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ARTICLE INFO ABSTRACT

This review aims to systematically review and synthesize scientific evidence for the influence of air pollution
exposure and outdoor exercise on health. We conducted a literature search in the PubMed, Cochrane, EMBASE,
and Web of Science for articles that evaluated the combination effect of air pollution exposure and exercise on
health. Questionnaires regarding exposure history, or studies examining indoor air pollution were excluded.
Each included study needs to have clear exercise intervention plan. The pooled estimates of the combination
effect of air pollution exposure and outdoor exercise on health were calculated in the meta-analysis. The quality
of each included study was assessed and the quality of evidence for each outcome assessed in the meta-analysis
was also measured. Twenty-five studies were identified. Six studies addressed ozone exposure, four diesel ex-
haust exposure, six traffic-related air pollution, ten particulate matter (PM) exposure. Only peak expiratory flow
(effect size [ES] = —0.238, 95% confidence interval [CI] = —0.389, —0.088) was found to be significantly
decreased after exercise intervention in a polluted environment in the meta-analysis. Seven studies reported
exposure to air pollutant during exercise was associated with an increased risk of airway inflammation and
decrements in pulmonary function. Six studies discovered that exposure of traffic pollution or high PM during
exercise may contribute to changes in blood pressure, systemic conduit artery function and micro-vascular
function. The combination effect of air pollution and exercise was found to be associated with the increased risk
of potential health problems of cardiopulmonary function, immune function, and exercise performance.
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stadium and gymnasium, thus people have to choose parks, squares and
streets as their main places for recreation or exercise. It promotes the

1. Introduction

Air pollution endangers human health, which has aroused deep
concern in most regions of the world. Many evidences indicate that
nitrogen dioxide (NO,), ozone (O3), and particulate matter of less than
2.5um in aerodynamic diameter (PM2.5), as main pollutants, are as-
sociated with higher resting blood pressure [1], chronic obstructive
pulmonary disease (COPD) [2], pulmonary infection [3], and even
premature deaths [4].

The positive effect of exercise on health has gained a wide re-
cognition, which drives the popularity of indoor and outdoor recrea-
tional physical activities. Several studies suggested that compared with
indoor exercise, outdoor exercise can significantly reduce depression
and perceived stress [5]. However, outdoor activities might increase the
risk of air pollutants exposure, especially in the countries or regions
with serious air pollution, such as China, India, and Mexico. In addition,
dense population in these countries also leads to a relative lack of

development of some mass outdoor exercise, such as marathon,
meanwhile also further increase the exposure to air pollution. Ac-
cording to the 2016 report of Chinese marathon, the national marathon
events and the participants appeared a blowout type growth [6].
Comparing with 2015, the national marathon events raised 1.5 times in
2016, with nearly 2 million 800 thousand of participants in China [6].
Even a few marathon events have to be held on the days with heavy air
pollution.

Outdoor physical activity requires a healthy air quality. However,
regarding people living in countries or cities with heavy air pollution,
outdoor physical activity is becoming more and more harmful to health.
Regular outdoor exercise can improve health, meanwhile it might also
increase the risk of pollution exposure, which would fall into a dilemma
[7,8]. Some previous studies demonstrated that air pollutant exposure
during exercise could cause inflammation [9], cognitive impairment
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Fig. 1. Flow chart of literature search.

[10], and other health hazard [11]. Other studies, however, indicated
that regular exercise might reverse the harmful of the air pollution
[12-15]. Thus, it is very urgent to investigate the combined effect of
exercise and air pollution on health. The purpose of this study was to
systematically review and synthesize scientific evidence for the influ-
ence of air pollution exposure and outdoor exercise on health. We de-
scribed the current literature to identify knowledge gaps and future
research opportunities.

2. Methods
2.1. Search strategy

A keyword search was performed in four databases-PubMed,
Cochrane, EMBASE, and Web of Science. Retrieval spanned the period
1990-2017. The search algorithm included all possible combinations of
keywords from the following two groups: (1) “exercise”, “physical
training”, “aerobic fitness”, “physical activity”, and “physical exercise”;
and (2) “air pollution”, “air quality”, “nitrogen dioxide (NO3)”, “sulfur
dioxide (SO,)”, “ozone (03)”, “carbon monoxide (CO)”, “particulate
matter”, “PM;o”, and “PM, 5”. Titles, abstracts, and full-text articles of
potentially relevant studies were independently screened by three re-
searchers (FQ, YY, and YD). In addition, to identify additional relevant
studies, we conducted a reference list research and a cited reference
search on the full-text articles.

