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Abstract The health benefits of exercise are well known.

Many of the most accessible forms of exercise, such as

walking, cycling, and running often occur outdoors. This

means that exercising outdoors may increase exposure to

urban air pollution. Regular exercise plays a key role in

improving some of the physiologic mechanisms and health

outcomes that air pollution exposure may exacerbate. This

problem presents an interesting challenge of balancing the

beneficial effects of exercise along with the detrimental

effects of air pollution upon health. This article summa-

rizes the pulmonary, cardiovascular, cognitive, and sys-

temic health effects of exposure to particulate matter,

ozone, and carbon monoxide during exercise. It also

summarizes how air pollution exposure affects maximal

oxygen consumption and exercise performance. This arti-

cle highlights ways in which exercisers could mitigate the

adverse health effects of air pollution exposure during

exercise and draws attention to the potential importance of

land use planning in selecting exercise facilities.

1 Introduction

Physical inactivity poses a significant health risk to indi-

viduals as it increases the likelihood of developing heart

disease, type 2 diabetes mellitus, cancer, and stroke [1, 2].

It is estimated that physical inactivity is the fourth most

common cause of mortality and contributes to 3.2 million

deaths annually [3]. Many of the most accessible forms of

exercise, such as walking, cycling, and running often

occur outdoors. Globally, 52 % of people live in urban

centers, and in the developed world this figure approaches

78 % [4]. This means that exercising outdoors may

increase exposure to urban air pollution. Therefore, the

purpose of this review is to summarize the health effects

of exercising in air pollution, with a focus on particulate

matter (PM), ozone, and carbon monoxide, as these pol-

lutants are likely to cause adverse health effects in urban

exercisers.

A literature search using PubMed, Google Scholar, and

EMBASE was performed. Text word searches of article

titles and abstracts were conducted using search terms

relevant to exercise and air pollution. Combinations of the

following primary key words were used in the searches:

ozone, particulate matter, particulate, diesel exhaust,

gasoline, carbon monoxide, exercise, physical activity, and

exertion. The use of ‘wild cards’ where appropriate cap-

tured variants on terms (e.g., exerci* to capture exercise,

exercising). The literature search was last performed in

April 2013. There was no restriction of searches to spe-

cific time/date ranges. Studies that directly examined the

interactive effects of exercise and air pollution were

included.

2 Introduction to Air Pollution and Health

Air pollution can be present as either gases or particles, and

is emitted directly from a source (primary) or formed in the

atmosphere (secondary) [5]. Ambient (outdoor) air quality

guidelines for each of the pollutants detailed below can be

found in Table 1.
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2.1 Particulate Matter (PM)

PM is a mixture of solid and liquid components, of varying

sizes and chemical compositions. Sources of PM include

wood and fossil fuel combustion, incense and candle

burning, as well as the oxidation of gases emitted from

automobiles and power plants, and natural sources such as

wind-blown dust and wildfires [5]. Estimated annual PM2.5

concentrations in many North America cities may be below

20 lg/m3 [6]. Twenty-four-hour averages in Canada and

California exceeded 30 and 65 lg/m3, respectively, for

2 % of the year [5]. In contrast, in Beijing, acute episodes

of high air pollution can result in 24-h PM2.5 concentra-

tions that exceed 250 lg/m3 [7].

PM is typically categorized by its aerodynamic diame-

ter; this differs from its geometric diameter as it takes into

account the behavior of the particle in air. The aerody-

namic diameter takes into account factors such as particle

density, size, and shape, which play a key role in deposi-

tion in the respiratory tract and associated health effects.

PM is grouped into three size fractions (Table 2), all of

which are smaller than the diameter of a human hair.

PM exposure is associated with respiratory and cardio-

vascular conditions such as myocardial infarction, stroke,

atherosclerosis, bronchitis, and asthma [8–13]. Three pro-

posed pathways in which PM exposure leads to cardiovas-

cular disease involve (1) pulmonary oxidative stress and

inflammation, (2) perturbation of the autonomic nervous

system, and (3) translocation of PM or its constituents into the

circulation. Collectively, these pathways may result in sys-

temic oxidative stress and inflammation, platelet aggregation,

vasoconstriction, endothelial dysfunction, increased blood

pressure, heart rate, arrhythmia potential and coagulation,

decreased heart rate variability, and the potential to cause

atherosclerotic progression and plaque vulnerability [14].

2.2 Ozone

Ground level ozone is a secondary gaseous pollutant that forms

by chemical reactions in the atmosphere involving nitrogen

dioxide, sunlight, and hydrocarbons [5]. Mean 1-h maximum

concentrations in North America and Europe can approach

100 parts per billion (ppb) [5]. However, in cities such as São

Paulo and Mexico City, concentrations may exceed 200 ppb

for several days [5]. Many monitoring locations in the USA

can often exceed the World Health Organization 8-h ozone

guideline of 50 ppb [15]. Ozone is a respiratory irritant that

impairs pulmonary function and heart rate variability, causes

lung inflammation airway hyper-responsiveness, and may

interact with lung defense mechanisms by impairing muco-

ciliary clearance, decreasing macrophage activity, and

depleting airway antioxidant defenses [5, 16, 17].

