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Abstract
Background and objective  Physical activity has benefits for the cardiovascular system, however, what levels and 
types of activity provide optimal cardiovascular health is unclear. We aimed to determine the level of physical activity 
that has the most benefits against cardiovascular diseases (CVD).

Methods  PubMed, Scopus, and Web of Science were searched for prospective cohort studies on leisure-time (LTPA) 
or occupational physical activity (OPA) as the exposure and major types of CVD (total CVD, coronary heart disease 
[CHD], stroke, and atrial fibrillation [AF]) incidence as the outcome. Risk of bias of studies was evaluated using the 
ROBINS-I tool. Summary hazard ratios (HR) were calculated using random-effects pairwise model.

Results  A total of 103 studies were included in the analysis. The highest versus the lowest LTPA was associated with a 
lower risk of overall CVD (HR = 0.81; 95% CI: 0.77–0.86), CHD (HR = 0.83; 0.79–0.88), and stroke (HR = 0.83; 0.79–0.88), but 
not AF (HR = 0.98; 0.92–1.05). Linear dose-response analyses showed a 10%, 12%, 9%, and 8% risk reduction in CVD, 
CHD, stroke, and AF incidence, respectively, for every 20 MET-hours/week increase in LTPA. In nonlinear dose-response 
analyses, there were inverse associations up to 20 MET-hours/week with 19% and 20% reduction in CVD and CHD risk, 
and up to 25 MET-hours/week with 22% reduction in stroke, with no further risk reduction at higher LTPA levels. For 
AF, there was a U-shaped nonlinear association with the maximum 8% risk reduction at 10 MET-hours/week of LTPA. 
Higher levels of OPA were not associated with risk of CVD, CHD, stroke, or AF.

Conclusions  Overall, results showed an inverse dose-response relationship between LTPA and risk of CVD, CHD, 
stroke, and AF. Running was the most beneficial LTPA but the risk was similar among various LTPA intensities. OPA 
showed no benefits in total or any type of CVD.
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Background
Cardiovascular diseases (CVD) are a spectrum of dis-
eases related to the heart and circulation [1] and coro-
nary heart disease (CHD) and stroke are still the leading 
causes of death worldwide [2]. The number of people liv-
ing with CVD is rising, particularly in low and middle-
income countries, while reductions in rates of CVDs have 
been observed in high income countries due to improve-
ments in some cardiovascular risk factors and improved 
treatments. The number of prevalent CVD cases glob-
ally increased from 285 million in 1990 to 350 million in 
2000, more than 430 million in 2010, and about 550 mil-
lion in 2022 [1].

Lifestyle factors such as diet and physical activity play 
a major role in the development of CVD [3, 4]. Physi-
cal inactivity is estimated to be responsible for 7.6% of 
global CVD mortality [5]. In contrast, physical activ-
ity has shown benefits of reducing CVD morbidity and 
mortality in individuals with or without CVD [6]. This 
protection may be exerted through prevention of general 
and abdominal obesity, and improvement of cardiometa-
bolic risk factors such as blood glucose, lipoproteins, and 
blood pressure [7].

Although the benefits of physical activity in cardiovas-
cular system are well known, recent studies have found 
different effects by physical activity domains on CVD 
[8]. There are four main domains of physical activity: lei-
sure, occupational, transport, and domestic or household 
[9]. The benefits of physical activity for improvement of 
health and prevention of diseases are mainly related to 
leisure-time physical activity (LTPA) [10]. However, for 
the occupational physical activity (OPA) the evidence is 
conflicting, and some studies have rejected the associa-
tion of OPA and CVD or even found harmful effects [11].

A number of meta-analyses have examined the asso-
ciation of physical activity and CVD risk [12–17]. Most 
of these meta-analyses were published more than a 
decade ago. Recently, a dose-response meta-analysis of 
prospective studies examined the association between 
non-occupational physical activity and the risk of CVD 
mortality. However, it excluded studies that reported 
non-fatal CVD incidence and considered both lei-
sure-time physical activity and domestic activities as 
non-occupational physical activity, while the current 
meta-analysis has a more distinct and specific look at 
LTPA. Additionally, none of the previous meta-analyses 
[12–17] performed a dose-response meta-analysis for the 
relationship between OPA and CVD incidence. Further-
more, it is unclear whether some types (such as walking, 
cycling, running, jogging, and stair climbing) or intensi-
ties of physical activity are more beneficial on CVD risk 
than others. To fill these gaps, we aimed to conduct a 
comprehensive meta-analysis on the association of each 
of LTPA and OPA and the incidence of major types of 

CVD (CHD, stroke, atrial fibrillation (AF), and overall 
CVD). In this meta-analysis, linear and nonlinear dose-
response relationships were explored, the optimal vol-
ume of physical activity was estimated, and intensities 
and types of activity that provide the most prevention 
were determined.

Methods
We followed the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) [18] and 
Meta-analyses Of Observational Studies in Epidemiol-
ogy (MOOSE) [19] for reporting meta-analyses. The 
protocol of this meta-analysis has been registered in the 
International Prospective Register of Systematic Reviews 
(PROSPERO; www.crd.york.ac.uk/prospero/index.asp; 
identifier CRD).

