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Background: The magnitude, consistency, and manner of asso-
ciation between sedentary time and outcomes independent of
physical activity remain unclear.

Purpose: To quantify the association between sedentary time
and hospitalizations, all-cause mortality, cardiovascular disease,
diabetes, and cancer in adults independent of physical activity.

Data Sources: English-language studies in MEDLINE, PubMed,
EMBASE, CINAHL, Cochrane Library, Web of Knowledge, and
Google Scholar databases were searched through August 2014
with hand-searching of in-text citations and no publication date
limitations.

Study Selection: Studies assessing sedentary behavior in
adults, adjusted for physical activity and correlated to at least 1
outcome.

Data Extraction: Two independent reviewers performed data
abstraction and quality assessment, and a third reviewer re-
solved inconsistencies.

Data Synthesis: Forty-seven articles met our eligibility criteria.
Meta-analyses were performed on outcomes for cardiovascular
disease and diabetes (14 studies), cancer (14 studies), and all-

cause mortality (13 studies). Prospective cohort designs were
used in all but 3 studies; sedentary times were quantified using
self-report in all but 1 study. Significant hazard ratio (HR) associ-
ations were found with all-cause mortality (HR, 1.240 [95% CI,
1.090 to 1.410]), cardiovascular disease mortality (HR, 1.179 [CI,
1.106 to 1.257]), cardiovascular disease incidence (HR, 1.143
[Cl, 1.002 to 1.729]), cancer mortality (HR, 1.173 [CI, 1.108 to
1.242]), cancer incidence (HR, 1.130 [CI, 1.053 to 1.213]), and
type 2 diabetes incidence (HR, 1.910 [CI, 1.642 to 2.222]). Haz-
ard ratios associated with sedentary time and outcomes were
generally more pronounced at lower levels of physical activity
than at higher levels.

Limitation: There was marked heterogeneity in research de-
signs and the assessment of sedentary time and physical activity.

Conclusion: Prolonged sedentary time was independently as-
sociated with deleterious health outcomes regardless of physical
activity.

Primary Funding Source: None.
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dults are advised to accumulate at least 150 min-

utes of weekly physical activity in bouts of 10 min-
utes or more (1). The intensity of such habitual physical
activity has been found to be a key characteristic of
primary and secondary health prevention, with an es-
tablished preventive role in cardiovascular disease,
type 2 diabetes, obesity, and some cancer types (2, 3).
Despite the health-enhancing benefits of physical activ-
ity, this alone may not be enough to reduce the risk for
disease and illness. Population-based studies have
found that more than one half of an average person's
waking day involves sedentary activities ubiquitously
associated with prolonged sitting, such as watching
television and using the computer (4). This lifestyle
trend is particularly worrisome because studies suggest
that long periods of sitting have deleterious health ef-
fects independent of adults meeting physical activity
guidelines (5-7). Moreover, physical activity and seden-
tary behaviors may be mutually exclusive. For example,
some persons who achieve their recommended physi-
cal activity targets may be highly sedentary throughout
the remainder of their waking hours, whereas others
who may not regularly participate in physical activity
may be nonsedentary because of their leisure activities,
workplace environments, or both (8). Although studies
and subgroups of systematic reviews have explored the
independent association between sedentary behaviors

and outcomes after adjustment for physical activity, the
magnitude and consistency of such associations and
the manner by which they change according to the
level of participation in physical activity remain unclear
(9-11).

The objective of this meta-analysis was to quantita-
tively evaluate the association between sedentary time
and health outcomes independent of physical activity
participation among adult populations. We hypothe-
sized that sedentary time would be independently as-
sociated with both cardiovascular and noncardiovascu-
lar outcomes after adjusting for participation in physical
activity but that the relative hazards associated with
sedentary times would be attenuated in those who par-
ticipate in higher levels of physical activity compared
with lower levels (10).
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METHODS
Data Sources and Searches

The Preferred Reporting ltems for Systematic Re-
views and Meta-Analyses guidelines were followed in
the conduct and reporting of this meta-analysis (9).
Published studies on the association between seden-
tary behavior and various health outcomes were iden-
tified and cross-checked by 2 reviewers through a sys-
tematic search of the MEDLINE, PubMed, EMBASE,
CINAHL, Cochrane Library, Web of Knowledge, and
Google Scholar databases. The health outcomes in-
cluded all-cause mortality, cardiovascular disease inci-
dence (including diabetes), cardiovascular disease
mortality, cancer incidence, cancer mortality, and all-
cause hospitalizations. Searches were restricted to
English-language primary research articles through Au-
gust 2014 with no publication date limitations (Supple-
ment, available at www.annals.org). The following key-
words were applied to the search: (exercise OR
physical activity OR habitual physical activity) AND (sed-
entar* OR inactivity OR television OR sitting) AND
(survival OR morbidity OR mortality OR disease OR hos-
pital* OR utilization). References from relevant publica-
tions and review articles were hand-searched to sup-
plement the electronic searches. A broad and
comprehensive search strategy was chosen to encom-
pass the range of outcomes associated with sedentary
behavior among different populations or settings and
variations in the operational definition of leisure-time
sedentary behavior.

