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Background: Sedentary behavior (SB) and physical activity (PA) are modifiable
risk factors for cardiovascular disease (CVD); however, previous research on
the effects of PA and SB on CVD has been relatively homogeneous. Our study
investigated the association between PA, SB, and CVD-related outcomes.

Methods: A comprehensive search strategy was conducted in the MEDLINE,
Embase, Cochrane Library, and Web of Science databases from their inception
to September 2022. We identified eligible studies according to PICOS: the
populations comprised healthy adults, the interventions or exposures were PA
or SB, the outcomes were CVD-related outcomes, and the study designs were
randomized controlled trials (RCTs) and longitudinal studies (LS). Outcomes
were pooled using fixed or random effects models, and the quality of individual
studies was assessed by the Cochrane Risk of Bias Instrument and the
Newcastle Ottawa Scale.

Results: A total of 148 RCTs and 36 LS were included, comprising a total
of 75,075 participants. The study quality was rated as low to moderate. We
found an increased hazard ratio (HR) for CVD in the population with SB
(HR = 1.34; 95% confidence interval [CI]: 1.26 to 1.43; 12 = 52.3%; Pheterogeneity
< 0.001, random model) and a decreased HR for CVD in those who performed
long-term PA (HR = 0.71; 95% CI: 0.66 to 0.77; 12 = 78.0%, Pheterogeneity <
0.001, random model). Long-term PA improved the lipid profiles in healthy
adults; participants in this group exhibited increased high-density lipoprotein
(weighted mean difference [WMD] = 2.38; 95% Cl: 1.00 to 3.76; |12 = 84.7%;
Pheterogeneity < 0.001, random model), decreased triglycerides (WMD = —7.27;
95% Cl: —9.68 to —4.87; 12 = 0%, Pheterogeneity = 0.670, fixed model), and
lower total-cholesterol (WMD = —6.84; 95% Cl: —9.15 to —4.52; 12 = 38.4%,
Pheterogeneity < 0.001, random model).
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Conclusions:

10.3389/fpubh.2022.1018460

Long-term SB increases the risk of CVD in healthy adults,

whereas PA reduces the risk of CVD and improves indicators associated with
CVD. However, the ability of PA to improve blood lipids appeared to be limited.
The detailed association of SB and PA on CVD needs to be further investigated

in the future.

physical

activity,

sedentary behavior

Introduction

Cardiovascular disease (CVD) is a general term for a
group of cardiovascular disorders, including coronary heart
disease (CHD), heart failure (HF), aortic atherosclerosis,
cerebrovascular disease, and peripheral artery disease (1).
The advancement of medical technology and the dramatic
improvement of the health environment have greatly reduced
the mortality rate from infectious diseases and substantially
increased life expectancy. In developed countries as well as some
developing ones, chronic diseases, especially CVD, have become
the leading cause of death (2). For example, in China, CVD
accounts for 40% of deaths in the Chinese population (3), and
the incidence of CVD increased by 14.7% between 1990 and
2016 (4).

The causes of CVD are multifactorial, and many CVD risk
factors are not modifiable; these include age, gender, race, and
family history of heart disease. However, other risk factors
are modifiable; these include smoking, alcohol abuse, obesity,
physical inactivity, a sedentary lifestyle, diet, hypertension,
diabetes, and dyslipidemia (5, 6). Sedentary behavior (SB) is
defined as spending waking hours in a sitting, reclined, or lying
position and is characterized by low energy expenditure (<1.5
metabolic equivalents for task [METs]) (5). Several studies have
demonstrated that SB is a major modifiable risk factor for CVD
(7-9), and sitting for more than 6 h per day is associated with
an increased risk of 12 common chronic diseases. However,
replacing sitting time with physical activity (PA) of varying
intensities may reduce the risk of these chronic diseases (10).
Therefore, PA has been proposed as an alternative strategy
to improve quality of life and reduce the risk of CVD (11).
The World Health Organization defines PA as “any physical
movement produced by skeletal muscle that results in energy
expenditure,” and PA can be categorized into different types
depending on the exercise mode, intensity, frequency, and
duration (12). A meta-analysis comparing the effects of five
types of PA on cardiometabolic health in people who were
obese or overweight found that all types of PA played a key
role in improving cardiometabolic health (13). Another meta-
analysis demonstrated that PA reduced fatigue in patients with
cancer and those who had received hematopoietic stem cell
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transplants (14). Other studies have revealed that PA reduces
mortality, improves the quality of life of patients with CVD,
and protects against damage at the early stages of myocardial
infarction (15, 16).

Although previous studies have shown that PA can
significantly improve the quality of life of patients with CVD
(17, 18), research in this area is still insufficient. First, the
results of previous studies on the association between CVD
and PA are limited because they have focused primarily on
cardiovascular mortality (CVM); few studies have investigated
other CVD-related outcomes (19, 20). Therefore, the present
study examined the effects of PA on all CVD outcomes to help fill
the knowledge gap resulting from the one-sidedness of previous
studies, and it aimed to elucidate the different effects of PA on
CVM and other CVD outcomes. Second, several studies have
found that PA reduces the risk of cardiovascular disease, but
they did not distinguish between the age, region, and economic
status of the participants (21). Third, the size and diversity of
populations investigated in previous studies have been limited,
including those with underlying diseases, and further research is
needed to ensure that these findings are generalizable to healthy
people (22). Fourth, CVD is a chronic disease that requires
evidence not only from randomized controlled trials, but also
from longitudinal studies, but previous studies have focused on
only one of these (23, 24). Therefore, combining these two types
of evidence can better analyze the association between PA, SB
and CVD. Moreover, the number of published studies on the
effects of SB and PA on CVD has increased significantly in recent
years (25, 26). However, because of the increased volume of data,
updated reviews are needed to provide more reliable evidence.
Therefore, we conducted a comprehensive systematic review
and meta-analysis of the literature to characterize and quantify
the association between PA, SB, and CVD-related outcomes.

Methods

This the
recommendations of the Cochrane Collaboration Handbook

meta-analysis was conducted following
(27) and the framework for meta-analysis of longitudinal studies

in epidemiology (28). No ethical approval or patient consent
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was required because all analyses were performed using data
from previous studies.

