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Analysis of Prospective Cohort Studies
Seaw Jia Liew, PhD, MEng,1,2 Nicholas A. Petrunoff, PhD,1 Nithya Neelakantan, PhD,1
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Introduction: This review synthesized evidence from prospective cohort studies on the association
of device-measured physical activity and sedentary behavior with cardiovascular disease and all-
cause mortality among adults.

Methods: Five databases were searched from 2000 through April 29, 2020. Study quality was
appraised using the NIH Quality Assessment Tool. Pooled hazard ratio and 95% CI were obtained
from random-effects meta-analyses. Subgroup analyses by age and sex were conducted for studies
on all-cause mortality.

Results: Of 29 articles included in the systematic review, 5 studies on cardiovascular disease mor-
tality and 15 studies on all-cause mortality were included in meta-analyses. Comparing the highest
with the lowest exposure categories, the pooled hazard ratios (95% CIs) for cardiovascular disease
mortality were 0.29 (CI=0.18, 0.47) for total physical activity, 0.37 (CI=0.25, 0.55) for moderate-to-
vigorous physical activity, 0.62 (0.41−0.93) for light physical activity, and 1.89 (CI=1.09, 3.29) for
sedentary behavior. The pooled hazard ratios (95% CIs) for all-cause mortality were 0.42 (CI=0.34,
0.53) for total physical activity, 0.43 (CI=0.35, 0.53) for moderate-to-vigorous physical activity,
0.58 (CI=0.43, 0.80) for light physical activity, and 1.58 (CI=1.19, 2.09) for sedentary behavior.
The pooled hazard ratio (95% CI) for all-cause mortality was 0.35 (CI=0.29, 0.42) for steps per day,
but the studies available for analysis were conducted in older adults. The results of subgroup analy-
ses were consistent with the main results.

Discussion: Rapidly accumulating evidence suggests that more physical activity and less sedentary
behavior are associated with a lower risk of cardiovascular disease and all-cause mortality. Similar
beneficial relationships were found for step counts and all-cause mortality among older adults.
Future studies employing standardized research methodologies and up-to-date data processing
approaches are warranted to recommend specific amounts of physical activity and limits to seden-
tary behavior.
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INTRODUCTION
Lack of physical activity (PA) and prolonged sedentary
behavior (SB) have been associated with higher hazards
of all-cause mortality1−3 and cardiovascular diseases
(CVDs).2,4−8 However, past reviews were largely devel-
oped on the basis of studies of self-reported PA and SB
where measurement errors because of inaccurate recall
and social desirability bias were inevitable.9 Moreover,
most questionnaires only capture PA of moderate-to-
vigorous intensity for at least 10 minutes continuously,
and few assess PA of lighter intensity or shorter
duration.10,11

To overcome the limitations of self-report using ques-
tionnaires, objective approaches to estimate PA and SB
using devices such as pedometers and accelerometers
worn on various body parts have become increasingly
popular in epidemiologic studies since the early 21st
century.12,13 Leveraging such devices, researchers are
able to continuously capture movement behaviors of
large populations with higher temporal resolution over
multiple days under free-living conditions. The move-
ment behaviors can subsequently be represented as total
PA (TPA) or further classified into distinct categories of
intensity-based PA, that is, vigorous-intensity PA
(VPA), moderate-to-vigorous-intensity PA (MVPA),
light-intensity PA (LPA), daily step counts, and SB. It
has also been shown that device-measured data offers
higher reliability and smaller measurement errors and
provides in-depth information and a long-term under-
standing of PA or SB patterns.14,15

Several published reviews have added new insights to
the current body of knowledge, which is in line with the
growing interest in using devices for estimating PA and
SB. A harmonized meta-analysis of 8 studies using Acti-
graph or Actical accelerometers revealed that lower PA
and higher SB were associated with a higher hazard of
all-cause mortality.16 Besides PA of higher intensity lev-
els, the literature also suggests that having more time
spent on lighter forms of PA may confer health benefits.
A meta-analysis reported that engaging in at least 3 hours
of LPA per day was associated with a lower hazard of all-
cause mortality.17 Furthermore, LPA was also associated
with better cardiometabolic health.18 In addition to the
commonly known PA and SB measures that are classi-
fied on the basis of intensity levels, device-enabled
counting of steps represents another approach to
quantifying PA or SB. Evidence on positive health impli-
cations of accumulating daily step counts is emerging
and has been reported in recent systematic reviews and
meta-analyses.19,20

Although these reviews have advanced our under-
standing of the long-term health implications of move-
ment behaviors, they also present opportunities for
further research. First, the harmonized analysis16

focused on only 2 types of devices; therefore, it does not
capture prospective cohort studies conducted worldwide
that are using various types and models of activity-track-
ing devices. Second, the relationship between LPA and
long-term health outcomes, especially CVD outcomes,
has not received much attention. Third, new findings
from recent large cohort studies have not been consid-
ered in previous reviews.21−25 To address these knowl-
edge gaps, we conducted a systematic review of
prospective cohort studies to provide a comprehensive
overview of the relationship between device-measured
exposures (i.e., PA and SB) and the associated long-term
health outcomes (i.e., CVD outcomes and all-cause mor-
tality) among adults. In this review, we covered the
entire spectrum of PA measures to include LPA and step
counts in addition to TPA and MVPA. We further con-
ducted a meta-analysis to compare the highest with the
lowest categories of PA or SB in relation to CVD mortal-
ity and all-cause mortality and express these associations
in hazard ratios (HRs) and 95% CIs.
METHODS
Following the PRISMA guidelines,26 we conducted a literature
search of 5 databases (Embase, MEDLINE, Web of Science Core
Collection, SportDiscus, and Google Scholar) from the year 2000
through April 29, 2020. The search strategy includes a combina-
tion of Medical Subject Headings and keyword terms: (physical
activity OR steps OR step count OR stepping OR MVPA OR moder-
ate-to-vigorous OR inactive OR inactivity OR inactivities OR exer-
cise OR sedentar*) AND (objectively OR acceleromet* OR
pedomet* OR wearable* OR tracker* OR actigraph OR activpal OR
actical OR axivity OR inclinomet* OR heart rate monitor* OR fit-
ness trackers). An age filter (i.e., adult) was applied. The detailed
search strategy is provided in Appendix Figure 1 (available
online). Manual searches of bibliographies of review articles were
conducted to identify additional studies. Two reviewers (SJL,
NAP) screened all eligible titles and abstracts, independently
reviewed and identified relevant full-text articles for inclusion,
and assessed the quality of the included articles. All discrepancies
were discussed with a third reviewer (FMR) to reach a consensus.
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We updated the search until September 2, 2022 in MEDLINE and
discussed the additional findings in the context of our main
results.

Population- or community-based prospective observational
studies of adults were included. Studies were excluded if they pur-
posively selected participants with specific diseases (e.g., cancer,
mental illnesses, disabilities), occupations (e.g., workforce at spe-
cific workplace settings, members of the military, athletes), or
institutionalized individuals. Studies that were conducted in con-
trolled environments such as exercise laboratories, editorial
articles, commentaries, or review articles were also excluded.

Device-measured exposures included in this review were (1)
PA (e.g., duration or volume of TPA, VPA, MVPA, moderate-
intensity PA [MPA], LPA, and MET-based measurements such as
MET-hour or MET-minute), (2) SB (e.g., duration of SB), and (3)
step counts. Considered outcomes were (1) CVD outcomes (e.g.,
cardiovascular-specific mortality, myocardial infarction, coronary
heart disease, ischemic heart disease, acute coronary syndrome,
coronary heart diseases, stroke, or other CVDs) and (2) all-cause
mortality. Studies that reported associations between any or all
the exposure measures mentioned earlier with the outcomes of
interest were included.

