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Written Evidence - Luton Town Football Club Training Ground - Deadline 1 

Stop Luton Airport Expansion (SLAE) would like to suggest a visit to Luton Town Football Clubs 
training ground at the Brache, Gypsy Lane, Luton.  We don't think that this has been a site visit yet.  
The visit might need to be accompanied and with permission from the football club.  We are happy 
to contact the club to ask for permission. 

We have not found anywhere in the applicant documents any consideration of the impact of their 
expansion proposals on the football club or their athletes.  Can LR provide document references? 

We are concerned that the Luton Town Football Club training ground is under the flight path and 
that the athletes will be exposed to increased pollution, noise and other impacts of aviation and 
aircraft taking off from and landing at the airport.  Why is the not covered in the application? 

The football club are also planning to relocate from their present ground in Kenilworth Road to a 
planned new stadium in Power Court, which is on the airport side of the town centre and at the 
bottom of the valley.  They and visiting teams will be prone to aircraft and aviation pollution there as 
well.  SLAE could not find references to pollution from the airport at Power Court? 

With a consultation costing up to £65 million, we are surprised that after 5 years of airport planning 
for the consultation that this item has not been picked up at all by Luton Borough Council or Luton 
Rising. 

Do LR and LBC not have the competent experts with the expertise to understand this subject and the 
health of professional elite athletes when performing at their maximum?   Tiny margins matter when 
top athletes compete and aviation pollution may just make the difference between winning or 
losing.    

They can be forgiven as this is a very specialised subject and we are not aware of any UK 
organisation researching into this. 

Evidence taken from researchers and available on the internet.    

Evidence WR LTFC c 
- Air Pollutants Reduce the Physical Activity of Professional Soccer Players 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8701275/ (accessed 20/8/23) 
Evidence WR LTFC d 
- Can Professional Football Players Adapt to Air Pollution? Evidence From China 

https://journals.sagepub.com/doi/abs/10.1177/15270025211049793?journalCode=jsea 
(accessed 20/8/23) 

Evidence WR LTFC e 
- Exercise and outdoor ambient air pollution 

https://bjsm.bmj.com/content/35/4/214 (accessed 20/8/23) 
Evidence WR LTFC f 
- https://www.theguardian.com/environment/2016/mar/05/air-pollution-football-performance 
(accessed 20/8/23) 

 

x
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We have also not seen any football crowd / traffic modelling in the expansion consultation 
documents for when the new stadium is built, which will also use the same road network as airport 
traffic.  Please provide where in the application this information can be found?  Document 000966, 
drawings  LLADCO-3C-ARP-SFA-HWM-DR-CE-0002, LLADCO-3C-ARP-SFA-HWM-DR-CE-0003, LLADCO-
3C-ARP-SFA-HWM-DR-CE-0004, LLADCO-3C-ARP-SFA-HWM-DR-CE-0005, LLADCO-3C-ARP-SFA-HWM-
DR-CE-0006, LLADCO-3C-ARP-SFA-HWM-DR-CE-0015. 

The new stadium at Power Court is due to hold a crowd of 19,500 initially and expanding to 23,000.  
Outline planning permission was given in 2019.  This will generate additional traffic. 

https://www.bbc.co.uk/news/uk-england-beds-bucks-herts-65718990 (accessed 20/8/23). 
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• Air Pollutants Reduce the Physical Activity of Professional Soccer Players 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8701275/  (accessed 20/08/23) 
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Abstract 

The aim of the study was to determine the impact of air quality—analyzed on the basis of the model 
of integrating three types of air pollutants (ozone, O3; particulate matter, PM; nitrogen dioxide, 
NO2)—on the physical activity of soccer players. Study material consisted of 8927 individual match 
observations of 461 players competing in the German Bundesliga during the 2017/2018 and 
2018/2019 domestic seasons. The measured indices included players’ physical activities: total 
distance (TD) and high-intensity effort (HIE). Statistical analysis showed that with increasing levels of 
air pollution, both TD (F = 13.900(3); p = 0.001) and HIE (F = 8.060(3); p = 0.001) decrease 
significantly. The worsening of just one parameter of air pollution results in a significant reduction in 
performance. This is important information as air pollution is currently a considerable problem for 
many countries. Improving air quality during training sessions and sports competitions will result in 
better well-being and sporting performance of athletes and will also help protect athletes from 
negative health effects caused by air pollution. 

 

x
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1. Introduction 

As Reche et al. [1] and Fitch [2] indicate inhalation of high concentrations of air pollutants can cause 
more harm to athletes who undertake intensive training than to the general public. Athletes are 
especially vulnerable, as their air intake is higher, and many train and compete outdoors for large 
portions of the day [1]. During intense exercise, athletes can breathe more than 6000 L/h compared 
with perhaps 4–500 L/h at rest and 1000 L/h with light exercise [2]. It is caused, among other things, 
by increased lung ventilation during exercise [3]. Inhaling more air through the mouth during 
exercise causes a bypassing of the nasal filtration mechanisms. Increased air flow velocity transports 
pollutants deep into the respiratory tract and thus increases the uptake of gaseous pollutants [4], 
and thus, the concentration levels of individual pollutants in the human body also increase. Despite 
the studies cited above, there is a scarcity of research on the physical activity of professional 
athletes in a potentially polluted environment [5] and in particular on soccer players [6]. 

 

It is worth noting that the number and frequency of professional football matches played is high. 
Modern competitive schedules are very demanding, with teams having to play up to 60 matches per 
season [7]. Each match requires players to be very physically active, which is defined, among other 
things, by total distance covered (TD) and high-intensity effort (HIE). The average TD in a Bundesliga 
match ranges from 10.03 ± 0.61 to 11.55 ± 0.70 km, and the number of HIE from 30.33 ± 7.64 to 
47.48 ± 12.30 depending on the position on the field [8]. The above parameters are very important 
because they significantly correlate with match outcome. For example, Andrzejewski et al. [9] found 
that winning a match correlates with the players of the winning team covering a greater total 
distance. Elsewhere, both Modric et al. [10] and Chmura et al. [11] are of the view that high-intensity 
efforts (fast running and sprinting) are some of the most important measures of physical efficiency in 
football. 

 

As a result of extensive physical activities that soccer players undertake during a match, there is a 
high probability of physiological changes, one of which may be the appearance of oxidative stress in 
the respiratory tract. This is the major pathophysiological factor in adverse vascular health effects of 
air pollution. The presence of oxidative stress in the lungs has also been documented and almost 
certainly occurs with immediate exposure [12]. Furthermore, oxidative stress increases lipid 
peroxidation, generation of secondary mediators that enhance oxidative stress-induced damage, 
and a reduction in levels of the primary lung antioxidant, glutathione [13]. Depletion of low 
molecular weight antioxidants, such as glutathione, ascorbate, and tocopherol, along with 
subsequent reductions of cofactors, such as NADPH, may increase the risk and impact of oxidative 
stress [14]. It should also be highlighted that in previous research markers of airway inflammation 
[15] and oxidative stress [16,17] have been detected after exposure to PM and to O3. Indeed, PM 
exposure can directly lead to the expression of particles that cause airway wall fibrosis and play a 
major role in airway obstruction. 