2.3 Carbon Monoxide

Carbon monoxide is a colorless, odorless gas that is pro-

duced from the incomplete combustion of fuels containing

carbon [18]. Common outdoor sources of carbon monoxide

include car exhaust fumes (gasoline and diesel), stationary

combustion equipment such as heating and power-gener-

ating plants, smoke from fires, and gas-powered engines

[19–21]. Outdoor concentrations are highest near car

exhaust, in congestion, and near traffic intersections [20].

Typical 8-h concentrations in European cities are 17 parts

per million (ppm) with short peaks below 53 ppm [22].

Carbon monoxide exerts a toxic health effect through

hypoxic and non-hypoxic mechanisms, and has a 210–240

times greater affinity for hemoglobin (Hb) compared with

O2. Approximately 80–90 % of absorbed carbon monoxide

binds with Hb to form carboxyhemoglobin (COHb), which

reduces the O2-carrying capacity of blood, leading to tissue

hypoxia [19, 21, 23, 24]. Carbon monoxide exposure may

also result in a pro-oxidant cellular environment [25], and

affect mitochondrial respiratory chain components, leading

to an attenuated energy production, causing cellular injury

or dysfunction [26].

3 Air Pollution Exposure with Different Modes

of Transport

Research examining the microenvironment implies that the

mode of transport can affect exposure to air pollution. This

becomes important when considering passive travel to an

Table 1 World Health Organization air quality guidelines

Pollutant Averaging period

Annual 24 h 8 h

PM2.5 10 lg/m3 25 lg/m3

PM10 20 lg/m3 50 lg/m3

Ozone 50 ppb

Carbon monoxide 9 ppm

PM particulate matter, ppb parts per billion, ppm parts per million,

PM10 PM with a mean aerodynamic diameter of 10 lm or less, PM2.5

PM with a mean aerodynamic diameter of 2.5 lm or less

Table 2 Size fractions of particulate matter

Name Acronym Description

Coarse PM PM2.5–10 PM with a mean aerodynamic diameter

between 2.5 and 10 lm

Fine PM PM2.5 PM with a mean aerodynamic diameter

of 2.5 lm or less

Ultrafine PM PM0.1 PM with a mean diameter of 0.1 lm

or less

PM particulate matter
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exercise location and active travel such as cycle commuting.

Much of the work has focused on PM exposure, and suggests

that cyclists traveling in bicycle lanes in major urban centers

may be exposed to more PM2.5 than pedestrians [27–29].

Gaseous pollutants follow a similar pattern to that of PM,

with cyclists being more exposed than pedestrians [30].

Such differences in exposure are likely attributable to the

proximity of cyclists to traffic, and may be easily mitigated

through choosing a cycling route with less traffic or by

appropriate land-use planning that separates bicycle lanes

from traffic. While there are differences in pollutant expo-

sure between cyclists and pedestrians, they are small and

whether such differences result in health effects is unclear.

For those travelling to an exercise location it is important

to consider that car and bus passengers can receive similar

or higher exposures than if walking or cycling, and fuel type

may affect this exposure [29, 31]. The health effects of

exposure to air pollution are discussed further below, but

given that exposure to PM2.5 prior to exercise can increase

exercise heart rate [32], and that time spent in traffic is

associated with a post-exposure myocardial infarction risk

[33], it is important for individuals and exercise profes-

sionals to consider how travel to training and competition

could affect health and exercise performance.

4 How Exercise May Increase Susceptibility to Air

Pollution

During exercise a number of physiologic changes occur that

could exacerbate the effects of air pollution on health. These

include alterations in breathing, pollution dose, and nasal

defenses. At submaximal exercise levels (at a power output of

approximately 100 W or ventilation of approximately 35 L/

min), breathing switches from predominantly nasal to pre-

dominantly oral [34]. This transition causes the nasal filtration

system to be bypassed, potentially increasing pollutant dose,

which may exacerbate the health effects of air pollution.

When exercise begins, minute ventilation (VE) increa-

ses; additionally, exercise increases the proportion of

ultrafine particles (UFP, Table 2) that deposit in the air-

ways and are not exhaled (deposition fraction; 0.6 at rest,

0.8 during exercise) [35, 36]. Compared with rest, the

increased deposition fraction and VE with exercise can

collectively lead to a 3- to 4.5-fold increase in the total

number of particles deposited in the airways during light

exercise, and a 6- to 10-fold increase during high-intensity

exercise [36, 37]. The total deposition of particles tends to

be greater in men compared with women and children [37].

The greater total deposition with exercise may enhance the

adverse effects of air pollution. However, the balanced net

relationship between particles and health during exercise

becomes less clear when one considers that 2.5 h following

PM exposure during exercise, retention of PM within the

lung is less, and estimated bronchial clearance is greater

than with rest [38]. Breathing frequency and VE influence

the uptake of ozone and carbon monoxide; therefore, for

the same concentration of pollutant the amount inhaled that

could lead to health effects would be greater [39–41].

Strenuous exercise impairs nasal mucociliary clearance and

reduces nasal cilia beat frequency [42, 43]. The impairment

of respiratory defenses may increase the dose of air pol-

lution during exercise, and leave an urban exerciser more

vulnerable to subsequent air pollution exposure.