SJL and FMR created the data extraction form, which con-
tained study characteristics (first author, site of study, publication
year, follow-up duration), population characteristics (analysis
sample size, proportion of male versus female, and age of study
population), device characteristics (brand name and model, wear
location and duration, definition of wear time), definitions of
exposure and outcome, methods of outcome ascertainment, anal-
ysis methods, adjusted variables, main results, and quality ratings
of included studies. Definitions and measurements of the out-
comes were HR, risk ratio or related statistics, and 95% CIs. The
most completely adjusted HR or risk ratio was extracted. SJL
extracted information from the included full-text papers, and
NAP performed a detailed check of the extracted data.

Two authors (SJL and NAP) independently appraised the
methodologic quality of all included studies using a quality rating
list on the basis of the NIH Quality Assessment Tool for Observa-
tional Cohort and Cross-Sectional Studies27 that aims to assess
selection bias, information bias, measurement bias, and confound-
ing in cohort studies. First, each question in the 14-item question-
naire was given a Yes; No; or Other: cannot determine, not
applicable, or not reported. As recommended by the guidelines,
the overall quality of each study was categorized as good, fair, or
poor instead of rated using the sum of scores. In this review, a
study was rated as good when there was an overall low risk of
biases and confounding, as fair when there was a moderate risk of
biases (e.g., moderate rate of dropout, selection of participants
was based on completeness of data, among others), and as poor
when there was a high risk of biases (e.g., high rate of dropout,
key confounders were not accounted for in analysis). Any dis-
agreements in quality ratings between the 2 reviewers were
resolved in a consensus meeting with a third reviewer (FMR).

When studies reported estimates for both MPA and MVPA, we
extracted effect sizes on the basis of MVPA only. Studies reporting
risk estimates relative to the highest category of PA were recalcu-
lated to set the lowest PA category as the reference group.28

For studies that reported exposures in categories, the effects
between the highest and the lowest categories were included in
the meta-analysis and compared by exposure subtypes (i.e., TPA,
March 2023
MVPA, LPA, SB, and step counts). When multiple publications
from the same cohort were found, the most appropriate study was
selected on the basis of the relevance of exposure and outcome
measures, study methodology, or sample size. Studies reporting
risk estimates independently on the basis of participants’ charac-
teristics (e.g., men and women) were treated as separate observa-
tions. Pooled estimates were calculated for an exposure subtype if
there were at least 2 data points.

Meta-analyses were performed by NN, and random-effects
models were used to calculate summary HRs and 95% CIs. The
risk ratio reported in 1 original study was treated as HR in the
meta-analysis. The average of the natural logarithm of the HRs
was estimated, and the HR from each study was included using
random effects weighting.29 Forest plots were generated and pre-
sented in the order of exposure type (i.e., TPA, MVPA, LPA, SB,
and step counts) for each type of outcome to facilitate visual
inspection. Chi-square tests and I-square statistics were examined
to assess the amount of heterogeneity in study results30 where the
I-square values of 25%, 50%, and 75% correspond to low, moder-
ate, and high levels of heterogeneity, respectively.31 Individual
study-specific HR and 95% CI were indicated by the black dots
and the horizontal line, respectively, and the size of the gray
squares corresponded to the weight of the study in the meta-anal-
ysis. The center of the diamond indicated the pooled HRs, and the
width of the diamond indicated the corresponding 95% CI. The
certainty of evidence was rated on the basis of the Grading of Rec-
ommendations Assessment, Development, and Evaluation
approach.32

Additional meta-analyses were performed. First, to improve
the comparability of effect estimates across various types of PA
measures (i.e., TPA, MVPA, and LPA), we conducted an addi-
tional analysis by specifically including studies that reported all
the 3 types of PA measures. Second, 2 sensitivity analyses were
performed: (1) for CVD mortality by including 1 study that con-
sidered both fatal and nonfatal CVD events as an outcome and
(2) for all-cause mortality by excluding 1 study that estimated fol-
low-up duration on the basis of the time since baseline assessment
at recruitment instead of the actual start time of device-based
measurements. Third, subgroup analyses were conducted for all-
cause mortality only because there was a lack of studies on CVD
outcomes. Two factors were investigated, that is, age and sex. Pub-
lication bias by exposure subtype was assessed on the basis of 2
statistical tests (i.e., Egger’s two-tailed test for asymmetry33 and
Begg’s rank correlation test34) and on the basis of the asymmetry
of funnel plots (with pseudo 95% confidence limits).35

All analyses were carried out using Stata, Version 12.1 (Stata-
Corp, College Station, TX). Results of statistical analyses with 2-
sided p<0.05 were considered statistically significant.
RESULTS

Our search of the literature initially identified 31,055
articles. Of these, 13,606 duplicates were removed, and
17,449 titles and abstracts were screened. Subsequently,
16,364 articles were excluded during the screening of
titles and abstracts owing to ineligible exposure, out-
come, or study design. Finally, 85 full-text articles were
screened, and 29 of these articles were included in this
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systematic review (Figure 1). Of the 29 included articles,
4 studies examined CVD, 19 studies examined all-cause
mortality, and 6 studies examined both CVD and all-
cause mortality (Table 1). Among the 10 studies on
CVD outcomes, 5 studies focused on CVD-specific mor-
tality, whereas the other 5 studies defined CVD out-
comes by including the incidence of fatal and nonfatal
CVD events and mortality because of CVD.
All 29 included studies were published since 2014,

with an increasing number of articles published across
the years (Figure 2). The studies involved a total of
206,970 adults and were conducted in various parts of
the world, that is, the U.S. (n=15),21,23,24,36,37,39,41,43,44,47,
50−52,56,57 the United Kingdom (n=6),22,40,45,46,49,53 Aus-
tralia (n=2),25,54 Sweden (n=2),38,48 Germany (n=1),59

the Netherlands (n=1),58 Brazil (n=1),42 and Japan
(n=1).55 Sample sizes varied across studies: <1,000 par-
ticipants (n=6),38,42,45,49,55,57 1,000−10,000 participants
(n=20),21−25,37,39−41,43,44,46−48,50−52,54,58,59 and >10,000
participants (n=3).36,53,56 The mean follow-up duration
ranged from 2.3 to 14.4 years. Five studies included only
females,24,36,43,50,56 3 studies included only males,40,44,46

and 21 studies included both females and males.21
−23,25,37−39,41,42,45,47−49,51−55,57−59 Thirteen of the 29
studies specifically recruited adults aged ≥60 years,24,
36,40,42−46,50,55−57,59 whereas the remaining 16 studies
recruited participants with a broader age range. Across
these studies, different device brands were used to mea-
sure the exposures (Table 1). Overall, 16 of the 29
included studies were rated as having good quality, 13
were rated fair, and no study was rated poor. Key find-
ings of the 29 included studies are presented in Tables 2
and 3 for CVD outcomes and all-cause mortality, respec-
tively. Additional information about the study design
and definitions of exposure and outcome measures,
covariates included in the mostly adjusted multivariable
analysis model of each included study, effect estimates,
and quality rating of each study are available in Appen-
dix Tables 1−9 (available online).
We conducted meta-analyses for 2 outcomes, that is,