 

The problem of air quality has been noted by the World Health Organization (WHO), which 
estimated that, in 2012, about 7 million deaths were associated with living in the areas with polluted 
air. This is a global problem that affects many countries around the world [18,19,20]. Elevated 
and/or exceeded levels of air pollutants in certain periods and locations also apply to European 
countries considered highly developed in terms of their economy and industry. In Germany most 
urban areas still do not meet WHO air quality standards [21]. Although there are various air quality 
assessment scales, the domestic ones are usually less strict than European standards. Even so, air 
quality standards or guidelines are often not met. Among the most frequently analyzed and 
controlled pollutants are: ozone (O3), particulate matter (PM), and nitrogen dioxide (NO2). The first 
of these, ozone, is a gas produced by the action of sunlight on hydrocarbons and nitrogen oxides [22] 
and is detrimental to athletic performance when exposure is high enough. Subsequent respiratory 
discomfort associated with increased exposure to ozone may cause a reduction in maximum work 
efficiency and significantly contribute to an increase in the overall perceived exertion [23]. 
Particulate matter is produced mainly from the combustion of fuels in gasoline and diesel engines, 
the combustion of wood and fossil fuels, and during construction works [24]. There are different 
criteria for the division of particulates; however, the most frequently analyzed are particulates such 
as PM10 (with particle diameter below 10 μm), PM2.5 (below 2.5 μm), and PM1 (below 1 μm) [2]. 
The smaller the particle, the greater its potential to cause harm because it can penetrate more 
deeply into the lungs. However, even PM10 has a detrimental effect on health, as its combination 
with sulfur dioxide (SO2) and water vapor creates sulfuric acid-coated particles that can settle in the 
lungs and cause irritation and asthma-like symptoms [22]. Nitrogen dioxide, on the other hand, is a 
by-product of the combustion of fossil fuels [22]. NO2 tends to coexist with PM and usually O3, and 
they are often inhaled simultaneously [2]. As a result, they have a comprehensive effect on the 
human body, and for this reason, it seems important to analyze all three of the above types of 
pollutants simultaneously, especially given the fact that the literature lacks studies that show the 
integrated effect of the three most often described parameters of air pollution on the body of 
professional athletes. 

 

Numerous studies show a relationship between air pollution and the cardiovascular and respiratory 
systems [13,25], and adverse changes in biomarkers of physiological and biochemical functions have 
also been identified [26]. This is directly related to the performance of the athlete’s body and thus to 
their activity during sports competitions. In order to address this problem and consider the above-
mentioned information, it was decided that the aim of the study would be to determine the impact 
of air quality analyzed on the basis of the model of integrating three types of air pollutants (O3, NO2, 
PM10) on the physical activity of football players in the Bundesliga. We hypothesize that as the 
levels of air pollution increase, players’ physical activity worsens. 
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2. Materials and Methods 



2.1. Match Sample and Data Collection 

Match performance data were collected from 461 soccer players competing in the German 
Bundesliga during the 2017/2018 and 2018/2019 domestic seasons. In every season, the league’s 18 
teams face each opponent twice per season, home and away. Thus, a season comprises of 34 match 
days and 306 matches, typically held on weekends between August and May [6]. A total of 8927 
individual match observations were made of outfield players (goalkeepers were excluded). Only data 
for players completing entire matches (i.e., on the pitch for the whole 90 min) were considered. 

 

Data were obtained using the IMPIRE AG system with a recording frequency of 25 Hz [27]. Each 
player’s movements were recorded by two cameras [28]. The system utilizes state-of-the-art 
algorithms and 2-D and 3-D video-recording technology, allowing for detailed motion analysis of 
entire soccer matches. The major advantages of vision-based systems are their high update rate 
corresponding to the camera-frame rate and the fact that the players and the ball are tracked 
simultaneously. The validity and reliability of this system have been described in detail elsewhere 
[28]. Furthermore, Liu et al. [29] showed that team match events coded by independent operators 
using this system achieved very good levels of agreement (weighted kappa values of 0.92 and 0.94), 
with the average difference of event time equal to 0.06 ± 0.04 s. 

 

This study maintains the anonymity of the players following data protection laws, is conducted in 
compliance with the Declaration of Helsinki, and was approved by the Senate Committee on Ethics 
of Scientific Research at the Academy of Physical Education in Wroclaw (No. 12/2021). 

 

2.2. Procedures 

Air quality data was determined on the basis of records from the air pollution monitoring system of 
the German Environment Agency [30]. This is Germany’s main environmental protection agency and 
is also a German point of contact for numerous international organizations, such as the WHO. The 
following air pollution parameters were analyzed: particulate matter smaller than ten micrometers 
(PM10), nitrogen dioxide (NO2), and ozone (O3) [31]. The data were read from air pollution meters 
closest to the stadiums where the matches were played (average distance 3.5 km). For each 
analyzed match, the mean value of air pollution readings was determined from the data recorded at 
the beginning and end of the match (average over two hours). In the following stage, the average 
value of the readings for each parameter was classified as very good, good, moderate, sufficient, 
bad, or very bad, in accordance with the standards adopted in Poland by the Main Inspectorate Of 
Environmental Protection [32]—Table 1. The above scale makes it possible to accurately assess all 
tested parameters and is also widely used in scientific research [24,33]. 

 

Table 1 



Inspectorate of Environmental Protection (Poland) norms for hourly concentrations and assigned 
point values. 

 

Air Quality Index Air Pollution Parameter 

PM10 (µg/m3) O3 (µg/m3) NO2 (µg/m3) Points 

Very good 0–20 0–70 0–40 1 

Good 20.1–50 70.1–120 40.1–100 2 

Moderate 50.1–80 120.1–150 100.1–150 3 

Sufficient 80.1–110 150.1–180 150.1–200 4 

Bad 110.1–150 180.1–240 200.1–400 5 

Very bad >150 >240 >400 6 

Open in a separate window 

For each “air quality index”, point values were assigned from 1 (very good) to 6 (very bad)—Table 1. 
Then, based on the sum of point values assigned to individual “air quality index” categories, a model 
of integrating three types of air pollutants was created. Based on this model, 4 air quality categories 
were created: “very good”—the sum of the point values for the three tested parameters (PM10, O3, 
NO2) is 3; “fair”—the sum of the point values for the three tested parameters is 4; “moderate”—the 
sum of the score values for the three parameters tested is 5; and “poor”—the sum of the point 
values for the three tested parameters is at least 6. 

 

In the model of integrating selected air pollution parameters, “very good” (2563 observations) 
means that all three parameters subject to observation had a “very good air quality index” (e.g., 1 + 
1 + 1 = 3). For “fair” (3749 observations), one of the parameters had a higher point value, defined in 
the “air quality index” as “good” (e.g., 2 + 1 + 1 = 4). For “moderate” (1882 observations), for 
example, one of the parameters had a point value of 1, and the other two parameters had a point 
value of 2 (e.g., 1 + 2 + 2 = 5). For “poor” (733 observations), many configurations are possible (e.g., 
3 + 2 + 1 = 6). 

 

The measured indices included players’ physical activities: total distance (TD, distance covered by a 
player during match play) and high-intensity effort (HIE, running efforts (velocity > 4 m/s) achieved 
by a player during match play). Complete definitions of physical variables are available at the 
Deutsche Fußball Liga (DFL) [34]. Definitionskatalog Offizielle Spieldaten—Bundesliga website 
https://s.bundesliga.com/assets/doc/10000/2189_original.pdf (accessed on 20/8/23). 

 

x


2.3. Statistical Analyses 

All variables were checked to verify their conformity with a normal distribution. Arithmetic means 
and standard error were calculated. Spearman’s correlations were used. Then repeated-measures 
ANOVA was used to compare mean values for the examined variables. Fisher LSD (Least Significant 
Difference) post-hoc tests were performed to assess differences between means. Moreover, partial 
eta squared (η2) was calculated [35]. All statistical analyses were performed using the Statistica ver. 
13.1 software package (Dell Inc., Tulsa, OK, USA). 
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3. Results 

The following mean levels and standard errors of air pollution parameters were recorded during the 
study: PM10, 19.04 ± 0.12 (confidence interval −95%—18.80; confidence interval 95%—19.28) 
(µg/m3); O3, −56.50 ± 0.32 (confidence interval −95%—55.87; confidence interval 95%—57.13) 
(µg/m3); NO2, −36.07 ± 0.37 (confidence interval −95%—35.34; confidence interval 95%—36.79) 
(µg/m3). Value of air pollution parameters for individual air quality categories are shown in Table 2. 