Study Selection

The inclusion criteria were primary research studies
that assessed sedentary behavior in adult participants
as a distinct predictor variable, independent of physical
activity and correlated to at least 1 health outcome. We
broadly defined sedentary behavior as a distinct class
of waking behaviors characterized by little physical
movement and low-energy expenditure (<1.5 meta-
bolic equivalents), including sitting, television watch-
ing, and reclined posture (11). We allowed for studies
that assessed the effects of varying intensities of physi-
cal activity, provided that they also correlated a mea-
sure of sedentary behavior with an outcome. We ex-
cluded studies that assessed nonadult populations
(such as children and youth), those that did not adjust
for physical activity in their statistical regression models
or only assessed sedentary behavior as a reference cat-
egory to the effects of physical activity, and those that
measured sedentary behavior as the lowest category of
daily or weekly physical activity.

Data Extraction and Quality Assessment

Data were extracted from all articles that met selec-
tion criteria and deemed appropriate for detailed re-
view by 3 authors. If several articles of the same study
were found, then data were extracted from the most
recently published article. Details of individual studies
were collected and characterized on the basis of au-
thors or year of publication; study design; sample size
or characteristics (age and sex); data collection meth-
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ods; study outcomes; study limitations; and hazard ra-
tios (HRs), odds ratios, or relative risk ratios (and their
associated 95% Cls or SEs). We restricted studies re-
porting health outcomes to those with direct associa-
tions with death, disease incidence (that is, risk for dis-
ease in a given period), and health service use (that is,
change in health service use) outcomes. This led to the
exclusion of studies reporting indirect surrogate out-
comes with inconsistent clinical end points and cutoffs
(such as insulin sensitivity, quality of life, activities of
daily living, metabolic biomarkers, the metabolic syn-
drome, and weight gain). Our study's primary exposure
was overall sedentary or sitting time (hours per week or
hours per day). Studies reporting information on total
screen time (television or computer screen use), televi-
sion viewing time, and metabolic equivalents (hours
per week) were also abstracted when information on
the primary exposure was unavailable.

We assessed articles for quality on the basis of
methods used by Proper and colleagues (12). Their
quality assessment tool had been previously validated
(face and content) and evaluated to limit the risk of bias
from study participation, study attrition, measurement
of prognostic factors, measurement of and controlling
for confounding variables, measurement of outcomes,
and analysis approaches (13, 14). Each study was eval-
uated according to a standardized set of predefined
criteria consisting of 15 items (Table 1) (15). The use of
the original quality assessment tool was expanded to
permit and score nonprospective studies. The items of
the tool assessed study quality within the domains of
study population, study attrition, data collection, and
data analysis. Each quality criterion was rated as posi-
tive, negative, or unknown. As with other meta-
analyses, we required positive quality criteria of 8 items
or more to be included in our study (12, 16). Two re-
viewers independently scored each article for quality.
Any scoring inconsistencies were discussed with an ad-
ditional reviewer. Scores from each reviewer were aver-
aged to attain a final quality score assessment and ver-
ified by a single reviewer. When such data were
available, we also considered whether the effects of
prolonged bouts of sedentary time were modified by
the highest or lowest reported participation in physical
activity (herein termed as “joint effects”).

Data Synthesis and Analysis

All meta-analyses were done using Comprehensive
Meta-analysis, version 2 (Biostat), and the metafor pack-
age of R (R Foundation for Statistical Computing) (17,
18). Odds ratios, relative risk ratios, and HRs with asso-
ciated 95% Cls were collected from studies for each
outcome, if available. We considered relative risk ratios
to be equal to HRs, and when only odds ratios were
provided, they were approximated to relative risk ratios
in which we used the assumption of rare events accord-
ing to methods described and demonstrated else-
where (19, 20). When studies presented several statis-
tical risk-adjustment models, we only considered
relative risk ratios associated with the statistical models
that contained the fewest number of additional covari-
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Table 1. Criteria List for the Assessment of the Quality of Prospective and Nonprospective Studies*

