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Abstract: Air pollution while exercising is a health threat to urban residents. The study’s purpose is
to conduct a health benefit assessment for running against the background of the Particulate Matter
(PM) 2.5 concentration, taking the Munich Olympic Park as a case. The health benefit assessment was
done under the assumption that people exercise at different PM2.5 concentrations and with varying
duration and intensity. PM2.5 concentrations in and around the Olympic Park area were measured
on 25 rain-free days from July until November 2019, using DC1700 (Dylos). The results show that,
for the example of a 60-min run at a moderate intensity (60% VO2max), the PM2.5 concentration at
which running no longer leads to additional health benefits amounts to 55 µg/m3 (tipping point).
Harms outweigh health benefits at 95 µg/m3 (break-even point). The average PM2.5 concentration
during the runs to and inside the Olympic Park was above the tipping point on one day, but did not
reach the break-even point on any of the days. The average concentration across all days did not
reach the tipping or break-even points for any running duration. The Munich Olympic Park provides
a potentially health-enhancing space to residents from the perspective of PM2.5-related air pollution.
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1. Introduction

Particulate matter (PM) is a pollutant, which harms organs and body functions [1]. Since many
people around the world are continuously exposed to levels above WHO guideline values, the total
health impact of PM exposure is large [2]. PM-polluted air is a particular threat to runners, because,
compared to other active travellers (such as cyclists and walkers), they inhale more air in a given
time frame [3]. The consequence is a proportional increase in the amount of pollutants inhaled and
an increased airflow velocity, transferring pollutants deeper into the respiratory tract. Additionally,
a larger fraction of air bypasses the normal nasal mechanisms when inhaled by mouth breathing during
increased exercise [4]. More precisely, Pasqua et al. [5] estimated the inhaled dose of air pollutants
(PM2.5; PM10) during two simulated 30-min moderate continuous exercise routines in the cleanest
and dirtiest cities reported by the WHO considering air quality. They and others [6] used two specific
thresholds to compare benefits and risks: the tipping point, that is, the point where an incremental
increase in physical activity will no longer lead to an increase in health benefits (i.e., benefits are at their
maximum); the break-even point, that is, the point where risks from air pollution start outweighing the
benefits of physical activity (i.e., compared to not being physically active, there are no net benefits any
more—the activity is getting harmful).

In Pasqua et al.’s [5] study, the relative risk assessment of an all-cause mortality analysis showed
that exercising in the cleanest cities improved health benefits throughout up to 90 min of running
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(i.e., the longest time-period that was considered by the authors; no tipping or break-even points were
identified for running durations between 0 and 90 min). In the dirtiest cities, however, no further
health benefits occurred after 15 min of exercising (tipping point); after 75 min, air pollution health
risks surpassed benefits (break-even point). Tainio et al. [6] examined the risk–benefit balance between
active travel related physical activity and exposure to PM2.5 across a range of air pollution and physical
activity scenarios. They found that, for the global average urban PM2.5 concentration (22 µg/m3),
benefits of physical activity outweigh risks from air pollution by far, even under the most extreme
levels of active travel. In areas with PM2.5 concentrations of 100 µg/m3, harms exceed benefits after
90 min of cycling per day or more than 10 h of walking per day. The authors calculated that the tipping
point for 30 min of cycling every day was 95 µg/m3 (about 1% of all cities in the world based on data
from 2014 exceeded this value). Furthermore, the break-even point for 30 min of cycling every day was
set at 160 µg/m3. Giallouros et al. [7] contrast cycling and walking to work, respectively, with working
from home or using public transport to get to work. Their health impact assessment showed that
walking and cycling reduce all-cause mortality even in high air pollution environments (Beijing and
New Delhi were considered in their study). Switching to public transportation or working from home
on days with high PM2.5 concentrations had no effect on the long-term risk for all-cause mortality in
lowly or moderately polluted cities, but in highly polluted cities (where risks would increase if cycling
and walking were restricted on days below 150 µg/m3).

