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Objective: The study aimed to explore the association between physical activity
(PA) and PM2. 5-attributable cardiovascular disease (CVD) mortality trends across
the United States (US) at the state level.

Methods: We conducted a cross-sectional study using data from the Global
Burden of Disease 2019 study for PM2.5-attributable CVD mortality and the
Behavioral Risk Factor Surveillance System for PA prevalence. The study covered all
50 US states and the District of Columbia from 2001 to 2019. We utilized Joinpoint
Regression to calculate AAPC from 2011 to 2019 and Pearson correlation
coefficients to assess state-level associations between PA and PM2.5-attributable
CVD mortality AAPC.

Results: During 2011-2019, a total of 244,318 PM2.5-attributable CVD deaths
were recorded. The age-adjusted mortality rates (AAMR) of PM2.5-attributable
CVD declined substantially from 2011 to 2019 across all US states, with the most
pronounced reductions observed in industrialized states such as West Virginia
(51% decline), Kentucky (32%), and Ohio (22%). AAMR ratios for the US states
varied substantially, ranging from 0.1 in Hawaii to 1.7 in Arkansas. The AAPC
ranged from —9.4% (West Virginia) to —1.7% (New Mexico) in the majority of states,
while a few states such as Alaska, Wyoming, and Washington saw slight positive
AAPCs from 0.9 to 2.9%. A significant correlation was found between PA and
PM2.5-attributable CVD mortality trends (r = 0.454, p = 0.001), with similar results
in subgroup analyses.

Conclusion: Our findings suggest a correlation between increased physical
activity (PA) and increased PM2.5-attributable CVD mortality, highlighting the
potential need to consider PM2.5 exposure when engaging in PA to mitigate
adverse cardiovascular health impacts. However, further research is warranted to
establish causality and underlying mechanisms in the relationship between PA
and PM2.5-attributable CVD mortality. Potential limitations include reliance on
self-reported PA data.
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1. Introduction

Air pollution, particularly fine particulate matter (PM2.5),
has been identified as a major contributor to cardiovascular
disease (CVD) mortality worldwide. In the United States (US)
alone, PM2.5 exposure has been linked to ~100,000 premature
deaths annually, with nearly 25% attributable to CVDs (1, 2).
Specifically, national estimates indicate that CVD mortality rates
attributable to PM2.5 are the highest in the Midwest and Southern
regions of the US, with rates exceeding 60 deaths per 100,000
population in states such as Arkansas and Oklahoma (3). In 2019
(2), there were significant variations in PM2.5-attributable CVD
mortality rates among different countries. For instance, Germany
had a PM2.5-attributable CVD mortality rate of 18.84 per 100,000
population for all ages, while Australasia had a rate of 3.79, the
United Kingdom had 10.58, the US had 7.84, Japan had 15.53,
France had 9.69, and Canada had 5.13. It is worth noting that
after age-standardization, the data still showed similar disparities.
For age-standardized rates, Germany had a PM2.5-attributable
CVD mortality rate of 7.54 per 100,000 population, Australasia
had 2.08, the United Kingdom had 5.38, the US had 4.53, Japan
had 5.01, France had 4.10, and Canada had 2.61. These significant
PM2.5-related health burdens underscore the need to identify
modifiable factors that may mitigate the cardiovascular toxicity of
air pollution.

Air pollution arises from various sources, including both
anthropogenic (human-made) and natural sources. Anthropogenic
sources include emissions from industries, transportation (e.g.,
vehicles, airplanes, and ships), power generation, and residential
activities (e.g., cooking and heating). These sources release
a complex mixture of pollutants, including PM2.5, nitrogen
oxides (NOx), sulfur dioxide (SO3), volatile organic compounds
(VOCs), and carbon monoxide (CO). Industrial activities, such
as manufacturing and combustion of fossil fuels, are major
contributors to PM2.5 emissions. Transportation-related emissions
also play a significant role, especially in urban areas with high
vehicle density. Combustion of fossil fuels in power plants for
electricity generation is another important source of PM2.5 and
other air pollutants. Additionally, residential activities, such as
burning wood and other solid fuels for heating and cooking,
contribute to PM2.5 levels, particularly in rural and developing
Natural sources of PM2.5
eruptions, dust storms, and pollen release. While these events can

areas. include wildfires, volcanic
contribute to localized increases in PM2.5 levels, they generally
do not contribute as significantly to long-term exposure as
anthropogenic sources.