Criteria Quality Criteria of Prospective Studies Nonprospective Studies
Informativeness or Meeting Criteria, Meeting Criteria,
Validity/Precision n/N (%) n/N (%)
Study population and participation (baseline)
1. Adequate (sufficient information to be able to repeat the Informativeness 32/38 (84) 7/9 (78)
study) description of the source population
2. Adequate (sufficient information to be able to repeat the Validity/Precision 33/38(87) 9/9 (100)
study) description of the sampling frame, recruitment
methods, period of recruitment, and place of recruitment
(setting and geographic location)
3. Participation rate at baseline 280% or if the nonresponse was Informativeness 17/38 (45) 6/9 (67)
not selective (show that the baseline study sample does not
significantly differ from the population of eligible participants)
4. Adequate description of the baseline study sample (i.e., Informativeness 32/38 (84) 8/9 (89)
persons entering the study) for key characteristics (number,
age, sex, sedentary behavior, and health outcome)t
Study attrition
5. Provision of the exact number at each follow-up measurement Informativeness 19/38 (50) 0/9 (0)
6. Provision of the exact information on follow-up duration Validity/Precision 24/38 (63) 0/9 (0)
7. Response at short-term follow-up (<12 mo) was =80% of the Validity/Precision 20/38 (53) 0/9 (0)
number at baseline, and response at long-term follow-up was
>70% of the number at baseline
8. Information on nonselective nonresponse during the Validity/Precision 6/38 (16) 0/9 (0)
follow-up measurement(s)t
Data collection
9. Adequate measurement of sedentary behavior: done by Validity/Precision 5/38(13) 2/9 (22)
objective measures (i.e., accelerometry, heart rate monitoring,
and observation) and not by self-report (self-report = no;
no/insufficient information = unknown)
10. Sedentary behavior was assessed at a time before the Validity/Precision 38/38 (100) 9/9 (100)
measurement of the health outcome
11. Adequate measurement of the health outcome: objective Validity/Precision 27/38(71) 5/9 (56)
measurement of the health outcome done by trained
personnel by means of a standardized protocol(s) of
acceptable quality and not by self-report (self-report = no;
no/insufficient information = unknown)
Data analyses
12. The statistical model was appropriate§ Validity/Precision 38/38 (100) 9/9 (100)
13. The number of cases was =10 times the number of Validity/Precision 33/38(87) 8/9 (89)
independent variables
14. Presentation of point estimates and measures of variability Informativeness 38/38 (100) 9/9 (100)
(Cl or SE)
15. No selective reporting of results Validity/Precision 29/38 (76) 8/9 (89)

* Criteria were rated as follows: "Yes" refers to an informative description of the criterion at issue and met the quality criterion, "no" refers to an
informative description but an inadequate execution or lack of description of the criterion, and "unknown" refers to an unclear or incomplete

description of the criterion.

T "Yes" was given only if adequate information (sufficient information to be able to repeat the study) was given on all criteria.
T "Yes" was given only if nonselective withdrawal on key characteristics (such as age, sex, sedentary behavior, and health outcomes) was reported

in the text or tables.
§ "Yes" was given only if a multivariate regression model was used.

ates beyond physical activity to enhance comparability
across studies. Adjustment for physical activity (rather
than moderate to vigorous physical activity) allowed for
a broader range of studies, some of which may not
have specified the intensity of physical activity in re-
gression models. Knapp-Hartung small sample estima-
tion was used to pool the analysis of the overall effect
size for each outcome. Studies that separately pre-
sented results for men and women were combined us-
ing a fixed-effects model. We received a 79% response
rate from authors we had contacted to provide addi-
tional statistical information for our meta-analysis (11
out of 14).

Potential modifying effects of physical activity on
sedentary time were examined by comparing the sta-
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tistical effect sizes of any studies that reported the lon-
gest period of sedentary time with the highest and low-
est duration and intensity of physical activity. Statistical
heterogeneity was assessed using the Cochran Q sta-
tistic and the /? statistic of the proportion of total varia-
tion because of heterogeneity (21). When we saw sub-
stantial heterogeneity, we considered a Knapp-Hartung
modified random-effects model (22). For the summary
estimate, a P value less than 0.05 was considered sta-
tistically significant. The potential for small study ef-
fects, such as publication bias, was explored graphi-
cally using funnel plots through the Egger test of
asymmetry and quantitatively by the Egger linear re-
gression method (23). We also did a sensitivity analysis
on the effect of individual studies on the pooled meta-
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analysis results of each outcome. The exclusion of each
individual study and the corresponding changes on ef-
fect size allowed for the determination of whether any
particular study was influencing the pooled point esti-
mate and Cl.

Role of the Funding Source
This study received no specific external funding.