 

Table 2 

Value of air pollution parameters for individual air quality categories (mean ± SE). 

 

Air Quality Index Air Pollution Parameter 

PM10 (µg/m3) O3 (µg/m3) NO2 (µg/m3) Points 

Very good 12.51 ± 0.06 40.47 ± 0.25 19.56 ± 0.14 1 

Good 29.28 ± 0.14 86.73 ± 0.26 57.80 ± 0.25 2 

Moderate 59.92 ± 0.43 132.47 ± 0.57 116.72 ± 1.13 3 

Sufficient - - - 4 

Bad - - 272.58 ± 4.33 5 

Very bad - - - 6 

Open in a separate window 

We did not find any correlations between the individual air pollution parameters (PM10, O3, NO2) 
and players’ physical activities (TD, HIE): PM10 and TD rs = −0.045; PM10 and HIE rs = −0.013; O3 and 
TD rs = −0.108; O3 and HIE rs = −0.093; NO2 and TD rs = 0.005; and NO2 and HIE rs = 0.040. Then, a 
model was developed that integrated the three types of air pollutants was created. 



 

The statistical analysis of player’s physical activities as set against air quality categories (very good, 
fair, moderate, poor) revealed effects in relation to the TD (F = 13.900(3); p = 0.001; η2 = 0.005), as 
shown in Figure 1, and HIE (F = 8.060(3); p = 0.001; η2 = 0.003), as shown in Figure 2. 

 

An external file that holds a picture, illustration, etc. 

Object name is ijerph-18-12928-g001.jpg 

Figure 1 

Differences in total distance covered by soccer players in relation to changes in air quality categories 
(mean ± SE). Differences statistically significant between very good vs. fair p = 0.01, fair vs. moderate 
p = 0.01, and moderate vs. poor p = 0.05 (Source: own elaboration). 

 

An external file that holds a picture, illustration, etc. 

Object name is ijerph-18-12928-g002.jpg 

Figure 2 

Differences in high-intensity effort of soccer players in relation to changes in air quality categories 
(mean ± SE). Differences statistically significant between very good vs. fair p = 0.01 and fair vs. 
moderate p = 0.05 (Source: own elaboration). 
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4. Discussion 

The study aimed to determine the impact of air quality—analyzed on the basis of the model of 
integrating three types of air pollutants (O3, NO2, PM10)—on the physical activity of soccer players 
in the Bundesliga. So far, little research has been undertaken in this field in relation to athletes. 
Rundell [5] analyzed ice hockey players and skaters and identified that PM products from diesel-
powered Zambonis (ice resurfacing machines used in ice rinks) was a factor in the increased 
prevalence of asthma and airway hyperresponsiveness. His research identified that even warming-
up while breathing polluted air containing PM could reduce exercise performance. Whilst that study 
concerned indoor sport, studies on outdoor sports, where the analysed material is derived from 
mostly runners or cyclists, are more popular. For example, El Helou et al. [36] found that higher 
ozone levels were associated with poorer performance in six city marathons. Reduced lung function 
has also been observed among runners after they ran near busy highways [17] and among cyclists 
after they rode along heavy traffic routes during rush-hour traffic [37]. 

 



Our study is both original and important because, thus far, to the best of our knowledge, only one 
study on the effects of air quality on the activity of professional soccer players has been published. 
This is surprising because soccer is one of the most popular outdoor sports; according to the latest 
FIFA Professional Football Report, it is played by over 128,000 professional football players from 187 
countries [38]. In the study concerned, Lichter et al. [6] assessed the effects of particulate air 
pollution on soccer players in German stadiums, revealing that performance was reduced under 
poor air quality conditions. In that study, PM10 was the only factor taken into account, and the 
productivity indicator was limited to only the number of passes during a match. However, total 
distance covered and high intensity effort seem to be more valuable parameters for assessing 
performance in the context of air quality because soccer is considered a high-intensity, intermittent 
sport with an unprecedented increase (up to 50%) in high-impulsive actions occurring during match 
play [39]. Moreover, high-intensity running and accelerations are nowadays the most crucial 
activities where elite soccer-match performance is concerned [40]. Therefore, in our analysis, the 
range of measured parameters of air pollutants was significantly expanded, and it was decided that 
physical activities be included too. Thanks to this, we were able to discover that lowering the air 
quality level during the match not only negatively affects technical activities, such as passes [6], but 
also the most important physical activities, such as TD and HIE. Our analysis shows that each level of 
air quality deterioration significantly reduces both the TD covered by the players and the number of 
HIE. The difference between the average distance travelled by each player in matches with “very 
good air quality” and “poor air quality” is 0.2 km (approximately 2 km for the entire team), and the 
difference in the number of HIEs performed is two repetitions, i.e., as much as 20 for the entire 
team, which may indirectly impact the game result [11]. 

 

In our study, in conditions of “poor air quality” footballers covered the distance 10.84 ± 0.90 km and 
performed 41.57 ± 12.12 number of HIE. Duda et al. [41] claimed that during enhanced physical 
activity, athletes inhale up to 20 times more air than during a walk, and a great amount of toxic 
substances enter their bodies and poison the body’s tissue. The greater amount of particulate 
matter and nitrogen dioxide that enter the body with polluted air may increase bronchiolar fibrosis 
and play a major role in airway obstruction [42,43]. Exposure to ozone, on the other hand, impairs 
the function of the endothelium of the ductal vessels [44]. This can result in, amongst other things, 
endogenous airway acidification episodes indicative of pollution-related lung inflammation [45]. 
Furthermore, a study by Kargarfard et al. [25] showed that a high concentration of pollutants during 
physical activities slows cardiovascular functions as well as impacting hematological parameters. 
Thus, air quality during a football match is extremely important because, together with increased 
physical effort, the body absorbs harmful substances from the air [46]. Each of the selected air 
pollutants included in our study (PM10, O3, NO2) causes other negative effects in the human body. 
However, all three of them are particularly dangerous, which is confirmed by the research by Rundell 
et al. [13] and Tainio et al. [31]. 

 

In view of the harmful effects of air pollution on the human body, it is worth considering what 
should be done to improve air quality at stadiums and how not to expose athletes and fans to 
negative health effects. One possible way in which better natural environments might aid health and 



athletic performance is through mitigation of risk from environmental pollutants. Existing research 
on this topic has shown that trees can reduce the level of air pollutants in urban areas [47], with one 
study claiming that in the U.S., trees remove 711,000 tons of air pollutants per year [48]. With 
regard to athletes, De Wolfe et al. [49] looked into the performance of 128 college-level track and 
field competitors across four locations that differed in their greenness. The authors found that 
greenness was a predictor of performance (r2 = 0.61, p < 0.001), with athletes’ best performances 
being more likely to occur at the most “green” site. Therefore, it is worth paying attention to having 
as much greenery as possible in the vicinity of football stadiums. At sites where substantial tree 
planting in surrounding areas is not possible, roof spaces can be used to green the area. Yang et al. 
[50] estimated that 1675 kg of air pollutants were removed by 19.8 hectares of green roofs in one 
year in Chicago. Another way is to install various types of air purification filters near stadiums, which 
are able to reduce the concentration of particulates in the air by up to about 2 million milligrams per 
month [51]. By applying the above solution, air pollution during matches will likely be reduced, and 
both footballers and fans will be less exposed to the negative health effects caused by poor air 
quality. 