Search strategy
We systematically searched three databases of PubMed, 
Scopus, and Web of Science from inception up to August 
30, 2023. Details of the search strategies are presented in 
Supplementary Table 1.

Eligibility criteria and study selection
Four authors (AK, ZM, EH, and ZH) reviewed the titles 
and abstracts of articles to select studies meeting the 
eligibility criteria. The eligible studies were all prospec-
tive cohort studies which had measured leisure-time/
occupational physical activity as the exposure and any 
type of CVD incidence as the outcome (total CVD, CHD, 
stroke, and AF) in the general adult population aged ≥ 18 
years. We excluded studies that reported on heart fail-
ure, since a recent meta-analysis was conducted on heart 
failure [20]. Studies that reported fatal events were also 
excluded, but they were included if both fatal and non-
fatal events were reported in combination. Retrospective 
cohort and case-control studies, studies with a follow-up 
duration of ≤ two years, and studies conducted exclu-
sively in populations with specific diseases or lifestyles 
(athletes) were also excluded. When more than one pub-
lication was published from the same cohort, only the 
most recent publication with the longest follow-up was 
included in high vs. low and linear dose-response meta-
analyses. For the dose-response meta-analyses, the pub-
lications with the most complete information were used. 
If the risk was reported at two or more time points in a 
study, the data with the longest follow-up was used. If 
a study reported only total physical activity or did not 
clearly define the type of physical activity, we excluded 
it. Studies that reported having measured LTPA/recre-
ational physical activity, or exercise/sports were included 
in the LTPA analysis. Studies reporting on LTPA com-
bined with commuting physical activity were included 
but studies reporting on LTPA and activities during 
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work at home were excluded. A list of studies that were 
excluded along with reasons of exclusion are provided in 
Supplementary Table 2.

Data extraction and risk of bias assessment
Three authors (SS, ZM, EH) extracted the data from 
eligible studies, and one author (AK) checked for com-
pleteness, accuracy, and consistency. The extracted 
data include study characteristics (name of first author, 
year of publication, country, cohort name), participants 
characteristics (age, sex), sample size, number of CVDs 
cases, method of CVD and physical activity assessment, 
follow-up duration, adjustment factors, type, level, and 
intensity of physical activity, frequency of physical activ-
ity assessment, multivariable-adjusted risk estimate [risk 
ratios (RRs), hazard ratios (HRs), or odds ratios (ORs) 
with their corresponding 95% confidence intervals (CIs)]. 
When studies did not report sufficient information for 
the study to be included in the analyses, we contacted the 
authors by email at least two times. Any disagreement 
was resolved by consensus between two of the reviewers 
(AK, DA).

Risk of bias of studies was evaluated using the Risk of 
Bias In Non-randomised Studies of Interventions (ROB-
INS-I) [21]. This tool assesses the risk of bias based on 
seven items including, bias due to confounding, bias in 
selection of participants, bias in classification of expo-
sures, bias due to deviations from intended exposures, 
bias due to missing data, bias in measurement of the out-
come, and bias due to selective reporting of the results.

Data synthesis and statistical analysis
For all analyses, HRs and 95% CIs were used as the effect 
sizes. The reported risk ratios and relative risks were con-
sidered as being equivalent to HRs. The random-effects 
model by DerSimonian and Laird was used to calcu-
late summary HRs for the highest vs. lowest category of 
LTPA and OPA and per 20 metabolic equivalent (MET)-
hours/week increase in LTPA in the dose-response analy-
sis [22]. If the risk estimates were reported stratified by 
sex or other subgroups, but not overall, we pooled the 
subgroup-specific risk estimates using a fixed-effects 
model to generate an overall estimate before inclusion 
in the main analysis. To better control for residual con-
founding, we estimated the E value using the methodol-
ogy proposed by Vanderweele and Ding [23]. We used 
the generalized least squares trend estimation method, 
by Greenland and colleagues for the linear dose-response 
analysis [24, 25]. For the non-linear dose response 
meta-analysis, we modelled the exposures by applying 
restricted cubic splines with three knots based on Har-
rell’s recommended percentiles (10%, 50%, and 90%) of 
the distribution. This method combines each study spe-
cific slope to obtain an overall average slope in a single 

stage [26]. The number of events and participants or per-
son years, the levels of physical activity, and adjusted HRs 
with their 95% CIs in each category of exposure were req-
uisite inputs when using this method. If the numbers of 
participants or person-years in each category were not 
presented in a study and the exposures were defined as 
quantiles, we divided the total number of participants or 
person years by the number of categories to estimate the 
missing distributions. If the exposures were not defined 
as quantiles, the numbers of cases and person-years in 
each category was estimated, using information on the 
total number of cases and the number of total partici-
pants plus the follow-up period as described previously 
[20]. The median MET-hours/week, kcal/week, and h/
week per category was used to estimate the level of physi-
cal activity. We ascribed a dose of 45  min per session 
to studies that reported physical activity frequency per 
week or month [27]. For the moderate and vigorous exer-
cise, we translated the data to MET-hours/week by multi-
plying the number of h/weeks by a factor of 4 and 8 [28]. 
For the open-ended categories, the width was considered 
equal to the adjacent category. When a study considered 
a category other than the lowest one as a reference, we 
recalculated the HRs and 95% CIs using the method by 
Hamling [29].