RESuULTS
Literature Search Results

A total of 20 980 studies were identified through
database searching (7354 from PubMed, 3854 from
MEDLINE, 2591 from Web of Knowledge, 2751 from
EMBASE, 1119 from CINAHL, 2561 from Google
Scholar, and 750 from the Cochrane Library), and 25
studies were added after hand-searching in-text cita-
tions (Appendix Figure, available at www.annals.org).
Forty-one studies provided statistical effects relevant to
the meta-analyses on all-cause mortality (829 917 par-
ticipants) (24-36), cardiovascular disease-related inci-
dence and mortalities (551 366 participants) (24, 27,
29, 30, 32, 36-39), cancer-related incidence and mor-
talities (744 706 participants) (24, 27, 29, 30, 32, 36,
40-47), and type 2 diabetes incidence (26 700 partici-
pants) (5, 6, 48-50). One study examined the associa-
tion between sedentary time and potentially prevent-
able hospitalization that met our inclusion criteria (51).

Study Characteristics

The characteristics of the studies assessed for qual-
ity in our meta-analysis are summarized in Table 1. No
study was excluded solely because of low-quality
scores less than 8 (<50%). No randomized, controlled
trials met our selection criteria. Most studies used pro-
spective cohort study designs, and 3 studies used
cross-sectional and case-control study designs. All but
1 study used self-reported methods to measure pat-
terns of sedentary behavior and physical activity, and
these were collected either by trained staff or directly
from the persons being observed. Definitions for sed-
entary time varied across studies, and a range of crite-
ria was used to collect information on sedentary time
from self-report questionnaires (Appendix Table, avail-
able at www.annals.org).

Publication Bias and Heterogeneity

There was statistical evidence of publication bias
among studies reporting all-cause mortality (Egger re-
gression intercept, 2.63 [P =0.015]) and cancer inci-
dence (Egger regression intercept, 1.870 [P = 0.046])
but no statistical evidence of publication bias for car-
diovascular disease mortality (Egger regression inter-
cept, 1.51 [P = 0.160]) and cancer mortality (Egger re-
gression intercept, 0.957 [P = 0.156]). Publication bias
was not assessed for cardiovascular disease incidence
and type 2 diabetes incidence because the relatively
few studies may overestimate the effects of bias.

Figures 1 and 2 summarize the degree of hetero-
geneity across studies. As per Higgins and colleagues'
classification (52), heterogeneity within studies report-
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ing all-cause mortality and cardiovascular disease inci-
dence as outcomes may be high. Heterogeneity was
found to be low for cardiovascular disease mortality,
cancer mortality, cancer incidence, and type 2 diabetes
incidence.

Independent Effects of Sedentary Time on
Health Outcomes

Greater sedentary time was found to be positively
associated with an increased risk for all-cause mortality,
cardiovascular disease mortality, cancer mortality, car-
diovascular disease incidence, cancer incidence, and
type 2 diabetes incidence (Figures 1 and 2). The largest
statistical effect was associated with the risk for type 2
diabetes (pooled HR, 1.910 [CI, 1.642 to 2.222]).
Among studies assessing cancer mortality and inci-
dence, significant associations were specifically found
with breast, colon, colorectal, endometrial, and epithe-
lial ovarian cancer (3, 12, 21, 45, 52). The only study
that evaluated associations with all-cause hospitaliza-
tion was a prospective study that examined whether
sedentary behavior (among other modifiable health be-
haviors) was correlated with potentially modifiable hos-
pitalization (defined as avoidable or ambulatory care-
sensitive hospitalizations) (51). Conducted among a
large cohort of men and women aged 45 years or older
in Australia, the study found that participants self-
reporting fewer than 8 hours of sitting time per day had
a 14% lower risk for potentially preventable hospitaliza-
tion (HR, 0.86 [CI, 0.83 to 0.89]). The multivariate re-
gression model was adjusted for age, sex, education,
marital status, income, geographic remoteness of resi-
dence, language spoken at home, health insurance,
chronic disease history, previous admission for poten-
tially preventable hospitalization, moderate to vigorous
physical activity, and other health behaviors.

Joint Effects Among Physical Activity, Sedentary
Time, and Health Outcomes

Ten studies reported joint effects among sedentary
time, physical activity, and health outcomes (29-32, 34,
36, 37, 49). The relative hazards associated with seden-
tary time on outcomes varied according to physical ac-
tivity levels and were generally more pronounced at
lower levels than at higher levels (Table 2). However,
given the limited number of available studies, our
meta-analysis examining the joint effects between
physical activity and exercise was restricted to all-cause
mortality. Sedentary time was associated with a 30%
lower relative risk for all-cause mortality among those
with high levels of physical activity (pooled HR, 1.16 [C],
0.84 to 1.59]) as compared with those with low levels of
physical activity (pooled HR, 1.46 [Cl, 1.22 to 1.75])
(Figure 3).

