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ARTICLE INFO ABSTRACT
Editor: Pavlos Kassomenos Marathon running significantly increases breathing volumes and, consequently, air pollution inhalation doses.

This is of special concern for elite athletes who ventilate at very high rates. However, race organizers and sport

Keywords: governing bodies have little guidance to support events scheduling to protect runners. A key limitation is the lack
Afhl“ics_ of hyper-local, high temporal resolution air quality data representative of exposure along the racecourse. This
Air quality . work aimed to understand the air pollution exposures and dose inhaled by athletes, by means of a dynamic
Amateur and elite runners e . . . . .
Urban race monitoring methodology designed for road races. Air quality monitors were deployed during three marathons,
Inhaled dose monitoring nitrogen dioxide (NO3), ozone (O3), particulate matter (PMx), air temperature, and relative humidity.
Gender One fixed monitor was installed at the Start/Finish line and one mobile monitor followed the women elite runner

pack. The data from the fixed monitors, deployed prior the race, described daily air pollution trends. Mobile
monitors in combination with heatmap analysis facilitated the hyper-local characterization of athletes’ exposures
and helped identify local hotspots (e.g., areas prone to PM resuspension) which should be preferably bypassed.
The estimation of inhaled doses disaggregated by gender and ventilation showed that doses inhaled by last

* Corresponding author at: Federal Institute for Occupational Safety and Health (BAuA), 10317 Berlin, Germany.
E-mail address: ribaltacarrasco.carla@baua.bund.de (C. Ribalta).

https://doi.org/10.1016/j.scitotenv.2024.171997
Received 21 December 2023; Received in revised form 7 March 2024; Accepted 24 March 2024

Available online 31 March 2024
0048-9697/© 2024 Published by Elsevier B.V.


mailto:ribaltacarrasco.carla@baua.bund.de
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2024.171997
https://doi.org/10.1016/j.scitotenv.2024.171997
https://doi.org/10.1016/j.scitotenv.2024.171997
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2024.171997&domain=pdf

C. Ribalta et al.

Science of the Total Environment 927 (2024) 171997

finishers may be equal or higher than those inhaled by first finishers for O3 and PMx, due to longer exposures as
well as the increase of these pollutants over time (e.g., 58.2 + 9.6 and 72.1 + 23.7 pg of PMy 5 for first and last
man during Rome marathon). Similarly, men received significantly higher doses than women due to their higher
ventilation rate, with differences of 31-114 pg for NO, 79-232 pug for O3, and 6-41 pg for PMy. Finally, the
aggregated data obtained during the 4 week- period prior the marathon can support better race scheduling by the
organizers and provide actionable information to mitigate air pollution impacts on athletes’ health and

performance.

1. Introduction

Air pollution is known to cause cardiovascular and respiratory dis-
ease in general populations (Brunekreef et al., 2021; Chen and Hoek,
2020; Burnett et al., 2018; Cohen et al., 2017; Héroux et al., 2015;
among others). The European Environment Agency estimated at least
307,000 premature deaths in the EU-27 in 2019 due to exposure to
particulate matter (PMy 5) above the World Health Organization (WHO)
guideline level of 5 pg/m3 (EEA, 2021). Nitrogen dioxide (NO5) pollu-
tion caused 40,400 premature deaths in the EU and ozone (O3) exposure
caused 16,800 premature deaths (EEA, 2021). In urban settings, the
health impacts from air pollutant exposures have been addressed in the
scientific literature for the general population as a function of age
groups, as well as for populations performing physical activities such as
commuting by cycling or on foot (Cole-Hunter et al., 2018; de Nazelle
etal., 2012; Tainio et al., 2021). Active populations performing physical
activities, such as cycling and running, whether recreationally or pro-
fessionally, are at higher risk of air pollutant side-effects than general
populations due to increased ventilation (Alves Pasqua et al., 2018),
which in addition changes from nasal to oral breathing patterns,
resulting in particles bypassing the usual nasal filtration mechanism
(Saibene et al., 1978; Niinimaa et al., 1980). Furthermore, the increased
velocity with which pollutants are transported in the breathing flow
carries them deeper into the respiratory tract and increases deposition
(Sun et al., 2016; Zoladz and Nieckarz, 2021; Hussein et al., 2019). The
ventilation rates are dependent on the type and intensity of exercise
(Schiffer, 2008), and higher maximum ventilation levels achieved for
elite athletes (Pasqua et al., 2018). Thus, populations performing
physical activities have a higher air pollutant inhalation dose intake
than non-active populations.