While Pasqua et al. [5] considered running as an activity in their study, they did not calculate
PM2.5 concentrations of the tipping and break-even points for different running intensities. Tainio
et al. [6] referred to cycling and walking as active travel modes with lower ventilation per minute
compared to running [3]. To close this research gap, the goal of the present study is to calculate
the values of the PM2.5 concentration for the tipping and break-even points for running at different
intensities (at 40%, 60%, 80%, and 85% VO2max (maximum rate of oxygen consumption)—these
intensities can be considered as low, medium, high, and very high and they have been used in prior
studies [8]) and to assess whether PM2.5 concentrations during a run to and in an urban park (green
space) reach the tipping and break-even points, considering the Munich Olympic Park as the case.

2. Materials and Methods

2.1. Health Benefit Assessment

The reduction in all-cause mortality due to running was estimated by converting the time spent
running at the metabolic equivalent of task (MET) depending on the running intensity (40% VO2max
= 11.4 MET, 60% VO2max = 17.4 MET, 80% VO2max = 22.6 MET, and 85% VO2max = 24.3 MET) based
on Jackson et al. [9]. The risk reduction in all-cause mortality for running was set at 0.73 according
to a meta-analysis from Pedisic et al. [10]. For calculating the risk reduction using dose–response
functions, the 0.50 power transformation from Kelly et al. [11] was used. It is a trade-off between linear
and extremely non-linear dose–response functions. Non-linearity in a dose–response function means
that the health benefits of increased running level out at an earlier point in time and that the different
thresholds (break-even and tipping points) are reached earlier than with more linear dose–response
functions [6].

The health risks of PM2.5 were estimated by converting background PM2.5 concentrations to
running exposure concentrations and by taking increased ventilation rates during running into account.
For the background concentrations, values between 5 and 200 µg/m3 with intervals of 5 µg/m3 were
chosen [6]. The total number of deposited particles was estimated by multiplying the background
PM2.5 concentrations with 4.0 for running [12,13]. The counterfactual scenario for the time spent
running was assumed to be staying at home [6]. Furthermore, the differences in ventilation rates for
running at 40% VO2max, 60% VO2max, 80% VO2max, and 85% VO2max, respectively, were taken
into account when converting exposure to inhaled doses. Ventilation rates of 2.9, 4.3, 5.7, and 6.1,
respectively, were used based on the Pasqua et al.’s [5] and Tainio et al.’s [6] findings. For the PM2.5
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dose–response function, a relative risk value of 1.07 per 10 µg/m3 change in exposure was used [6,14].
The sleep time was assumed to be 8 h in all scenarios and the resting time was 16 h minus the time for
running [6].

2.2. PM2.5 Concentration in the Munich Olympic Park

The Munich Olympic Park was chosen as the research site. It provides residents with green space
as part of the legacy of the 1972 Olympic Games. Green space, besides infrastructure, is a typical
legacy of the hosting of mega-sport events [15]. The park has been largely unchanged since 1972
and is 160 hectares in size. There is almost no traffic inside the park and it includes a hill, a lake,
and several sporting facilities—with the back-then goal to form an “Olympic landscape”, according to
architect Günther Benisch [16]. Today, millions of people visit the Olympic Park in their leisure time,
and running is one of the most popular activities.

To measure PM2.5 concentrations, the DC1700 air quality monitor from Dylos Corporation
was used. The direct-reading device measures the number of particles with a size between 0.5 and
2.5 microns as well as the number of particles with a size of more than 2.5 microns (which is out
of interest to the present study). The instrument uses the principle of light scattering technology.
The fan of the DC 1700 draws fine particles through the inlet into the sensing zone where a red laser
beam illuminates the air flow. Then, each individual particle scatters the light inside this sensing
chamber [17]. The scattered light determines the number of particles. Although the main purpose of
the DC1700 is to measure indoor air quality, several studies showed that it is a valid tool for measuring
outdoor air quality, too [18,19]. In the study, the sampling rate was 60 s.

Between 7 July and 21 November 2019, measurements were taken on 25 non-rainy and non-school
or national/state holiday days in the evenings (6–7 p.m.), when most German runners exercise
during a typical weekday (here, Monday–Thursday [20]). Information about relative humidity
and air temperature were retrieved from the official homepage of the Deutscher Wetterdienst for
every measurement day at 6 p.m. Based on Arling, O’Connora, and Mercieca’s [21] formula,
PM2.5 was calculated taking into account the number of particle counts and the mass of particle,
adjusted by a humidity factor and a dry or a rain factor (PM concentration [µg/m3] = number of
particles × 3531.5 × particle mass × relative humidity factor × dry or rain factor).