If one assumes that adverse health effects are propor-

tional to the dose of pollution, one would expect this to be

more likely in exercisers. However, regular exercise plays a

key role in improving some of the physiological mecha-

nisms and health outcomes that air pollution exposure may

exacerbate. This problem presents an interesting challenge

of balancing the beneficial effects of exercise along with the

detrimental effects of air pollution upon health.

5 Pulmonary Effects of Exercise and Air Pollution

5.1 Breathing Pattern and Minute Ventilation

5.1.1 PM

Air pollutants are respiratory irritants that can alter

breathing patterns during exercise by increasing breathing

frequency and decreasing tidal volume [44–55]. The effects

of PM exposure during exercise on the breathing pattern

have not been studied, but when exposure to diesel exhaust

containing high concentrations of PM with an aerodynamic

diameter less than 2.5 lm (PM2.5) occurs prior to exercise,

the breathing pattern during exercise is not affected [32].

5.1.2 Ozone

At submaximal intensities, with ozone exposure VE is typ-

ically maintained; however, maximal VE decreases in a

dose-dependent manner above 150 ppb, likely due to a

reduction in maximal exercise performance [56, 57].

Compared with clean air exposures, ozone exposure

increases breathing frequency and decreases tidal volume

during submaximal exercise [44–55], which may be medi-

ated by C-fiber stimulation [58]. For shorter duration acute

exposures (*1 h), ozone levels greater than 180 ppb sim-

ilarly alter the breathing pattern [54]. However, with longer

duration but acute exposures (*6.6 h), much lower con-

centrations (80 ppb) cause this response [45]. The World

Health Organization guideline for 8-h ozone concentration

is 50 ppb (Table 1), this is below the concentration that

alters the breathing pattern; however, many monitoring
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locations in the USA often exceed this 8-h level [15]. This

situation suggests that exercising individuals may be

exposed to concentrations similar to 80 ppb and thus

experience alterations in their breathing patterns.

5.1.3 Carbon Monoxide

Carboxyhemoglobin-induced tissue hypoxia may be sensed

by the central nervous system, and stimulate the respiratory

centers to increase ventilation [19]. Ventilation following

carbon monoxide administration does not appear to be

affected during low-intensity exercise. Conversely, at

higher exercise intensities (above the lactate threshold) VE

exponentially increases, and, the higher the %COHb, the

higher the VE for the same work rate [59]. The increase in

VE and %COHb associated with carbon monoxide exposure

may initiate a feedback loop that would further increase VE

and hence %COHb. To see such changes in VE, one

requires COHb levels in excess of 11–20 % [59], this is

higher than the typical %COHb of smokers and would

require exposure to concentrations of 120 ppm [20]. This

concentration of carbon monoxide exceeds typical indoor

concentrations (\5 ppm), and ambient air quality guide-

lines [24], thus making this level of exposure unlikely.

However, exceptions to this are indoor environments such

as ice arenas where faulty resurfacing and poor ventilation

may result in carbon monoxide levels up to 304 ppm [60].

5.2 Lung Function

There are currently no data assessing the effects of carbon

monoxide on lung function. However, acute (hours–days)

exposure to PM and ozone during exercise adversely affects

lung function. Additionally, chronic (weeks–years) expo-

sure to PM in an exercise facility adversely affects baseline

lung function, and outdoor levels of ozone are associated

with asthma in active children. A summary of these studies

can be found in Sects. 5.2.1, 5.2.2, 5.2.3, and in Table 3.

5.2.1 PM

PM exposure may result in oxidative stress, increased

bronchial responsiveness, increased airway resistance, and

increased airway inflammatory cells [61, 62], each of which

may impair lung function. The role of the indoor environ-

ment in impairing lung function is particularly applicable in

ice arenas, where combustion related to the use of ice

resurfacing equipment affects indoor air quality. In ice

arenas, indoor levels of PM can be 30-fold greater than

outdoors, and can increase a further 4-fold following ice

resurfacing [63]. Exercising regularly over a 2 year period in

ice arenas using fossil-fueled resurfacing equipment

decreases baseline forced expiratory volume in 1 s (FEV1;

up to an 11 % reduction), and forced expiratory flow in the

middle 50 % of expiration (FEF25–75; up to a 22 % reduc-

tion). In the same individuals, following acute exercise in a

high PM1 (PM\1 lm) ice arena, individuals with exercise-

induced asthma experience reductions in forced vital

capacity (FVC, 12 %), FEV1, (15 %), and FEF25–75, (28 %).

While these reductions are considerable, they do not differ

from those in a low PM1 environment [64], indicating that

the chronic exposure during exercise training may be more

important. Given that a significant number of individuals in

North America, Europe, and Russia use ice arenas regularly,

this presents an area that may benefit substantially from the

use of non-fossil fuel ice resurfacing.

The health effects of air pollution may persist for hours

following exposure. Therefore, the role of exposure prior to

exercise is also important to consider. To this end, expo-

sure to high concentration of PM2.5 prior to exercise sig-

nificantly reduces exercise-induced bronchodilation (FEV1

change from baseline -0.2 % in 300 lg/m3 of PM2.5 vs.

?3.5 % in air), implying that the environment prior to

exercise may also affect lung function [32].