This is particularly relevant in endurance sports and, especially elite
athletes, given the potential harmful effect of air pollution on both
athletic performance and health (McKenzie and Boulet, 2008; Morici
et al., 2020; Hodgson et al., 2021; Guo and Fu, 2019; Hofman et al.,
2018; Luengo-Oroz and Reis, 2019; Reche et al., 2020; Zoladz and
Nieckarz, 2021; Riediker, 2022; Cusick et al., 2023; Beavan et al., 2023).
Several studies have associated exposure to O3 and PM to reduced per-
formance during exercise (Rundell and Sue-Chu, 2013; El Helou et al.,
2012; Hodgson et al., 2022; Cusick et al., 2023), likely due to reduced
lung function and the pro-inflammatory characteristics of these pollut-
ants which have been correlated with apoptosis of neutrophils and
bronchial epithelial cells (Chimenti et al., 2009). However, the number
of studies available is scarce, probably due to the relatively limited
number of individuals impacted by these exposures during elite athletic
competitions. Conversely, one example of high-level international
competitions, which involves a large number of athletes, is urban road
races (major marathon races attracting up to 50,000 runners/race). The
interest in urban marathons is rapidly increasing in large and densely
populated cities around the globe (London, Berlin, New York, Tokyo,
Chicago, Boston), generating significant revenue for the cities. Mara-
thons attract elite as well as recreational athletes from around the world,
in what is recently known as “marathon tourism”. However, these major
cities frequently suffer from high air pollution levels which impact
athletes’ health and performance (El Helou et al., 2012; Pascal et al.,
2013). Marathon running has been linked to serious, acute functional
respiratory issues during and after a marathon race (Tiller, 2019). This is

caused by the stress the respiratory system is experiencing during
competition, due to increased ventilation, which can exceed 110 L per
minute in elite athletes (Hausswirth et al., 1997).

Several major and regional sports events have been affected in recent
years by strong air pollution episodes (Viana et al., 2022, and references
therein), and this is expected to increase in coming years, partly due to
climate-change driven pollution. Thus, sport governing bodies and race
organizers are starting to pay more attention to air pollution during
sports events. However, they have little guidance to support events
scheduling or protect runners, and guidelines to minimize air pollution
exposure in sports are mostly non-existing (Bunds et al., 2019). One of
the main limitations is the lack of local and high temporal resolution air
quality data representative of exposure at competition venues and lo-
cations, which would facilitate selecting the optimal time of the day or
route for competitions (e.g., road races). Regulatory air quality moni-
toring stations (EU Air Quality Directive 2008/50/EC) monitor air
pollutant concentrations to which the general population is exposed at a
low spatial resolution, and thus are generally not representative of
specific locations. This is also an issue when estimating exposure to
vulnerable populations such as in schools, hospitals or elderly homes. In
the case of road races, 3 main challenges need to be considered if real-
istic exposures to air pollutants are to be quantified: 1) air quality data
should be collected as close as possible to the runners and at high
temporal resolution, 2) portable instruments are necessary to track
exposure trends, and 3) average exposures are not representative for
individual athletes, as runners have different performances and expo-
sure times; thus, data acquisition time must be consistent with the
runner’s chronometric performance. This has a major influence on the
inhalation doses received by the different athletes, given that they are
exposed during different periods to the air pollutants and the fact that air
pollutant concentrations vary throughout the day (i.e., O3 concentra-
tions increase towards midday). In this framework, mobile monitoring
could address some of these challenges by tracking exposure at hyper-
local level during sport events, such as marathons. Air quality sensor-
based monitoring systems are a non-regulatory technology, lower in
cost, smaller and more portable than regulatory instrumentation
(Clements et al., 2022; Castell et al., 2017; Peltier et al., 2021). Air
sensors typically provide real-time data and allow measuring the air
quality at higher spatial resolution than the regulatory stations (Clem-
ents et al., 2022). However, sensor technologies have well-known lim-
itations (Bi et al., 2022; Borrego et al., 2016; Desouza et al., 2022;
Gerboles et al., 2017; Jayaratne et al., 2018; Li et al., 2020; Ripoll et al.,
2019; WMO, 2018) such as effects due to ambient conditions, cross-
sensitivities and drifts over time, and the need for calibration under
local ambient and aerosol mix conditions to ensure data quality. In this
regard, the CEN working group WG42 is in the process of providing
standardized guidance for sensor technologies (European Committee for
Standardization, 2021), and tools are being developed to assess
compliance of sensors with the data quality objectives of the EU Air
Quality Directive (Yatkin et al., 2022). Specifically, in the framework of
sports-related exposure monitoring, cost-effective air quality monitors
have been tested in several indoor and ambient air settings including
sports facilities (Viana et al., 2022; Reche et al., 2020; Sun et al., 2016).