Search strategies and study selection

To identify publications on PA and SB in healthy adults,
an exhaustive, strategic literature search of the MEDLINE,
Embase, Cochrane Library, and Web of Science databases was
conducted from their inception until September 2, 2022. The
search strategy did not include any restrictions and consisted
mainly of medical subject headings associated with keywords,
free words, and Boolean operators. The detailed search strategy
is described in the Appendix (p. 1); in brief, the following
search terms were used: “cardiovascular disease;” “sedentary

» o«

behavior,

» o«

adults,

» «

« : .
aerobic €xercise,

» o«

exercise,

» o«

training,

» «

triglyceride;

physical activity,
glucose,” “lipoproteins,” and
“randomized controlled trial.”

In addition, a recursive search for relevant publications
was conducted by manually searching the bibliographic lists
of similar reviews and large professional conferences. At
least two investigators (ZM and LZ) performed the study
selection and data extraction independently, and discrepancies
that arose during the process were resolved by consulting
a third investigator (YY). Title and abstract screening was
used to eliminate duplicates, reviews, and irrelevant studies.
Subsequently, potentially eligible studies were screened, and
their full text was downloaded; those that could not be
downloaded in full were excluded. The selected citations were
independently cross-checked for completeness and accuracy by
two investigators. All citations were managed and analyzed with
EndNote X9 software (Thompson ISI Research Soft, Clarivate
Analytics, Philadelphia, Philadelphia, USA).

Inclusion and exclusion criteria and data
abstraction

Studies that the

were included.

met following eligibility ~criteria

Population

Participants were healthy adults aged 18 years or older;
were physically independent; had no current cardiovascular or
other significant medical conditions; had no history of medical
conditions preventing them from participating in the exercise
intervention; were not currently taking any medications; and
had not engaged in regular PA in the past 1-2 years according
to a physician report or self-report (obtained through a standard
diagnostic interview).
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Interventions and exposure

Studies on PA interventions in healthy adults were included.
All participants received the PA intervention at least twice a
week for at least 8 weeks, as recommended by the American
College of Sports Medicine Guidelines (29). PA was defined as
any type of body activity that resulted in energy expenditure
(12). The specific breakdown of PA types was as follows (30,
31): (1) Aerobic exercise (AE), defined as exercise to improve
cardiovascular health, including walking, running, and cycling.
(2) Resistance exercise (RE), defined as exercise to increase
muscle strength, such as using elastic bands and dumbbells. (3)
Multicomponent exercise (ME), defined as a combination of at
least two exercise types, such as AE, RE, and balance training;
and (4) Mind-body exercise (MBE), defined as exercise to
improve participants’ physical and mental coordination through
awareness exercises, such as Tai chi, yoga, and dance. In the
interventions described above, PA was performed with and
without supervision.

In addition, longitudinal studies on SB and PA in healthy
adults were included to investigate the association between PA,
SB, and CVD events (fatal or non-fatal). SB was defined as
waking behavior characterized by low energy expenditure (<1.5
METs) (5), including sitting or reclining at leisure, at work,
in traffic, and at home. SB and PA time was obtained by a
standardized questionnaire or self-report. If more than two PA
or SB levels were present in a study, they were categorized into
two groups—high PA or SB and low PA or SB—and the low PA
or SB group was considered the reference category.

Comparators

The comparators included a non-exercise control group,
a health education group, and a group that maintained their
current lifestyle.

Outcomes

The primary outcomes of randomized controlled trials
(RCTs) were lipid levels (triglycerides [TGs], total cholesterol
[TC], [HDL],
lipoprotein [LDL]), and various clinical measures were used to

high-density lipoprotein and low-density
assess changes in these metrics from baseline to endpoint. The
secondary outcomes were other indicators related to CVD risk
factors, namely body mass index (BMI), systolic blood pressure
(SBP), diastolic blood pressure (DBP), and blood glucose.

For longitudinal studies, any type of CVD incidence or
mortality was selected as the primary outcome; this indicator
was included in most studies and was considered an appropriate
choice for acceptability.
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Study design

Our study included all types of randomized controlled trials
(RCTs), and to further explore the effect of SB and PA on CVD
incidence, population-based longitudinal studies (including any
type of prospective cohort or retrospective cohort study) were
also included; no restrictions were placed on publication date,
race, or region. Studies were excluded if (1) the study type
was a systematic review, meta-analysis, or protocol; (2) the
full text of the data analysis or data details were not available;
or (3) the intervention method was a combination of PA and
other methods.

Outcome measurement and quality
assessment

The following key information was extracted: first author;
year of publication; source; intervention or follow-up time;
intervention dose; study type; sample size; and baseline
characteristics of the participants, such as age and gender. If the
baseline data were not available in the text, they were obtained
by contacting the corresponding author.

The quality of the RCT was independently assessed by two
reviewers (ZM and ZD) according to the Cochrane Risk of
Bias tool (32), which consists of seven items: random sequence
generation; allocation concealment; participant and personnel
blinding; outcome assessment blinding; incomplete outcome
data; selective reporting and other biases; and items judged as
having high risk, low risk, and unclear risk.

All prospective and retrospective studies were evaluated by
the Newcastle-Ottawa Scale (NOS), which consists of three
main items: patient selection, comparability of the intervention
and observation groups, and assessment of outcomes. Studies
with NOS scores >7 were considered high-quality (33, 34).
Two reviewers scored each study independently, and in cases of
disagreement, a third reviewer reviewed their assessments.

Statistical analyses

A traditional paired meta-analysis was conducted for the
trials that satisfied the inclusion criteria (27). For the results
of continuous variables, baseline and terminal mean differences
and standard deviation (SD) were extracted; if they were not
provided, different methods were used to convert the data to a
standard format (35, 36). If the study was a multi-arm RCT, all
PA and control group data were extracted. A quantitative pooled
analysis was performed according to a fixed-effects model
(inverse variance), and forest plots were constructed to derive
the weighted mean difference (WMD) and 95% confidence
interval (CI); if heterogeneity existed, a random effects model
was used (D-L heterogeneity approach) (27). Hazard ratios
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(HRs) and their 95% CIs were included as pooled effects for the
longitudinal studies. Because such variables must be symmetric
and follow a normal distribution, logarithmic transformation
was performed, and a random effects model was then used to
explain the effects of between-study heterogeneity (37).