 

The authors are fully aware of the many factors that might have influenced the results of the 
analyses presented here [52]. The monitoring location was determined at the measuring stations 
closest to the stadiums. However, to make the measurements more precise, in subsequent analyses, 
we suggest placing air pollution meters directly next to the stadiums. In addition, the meteorological 
conditions and the type of buildings between the measuring station and the stadium were not taken 
into account, and this may have an impact on the actual air quality in a particular stadium. A further 
limitation concerns the failure to take account of many other parameters helping to characterize 
external load, such as player load, sprints, acceleration, deceleration, impact of age, and positions, 
which all also serve to express the demands imposed by matches in non-cyclic team sports. It should 
also be noted that the linear associations with the individual pollutants (PM10, O3, NO2) were not 
significant. This may be due to the above-mentioned limitations, and therefore, more research is 
needed to properly assess the individual pollutant values. 
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5. Conclusions 

An important new finding of the present study is that air quality significantly impacts the physical 
activity of soccer players. As air pollution levels increase, physical activity during a match decreases. 
Worsening of just one parameter of air pollution is enough to result in a significant reduction in 
performance, and this may be a consequence of negative physiological reactions in the body. This is 
an important finding because air pollutants are currently a significant problem in many countries, 
and our study is further evidence that action should be taken to improve air quality. Improving air 
quality during training and sports competitions will result in better well-being and sporting 
performance of athletes and will also help protect athletes from the negative health effects caused 
by air pollution. 
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Abstract 

In this paper, we study the impact of air pollution on Chinese professional football players’ 
performance. Our primary research question is whether the negative effects of air pollution can be 
mitigated by adaptation, and which cohort of players can have higher adaptability. We find that a 
higher pollution level during the game, relative to the adapted pollution level in players’ home cities, 
has a negative and significant impact on the players’ efforts and accuracy. The impact of non-
adapted air pollution can be greatly offset by the home advantage, but not by personal attributes 
such as the higher ability. 
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Abstract 

Objectives—To establish by literature survey: (a) levels at which air pollutants are considered 
damaging to human health and to exercisers in particular; (b) the current ambient levels 
experienced in the United Kingdom; (c) whether athletes are especially at risk. 

 

Methods—Six major urban air pollutants were examined: carbon monoxide (CO); nitrogen oxides 
(NOX); ozone (O3); particulate matter (PM10); sulphur dioxide (SO2); volatile organic compounds 
(VOCs). 

 

Results—CO is detrimental to athletic performance. NO2 is of concern to human health, but outdoor 
levels are low. O3 poses a potentially serious risk to exercising athletes. Decrements in lung function 
result from exposure, and there is evidence that athletic performance may be affected. Detrimental 
effects may occur at low ambient levels, but there is no scientific consensus on this matter. PM10 is 
causing concern in the scientific community. Blood lead accumulation during exercise indicates that 
personal exposure to toxic compounds associated with PM10 may be magnified. Generally, outdoor 
ambient levels of SO2 are too low to cause a problem to the athlete, except the asthmatic athlete. 
The few studies on exposure of exercisers to VOCs are reviewed. 

 

Conclusions—Athletes and exercisers should avoid exercising by the road side even though levels of 
the more noxious air pollutants have been controlled in the United Kingdom. O3 is particularly 
damaging to athletes; it reaches its highest concentrations on hot bright days in rural areas. 

 

Take home message 

 

The respiratory physiology of exercise suggests that athletes and other exercisers may experience 
magnified exposure to ambient air pollution. 
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Air pollution continues to be a matter for concern despite falling levels of some of the major 
pollutants. The aim of this review is to examine six major pollutants in relation to exercise: carbon 
monoxide (CO); nitrogen oxides (NOx); ozone (O3), particulate matter (PM10); sulphur dioxide (SO2); 
volatile organic compounds (VOCs). Many of the effects of air pollution on human health have long 
been established, but no clear consensus has been reached on the effects of ambient air pollution 
on the exercising athlete and sport performance. A second aim of this review is to relate current 
ambient air pollution levels to exercising subjects. Maynard1 identified a need to understand the 
effects of long term exposure to current concentrations of air pollutants, and a need to identify 
groups of the population with greater than average sensitivity to them. As a result of the 
physiological changes that occur during endurance exercise, it has been postulated that endurance 
athletes may have greater than average susceptibility and exposure to air pollutants. 

 

x


Three reasons why athletes are at special risk of inhaling pollutants have been put forward by 
McCafferty.2 Firstly, there is a proportionate increase in the quantity of pollutants inhaled with 
increases in minute ventilation (V�E) during exercise. Secondly, a larger fraction of air is inhaled 
through the mouth during exercise, effectively bypassing the normal nasal mechanisms for the 
filtration of large particles and soluble vapours. Thirdly, the increased airflow velocity carries 
pollutants deeper into the respiratory tract. Furthermore, pulmonary diffusion capacity has been 
shown to increase with exercise3–6; it may therefore be postulated that the diffusion of pollutant 
gases increases with exercise. For several days after strenuous exercise, nasal mucociliary clearance 
has been shown to be impaired in long distance runners,7 and this is possibly attributable to 
exposure to air pollution, as stressed by Atkinson.8 It could be speculated that such reduced 
mucociliary clearance may be another contributing factor to the susceptibility of endurance athletes 
to air pollution, as pollutants that are normally cleared from the respiratory system are instead 
absorbed. 

 

Inhaled gases can be divided into those that simply equilibrate across the lung—for example, CO—
and those that react with components of the respiratory system—for example, O3. The Department 
of Health's Committee on the Medical Effects of Air Pollutants (COMEAP)9 identified the uptake of 
equilibrating gases as determined by three factors: gas solubility in the blood; cardiac output; the 
concentration difference between the alveolar space and venous blood, which is dependent on the 
inhaled concentration of the gas and the ventilation rate. A number of important controlling factors 
determine the uptake of reactive gases in the lung: morphology; physicochemical properties of the 
gas, tissues, blood, and mucous; pattern of breathing (nasal/oral or oral); ventilatory rate and tidal 
volume; convective and diffusional patterns of the gas. Clearly, in the absorption of both 
equilibrating and reactive gases, a number of factors are altered during exercise: cardiac output; 
pattern of breathing; ventilatory rate; tidal volume; thickness of mucous layer of the lung; possibly 
gas diffusion patterns. 

 

Table 1⇓ shows the upper exposure limits (or “standards” as they are referred to in the UK National 
Air Quality Strategy10) of the major air pollutants in the United Kingdom. In the sections that follow, 
these will be examined and, where possible, illustrations given of the levels commonly experienced 
in the United Kingdom (particularly London) and how they may relate to someone who is exercising, 
both in terms of possible health effects and decrements in athletic performance. The weighting 
given to each section generally reflects both the severity of the problem and the quantity of research 
published. Units throughout this review are reported in line with the upper exposure limits as 
outlined in table 1⇓. The standards are concentrations over a given period of time, which if 
exceeded are considered to be unacceptable in terms of human health and/or the environment. 
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Table 1 

Summary of upper exposure limits of the UK National Air Quality Strategy10 



 

Carbon monoxide 

CO is a colourless and odourless toxic gas which causes hypoxia by various mechanisms: (a) by the 
formation of carboxyhaemoglobin (COHb) with an affinity that is 200 times greater than oxygen; (b) 
by decreasing the delivery of oxygen to the tissues (the haemoglobin oxygen dissociation curve shifts 
to the left); (c) by inhibiting the action of cytochrome oxidases. Variations in uptake of CO are 
thought to be due to physiological variables such as lung capacity, diffusion constant of the lung, and 
dead space volume.11 Ventilation rate is also thought to affect CO uptake. In the 1980s, the 
concentration of COHb in the blood of city dwellers was found to be approximately double that in 
people living in rural traffic-free areas.11 Strenuous exercise in heavy traffic for 30 minutes can 
increase the level of COHb 10-fold, which is the equivalent of smoking 10 cigarettes.12 

 

There is no doubt that CO is detrimental to athletic performance and there is much experimental 
evidence of this.12–18 With CO in the bloodstream, less O2 is released from haemoglobin to 
myoglobin, and therefore, to compensate, the heart must work harder and beat more frequently. 
Maximum cardiac output and maximal arteriovenous difference are lowered, resulting in a decrease 
in maximum oxygen uptake (V�O2MAX) and work output.19 The formation of COHb is reversible, and 
exposure to clean air removes most of the gas from the body, with a half life of three to four hours. 