Physical activity (PA) has been well-established as a protective
factor against CVDs and related mortality (4, 5). However, most
studies demonstrating the cardiovascular benefits of PA have been
conducted in areas with relatively low air pollution levels. Emerging
evidence suggests that engaging in outdoor PA in polluted
environments may limit the cardioprotective effects of exercise
(6). Several potential mechanisms have been proposed, including
enhanced pulmonary inflammation, elevated blood pressure, and
increased deposition of particles in the lungs during exercise (7).
Nevertheless, few studies have directly investigated the complex
interplay between PM2.5 and PA on a population level.
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While some research studies have reported that outdoor PA
may exacerbate PM2.5-attributable CVD risks (8, 9), other studies
have suggested that PA benefits may outweigh risks across all
levels of PM2.5 exposures (10). However, existing studies have
been limited to specific cohorts, providing inadequate evidence
to guide public health policies on balancing the benefits and
risks of promoting PA in polluted areas. Our study aimed to
address this critical research gap by leveraging nationwide data to
examine the association between state-level PA rates and ambient
PM2.5-attributable CVD mortality across the US. Elucidating the
interacting effects between PA and PM2.5 is crucial to inform
air quality regulations and tailored interventions that maximize
the cardiovascular benefits of PA while minimizing risks of air
pollution exposures. Findings from this state-level analysis will
provide novel insights unavailable from individual-level data,
helping guide targeted policies and public health strategies to
address the substantial spatial disparities in PM2.5-attributable
CVD mortality across the US (11).

2. Materials and methods

This study follows the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting
guidelines for cross-sectional studies.

2.1. PM2.5-attributable cardiovascular
diseases data

We used the Global Health Data Exchange (2) to extract the
data on cardiovascular disease mortality attributable to PM2.5 in
the US from 1990 to 2019. The PM2.5-attributable cardiovascular
disease data in the US included sex, states, cardiovascular disease
subtypes, and age-adjusted mortality rates (AAMR). Exposure
to PM2.5 is defined as the population-weighted annual average
mass concentration of particles with an aerodynamic diameter of
<2.5wm in a cubic meter of air.

To assess the burden attributable to particulate matter, exposure
levels were evaluated for every country globally. PM2.5 exposures
were estimated using satellite data, ground measurements, and
chemical transport models applied to a grid network. These grid-
level exposure estimates were then weighted by the estimated
population in each grid cell to derive national average exposure
levels. Country-specific estimates and uncertainty intervals (95%
uncertainty) for ambient PM2.5 exposure were generated by
taking 1,000 draws of each grid cell value. After estimating
PM2.5 exposures, attributable risks were calculated using the GBD
integrated exposure-response model, which predicts the relative
risk of mortality according to annual average PM2.5 levels based on
risk estimates from studies of outdoor air pollution. By adjusting for
median age, mortality estimates were rescaled to derive incidence
rates. Details on the specific methodology can be found in appendix
1 of the GBD study (12).

Cardiovascular diseases include ischemic heart diseases
(International Classification of Diseases, 10th revision code
120-121.6, 121.9-125.9, 782.4-782.49) and stroke (International
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Classification of Diseases, 10th revision code G45-G46.8, 160-162,
162.9-164, 164.1, 165-169.998, 7.82.3).

2.2. PA data

PA data were directly obtained from the Behavioral Risk Factor
Surveillance System (BRESS) (13). The BRFSS defined PA as
participation in >150 min of aerobic activity per week, which was
calculated based on responses to one or more survey questions
(13). The standardized survey questions have demonstrated strong
reliability and validity (14). The PA data of the US included sex,
state, age, and age-adjusted prevalence.

2.3. Statistics

We used the Joinpoint Regression statistical software (National
Cancer Institute, version 4.9.0.0) to calculate the average annual
percent change (AAPC) from 2011 to 2019 because the earliest
available PA data were from 2011, while the Global Burden of
Disease (GBD) data on cardiovascular mortality was up to 2019.
We used log transformation and identified up to two inflection
points. Annual percent change characterizes trends in AAMR over
time, and AAPC describes the average annual percent change over a
period of multiple years. Pearson correlation coeflicients were used
to test the state-level correlations between PA and the AAPC of
PM2.5-attributable CVD mortality. A two-sided p-value of < 0.05
was considered to be statistically significant. Data were analyzed
from 15 November 2022 to 15 December 2022.

2.4. Sensitivity analysis

In the sensitivity analysis, we extracted the prevalence data
for muscle-strengthening activities (MSA) from BREFSS to replace
the PA prevalence and redo the analysis. MSA is defined as
participating in muscle-strengthening exercises two or more times
per week.