This work aims to understand the air pollution exposures and dose
inhaled by elite and recreational athletes during urban marathons, by
implementing a combined mobile and fixed monitoring strategy. The
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final goal is to provide road race organizers with an evidence-based
methodology to assess participant’s exposure and use this information
to mitigate the health risk.

2. Methodology
2.1. Strategy, instrumentation and monitoring locations

Air quality, temperature and humidity were monitored during three
urban marathons in 2021 and 2022: Rome (19/09/2021) and Nice (28/
11/2021) in Europe, and Eugene, Oregon, (17/07,/2022) in USA. These
events were selected because they are representative of different race
configurations, types of environments (urban, rural, coastal) and
pollution levels. A large metropolitan inland area (Rome) with relatively
high pollutant levels, which exceeds yearly WHO guidelines for NO,, Os,
CeHg and PM;( and PMj 5 (Battista et al., 2016). Two small to medium
size urban area (OECD, 2023) with lower pollutant levels, one of them
along the coast (Nice) with pollutants coming mostly from traffic and an
airport (Mazenq et al., 2017; Suissa et al., 2013) and in the country-side
(Eugene). The information regarding the locations and type of marathon
is detailed in Table 1. The Eugene and Rome marathons were designed
with circular routes, Rome with 1 loop and Eugene with 3 loops.
Conversely, the Nice marathon was designed as an A to B race (starting
in Nice and finishing in Cannes) running along the southeast coast of
France. Whereas the Nice marathon runs along a highway, the Eugene
and Rome marathons are urban. Both Nice and Rome marathons have
been gathering over the last years >10,000 runners. The Eugene
marathon was part of the 18th World Athletics Championships 2022,
which gathered exclusively 63 elite participants from 33 countries.
Finally, data quality was the last selection criterion applied. Data were
collected during other marathons (e.g., Barcelona 2021 and Zagreb
2022) but are not reported in this work, because of insufficient data
quality assurance. Specifically, the main issues affecting these moni-
toring campaigns were lack of enough time fort acclimatization of sen-
sors to local conditions (due to late arrival of the sensors), short duration
of the monitoring period (owing to lack of access to the start/finish
lines) and/or incompleteness of the datasets (missing data due to tech-
nical difficulties). As a result, the data from these marathons were
excluded from the analysis. In sum, based on data quality, population,
air pollution and race design criteria, 3 different marathons were
selected for the present work: an urban race with higher pollution levels
and single-loop design (Rome), a more rural area with lower pollution
levels and a multiple loop design (Oregon), and a seaside race along a
highway (A-to-B race, in Nice).