The device was fixated on a bicycle, where a wind-protective tool was mounted, to ensure
low-impact movement and unwanted biases from strong winds. The bicycle was moved at a pace of
10 km/h along a five-kilometre route (to simulate running speed). Global Positioning System (GPS) data
were used to track the device (so that time spent in areas in green space (with a distance of more than
five meters to traffic) and outside green space (with a distance of five meters or less to traffic) could be
referred to the location). A situation was simulated, in which a resident lives one kilometre away from
the park (a distance that allows all people of the German population to access green space around their
place of residence; [22]). The route went along streets that lead to the park for 2.5 kilometres (route
nearby traffic); next, it went inside the Olympic Park area for another 2.5 kilometres (route in green
space). Appendix A shows the route that was taken. Also, the PM 2.5 concentration measurements,
the values were compared with the values provided by the nearest stationary air-quality equipment,
installed by the Bayerisches Landesamt für Umwelt [23] at Landshuter Allee (see Appendix A).

3. Results

3.1. Tipping and Break-Even Points

The health benefit assessment revealed a tipping point of 65 µg/m3 (40% VO2max), 55 µg/m3 (60%
VO2max), and 45 µg/m3 (80% VO2max and 85% VO2max), respectively, for a 60-min run. Furthermore,
the assessment revealed a break-even point of 120 µg/m3 (40% VO2max), 95 µg/m3 (60% VO2max),
85 µg/m3 (80% VO2max), and 80 µg/m3 (85% VO2max), respectively, for a 60-min run. Figures 1 and 2
display the tipping and break-even points for different running durations and intensities.
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Figure 1. PM2.5 concentrations of the tipping points at different running durations and intensities.
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Figure 2. PM2.5 concentrations of the break-even points at different running durations and intensities.

3.2. PM2.5 Concentrations in the Munich Olympic Park

Average PM2.5 concentration was 12.94 µg/m3 (SD = 16.46). The value was generated based upon
746 data points collected across 25 days. The minimum and maximum values, as well as the figures for
temperature and humidity, are shown in Table 1.
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Table 1. PM2.5 concentration, temperature and humidity for 746 measurements on 25 days.

Variable Mean Standard
Deviation Minimum Maximum

Overall PM2.5 concentration (µg/m3) 12.94 16.46 0.89 89.11
PM2.5 concentration in green space (µg/m3) 12.77 17.68 0.89 89.11
PM2.5 concentration nearby traffic (µg/m3) 13.18 15.16 1.15 80.95

Temperature (◦C) 16.54 7.78 3.00 34.00
Humidity (%) 62.51 19.03 28.00 91.00

The average PM2.5 concentration across all measurement days (12.94 µg/m3) did not reach the
tipping or break-even points for any duration of the run. The daily average PM2.5 concentration
was above the tipping point for a 60-min run at all considered intensities on one of the 25 days
(i.e., 21 November 2019; M = 69.9., SD = 13.2). It reached the tipping point for a 30-min run with an
intensity of 80% and 85% VO2max, but not with an intensity of 40% and 60% VO2max. The daily
average PM2.5 concentration did not reach the break-even point on any of the days for both a 60-min
and a 30-min run.

To compare the PM2.5 concentration measurements with official data, a correlation analysis was
conducted with values provided by the nearest stationary air-quality equipment, installed by the
Bayerisches Landesamt für Umwelt ([19]; M = 13.48 µg/m3 for the 25 measurement days) at Landshuter
Allee (a high-traffic road to the South of the Olympic Park; see Appendix A). The correlation of the daily
average PM2.5 concentration measured by the mobile device and, provided by stationary equipment
for 6 p.m., it was r = 0.65, p < 0.01, indicating a strong relationship.

When taking into account areas in green space (without traffic nearby) vs. areas nearby traffic
during the run (as revealed by GPS data), there was no difference in PM2.5 concentration (green space:
M = 12.77 µg/m3, SD = 17.68; nearby traffic: M = 13.18 µg/m3, SD = 15.16). The difference in means
was non-significant, t (744) = 0.29, p = 0.77. The value of 13.18 µg/m3 is close to the value provided by
the Bayerisches Landesamt für Umwelt ([23]; M = 13.48 µg/m3) for Landshuter Allee.