3. Results

3.1. PM2.5-attributable CVD mortality rates
and trends in the US

During 2011-2019, there were a total of 244,318 PM2.5-
attributable deaths related to CVD, with a mean AAMR of 5.22
(95% CI: 3.02-7.53) per 100,000 person-years. Male patients were
found to be more vulnerable (Table 1). Compared to the period
2002-2010 (AAMR: 5.36, 95% CIL: 9.55-13.94), there has been
a decrease in the PM2.5-attributable CVD mortality rate during
2011-2019. The AAMR of PM2.5-attributable CVD decreased
nationally with an AAPC of —4.1% (—4.6, —3.7) per year over the
study period (Table 1). Similar trends were seen across subgroups
including subtypes and sex (Table 1). Ischemic heart disease has a
higher AAMR than stroke.
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TABLE 1 Age-adjusted PM2.5-attributable mortality rates and Joinpoint
trends in the US by sex and subtypes during 2011-2019.

Characteristics No. of Mean AAPC
patients AAMR

CVD 244,318 522 —4.1(—4.6,—3.7)
Male 134,655 6.68 —4.5(=5.1, —3.9)
Female 109,662 3.94 —3.69 (—4.2, —3.6)

IS 182,529 3.90 —4.2 (—4.6, —3.9)
Male 107,034 5.30 —4(—43,-3.7)
Female 75,495 2.97 —4.8(—5.4,—-4.2)

Stroke 61,788 131 —3.8(—4.3, —3.4)
Male 27,620 1.38 —4(—4.6,—3.4)
Female 34,167 1.24 —3.6(—3.9, —3.3)

IS, ischemic heart disease, AAMR, age-adjusted mortality rates, AAPC, average annual
percent change. All the p-values of AAPC are <0.05.

3.2. State-level disparity in
PM2.5-attributable CVD mortality rates and
trends

Table 2 demonstrates the state-level AAMR of PM2.5-
attributable CVD during 2011-2019. In 2011, CVD AAMR were
the highest in Arkansas (10.7, 95% CI: 7.2, 14.1) and the lowest in
Wyoming (0.93, 95% CI: 0.1, 2.6), with a mortality rate ratio of 11.5
between the highest and lowest mortality states. The state-level
AAMR of PM2.5-attributable CVD showed overall downward
trends from 2011 to 2019, indicative of substantial progress in
PM2.5 pollution control nationwide. The most pronounced decline
was observed in West Virginia, where the AAMR decreased by
51% from 8.25 in 2011 to 4.00 in 2019. Several industrialized
states in the East and Midwest regions, including Kentucky (32%
decline), Ohio (22%), and Indiana (26%), also experienced large
AAMR reductions. In contrast, the decrease was more modest in
some Western states such as Wyoming, Hawaii, and New Mexico,
which had relatively lower baseline AAMRs in 2011. A few states
such as Alaska and Montana saw a slight AAMR increase though
the magnitudes were minimal. Between 2011 and 2019, AAMR
decreased in most states but increased in Alaska with an AAPC of
2.9 (2.0-3.9). The AAMR ratios (MRRs) for American states vs.
America varied substantially from 0.1 in Hawaii to 1.7 in Arkansas
(Table 2). A total of 22 states had an MRR of more than 1.0.

Figure 1 showed predominant downward trends across most
US states from 2011 to 2019, indicative of substantial progress
in mitigating PM2.5 pollution and associated public health risks.
Predominant downward trends were observed, with the AAPC
ranging from —9.4% (West Virginia, 95% CI: —11.7 to —7.1%)
to —1.7% (New Mexico, 95% CI: —2.6 to —0.8%) in the majority
of states. Some states, such as Alaska (AAPC: 2.9%, 95% CI: 2.0
to 3.9%), Wyoming (AAPC: 0.9%, 95% CL: —1.2 to 3.1%), and
Washington (AAPC: 1.5%, 95% CI: —1.5 to 4.6%), saw slight
positive AAPCs. Notably, West Virginia (—9.4%), Virginia (—7.8%,
95% CI: —9.1 to —6.5%), Massachusetts (—7.0%, 95% CI: —7.4
to —6.6%), and Rhode Island (—6.7%, 95% CI: —7.0 to —6.4%)
exhibited the steepest AAPC declines. Additionally, industrialized
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TABLE 2 State-level AAMR of PM2.5-attributable cardiovascular diseases
during 2011-2019.