We conducted subgroup analyses according to poten-
tial important pre-specified factors, including sex, length 
of follow-up, geographical location, number of cases, and 
risk of bias (overall risk of bias and each component). We 
additionally conducted exploratory subgroup analyses by 
type of stroke and overall LTPA vs. sport. We explored 
publication bias using Egger’s asymmetry test and by 
inspection of the funnel plots. We conducted sensitivity 
analyses by excluding one study at a time and re-estimat-
ing the HRs to check whether a study with large sample 
size or a study with an extreme result impacted the sum-
mary estimates. Stata version 16 software was used to 
conduct all statistical analyses.

Certainty of evidence assessment
The certainty of evidence was evaluated using the 
updated Grading of Recommendations, Assessment, 
Development and Evaluation (GRADE) approach which 
integrates the application of ROBINS-I [30]. GRADE tool 
rates the certainty of evidence as high, moderate, low, or 
very low. Observational studies start at a high certainty of 
evidence level in the updated GRADE. The evidence was 
downgraded based on the following criteria, risk of bias 
as assessed by ROBINS-I tool, inconsistency (substantial 
unexplained between-study heterogeneity, as represented 
by I2 ≥ 50% and inconsistency between the size and direc-
tion of risk estimates of the studies), indirectness (exis-
tence of population factors that limit the generalizability 
of the findings), imprecision [if 95%CIs of risk difference 
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(RD) failed to exclude important harm (RD > 1.0) and 
benefit (RD < -1.0)], and evidence of publication bias. The 
certainty of evidence was upgrading using the following 
criteria: existence of a dose-response gradient and large 
effect size. Large size was defined as RR > 2.0 or < 0.5, at 
any specific dose of the exposure in the non-linear dose-
response meta-analyses [31].

Results
Study screening
A total of 30,319 papers (including 8,078 from PubMed, 
13,624 from Scopus, and 8,617 from Web of Science) 
were originally retrieved. After removing duplicate 
records and screening titles and abstracts, full texts of 
710 citations were evaluated and finally 103 studies were 
included in the analysis [32–128]. The flow diagram 
of the meta-analysis is shown in Fig.  1. The reasons for 

excluding studies other than those reported in the flow-
chart are provided in Supplementary Table 2. Of the 
included studies, 95 publications provided informa-
tion on LTPA/recreational activity (n = 89) and sports 
(n = 8), and 24 citations reported OPA. Overall, 40 studies 
reported data on the association between LTPA and CVD 
risk (2,876,417 participants and 290,811 cases), 38 on 
CHD risk (2,567,921 participants and 115,389 cases), 30 
on stroke risk (2,568,711 participants and 76,170 cases), 
and 12 on AF risk (764,640 participants and 24,642 
cases). Regarding OPA, seven studies (733,300 partici-
pants and 46,543 cases) yielded findings on CVD risk; 12 
studies on CHD (630,236 participants and 14,122 cases); 
six studies on stroke (625,347 participants and 37,342 
cases), and two studies on AF (53,708 participants and 
5,035 cases). Co-published articles from the same cohort 
studies are listed in Supplementary Table 3.

Fig. 1  Flow diagram of studies selection process
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For dose-response meta-analysis of LTPA, 38 studies 
did not report the required data (Supplementary Table 
4). Among the remaining studies, 65 reported physical 
activity in MET-hours/week, five in kcal/week, and five 
in hours/week. Because the studies that reported on OPA 
did not report data in a format that could be used for 
dose-response analyses, we were unable to conduct dose-
response analysis for OPA.

Study characteristics
All studies had a prospective cohort design. The mean 
age of cohort participants at baseline ranged from 28.8 
to 85.9 years. The majority of studies (n = 63) came from 
Europe, 28 from the US, eight from Asia, three from 
Australia, and one international study from 17 high, 
medium, and low-income countries. Of the 103 studies, 
24 included males, 17 included females, and 62 reported 
results for both sexes (13 articles described strati-
fied analyses by sex). Two-thirds of the studies (n = 75) 
involved the general population; ten studies involved 
middle-aged subjects; nine studies involved elderly sub-
jects; six studies involved workers; six studies involved 
physicians and nurses; two studies involved postmeno-
pausal women; one study involved obese adults; and one 
study involved a twin population. The follow-up duration 
was more than 13 years in 44 studies. The outcomes of 
interest were determined in 80% of the studies (n = 82) by 
records of hospital discharge diagnosis, medical reports, 
and national patient registry linkages, while the outcomes 
were identified in five studies through actual assessment 
(physician diagnosis), in seven studies through self-report 
confirmed by physician diagnosis, seven studies based on 
self-reported data, one study did not mention the assess-
ment method, and one used mixed methods. More than a 
half of the studies yielded information on physical activ-
ity through validated questionnaires (n = 59). A total of 
74 studies measured physical activity only at baseline 
but others performed multiple assessments through-
out the cohort course. All the studies adjusted for sex or 
were conducted only in males or females, all except three 
adjusted for age, approximately 70% adjusted for body 
mass index (BMI), 78% adjusted for cigarette smoking 
and alcohol, 52% adjusted for dyslipidemia or lipid-low-
ering medications, and more than two-thirds adjusted for 
blood pressure and anti-hypertensive drugs, and a quar-
ter of the studies adjusted for dietary patterns or food 
items. Supplementary Tables 5–12 contain descriptive 
data for the included studies according to the outcomes. 
As most of the studies did not adjust for diet, in the sub-
group analysis by risk of bias, the adjustment for diet was 
ignored if only one or two studies were in the moderate 
subgroup.