 

The risk of CO poisoning in joggers and cyclists in areas of traffic congestion is difficult to predict 
because the concentration and movement of CO depend on prevailing wind and temperature. 
Nonetheless, one study found levels of 4–6% COHb in the blood of city joggers and cyclists, a level 
comparable to that found in chronic cigarette smokers17 and known to result in decreased exercise 
tolerance.20 The effects of raised COHb on exercise performance have indicated a significantly lower 
V�O2MAX, anaerobic threshold, and oxygen pulse (V�O2/heart rate), and a significantly higher heart 
rate and pulse pressure.15 The rate of COHb formation in exercising humans exposed to CO was 
studied to improve prediction of CO poisoning.14 The existing prediction model, known as the CFK 
equation (developed by Coburn et al21), was tested and found to be useful overall, with a sigmoidal 
rate of appearance of COHb as previous observations indicated.14 

 

The World Health Organisation (WHO) calculated the relation between CO concentration and blood 
COHb for a lightly exercising subject (table 2⇓). COHb values are reduced by a factor of two for a 
person at rest and increased by a similar factor by heavy exercise. Thus a heavily exercising subject 
can expect to have 1.6% COHb after one hour in 20 ppm CO. Levels of 2.7% COHb and upwards 
result in evidence of impaired behaviour.22 
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Table 2 



Carbon monoxide health effects for a lightly exercising person22 

 

In the past, accumulated levels of CO posed a significant health risk to athletes in this country, and 
one of us noted incidents of collapse in London to Brighton relay races in the 1950s. CO levels 
experienced in the United Kingdom today have been improved by the use of catalytic converters in 
motor vehicles, which oxidise vehicular exhaust CO to CO2. The improvement has been offset by the 
increase in the total number of motor vehicles, so overall total emissions have remained relatively 
stable in recent years. The UK National Monitoring Network notes that levels of CO are low (fig 1⇓), 
and the standard for CO (10 ppm eight hour running mean) was seldom exceeded in 1997. Continual 
monitoring does show high momentary peaks in CO concentration, hence it is prudent always to 
train away from roads. For comparison, mean (SE) levels of 13.8 (1.7) ppm have been reported inside 
a car, 44.0 (7.3) ppm in an underground car park, and 10.9 (0.9) ppm in a public house.23 
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Figure 1 

Arithmetic mean and maximum hourly average monthly statistics of 1997 CO levels at four British 
sites from the UK National Monitoring Network10: S, suburban; UB, urban background; CU, central 
urban; UI, urban industrial. 

 

Nitrogen oxides 

The two principle oxides of nitrogen, NO and NO2, are often considered together and known as NOx 
(pronounced “knocks”), despite their quite different physical properties, chemical affinities, and 
environmental impacts. The main source of NOx is road traffic. NO is photochemically oxidised to 
NO2, and the following photochemical equilibrium exists between the relevant gases: NO + O3 → 
NO2 + O2 

 

Of the two oxides of nitrogen, NO2 has a much higher toxicity. Its distribution has been shown to 
follow the expected pattern—that is, areas of the United Kingdom with high NO2 concentrations 
correlate well with the geographical distribution of the major urban conurbations and major 
emission sources.22 Discussion will focus on NO2 in this section. 

 



NO2 is of concern to human health as it is soluble and can be absorbed by the mucous lining of the 
nasopharyngeal cavity, where it is converted to nitrous and nitric acids. The oxidant properties of 
NO2 after acute exposure at levels of 5000–10 000 ppb can cause respiratory illness, such as 
pharyngeal irritation, cough, and dyspnoea.11 Resistance to respiratory infection can also be 
impaired by NO2 exposure below 500 ppb.11 NO2 levels in urban environments are usually below 
150 ppb. The UK National Air Quality standard for NO2 is 150 ppb, measured as an hourly mean. 
Figure 2⇓ illustrates the 1997 monthly statistics for NO2 from the National Monitoring Network. 
Long term exposure may have a subtle effect on children. A meta-analysis of 11 epidemiological 
studies suggested that the chance of infection in the lower respiratory tract may be 20% greater for 
children with prolonged exposure to NO2 at a concentration of 16 ppb.20 Asthmatics have been 
shown to experience significant increases in airway resistance with short term NO2 exposures of 
around 500 ppb. Non-asthmatics experience the same changes at NO2 levels of about 1000 ppb.11 
Four daily sequential exposures to 2 ppm NO2 for four hours resulted in persistent neutrophilic 
inflammation in the airways of healthy non-smoking subjects. Changes in pulmonary function 
attenuated with repeated exposures.24 Potentially serious effects may occur, but it has generally 
been found that outdoor levels are low; there can be greater danger from some indoor 
environments such as gas heated homes and poorly ventilated residences inside which fires are lit 
such as are found in underdeveloped countries. 
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Figure 2 

Arithmetic mean and maximum hourly average monthly statistics of 1997 NO2 levels at four British 
sites from the UK National Monitoring Network10: S, suburban; UB, urban background; CU, central 
urban; R, rural. 

 

Ozone 

O3 forms in the atmosphere through very complex chemical interactions and equilibria between 
hundreds of different hydrocarbons and radicals and NO and NO2, all requiring photochemical 
energy. Daily ambient O3 levels in the United Kingdom rarely exceed 100 ppb,9 at which 
concentration significant decrements in lung function (forced vital capacity (FVC); forced expiratory 
volume in one second (FEV1); mean forced expiratory flow between 25 and 75% of FVC (FEF25–75); 
airway resistance (RAW)) have been observed at an exercise intensity equating to a V�E of 70.0 
litres/min.25 Figure 3⇓ shows monthly statistics for O3 in 1997. As expected, O3 levels were higher 
in the summer than the winter. In large hot cities such as Los Angeles, a diurnal pattern of O3 
concentration is observed, peaking around midday well after the morning rush hour and when solar 



radiation is at its highest. O3, however, is a transboundary pollutant and travels considerable 
distances. As such, and contrary to conventional wisdom, it is predominantly a rural pollutant. 
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Figure 3 

Arithmetic mean and maximum hourly average monthly statistics of 1997 O3 levels at four British 
sites from the UK National Monitoring Network10: S, suburban; UB, urban background; CU, central 
urban; R, rural. 

 

O3 exposure above 120 ppb is known to have detrimental effects on health. Symptoms are nose and 
throat irritation, coughing, wheezing, shortness of breath, and an inability to take deep breaths 
because of substernal chest pain or constriction. Nausea and headache occur if O3 exposure is 
sufficient. Abnormalities of pulmonary function usually parallel the severity of symptoms and are 
accelerated by exercise. Data obtained in the 1970s and 1980s confirm the observation that 
decreased FVC and FEV1 are consistent responses to O3 exposure. FVC and FEV1 are easily 
measured and yield quantifiable results. Concentration-response regression curves of lung 
measurements in exercising subjects show progressively increased decrements in measurements of 
lung function with increasing exercise intensity.25 Other forced and inspired flow rates, inspiratory 
capacity and total lung capacity (TLC), are also affected, and there is increased RAW and residual 
volume. 