States AAMR AAMR Mean
2011 2019 AAMR
Alabama 10.57 6.65 8.14
Alaska 3.72 4.63 3.48
Arizona 3.72 3.19 3.37
Arkansas 10.69 7.51 8.69
California 6.22 5.15 5.48
Colorado 2.66 2.13 2.20
Connecticut 3.53 2.27 2.73
Delaware 7.25 4.55 5.49
District of Columbia 10.08 5.66 7.61
Florida 4.30 2.44 3.26
Georgia 9.01 6.25 7.08
Hawaii 1.17 0.71 0.74
Idaho 2.76 3.01 3.16
Illinois 7.77 5.56 6.47
Indiana 9.22 6.84 7.80
Towa 5.97 4.51 5.12
Kansas 5.85 4.01 4.74
Kentucky 9.53 6.44 7.58
Louisiana 8.47 6.07 7.02
Maine 1.85 1.03 1.34
Maryland 7.27 4.67 5.64
Massachusetts 3.10 1.73 2.22
Michigan 6.35 5.38 5.81
Minnesota 3.10 2.32 2.68
Mississippi 10.24 6.58 8.08
Missouri 8.66 5.81 6.89
Montana 2.38 2.55 2.87
Nebraska 491 3.34 3.97
New Hampshire 2.39 1.43 1.68
New Jersey 5.75 3.96 4.53
New Mexico 1.87 1.62 1.69
New York 5.18 3.50 4.10
North Carolina 6.96 4.42 5.27
North Dakota 291 2.41 2.74
Ohio 8.46 6.60 7.36
Oklahoma 10.02 7.18 8.11
Oregon 2.77 2.64 2.82
Pennsylvania 7.88 5.63 6.38
Rhode Island 4.15 2.36 3.11
South Carolina 8.07 5.30 6.24

(Continued)
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TABLE 2 (Continued)

States AAMR

2019
South Dakota 3.51 2.88 3.16
Tennessee 9.24 5.83 7.16
Texas 8.33 6.05 7.00
Vermont 2.04 1.17 1.44
Virginia 5.88 3.36 4.34
Washington 2.45 2.23 247
West Virginia 8.25 4.00 6.23
‘Wisconsin 5.13 4.17 4.56
Wyoming 0.93 0.90 0.89

AAMR, age-adjusted mortality rates; CI, 95% confidence intervals.

states in the Midwest and East, such as Kentucky (—5.9%, 95%
CL: —7.2 to —4.5%), Ohio (—3.8%, 95% CI: —5.0 to —2.5%), and
Indiana (—4.8%, 95% CIL: —6.3 to —3.3%), showed relatively large
reductions. According to AAPC of America, 17 states saw a slower
decline in velocity (Figure 1).

3.3. Ecological correlations between
physical activity and PM2.5-attributable
CVD mortality trends

State-level age-adjusted prevalence of physical activity
remained overall stable between 2011 (mean, 51.0%; range,
33.9%—61.9%) and 2019 (mean, 49.9%; range, 30.4%—62.4%).
It was the highest in Colorado (mean, 59.9%) and the lowest in
Mississippi (mean, 40.1%) in 2011-2019. Physical activity levels
were relatively similar among the male subgroup (mean crude
prevalence, 51.6%; 95% CI, 49.0%—54.2%) and female subgroup
(mean crude prevalence, 49.2%; 95%CI, 46.9%—51.5%).

Figure 2 shows that the AAPC of PM2.5-attributable CVD
mortality in each state had a moderate positive correlation with
0.454, p = 0.001). Similar
associations were seen across subtypes including IS (r = 0.451, p
= 0.001) and stroke (r = 0.48, p < 0.001). Similar associations
were also seen across sex subgroups, and the correlation coefficient

state-level physical activity (r =

between PA and female patients is greater than that of male patients.

3.4. Sensitivity analysis

State-level age-adjusted prevalence of MSA increased between
2011 (mean, 29.2%; range, 27.6%—30.9%) and 2019 (mean, 35.1%;
range, 33.3%—36.9%). It was the highest in Colorado (mean, 36.7%)
and the lowest in West Virginia (mean, 23.3%) from 2011 to
2019. State-level MSA prevalence positively correlated with PM2.5-
attributable CVD mortality trend (r = 0.36, p = 0.010), PM2.5-
attributable IS mortality trend (r = 0.33, p < 0.05), and PM2.5-
attributable stroke mortality trend (r = 0.37, p < 0.005). However,
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FIGURE 1

State-level average annual percent change of PM2.5-attributable cardiovascular diseases during 2011-2019.
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in the sex subgroup, there is a significant positive correlation
between MSA and mortality trends in female patients, while there
was no significant correlation between MSA and AAPC in male
patients, regardless of CVD or its subtypes.

4. Discussion

In this study, we observed considerable state-level disparities
in trends of AAMR for PM2.5-attributable CVD, which is
associated with PA. However, it is crucial to note that the
cross-sectional design of the study limits our ability to establish
causality definitively. The observed association between PA and
PM2.5-attributable CVD mortality may be influenced by various
confounding factors that were not adequately addressed in the
study. Therefore, caution should be exercised when interpreting the
findings as a direct causal relationship.