5.2.2 Ozone

Decrements in lung function following ozone exposure

may be due to stimulation of bronchial C-fibers causing

bronchoconstriction [65, 66]. In communities with high

concentrations of ozone, the risk of children developing

asthma is related to the time they spend outside, and the

number of outdoor sports that they play (three or more vs.

none) [10]. The risk of asthma does not hold true for

communities with low concentrations of ozone [10], and

genetics may play a role in this risk [67].

A large number of studies have suggested that acute

ozone exposure during exercise impairs lung function

including FEV1, FVC, and FEF25–75 [45–51, 53–56, 68–

94]. These changes occur in healthy school-aged children

[73], healthy male and female individuals [53, 56], com-

petitive athletes [74, 83], and trained individuals [53, 77].

There are a smaller number of studies that do not find an

effect of exposure to ozone on lung function [57, 95–100],

this could be due to a combination of low-concentration or

short-duration exposures, low exercise intensity, or small

subject numbers within the study.

The effects of ozone on lung function are not different if

the exposure occurs orally compared with oronasally [95]

or nasally [85]. However, impairments in lung function are

significantly greater with higher exercise ventilations

compared with lower exercise ventilations [68]. The dose

of ozone (concentration • VE • time) plays an important

role in affecting lung function, as there is a dose-dependent

decrease in lung function with increasing levels of ozone

[45, 56, 68, 70, 84, 87, 101, 102].
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For each 50-ppb increment in mean ozone concentration

during moderate exercise, there is an associated 2.6 %

decline in FEV1 and a 2.2 % decline in FVC [86]. At

extremely high levels of exposure (350 ppb), even with

low exercise intensities, individuals experience a signifi-

cant decrease in FVC (13.2 %), FEV1 (19.9 %), FEF25–75

(29.9 %), and the peak expiratory flow rate (PEFR)

(22.8 %) [51]. During longer duration acute exposures

(6.6 h), concentrations of 80 ppb adversely affect lung

function (FEV1 reduction of *4 %), [45, 46, 84]. Many

monitoring locations in the USA often exceed this level

[15]; however, it is unlikely that individuals would exercise

for 6.6 h. For those with a physically active occupation this

would be more likely. For shorter duration acute exposures

(*1 h), ozone concentrations typically need to exceed

160 ppb to affect lung function [101]. In Europe, ambient

hourly levels have reached 172 ppb [103]. However, the

occurrence of such high levels is atypical, raising the issue

of relevance to urban exercisers. Despite this, a few studies

suggest that ambient ozone concentrations during exercise

are related to decrements in lung function [73, 83, 104].

Repeat exposures to ozone on subsequent days may

enhance any adverse effects on lung function [49, 79].

However, there is evidence that individuals adapt to ozone,

as significant decrements in lung function are not seen on

days 3, 4, or 5 of a 5-day exposure cycle [79]. Because

individuals are concurrently exposed to multiple pollutants

in the ambient environment, it is important to determine the

additive or synergistic effects of co-exposure. However,

there is no research to suggest that co-exposure of ozone

and nitrogen dioxide during exercise enhances the adverse

effects of ozone [69, 76].

5.2.3 Field Studies

Field studies examining the effects of acute ambient air

pollution exposure during exercise on lung function are

conflicting [73, 74, 83, 86, 105–113]. In healthy children,

during moderate exercise in ambient air containing ozone

and PM, FEV1 is significantly decreased [106]. Likewise,

decrements in PEFR correspond with ambient ozone levels

following short-duration high-intensity exercise [73].

Despite one study showing a lack of effect of air pollution

exposure on lung function, there appears to be a significant

negative correlation between the change in FEV1 and the

inhaled dose of ozone [105]. In children with chronic

respiratory symptoms, ambient air pollution exposure

impairs baseline lung function, but not exercise-induced

bronchial hyperresponsiveness [113].

In healthy adults, the results are also conflicting [74, 83,

86, 93, 107–112, 114]. Some studies reported adverse effects

for both short-duration high-intensity and longer duration

moderate-intensity exercise [74, 83, 86, 93, 110, 114]. Those

with asthma are particularly sensitive to air pollution and only

require moderate exercise (walking) in ambient exposure to

adversely affect FEV1 and FVC [107, 111].

As exercise protocol, duration, and air pollution expo-

sure characteristics vary in the above studies, it is difficult

to draw conclusions. However, the adverse effects are

better demonstrated in vulnerable populations such as

asthmatic patients and children, who may want to minimize

exposure.

5.3 Lung Inflammation

Air pollution exposure causes lung inflammation, this

inflammation is a step in the inflammatory cascade that

may adversely affect the cardiovascular system and can

cause endothelial dysfunction, coagulation, thrombosis,

and oxidative stress [14]. Field and laboratory-based

studies examining air pollution exposure during exercise

and lung inflammation are conflicting [48, 114–124].

Ozone exposure during exercise has been investigated;

however, there are no data on lung inflammation during

exercise with isolated carbon monoxide or PM exposure,

but there is a small amount of work on ambient PM in field

studies that is discussed in Sects. 5.3.1 and 5.3.2.