The presence of heterogeneity was determined by examining
the forest plots and I? statistics according to the latest version
of the Cochrane Handbook (27). 12 statistics were used to
assess statistical heterogeneity, with estimates of 25, 50, and 75%
indicating mild, moderate, and high heterogeneity, respectively;
a P-value of < 0.1 was considered statistically significant (38,
39). Sensitivity analyses and a series of subgroup analyses
were performed to identify the sources of heterogeneity by
statistical methods, and the literature-by-deletion method was
employed to analyze sensitivity. Funnel plots were used to
check for publication bias, which mainly arises from publication
bias, selective reporting, or other sources. Finally, Egger’s
tests were carried out to quantitatively evaluate whether the
studies had publication bias, and P < 0.05 indicated the
absence of publication bias (40). To explore the sources
of heterogeneity and the relationships of primary outcomes
in different conditions, a subgroup analysis was performed;
variables of interest included the region (the U.S. vs. other
countries; developed vs. developing countries), the intervention
time or follow-up time (<12 weeks vs. >12 weeks or <10
years vs. >10 years, respectively), age (<60 years vs. >60
years), quality of the literature (NOS <7 vs. NOS >7), gender
distribution (male > female vs. male < female), sample size
(<10000 vs. >10000), CVD outcomes (fatal vs. non-fatal), year
of publication (<2015 vs. >2015; <2016 vs. >2016), SB vs. no
SB, and PA type (AE, RE, ME, and MBE). The above analyses
were performed in STATA software version 15.1 (Stata, Corp,
College Station, Texas, USA).

Results

Study selection and characteristics of the
included studies

We obtained 75,075 studies from the database and identified
42 studies through other sources; of these, 4,544 studies were
excluded because of duplication, and 70,184 were excluded on
the basis of their titles and abstracts. After full-text screening
of the remaining 347 studies, a total of 163 publications were
excluded for the following reasons: 37 studies did not meet the
study type criteria; 56 studies did not have appropriate outcomes
or did not provide data that could be analyzed; 46 studies
included participants that did not satisfy the inclusion and
exclusion criteria (patients with underlying diseases, younger
than 18 years, or currently taking medication); and 24 studies
included interventions other than PA. Ultimately, we included
184 studies, of which 148 were RCTs and 36 were longitudinal
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[ Identification of studies via databases and registers ]
)
Records identified from*:(n = 75,075) Records removed before
5 PA: SB: screening:
© PubMed: 16,750 PubMed: 1,558 Duplicate records removed
K] Embase. ; > (n =4,544)
= mbase:5,006 Embase:883 » ineliai
= WOS:31,347 WOS:3,945 Records marked as ineligible
3 Cochrane:13,663  Cochrane:1,881 by automation tools (n = 0)
= Other sources:42 Records removed for other
reasons (n = 0)
—
\ 4
o
Records screened Records excluded:
——>
(n=70,531) (n=70,184)
\4
2 > {\r’]eg%r;s not retrieved
= Reports sought for retrieval
= (n =347, PA =302, SB = 45)
G
(%]
Reports excluded:163
® Studies were not RCTs or LS
\4 (n=237)
° . .
Reports assessed for eligibility > 2\%%?&! %;eta” c()rt1 E%%? their
(n=347, PA=302, SB=45) ® Studies without appropriate
outcomes (n = 24)
— ® The study subjects did not
meet the inclusion criteria (n =
— v 46)
® Includes forms of intervention
other than PA (n = 24)
& Studies included in review (n = 184)
E Reports of included studies
T=: (n =184, PA =169, SB = 18, Three
- studies had both SB and PA)
—
FIGURE 1
Literature review flowchart. LS, Longitudinal studies; PA, physical activity; RCT, randomized controlled trial; SB, sedentary behavior; WOS, web
of science.

studies (Supplementary Table S1). Three longitudinal studies
assessed both PA and SB. The study selection process is shown
in Figure 1.

A total of 1,011,473 participants aged between 18 and 100
years old were recruited in the 184 included studies; 8,166
and 1,003,307 participants were included in the RCTs and
the longitudinal studies, respectively. The proportion of male
participants was lower than that of female participants (males
in RCTs: 2,686 [32.9%]; males in longitudinal studies: 412,519
[41.1%]). The intervention duration in the RCTs ranged between
8 weeks and 24 months, and the mean follow-up time in the
longitudinal studies was 11.4 years. Participants were mainly
recruited in Europe (N = 61, 33.2%) and North America (N
= 55, 31.5%). We extracted several indicators related to CVD
risk from the RCTs, including BMI (N = 89), blood pressure
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(SBP: N = 65, DBP: N = 63), blood lipids (TGs: N = 76, TC:
N =79, HDL: N = 84, LDL: N = 78), and blood glucose (N
= 65). The demographic characteristics of the included studies
are summarized in Supplementary Table S1. Subgroup analyses
of the main outcomes are shown in Table 1.

And the forest plots and funnel plots of all outcomes will be
presented in the Appendix (p. 23-37).

Quality of the included studies
Of the 148 RCTs, 36 had a low risk of bias in random
sequence generation, 17 had a low risk of selection bias,

18 had a low risk of performance bias, and 27 had a low
risk of detection bias. Only six studies had a high risk of

frontiersin.org
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TABLE 1 Outcomes and subgroup analysis based on indicators related to CVD.