2.2. Study selection criteria

Eligibility criteria for studies based on participant, exposure/inter-
vention, outcome, study design, and language, were used to identify
studies. The inclusion criteria were following: (1) Participant: healthy
person had no history of respiratory or cardiovascular disease, without
geographical restriction. No restrictions for sex or age were made; (2)
Exposure/intervention: exposure was defined as variety of biological
and abiotic components from outdoor, including carbon monoxide
(CO), nitrogen monoxide (NO), nitrogen dioxide (NO,), nitrogen oxides
(NOx), sulfur dioxide (SO,), ozone (O3), and particulate matter (PM).
Questionnaires regarding exposure history, or studies examining indoor
air pollution were excluded. Each included study needs to have clear
exercise intervention plan, including exercise duration, intensity,

frequency, and type; (3) Outcome: the three types of outcomes are
cardiopulmonary function outcomes, immune function outcomes, and
exercise performance outcomes. Cardiopulmonary function outcomes
include forced expiratory volume in one second (FEV1), forced vital
capacity (FVC), peak expiratory flow (PEF), forced expiratory flow at
25-75% of forced vital capacity (FEF,s_750,), blood pressure, vascular
function, and heart rate variability (HRV). Immune function outcomes
include differential cell counts (lymphocytes/neutrophils), cytokines
concentrations (IL-6/TNF-a/ICAM-1), inflammatory markers (CRP/
NO), and cluster of differentiation (CD40/CD63/CD42). Exercise per-
formance outcomes include aerobic fitness (12-min running test/
VO2max/V02) and maximal work accumulation. (4) Study design:
randomized clinical trials, before-and-after trials, crossover randomize
study, and other experimental research designs; and (5) Language: ar-
ticle written in English.

2.3. Data extraction and preparation

Two of the authors (FQ and YY) independently extracted data from
each included study using a data collection form including the fol-
lowing variables: first author and year of publication, study design,
sample size, proportion of males, age range, sample characteristics,
exposure, intervention, outcome measures, and study finding.
Whenever possible, we contacted corresponding authors to obtain ad-
ditional information and numerical results which were not reported in
articles.

2.4. Meta-analysis

Meta-analysis was performed to estimate the pooled effect size of
exercise intervention on cardiopulmonary function and inflammation in
a polluted environment. Cardiopulmonary function included pul-
monary function such as FVC, FEV1, PEF, and FEF,s5 750, and in-
flammation included indicators such as exhaled NO, blood leukocyte
counts, and blood neutrophil counts. The pooled effect size is the mean
difference when indicators of cardiopulmonary function and in-
flammation were measured pre/post exercise intervention. Several
studies were excluded from the meta-analysis due the following rea-
sons: effect size was not reported [16-21]; standard deviation or stan-
dard error of effect size was not reported [22]; outcomes of
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Table 3

Results from meta-analysis and publication bias tests.

Publication bias test

Model

Pooled effect size (95% CI)

12 index

First author (year)

Indicators

Health-related outcomes

p-Value for Begg's test

p-Value for Egger's test

Fixed-effect NA 0.317

0.004 (—0.044, 0.052)
—0.077 (—0.254, 0.101)
—0.238 (—0.389, —0.088)

2.6%
68.0%

Girardot (2006); Gomes (2010)

FVC (L)

Cardiopulmonary function under O3 pollution

0.317

NA

Random-effect
Fixed-effect
Random-effect
Random-effect
Random-effect
Random-effect

Girardot (2006); Gomes (2010)

FEV1 (L)
PEF (L/s)

0.317

NA

0.0%
92.7%
97.4%
97.6%
93.4%

Girardot (2006); Gomes (2010)

0.317

NA

—0.075 (—0.310, 0.160)
1.644 (—4.115, 7.402)
419.075 (—273.246, 1111.396)
354.939 (—88.703, 798.582)

Girardot (2006); Gomes (2010)

FEF35 75
eNO (ppb)

LEU (per pL)