Our results suggested that the cardiovascular benefits of PA
might be reduced, offset, or even reversed by PM2.5 exposure. The

Frontiersin Public Health

detrimental impact of PM2.5 on the cardiovascular system may
occur through several pathways (15): (1) Increased inhalation of
pollutants: engaging in PA, particularly vigorous exercise, leads to
increased ventilation and deeper breathing, which can result in a
higher intake of air pollutants, including PM2.5 (16). This increased
exposure may exacerbate the detrimental effects of air pollution
on cardiovascular health. (2) Oxidative stress and inflammation:
PM2.5 exposure has been associated with increased oxidative stress
and systemic inflammation, both of which are known risk factors
for CVD (17, 18). PA, especially when performed in polluted
environments, may exacerbate these harmful effects, potentially
negating the cardiovascular benefits of exercise. (3) Endothelial
dysfunction: PM2.5 exposure can cause endothelial dysfunction, a
critical factor in the development of atherosclerosis and CVD (19—
22). Physical activity in polluted environments may further impair
endothelial function, offsetting the protective effects of exercise
on the cardiovascular system. (4) Autonomic nervous system
imbalance: PM2.5 exposure has been linked to autonomic nervous
system imbalance, which can lead to an increased risk of cardiac

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1224338
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Liu and Yan

10.3389/fpubh.2023.1224338

Class @ cvD @ CVD female @ CVD male @ Stroke

MVPA 50

r=0.480, p<0.001

MVPA 5o

r=0.451, p=0.001

AAPC

FIGURE 2

Stroke female @ Stroke male @ 1S @ IS female

IS male
CVvD CVD female CVD male
ouv - = % - GQQ
g: o8 — ry
MVPA 50 = :gz mo% :
0 r=0.454, p=0.001 o r=0.471, p<0.001 r=0.361, p=0.01
Stroke Stroke female Stroke male

IS IS female

Ecological correlations between physical activity and PM2.5-attributable CVD mortality trends by subtypes and sex during 2011 to 2019. CVD is
cardiovascular disease. IS is ischemic heart disease. MVPA is moderate-to-vigorous aerobic physical activity, which is defined as participating in
150 min or more of exercise each week. AAPC is average annual percentage changes. All p-values are <0.05 with a two-tailed test.

r=0.491, p<0.001

r=0.464, p<0.001 r=0.364, p=0.009

AAPC AAPC

events (4). Engaging in PA in areas with high PM2.5 levels may
aggravate this imbalance, potentially reversing the cardiovascular
benefits of exercise.

The intensity of PA can play a crucial role in determining
the extent to which individuals are exposed to PM2.5 (Figure 3).
High-intensity activities that involve heavy breathing, such as
running and intense aerobic exercises, may lead to deeper
inhalation of polluted air, resulting in an elevated intake of PM2.5
particles. Consequently, individuals participating in high-intensity
PA in areas with high PM2.5 levels may face an increased risk
of PM2.5-related CVD mortality compared to those engaging
in low-to-moderate intensity activities. The duration of PA is
another important factor influencing the PM2.5 exposure level.
Prolonged exposure to polluted air during extended sports sessions
may lead to a higher cumulative dose of PM2.5, potentially
amplifying the cardiovascular health risks associated with air
pollution. Individuals participating in lengthy outdoor sports
events, such as marathons or cycling races, in areas with high
PM2.5 concentrations may face a more substantial burden of
PM2.5-attributable CVD mortality compared to those engaging in
shorter-duration activities.

Frontiersin Public Health

In Table2, we observed significant disparities in PM2.5-
attributable CVD mortality rates among different states from
2011 to 2019. These disparities may be influenced by various
factors, including differences in air pollution levels, socioeconomic
conditions, population characteristics, and lifestyle factors among
the states. More polluted states such as Arkansas might experience
higher PM2.5 exposure, which can contribute to increased CVD
mortality rates. Conversely, states with lower pollution levels,
such as Wyoming, may have a lower burden of PM2.5-related
CVD deaths.

The observed trends in PM2.5-attributable CVD mortality rates
from 2011 to 2019 have significant implications for public health.
The overall decrease in the national AAMR by —4.1% (95% CI:
—4.6% to —3.7%) reflects progress in mitigating PM2.5 pollution
and associated cardiovascular health risks. These findings align
with previous studies that have demonstrated the effectiveness of
air quality improvement measures and their positive impact on
reducing CVD mortality rates (12).

State-level disparities in PM2.5-attributable CVD mortality
rates are crucial to consider when formulating targeted
interventions. The variation in mortality rates among states
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and increased cardiopulmonary exercise load.
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Negative impact mechanisms of physical activity on cardiovascular disease mortality caused by PM2.5. It includes the following steps: intensity of PA,
deep breathing, inhaling more PM2.5, increased CVD mortality, duration of PA, long-term exposure to polluted air, increased cumulative dose,
respiratory infection and inflammation, oxidative stress, inflammatory response, autonomic nervous system dysfunction, abnormal blood clotting,

Duration of physical activities

Long-term exposure to polluted air

Increased cumulative dose

suggests the need for tailored strategies addressing unique local
challenges. High mortality states, such as Arkansas, may require
enhanced efforts to control air pollution sources and improve
healthcare access to reduce the CVD burden. On the other hand,
states with lower mortality rates, such as Wyoming, could benefit
from maintaining and reinforcing successful pollution control
measures to sustain their positive health outcomes.