Sensitivity Analysis

The pooled effect estimates for the associations
between sedentary time and risk for all-cause mortality,
cardiovascular disease mortality, cancer mortality, can-
cer incidence, and diabetes did not change substan-
tially with the exclusion of any individual study. The ex-
clusion of nonprospective studies as well as applying
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Figure 1. Association between high sedentary time and health outcomes, adjusted for physical activity.

Study, Year (Reference)

All-cause mortality

Seguin et al, 2014 (32)
Katzmarzyk et al, 2009 (27)
George et al, 2013 (25)
Matthews et al, 2012 (29)
Patel et al, 2010 (30)

Pavey et al, 2012 (31)
Dunstan et al, 2010 (24)
Inoue et al, 2008 (26)
Stamatakis et al, 2011 (33)
Koster et al, 2012 (28)

Kim et al, 2013 (36)

van der Ploeg et al, 2012 (34)
Le6n-Muhoz et al, 2013 (35)

Knapp-Hartung estimator

Country

United States
Canada
United States
United States
United States
Australia
Australia
Japan
Scotland
United States
United States
Australia

Spain

Heterogeneity (/2 = 94.96; P < 0.001; Q = 100.268)

Type 2 diabetes incidence
Dunstan et al, 2005 (5)
Hu et al, 2003 (48)
Krishnan et al, 2009 (49)
Ford et al, 2010 (50)

Hu et al, 2001 (6)

Knapp-Hartung estimator

Australia

United States
United States
United States
United States

Heterogeneity (/2 = 0.000; P = 0.68; Q = 2.306)

CVD incidence

Stamatakis et al, 2011 (33)
Wijndaele et al, 2011 (39)
Chomistek et al, 2013 (37)
Knapp-Hartung estimator

Scotland
United Kingdom
United States

Heterogeneity (/2 = 82.12; P=0.004; Q = 10.813)

HR (95% CI)

1.120 (1.060-1.183)
1.540 (1.246-1.904)
1.700 (0.894-3.234)
1.190 (1.118-1.267)
1.228 (1.177-1.281)
1.050 (1.080-1.070)
1.460 (1.040-2.050)
1.166 (1.035-1.314)
1.540 (1.059-2.239)
3.260 (1.589-6.687)
1.072 (1.024-1.122)
1.400 (1.267-1.547)
0.910 (0.756-1.095)
1.24 (1.09-1.41)

2.340 (1.407-3.892)
1.770 (1.242-2.523)
1.860 (1.542-2.243)
1.840 (1.319-2.567)
2.870 (1.459-5.646)
1.91 (1.64-2.22)

2.100 (1.138-3.874)

1.060 (1.030-1.091)

1.180 (1.060-1.277)
1.14 (1.00-1.30)

Z Score P Value HR (95% Cl)
4.034 0.000 [ |
3.992 0.000 -
1.618 0.106  E——
5.425 0.000 |
9.508 0.000 |
5.020 0.000 [ |
2.186 0.029 —a—>
2.522 0.012 -
2.262 0.024 — =
3.224 0.001 -
2.982 0.003 |
6.620 0.000 E 3
-1.000 0.32 -
<>
3.276 0.001 —
3.156 0.002 — =
6.492 0.000 -
3.587 0.000 — =
3.054 0.002 —
<
2.375 0.018 —
3.978 0.000 L]
4,080 0.000 ]
<>
1
0.5 1 2

Low Risk High Risk

An HR >1 suggests that high sedentary time is harmful. Diamonds indicate pooled HRs with associated 95% Cls. CVD = cardiovascular disease;

HR = hazard ratio.

the DerSimonian-Laird random effects estimator did
not affect the statistical significance of outcomes.

DiscussioN

Our study demonstrated that after statistical adjust-
ment for physical activity, sedentary time (assessed as
either daily overall sedentary time, sitting time, televi-
sion or screen time, or leisure time spent sitting) was
independently associated with a greater risk for all-
cause mortality, cardiovascular disease incidence or
mortality, cancer incidence or mortality (breast, colon,
colorectal, endometrial, and epithelial ovarian), and
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type 2 diabetes in adults. However, the deleterious out-
come effects associated with sedentary time generally
decreased in magnitude among persons who partici-
pated in higher levels of physical activity compared
with lower levels.