0.317

NA

Bos (2013); Jacobs (2010)
Bos (2013); Jacobs (2010)
Bos (2013); Jacobs (2010)

Respiratory inflammation under PM pollution

0.317

NA

0.317

NA

NEU (per pL)

Note: LEU: Blood leukocyte counts; NEU: Blood neutrophil counts.
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cardiopulmonary function and inflammation were inconsistent with
others [23-28]; no effect size was reported pre-exercise or post-exercise
[29-33]; and standardized effect size (i.e. mean difference with stan-
dard error) was unable to be captured due to limited information re-
ported [28,34]. Heterogeneity of each study was assessed using the I?
index. The level of heterogeneity represented by I? was interpreted as
modest to moderate (I < 50%) and substantial to considerable
(12 > 50%). A fixed-effect model was evaluated when modest to
moderate heterogeneity was present, and a random-effect model was
evaluated when substantial to considerable heterogeneity was present.
Publication bias was assessed by Begg's and Egger's tests and visual
inspection of the funnel plot. All statistical analyses were conducted
using the Stata 13 SE version (StataCorp, College Station, TX). All
analyses used two-sided tests, and p-values less than 0.05 were con-
sidered statistically significant.

2.5. Study quality assessment

In this study, we used the National Institutes of Health's Quality
Assessment Tool for Before-After (Pre-Post) Studies with No Control
Group to assess the quality of each included study [35]. This tool was
only employed to measure strength of scientific evidence rather than
determine the inclusion of studies. Each study was rated using this
assessment tool based on 12 criteria. For each criterion, a score of one
was assigned if the response was “yes”, otherwise a score of zero was
assigned when the response was either “no”, “cannot determine”, “not
applicable”, or “not reported”. A total score ranging from zero to 12 was
calculated by summing up all criterion's scores. To rate the quality of
evidence for each outcome assessed in the meta-analysis, we applied
Grading of Recommendations, Assessment, Development and Evalua-
tions (GRADE). A summary of findings table was developed by using
GRADE Pro online software [36].

3. Results

Fig. 1 shows a flow chart of the search screening process. The search
resulted in 1317 publications derived from PubMed, 192 studies from
Cochrane, 233 studies from EMBASE, and 204 studies from Web of
Science. 249 duplicate papers were excluded. In the title/abstract
screening process, 1697 articles were excluded due to reasons such as
review articles, case reports, epidemiological studies, animal study, no
study outcome regarding exercise intervention, and indoor pollution
exposure rather than outdoor pollution exposure. The remaining 70
articles were reviewed in full text against the eligibility criteria. 45
studies were excluded due to unavailable full-text (n = 5), published in
non-English (n = 3), against other study selection criteria (n = 37).
Finally, 25 studies were included in the review.

Among the 25 studies included in the review, thirteen studies
adopted a before-after study design and the rest (n = 12) adopted a
crossover study design (Table 1). The majority of studies (n = 23) re-
cruited adults aged 18-55 years, one study [21] recruited individuals
over 65years old, and one study [30] recruited school children
(7.5-11 years). Seventeen studies focused on healthy general popula-
tion and eight studies focused on professional athletes. In addition, the
eligible studies comprised four distinct exposure pollutants: ozone ex-
posure [24,26,30,37-39], diesel exhaust (DE) exposure [16,17,27,29],
traffic-related air pollution (TRAP) [22,28,33,34,40,41], and particu-
late matter (PM) [18-20,23,25,28,31,32,34,42].