 

It has been suggested that O3 inhalation stimulates receptors located in the smooth muscle layers of 
the upper airways.26 Contraction of the inspiratory muscles is limited by the non-myelinated C fibre 
afferent nerves of vagal origin, which may act through axonal reflex connections or through spinal 
reflexes. The net effect on the human lung is involuntary inhibition of full inspiration, reduction of 
transpulmonary pressure and inspiratory capacity, and increased flow resistance. There is an 
associated decrease in maximal expiratory flow rates, TLC, and vital capacity accompanied by 
substernal pain and coughing. Research has shown an influx of inflammatory cells into the 
pulmonary tissue.27 Pretreatment with ibuprofen has been shown to alleviate symptoms produced 
by O3 exposure.27 Folinsbee28 points out that some research has shown that pretreatment with the 
cyclo-oxygenase inhibitor indometacin abolishes O3 induced decrements in pulmonary function. 
Pretreatment with salbutamol has been found to be ineffective in reducing or eliminating pulmonary 
discomfort or respiratory dysfunction in cyclists exposed to O3.29 This observation on exercising 
subjects has been supported elsewhere.26 The decreased tidal volume and increased respiratory 



rate associated with O3 exposure cause relative hyperventilation. High environmental temperature 
(35°C) has been shown to exacerbate further the negative impact of O3 on lung function.30, 31 

 

Athletes are vulnerable to the effects of inhaled O3 because of their exercise patterns.31V�E and V�O2 
are both dramatically increased with the onset of physical activity, whether it is heavy short term or 
less intense and prolonged, including training, warm up, and competition. Long distance runners 
perform at exercise intensities as great as 90% of their V�O2MAX, which may correspond to a V�E of 
over 100 litres/min, and they may maintain this for over an hour. Elite endurance cyclists may 
similarly maintain a V�E of 80 litres/min during hour long races. Resting V�E is by comparison <10 
litres/min. There is high individual variability in response to O3 exposure, showing that the effects of 
O3 are a consequence of multiple factors within the pulmonary tree.28 Many studies were published 
in the 1960s, 1970s, and 1980s and have been reviewed elsewhere31. 

 

The respiratory discomfort associated with O3 exposure may cause decreased maximal work 
performance. Ten highly trained endurance athletes were randomly exposed to filtered air, and to 
0.12, 0.18, and 0.24 ppm O3 while performing a one hour competitive simulation protocol on a cycle 
ergometer.32 They all completed the protocol when exposed to filtered air, whereas one, five, and 
seven subjects did not complete the protocol when exposed to 0.12, 0.18, and 0.24 ppm (120, 180, 
and 240 ppb) O3 respectively. Statistical analysis indicated a significant (p<0.05) increase in the 
inability of subjects to complete the competitive simulations with increasing O3 exposure when 
compared with filtered air. There was also a significant and progressive decrement in pulmonary 
function. Respiratory discomfort has been observed to contribute significantly to an increase in 
overall relative perceived exertion.33 Furthermore, the increased breathing frequency and 
decreased tidal volume associated with O3 exposure has been postulated to be behavioural, as it 
reduces the sensation of pain.28 A physiological mechanism is involved: O3 stimulates the non-
myelinated bronchial C fibres involved in the reflex which changes breathing patterns to rapid and 
shallow breathing.28 It is possible that people become habituated to O3 and that acclimatisation by 
athletes may occur. 

 

Levels of O3 lower than 60 ppb have been shown to significantly affect lung function.34 FVC, FEV1, 
FEF25–75, and peak expiratory flow rate were recorded before and after exercise in healthy young 
men. Data were collected in the field and related to O3 concentrations obtained from the nearest 
stations of the National Monitoring Network. O3 concentrations were low, with an average of 43 
ppb and a maximum of 97 ppb. Results of the study show that there was a significant association 
between O3 and a decline in lung function over a race or training period. Other confounding 
environmental factors, such as temperature, PM10, SO2, and NO2, were considered. Temperature, it 
was argued, did not magnify the alterations in lung function observed in this study, as 80% of the 
data were obtained at a temperature below 22°C. Concentrations of SO2 and NO2 were low during 
the period of observation and it was considered unlikely that they had any confounding effects. No 
ambient air levels of PM10 were available, so no adjustment could be made. These observations, 
coupled with the finding that the removal of data obtained at O3 concentrations higher than 60 ppb 



still left significant effects, were taken as an indication that O3 at very low concentrations resulted in 
changes in lung function during exercise. However, this observation is not supported by other 
studies,25, 31, 35 in which the maximum length of exposure was two hours, the studies were 
conducted in pollution chambers, O3 was studied singly, and cumulative effects were not looked for. 
It therefore seems likely that the findings of Brunekreef et al34 are more reflective of ambient 
exposure, although it is questionable whether the decrements in lung function would surface as 
decrements in exercise performance. 

 

O3 is an unpleasant gas, and its effects are detrimental to athletic performance if exposure is 
sufficiently high. Levels of O3 experienced in the United Kingdom, however, remain low most of the 
time, and therefore O3 is unlikely to cause problems here. The outlook in this country is that O3 
levels will increase by about 3–4 ppb from current levels of around 10–15 ppb.36 

 

Particulate matter 

Particulate matter comprises solid (soluble or insoluble) or liquid material present in the air in 
particles small enough to remain in suspension for some hours or days. They are typically less than 
10 μm in diameter and are therefore often referred to as PM10. Particles of this size are capable of 
entering the respiratory tract and reaching the deeper parts of the lung. A significant proportion of 
PM10 is less than 2.5 μm in diameter (PM2.5), and it is particles of this size that are most likely to be 
deposited in the respiratory tract, and, once in the alveoli, diffusive deposition increases. Particles of 
diameter of less than 0.5 μm are least likely to be deposited in the respiratory tract, as they are too 
small to either impact on, or diffuse to, the walls effectively and are exhaled before they can be 
deposited. 

 

Particulate pollution peaks during smogs. Winter smogs are a result of build up of local emissions in 
cold still weather, and summer smogs are caused by the action of sunlight on emissions 
accompanied by a build up of O3. There is a synergistic interaction between PM10, SO2, and water 
vapour.22 Water vapour and SO2 are absorbed on to soot particles while they are present together 
in the ambient air, and trace metals such as vanadium in the particles catalyse the formation of 
sulphuric acid. On inhalation, these particles transport the sulphuric acid deep into the lungs, where 
the gas exchange surfaces are damaged and the capacity for oxygen exchange is decreased. This 
synergism between particles and SO2 is such that it has been incorporated into legislation, with 
recommendations for lower tolerable levels of SO2 when the particulate levels are above a certain 
concentration: the European Community, for example, specifies an annual mean of 120 μg/m3 SO2 
unless the particle concentration is less than 40 μg/m3, when the upper limit for SO2 is reduced to 
80 μg/m3. 

 

During the 1990s in the United States and Canada, very many studies indicated a link between 
airborne particulate matter and mortality.37 In response to growing concern in the United Kingdom 



on this matter, the government invited COMEAP to advise on the health effects of non-biological 
particles,38 and the Expert Panel on Air Quality Standards (EPAQS) to recommend air quality 
standards for particles.39 The recommended upper limit of PM10 is currently 50 μg/m3 as a running 
24 hour average in the United Kingdom, which is seldom exceeded in London, where smoke control 
exists, as illustrated by fig 4⇓. In areas of Britain where there is no smoke control, high levels could 
build up in the winter months when temperature inversion occurs. COMEAP's report on non-
biological particles and health recognised that exercise may have a variable effect on particle 
deposition depending on particle size and pattern of respiration.38 It may be that, at increased 
airflow velocities, the pollutants are not deposited but simply exhaled. As yet the question of 
pollutant deposition in the respiratory tract during exercise remains unanswered and uncertain. 
What is certain is that the increased airflow velocity (a consequence of pronounced increases in V�E) 
bypasses much of the normal nasal filtration and carries pollutants deeper into the respiratory tract; 
hence there is a proportionate increase in the quantity of pollutants inhaled. 
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Figure 4 

Arithmetic mean and maximum hourly average monthly statistics of 1997 levels of particulate 
matter (PM10) at four British sites from the UK National Monitoring Network10: S, suburban; UB, 
urban background; CU, central urban; R, rural. 