Our study builds on the previous body of literature
examining the associated effects of sedentary time
on various health outcomes. Before this review, a
MEDLINE search through August 2014 found 2 meta-
analyses that positively associated increasing sedentary
time with an independent risk for cardiovascular dis-
ease (including diabetes), all-cause mortality, and
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Figure 2. Association between high sedentary time and health outcomes, adjusted for physical activity.

Study, Year (Reference) Country HR (95% CI) Z Score P Value HR (95% CI)
CVD mortality
Seguin et al, 2014 (32) United States 1.140 (1.018-1.277) 2.262 0.024 -
Katzmarzyk et al, 2009 (27) Canada 1.540 (1.091-2.173) 2.438 0.014 —>
Matthews et al, 2012 (29) United States 1.160 (1.020-1.319) 2.262 0.024 .-
Patel et al, 2010 (30) United States 1.228 (1.139-1.324) 5.323 0.000 |
Dunstan et al, 2010 (24) Australia 1.800 (0.998-3.245) 1.955 0.051 >
Kim et al, 2013 (36) United States 1.115 (1.032-1.205) 2.753 0.006 |
Knapp-Hartung estimator 1.18 (1.11-1.24) &
Heterogeneity (12 = 19.22; P=0.170; Q = 7.766)
Cancer incidence
Friberg et al, 2006 (41) Sweden 1.800 (1.142-2.836) 2.534 0.011 e
Howard et al, 2008 (42) United States 1.240 (1.026-1.498) 2.228 0.026 —a—
Zhang et al, 2004 (43) China 1.190 (1.000-1.416) 1.960 0.050 .
George et al, 2010 (44) United States 1.120 (0.954-1.315) 1.383 0.167 T-—
Hildebrand et al, 2013 (45) United States 1.100 (1.010-1.198) 2.188 0.029 '
Teras et al, 2012 (46) United States 1.066 (0.923-1.232) 0.867 0.386 |
Peplonska et al, 2008 (47) Poland 1.100 (0.803-1.506) 0.594 0.552 ——
Knapp-Hartung estimator 1.13 (1.05-1.21) >
Heterogeneity (/2 = 0.00; P = 0.39; Q = 6.355)
Cancer mortality
Seguin et al, 2014 (32) United States 1.220 (1.097-1.357) 3.674 0.000 -
Campbell et al, 2013 (40) United States 1.620 (1.073-2.446) 2.294 0.022 —_—
Katzmarzyk et al, 2009 (27) Canada 1.070 (0.716-1.600) 0.330 0.742 _—
Patel et al, 2010 (30) United States 1.146 (1.062-1.236) 3.521 0.000 |
Matthews et al, 2012 (29) United States 1.120 (1.016-1.235) 2.275 0.023 E 3
Dunstan et al, 2010 (24) Australia 1.480 (0.880-2.490) 1.478 0.140 >
Kim et al, 2013 (36) United States 1.149 (1.063-1.241) 3.517 0.000 k]
Knapp-Hartung estimator 1.16 (1.10-1.22) O
Heterogeneity (12 = 0.23; P = 0.54; Q = 5.039) ——
0.5 1 2

Low Risk High Risk

An HR >1 suggests that high sedentary time is harmful. Diamonds indicate overall HRs with associated 95% Cls. CVD = cardiovascular disease;

HR = hazard ratio.

certain cancer types (20, 53). However, unlike our sys-
tematic review and meta-analysis, which focused exclu-
sively on studies that adjusted for physical activity, only
a few studies included in these 2 previous meta-
analyses adjusted for physical activity, and did so only
among a limited subgroup of available studies. Previ-
ous studies lacked precision in the estimated indepen-
dent effect sizes of associations between sedentary
time and outcomes. Moreover, previous meta-analyses
were not designed to examine the extent to which lev-
els of physical activity may potentially modify associa-
tions between sedentary time and outcomes. The con-
sistency in the magnitude of effects associated with
sedentary time across various cardiovascular and non-
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cardiovascular outcomes after adjustment for physical
activity underscores the validity and strength of associ-
ation and provides confidence that such associations
may indeed be causally linked. Although more re-
search is required to better understand how changes in
physical activity may modify the deleterious effects of
prolonged sedentary time, our study suggests that
these associations may vary according to the level of
physical activity and become less pronounced as par-
ticipation in physical activity increases.