Table 2 summarizes the intervention, measures of outcomes, and
findings of the studies included in the review. Three of 25 studies
[21,38,42] adopted a long-term (10-12 WK) exercise intervention, and
the rest focused on the effect of short-term exercise on health. The
majority of studies (n = 12) adopted an exercise intervention with a
bout aerobic exercise, duration of exercise 20 min to 3 h, types of ex-
ercise such as cycling, hiking, and running. Seven studies adopted one
or two moderate intensity intermittent exercises [27-31,34,41], and
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Authoryear FVC (95% ClI) % Weight
Girardot, 2006 — 0.01 (-0.04, 0.06) 94.67
Gomes, 2010 —+—— -0.10(-0.31, 0.11) 5.33
Overall > 0.00 (-0.04, 0.05) 100.00
-.l5 0 :2
Authoryear FEV1 (95% Cl) % Weight
Girardot, 2006 E-‘— -0.01 (-0.05, 0.03) 64.90
Gomes, 2010 —0—— -0.20 (-0.41, 0.01) 35.10
Overall <:> -0.08 (-0.25, 0.10) 100.00
-.I5 | 0 :‘2
Authoryear PEF (95% CI) % Weight
Girardot, 2006 ——*—-— -0.07 (-0.47, 0.33) 14.42
Gomes, 2010 —+— -0.27 (-0.43, -0.10) 85.58
Overall -0.24 (-0.39, -0.09) 100.00
5 o 3
Authoryear FEF (95% CI) % Weight
Girardot, 2006 S 0.04 (-0.02, 0.10) 52.00
Gomes, 2010 —*—' -0.20 (-0.31, -0.09) 48.00
Overall <> -0.08 (-0.31, 0.16) 100.00
-.l4 | 0 :’Z

Fig. 2. Forest plots for cardiopulmonary function.

three studies adopted a 6 min maximal work accumulation exercise test
[18,19,23].

Most studies reported outcome variables including pulmonary
function, cardiovascular function, and immunologic function. Twelve
studies reported the effects of exercise and pollutants on pulmonary
function [16-18,20,22,28,30,32,34,37-39], in which FEV1, FVC,
FEV1/FEC, and FEFss 754, were mainly selected outcomes. Blood pres-
sure, endothelial function, and micro-vascular function were used to
assess the effects of exercise and pollutants on cardiovascular function
in seven studies [21,23,25,29,31,33,41]. To estimate the changes of
immune function influenced by air pollution and exercise, eleven

studies [20,21,24,26-29,31,32,40,42] mainly focused on blood counts,
cytokines (IL-6, IL-8, IL-10, and TNF-a), and inflammation-relate pro-
tein (CRP, FeNO, CC16, CD62P, CD63, and CD40). In addition, four
studies assessed athletic performance [17,19,23,42].

Table 2 also presents the mainly findings of these studies, in which
merely three studies reported physical activity could delay the negative
impact of pollutant on health [28,34,41]. Kubesch and Matt reported a
positive effect of performing an intermittent moderate physical activity
in a highly traffic-related polluted environment on healthy participants'
pulmonary functions [28,34]. Moreover, Kubesch et al. [41] discovered
intermittent physical activity attenuates the TRAP-related increases in
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Authoryear eNO (95% CI) % Weight
Jacobs, 2010 —— -1.28 (-2.43,-0.13) 32.89
Bos, 2013 —+— 460 (3.13,6.07) 31.29
Kubesch, 2015 0 1.09 (1.08, 1.10) 35.82
Overall <® 1.41 (-0.90, 3.72) 100.00
3 0 7
Authoryear LEU (95% Cl) % Weight
Jacobs, 2010 —— 64.53 (-99.28, 228.34) 49.81
Bos, 2013 ——  771.00 (630.54, 911.46) 50.19
Overall <<> 419.08 (-273.25, 1111.40) 100.00
300 0 x 1200
Authoryear NEU (95% Cl) % Weight
Jacobs, 2010 —— 135.10 (14.39, 255.81) 51.46
Bos, 2013 _._ 588.00 (394.15, 781.85) 48.54
Overall <© 354.94 (-88.70, 798.58) 100.00
|

T
-200 0 800

Fig. 3. Forest plots for respiratory inflammation.

systolic blood pressure (SBP), and exercising in low-TRAP environ-
ments has stronger beneficial effects on SBP than in high-TRAP en-
vironments. In addition, only five studies indicated no dramatic effect
of exercise on health function in polluted atmospheric environment
[17,22,26,38,39].

The remaining seventeen studies revealed that regular exercises in
environment with high concentration of air pollutant could impair
health function (Table 2). Seven studies reported exposure to air pol-
lutant (ozone, PM, or diesel exhaust exposure) during exercise was
associated with an increased risk of airway inflammation, and decre-
ments in pulmonary function [16,18,20,21,30,32,37]. Six studies dis-
covered that exposure of traffic pollution or high PM during exercise
may contribute to changes in blood pressure, systemic conduit artery
function and micro-vascular function [21,23,25,29,31,33]. Several
studies also found the up-regulated of inflammatory factor (IL-6, IL-8,
TNF-a, ICAM-1) and immunomodulatory protein (CC16, CD62P, CD63,
CD40) after exercise with air pollutant exposure, which related to in-
flammation and metabolic syndrome [24,27,29,40]. In addition, three
studies showed exercise performance declined in HPM conditions
[19,30,42].