 

There have been very few studies examining the relation between exercise and PM10 inhalation. 
Personal sampling of PM10 pollution in a group of people working close to traffic has shown it to be 
significantly higher than static measurements of area,40 and from this it can be surmised that the 
same would be true for athletes training by the roadside. Weather conditions have a pronounced 
effect on PM10 exposure—for example, rainy weather and high wind speeds result in lower PM10 
concentrations.41, 42 Equipment for personal air sampling was supplied to volunteers in a study on 
exposure of cyclists, car drivers, and pedestrians in Amsterdam to pollution.41 Thoracic fraction 
PM10 was monitored, and within this fraction the content of lead and six (carcinogenic) 
polyaromatic hydrocarbons was determined. A comparison was made between rural and inner city 
routes. Table 3⇓ shows the results for PM10. PM10 concentration was on average about seven times 
lower on a quiet open rural route than on an inner city route. Similar results were gained from a 
study on commuting by bicycle in Southampton.42 The findings of these two studies indicate that 
personal exposure to PM10 of people exercising at the roadside in the city is higher than that of the 
sedentary person and those exercising in rural locations. Although this is unlikely to affect athletic 
performance, it has potentially significant effects on health. Exposure to human carcinogens 
associated with PM10 is considered negligible by the UK government.38 
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Table 3 

One hour averaged results for concentrations of particulate matter of diameter less than 10 μm 
(PM10) by route41 

 

Lead is associated with particulates. After inhalation, it is absorbed into the bloodstream with 
potentially toxic effects on a wide range of body tissues.43 Figure 5⇓ presents the results of a South 
African study on ultra-marathon runners before and after government legislation halved lead 
content of petrol. Significant differences were found in mean blood lead level (p = 0.01) between the 
subjects examined in 1984 and 1990, reflecting the fall in lead content of petrol. On average, the 
blood lead levels in city runners had decreased from 52 to 10 μg/dl of blood (2.5 to 0.5 μmol/l), and 
the level in rural athletes had decreased from 20 to 8.5 μg/dl. No significant difference was found 
among the 1990 urban trainers, rural trainers, and urban controls. A significant difference was 
shown, however, between the 1990 rural trainers and 1984 remote rural controls, the 1990 city 
trainers and 1984 remote rural controls, and the 1990 controls and 1984 rural trainers.44 This 
indicates that lead is accumulated faster in runners because of the higher exercising intensity. A 
study of British competitive cyclists aimed to establish the influence of training environment and 
racing discipline (time trialists or road racers) on blood lead level.43 No significant difference was 
found in blood lead level between controls and experimental groups, but this may have been due to 
the very small sample size. Correlations between blood lead level and training type were examined, 
and the results indicated that training type influenced blood lead level (table 4⇓). 
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Table 4 

Correlation coefficients between blood lead levels and amount of training and racing in each 
environment for the pooled sample (n=10)43 
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Figure 5 



Mean (SD) blood lead level in competitors in the 1984 and 1990 Comrades marathon of South 
Africa.44 

 

PM10 is inhaled deeper into the respiratory tract during exercise, but, as yet, it is uncertain whether 
exercise increases deposition. The research on blood lead indicates that lead (which is associated 
with particulate matter) may accumulate to higher concentrations in people who train in an urban 
compared with a rural environment. A significant correlation has also been shown between number 
of training hours and blood lead accumulation. It would seem therefore that runners and cyclists 
experience increased exposure to lead. Could it be that personal exposure to other toxic compounds 
associated with PM10 is also increased? 

 

Sulphur dioxide 

The effects of SO2 have been clearly documented elsewhere.13, 28, 45 The gas readily dissolves in 
water and tends to be removed from the inspired air stream by the moist surfaces of the upper 
airways, especially the nasal mucosa. The threshold level for the effects of SO2 on lung function lies 
between 1000 and 2000 ppb in normal healthy adults. Above the threshold, resting subjects exposed 
to SO2 experience bronchospasm. During exercise, as oral breathing replaces nasal breathing, a 
corresponding increase in penetration of SO2 into the intrathoracic airways exacerbates the 
effect.45 The inspiration of 5000 ppb SO2 during exercise results in a significantly higher rate of 
mucociliary clearance than in exercising controls breathing air.13 This is a high dose, and SO2 is 
unlikely to occur in the UK environment at such a level, but the finding has important implications 
because mucociliary clearance is an important aspect of the respiratory system's defence against 
microorganisms and particulate pollution. It is also of note that exercise alone increases the rate of 
mucociliary clearance. Today's legislation requires clean technological processes, and, in the United 
Kingdom, SO2 emissions have been reduced to well below the threshold level. The recommended air 
quality standard in Britain for SO2 is 100 ppb measured over a 15 minute averaging period. Figure 6⇓ 
shows the monthly statistics for SO2 in 1997. 

 

             Figure 6             

Download figure 

Open in new tab 

Download powerpoint 

Figure 6 

Arithmetic mean and maximum hourly average monthly statistics of 1997 SO2 levels at four British 
sites from the UK National Monitoring Network10: S, suburban; UB, urban background; CU, central 
urban; R, rural. 



 

Asthmatics are generally ten times more sensitive to SO2 than non-asthmatics, especially when 
exercising. The symptoms associated with asthma are exacerbated by SO2. At concentrations of 500 
ppb SO2, exercising asthmatics experience pronounced changes (as much as 100%) in airways 
resistance after as little as five minutes of exercise.46 Decreases in FEV1 of 50–60% are seen in most 
exercising asthmatics exposed to 0.25 ppm SO2.28 Wheezing, chest tightness, and dyspnoea are 
experienced. Fortunately, all the symptoms and changes in lung function associated with exercising 
in SO2 can be rapidly reversed by treatment with a β2 adrenergic agonist—for example, salbutamol 
or terbutaline. Cromolyn sodium or β-agonists have been used prophylactically.47 Histamine release 
from mast cells in the respiratory tissue is stimulated by SO2. Smooth muscle contraction and 
increased resistance to expiratory airflow are produced and reflected in measures of FVC and FEV1. 
Cromolyn sodium blocks histamine release thereby minimising bronchoconstriction, whereas a β-
agonist produces relaxation of airway smooth muscle. 

 

Although SO2 is clearly an important irritant for exercising asthmatics and may cause problems for 
the asthmatic athlete, it is unlikely to be of concern to the athlete with normal lungs at current 
ambient levels. Air temperature and humidity influence the degree of symptoms experienced, with 
cold dry air producing a faster and more intense response to SO2 than warm moist air.18 It is 
possible that SO2 may be one of the triggers for exercise induced bronchospasm. The overall 
incidence of exercise induced bronchospasm across all sports and sexes in a recent survey of 
Olympic winter sport athletes was reported as 23%.48 

 

Volatile organic compounds 

The general category of VOCs consists of many chemicals, including non-methane hydrocarbons (for 
example, alkanes, alkenes, and aromatics), halocarbons (for example, trichloroethylene), and 
oxygenates (alcohols, aldehydes, and ketones). The emission into the British environment of well 
over two million tonnes of VOCs per year is similar in magnitude to that of SO2 and NOx.22 There is 
a preponderance of carcinogens among VOCs—for example, benzene, polyaromatic hydrocarbons, 
1,3-butadiene, many of the halocarbons. Owing to the carcinogenicity of benzene and polyaromatic 
hydrocarbons, no safe levels are recommended by WHO. The published standards of the UK National 
Air Quality Strategy are 5 ppb for benzene as a running annual mean, and 1 ppb for 1,3-butadiene as 
a running annual mean (table 1⇑). 

 

The area of exercise and VOCs inhalation and possible accumulation appears to have been largely 
overlooked, and there are few studies on exposure to VOCs during exercise. Exposure of cycling 
commuters (average journey time 35 minutes) to various VOCs was studied in Southampton.42 
Eighteen VOCs were identified and quantified. V�E was not measured, but it was taken into account 
in the conclusions of the study, and the group recognised it as a significant factor in terms of 
personal exposure. They found significantly increased levels of exposure to aromatic VOCs, but not 
to hydrocarbons and other measured VOCs, when commuting by bicycle during peak traffic periods. 