CVD mortality and all-cause mortality, but not for
other CVD outcomes because the definitions of CVD
events were inconsistent. Finally, the meta-analyses
included 5 studies38,39,43,44,46 for CVD mortality and 15
studies21,36,38−40,42−45,47,53,55,56,58,59 for all-cause mortal-
ity. Not included in the meta-analyses were studies that
did not meet the inclusion criteria for analysis, that is,
exposure measure was treated as a binary or noncategor-
ical variable, CVD outcome measure combined both
fatal or nonfatal CVD incidence and mortality, subanal-
ysis findings of the original study that had already been
included in the main meta-analysis, insufficient outcome
cases, or lack of data point for meta-analysis. An
overview of the meta-analysis results organized by types
of outcome and exposure is presented in Table 4.
The association between TPA and CVD mortality was

investigated in 3 studies.38,39,43 The meta-analysis of
these 3 studies38,39,43 revealed a lower hazard of CVD
mortality when comparing the highest with the lowest
category of TPA (pooled HR=0.29, 95% CI=0.18, 0.47,
I2=0.0%, p heterogeneity=0.55) (Figure 3). The meta-
analysis included 5 studies36,38,39,42,43 that examined the
association of TPA with all-cause mortality. It found a
lower hazard of all-cause mortality when comparing the
highest category with the lowest category of TPA
(pooled HR=0.42, 95% CI=0.34, 0.53, I2=4.4%, p hetero-
geneity=0.39) (Figure 4).
The meta-analysis included 4 studies38,39,43,44 that

examined the association of MVPA with CVD mortality.
It revealed a lower hazard of CVD mortality when com-
paring the highest with the lowest category of MVPA
(pooled HR=0.37, 95% CI=0.25, 0.55, I2=9.3%, p hetero-
geneity=0.35) (Figure 3). The meta-analysis included 10
studies36,38−40,42−45,53,59 that examined the association
of MVPA with all-cause mortality. It found a lower haz-
ard of all-cause mortality when comparing the highest
category with the lowest category of MVPA (pooled
HR=0.43, 95% CI=0.35, 0.53, I2=31.8%, p heterogene-
ity=0.14) (Figure 4).
The meta-analysis included 3 studies39,43,44 which

examined the association of LPA with CVD mortality
and found a lower CVD mortality hazard when compar-
ing the highest with the lowest category of LPA (pooled
HR=0.62, 95% CI=0.41, 0.93, I2=0.0%, p heterogene-
ity=0.41) (Figure 3). The meta-analysis included 7 stud-
ies36,38−40,42−44 that examined the association of LPA
with all-cause mortality. It found lower all-cause mortal-
ity when comparing the highest category with the lowest
category of LPA (pooled HR=0.58, 95% CI=0.43, 0.80,
I2=50.5%, p heterogeneity=0.049) (Figure 4).
The meta-analysis included 3 studies38,39,44 that

examined the association of SB with CVD mortality. It
revealed a higher hazard of CVD mortality when com-
paring the highest category with the lowest category of
SB (pooled HR=1.89, 95% CI=1.09, 3.29, I2=34.7%, p
heterogeneity=0.22) (Figure 3). The meta-analysis
included 9 studies that examined SB with all-cause mor-
tality. It found a higher hazard of all-cause mortality
when comparing the highest category with the lowest
category of SB (pooled HR=1.58, 95% CI=1.19, 2.09,
I2=61.7%, p heterogeneity=0.01) (Figure 4).
The present review found only 1 study that examined

the association of step counts with CVD mortality.
Hence, meta-analysis was not conducted for step counts
in relation to CVD mortality. The meta-analysis
included 5 studies40,45,54−56 that examined the
www.ajpmfocus.org



Figure 1. Study selection flow diagram.
CVD, cardiovascular disease; PA, physical activity.
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Table 1. Characteristics of All Included Studies

Source
publication

Follow-up duration
(year) Analysis sample size (n)

Age
(years)

Device Exposure
Outcome Overall quality

Year, site Female (%) TPA MVPA LPA SB Step count

Lee36,a

2018, U.S.
2.3 (SD: NR) 16,741

100%
72.0 (SD: 5.7) ActiGraph GT3X+ x x x x ACM Good

CE Matthews37

2016, U.S.
6.6 (SD: NR) 4,840

50.3%
56.8 (SE: 0.4) ActiGraph AM-7164 x x x ACM Good

Dohrn38,a

2018, SW
14.2 (SD: 1.9) 828

56.0%
66.7 (SD: 10.2) ActiGraph 7,164 x x x x ACM,

CM
Fair

Evenson39,a

2016, U.S.
6.8

(IQR: 5.7−7.8)
3,809
54.6%

55.3 (SE: 0.4) Actigraph AM-7164 x x x x ACM,
CM

Good

Dempsey22

2020, UK
5.7 (SD: NR) (CVD)b

6.6 (SD: NR) (ACM)
5,580 (CVD)b

5,249 (ACM)
58.5%

68.9 (SD: 7.2) ActiGraph GT1M / GT3X+ x x x x ACM,
CVD
Eventc

Good

J Tarp23

2020, U.S.
10.8

(IQR: 9.7−11.8)
3,542
54.0%

56.1 (SD: 11.4) ActiGraph 7,164 x x x x ACM Good

BJ Jefferis40,a

2018, UK
5.0

(IQR: 0.2−6.1)
1,181
0%

78.4 (SD: 4.6) Actigraph GT3x x x x x ACM Fair

Saint-Maurice 201841

2018, U.S.
6.6 (SD: NR) 4,840

50.3%
≥40.0 Actigraph AM-7164 x x x ACM Fair

Bielemann42,a

2019, Br
2.7

(IQR: 2.5−2.8)
973

62.2%
60−69 (50.9%)
70−79 (34.6%)
≥80 (14.2%)

GENEActiv x x x ACM Fair

MJ LaMonte43,a

2018, U.S.
3.1 (SD: 0.7) 6,382

100%
78.6 (SD: 6.7) Actigraph GT3X+ x x x ACM,

CM
Good

KE Ensrud44,a

2014, U.S.
4.5 (SD: 1.0) 2,918

0%
79.0 (SD: 5.2) SenseWear pro armband x x x ACM,

CM
Good

KR Fox45,a

2015, UK
4.1 (SD: 1.1) 213

48.8%
≥70.0 Actigraph GT1Ms x x x ACM Fair

BJ Jefferis46,a

2019, UK
4.9

(range: 0.1−6.1)
1,181
0%

78.4
(Range: 71−92)

Actigraph GT3x x x x x CVD
Eventd

Good

KM Diaz47,a

2017, U.S.
4.0

(range: 0.1−6.1)
7,985
54.1%

63.5 (SD: 8.5) Actical x ACM Fair

Dohrn48

2019, SW
14.4 (SD: 1.6) 1,176

55.0%
45.3 (SD: 14.5) ActiGraph 7,164 x x x x CVD

Evente
Good

K Bakrania49

2017, UK
5.7 (SD: NR) 683

36.6%
63.6 (SD: 7.8) ActiGraph GT3X x x ACM Fair

AZ. LaCroix50

2019, U.S.
3.5

(range: 0.01−4.9)
5,861
100%

78.5 (SD: 6.7) Actigraph GT3X+ x x CVD
Eventf

Good

PD Loprinzi51

2017, U.S.
6.6 (SD: NR) 5,575

51.6%
46.3 (SE: 0.5) ActiGraph 7,164 x ACM Fair

J Klenk59,a

2016, GE
4.0 (SD: NR) 1,271

43.6%
75.6§6.5 ActivPAL x x ACM Good

(continued on next page)
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Table 1. Characteristics of All Included Studies (continued)

Source
publication

Follow-up duration
(year) Analysis sample size (n)

Age
(years)

Device Exposure
Outcome Overall quality

Year, site Female (%) TPA MVPA LPA SB Step count

PD Loprinzi52

2016, U.S.
7.7

(IQR: 7.3−8.3)
1,658

52.6% (alive),
46.6% (not alive)

Range: 40−85 Actigraph 7,164 x ACM Fair

YV Chudasama53,a

2019, UK
6.9

(range: 3.8−9.1)
95,616
54.9%b,
56.6%h

65.7g

(IQR: 59.5−69.9)
62.3h

(IQR: 55.2−67.6)