Comparing our results to previous studies highlights the
consistency of our findings with broader trends (18). The
downward trends in most states echo national-level progress
in mitigating PM2.5 pollution. The observed positive AAPCs
in a few states emphasize the importance of continuous
monitoring and targeted interventions in regions experiencing
slower declines.

Frontiersin Public Health

Our findings also align with two previous large-scale studies
(23, 24). In a national study of young South Koreans, the benefits
of PA were diminished in highly polluted environments (25).
Similarly, a survey of six low- and middle-income countries found
that high PA increased the risk of stroke attributable to PM2.5 (26).
Our findings further demonstrate a positive association between
PA and PM2.5-attributable CVD mortality, independent of age
and sex.

This study sheds light on the complex relationship between
and PM2.5-attributable CVD mortality,
emphasizing the need for public health awareness and policy-

physical activity

making efforts to mitigate air pollution risks. Our findings can

inform individuals’ decisions about when and where to exercise,
ultimately promoting cardiovascular health while minimizing
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air pollution exposure. Furthermore, the results highlight the
importance of implementing strategies to reduce air pollution
levels, ensuring a safer environment for outdoor physical activities.

Reducing air pollution and its adverse effects is crucial
for improving public health and mitigating the impact of
CVD. To achieve this, several key recommendations can be
considered. First, promoting clean energy sources such as solar,
wind, and hydroelectric power can significantly reduce air
pollution from power plants and industrial facilities. Second,
improving transportation options such as public transportation,
carpooling, and cycling can help reduce emissions from vehicles.
Stricter vehicle emission standards and the promotion of electric
and hybrid vehicles are also essential. Third, enforcing strict
regulations and emission standards for industries and factories
can control the release of harmful pollutants into the atmosphere.
Additionally, raising public awareness about indoor air pollution
and encouraging the use of air purifiers and proper ventilation
can improve indoor air quality. Urban planning that incorporates
green spaces, parks, and tree planting can enhance air quality
and provide natural air filtration. Implementing educational
campaigns can promote behavioral changes to reduce exposure to
air pollution. Establishing and maintaining a comprehensive air
quality monitoring system is crucial for tracking pollution levels
and informing the public about potential risks. Collaboration with
neighboring countries to address transboundary air pollution and
support for research and innovation are also vital. Furthermore,
targeted interventions for vulnerable populations, such as children,
the older adults, and individuals with pre-existing health
conditions, should be implemented to reduce their exposure to air
pollution. By incorporating these recommendations, governments,
policymakers, and communities can take significant steps toward
reducing air pollution and protecting public health from the
adverse effects associated with cardiovascular diseases and other
health problems.

The principal strength of our analysis lies in the investigation
data on PA and ambient PM2.5-attributable
cardiovascular deaths, enabling the evaluation of disparities in

of nationwide

state trends and PA prevalence. However, our study has several
limitations. First, PA data were self-reported via questionnaires
subject to recall bias and social desirability bias. Second, the data
source lacks detailed individual clinical and risk factor information,
limiting our ability to account for these factors when examining
mortality trends and PA. Third, we employed an ecological
approach to investigate PA prevalence and AAPC of mortality at
the state level. Fourth, we acknowledge the limitation of using
a simplified binary PA definition that may not capture the full
spectrum of PA behaviors. Fifth, we were unable to obtain sufficient
data to adjust for potential confounders such as smoking, diet, and
socioeconomic status. This may have influenced the association

References

1. Cohen AJ, Brauer M, Burnett R, Anderson HR, Frostad J, Estep K, et al. Estimates
and 25-year trends of the global burden of disease attributable to ambient air pollution:

Frontiersin Public Health

10.3389/fpubh.2023.1224338

between physical activity and cardiovascular mortality. Despite its
methodological limitations, an ecological approach is the most
appropriate design to address our research hypotheses. We believe
that our results will be particularly helpful for state public health
officials and the general public to increase awareness of PM2.5-
attributable CVD and reduce CVD deaths associated with PA and
PM2.5 exposure.