5.3.1 Ozone

In animals, exposure to extremely high levels of ozone

([800 ppb) during exercise increases airway permeability

[125] and oxidative stress [121], and causes lung injury

[126, 127], which could lead to an influx of inflammatory

cells and thus lung inflammation.

Healthy individuals may experience lung inflammation

in response to ozone. Longer duration acute exposures of

between 4 and 6.6 h to 80–200 ppb of ozone with exercise

(VE 40 L/min) cause acute inflammatory cell influx into the

airway [128], and significantly increase airway markers of

inflammation [115, 118]. The inflammatory response to

shorter duration acute exposures may require higher con-

centrations of ozone than longer duration exposures, as

exposure to 200 ppb of ozone during exercise (1 h at VE

25 L/min/m2 body surface area) does not alter the late

inflammatory or early bronchoconstrictor response to an

inhaled allergen [116]. Environmental temperature plays a

role in modifying the effects of ozone on inflammation. For

example, exposure to 100 ppb of ozone in a hot environ-

ment (31 �C) significantly increases nasal Clara cell pro-

tein 16 (CC16) and glutathione/protein concentration [129]

compared with a cool environment (20 �C) without ozone.

This response does not occur with either ozone alone or

elevated temperature, highlighting a potential synergy

between the two. For competing athletes, this adds another

layer of complexity, particularly in locations such as Delhi
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and Beijing, where both heat and high levels of pollution

coexist.

Asthmatic patients experience a significantly greater

inflammatory response to pollution than non-asthmatic

individuals [122]. Those with moderate asthma demon-

strate more inflammation than those with mild asthma

[111]. Irrespective of asthma status, some individuals can

be categorized as sensitive to ozone. In such a population,

higher markers of inflammation in exhaled breath con-

densate are seen 4 h post-exposure (350 ppb), compared

with controls [48].

5.3.2 Field Studies

Fraction of exhaled nitric oxide (FeNO) is a surrogate

measure of airway inflammation, and would be expected to

increase with air pollution exposure. The majority of

studies imply that for healthy individuals, acute exercise in

a high-pollution/high-traffic area is not associated with

FeNO [114, 120, 124]. One field study found that there is a

small but significant 1.1-ppb increase in FeNO (95 %

confidence interval 0.08–2.2 ppb) per 8.7 lg/m3 increase

in PM2.5 [123]. Given that the increase in FeNO is small,

the clinical relevance of this is unclear.

The role of a chronically elevated air pollution dose,

such as during repetitive training, on lung inflammation is

important to consider. Training in an urban environment

for 12 weeks significantly increases FeNO, where as rural

individuals undergoing the same training plan do not

experience this [130]. Adolescent runners who train regu-

larly outdoors do not experience any acute changes in

airway inflammation following a training session, despite

40 % of test days occurring during air quality advisories

[119]. This research demonstrates the potential importance

of chronic exposures to air pollution during training on

lung inflammation, highlighting the potential need for

improved land-use planning in selecting exercise locations.

5.4 Symptom Exacerbation and Discomfort

Increased symptoms and discomfort during exercise may

increase the likelihood of terminating exercise prema-

turely. This is particularly important for those who are

returning to, or beginning an exercise program, and for

those who have cardiovascular or respiratory conditions

that currently limit exercise capacity. Ozone plays a role in

exacerbating respiratory symptoms; however, the role of

PM and carbon monoxide is unknown.

5.4.1 Ozone

Post-exercise changes in pulmonary symptoms such as

chest tightness, wheeze, and shortness of breath are

associated with ozone exposure [44, 45, 48, 49, 54, 68, 74,

81, 90, 101, 107, 115, 118]. Symptoms increase with

increasing ozone concentration, and exercise intensity [68,

101]. Continuous exercise leads to more symptoms than

intermittent exercise despite the same effective dose [90],

which may in part be related to the decrease in VE that

resulted from transitions from rest to exercise. When ozone

exposure occurs in conjunction with elevated temperature

[53], and if repeat exposure occurs the following day [49],

symptoms may further increase.

6 Cardiovascular Effects of Exercise and Air Pollution

Ozone is known to increase the risk of cardiovascular

events such as arrhythmia, myocardial infarction, and heart

failure. Potential mechanisms that have been proposed

include inflammation, endothelial dysfunction, oxidative

stress, and interference with autonomic control of the heart

[131]. However, there are currently minimal studies that

assess the cardiovascular effects of ozone during exercise;

the majority of studies focus on PM and carbon monoxide

exposure.

6.1 Angina and Myocardial Ischemia

In those with coronary artery disease, acute exposure to PM

and carbon monoxide causes myocardial ischemia and

reduces the time to onset of angina (TTA). The effects of

carbon monoxide on myocardial ischemia are likely related

to hypoxia [132], and the effects of PM on ischemia are

likely caused by endothelial dysfunction, perturbation of

the autonomic nervous system, and increased coagulation

[14]. There are no data regarding myocardial ischemia and

angina with ozone exposure. The data for PM and carbon

monoxide are summarized in Table 4.

6.1.1 PM

Exposure to PM prior to exercise is associated with ST

depression during exercise [133–135]. This includes

exposure to PM2.5 [133–135], and UFP [135], which

originate from local traffic and long-range transport [133].

Exposure prior to exercise in the previous 1 h, 4 h [134],

and 2 days [133, 135] is also associated with exercise-

induced ST depression.