Risk of bias assessment
Seven studies had moderate, and the remaining had seri-
ous risk of bias. Only 16 studies adequately adjusted for 
confounding variables (age, sex, BMI, alcohol, smoking, 
and diet) and other studies did not fully adjust for poten-
tial confounders. Nearly 37% of studies were susceptible 
to selection bias because of conducted in specific popu-
lation like elderly, workers, physicians, or twins. Thirty-
nine studies had serious risk for exposure assessment 
bias because physical activity was measured by a ques-
tionnaire that had not been validated or a single question. 
Twenty-four studies had low risk of misclassification bias 
since physical activity was assessed repeatedly during the 
follow-up. 82% of the studies had low risk of missing data 
due to adequate descriptions of the loss to follow-up. The 
majority of studies (n = 90) obtained data through medi-
cal/hospital reports and national patient registries and 
thus had low risk of bias for measurement of outcomes. 
None of studies were biased by selective data reporting. 
A summary of the risk of bias assessment is provided in 
Supplementary Table 13.

Meta-analysis
LTPA and the risk of CVD
High vs. low analysis
Forty cohort studies (2,876,417 participants, 290,811 
cases) investigated the association between LTPA and 
the risk of CVD [32, 34, 40, 41, 43–45, 50, 51, 53, 54, 57, 
60–62, 64–66, 69, 70, 74, 75, 77, 80, 82, 83, 91, 96, 97, 
100, 102, 105, 114, 116, 120, 121, 126, 127]. The summary 
HR for the highest vs. the lowest categories of LTPA was 
0.81 (95% CI: 0.77 to 0.86, I2 = 91.9%; RD: 1.92 fewer CVD 
cases per 100 participants, 95% CI: 2.32 fewer, 1.41 fewer; 
GRADE = moderate) (Fig. 2). Sequential removal of stud-
ies did not change the direction or magnitude of the 
pooled HR (HR range = 0.80–0.82). The estimated E value 
for point estimate was 1.58 with a lower confidence CI 
of 1.51. There was no heterogeneity between subgroups, 
except for a stronger association among studies that 
reported on sports, running, and jogging than among 
studies reporting on other types of LTPA (Supplemen-
tary Table 14). Inspection of funnel plot (Supplementary 
Fig. 1) and Egger’s test for asymmetry (P < 0.001) showed 
an indication of small study effects. However, no study 
was included in trim and fill analysis.

Dose-response analysis
Nineteen studies were included in the linear dose-
response meta-analysis [44, 50, 53, 56, 61, 64, 70, 74, 97, 
120, 121, 128]. The estimated risk reduction for CVD 
was 10% (HR = 0.90; 95% CI: 0.87 to 0.93; I2 = 88.6%, 
Pheterogeneity<0.001) per 20 MET-hours/week increment of 
LTPA (Supplementary Fig. 2).
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Twenty-three studies were included in the non-linear 
dose-response analysis (17 reported physical activity in 
MET-hours/week [32, 40, 43, 44, 50, 53, 56, 57, 60, 61, 
64, 70, 77, 97, 104, 121, 128], 2 in kcal/week [51, 114], 
and 4 in hours/week [41, 75, 91, 116]). In the non-linear 

dose-response analysis, a dose-dependent reduction in 
the risk of CVD incidence was observed up to 19% at 20 
MET-hours/week, with little or no further decrease in 
risk at higher levels (Pnonlinearity<0.001) (Fig.  3). Exclud-
ing studies with two categories (n = 2) [40, 70] did not 

Fig. 2  Summary HR of cardiovascular disease (CVD), coronary heart disease (CHD), stroke, and atrial fibrillation (AF) incidence for the highest compared 
with the lowest category of leisure time physical activity
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change the results (Supplementary Fig. 3). For kcal/week 
and h/week, the largest reductions in risk was 25% and 
16% which were observed at LTPA of 1300 kcal/week and 
3 h/week, respectively, with no further reduction in risk 
observed at higher levels (Supplementary Figs. 4 and 5).