Axivity AX3 x ACM Good

T Dwyer54

2015, AU
10.0 (SD: NR) 2,576

52.4%
58.8 (SD: 13.2) Omron HJ-003, HJ-102

Yamax SW-200
x ACM Good

N Yamamoto55,a)
2018, JP

9.8
(Range: 1−11)

419
45.6%

71.0 (SD: 0) Yamasa EC-100S x ACM Fair

Lee56,a

2019, U.S.
4.3 (SD: NR) 16,741

100%
72.0 (SD: 5.7) Actigraph GT3X+ x ACM Good

AA Wanigatunga57

2019, U.S.
4.4 (SD: 2.2) 529

47.8%
75.8 (SD: 7.2) Actiheart x ACM Fair

S Oftedal25

2019, AU
9.6

(range: 0.2−13.1)
1,697
49.3%

65.4 (SD: 7.1) Yamax SW-200 x ACM Fair

CM Koolhaas58,a

2017, NE
7.5

(IQR: 6.6−8.3)
1,839
54.4%

T1: 60.1 (SD: 8.0)
T2: 63.7 (SD: 9.5)
T3: 65.2 (SD: 10.6)

Actiwatch AW4 x ACM Good

Bellettiere24

2019, U.S.
4.9 (SD: NR) 5,471

100%
Q1: 76.3 (SD: 6.2)
Q2: 78.1 (SD: 6.6)
Q3: 78.9 (SD: 6.6)
Q4: 80.9 (SD: 6.5)

ActiGraph GT3x+ x CVD
Eventb

Fair

PF Saint-Maurice21,a

2020, U.S.
10.1 (SD: NR) 4,840

53.5%
56.8 (SE: 0.4) ActiGraph 7,164 x ACM, CM Good

Follow-up duration and age are reported as mean (SD or SE), median (IQR), or range.
aStudies included in the meta-analysis.
bCVD events (include the first occurrence of an MI, revascularization, hospitalized angina, heart failure, stroke, or death attributable to any CVD among women without that event) and CHD events (non-
fatal MI or coronary death) as a separate endpoint.
cTotal fatal and nonfatal incidents of CVD.
dFatal and nonfatal CHD, stroke, heart failure.
eCVD events and mortality.
fCoronary heart disease, revascularization, carotid artery disease, hospitalized angina, congestive heart failure, stroke, or death from other CVDs.
gWith multimorbidity.
hWithout multimorbidity.
ACM, all-cause mortality; AU, Australia; BR, Brazil; CHD, coronary heart disease; CM, cardiovascular disease‒specific mortality; CVD, cardiovascular disease; GE, Germany; JP, Japan; LPA, light-intensity
physical activity; MI, myocardial infarction; MVPA, moderate-to-vigorous intensity physical activity; NE, Netherlands; NR, not reported; Q, quartile; SB, sedentary behavior; SE, standard error; SW, Swe-
den; T, Tertile; TPA, total physical activity; UK, United Kingdom.
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Figure 2. Total number of studies and exposures being examined by publication year up to April 29, 2020.
PA, physical activity.

8 Liew et al / AJPM Focus 2023;2(1):100054
association of steps per day with all-cause mortality. It
found that a lower hazard of all-cause mortality was
associated with higher step counts (pooled HR=0.35,
95% CI=0.29, 0.42, I2=0.0%, p heterogeneity=0.87)
(Figure 4).
As far as additional analyses, first, we analyzed a sub-

set of 5 studies36,38,39,42,43 that examined the associations
of all the 3 PA subtypes (i.e., TPA, MVPA, and LPA)
with all-cause mortality (Table 4). Consistent with the
results of the main analysis, findings from the subanaly-
sis showed strong beneficial associations for TPA and
MVPA but weaker associations for LPA in relation to
all-cause mortality. Furthermore, the observed heteroge-
neity was small for TPA and MVPA but substantial for
LPA.
Second, we conducted 2 sensitivity analyses. The first

sensitivity analysis was conducted for the associations of
MVPA, LPA, and SB with CVD mortality by including 1
study that considered both fatal and nonfatal CVD
events as an outcome. Although the association (Appen-
dix Figure 2, available online) remained unchanged for
MVPA, the pooled estimates for LPA and SB ceased to
be statistically significant. The second sensitivity analysis
was conducted for the association of MVPA with all-
cause mortality by excluding 1 study that estimated the
follow-up duration on the basis of the time since base-
line assessment at recruitment instead of the actual start
time of device-based measurements. The results of this
sensitivity analysis indicated a weaker negative associa-
tion between MVPA and all-cause mortality, along with
a reduction in the degree of heterogeneity (Appendix
Figure 3, available online).
Third, we conducted 2 subgroup analyses by (1) age
range (broad age range versus older participants defined
as the mean age ≥60 years) and (2) sex (female versus
male) for all-cause mortality. No substantial differences
between these subgroups were found. Overall, the direc-
tion of associations in all subgroups (Appendix Table 10,
available online) was consistent with the results of the
main analysis. However, it was noted that 4 of 5 studies
that investigated the association between step counts
and all-cause mortality were conducted among older
adults, thus limiting the interpretation of our findings of
subgroup analysis to the older age group.
Funnel-plot diagrams and statistical tests for publica-

tion bias for all-cause mortality were presented in
Appendix Figure 4 (available online). There was no indi-
cation of publication bias for MVPA, SB, and step
counts but a potential bias for TPA (Egger’s p=0.003,
Begg’s p=0.02) and LPA (Egger’s p=0.08, Begg’s p=0.27).
Regarding certainty of evidence, the evidence profile

and summary of findings for 2 outcomes (i.e., CVD mor-
tality and all-cause mortality) were presented in Appen-
dix Table 11 (available online). We did not observe
major seriousness in terms of study limitations, indirect-
ness, and imprecision across the studies. The pooled
findings largely agreed with the body of knowledge.
However, a moderate degree of inconsistency was
observed among studies investigating SB and all-cause
mortality. This variation in point estimates may be
attributable to sex differences in risk reduction and var-
iations associated with the type of SB measures used in
the primary studies. Considering the observational study
design and the assessments based on Grading of
www.ajpmfocus.org



Table 2. Associations Between Total PA, Moderate-to-Vigorous PA, Light-Intensity PA, SB, and Step Count and CVD Mortality or CVD Event

First author year CVD outcome
Total
PA MVPA

Light-intensity
PA SB Step count

Dohrn
201838

CVD mortality AC/day (multiply by 1,000):
T1: HR=1.0 (ref)
T2: HR=0.27 (0.06, 1.16)
T3: HR=0.09 (0.01, 0.93)

Minute/day
T1: HR=1.0 (ref)
T2: HR=0.22 (0.06−0.74)
T3: HR=0.11 (0.03−0.56)

Minute/day
T1: HR=1.0 (ref)
T2: HR=0.48 (0.19, 1.19)
T3: no event

Minute/day
T1: HR=1.0 (ref)
T2: HR=1.63 (0.36, 7.28)
T3: HR=5.51 (1.43, 21.23)

NA

Evenson
201639

CVD mortality AC/minute
Q1: HR=1.0 (ref)
Q2: HR=0.49 (0.29, 0.83)
Q3: HR=0.42 (0.22, 0.81)
Q4: HR=0.35 (0.15, 0.84)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.49 (0.28, 0.84)
Q3: HR=0.18 (0.07, 0.46)
Q4: HR=0.48 (0.23, 1.03)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=1.06 (0.65, 1.72)
Q3: HR=0.68 (0.36, 1.26)
Q4: HR=0.90 (0.44, 1.84)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=1.12 (0.54, 2.31)
Q3: HR=1.03 (0.50, 2.12)
Q4: HR=1.44 (0.71, 2.90)

NA

MJ LaMonte
201843

CVD mortality VMC minute/day
T1: risk ratio=1.0 (ref)
T2: risk ratio=0.64 (0.44, 0.94)
T3: risk ratio=0.29 (0.16, 0.53)