Weather conditions affected results, with lower exposure on windy days. In the Netherlands, 
personal exposure to pollutants was compared in people commuting by car and bicycle by urban and 
rural routes (average journey time one hour; sampling time 30 minutes).41V�E was measured 
continuously with a gas meter, and heart rate was recorded. Ambient air was sampled at a constant 
flow rate of 1 litre/min through active charcoal tubes. Benzene, toluene, and xylene were analysed 
by gas chromatography. It was concluded that car drivers are exposed to higher concentrations of 
VOCs than cyclists, but, because of the magnitude of the increase in V�, uptake of benzene, toluene, 
and xylene in cyclists sometimes approached that of car drivers. The ratio of urban to rural personal 
exposure levels was calculated for cyclists, and found to be 1:5 for benzene and toluene, and 1:10 
for xylene. Weather patterns affected results; time weighted exposure to VOCs was higher in August 
for cyclists. The limited data available on VOCs in relation to exercise indicate that cycling in urban 
areas results in higher personal exposure to VOCs than cycling in rural areas. Extrapolation to 
runners is probably justified. VOCs are important and often overlooked pollutants, some of which 
are carcinogens. 

 

Conclusions and advice 

Advice to those exercising is of course to stay away from traffic. There is an exponential decline in 
concentrations of many air pollutants with increasing distance from the busy road. It is advisable to 
exercise whenever possible in open rural or park land. High momentary peaks can occur in the levels 
of any of the pollutants. Try to avoid the rush hour when NOx, CO, and VOCs are likely to 
accumulate. If it is cold and smoggy, exercise indoors. Windy weather tends to dilute and disperse 
the pollutants. Check the pollution forecasts and bulletins and take heed of any warnings. Particular 
care is advised when travelling. Some countries do not have the same stringent regulations to 
control pollution as the United Kingdom, and the air quality could be considerably different as a 
result. Climatic and geographic conditions can result in much higher accumulations of pollutants, as 
in Los Angeles, for example, so even in “developed” countries dangerously high pollution levels may 
occur. Indoor environments pose more risk of CO poisoning than the open road, with higher levels 
found inside a pub and a car than by a school kerbside.23 Athletes should therefore keep away from 
smoky environments and avoid car journeys in congested traffic before competition and training, as 
the temporarily accumulated CO may reach levels that will have detrimental effects on athletic 
performance. On hot bright days in the United Kingdom, elevated levels of O3 may occur, which can 
be avoided by running/cycling in the early morning or late evening. Check the pollution bulletins and 
forecasts for occasional high levels in photochemical smogs during summer inversions. Be especially 
careful in rural areas where elevated O3 levels may occur. SO2 is unlikely to be of concern to the 
athlete with normal lungs at current ambient levels, but it clearly is an important irritant for 
exercising asthmatics, and may cause problems for the asthmatic athlete. Asthmatics are advised to 
take their (inhaler) medication before exercise, and to carry an inhaler with them when exercising. 
There is little risk of damage from exposure to NO2 while street training in the London urban 
atmosphere, although there may be a greater risk in rural areas. The advice above all is to keep away 
from busy roads. 

 



Diet may be important. There is some evidence from animal studies that vitamin E can prevent some 
morphological and biochemical effects of O3 exposure, although there is little supporting evidence 
from studies on humans.45 A leading authority finds that antioxidant supplements reduce the 
detrimental effects of O3, possibly by decreasing formation of lipoperoxides, ozonoides, and 
oxidation products.28 Recent epidemiological research has found evidence of an interaction 
between NO2 exposure and significantly decreased plasma β-carotene levels in supplemented 
subjects.49 It would be advisable for all athletes to ensure that they consume adequate dietary β-
carotene and other antioxidants as fresh vegetables and fruit each day, and/or by taking dietary 
supplement(s). 

 

Although it is logical to study air pollutants singly, ambient air pollutants do not exist in isolation; 
they constitute a cocktail, and synergism may exist between them. Environmental conditions and 
the weather affect levels of pollution exposure and physiological responses. Some studies have 
shown personal exposure to be significantly different from the levels indicated by ambient 
monitoring carried out by the local authorities in the United Kingdom. This consideration is highly 
relevant to the training athlete who may also suffer greater exposure for the reasons outlined in the 
introduction. The length of time spent exercising is another very important factor. Ultra-marathon 
runners and others participating in long endurance events—for example, walking and cycling—are 
likely to be most at risk from the negative and harmful effects of pollution exacerbated by exercise. 
Future research could be directed at studying the collective effects of pollutants and personal 
exposure, and the adoption of risk assessment in relation to exposure to air pollution could be a way 
forward to ensure adequate long term health protection for the athlete. 
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This article is more than 7 years old 

Is your football team playing badly? It may be air pollution 

This article is more than 7 years old 

Footballers’ performance is affected by particles in the air, says German study 

Jamie Doward 

Sat 5 Mar 2016 22.00 GMT 

Down the years, professional footballers have blamed a lacklustre performance on many things. 
Famous explanations have included the ball being too bouncy (Newcastle United); the pitch being 
too small (Tottenham Hotspur); and the team being forced to play in the wrong colour kit 
(Manchester United). 

Now a group of health economists has discovered another reason that should send alarm bells 
ringing far beyond the world of sport. Andreas Lichter, Nico Pestel and Eric Sommer, researchers at 
the IZA economic institute in Bonn, Germany, will present a study at this month’s Royal Economic 
Society’s annual conference in Brighton which shows that air pollution is significantly affecting the 
performance of professional footballers. Their findings are based on analysing the form of players in 
Germany’s Bundesliga between 1999 and 2011. 

The three economists measured the total number of passes each player made in the matches in 
which they participated. “While the number of passes is not a measure of physical performance per 
se, it serves as our preferred productivity indicator since it is related to the speed of the game and, 
importantly, is highly relevant for a team’s success by retaining ball possession and creating scoring 
opportunities,” Lichter and his colleagues explained. “Moreover, passes provide a reliable measure, 
as passing is the essential nature of the game, which limits the role of chance.” 

The number of passes was then mapped against hourly air pollution data collected outside each 
stadium by the German Federal Environment Agency. 

 

x


The economists found that, at kick-off on any given match day, the mean concentration of pollution, 
the “particulate matter”, was 23.8 micrograms per cubic metre. In almost half of the matches 
covered (44%), the level ranged between 20 and 50 micrograms per cubic metre, the latter figure 
being the European Union regulation threshold for particulate pollution. This threshold was 
exceeded in 7% of the matches. 

The economists found that player performance was impeded by pollution even at levels well below 
these health limits. And at high levels – above the EU threshold – there was a significantly noticeable 
decline equivalent in performance, by as much as 16%. 

Some players were more affected by air pollution than others. The researchers write: “We find that 
negative effects of pollution on short-run productivity increase with the individuals’ age and are 
largest for players aged above 30. Moreover, midfielders’ and defenders’ productivity is particularly 
affected by pollution, players who are more attached to the game and exert a larger number of 
passes.” 

They found that the shorter the gap between games, the more pronounced were the effects of air 
pollution on performance. Intriguingly, there is some evidence that the players adapted to higher 
levels of pollution. “Our analysis also suggests that players tend to marginally adjust their style of 
play, given that the ratio of long over short passes slightly increases with the concentration of 
particulate matter,” they note. 

The findings are likely to be studied far beyond the world of professional football. And the academics 
want more work to be done to assess what impact pollution has on other professions’ “physical and 
cognitive productivity” and to broaden knowledge on the benefits of environmental regulation. 

The European Environment Agency says the financial impact of air pollution on Europe’s population 
could be as high as €200bn (£154bn). About 40,000 people are estimated to die prematurely every 
year in the UK because of poor air quality. In April the Supreme Court ruled that an immediate plan 
was needed after the UK breached EU limits for nitrogen dioxide. Last week the government was 
threatened with legal action if it does not take steps to introduce the plan urgently. 
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