 2009 (77) 493 137 16 484 125 17 17.5% 0.90 [-8.06, 9.86] i

Robinson 1999 (79) 19.72 114 92 18.18 10.72 100 21.0% 1.54 [-1.60, 4.68] ™

Zhou et al. 2019 (SPE, 81) 43.81 1413 162 41.61 14.59 57 20.5% 2.20[-2.17, 6.57] T

Zhou et al. 2019 (ASP, 81) 52.55 16.18 180 41.61 14.59 57 20.5% 10.94 [6.48, 15.40] -

Zhou et al. 2019 (SPE + ASP, 81)  64.78 1575 180 41.61 14.59 57 20.5% 23.17 [18.74, 27.60] —

Total (95% Cl) 630 288 100.0%  7.91[-0.68, 16.51] e

i 2 = . Chi2 = - .12 = 049 + + t t
Heterogeneity: Tau? = 88.83; Chi? = 71.91, df = 4 (P < 0.00001); I> = 94% 20 0 0 10 20

Test for overall effect: Z = 1.80 (P = 0.07)

Fig.2 Meta-analysis comparing post-values of laps completed on the
20-m shuttle run in intervention groups with control groups in youth.
ASP afterschool programme intervention, CI confidence interval,

Favours control

Favours intervention

SD standard deviation, SPE school physical education intervention,
SPE+ASP school physical education and afterschool programme
intervention

Intervention Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 SB only
Carr et al. 2013 (50) 311 4.6 23 30 2.6 17 20.1% 1.10 [-1.15, 3.35] -
Dunning et al. 2018 (71) 346 7.6 11 38 7.2 9  42% -3.40 [-9.90, 3.10]
Kozey-Keadle et al. 2014 (rST, 73) 248 54 14 232 3.6 4 7.8% 1.60 [-2.92, 6.12] I e
Larisch et al. 2021 (iSED, 74) 407 7.2 34 359 74 57 13.8% 4.80[1.71, 7.89] I E—
Prince et al. 2018 (51) 235 6 17 198 55 21 10.7% 3.70[0.00, 7.40] -
Subtotal (95% Cl) 99 108  56.6% 2.18 [0.01, 4.36] i
Heterogeneity: Tau? = 2.61; Chi?=7.19, df =4 (P = 0.13); I> = 44%
Test for overall effect: Z = 1.97 (P = 0.05)
3.1.2PA +SB
Balducci et al. 2019 (103) 278 59 129 236 7 132 27.3% 4.20[2.63, 5.77] —
Kozey-Keadle et al. 2014 (Ex-rST, 73) 272 6.2 16 232 3.6 4 75% 4.00 [-0.66, 8.66] T -
McNeil et al. 2019 (HPA, 75) 231 9.2 15 183 6.7 7  3.9% 4.80[-2.01, 11.61] >
McNeil et al. 2019 (LPA, 75) 24 7 15 183 6.7 7 4AT% 5.70 [-0.40, 11.80] >
Subtotal (95% Cl) 175 150 43.4% 4.29 [2.87, 5.70] R
Heterogeneity: Tau? = 0.00; Chi* = 0.25, df = 3 (P = 0.97); I> = 0%
Test for overall effect: Z = 5.95 (P < 0.00001)
Total (95% ClI) 274 258 100.0% 3.16 [1.76, 4.57] e
Heterogeneity: Tau? = 1.24; Chi> = 11.38, df = 8 (P = 0.18); 1> = 30% ’_10 _’5 0 é 10’

Test for overall effect: Z = 4.41 (P < 0.0001)
Test for subgroup differences: Chi? = 2.53, df =1 (P = 0.11), 1> = 60.5%

Fig.3 Meta-analysis comparing post-peak oxygen consumption val-
ues (mL'kg™'min™") in intervention groups with control groups in
adults. Note: Prince et al. 2018 included a physical activity interven-
tion (PA) for both the intervention and control group [51]. CI con-
fidence interval, Ex-rST increase exercise and reduce sedentary time

Experimental Control

Favours control

Favours intervention

intervention, HPA higher-intensity physical activity intervention,
iSED sedentary intervention, LPA lower-intensity physical activity
intervention, rST reduce sedentary time intervention, SB sedentary
behaviour intervention, SD standard deviation

Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Guirado et al. 2022 (72) -1.5 51 17 0.1 13.2 15 10.7% -1.60 [-8.71, 5.51]

Carter et al. 2020 (69) -1 7 14 0 5 14  26.6% -1.00 [-5.51, 3.51] =

Bergman et al. 2018 (67) -09 63 34 -14 63 37 62.7% 0.50 [-2.43, 3.43]

Total (95% CI) 65 66 100.0% -0.12 [-2.45, 2.20]

Heterogeneity: Tau? = 0.00; Chi? = 0.48, df =2 (P = 0.78); I = 0%
Test for overall effect: Z =0.10 (P = 0.92)

-10

5 0 5 10
Favours intervention Favours control

Fig.4 Meta-analysis comparing changes in the resting heart rate in intervention groups with control groups in adults. CI confidence interval, SD

standard deviation

but the volume of SB reduction may need to be higher than
observed. High volumes of SB or prolonged sitting dimin-
ish overall skeletal muscle activity and metabolic demand
and have deleterious effects on cardiovascular function,

including endothelial dysfunction (inability of blood vessels
to dilate appropriately), vascular stress, left-ventricular stiff-
ening and blood pressure, which may ultimately be reflected
in reduced CRF [107-109]. It is unclear if individuals with
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sufficient MVPA, but excessive SB, have lower CRF com-
pared with those with sufficient MVPA but low SB.