LTPA and the risk of CHD
High vs. low analysis
Thirty-nine cohort studies (2,594,495 participants, 
120,048 cases) investigated the association between 
LTPA and risk of CHD [36, 37, 39–41, 49, 52, 53, 55–57, 
61, 64, 65, 71, 74, 79, 82, 84, 85, 90, 92, 94, 97, 98, 103, 
105–109, 111, 113, 117–119, 122, 123, 127]. Compared 
with the lowest LTPA, the highest LTPA was associated 
with a lower risk of CHD (HR = 0.83; 95% CI: 0.79 to 
0.88, I2 = 76.2%; RD: 0.78 fewer per 100 participants, 95% 
CI: 0.97 fewer, 0.60 fewer; GRADE = moderate) (Fig.  2). 
The summary estimate remained unchanged after the 
sequential omission of each study from the main analysis 
(HR range = 0.82–0.84). The estimated E value for point 
estimate was 1.53 with a lower CI of 1.41. The associa-
tion was stronger among studies reported running and 

walking than other types of physical activity. There was 
no heterogeneity between subgroups for other factors 
(Supplementary Table 15). There was no clear evidence of 
publication bias with the Egger’s test or by inspection of 
the funnel plot (P = 0.28) (Supplementary Fig. 6).

Dose-response analysis
Eighteen studies were included in the linear dose-
response meta-analysis [40, 46, 52, 53, 56, 57, 61, 64, 82, 
85, 94, 97, 105–107, 119, 122, 128]. For each 20 MET-
hours/week increment of LTPA, the summary HR of 
CHD was 0.88 (95% CI: 0.84 to 0.92, I2 = 88.1%, P < 0.001 
for heterogeneity) (Supplementary Fig. 7).

Twenty-one studies were included in the non-linear 
dose-response analysis [MET-hours/week (n = 15) [40, 
52, 53, 56, 57, 61, 64, 82, 85, 94, 97, 105–107, 119], kcal/
week (n = 3) [51, 71, 113], and hours/week (n = 3) [41, 92, 
108]]. A dose-dependent reduction in risk was observed 
up to 20 MET-hours/week where a 20% reduction in risk 
was observed, and there was little or no further decrease 
in risk at higher levels (Pnonlinearity=0.001) (Fig. 3). Exclud-
ing the one study with two categories did not change the 

Fig. 3  Dose-response relationship between leisure time physical activity (LTPA) and cardiovascular disease (CVD), coronary heart disease (CHD), stroke, 
and atrial fibrillation (AF). The solid line represents non-linear dose response and dotted lines represent 95% confidence interval. Circles represent HR 
point estimates for LTPA categories from each study with circle size proportional to inverse of standard error. Small grey circles represent baseline LTPA 
category for each separate study
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results (Supplementary Fig.  3) [40]. For the two other 
analyses of LTPA, the lowest risk was observed at LTPA 
of 1100 kcal/week and 2 h/week with 36% and 18% reduc-
tions in risk, respectively, and again there was no further 
reduction in risk at higher levels (Supplementary Figs. 8 
and 9).

LTPA and the risk of stroke
High vs. low analysis
Thirty-one cohort studies (2,595,295 participants, 77,215 
cases) investigated the association between LTPA and 
risk of stroke [33, 34, 40, 41, 44, 47, 51, 53, 56, 57, 61, 65, 
68, 72–74, 78, 81, 82, 86, 88, 97, 99, 101, 105, 106, 110, 
112, 124, 125, 127]. The highest compared to the low-
est level of LTPA was associated with a lower stroke risk 
(summary HR = 0.83; 95% CI: 0.79 to 0.88; I2 = 67.2%; 
RD: 0.48 fewer per 100 participants, 95%CI: 0.63 fewer, 
0.33 fewer; GRADE = moderate) (Fig.  2). The summary 
estimate remained unchanged after sequential omission 
of each study from the main analysis (HR range = 0.84–
0.85). The estimated E value for point estimate was 1.53 
with a lower CI of 1.41. The association was slightly 
stronger among studies that used self-reported outcome 
assessment compared to medical record or doctor diag-
nosed outcome assessment and among studies that did 
not adjust for diabetes (Supplementary Table 16). The 
risk reduction appeared to be more evident in transient 
ischemic attack (HR = 0.69; 95% CI: 0.56 to 0.84; I2 = 0.0%) 
vs. ischemic and hemorrhagic types of stroke. No publi-
cation bias was detected with Egger test or by inspection 
of the funnel plot (P = 0.59) (Supplementary Fig. 10).

Dose-response analysis
Thirteen studies were included in the linear dose-
response analysis of LTPA and stroke [40, 53, 56, 57, 61, 
81, 82, 86, 97, 105, 106]. For each 20 MET-hours/week 
increment of LTPA, the pooled risk was reduced by 9% 
(summary HR = 0.91; 95% CI: 0.88 to 0.94; I2 = 59.5%) 
(Supplementary Fig. 11).

Sixteen studies were included in the non-linear dose-
response analyses [MET-hours/week (n = 12) [40, 44, 
53, 56, 57, 61, 81, 82, 86, 97, 105, 106], kcal/week (n = 2) 
[51, 101], and h/week (n = 2) [41, 92]]. A dose-dependent 
reduction in risk was observed up to 25 MET-hours/
week where a 22% reduction in risk was observed, and 
there was no further reduction in risk at higher lev-
els (Pnonlinearity=0.06) (Fig.  3). Excluding one study with 
two categories did not change the results (Supplemen-
tary Fig.  3) [40]. For studies that reported kcal/week 
and hours/week, the lowest risk was observed at LTPA 
of 2500  kcal/week and 2  h/week and with a 34% and 
22% reduction, respectively, and again there was no fur-
ther reductions in risk at higher levels (Supplementary 
Figs. 12 and 13).