Minute/day
T1: risk ratio=1.0 (ref)
T2: risk ratio=0.68 (0.45, 0.99)
T3: risk ratio=0.42 (0.24, 0.75)

Minute/day
low-intensity:
T1: risk ratio=1.0 (ref)
T2: risk ratio=0.69 (0.47, 1.02)
T3: risk ratio=0.64 (0.41, 0.99)
high-intensity:
T1: risk ratio=1.0 (ref)
T2: risk ratio=0.50 (0.34, 0.74)
T3: risk ratio=0.30 (0.17, 0.51)

NA NA

Dempsey
202022

CVD eventa Higher levels of TPA were
associated with lower incident
CVD risk in a nonlinear manner.
(Ref: 120 cpm/day)

Higher levels of MVPA were
associated with lower incident
CVD risk in a nonlinear manner.
(Ref: no MVPA)

Association was attenuated after
covariate and MVPA adjustment
(Ref: 3 hours/day)

Positive associations with a
steeper relationship beyond
11 hours/day, attenuated after
adjusted for covariates and
MVPA (ref: 8 hours/day)

NA

KE Ensrud
201444

CVD mortality NA Minute/day
Q1 (most active):
HR=1.0 (ref)
Q2: HR=1.60 (0.82, 3.11)
Q3: HR=1.79 (0.94, 3.42)
Q4: HR=2.86 (1.50, 5.45)

Minute/day
Q1 (most active):
HR=1.0 (ref)
Q2: HR=1.29 (0.67, 2.49)
Q3: HR=1.92 (1.04, 3.55)
Q4: HR=1.73 (0.90, 3.34)

Minute/day
Q1 (least sedentary): HR=1.0
(ref)
Q2: HR=1.59 (0.91, 2.75)
Q3: HR=1.12 (0.63, 2.00)
Q4: HR=1.71 (0.99, 2.97)

NA

Bellettiere
201924

CVD eventb NA NA NA Minute/day
Q1: HR=1.0 (ref)
Q2: HR=1.40 (1.03, 1.89)
Q3: HR=1.40 (1.03, 1.89)
Q4: HR=1.53 (1.09, 2.14)

NA

Dohrn
201948

CVD eventc (c) AC/day (multiply by 1000):
1,000):
T1: HR=1.0 (ref)
T2: HR=0.70 (0.46, 1.05)
T3: HR= 0.67 (0.44, 1.04)

Minute/day
T1: HR=1.0 (ref)
T2: HR=0.77 (0.52, 1.19)
T3: HR=0.52 (0.33, 0.82)

Minute/day
T1: HR=1.0 (ref)
T2: HR=1.03 (0.70, 1.53)
T3: HR=0.92 (0.60, 1.42)

Minute/day
T1: HR=1.0 (ref)
T2: HR=1.05 (0.68, 1.64)
T3: HR=1.41 (0.91, 2.20)

NA

(continued on next page)
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Table 2. Associations Between Total PA, Moderate-to-Vigorous PA, Light-Intensity PA, SB, and Step Count and CVD Mortality or CVD Event (continued)

First author year CVD outcome
Total
PA MVPA

Light-intensity
PA SB Step count

Jefferis
201946

CVD eventd NA Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.62 (0.38, 1.00)
Q3: HR=0.28 (0.14, 0.55)
Q4: HR=0.34 (0.16, 0.74)
every 10-minute/day increase:
HR=0.89 (0.80, 0.99)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.93 (0.57, 1.50)
Q3: HR=0.59 (0.33, 1.06)
Q4: HR=0.97 (0.53, 1.80)
every 30-minute/day increase:
HR=0.99 (0.89, 1.11)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.70 (0.38, 1.28)
Q3: HR=0.81 (0.43, 1.52)
Q4: HR=0.94 (0.45, 1.94)
every 30-minute/day increase:
HR=1.01 (0.90, 1.13)

Steps/day:
Q1: HR=1.0 (ref)
Q2: HR=0.75 (0.47, 1.20)
Q3: HR=0.44 (0.25, 0.77)
Q4: HR=0.34 (0.17, 0.67)
Every 1,000 step/day
increase:
HR=0.86 (0.78, 0.95)

LaCroix
201950

CVD evente NA Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.75 (0.61, 0.93)
Q3: HR=0.66 (0.52, 0.84)
Q4: HR=0.71 (0.54, 0.93)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=1.05 (0.84, 1.30)
Q3: HR=0.90 (0.71, 1.14)
Q4: HR=0.82 (0.63, 1.07)
every 1-hour/day increase:
HR=0.92 (0.85, 0.99)

NA NA

Saint-Maurice
202021

CVD mortality NA NA NA NA Step/day
Qn1: HR=1.0 (ref)
Qn2: HR=0.68 (0.60, 0.76)
Qn3: HR=0.49 (0.40, 0.60)
Qn4: HR=0.40 (0.30, 0.52)
Qn5: HR=0.35 (0.24, 0.52)

Note: For mg, 1 mg = 0.00981 ms−2. Associations were presented by exposure category (e.g., T, Q).
aTotal fatal and nonfatal incidents of CVD.
bCVD events (include the first occurrence of an MI, revascularization, hospitalized angina, heart failure, stroke, or death attributable to any CVD among women without that event) and CHD events (non-
fatal MI or coronary death) as a separate endpoint.
cCVD events and mortality.
dFatal and nonfatal CHD, stroke, heart failure.
eCVD events (include CHD, revascularization, carotid artery disease, hospitalized angina, congestive heart failure, stroke, and other CVD deaths).
AC, accelerometer count derived from Actigraph accelerometer; CHD, coronary heart disease; CVD, cardiovascular disease; HR, hazard ratio; mg, milligravity; MI, myocardial infarction; MVPA, moderate-
to-vigorous intensity physical activity; NA, not applicable; PA, physical activity; Q, quartile; Qn, quintile; T, tertile; VMC, vector magnitude counts derived from accelerometer.
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Table 3. Associationsa Between Total PA, Moderate-to-Vigorous PA, Light-Intensity PA, SB, and Step Count and All-Cause Mortality

First author
Year

Total
PA MVPA

Light-intensity
PA SB Step count

Lee
201836

AC/day
Q1: HR=1.0 (ref)
Q2: HR=0.79 (0.55, 1.12)
Q3: HR=0.73 (0.49, 1.09)
Q4: HR=0.44 (0.26, 0.74)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.61 (0.42, 0.89)
Q3: HR=0.58 (0.38, 0.89)
Q4: HR=0.35 (0.20, 0.61)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.97 (0.67, 1.39)
Q3: HR=0.79 (0.52, 1.21)
Q4: HR=1.06 (0.69, 1.64)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.97 (0.62, 1.50)
Q3: HR=1.18 (0.77, 1.82)
Q4: HR=0.92 (0.56, 1.50)

NA

Dohrn
201838

AC/day (multiply by 1,000):
T1: HR=1.0 (ref)
T2: HR=0.55 (0.28, 1.07)
T3: HR=0.30 (0.13, 0.70)

Minute/day
T1: HR=1.0(ref)
T2: HR=0.58 (0.33, 1.00)
T3: HR=0.50 (0.28, 0.90)

Minute/day
T1: HR=1.0 (ref)
T2: HR=0.46 (0.27, 0.78)
T3: HR=0.34 (0.17, 0.67)

Minute/day
T1: HR=1.0 (ref)
T2: HR=1.88 (0.99, 3.55)
T3: HR=2.72 (1.40, 5.30)