6.1.2 Carbon Monoxide

The majority of studies suggest that acute carbon monoxide

exposure prior to exercise reduces TTA [136–142]. In

those with coronary artery disease, reductions in TTA can

occur at COHb levels of 2 % [132, 137]. As COHb
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increases, TTA decreases, and can be reduced up to 15 %

during submaximal exercise [136, 138, 140–142]. This is

particularly concerning as such low COHb levels (2.4 %)

are easily attainable from standing on a busy street corner

in a major city [143].

Given that myocardial ischemia is associated with air

pollution exposure during and prior to exercise, it is

important for exercise professionals involved in cardiac

rehabilitation programs to consider how this may impact

exercise sessions under their supervision.

6.2 Vascular Function

A disturbance in endothelial function is considered a key

event in the development and clinical manifestation of

atherosclerosis and is a key predictor in future cardiovas-

cular events in those with cardiovascular disease. PM can

affect the vasculature through perturbation of the autonomic

nervous system, causing vasoconstriction and endothelial

dysfunction [14]. There are currently a small number of

studies assessing the effects of air pollution exposure on the

vascular system, which exclusively focus on PM.

6.2.1 Particulate Matter in Laboratory and Field Studies

In healthy individuals, the effect of PM exposure on post-

exercise brachial artery diameter is unclear [144, 145], but

acute exposure to high levels of PM1 (gasoline engine)

during exercise impairs vascular function (measured by

flow-mediated dilation) [144–146], and increases pulmon-

ary artery pressure [146]. In contrast, acute exposure to

high levels of PM2.5 with exercise does not cause the

micro-vascular dysfunction observed with rest [147], sug-

gesting that exercise may be protecting against the adverse

effects of PM1. The differences in exposure, exercise

duration and intensity, and measurements of endothelial

function make it challenging to conclude how PM exposure

during exercise affects endothelial function.

6.3 Heart Rate

6.3.1 PM

As PM perturbs the autonomic nervous system, it is plau-

sible that exposure could increase heart rate. The effect of

PM exposure during exercise on heart rate is unknown;

however, pre-exercise exposure to high levels of PM2.5

significantly increased exercise heart rate by 6 bpm [32].

6.3.2 Ozone

Acute exposure to ozone during exercise may not affect

heart rate [100], and because of a decrease in maximumT
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exercise time, maximum heart rate may even be reduced

[52]

6.3.3 Carbon Monoxide

COHb levels of 5 % can increase heart rate during exercise

[148], with the magnitude of increase rising substantially

when COHb reaches 15 % [149]. This increase could be

due to the relative hypoxemia caused by the COHb dis-

placing oxygen.

7 Cognitive Effects of Exercise and Air Pollution

Serum brain-derived neurotrophic factor (BDNF) typically

increases following exercise, and is considered a key

mechanism for improved cognition with exercise through

improvements in learning and memory [150, 151]. This

elevation in BDNF is significantly attenuated following

exercise with exposure to UFP [150, 152], suggesting air

pollution could counteract the beneficial effects of exercise

on cognition. No data are available on cognition following

exercise in ozone or carbon monoxide.

8 Systemic Effects of Exercise and Air Pollution

Systemic inflammation plays a key role in how air pollu-

tion affects the cardiovascular system [14]. There are

currently no data regarding the systemic effects of carbon

monoxide exposure during exercise.

In laboratory studies, acute exposure to high levels of

PM2.5 causes platelet activation with exercise but not during

rest, implying that exercise may exacerbate the effects of

PM2.5 exposure [153]. Field studies suggest that parameters

such as neutrophil and total leukocyte count, markers of

systemic oxidative stress, and DNA damage all increase

following acute exercise [120, 154–156]. These changes

occur following exposure to PM in traffic [120, 156], by

inhaling particle-rich air [154], and during exercise in cities

with high concentrations of air pollution [155].

The role of chronic exposure to PM during exercise has

been assessed following an exercise-training regime.

Regular training in an urban environment with high levels

of UFP increased leukocyte and neutrophil count, com-

pared with training in a rural environment with lower levels

of UFP [130].

In animals, 2 weeks of aerobic exercise training can atten-

uate ozone-induced oxidative stress [157]. However, com-

pared with untrained rats, exercise training may increase the

leukocyte inflammatory response due to ozone [158]. How this

research translates to humans is unclear, and more research in

this area is necessary prior to forming any conclusions.

9 Exercise Performance and Maximal Oxygen

Consumption

Maximal oxygen consumption is a key indicator of aerobic

exercise performance. Initial studies assessing the effects

of air pollution exposure on exercise performance date

back to the 1960s and involved exposure to car exhaust

[159]. Since this research, the effects of air pollutants such

as PM, ozone, and carbon monoxide have been investi-

gated and these are discussed below in Sects. 9.1, 9.2, and

9.3, and summarized in Table 5.

9.1 PM

In children, higher levels of PM \10 lm in diameter

(PM10) are negatively associated with cardio-respiratory

fitness and predicted maximal oxygen consumption

(VO2max) [160, 161], and there is also a correlation

between PM10 levels and reduced marathon performance

in women [162]. Experimental studies imply that acute

exposure to high levels of PM during exercise may impair

maximal accumulated work on a 6-min exercise test [146,

163]. However, if exposure occurs prior to exercise, the

time taken to complete a 20-km cycling time trial is

unaffected [32].