LTPA and the risk of AF
High vs. low analysis
Twelve cohort studies (764,640 participants, 24,642 
cases) investigated the association between LTPA and 
risk of AF [35, 38, 42, 58, 63, 67, 87, 93, 104, 115]. Com-
paring the highest to the lowest categories of LTPA, no 
association between LTPA and risk of AF was found 
(summary HR = 0.98; 95% CI: 0.92 to 1.05; I2 = 42.7%; RD: 
0.06 fewer per 100 participants, 95%CI: 0.26 fewer, 0.16 
more; GRADE = moderate) (Supplementary Table 17, 
Fig.  2). The non-significant association persisted across 
all subgroups and there was no between subgroup het-
erogeneity in the subgroup analyses, except for a stron-
ger association among females (Supplementary Table 17). 
The summary estimate did not materially change when 
one study was excluded at a time (HR range = 0.94-1.00). 
The estimated E value for point estimate was 1.13 with a 
lower CI of 1.00. No publication bias was observed with 
the Egger’s test and or by inspection of the funnel plot 
(P = 0.15) (Supplementary Fig. 14).

Dose-response analysis
Six studies were included in the linear dose-response 
analysis [38, 42, 63, 87, 104, 115]. For each 20 MET hours/
week increment in LTPA, the risk of AF was reduced by 
8% (summary HR = 0.92; 95% CI: 0.85 to 0.99; I2 = 37.5%; 
Pheterogeneity=0.16) (Supplementary Fig.  15). Nine studies 
were included in the non-linear dose-response analysis 
[MET-hours/week (n = 7) [38, 42, 63, 87, 104, 115] and 
h/week (n = 2) [35, 58]]. A U-shaped association with an 
8% reduction in the risk of AF incidence was observed at 
10 MET-hours/week, but the curve moved closer to the 
null at higher levels of activity (Pnonlinearity<0.001) (Fig. 3). 
Analysis of studies that reported hours/week indicated 
no evidence of a non-linear association (Supplementary 
Fig. 16).

Association of the OPA with the risk of CVD, CHD, AF, and 
stroke
Seven studies with 733,300 participants and 46,543 cases 
were included in high vs. low meta-analysis for CVD [43, 
46, 64, 77, 80, 91, 96], 12 studies with 630,236 participants 
and 14,122 cases for CHD [39, 46, 55, 64, 76, 79, 89, 95, 
103, 107, 117], six studies with 625,347 participants and 
37,238 cases for stroke [46, 48, 72, 78, 81], and two stud-
ies with 53,708 participants and 5,035 cases for AF [58, 
115]. Comparing the highest with the lowest categories 
of OPA, no association was observed between OPA and 
risk of CVD (HR = 1.01; 95% CI: 0.77 to 1.32; I2 = 88.4%, 
Pheterogeneity<0.001), CHD (HR = 0.90; 95% CI: 0.78 to 
1.04; I2 = 87.5%, Pheterogeneity<0.001), stroke (HR = 0.91; 
95% CI: 0.80 to 1.04; I2 = 80.2%, Pheterogeneity<0.001) 
and AF (HR = 1.17; 95% CI: 0.99 to 1.38; I2 = 37.8%, 
Pheterogeneity=0.20) (Supplementary Figs.  17–20). The 
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summary estimates remained unchanged after sequen-
tially excluding each study for all four outcomes. The 
results of the subgroup analyses for CVD, CHD, and 
stroke are presented in Supplementary Tables 18–20. 
There was no indication of publication bias in the analy-
sis of CHD statistically or visually (P = 0.83) (Supplemen-
tary Fig. 21). The heterogeneity of the data did not allow 
for dose–response analyses.

Certainty of evidence
The overall certainty of evidence is presented in Supple-
mentary Tables 21 and 22. The certainty of evidence for 
the association between LTPA and risk of AF was rated 
“high”, whereas the certainty of evidence for the asso-
ciation between LTPA and CVD, CHD, and stroke were 
rated as “moderate”. The evidence was graded as “very 
low” for the association between OPA and risk of CVD, 
CHD, stroke, and AF.

Discussion
Principal findings
The results of this meta-analysis showed the highest vs. 
the lowest LTPA was associated with a 19%, 17%, and 
17% lower risk of overall CVD, CHD, and stroke, respec-
tively. Linear dose-response analyses showed a 10%, 12%, 
9%, and 8% risk reduction in CVD, CHD, stroke, and AF 
incidence per 20 MET-hours/week increase in LTPA. The 
estimated E value for point estimate was 1.58 (lower CI: 
1.51), 1.53 (lower CI: 1.41), and 1.53 (lower CI: 1.41) for 
the incidence of CVD, CHD, and stroke, respectively. 
These E values suggest unmeasured confounders should 
have this size of the association with both the expo-
sure and the outcome to completely explain away the 
observed association.