The monitoring instruments used were commercial sensor-systems

Table 1
Location, monitoring dates, type of marathon, start and finish times, and
available fixed data prior to the race.

Location Eugene Rome Nice

Country USA Italy France

Date 17/07/2022 19/09/2021 28/11/2021

Start time 6:15 6:45 8:00

Finish time 8:21 8:53 10:11
(1st elite man)

Finish time 8:33 9:14 10:56
(1st elite woman)

Finishing time 9:19 13:51 14:14
(Last athlete)

Marathon 3 loops 1 loop AtoB

racecourse design

Data prior marathon  20/06/2022-16/ 11/09/2021-18/  27/11/2021
07/2022 09/2021
Nr. valid datapoints 848 (10 s 900 (10 s 848 (10 s
(mobile monitor) resolution) resolution) resolution)”
Nr. participants 63 professional 7500 registered 9500 registered
participants participants participants

2 Only 30 data points for PM, 5 and PM;.
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designed for fixed and mobile deployment. Both models integrate
Alphasense monitors for PMy 5 and PM;y (OPC-N3), NO; (NO2-B43F),
and ozone (Os; OX-B431), as well as sensors for temperature and relative
humidity. The sensor-systems specifications are summarized in Sup-
plementary Table S1. Complete technical specifications can be down-
loaded from the manufacturer’s website (https://www.kunakair.com).
One unit of each model was deployed respectively in two locations: a
fixed/stationary and a mobile position. The fixed monitor was located at
the starting point of the marathon, at a < 4 m distance from the start line
where the athletes concentrated, representative of the air quality
exposure concentrations at the start of the race. The same strategy was
used in previous studies (Sun et al., 2016). The mobile monitor was
mounted on the back of a bicycle which followed the leading female
athlete group of the race throughout the entire racecourse (Supple-
mentary Fig. S1) to be a closer representation of the athletes’ exposures
during the marathon. Thus, the fixed monitor was representative of the
air pollutant concentrations at the start and finish of the marathons in
Eugene and Rome (loop races), whereas it was only representative of the
starting conditions in Nice (point A). The mobile monitor was repre-
sentative of the exposure of the elite women athletes, while it was not
able to fully represent that of the slower runners (the difference between
the fastest and slowest athletes in urban marathons can be of 4 to 5 h).
Finally, baseline air pollutant concentrations were recorded prior the
race (4 weeks for Eugene and 1 week for Rome) with the fixed monitors
to facilitate the understanding and representativity of the pollutant
concentrations during the actual marathon day. This option was not
possible for Nice, where, due to access limitations, the monitor was only
installed 1 day prior to the marathon.

The monitors were calibrated by the manufacturer following their
internal quality assurance/quality control (QA/QC) procedures, and
were subsequently shipped to the marathon cities and installed by local
staff. Once at their destination, an adjustment of the baseline and
sensitivity (span) of the monitors was carried out remotely by the
manufacturer to account for the different meteorological conditions
they were deployed in. According to the experimental design, the units
were not intercompared or calibrated against local air pollutant or
meteorological reference data because this work aimed to test an air
quality monitoring strategy for marathon organizers, not for air quality
researchers or networks, and marathon organizers do not typically have
access to local air quality monitoring networks. The aim of this work is
to describe the spatio-temporal variability of air pollutants monitored
with individual sensing units, in absence of comparability across units or
with reference data. This approach was presented and discussed in detail
in Viana et al. (2022). In this framework, local calibration is in general
best practice when dealing with low-cost sensor-systems (WMO, 2018),
and the lack thereof is acknowledged by the authors as a limitation of
this work. However, the results in this work are assessed in terms of the
temporal variability of air pollutants in each individual monitor, and the
results are neither used for comparison across monitors nor for
compliance-checking purposes. In addition, data quality was based on
testing of the same monitors in the framework of two previous studies
(Reche et al., 2020; Viana et al., 2022), where the performance of
several units was tested for gaseous pollutants and PMx at the Barcelona
EU-reference air quality monitoring station in Palau Reial during 30 and
5-day periods, respectively. In addition, one of the monitors was inter-
compared during 3 months at a local reference station in North America
(the exact location cannot be disclosed due to confidentiality issues)
following non-EU quality procedures. Results from Reche et al. (2020)
and Viana et al. (2022), shown in Supplementary Fig. S2, evidenced
statistically significant comparability between monitors and reference
data for NO, (R? = 0.94 and 0.90) and O3 (R? = 0.93 and 0.85), while
the correlation was lower for PMo (R%=0.70) and PMs 5 (R%?=0.58 and
0.82).
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2.2. Data analysis