NA

Evenson
201639

AC/minute
Q1: HR=1.0 (ref)
Q2: HR=0.60 (0.45, 0.80)
Q3: HR=0.39 (0.27, 0.57)
Q4: HR=0.37 (0.23, 0.59)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.56 (0.41, 0.76)
Q3: HR=0.41 (0.27, 0.62)
Q4: HR=0.44 (0.28, 0.69)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.89 (0.22, 1.05)
Q3: HR=0.70 (0.35, 1.47)
Q4: HR=0.73 (0.48, 2.08)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=1.05 (0.71, 1.55)
Q3: HR=0.86 (0.58, 1.27)
Q4: HR=0.97 (0.65, 1.44)

NA

Saint-Maurice
201841

AC/day (multiplied by 1,000)
Q1: HR=1.0 (ref)
Q2: HR=0.48 (0.38, 0.59)
Q3: HR=0.30 (0.23, 0.40)
Q4: HR=0.26 (0.16, 0.44)

AC/day (multiplied by 1,000)
Q1: HR=1.0 (ref)
Q2: HR=0.54 (0.42, 0.70)
Q3: HR=0.29 (0.22, 0.39)
Q4: HR=0.28 (0.17, 0.46)

AC/day (multiplied by 1,000)
Q1: HR=1.0 (ref)
Q2: HR=0.72 (0.56, 0.91)
Q3: HR=0.77 (0.59, 1.02)
Q4: HR=0.69 (0.47, 1.00)

NA NA

Bielemann
201942

mg/day
Men
T1: HR=1.0 (ref)
T2: HR=0.43 (0.17, 1.08)
T3: HR=0.23 (0.06, 0.84)

Women
T1: HR=1.0 (ref)
T2: HR=0.55 (0.22, 1.42)
T3: HR=0.08 (0.01, 0.65)

Minute/day
men
T1: HR=1.0 (ref)
T2: HR=0.98 (0.45, 2.13)
T3: HR=0.22 (0.05, 1.05)
women
T1: HR=1.0 (ref)
T2: HR=0.30 (0.11, 0.82)
T3: HR=0.07 (0.01, 0.59)

Minute/day
men
T1: HR=1.0 (ref)
T2: HR=0.73 (0.30, 1.77)
T3: HR=0.26 (0.07, 0.95)

Women
T1: HR=1.0 (ref)
T2: HR=0.87 (0.37, 2.05)
T3: HR=0.09 (0.01, 0.67)

NA NA

LaMonte
201743

VMC/day
T1: risk ratio=1.0 (ref)
T2: risk ratio=0.68 (0.54, 0.85)
T3: risk ratio=0.49 (0.37, 0.66)

Every 30-minute/day increase:
risk ratio=0.88 (0.85, 0.92)

Minute/day
T1: risk ratio=1.0 (ref)
T2: risk ratio=0.63 (0.50, 0.79)
T3: risk ratio=0.42 (0.30, 0.57)

Every 30-minute/day increase:
risk ratio=0.67 (0.58, 0.78)

Minute/day
low-intensity:
T1: risk ratio=1.0 (ref)
T2: risk ratio=0.86 (0.69, 1.08)
T3: risk ratio=0.80 (0.62, 1.03)

High-intensity:
T1: risk ratio=1.0 (ref)
T2: risk ratio=0.57 (0.45, 0.71)
T3: risk ratio=0.47 (0.35, 0.61)

every 30-minute/day increase:
risk ratio=0.93 (0.89, 0.97)

NA NA

Dempsey
202022

Association was less consistent and
tended toward the null after an initial
steep decrease in HRs
(Ref: 120 cpm/day)

Association was less consistent and
tended toward the null after an initial
steep decrease in HRs
(Ref: no MVPA)

Consistently strong and
approximately linear inverse
associations
(Ref: 3 hours/day)

Consistently strong and
approximately linear inverse
associations
(Ref: 8 hours/day)

NA

(continued on next page)
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Table 3. Associationsa Between Total PA, Moderate-to-Vigorous PA, Light-Intensity PA, SB, and Step Count and All-Cause Mortality (continued)

First author
Year

Total
PA MVPA

Light-intensity
PA SB Step count

Tarp
202023

Median AC/day
Q1: HR=1.0 (ref)
Q2: HR=0.74 (0.53, 1.04)
Q3: HR=0.52 (0.37, 0.73)
Q4: HR=0.61 (0.37, 1.01)

Median minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.67 (0.47, 0.96)
Q3: HR=0.67 (0.47, 0.95)
Q4: HR=0.68 (0.39, 1.18)

Median minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.82 (0.61, 1.08)
Q3: HR=0.93 (0.65, 1.34)
Q4: HR=0.74 (0.50, 1.09)

Median hour/day
Q1: HR=1.0 (ref)
Q2: HR=1.16 (0.63, 2.15)
Q3: HR=0.97 (0.58, 1.64)
Q4: HR=1.31 (0.80, 2.17)

NA

Ensrud
201444

NA Minute/day
Q1 (most active):
HR=1.0 (ref)
Q2: HR=1.15 (0.81, 1.65)
Q3: HR=1.29 (0.92, 1.83)
Q4: HR=1.80 (1.27, 2.54)

Minute/day
Q1 (most active):
HR=1.0 (ref)
Q2: HR=1.06 (0.73, 1.54)
Q3: HR=1.42 (1.00, 2.01)
Q4: HR=1.70 (1.19, 2.45)

Minute/day
Q1 (least sedentary):
HR=1.0 (ref)
Q2: HR=1.26 (0.92, 1.75)
Q3: HR=1.12 (0.81, 1.56)
Q4: HR=1.56 (1.15, 2.14)

NA

Loprinzi
201751

NA NA Every 60-minute/day increase:
HR=0.84 (0.78, 0.91)

NA NA

Loprinzi
201652

NA Every 1-minute/day increase:
HR=0.97 (0.94, 0.99)

NA NA NA

Bakrania
201749

NA Every 10% increasea in minute/day:
HR=0.95 (0.91, 0.98)

NA Every 10-minute/day increase:
HR=0.99 (0.95, 1.03)

NA

Wanigatunga
201957

Active hour/day
HR=0.91 (0.76, 1.09)

NA NA NA NA

Jefferis
201840

NA Minute/day
Q1: HR=1.0 (ref)
Q2: HR=1.05 (0.71, 1.57)
Q3: HR=0.89 (0.53, 1.47)
Q4: HR=0.90 (0.48, 1.70)

Every 10-minute/day increase:
HR=1.00 (0.92, 1.09)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.76 (0.53, 1.10)
Q3: HR=0.42 (0.27, 0.68)
Q4: HR=0.57 (0.34, 0.95)

Every 30-minute/day increase:
HR=0.87 (0.80, 0.95)

Minute/day
Q1: HR=1.0 (ref)
Q2: HR=1.14 (0.69, 1.91)
Q3: HR=1.55 (0.91, 2.64)
Q4: HR=2.73 (1.50, 4.95)

Every 30-minute/day increase:
HR= 1.15 (1.06, 1.26)

Q1: HR=1.0 (ref)
Q2: HR=0.63 (0.43, 0.93)
Q3: HR=0.59 (0.39, 0.90)
Q4: HR=0.31 (0.17, 0.57)

Every 1,000 step/day increase:
HR=0.86 (0.80, 0.93)

Matthews
201637

NA Minute/day
HR=0.60 (0.45, 0.81)

Minute/day
HR=0.84 (0.75, 0.95)

Minute/day
HR=1.03 (0.98, 1.08)

NA

Chudasama
201953

NA Minute/day
With multimorbidity
T1: HR=1.0 (ref)
T2: HR=0.49 (0.29, 0.80)
T3: HR=0.29 (0.13, 0.61)

without multimorbidity
T1: HR=1.0 (ref)
T2: HR=0.40 (0.29, 0.57)
T3: HR=0.29 (0.19, 0.46)