10.3389/fpubh.2022.1018460

Type of research and Number of studies Number of Weighted mean Heterogeneity
meta-analyses variables (included multi-arm participants difference
study) Intervention CG 12(%) P

RCT

Primary

Lipids TG 76 2,386 2,272 —7.27 (—9.68 to —4.87) 0 0.670
TC 79 2,298 2,214 —6.84 (—9.15 to —4.52) 38.4 <0.001
HDL 84 2,568 2,450 2.38 (1.00 to 3.76) 84.7 <0.001
LDL 78 2,435 2,322 —5.80 (—8.04 to —3.57) 65.5 <0.001

Secondary outcomes

Others BMI 89 3,204 3,016 —0.36 (—0.43 to —0.30) 0 0.998
SBP 65 1,820 1,680 —3.63 (—4.62 to —2.64) 58.0 <0.001
DBP 63 1,759 1,614 —2.25(—2.94 to —1.56) 51.3 <0.001
GIU 65 1,743 1,670 —4.40 (—5.44 to —3.36) 86.5 <0.001

Subgroup analysis based on TG

Region Overall 76 2,386 2,272 —7.27 (—9.68 to —4.87) 0 0.670
Developing countries 13 346 345 —13.83 (—19.88 to —7.79) 0 0.665
Developed countries 63 2,040 1,927 —6.04 (—8.66 to —3.41) 0 0.727

Intervention time Overall 76 2,386 2,272 —7.27 (—9.68 to —4.87) 0 0.670
<12weeks 41 1,026 944 —7.74 (—11.11 to —4.37) 12.1 0.228
>12weeks 35 1,360 1,328 —6.79 (—10.23 to —3.35) 0 0.929

Published year Overall 76 2,386 2,272 —7.27 (—9.68 to —4.87) 0 0.670
<2015 54 1,651 1,582 —9.30 (—12.46 to —6.15) 0 0.522
>2015 22 735 690 —4.34 (—8.16 to —0.71) 0 0.884

Age Overall 75 2,366 2,224 —7.31 (—9.72 to —4.90) 0 0.653
<60 54 1,782 1,596 —6.27 (—9.24 to —3.30) 0 0.928
>60 21 584 628 —9.33 (—13.45 to —5.20) 30.4 0.076

Male to female ratio Overall 72 2,264 1,982 —7.26 (—9.744 to —4.77) 0 0.555
Female<male 51 1,685 1,483 —6.34 (—9.40 to —3.28) 0 0.495
Male>female 21 579 499 —9.03 (—13.29 to —4.78) 0 0.574

Sedentary Overall 76 2,386 2,272 —7.27 (—9.68 to —4.87) 0 0.670
Yes 45 1,472 1,438 —7.18 (—10.31 to —4.04) 0 0.918
No/NR 31 914 834 —7.41 (—11.16 to —3.65) 17.8 0.163

Exercise type Opverall 76 2,386 2,272 —7.27 (—9.68 to —4.87) 0 0.670
AE 55 1,550 1,455 —6.99 (—10.04 to —3.94) 0 0.525
RE 16 314 303 —10.02 (—16.36 to —3.68) 0 0.823
ME 16 499 491 —6.80 (—12.15 to —1.45) 10.6 0.332
MBE 2 23 23 —3.40 (—16.84 to —10.04) 10.0 0.292

Subgroup analysis based on TC

Region Overall 79 2,298 2,214 —6.84 (—9.15 to —4.52) 38.4 <0.001
Developing countries 15 385 382 —11.03 (—18.47 to —3.60) 64.0 <0.001
Developed countries 64 1,913 1,832 —5.93 (—8.08 to —3.78) 19.3 <0.1

Intervention time Overall 79 2,298 2,214 —6.84 (—9.15 to —4.52) 384 <0.001
<I12weeks 43 1,054 971 —7.72 (—11.56 to —3.89) 45.7 <0.001
>12weeks 36 1,244 1,243 —6.06 (—8.79 to —3.33) 27.0 <0.1

Published year Overall 79 2,298 2,214 —6.84 (—9.15 to —4.52) 384 <0.001
<2015 56 1,720 1,681 —6.82 (—9.54 to —4.09) 38.0 <0.01
>2015 33 578 533 —6.84 (—11.24 to —2.45) 39.2 <0.1

(Continued)
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TABLE 1 (Continued)

Type of research and Number of studies Number of Weighted mean Heterogeneity
meta-analyses variables (included multi-arm participants difference
study) Intervention CG 12(%) P
Age Opverall 77 2,269 2,188 —6.54 (—8.83 to —4.26) 36.8 <0.001
<60 54 1,641 1,509 —6.81 (—9.40 to —4.22) 319 <0.01
>60 23 628 679 —6.56 (—11.41 to —1.70) 482 <0.01
Male to female ratio Overall 75 2,067 1,915 —6.99 (—9.37 to —4.60) 37.6 <0.001
Female<male 51 1,557 1,465 —6.52 (—9.49 to —3.55) 435 <0.001
Male>female 24 510 450 —8.47 (—12.38 to —4.56) 204 0.164
Sedentary Overall 79 2,298 2,214 —6.84 (—9.15 to —4.52) 384 <0.001
Yes 48 1,462 1,423 —5.05 (—7.92to —2.19) 311 0.011
No/NR 31 836 791 —9.31 (—12.96 to —5.67) 415 0.004
Exercise type Overall 79 2,298 2,214 —6.84 (—9.15 to —4.52) 384 <0.001
AE 58 1503 1417 —5.70 (=8.53 to —2.88) 354 <0.01
RE 16 306 296 —8.77 (~16.51 to —1.04) 531  <0.01
ME 17 466 478 —8.58 (—13.32 to —3.84) 345 <0.1
MBE 2 23 23 —14.39 (—34.10 to 5.32) 624 0.103

Subgroup analysis based on HDL

Region Overall 84 2,568 2,450 2.38 (1.00 to 3.76) 84.7 <0.001
Developing countries 18 406 406 2.34 (0.77 to 3.90) 27.3 0.117
Developed countries 76 2,162 2,044 2.35(0.68 to 4.01) 87.2 <0.001
Intervention time Overall 84 2,568 2,450 2.38 (1.00 to 3.76) 84.7 <0.001
<12weeks 45 1,150 1,058 2.28 (—0.16 to 4.72) 89.3 <0.001
>12weeks 39 1,418 1,392 2.43 (1.04 to 3.83) 70.4 <0.001
Published year Overall 84 2,568 2,450 2.38 (1.00 to 3.76) 84.7 <0.001
<2015 60 1,790 1,715 2.83(0.95 to 4.71) 88.0 <0.001
>2015 24 778 735 0.95 (—0.18 to 2.08) 26.0 0.101
Age Overall 83 2,548 2,433 2.34(0.96 to 3.72) 84.6 <0.001
<60 59 1,898 1,731 2.07 (1.05 to 3.10) 56.6 <0.001
>60 24 650 702 2.90 (—1.50 to 7.31) 94.7 <0.001
Male to female ratio Overall 82 2,346 2,160 2.63(1.17 to 4.08) 85.2 <0.001
Female<male 58 1,722 1,620 2.43 (0.37 to 4.49) 89.0 <0.001
Male>female 24 624 540 2.76 (1.53 to 3.98) 329 <0.100
Sedentary Overall 84 2,568 2,450 2.38 (1.00 to 3.76) 84.7 <0.001
Yes 47 1,515 1,474 1.17 (—0.75 to 3.09) 85.5 <0.001
No/NR 37 1,053 976 3.84 (1.90 to 5.80) 82.1 <0.001
Exercise type Overall 84 2,568 2,450 2.38 (1.00 to 3.76) 84.7 <0.001
AE 61 1715 1590 2.71(0.79 to 4.64) 88.6 <0.001
RE 19 362 353 3.37 (1.09 to 5.66) 434 <0.1
ME 18 468 484 0.49 (—2.06 to 3.04) 75.8 <0.001
MBE 2 23 23 0.45 (—8.15t0 9.04) 559 0.132