Our study has also provided greater insight into
the various sources of heterogeneity than previously
published systematic reviews. Statistical heterogeneity
was highest for studies examining all-cause mortality
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and cardiovascular disease incidence. Moreover, the
sources of such heterogeneity were multifactorial. First,
there were marked variations in methodological quality
and design across studies. Second, there were several
operational definitions and quantitative cutoffs during
categorization of sedentary time and physical activity.
Third, self-reported measures were predominantly
used to assess physical activity exposure and were
more vulnerable to biased estimates than those ascer-
tained through more objective measurement tech-
niques (such as accelerometry) (54, 55). Last, there
were large variations in the comprehensiveness of the
risk-adjustment method across studies, with some stud-
ies adjusting for covariates that may overlap or lie
within the same causal pathways as those that are be-
lieved to mediate the adverse effects from sedentary
behaviors themselves (such as adiposity). Future stud-
ies must address such sources of heterogeneity to im-
prove the interpretability, comparability, and implica-
tions of physical activity-behavioral outcomes research.

Until recently, public health programs and policies
have primarily focused on the promotion of physical
activity. Health-promotion messaging advocating for a
reduction in sedentary time is far less common and
faces many challenges. Comprehensive clinical outpa-
tient programs, such as cardiac rehabilitation, have
demonstrated effectiveness in helping patients recover
from and manage their risk for cardiovascular disease
and other chronic diseases, but have done so by focus-
ing predominantly on exercise and lifestyle modifica-
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tion rather than the avoidance of sedentary behavior
per se (56, 57). Less is known about optimal prescribing
methods for reducing sedentary time because strate-
gies have remained highly variable (58, 59). Moreover,
such strategies may necessitate different integrative ap-
proaches across populations to align with demo-
graphic and sociocultural norms (60-62).

Several limitations must be considered when inter-
preting these findings. Our search strategy was limited
to English-only studies, which may have resulted in a
language or cultural bias. Nonetheless, our expansive
search across several databases has incorporated nu-
merous studies conducted outside of the English-
speaking world. We also acknowledge the presence of
publication bias with the possibility that selective re-
porting may have further undermined the generaliz-
ability of our findings. Furthermore, the examination of
joint effects among sedentary time, physical activity lev-
els, and outcomes yielded overlapping Cls. More stud-
ies will be required to confirm and better quantify how
associations between sedentary time and outcomes at-
tenuate at higher levels of physical activity. Finally, we
did not have access to individual-level data. Although
we attempted to contact individual authors to confirm
statistical effects and received a good response rate in
so doing, we were ostensibly reliant on the quality of
individual studies provided and the statistical effect
sizes reported.

In conclusion, our findings suggest that prolonged
sedentary time, independent of physical activity, is pos-

Table 2. Joint Effects Among Physical Activity, Sedentary Time, and Health Outcomes Reported in Studies

Study, Year Sedentary Time Highest PA HR (95% CI) Lowest PA HR (95% CI)
(Reference)
All-cause mortality
Seguin et al, >11 h/d total sedentary time ~ =19.75 MET h/wk 0.94(0.80-1.11) 0-3 MET h/wk 1.22(1.08-1.38)
2014 (32)
Patel et al, =6 h/d sitting time >52.5 MET h/wk Men: 1.07 (0.97-1.18) <24.5 MET h/wk  Men: 1.48 (1.33-1.65)
2010 (30) Women: 1.25(1.07-1.45) Women: 1.94 (1.70-2.20)
Pavey et al, =11 h/d sitting time Meeting PA guidelines  0.50 (0.25-1.00) Not meeting PA 1.52(1.17-1.98)
2012 (31) guidelines

>33.4 MET h/wk
>20 MET h/wk
>300 min/wk PA

Kim etal, 2013 (36) =5 h/d watching television

van der Ploeg et al,
2012 (34)

Matthews et al,
2012 (29)

>1 h/d sitting time

>7 h/d watching television >7 h/wk MVPA

CVD incidence and
mortality
Seguin et al,
2014 (32)
Matthews et al,
2012 (29)
Chomistek et al,
2013 (37)

=11 h/d total sedentary time ~ =19.75 MET h/wk

>7 h/d watching television >7 h/wk MVPA

=10 h/d sitting time >20 MET h/wk

Cancer mortality
Seguin et al,
2014 (32)

=11 h/d total sedentary time ~ =19.75 MET h/wk

Diabetes incidence

Krishnan et al,
2009 (49)

=5 h/d watching television >3 h/wk MVPA

<33.4 MET h/wk
<20 MET h/wk
0 min/wk PA

Men: 1.12(0.98-1.28)
Women: 1.23(1.06-1.41)
1.57(1.28-1.93)

Men: 1.22 (1.11-1.36)
Women: 1.39 (1.24-1.55)
1.36(1.26-1.92)

1.47(1.20-1.79) 1-3 h/wk MVPA 1.95(1.63-2.35)

0.89(0.66-1.22) 0-3 MET h/wk 1.20(0.95-1.51)

2.00(1.33-3.00) 1-3 h/wk MVPA 2,63 (1.81-3.84)

1.05(0.83-1.32) <1.8 MET h/wk 1.63(1.39-1.90)

1.30(1.00-1.68) 0-3 MET h/wk 1.21(0.97-1.50)

2.03 (no Cl provided) <1 h/wk MVPA 3.64 (no Cl provided)

CVD = cardiovascular disease; HR = hazard ratio; MET = metabolic equivalent; MVPA = moderate to vigorous physical activity; PA = physical activity.
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Figure 3. Pooled associations between high sedentary time and health outcomes and modifying effects of physical activity.