In nonlinear dose-response analyses, there were dose-
dependent inverse associations up to 20 MET-hours/
week with 19% and 20% reduction in CVD and CHD risk, 
respectively, and up to 25 MET-hours/week with a 22% 
reduction in the risk of stroke, with no further reduc-
tion at higher LTPA levels. For AF, there was a U-shaped 
nonlinear association and the maximum reduction in the 
risk was 8% at around 10 MET-hours/week of LTPA, with 
going toward null association at higher LTPA levels. For 
hours/week measurements, the largest risk reduction 
for CVD was 16% at 3 h/week LTPA, and for CHD and 
stroke was 18% and 22%, respectively, at 2 h/week LTPA. 
Higher levels of OPA were not associated with lower risk 
of total CVD, CHD, stroke and AF.

Subgroup analyses based on risk of bias, location, fol-
low-up duration, adjustment variables, and number of 
CVD incidence were in general consistent with the main 
analyses in the direction and magnitude. However, sub-
group analysis based on sex showed different results 

between males and females for AF, where only females 
demonstrated protective effect of physical activity.

Associations were relatively similar between differ-
ent intensities of physical activity, suggesting that physi-
cal activity in any intensity could be beneficial. Running 
appeared to be associated with a stronger reduction 
in the risk compared to other types of physical activity, 
although considering the limited data available, further 
studies are needed.

Comparison with previous meta-analyses
This was an updated meta-analysis based on results of 
103 prospective cohort studies with follow-up durations 
ranging from 3 to 44 years (74 studies > 10 years). The 
findings were in line with previous meta-analyses that 
found an inverse association between physical activity 
and CHD, stroke, and CVD morbidity/mortality [12–17] 
but were contrary to the positive association observed 
between OPA and CVD risk a decade ago based on 
reports of 23 prospective cohort studies [14]. The extent 
of risk reduction was almost comparable between results 
of this meta-analysis and a recent meta-analysis which 
found a curvilinear association between non-occupa-
tional physical activity levels and the incidence of CHD, 
heart failure and stroke [17].

Mechanisms for the benefits of physical activity on 
cardiovascular system
CHD, stroke, and AF are types of CVD [129]. Athero-
sclerotic plaques are the primary core of these diseases 
which are formed and triggered upon exposure to risk 
factors such as high blood pressure, high low-density 
lipoprotein, obesity, smoking, unhealthy diet, sedentary 
lifestyle, and physical inactivity. Many of these risk fac-
tors are controlled by prevention of obesity and correct-
ing lifestyle especially that of physical activity. Adherence 
to the recommendations of the guidelines for physical 
activity prevents accumulation of excess fat mass par-
ticularly around the abdomen and visceral areas, thus 
preventing development of cardiometabolic risk factors 
[130, 131]. Besides obesity prevention, aerobic physi-
cal activity improves endothelial function and prevents 
arterial stiffness [132]. LTPA is also negatively associated 
with oxidative stress and inflammatory markers which 
are important underlying factors in the process of ath-
erosclerosis [133, 134]. Also, blood coagulation is dimin-
ished with regular physical activity, likely due to lower 
levels of coagulation factors such as blood fibrinogen and 
tissue plasminogen activator [135]. Parts of these benefits 
are exerted independently of the effect of physical activity 
on weight control. This has been documented in previous 
investigations [136–139] and also in results of this meta-
analysis where subgroup analyses based on adjustment 
for BMI did not reveal a difference in the results.
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Physical activity and AF
The extent of LTPA benefits on AF was lower than that 
for other outcomes (i.e. CVD, CHD, and stroke): the risk 
reduction was 22.6% lower for linear and 60.7% lower for 
non-linear dose-response relationships. This low level of 
protection was only observed in females. This finding is 
in line with previous meta-analyses that found the inverse 
relationship between physical activity and AF risk only 
in females [140–142]. It has been known that the risk 
of AF in females may reduce with moderate to vigorous 
intensity physical activity, but in males, moderate inten-
sity physical activity is beneficial while vigorous physical 
activity may increase AF risk [142, 143]. The reason of 
the opposite effect of physical activity on AF risk in males 
and females is not clear at this time. However, a study 
on athletes revealed that under identical training hours 
and race time, male athletes had more noticeable atrial 
remodeling, a concentric type of ventricular remodeling, 
blood pressure at rest and during exercise, and a sympa-
thetic tone than female athletes [144]. Females also have 
lower amounts and intensity of physical activity, fewer 
heart comorbidities, and lower sympathetic tone, and 
lower blood pressure than males [145].

AF also showed a U-shaped nonlinear relationship with 
LTPA. Such a relationship has also been reported in pre-
vious meta-analyses [141, 146]. The high-intensity physi-
cal activity may increase volume load and promote atrial 
enlargement, remodeling, and fibrosis, increase vagal 
tone, and inflammation, while low/moderate and par-
ticularly regular physical activity may protect against AF 
through prevention of cardiometabolic risk factors, regu-
lation of autonomic system, and improved cardiac struc-
ture and function.