Table 3 summarizes modeling results from the meta-analysis. Re-
garding cardiopulmonary function indicators, only PEF (effect size
[ES] = —0.238, 95% confidence interval [CI] = —0.389, —0.088) was

160

found to be significantly decreased after exercise intervention in a
polluted environment, whereas none of FVC (ES = 0.004, 95%
CI = —0.044, 0.052), FEV1 (ES = —0.077, 95% CI = —0.254, 0.101),
FEF55 750, (ES = —0.075, 95% CI = —0.310, 0.160) were found any
significant changes after exercise intervention in a polluted environ-
ment. Similarly, all indicators of inflammation were not found sig-
nificantly variations before and after exercise intervention (Figs. 2 and
3). No publication bias was identified as neither of the Egger's tests and
Begg's tests was statistically significant (Fig. 4). However, visual in-
spection of the funnel plots indicates the possibility of publication bias
regarding the pooled effect estimates of FEF55_750,, eNO, LEU, and NEU
in response to an exercise intervention in a polluted environment.
Table 4 shows the criterion-specific and overall rating about the
study quality assessment. The included studies on average scored 8.5
out of 12, with a range from 7 to 10. The 25 studies all clearly stated the
study question/objective and study population, included representative
participants who would be eligible for the intervention, consistently
delivered the intervention, and conducted statistical tests to provide p
values for the pre-to-post changes. Most studies (n = 25) included eli-
gible participants meeting the prespecified entry criteria, clearly de-
fined and consistently assessed outcome measures, and had follow-up
loss rate less than 20%. Eight studies assessed outcome measures re-
peatedly before and after intervention. Seven studies had blinded
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assessment to the participants' exposure/interventions. Only one study
provided statistical power on sample size estimation. None of studies

Funnel plot with pseudo 95% confidence limits
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Funnel plot with pseudo 95% confidence limits
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conducted intervention across different groups.
Table 5 reports the quality of evidence for all seven health outcomes

assessed in the meta-analysis. The FVC and PEF outcomes were found

300 400 500
Effect size (NEU)

Fig. 4. Funnel plots for publication bias.

Other health outcomes, such as FEV1, FEF55_750,, eNO, LEU, and NEU,
were observed “very low” quality of evidence due to downgrades owing

to the large heterogeneity and strongly suspected publication bias.

4. Discussion

“low” quality of evidence due to the lack of control group study design

and the included studies adopted either before-after or crossover study
design which was regarded as an observational study design in GRADE.

This study reviewed and synthesized scientific evidence regarding
the combination effect of physical activity and air pollutants exposure
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on people's health. Our primary research question was focused on the
effect of all kinds of exercise on health, suffering from air pollution.
Even though 25 studies were selected in this study, due to the difference
in the types of air pollution exposure, types of exercise intervention,
and health indicators in different studies, only 4 studies with 426
subjects were used in the meta-analysis to quantify the effect of the
combined exercise and air pollution exposure on people's health. Meta-
analysis found that physical activity in an ozone pollution environment
can induce a positive effect on people's pulmonary function, especially
for the PEF indicator. Other indicators of cardiopulmonary function and
inflammation were not found significantly changes before and after
exercise intervention under particulate matter exposure.

Nearly two thirds included studies show the combination of exercise
and air pollutant could impair health function and athletic perfor-
mance. For example, some literatures [18,19,23] reported that PM
exposure would decline exercise performance and increase the in-
cidence of cardiopulmonary impairment in exercising body. Among
these studies, the peak concentration of ultrafine PM (115,000 to
134,000 particlesem~>) was as high as the levels of a busy street in
Hong Kong (540,000 particlesem™>) [43] and a busy freeway in Los
Angeles (800,000 particles~cm’3) [44]. Therefore, it indicates that the
air quality should be monitored before attending outdoor exercises, and
avoiding high-pollution areas in rush hours is necessary to minimize the
exposure to air pollution and limit the effects of air pollution. Ad-
ditionally, some other changes of health indicators should deserve
public attentions. A few of studies indicated that PM2.5 inhalation led
to a synergetic release of CD62P (P-selectin) and CD63, and exercise
could not reverse or weaken this impact [27,29]. P-selectin and CD63
could activate platelets and increase the risk of thrombotic, especially
in patients with coronary heart disease, diabetes and atrial fibrillation
[45,46].