Effects HR (95% ClI)

Pooled effects
Outcome
1.240 (1.090-1.410)
1.179 (1.106-1.257)
1.143 (1.002-1.729)
1.173 (1.108-1.242)
1.130 (1.053-1.213)
1.910 (1.642-2.222)
1.26 (1.03-1.55)

All-cause mortality (13 studies)

CVD mortality (6 studies)

CVD incidence (3 studies)

Cancer mortality (7 studies)

Cancer incidence (7 studies)

Diabetes incidence (5 studies)

Knapp-Hartung estimator

Heterogeneity (/12 = 92.62; P < 0.001; Q = 40.234)

Modifying effects of physical activity on risk for all-cause mortality
Study, Year (Reference)
High physical activity, high sedentary time
Seguin et al, 2014 (32)
Patel et al, 2010 (30)
Pavey et al, 2012 (31)
Kim et al, 2013 (36)
van der Ploeg et al, 2012 (34)
Matthews et al, 2012 (29)

0.940 (0.798-1.107)
1.120 (1.031-1.216)
0.500 (0.250-1.000)
1.170 (1.061-1.290)
1.570 (1.279-1.928)
1.470 (1.204-1.795)
Knapp-Hartung estimator 1.16 (0.84-1.59)

Heterogeneity (/12 = 90.06; P < 0.001; Q = 26.487)

Low physical activity, high sedentary time
Seguin et al, 2014 (32)
Patel et al, 2010 (30)
Pavey et al, 2012 (31)
Kim et al, 2013 (36)
van der Ploeg et al, 2012 (34)
Matthews et al, 2012 (29)

1.220 (1.079-1.379)
1.649 (1.517-1.793)
1.520 (1.168-1.977)
1.288 (1.198-1.384)
1.360 (1.260-1.468)
1.950 (1.624-2.341)
Knapp-Hartung estimator 1.46 (1.22-1.75)

Heterogeneity (/12 = 89.83; P <0.001; Q = 38.126)

Z Score P Value HR (95% CI)
3276 0.001 .
5.049 0.000 [ |
0.633 053 —-—
5.469 0.000 [ |
3.378 0.001 E ]
8.377 0.000 —
<>
-0.741 0.46 —
2.692 0.007 B
-1.960 0050 «——————
3.149 0.002 E &
4.306 0.000 — -
3.777 0.000 — -
<<>
3.180 0.001 -
11.729 0.000 B
3.120 0.002 — -
6.879 0.000 [ |
7.891 0.000 B
7.156 0.000 — =
<>
I 1
0.5 1 2

Low Risk High Risk

An HR >1 suggests that high sedentary time is harmful. Diamonds indicate overall HRs with associated 95% Cls. CVD = cardiovascular disease;

HR = hazard ratio.

itively associated with various deleterious health out-
comes. These results and others reaffirm the need for
greater public awareness about the hazards associated
with sedentary behaviors and justify further research to
explore the effectiveness of interventions designed to
target sedentary time independently from, and in addi-
tion to, physical activity.
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Appendix Figure. Summary of evidence search and selection.

Records identified (n = 21 005)
Identified through database searching: 20 980
Identified through other sources: 25

Duplicates removed (n = 5256)

A

Records after duplicates removed (n = 15 749)

Excluded because they did not satisfy criteria
(n =15 641)

}

Records screened for eligibility (n = 108)

Records excluded due to sampling of nonadults, lack
of adjustment for physical activity in regression
models, lack of definitive outcomes in prevalence
studies, sedentary behavior defined as low physical
activity, and lack of statistical reporting in results
(n =61)

A

Full-text articles included in qualitative synthesis (n = 47)

Studies excluded due to unclear presentation of
statistical effect sizes (n = 6)

A

Studies included in quantitative synthesis
(meta-analysis) (n = 41)
All-cause mortality: 13
Cardiovascular disease-related incidence and
mortality: 9
Cancer-related incidence and mortality: 14
Type 2 diabetes incidence: 5
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