Subgroup analysis based on LDL

Region Overall 78 2,435 2,322 —5.80 (—8.04 to —3.57) 65.5 <0.001
Developing countries 14 354 357 —7.68 (—12.85 to —2.52) 58.8 <0.1
Developed countries 64 2,081 1,965 —5.38 (—7.87 to —2.88) 66.9 <0.001
Intervention time Overall 78 2,435 2,322 —5.80 (—8.04 to —3.57) 65.5 <0.001
<12weeks 39 1,003 921 —7.14 (—11.20 to —3.08) 77.1 <0.001
>12weeks 39 1,432 1,401 —3.58 (—5.68 to —1.47) 31.6 <0.1
(Continued)
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TABLE 1 (Continued)

10.3389/fpubh.2022.1018460

Type of research and Number of studies Number of Weighted mean Heterogeneity
meta-analyses variables (included multi-arm participants difference
study) Intervention CG 12(%) P
Published year Opverall 78 2,435 2,322 —5.80 (—8.04 to —3.57) 65.5 <0.001
<2015 57 1,868 1,798 —4.75 (—=7.33 to —2.16) 66.9 <0.001
>2015 21 567 524 —8.94 (—13.47 to —4.41) 61.0 <0.001
Age Overall 77 2,405 2,305 —5.72 (—=7.95 to —3.49) 65.5 <0.001
<60 55 1,801 1,641 —3.71 (—5.44 to —1.98) 17.7 0.103
>60 22 614 664 —8.25 (—14.06 to —2.44) 86.9 <0.001
Male to female ratio Overall 74 2,213 2,032 —6.32 (—8.65 to —3.98) 67.1 <0.001
Female<male 51 1,626 1,527 —6.44 (—9.37 to —3.51) 72.5 <0.001
Male>female 23 587 505 —5.73 (=9.43 to —2.02) 44.4 <0.01
Sedentary Overall 78 2,435 2,322 —5.80 (—8.04 to —3.57) 65.5 <0.001
Yes 47 1,518 1,475 —2.80 (—5.09 to —0.52) 35.1 <0.01
No/NR 31 917 847 —9.06 (—12.81 to —5.31) 74.6 <0.001
Exercise type Overall 78 2,435 2,322 —5.80 (—8.04 to —3.57) 65.5 <0.001
AE 55 1,503 1,412 —3.93 (=6.31 to —1.54) 50.6  <0.001
RE 17 330 320 —10.87 (—19.49 to —2.25) 83.2 <0.001
ME 20 579 567 —4.47 (—7.04 to —1.90) 35 0.413
MBE 2 23 23 —9.76 (—21.79 to 2.26) 0 0.336
Type of research and Number of studies Number of Hazard ratio Heterogeneity
meta-analyses variables (included multi-arm participants
study) Exposure REF 12 (%) P
LS
SB HR 18 166,816 216,796 1.34 (1.26 to 1.43) 52.3 <0.01
PA HR 21 239,479 380,216 0.71 (0.66 to 0.77) 78.0 <0.001
Subgroup analysis based on SB
Region Overall 18 166,816 216,796 1.34 (1.26 to 1.43) 52.3 <0.01
United States 11 152,605 184,233 1.33 (1.25 to 1.42) 52.4 <0.01
Others 7 14,211 32,563 1.42 (1.11 to 1.81) 60.0 <0.1
Published year Overall 18 166,816 216,796 1.34 (1.26 to 1.43) 52.3 <0.01
<2016 13 135,478 187,115 132 (1.23 to 1.42) 59.8 <0.01
>2016 5 31,338 29,681 1.44 (1.23 t01.68) 23.0 0.261
Follow-up time Overall 18 166,816 216,796 1.34 (1.26 to 1.43) 52.3 <0.01
<10 years 12 125,900 173,235 1.32 (1.23 to 1.42) 47.4 <0.1
>10 years 6 40,916 43,561 1.39 (1.23 to 1.59) 64.1 <0.1
Number of follow-up Overall 17 166,816 216,796 1.34 (1.26 to 1.43) 55.1 <0.01
participants <10,000 9 9,817 11,497 1.56 (1.37 to 1.77) 212 0.255
>10,000 8 156,999 205,299 1.28 (1.20 to 1.36) 49.1 <0.1
Disease type Overall 18 166,816 216,796 1.34 (1.26 to 1.43) 52.3 <0.01
CVM 7 90,730 94,255 1.32 (1.22 to 1.44) 36.5 0.126
CVD 12 76,086 122,541 1.36 (1.24 to 1.50) 70.9 <0.01
Male to female ratio Overall 16 165,944 215,954 1.34 (1.26 to 1.43) 55.1 <0.01
Female<male 11 99,358 116,547 1.33 (1.22 to 1.44) 61.7 0.001
Male>female 5 66,586 99,407 1.37 (1.28 to 1.46) 0 0.575
(Continued)
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TABLE 1 (Continued)