9.2 Ozone

For each 17-ppb increase in ozone there is an associated

reduction in aerobic fitness score by 1.52 % [164]. Ambi-

ent ozone levels are associated with impaired marathon

performance [165]; however, it is possible that the elevated

temperature occurring in conjunction with ozone causes

this response. Acute ozone exposure reduces maximal

exercise time, workload, oxygen consumption, and per-

formance on a maximal exercise test [52, 56, 166]. In

addition, as ozone levels increase, the number of people

unable to complete an exercise task also increases [92].

Performance impairments can occur at relevant environ-

mental concentrations (120 ppb) [166], and at 200 ppb a

30 % reduction in maximal exercise time [56] and a 16 %

reduction in mean oxygen consumption during the maxi-

mal test occur [56]. These performance decrements are

likely due to increased respiratory discomfort [47]. In

contrast to the above studies, two studies found that

exposure ozone (100–300 ppb) does not affect exercise

performance [97], or maximal work [57]. However, there is

no clear reason for the discrepancy between studies.

Given the oxidizing effects of ozone, antioxidant sup-

plementation could play a role in any ozone-induced

decrements in exercise performance. While supplementa-

tion does not significantly improve exercise performance,
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there is a significant positive correlation with antioxidant

concentration in plasma and nasal lavage and improvement

in running speed; implying that with a sufficient dose,

antioxidant supplementation may be beneficial [167].

9.3 Carbon Monoxide

Carbon monoxide-induced hypoxemia reduces maximal

oxygen consumption in proportion to the increase in COHb

[59, 168], and this becomes significantly impaired at COHb

levels above 4.3 % [169]. At the extremes of exposure

(15–20 % COHb), maximal oxygen consumption can be

reduced by 15–23 % [149, 170].

Most studies assessing the effects of carbon monoxide

exposure on exercise performance suggest that performance

is impaired [59, 72, 136, 171–175, 207]. However, a few

studies do not [176, 177] and this difference is likely

explained by the low levels of carbon monoxide adminis-

tered, or the submaximal nature of exercise protocols [176,

177]. When exercise performance is affected, this can occur

in healthy individuals, and in those with anemia, chronic

obstructive pulmonary disease (COPD), and heart disease.

In healthy individuals, COHb levels less than 4 % cause a

significant reduction in maximal exercise time between 30

and 90 s, in tests lasting between 11 and 17.5 min [171,

172]. In those with COPD and anemia, carbon monoxide

exposure causes a 33 % reduction in time until marked

dyspnea [173] and a 16 % reduction in exercise time to

fatigue [72]. Exercise performance (the time taken to

complete a walking task) may be more impaired in non-

smokers than smokers, [175], and is likely because of

smokers adapting to high levels of COHb. Similar COHb

levels to those measured in the above studies (4–5 %) can

occur during exercise in an urban environment [143]

therefore, oxygen consumption and exercise performance

could be affected in urban environments on a regular basis.

This suggests that the location of exercise events may play a

key role in determining exercise performance

9.4 Field Studies

Compared with a cohort living in a less-polluted city,

exercise performance in a 12-min run for those residing in

a highly polluted city is significantly impaired [155]. In

contrast, in a more robust study using a repeated-measures

design, air pollution levels do not affect maximal oxygen

consumption, but do reduce anaerobic threshold [178].

10 Balancing Risk and Benefit

Exercise plays a key role in improving some of the physiologic

mechanisms and health outcomes that air pollution exposure

may exacerbate. For example, regular exercise reduces blood

pressure, systemic inflammation, and blood coagulation, and

enhances autonomic tone and endothelial function, all of

which may play a role in lowering the risk of heart disease and

stroke [179, 180], but may be adversely affected by air pol-

lution exposure [14]. Acutely, the exercise-induced hypoten-

sion seen for 6–12 h following exercise [181] may offset any

increase in blood pressure associated with PM exposure.

Despite the potential adverse effects of exercising in air

pollution, studies imply that the beneficial effects of

exercise outweigh the adverse effects of air pollution [182–

186], and that exercise reduces the likelihood of air pol-

lution-related mortality [186, 187]. Animal studies support

this notion and suggest that aerobic exercise training pro-

tects against air pollution and environmental tobacco

smoke-induced lung inflammation [188, 189], the proin-

flammatory response to inhaled aluminum refinery dust

[190], and ozone-induced oxidative stress [157]. Low

physical fitness and obesity increase the effects of air

pollution on blood pressure [191]. For a 10.5-lg/m3

increase in PM2.5, individuals with a resting heart[70 bpm

experienced a significant increase in exercise diastolic and

mean arterial pressure. However, this effect is not seen in

those with a heart rate \70 bpm [192]. As regular exer-

cisers have lower heart rates, this highlights the importance

of physical fitness in the vascular response to air pollution.

11 Recommendations

One strategy to reduce the impact of air pollution exposure

is to reduce the risk of cardiovascular disease [193]. The

evidence for the cardio-protective effects of exercise is

sound [180], and animal research supports the notion that

regular exercise can attenuate air pollution-induced lung

inflammation [188, 189] and oxidative stress [157].