Peak expiratory flow (PEF), as an important indicator for pulmonary
function, represents the strength of respiratory muscle and the degree of
airway obstruction. According to the results of previous studies, PEF
appeared a significant improvement after aerobic exercise when parti-
cipants (Untrained healthy subjects and/or athletes) were exposing O3
during exercise [38,39]. In addition, two studies reported a positive
effect of performing an intermittent moderate physical activity in a
highly traffic-related polluted environment on healthy participants'
pulmonary functions [34,41]. As for its mechanism, these articles ex-
plained that bronchodilatory effects induced by exercise were most
likely due to an activation of (2-receptors by endogenous catechola-
mines [47]. Meanwhile, Kubesch discovered intermittent physical ac-
tivity attenuates the TRAP-related increases in systolic blood pressure
(SBP), and exercising in low-TRAP environments has stronger beneficial
effects on SBP than in high-TRAP environments [28]. In addition,
previous animal studies suggested that long-term moderate aerobic
exercise training could offset the impact of air pollution and cigarette
smoke on health [48], which may be involved the anti-inflammatory
effects of aerobic exercise mediated antioxidant defense system
[49-51]. A few literatures have suggested that air pollution can pro-
mote the production of free radicals and induce inflammation, while
several research reported that exercise substantially inhibited the in-
crease in reactive oxy gen species (ROS) in bronchoalveolar lavage fluid
[13], gastrocnemius [52], and colon [53] exposed to air pollution,
which indicate that the anti-inflammatory effect of exercise may be
related to the scavenging of free radical.

In terms of the literatures have been retrieved, this review is the first
study to devote to elucidating the synergistic effect of exercise and air
pollution on health. However, several limitations pertaining to this
review should be noted. Only a small number of studies examined the
influence of air pollution exposure and outdoor exercise on health.
Given the small number of studies, a dose-response meta-regression was
indeterminate due to the lack of statistical power. Since only a few
studies reported the change of pulmonary function, cardiovascular
function, and immune function and exercise performance before and
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after exercise, pool effect estimates based on meta-analysis could not be
obtained. Meanwhile, since the small number of studies included in the
meta-analysis, publication bias tests were likely to be underpowered.
All included studies were either before-after study design or crossover
study design that involved no controlled experiment for exercise in-
tervention, which were subjected to confounding bias. The hetero-
geneity pertaining to the exercise interventions and the study partici-
pants may have impacted the results. In addition, only few studies were
included in the meta-analysis, which prevent us from conducting sub-
group meta-analysis to assess the potential difference in the impact of
alternative exercise interventions.

Overall, it is implying that pollutant concentration, pollutant spe-
cies, and exposure duration, may impact the effect of exercise on
health. Therefore, the single or fixed components of air pollutants ex-
posure are necessary to assess their effect on health. Fixed components
and concentrations of air pollutants exposure design will supply to
more similar research in order to increase the number of included
studies. Furthermore, serious health hazard related to exercising with
air pollution exposure depends on exercise intensity, exercise duration,
and exercise mode. A large number of studies were excluded due to lack
of explicit exercise program, thus future studies should attach im-
portance of the explicit exercise design of exercise types, intensity,
duration, mode, and other complicated factors.

5. Conclusion

This study systematically reviewed and synthesized scientific evi-
dence for the influence of air pollution and exercise on health. Exercise
in a polluted air environment was found to be related with improved
PEF but not other health indicators in the meta-analysis. The combi-
nation effect of air pollution and exercise was found to be associated
with the increased risk of potential health problems of cardiopulmonary
function, immune function, and exercise performance. However, the
overall scientific evidence remains insufficient due to limited litera-
tures, no randomized controlled trial for exercise intervention, and lack
of population representativeness. Future studies should examine dif-
ferent exercise programs (exercise intensity, exercise duration, and
exercise mode), different air pollution exposures (component and dose),
and their combination effect on health.
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