The RCT by Kozey-Keadle et al. [73] is the only inter-
vention that solely targeted reduced SB and demonstrated
a significant improvement in MVPA. Their 12-week RCT
assessed whether the combination of aerobic exercise train-
ing and reduced SB (EX-rST) resulted in greater improve-
ments in CRF than either reduced SB (rST) or exercise
(EX) intervention alone in participants with overweight
or obesity. The two groups that targeted reduced SB sig-
nificantly reduced their SB (r-ST: — 7%, ~ 48 min/day, EX-
rST: —10.3%, ~ 70 min/day). Only the two exercise groups
achieved a significant improvement in CRF, possibly sug-
gesting that the addition of exercise MVPA (above inciden-
tal physical activity) was likely responsible for the positive
changes in CRF. However, these findings and those of our
review suggest that SB interventions, which likely have less
of an effect on MVPA [110], can maintain and in some cases
improve CRF. This is an important finding given the known
age-related declines in adult CRF [59, 111, 112], suggest-
ing that incidental/lower intensity physical activity may be
sufficient to maintain, but not improve, CRF. This has impli-
cations for populations in whom increasing MVPA may be
a challenge, but reducing or interrupting SB may be more
feasible. Future studies with similar designs of longer dura-
tion would help to elucidate the effectiveness of reducing SB
in the absence of increases in MVPA.

More recently, there has been a movement to recognise
the ‘whole day matters’ with the composition of movement
behaviours (e.g. sedentary time, light-intensity physical
activity, MVPA, sleep) within a 24-h period having impor-
tant implications for health across the lifespan. Evidence
suggests that SB and light-intensity physical activity, rather
than MVPA, are highly correlated and inter-dependent
[113]. Compositional isotemporal substitution modelling
recognises behaviours are collinear and co-dependent and
provides a means of studying how the reallocation of a
fixed duration of time spent in one behaviour with another
associates with outcomes. While few studies have used
isotemporal substitution modelling with fitness as an out-
come, there is evidence to suggest that in youth, reallocating
activity behaviours to time spent in SB is associated with
lower CRF. However, in adults, reallocating any behaviour
towards MVPA has been shown to improve CRF [114]. It is
important to remember that most of the evidence is cross-
sectional, limiting inferences about the temporal nature of
relationships.

The sample sizes in most trials were relatively small with
CREF often a secondary outcome. Therefore, most studies
were likely underpowered (see optimal information size
N =134 per group in Table S2 of the ESM). In fact, none
of the adult SB-focused RCTs achieved the estimated opti-
mal information size. While many of the individual trial

effects may not have been statistically significant, the mean
effect sizes suggested improved CRF. The meta-analyses of
VO,peak in adults (MD =3.16 mL'kg™" min~!) suggest that
the effects of interventions on CRF are potentially clinically
meaningful, with a 1-MET increase (3.5 mL'kg™" min™!)
associated with reduced risk for all-cause mortality [1, 115].
However, the effects observed in the SB-focused interven-
tions remain below this threshold, though they are consist-
ent with meaningful improvements in clinical populations
(e.g. 0.5 MET =1.75 mL’kg™" min™!) [116]. Additionally, a
threshold of 1.75 mL'kg™" min~! (0.5 MET) has been con-
sidered clinically relevant by some, given a 1-MET change
is difficult to achieve for most [117].

4.1 Strengths and Limitations

This review has several strengths including the use of a pre-
registered protocol, a comprehensive and peer-reviewed
search strategy, the assessment of individual study quality,
and the use of a modified GRADE approach to assess the
certainty of the evidence and suggest areas of improvement
for future studies. In line with previous calls to ascertain
the causal associations of SB with outcomes [118], we used
a triangulation of evidence (e.g. RCTs, quasi-experiment
studies, cohort studies) to obtain a more complete picture
of the evidence base. The use of meta-analyses allowed us
to combine results from smaller trials; however, the meta-
analyses were limited to studies that reported mean changes
or post-values using consistent measures and units of CRF.
Unfortunately, several of the studies reported adjusted MDs
with no post-values or post-values only, with no standard
deviations. Furthermore, most of the RCTs were conducted
in middle-aged and older adults and targeted sedentary
workers or people living with chronic conditions, which
increased heterogeneity and limited generalisability. Addi-
tionally, most interventions were short in duration (i.e.
12 weeks or less), with few exploring long-term intervention
effects (> 12 months). While efforts were made to explore
sub-group differences, we were limited by the number of
included studies.

5 Conclusions

Evidence from RCTs suggests mixed associations between
SB and CRF, but with the potential for SB to influence CRF
as evidenced by results from meta-analyses. Findings from
quasi-experimental and cohort studies align with these
conclusions. However, further well-designed trials are nec-
essary to validate the relationship, determine the optimal
reduction or replacement of SB required to improve CRF,
confirm its independence from changes in higher intensity
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physical activity and explore this relationship in paediatric
populations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40279-023-01986-y.
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