5. Conclusion

Our study reveals a positive association between PM2.5-
attributable CVD mortality trends and state-level PA prevalence,
with significant variations among different states. This finding
suggests that PA may play a crucial role in mitigating the
cardiovascular effects of air pollution. However, due to the
cross-sectional design, establishing a direct causal relationship
needed to establish the

is limited. Further research is

causal relationship.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

Author contributions

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it for
publication.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

an analysis of data from the Global Burden of Diseases Study 2015. Lancet. (2017)
389:1907-18. doi: 10.1016/S0140-6736(17)30505-6

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1224338
https://doi.org/10.1016/S0140-6736(17)30505-6
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Liu and Yan

2. Thurston GD, Burnett RT, Turner MC, Shi Y, Krewski D, Lall R, et al. Ischemic
heart disease mortality and long-term exposure to source-related components of U.S.
fine particle air pollution. Environ Health Persp. (2015) 124:785-94.

3. Wang Y, Kloog I, Coull BA, Kosheleva A, Zanobetti A, Schwartz JD. Estimating
causal effects of long-term PM25 exposure on mortality in New Jersey. Environ Health
Perspect. (2016) 124:1182-8. doi: 10.1289/ehp.1409671

4. Nocon M, Hiemann T, Miiller-Riemenschneider F, Thalau F, Roll S, Willich
SN. Association of physical activity with all-cause and cardiovascular mortality: a
systematic review and meta-analysis. Eur | Cardiovasc Prev Rehabil. (2008) 15:239-
46. doi: 10.1097/HJR.0b013e3282{55¢09

5. Wen CP, Wai JPM, Tsai MK, Yang YC, Cheng TYD, Lee M-C,
et al. Minimum amount of physical activity for reduced mortality and
extended life expectancy: a prospective cohort study. Lancet. (2011)
378:1244-53. doi: 10.1016/S0140-6736(11)60749-6

6. Kubesch NJ, de Nazelle A, Guerra S, Westerdahl D, Martinez D, Bouso L, et al.
Arterial blood pressure responses to short-term exposure to low and high traffic-related
air pollution with and without moderate physical activity. Eur ] Prev Cardiol. (2015)
22:548-57. doi: 10.1177/2047487314555602

7. Laeremans M, Dons E, Avila-Palencia I, Carrasco-Turigas G, Orjuela JP,
Anaya E, et al. Short-term effects of physical activity, air pollution and their
interaction on the cardiovascular and respiratory system. Environ Int. (2018) 117:82—-
90. doi: 10.1016/j.envint.2018.04.040

8. Yap J, Ng Y, Yeo KK, Sahlén A, Lam CSP, Lee V, et al. Particulate air pollution on
cardiovascular mortality in the tropics: impact on the elderly. Environ Health. (2019)
18:34. doi: 10.1186/512940-019-0476-4

9. Hung SH, Khlif MS, Kramer S, Werden E, Bird LJ, Campbell BCV,
et al. (2022). Poststroke white matter hyperintensities and physical activity:
a CANVAS study exploratory analysis. Med Sci Sport Exer. 54:1401-9.
doi: 10.1249/MSS.0000000000002946

10. Hart JE, Chiuve SE, Laden F Albert CM. Roadway proximity and
risk of sudden cardiac death in women. Circulation. (2014) 130:1474-
82. doi: 10.1161/CIRCULATIONAHA.114.011489

11. Di Q, Dai L, Wang Y, Zanobetti A, Choirat C, Schwartz JD, et al. Association
of short-term exposure to air pollution with mortality in older adults. JAMA. (2017)
318:2446-56. doi: 10.1001/jama.2017.17923

12. GBD 2019 Risk Factors Collaborators. Global burden of 87 risk factors in 204
countries and territories, 1990-2019: a systematic analysis for the Global Burden of
Disease Study 2019. Lancet. (2020) 396:1223-49. doi: 10.1016/S0140-6736(20)30752-2

13. Behavioral Risk Factor Surveillance System. BRESS Prevalence & Trends Data.
Available online at: https://www.cdc.gov/brfss/brfssprevalence/index.html (accessed
October 10, 2022).

14. Yore MM, Ham SA, Ainsworth BE, Kruger ], Reis JP, Kohl HW 3rd,
et al. Reliability and validity of the instrument used in BRFSS to assess physical

Frontiersin Public Health

09

10.3389/fpubh.2023.1224338

activity. Med Sci Sports Exerc. (2007) 39:1267-74. doi: 10.1249/mss.0b013e31806
18bbe

15. Erkudov VO, Rozumbetov KU, Gonzilez-Fernandez, FT. Pugovkin AP,
Nazhimov II, Matchanov AT, et al. The effect of environmental disasters on endocrine
status, hematology parameters, body composition, and physical performance
in young soccer players: a case study of the Aral Sea region. Life. (2023)
13:1503. doi: 10.3390/life13071503

16. Giles LV, Koehle MS. The health effects of exercising in air pollution. Sports Med.
(2014) 44:223-49. doi: 10.1007/s40279-013-0108-z