4. Discussion

The purpose of the study was to calculate the PM2.5 concentration values for the tipping and
break-even points for running at different intensities and durations, and to assess whether PM2.5
concentrations during a run in an urban park (green space)—considering the Munich Olympic Park
as the case—reach the tipping and break-even points. Big cities around the world have been hosting
mega-sport events, producing legacies of various formats. Green space is one of these legacies, which is
potentially valuable to residents and visitors, because it provides opportunities for health enhancing
leisure-time activities, such as running and cycling. The results of the analysis showed that, for a
60-min run at a moderate intensity (60 % VO2max), the PM2.5 concentration at which running no
longer leads to additional health benefits amounts to 55 µg/m3 (tipping point). Harms outweigh health
benefits at a PM2.5 concentration of 95 µg/m3 (break-even point). The average PM2.5 concentration
measured during five-kilometre runs to, and inside, the Munich Olympic Park was above the tipping
point on one of the 25 days, but did not reach the break-even point on any of the days. For any running
intensity and duration, the average PM2.5 concentration that was measured across all measurement
days (12.94 µg/m3) did not reach the tipping or break-even points.
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The findings contribute to the literature in three ways. First, values for PM2.5 concentration
of the tipping and break-even points for running at different intensities (40%, 60%, 80%, and 85%
VO2max) and durations (0–300 min) were calculated, extending the results obtained from Tainio
et al. [6], who considered cycling and walking as active travel modes with lower ventilation per
minute [3]. The findings inform researchers and practitioners around the world when comparing city-
or area-specific values with these tipping and break-even points: 80 µg/m3 (55 µg/m3) for a 30-min
(60-min) run and 135 µg/m3 (95 µg/m3) for a 30-min (60-min) run at a moderate intensity, respectively.

Second, the study did not observe any differences in PM2.5 concentrations between running
in green space and running nearby traffic (here: to get to the green space). Giles and Koehle [24]
have reviewed the literature on the effects of acute exposure to PM while exercising, particularly to
vulnerable population groups. We found no difference in PM2.5 concentrations between running next
to streets with traffic to get to the park and running inside the park, where there is no traffic. This might
be due to the relatively low purification effect of some urban parks [25]. The Olympic Park in Munich
is located near streets with the highest traffic volumes in Munich, and this might negatively affect air
quality inside and nearby the park (see Appendix A). On the other hand, Schneidemesser et al. [26]
reported 22% lower PM2.5 concentrations in green space in Berlin, compared to urban areas without
green space. Unfortunately, there are no data to assess the differences in park characteristics between
Munich and Berlin (e.g., vegetation structure, wind conditions) that would allow us to identify the
reasons for the differences in findings.

Third, of relevance to public health bodies and city managers, the study found large differences
in PM2.5 concentrations across measurement days. This has been observed by other researchers
too [26–28] and implies that day-specific information should be provided to residents and visitors
to decrease health risks. Although the average PM2.5 concentration across all measurement days
(12.94 µg/m3) did not reach the tipping or break-even points for any intensity and duration of running in
the present study, values on five out of the 25 days (20%) were above the daily PM2.5 concentration limit
of the World Health Organization (25 µg/m3). Public health organizations and city managers might
inform active travellers on these days about the potential harm posed by the high PM2.5 concentrations.

The study has some important limitations. The health benefit assessment applies to healthy
individuals (but not to people with diseases) and considers the long-term consequences of running in
various PM2.5 concentrations; short-term exposure effects are not considered [6]. In the present study,
only all-cause mortality was considered.

Furthermore, other pollutants, such as nitrogen dioxide [29] and black carbon [30], were not
assessed in the study, but might be considered in future research. Additionally, the study only
considered running, but did not compare running to other means of exercising outdoors or indoors.
The addition of another comparison group would allow researchers assessing relative effects [7,31].

The study is also limited in the sense that it considered a specific case, that is, a particular running
route to, and inside, a particular park (Munich Olympic Park). Measurements were taken on 25 days
only. The findings may not replicate for a different city or a different park. Still, the results are
revealing. Future research is needed to assess why there was little purification effect of the park in
the present study (assuming that green space has the potential to purify air), and—if nearby traffic
contributes to the low purification effect—how areas can be identified that provide runners with the
lowest PM2.5 concentrations.
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