Occupational physical activity
OPA did not show a relationship with CVD, CHD, stroke, 
and AF incidence in this meta-analysis. Previous meta-
analyses have produced contradictory results for this kind 
of relationship: Li et al. in a meta-analysis performed on 
prospective cohort studies published in the time course 
between 2011 and 2013, found a significant positive asso-
ciation between high levels of OPA and CHD as well as 
overall CVD but not with stroke and unclassified CVD or 
between moderate intensity OPA and any of CHD, stroke, 
and unclassified CVD risk [14]. In contrast, Wendel et al. 
in a meta-analysis published in 2004 reported protection 
by moderate and especially high intensity OPA against 
stroke [147]. The reason of discrepancies is not clear. The 
present meta-analysis was performed on more recent 
longitudinal studies with probably better methodological 
design and more appropriate analysis compared to stud-
ies conducted 10–20 years ago. For instance, in recent 
works, the control of confounders has been performed 
with more scrutiny and precision than before. Although 

non-significant, OPA showed a trend for reverse asso-
ciation with CHD (n = 12) and stroke (n = 6), and a trend 
for positive association with AF (n = 2). Future longitudi-
nal studies are required to determine these relationships 
with greater certainty.

Recommended levels of physical activity
According to the physical activity guidelines for Ameri-
cans, adults should do at least 150 to 300 min a week (2.5 
to 5  h/week) of moderate-intensity, or 75 to 150  min a 
week of vigorous-intensity aerobic physical activity [148]. 
These amounts are comparable to the 20 MET-hours/
week found to be associated with 8–12% risk reduction in 
the outcomes of this study. Twenty MET-hours/week is 
roughly equivalent to 3.5 to 5 h/week moderate-intensity 
physical activity (3.5  h/week for activities such as brisk 
walking and slow jogging which have a MET value of 6, 
and 5 h/week for activities like moderate-intensity walk-
ing with a MET value of 4) [149]. Higher levels of physical 
activity may deliver additional benefits [16]. An individ-
ual participant meta-analysis of prospective cohort stud-
ies showed 60–75  min/day moderate-intensity physical 
activity might eliminate the increased risk of death asso-
ciated with high sitting time [150].

Unfortunately, the cohort studies did not generally 
measure the intensity of physical activity. Measure-
ment units of MET-hours/week, kcal/week, and hours/
week are in fact indicative of either combined intensity 
and duration (MET-hours/week and kcal/week) or dura-
tion only (hours/week). According to the available evi-
dence, it seems that the duration of physical activity has 
a quite important impact on the reduction of CVD risk 
[151] but the intensity of exercise should be adapted to 
the cardiorespiratory capacity and medical conditions of 
the individual [134]. A meta-analysis of 5 cohort stud-
ies that measured the intensity of physical activity by an 
accelerometer in older adults found that HR for CVD risk 
was lower in moderate-to-vigorous physical activity than 
light-intensity physical activity although HR for CVD 
death was almost equal in light- and moderate-to-vigor-
ous intensity physical activity [152], suggesting that mod-
erate-to-vigorous intensity physical activity may be more 
beneficial for CVD incidence than light-intensity activity.

Strengths and limitations
Some important limitations should be considered in 
interpreting the results. First, only a few studies adjusted 
for diet or other types of physical activity; therefore, 
potential confounding factors should be considered. 
However, studies that controlled for these confounders 
showed similar results to those that did not, suggesting 
this may be less of an issue. Moreover, estimated E val-
ues showed that little unmeasured confounding would 
be needed to explain away the observed associations. 
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Secondly, in most of the studies the potential changes in 
the level and type of physical activity during the follow-
up period were not considered in the analyses. Addition-
ally, physical activity was self-reported, which is not an 
accurate measurement of physical activity, and none of 
the included studies corrected for measurement errors. 
Moreover, relatively few studies provided information 
on the intensities of LTPA. Lastly, due to differences in 
how LTPA was measured and reported, only around 
half of the studies that were included in the high vs. low 
analysis could be included in the linear and nonlinear 
dose-response analyses. However, given the general con-
sistency of the results across different analyses, and the 
large number of studies included in the dose-response 
analyses this should be less of an issue. The strengths 
of our study included the prospective design of the 
included studies. Furthermore, the large sample size for 
LTPA analysis, which included up to 306,694 cases and 
∼ 5.3  million participants, provided sufficient statisti-
cal power to detect even modest associations. Moreover, 
the certainty of evidence for LTPA was moderate to high. 
Finally, examining nonlinear relationships clarified the 
shape of the dose–response relationships, suggesting 
that most of the benefit is observed at up to 20–25 MET-
hours/week of activity.

Conclusions and future implications
Overall, results of this meta-analysis showed an inverse 
dose-response relationship between LTPA and risk of 
CVD, CHD, stroke, and to a lesser extent AF. The dose-
response relationship was most pronounced up to 20–25 
MET-hours/week LTPA (equals to 3.5 to 5  h/week of 
moderate-intensity physical activity) for CVD, CHD, 
and stroke, and about half of that for AF, but no further 
reductions were observed with higher levels of LTPA. 
OPA showed no statistically significant association with 
total and type of CVD outcomes. Any further studies 
could benefit from more in-depth assessment of different 
types and intensities of physical activity as well as incor-
porating more objective measures of activity.
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