NA NA NA

Fox
201545

NA Minute/day
T1: HR=1.0 (ref)
T2: HR=1.19 (0.23, 6.24)
T3: HR=1.84 (0.32, 10.75)

NA Minute/day
T1: HR=1.0 (ref)
T2: HR=0.99 (0.39, 2.58)
T3: HR=1.01 (0.35, 2.98)

T1: HR=1.0 (ref)
T2: HR=3.90 (0.77, 19.70)
T3: HR=5.46 (0.91, 32.76)

Every 1,000 step/day increase:
HR=0.64 (0.44, 0.91)

(continued on next page)
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Table 3. Associationsa Between Total PA, Moderate-to-Vigorous PA, Light-Intensity PA, SB, and Step Count and All-Cause Mortality (continued)

First author
Year

Total
PA MVPA

Light-intensity
PA SB Step count

Diaz
201747

NA NA NA Minute/day
Q1: HR=1.0 (ref)
Q2: HR=1.22 (0.74, 2.02)
Q3: HR=1.61 (0.99, 2.63)
Q4: HR=2.63 (1.60, 4.30)

NA

Klenk
201659

NA Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.58 (0.33, 1.02)
Q3: HR=0.30 (0.14, 0.66)
Q4: HR=0.47 (0.23, 0.99)

NA Minute/day
Q1: HR=1.0 (ref)
Q2: HR=0.98 (0.49, 1.98)
Q3: HR=0.59 (0.28, 1.22)
Q4: HR=1.52 (0.81, 2.83)

NA

Koolhaas
201758

NA NA NA Hour/day
Q1: HR=1.0 (ref)
Q2: HR=1.21 (0.81, 1.81)
Q3: HR=1.50 (0.93, 2.41)
Every 1-hour increase:
HR=1.04 (0.96, 1.13)

NA

Yamamoto
201855

NA NA NA NA Q1: HR=1.0 (ref.)
Q2: HR=0.81 (0.43, 1.54)
Q3: HR=1.26 (0.70, 2.26)
Q4: HR=0.46 (0.22, 0.96)

Dwyer
201554

NA NA NA NA Every 1,000 step/day increase:
HR=0.94 (0.90, 0.98)

Oftedal
201925

NA NA NA NA Every 1,000 step/day increase:
HR=0.93 (0.88, 0.98)

Saint-Maurice
202021

NA NA NA NA Q1: HR=1.0 (ref)
Q2: HR=0.68 (0.64, 0.72)
Q3: HR=0.49 (0.44, 0.55)
Q4: HR=0.40 (0.34, 0.46)
Q5: HR=0.35 (0.28, 0.45)

Lee
201956

NA NA NA NA Q1: HR=1.0 (ref)
Q2: HR=0.54 (0.43, 0.69)
Q3: HR=0.47 (0.35, 0.62)
Q4: HR=0.34 (0.24, 0.48)
Per1000 step/day increase:
HR=0.82 (0.78, 0.87)

Note: For mg, 1 mg = 0.00981 ms−2. For association, in each category of exposure, findings are presented in this format: for example, classification of exposure presented in mean§SD, median and
IQR, or range; effect size presented in HR or risk ratio and corresponding 95% CI.
AC, accelerometer count derived from Actigraph accelerometer; HR, hazard ratio; mg, milligravity; MVPA, moderate-to-vigorous intensity physical activity; NA, not applicable; PA, physical activity; Q, quar-
tile; T, tertile; VMC, vector magnitude counts derived from accelerometer.
aData were log-transformed to reduce the influence of skewed data. To ensure that the HR represented a 10% increase, a log base of 1.1 (i.e., log1.1 [MVPA time]) was used.
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Table 4. Summary of Meta-analysis Results by Types of Outcome and Exposure

Outcome and exposure measures

Pooled results

n HR 95% CI

Heterogeneity

I2 (%) p-value

Outcome 1: cardiovascular disease mortality

Activity intensity

1. Total PA 3 0.29 0.18−0.47 0.0 0.547

2. Moderate-to-vigorous PA 4 0.37 0.25−0.55 9.3 0.347

3. Light PA 3 0.62 0.41−0.93 0.0 0.410

4. Sedentary behavior 3 1.89 1.09−3.29 34.7 0.216

Step count

Steps per day 1 ¡a ¡a

Outcome 2: all-cause mortality

Main analysis

Activity intensity

1. Total PA 6 0.42 0.34−0.53 4.4 0.389

2. Moderate-to-vigorous PA 11 0.43 0.35−0.53 31.8 0.136

3. Light PA 8 0.58 0.43−0.80 50.5 0.049

4. Sedentary behavior 7 1.58 1.19−2.09 61.7 0.007

Step count

Steps per day 4 0.35 0.29−0.42 0.0 0.874

Additionalb analysis

Activity intensity

1. Total PA 6 0.42 0.34−0.53 4.4 0.389

2. Moderate-to-vigorous PA 6 0.41 0.33−0.51 0.0 0.494

3. Light PA 6 0.54 0.33−0.90 63.6 0.017

aLess than 2 observations were available.
bIncluded only studies that reported outcomes for total PA, moderate-to-vigorous intensity PA, and light-intensity PA.
HR, hazard ratio; N, number of observation point; PA, physical activity.
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Recommendations Assessment, Development, and Eval-
uation criteria, the overall certainty of evidence was
moderate for evidence that showed a large magnitude of
effects with no serious study limitations.
DISCUSSION

We provide a comprehensive overview of prospective
cohort studies on the association of device-measured PA
and SB with CVD outcomes and all-cause mortality. The
outcomes of this systematic review offer holistic insights
into long-term health benefits, covering the entire inten-
sity spectrum of PA as well as step counts. The findings
suggest that evidence on this topic is emerging rapidly
because 18 of the 29 included studies were published since
2018. We found that being more physically active at any
intensity, accumulating more daily steps, and spending
less time in SB were associated with a substantially lower
risk of CVD and all-cause mortality. The meta-analysis of
16 studies suggests that the observed associations with
CVD outcomes and all-cause mortality were strong and
consistent for TPA, MVPA, and step counts, whereas the
associations with LPA and SB were somewhat weaker and
less consistent across studies. Some degree of inconsis-
tency was observed in the pooled association of SB with
all-cause mortality. This is partly due to sex differences in
risk reductions and variations associated with the types of
SB measures used in the primary studies. The results of
subgroup analysis by age and sex were generally consis-
tent with those of the main results, with the exception of
the steps-per-day exposure measure where the available
studies were conducted among older adults. Generally,
our results are consistent with the findings of earlier sys-
tematic reviews and meta-analyses on the basis of self-
reported PA or SB.1,2,4−7 However, heterogeneity across
the studies included in our review appears to be lower,
possibly attributable to a greater reliability of device-mea-
sured exposures and reduced errors during data collection
process.
This systematic review has included a large number of

prospective cohort studies, covering a variety of devices
and data processing protocols used to quantify PA and
SB. In terms of intensity-based PA and SB, our findings
are largely consistent with the results of the harmonized
www.ajpmfocus.org