Therefore, individuals should be encouraged to engage in

regular physical activity, but consider some of the strate-

gies discussed below to minimize the health effects of air

pollution exposure.

Antioxidant supplementation can reduce the adverse

health effects of air pollution [194–197] and protects

exercisers against the acute effects of ozone on lung

function [198] and lung injury [167]. Therefore, in an

attempt to offset adverse health effects of air pollution,

individuals could consider a diet rich in antioxidants.

Wearing a facemask during exercise lowers blood

pressure and increases heart rate variability in healthy

individuals [199]; in those with heart disease it reduces

mean arterial pressure and ST depression, and increases

heart rate variability [200]. While this area of research is

promising, individuals should be aware that both the

quality and fit of facemasks are important.
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Pre-treatment with anti-asthmatics may protect against

the adverse effects of air pollution during exercise,

although the research is limited. Pre-treatment with sal-

butamol (a bronchodilator) [201, 202] in non-asthmatic

individuals does not mitigate the adverse effects of ozone

exposure during exercise on FEV1 or FVC [201, 202], or

on respiratory symptoms [201]. In contrast, pre-treatment

with montelukast (a leukotriene antagonist) 6–8 h prior to

exercise attenuates the effects of a high PM1 environment

on post-exercise flow-mediated dilation [145], and FEV1 in

those with exercise-induced bronchoconstriction (90 %

protection) [203]. At this point, there is no clear evidence

for using anti-asthmatic drugs in non-asthmatic individuals,

but they are appropriate for asthmatic patients.

Until further research is conducted other recommenda-

tions include:

• Individuals should follow local air quality forecasts and

plan workouts around them.

• In the summer, exercising in the morning should be

encouraged to minimize afternoon ozone exposure.

• As much as possible individuals should exercise away

from traffic.

• Exercisers should consider the environment prior to and

during exercise, and how travel to an exercise location

could alter exposure.

• When possible, skaters and hockey players should

choose an ice arena with an electric ice resurfacer.

• Exercise and event organizers should consider the

location and time of exercise and competition venues.

University soccer fields and elementary school play-

grounds where many sporting activities take place can

record high levels of PM1 [204].

• At-risk individuals, such as those with pre-existing

cardiovascular or respiratory disease, should consult

their physician prior to starting an exercise program.

12 Summary and conclusions

In air pollution the higher VE and breathing frequency, and

lower tidal volumes for the same amount of work may

increase dead space ventilation, perceived exertion, and

competition for blood flow between the exercising and

respiratory muscles, all of which may impair exercise

performance. Elevated ambient temperature can also

increase perceived exertion and air pollution-induced lung

inflammation, and impair exercise performance; therefore,

exposure to high levels of air pollution in a warm climate

may be the least suitable environment for exercise perfor-

mance. Individuals should take into account the method of

transport to an exercise location. In particular, competing

athletes and those with heart disease could consider

avoiding traffic prior to exercise to minimize the health risk

and potential effects on exercise performance. Because

high levels of ozone and carbon monoxide increase

symptoms during exercise, this could also discourage an

individual from exercising, thus reducing physical activity

levels and health status. Therefore, to avoid exposure to air

pollution, individuals should be encouraged to exercise

away from traffic. The adverse effects of air pollution

exposure during exercise highlight the importance of land-

use planning in selecting exercise locations for training and

competition within an urban environment. The elevated

heart rate and myocardial ischemia seen with exposure to

PM2.5 or carbon monoxide prior to exercise are important

to consider in exercise populations with compromised

cardiovascular function, who may not be to able to

accommodate the additional cardiovascular strain. There-

fore, it is important to consider how air pollution will affect

exercise testing and prescription by those involved in car-

diac rehabilitation programs. Acute and chronic PM2.5 and

ozone exposure, prior to or during exercise, impairs lung

function and may promote lung inflammation. While some

data are inconsistent, individuals with pre-existing condi-

tions and children are sensitive to air pollution exposure,

and therefore could minimize exercise on days with high

levels of air pollution.

The role of PM exposure on cognition is concerning and

presents an interesting area for future research. Researchers

could consider direct measures of cognitive performance

following exposure to PM. Given the pathophysiologic

basis of impaired vascular function with PM exposure, the

effects during exercise warrant further investigation. While

both PM and ozone cause oxidative stress and systemic

inflammation, these effects vary based on the measured

outcome, and this body of research is far from compre-

hensive. Therefore, more research determining which

parameters of oxidative stress and inflammation are

affected with air pollution exposure during exercise is

needed. Many exercise studies do not have a control resting

condition making it hard to disentangle the effects of

exercise from air pollution; therefore, future research

should take this into account. More information on the

cardiovascular, respiratory, and systemic responses to air

pollution exposure are needed, particularly for PM. How

these responses change with temperature, exercise inten-

sity, sex, and different cohorts such as the elderly, the

young, and those with pre-existing diseases would be

important. For laboratory-based studies the role of pollu-

tant synergy/co-exposure during exercise is important to

understand. Finally, the role of genetics in the health

effects of combined exercise and air pollution exposure

warrants further investigation.
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