10.3389/fpubh.2022.1018460

Type of research and Number of studies Number of Hazard ratio Heterogeneity
meta-analyses variables (included multi-arm participants
study) Exposure REF 12(%) P
Quality of literature Overall 17 166,816 216,796 1.34 (1.26 to 1.43) 52.3 <0.01
<7 9 128,139 175,653 1.39 (1.29 to 1.49) 8.4 0.365
>7 8 38,677 44,143 1.30 (1.20 to 1.42) 58.9 <0.01
Subgroup analysis based on PA
Region Overall 21 239,479 380,216 0.71 (0.66 to 0.77) 78.0 <0.001
United States 8 180,416 262,215 0.67 (0.58 to 0.78) 82.0 <0.001
Others 13 59,063 118,001 0.75 (0.70 to 0.81) 55.0 <0.01
Published year Overall 21 239,479 380,216 0.71 (0.66 to 0.77) 78.0 <0.001
<2016 10 56,980 72,557 0.70 (0.65 to 0.76) 0 0.683
>2016 11 182,499 307,659 0.73 (0.65 to 0.82) 88.0 <0.001
Follow-up time Overall 21 239,479 380,216 0.71 (0.66 to 0.77) 78.0 <0.001
<10 years 11 65,724 159,415 0.74 (0.68 to 0.80) 56.2 <0.1
>10 years 10 173,755 220,801 0.69 (0.61 to 0.79) 83.2 <0.001
Number of follow-up Overall 19 239,479 380,216 0.71 (0.66 to 0.77) 78.0 <0.001
participants <10,000 8 14,011 178,75 0.66 (0.56 t0 0.79) 759  <0.001
>10,000 11 225,468 362,341 0.78 (0.73 to 0.83) 51.9 <0.1
Disease type Overall 21 239,479 380,216 0.71 (0.66 to 0.77) 78.0 <0.001
CVM 11 188,625 266,336 0.72 (0.65 to 0.80) 54.4 <0.1
CVD 10 50,854 76,256 0.71 (0.63 to 0.80) 85.8 <0.001
Male to female ratio Overall 21 239,479 380,216 0.71 (0.66 to 0.77) 78.0 <0.001
Female<male 13 210,071 231,408 0.71 (0.64 to 0.78) 81.7 <0.001
Male>female 4 29,408 38,799 0.81 (0.69 to 0.96) 61.7 <0.1
Quality of literature Overall 21 239,479 380,216 0.71 (0.66 to 0.77) 78.0 <0.001
<7 7 29,513 83,560 0.77 (0.70 to 0.86) 22.5 0.243
>7 14 209,966 296,656 0.70 (0.63 to 0.77) 84.1 <0.001

If studies reported with more than two categories of different SB, PA levels, they were converted into two groups, namely high-level SB, PA and low-level SB, PA while the later group
was used as the reference category. Pool effect size: pooled WMDs (95% Confidence interval [CI]); pooled HRs(95% CI). BMI, Body mass index; CVD, Cardiovascular disease; CVM,
Cardiovascular mortality; CG, Control Group; DBP, Diastolic blood pressure; HDL, High density lipoprotein; HR, Hazard Ratio; GIU, Glucose; LS, Longitudinal study; PA, Physical
activity; REF, Reference; RCT, Randomized controlled trial; SBP, Systolic blood pressure; TG, Triglyceride; TC, Total cholesterol; LDL, Low density lipoprotein.

abrasion bias, and most studies had a low risk of reporting bias
(143/148, 97.3%). The detailed assessment process is shown in
Supplementary Figures S1, S2.

Of the 36 longitudinal studies, 29 received a score
of 7 and were considered high-quality according to the
NOS criteria; the detailed assessment process is shown in
Supplementary Figure S3.

Primary outcomes

RCTs

Of the RCTs, 76 studies (4,658 participants) explored
the effects of long-term PA on TGs, 79 studies (4,512
participants) described the effects of PA on TC, 84 studies
(5,018 participants) investigated the effect of PA on HDL,

Frontiersin Public Health

and 78 studies (4,757 participants) described the effects of
PA on LDL (Table1). Most studies reported fasting lipids;
only two studies (41, 42) reported non-fasting lipids. We
pooled the WMD effect sizes according to a fixed model
or a random model. The results showed that long-term
PA significantly increased HDL levels (P < 0.001) and
decreased TGs (P < 0.001), TC (P < 0.001), and LDL
(P < 0.001). The pooled results for TG levels were as
follows: WMD = —7.27; 95% CI: —9.68 to —4.87; I* =
0%, Pheterogeneity = 0-670 (fixed model); TC: (WMD

—6.84 95% CL —9.15 to —4.52 I> = 38.4%, Pheerogeneity
< 0.001, random model); HDL: (WMD = 2.38; 95% CI:
1.00 to 3.76; 12 = 84.7%; Pheterogeneity < 0.001, random
model); LDL: (WMD = —5.80; 95% CI: —8.04 to —3.57;
> = 65.5%, Pheterogeneity < 0-001, random model). Among
the four lipid indices, only the funnel plot for TC showed
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symmetry; the rest of the indices did not show symmetry
(Supplementary Figures S17-520). The Egger’s test results were
as follows: TGs, P < 0.05; TC, P = 0.937; HDL, P = 0.240; and
LDL, P < 0.05.

To explore possible sources of heterogeneity, subgroup
analyses of lipid outcomes were performed, grouping
participants according to intervention time, region, age of
participants, year of publication, male/female ratio, previous SB
or no previous SB, and PA type. Some of the subgroup analyses
were consistent; however, when studies were divided according
to their male/female ratios, less heterogeneity was observed
in the combined effect of long-term PA on TC in the studies
with more males (WMD = —8.47; 95% CI: —2.38 to —4.56; 12
= 20.4%, P = 0.164, random model). Similarly, when studies
were divided according to the type of PA, less heterogeneity was
observed in studies on the effect of ME on LDL (WMD = —4.47;
95% CI: —7.04 to —1.90; I2 = 20.4%, P = 0.164, random model).
In addition, PA was associated with a significant improvement
in HDL only if participants were younger than 60 years old
(P < 0.001), the intervention duration was longer than 12
weeks (P < 0.01), the study was conducted in people without
previous SB habits, or the study assessed AE (P < 0.01) or RE
(P < 0.01). The detailed subgroup analyses are presented in
Table 1.