17. Foraker RE, Benziger CP, DeBarmore BM, Cené CW, Loustalot F, Khan Y, et al.
Achieving optimal population cardiovascular health requires an interdisciplinary team
and a learning healthcare system: a scientific statement from the American Heart
Association. Circulation. (2021) 143:e9-18. doi: 10.1161/CIR.0000000000000913

18. Brook RD, Rajagopalan S, Pope CA, Brook JR, Bhatnagar A, Diez-Roux AV,
et al. Particulate matter air pollution and cardiovascular disease: an update to
the scientific statement from the American Heart Association. Circulation. (2010)
121:2331-78. doi: 10.1161/CIR.0b013e3181dbecel

19. Miller MR, Shaw CA, Langrish JP. From particles to patients: oxidative
stress and the cardiovascular effects of air pollution. Future Cardiol. (2012) 8:577-
602. doi: 10.2217/fca.12.43

20. Ain, NU, Qamar, SUR. Particulate matter-induced
dysfunction: a mechanistic insight. Cardiovasc  Toxicol.
16. doi: 10.1007/s12012-021-09652-3

21. Surratt JD, Lin YH, Arashiro M, Vizuete WG, Zhang Z, Gold A, et al.
Understanding the early biological effects of isoprene-derived particulate matter
enhanced by anthropogenic pollutants. Res Rep Health Eff Inst. (2019) 2019:1-54.

cardiovascular
(2021)  21:505-

22. Chin MT. Basic mechanisms for adverse cardiovascular events associated with
air pollution. Heart. (2015) 101:253-6. doi: 10.1136/heartjnl-2014-306379

23. Kim SR, Choi S, Kim K, Chang J, Kim SM, Cho Y, et al. Association
of the combined effects of air pollution and changes in physical activity
with cardiovascular disease in young adults. Eur Heart J. (2021) 42:2487-
97. doi: 10.1093/eurheartj/ehab139

24. Lin H, Guo Y, Di Q, Zheng Y, Kowal P, Xiao J, et al. Ambient PM25 and
stroke: effect modifiers and population attributable risk in six low- and middle-income
countries. Stroke. (2017) 48:1191-7. doi: 10.1161/STROKEAHA.116.015739

25. Elliott EG, Laden E James P, Rimm EB, Rexrode KM, Hart JE. Interaction
between long-term exposure to fine particulate matter and physical activity, and risk
of cardiovascular disease and overall mortality in US women. Environ Health Persp.
(2020) 128:127012. doi: 10.1289/EHP7402

26. Kim SR, Choi S, Keum N, Park SM. Combined effects of physical activity and air
pollution on cardiovascular disease: a population-based study [published correction
appears in ] Am Heart Assoc. 2020 Aug 18;9:¢014563]. ] Am Heart Assoc. (2020)
9:¢013611. doi: 10.1161/JAHA.119.013611

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1224338
https://doi.org/10.1289/ehp.1409671
https://doi.org/10.1097/HJR.0b013e3282f55e09
https://doi.org/10.1016/S0140-6736(11)60749-6
https://doi.org/10.1177/2047487314555602
https://doi.org/10.1016/j.envint.2018.04.040
https://doi.org/10.1186/s12940-019-0476-4
https://doi.org/10.1249/MSS.0000000000002946
https://doi.org/10.1161/CIRCULATIONAHA.114.011489
https://doi.org/10.1001/jama.2017.17923
https://doi.org/10.1016/S0140-6736(20)30752-2
https://www.cdc.gov/brfss/brfssprevalence/index.html
https://doi.org/10.1249/mss.0b013e3180618bbe
https://doi.org/10.3390/life13071503
https://doi.org/10.1007/s40279-013-0108-z
https://doi.org/10.1161/CIR.0000000000000913
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.2217/fca.12.43
https://doi.org/10.1007/s12012-021-09652-3
https://doi.org/10.1136/heartjnl-2014-306379
https://doi.org/10.1093/eurheartj/ehab139
https://doi.org/10.1161/STROKEAHA.116.015739
https://doi.org/10.1289/EHP7402
https://doi.org/10.1161/JAHA.119.013611
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Association of physical activity and PM2.5-attributable cardiovascular disease mortality in the United States
	1. Introduction
	2. Materials and methods 
	2.1. PM2.5-attributable cardiovascular diseases data
	2.2. PA data
	2.3. Statistics
	2.4. Sensitivity analysis

	3. Results
	3.1. PM2.5-attributable CVD mortality rates and trends in the US
	3.2. State-level disparity in PM2.5-attributable CVD mortality rates and trends
	3.3. Ecological correlations between physical activity and PM2.5-attributable CVD mortality trends
	3.4. Sensitivity analysis

	4. Discussion
	5. Conclusion
	Data availability statement
	Author contributions
	Conflict of interest
	Publisher's note
	References