Figure 3. Cardiovascular mortality hazards according to PA and SB (highest versus lowest categories). LaMonte et al.43 reported
risk estimates in risk ratio.
HR, hazard ratio; LPA, light physical activity; MPVA, moderate-to-vigorous physical activity; PA, physical activity; SB, sedentary behavior.
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meta-analysis that included 2 types of devices, that is,
actigraph and Actical.16 Although not directly compara-
ble with the review, we observed stronger and more con-
sistent associations for TPA and MVPA. Besides, we
also found a beneficial association for LPA, although it
was somewhat weaker and less consistent than that of
MVPA. These smaller beneficial associations of LPA
with cardiometabolic health agree with the findings of
an earlier review.18 In line with the current body of evi-
dence, we observed an association between more SB and
a higher risk of CVD and all-cause mortality.16 However,
the results of this review for SB appeared somewhat less
consistent than those for TPA, MVPA, and step counts,
possibly owing to the varying definitions of SB among
the included studies. In terms of step counts, corroborat-
ing the findings of a previous review,19,20 we also
observed a substantial inverse association between steps
per day and all-cause mortality. However, our findings
were mainly based on the available studies conducted
among older adults. We also found that very few pro-
spective studies have examined the relationship between
step counts and CVD outcomes.
Our systematic review adds important new informa-

tion. First, this review synthesizes recent evidence in
relation to CVD outcomes that have not been
March 2023
investigated in previous reviews and meta-analyses. Sec-
ond, this review considered a wide range of devices,
exposure types, and outcomes, resulting in a more com-
prehensive overview of the existing evidence. Although
the device characteristics and processing methods vary
across the primary studies, all of these devices had
shown validity in the measurements of exposures.60−63

Despite these variations, the results of the included stud-
ies were largely consistent in terms of the strength and
direction of associations. Third, more than half of the
included studies were published from 2018 onward,
showing rapid growth of evidence,21−25,42,53,57 which
could not have been fully considered by the previous
reviews.16,17,64 Fourth, in contrast to MVPA, LPA and
accumulating daily step counts through low-intensity
walking are examples of PA, which are more achievable
by most people. LPA and low-intensity walking both
contribute to a large proportion of PA in a typical day of
our lives; however, the amount of time spent on LPA
cannot be easily recalled, and the logging of daily step
counts without the aid of technology is neither easy nor
sustainable. Fortunately, research and consumer devices
have now made it possible. Such improvements in tech-
nology and study methodology have thus enabled this
review to investigate potential long-term health



Figure 4. All-cause mortality hazards according to PA and SB (highest versus lowest categories). LaMonte et al.43 reported risk esti-
mates in risk ratio. Study 1, without multimorbidity; Study 2, with multimorbidity.
F, female; HR, hazard ratio; LPA, light-intensity physical activity; M, male; MPVA, moderate-to-vigorous physical activity; PA, physical activity; SB, sed-
entary behavior.
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implications of LPA and step counts, beyond the focus
on MVPA.

Limitations
A few limitations of our systematic review should be
acknowledged. First, the findings are influenced by
potential biases associated with the sample selection pro-
cess, the quality of exposure measurements, and loss to
follow-up. Unmeasured or residual confounding cannot
be eliminated completely, possibly resulting in biases in
the estimated associations. Second, the levels of the high-
est and the lowest categories of PA or SB varied and were
not directly comparable across the study population.
Such discrepancies can be attributed to individuals’
capacity for performing PA, data processing methods,
and selection of cut points. Furthermore, the estimations
of SB based on posture may produce results different
from that based on activity counts and energy expendi-
ture. However, this meta-analysis was not able to pursue
the influence of these factors on the pooled estimates
owing to the limited number of studies available for
stratified analysis. Although it is easier for users to
understand the concept of step counting, caution is
advised when interpreting these results because step
trackers of different working principles might have
introduced variations to the counting of steps.65 Third,
the included studies were conducted at different periods,
and they spanned across a number of years or a decade.
The choice of devices and data processing strategies
were therefore influenced by the advancement of science
and technology. Hence, the methods adopted in the pri-
mary studies conducted in earlier decades might not
represent the state of the art. Fourth, although some
studies reported that their results did not alter materially
after excluding early deaths within 2 years from
baseline,36,43,54 reverse causation cannot be eliminated
entirely. Fifth, we did not find evidence of publication
bias for most of the investigated associations except for
the association of TPA and LPA with all-cause mortality.
However, given that tests for publication bias were based
on a modest number of observations, caution is needed
in interpreting these results.
www.ajpmfocus.org
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Findings from additional searches
Considering the rapid development and emerging
research findings in the field, we updated our original
search in September 2022. After screening >2,000 addi-
tional references, we identified 7 relevant studies pub-
lished between April 2020 and September 2, 2022.66−71

Although none of these studies provide data suitable for
our meta-analysis, the additional findings add new
knowledge to our synthesized evidence. Building on our
main results, for example, a recent finding from the UK
biobank6 suggests that the lowest risk for CVD in the
cohort was observed at the highest level of TPA, MPA,
or VPA. A study conducted among older adults7 further
suggests that the risks of CVD and all-cause mortality
were lowered for every 30-min/day increment in LPA
and MPA but elevated with every 1-hour/day increment
in sedentary time.
Similarly, more time spent on SB or prolonged pat-

terns of sedentary accumulation was associated with a
higher risk of atrial fibrillation.68 Owing to the complex
nature of SB, besides the conventional measures of total
time spent on SB, researchers have begun exploring SB
from various angles. For instance, a recent publication
from the EPIC-Norfolk study suggests that SB bout
accumulation instead of SB volume was related to inci-
dent CVD.69 Although population characteristics and
the measures of SB varied across the studies, similar
health benefits were observed for lower sedentary behav-
ior. Findings from a large population-based study with a
mean follow-up of 11 years further found that perform-
ing more LPA resulted in a significantly greater number
of years of life gained.70 This finding holds true for indi-
viduals with lower MVPA, suggesting that promoting
LPA may be one of the practical recommendations to
improve the life expectancy of adults considering that
many adults accumulate low levels of MVPA in a typical
day.
Our updated review of the literature indicates a grow-

ing interest in studying the impact of daily step counts
on mortality.71−73 Findings from additional studies
retrieved from the updated search71,72 were consistent
with our results, suggesting lower risks of all-cause mor-
tality among participants with higher daily step counts
than among those with lower step counts. A study con-
ducted among older persons provides further evidence
of lower mortality risks among individuals who
increased their daily step counts.73 These research out-
comes collectively indicate a considerable growth in the
evidence of the health benefits of taking more steps. We
also observed the emergence of several distinct ways of
analyzing step count data (i.e., step volume, stepping
rate, increment of step counts).19,20 However, this meta-
analysis specifically included one most relevant primary
March 2023
study from each population cohort that reported steps
per day as an exposure measure, a simple measure for
potential translation of research into practice, which
would also be relevant to individuals who might benefit
from an increasingly smaller number of steps each day.
Taken together, these additional findings provide fur-

ther evidence supporting our main results that more PA,
higher step counts, and less sedentary behavior will
bring forth positive health outcomes in adults. Compel-
ling new evidence has also emerged to suggest capital-
izing on LPA to improve life expectancy among less
active adults.
Despite the observational design of included studies,

this review shows emerging evidence that is in accord
with the body of knowledge that suggest the beneficial
effects of being physically active on reducing the risks of
chronic diseases and premature deaths. Nonetheless, the
potential influence of the genetic composition of adults
in the reduction of mortality risks cannot be determined
in our review, hence, cannot be dismissed.
Finally, although findings appeared largely consistent

across a broad range of study populations, the included
primary studies represented a focus on the U.S. and
European regions. Furthermore, these study participants
were predominantly non-Hispanic Whites, and there
was a low representation from Asian countries or ethnic-
ities. Therefore, additional effort is encouraged to inves-
tigate the role of ethnicity or race in future population-
based studies.
CONCLUSIONS

Evidence on the association of device-measured PA and
SB with CVD and all-cause mortality is rapidly accumu-
lating. Our findings suggest that more PA of any inten-
sity and less SB may reduce the risk of CVD and all-
cause mortality. In addition to measures of PA that are
based on intensity levels, similar beneficial relationships
were found for step counts in relation to all-cause mor-
tality, but the studies available for analysis were con-
ducted among older adults. Future efforts employing
standardized research methodologies across studies and
adopting up-to-date data processing approaches would
better define specific amounts of PA and limits to seden-
tary time to recommend in future guidelines.
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