Longitudinal studies

Eighteen studies analyzed the effect of SB on CVD
(Table 1). The results showed that people with SB had
risk of CVD (P < 0.001),
effect
1.43) and relatively

a significantly increased
both fatal and non-fatal, with a
(HR) of 1.34 (95% CI: 1.26 to
high heterogeneity (I>2 = 52.3%, Pheterogeneity < 0.001,

pooled size

random model). The funnel plot was asymmetric, and
the publication bias was high (Pgggerstest < 0.05)
(Supplementary Figure S22).

Twenty-one studies explored the effect of PA on
CVD (Table 1). The results showed that long-term PA
was associated with a significantly lower risk of CVD
compared with low levels of PA (P < 0.001), with a
pooled effect size (HR) of 0.71 (95% CI: 0.66 to 0.77) and
high heterogeneity (I> = 78.0%, Pheterogencity < 0-001,
random model). The funnel plot was also asymmetric,
showing potential publication bias (Pgggey/stest = 0.605)
(Supplementary Figure S23).

We performed subgroup analyses by dividing the studies
according to several variables of interest (region, year of
publication, male/female ratio, number of participants, follow-
up time, quality of literature, and type of CVD), and
some subsets of these subgroup analyses revealed sources
of heterogeneity. For example, in the SB and CVD studies,
heterogeneity was significantly lower in studies with population
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sizes under 10,000 (HR = 1.56; 95% CI: 1.37 to 1.77; 2= 21.2%,
P = 0.255, random model) than in studies with population sizes
greater than 10,000 (HR = 0.28; 95% CI:1.20 to 1.36; 2= 49.1%,
P = 0.033, random model). Other sources of heterogeneity are
detailed in Table 1.

Secondary outcomes

RCTs
BMI

According to the pooled combined effects of BMI using
a fixed effects model, 89 RCTs (6,220 participants) revealed a
significant effect regarding BMI reduction (WMD = —0.36; 95%
CI: —0.43 to —0.30; I2 = 0%, Pheterogencity = 0-998, fixed model)
(Table 1); however, the asymmetry of the funnel plot of BMI
indicators suggested potential publication bias (Pgggers test =
0.051) (Supplementary Figure S14).

Blood pressure

A total of 65 RCTs (3,500 participants) explored the effects of
PA on SBP, and 63 (3,373 participants) investigated the effects of
PA on DBP (Table 1). The resting blood pressure in both sitting
and supine positions was included. The combined effect showed
a significant reduction in SBP (WMD = —3.63; 95% CI: —4.62 to
—2.64; 12 = 58.0%, Pheterogeneity < 0-001, random model) with
some heterogeneity. DBP also decreased significantly by a small
margin (WMD = —2.25; 95% CIL: —2.94 to —1.56; I> = 51.3%,
Pheterogeneity < 0.001, random model), and heterogeneity was
observed. The forest plots for both indicators were asymmetric,
and publication bias was detected (SBP: P = 0.261, DBP: P <
0.001) (Supplementary Figures S15, S16).

Blood glucose

A random effects model was used to pool glucose from
65 RCTs (3,413 participants) (Table 1), all of which required
participants to fast for 8-14h; the model revealed that PA
was associated with a significant improvement in fasting
glucose (P < 0.001) with high heterogeneity (WMD =
—4.40; 95% CI: —5.44 to —3.36; I* = 86.5%; Pheterogencity
< 0.001, random model). The asymmetry of the forest
plot suggested high publication bias (Pgggerstest = 0.838)
(Supplementary Figure S21).

Sensitivity analyses

Sensitivity analysis showed that all outcomes were stable for
PA and SB.
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Discussion

This is the first meta-analysis to combine randomized
controlled trials and longitudinal studies to assess the association
between SB, PA, and CVD. The analysis of 148 RCTs and
36 longitudinal studies indicated that long-term PA improved
indicators related to CVD risk in healthy adults and directly
reduced the risk of CVD. Conversely, long-term SB increased
the risk of CVD in healthy people, regardless of the study region,
the gender of participants, and follow-up time. In addition,
long-term PA was not associated with a large improvement in
HDL in studies on older adult populations, studies on previously
sedentary populations, studies with short-term interventions, or
studies that assessed ME.

SB has been identified as a risk factor for CVD in several
previous studies (43, 44). Our meta-analysis confirmed the
association between SB and CVD (HR:1.34; 95% CI: 1.26 to
1.43; 2 = 52.3, P < 0.01; random model), suggesting a 34%
increase in the risk of CVD (including non-fatal CHD, HF,
and fatal myocardial infarction events) in people with frequent
SB compared with those without SB. Evidence suggests that
of the factors associated with all causes of CVD mortality, SB
has the strongest association (8), and several other studies have
reported strong, consistent results supporting this association.
A prospective cohort study on 134,596 Americans found that
the risk of death from CVD rose with increased sitting time,
particularly while viewing television, and this finding was
consistent across people of different weights, genders, and races;
similar results were found in our study (45). A lack of PA due
to SB leads to the decreased turnover of endogenous energy
stores, myogenic glycogen, and intracellular lipids; in turn,
these changes lead to skeletal muscle insulin resistance. When
hyperinsulinism occurs, adipogenesis increases, promoting the
production of very low-density lipoproteins and lower HDL
levels in the liver. This results in the development of metabolic
syndrome, which may contribute to the development of CVD.
Similarly, steatosis may cause hyperglycemia, which not only
causes diabetes but also potentially increases the risk of CVD
(46, 47). In conclusion, the mechanisms through which SB
causes CVD are complex and multifaceted.

We investigated the effects of long-term PA on CVD and
several CVD risk indicators and found that long-term PA not
only reduced the HR of CVD events (HR = 0.71; 95%CI: 0.66
to 0.77; 12 = 78.0%, Pheterogeneity < 0-001, random model) but
also improved several CVD risk indicators. The cardioprotective
effects of long-term PA have been confirmed by several studies.
For example, an American cohort study that analyzed the
effects of long-term PA in 88,140 adults found that the risk
of CVD-specific death was 37 and 33% lower in participants
who performed PA for 150-299 min and 1,500 min or more
per week, respectively, compared with those who were inactive
(48). Because of its large sample size, this study provides
strong evidence supporting our meta-analysis results. For the
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mechanism by which PA reduces cardiovascular risk, one study
suggests that PA improves cardiovascular health through the
efficient use of energy-releasing raw materials (e.g., oxygen, fat,
and glucose) and other resources, combined with autonomous
skeletal muscle contraction that enhances metabolism and
neural coordination (44). Furthermore, a large meta-analysis
of RCTs showed that long-term PA significantly improved
cardiopulmonary function and several CVD biomarkers (e.g.,
lipids) in healthy adults, which in turn reduced the incidence
of CVD and improved cardiovascular health. To further explore
the reasons for PA’ effects on the risk of CVD, our study began
by analyzing lipids because abnormalities in the lipoprotein-
lipid profile account for 50% of the total risk of CVD (46);
moreover, the assessment of lipid levels is the most common
method to identify individuals at high risk of CVD (49).
According to our study, long-term PA significantly reduced
total TC, TGs, and LDL levels and significantly improved
HDL levels. Other studies have shown that adults who engage
in long-term PA have lower TC and LDL levels compared
with those who are inactive (50, 51), these findings are
consistent with our meta-analysis results. Furthermore, two
longitudinal studies have demonstrated that TG levels are
lower and HDL levels are higher in endurance athletes and
in those with long-term aerobic training (52, 53). The more
favorable lipid profiles in these populations may be due to an
increase in lipoprotein lipase (LPL) mRNA, LPL mass, total
LPL activity, and heparin-releasable LPL activity in the skeletal
muscle after long-term PA (54). When the LPL concentration
increases, the composition of lipoproteins changes in vivo, and
apolipoprotein-E is redistributed. This change decreases plasma
TG levels, LDL levels, and TC/HDL ratio and increases HDL
concentrations (55, 56), thereby reducing the risk of CVD.

Furthermore, our study revealed significant improvements
in BMI, blood pressure, and blood glucose in healthy adults who
performed long-term PA, and these results have been widely
confirmed. Several large RCTs have found that after more than
8 weeks of PA intervention, all participants had lower weight,
blood pressure, and fasting glucose, and these effects were
consistent for participants with different genders and weights
as well as different types and intensities of PA (57-60). These
improvements may be related to omentin-1, an adipokine that
promotes insulin sensitivity; studies have shown that after long-
term PA intervention, participants showed improvements in
BMI, waist circumference, body fat, and blood glucose with
a corresponding increase in their omentin-1 concentrations
(61). Omentin-1 was present at lower concentrations in the
obese population and was negatively correlated with BMI,
fasting glucose, and blood pressure (62, 63). The concentration
of omentin-1 in the body may have increased after the PA
intervention, improving CVD-related outcomes.

In the subgroup analysis, we found that PA only significantly
improved HDL when the intervention duration was longer
than 12 weeks or the participants who were under 60 years
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of age. Shorter interventions may be insufficient to achieve
observable improvements; moreover, the PA intensity may not
reach the level needed for improvement in older adults because
of their low exercise levels. In a previous study, a significant
improvement in HDL was reported only after PA reached a
certain intensity (64). We also observed a significant effect on
HDL when people chose to perform AE or RE. Evidence shows
that AE or RE alone can increase HDL levels (65), and the
combination of AE and RE in ME can have the same effect (66);
however, ME was not associated with significant changes in our
study. This is likely because ME was mixed with other forms of
exercise, such as balance exercises, and less evidence supports
improvement in HDL with these forms of exercise; thus, the
overall results may have been affected. Moreover, no significant
differences were observed in terms of the effect of PA on HDL
in the group with SB. This suggests that the beneficial effects of
PA may be limited in people with SB; furthermore, a previous
study showed that the effects of PA and SB were independent
of each other (9). These findings warrant further investigation
of the details of the interaction between PA and SB in future
studies. In all other subgroup analyses, we obtained consistent
results, indicating that the overall improvement in lipids levels
was superior in participants who performed PA.

Our study has several implications in clinical practice and
can provide guidance for practitioners. First, our findings
support the American Heart Association (AHA) guidelines
recommending long-term PA as a first-line treatment for
improving dyslipidemia and reducing the risk of CVD (67).
Therefore, 40 min of moderate to vigorous intensity aerobic
exercise for three to four times per week is recommended to
lower LDL and increase HDL (68). Second, our study found
that PA also improved blood pressure levels, and according
to the AHA guidelines, performing aerobic exercise three
to four times a week for an average of 40 min per session
for at least 12 weeks is a typical recommendation for
improving blood pressure in adults (68). Third, according
to our subgroup analysis, resistance training can also reduce
the risk of CVD when performed at a recommended weekly
training intensity of 500-1000 METs (69). In summary,
patients should regularly engage in PA, and to maximize
health benefits, they should perform at least 150 minutes of
moderate-intensity aerobic exercise or 75 min of high-intensity
aerobic exercise as well as two resistance training sessions per
week (30).

Strengths and limitations

This study is the first to combine RCTs and longitudinal
studies to examine the association between PA, SB, and
CVD, contributing new medical evidence to the literature.
We not only distinguished the population but also considered
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factors such as economic status, year of publication, and
the number of participants, making this a more in-depth
study than previous work. Because the volume of literature
included in the previous meta-analysis was not very large, we
collected studies from larger databases, resulting in a larger
sample size meeting the inclusion criteria. The results of this
study may provide more treatment options to policymakers,
clinicians, and caregivers, and the findings may help guide
decision-making and facilitate more in-depth research in
the future.

The present study also has several limitations. First, the
uneven quality of the literature on RCTs may have impacted
the overall quality of the studies, and the high risk of
outcome assessment blinding created some heterogeneity and
imprecision in the study results. In addition, the inclusion
of longitudinal studies and RCTs may have resulted in
inconsistent results. Furthermore, we did not analyze certain
confounding factors, such as diet, smoking, and obesity, because
of inconsistencies in implementation criteria, dosing criteria,
and rubrics, which may have contributed to limitations in the
outcomes. Considering the above limitations, the study results
should be interpreted with caution.

Conclusions

In conclusion, long-term SB increased the risk of CVD in
healthy adults, whereas regular PA reduced the risk of CVD
and improved indicators associated with CVD risk. However,
improvement was limited in patients with SB, select ME and
older age groups. Therefore, patients should be encouraged to
limit their daily sitting time and increase their PA levels to
reduce their risk of CVD. More detailed studies are needed to
demonstrate and clarify the effects of PA and SB on CVD.
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