Time series of PM;g, PMs s, NO5 and O3 were obtained for each
marathon, from one fixed and one mobile monitor, with 5-minute and
10-second time-resolution, respectively. In total about 900 valid data-
points were obtained per pollutant and for each city with the mobile
monitor (Table 1). Subsequently, 1-minute averages (except for Nice
PMy 5 and PM;jp; 5-minute averages) were calculated for the mobile
monitor data, and 5-minute averages (except for Oregon PMjy 5 and
PM;jo; 10-minute averages) were calculated for the fixed monitor.
Hourly averages were calculated and plotted to assess the variability of
air pollutant concentrations prior to the marathon, in order to under-
stand the representativity of the concentrations recorded during the day
of the marathon. Heatmaps were plotted to identify pollution hotspots
linked to the design of the racecourse (e.g., street canyons, vicinity of
major roads, etc.).

Inhalation doses were estimated based on the monitored concen-
trations and the exposure time, based on Eq. (1) (Borghi et al., 2021):

3
Dose (ug) = C; (%)"Vb* (%) *t (min) 1)

where C; is the concentration of the pollutant, Vg is the minute venti-
lation and t is the exposure time.

The minute ventilation (V) was estimated using Eq. (4), derived
from Egs. (2) and (3). Ventilation (Vg) was estimated based on the
ventilatory equivalent for oxygen (ERO.), defined as the ratio of the
volume of air ventilating the lungs (Vg) to the volume of oxygen
consumed (VOy) (Eq. (2)), and the correlation between VO, and velocity
(Eq. (3)) found in (Léger and Mercier, 1984; Ellens et al., 2019).

Ve (L/min) _ .
ERO, (—) = W/mm) Ve = ERO,*VO, (2)
VO, (ml/kg/min) = 3.5%v (km/h) 3)
Vie(l/min) = ERO,*v*3.5*BW (kg)*0.001 @

BW is the body weight expressed in kg, which was assumed to be 60
and 75 kg for women and men athletes, respectively. The ventilatory
equivalent for oxygen ERO, was assumed to be 31 for the fastest man
and woman (arriving 1st), and 28 for the last man and woman. Velocity
v (km/h) was calculated based on the average finishing times in the
three marathons (2.16 h for the first man, 2.5 h for the first woman, and
6.66 h for the last man and woman).

The total inhalation doses were estimated for each full marathon and
separately for men and women athletes, based on the data from the fixed
and mobile monitors to represent two different scenarios:

- Mobile monitor: was used to estimate the dose inhaled by elite ath-
letes (1st man and woman athletes to finish the race). This was
considered the most representative setup given that concentrations
were recorded hyper-locally, in close proximity to the elite women
athletes along the full racecourse. Mobile monitoring was only
available for the elite (fastest) runners.

- Fixed monitor: in absence of mobile data for the slower athletes, the
data from the fixed monitor were used to estimate their exposures
assuming that the concentrations recorded at the Start line were
representative of the full racecourse. While this is an over-
simplification and a limitation, this approach was considered to be
more adequate than using data from a local air quality monitoring
station in each city, which would have been found at a larger dis-
tance from the racecourse.

Statistically significant differences between doses inhaled as a
function of gender (1st man vs. 1st woman, and last man vs. last woman)
were assessed per pollutant and location (mobile vs. fixed devices).

Science of the Total Environment 927 (2024) 171997

Moreover, within the same gender, differences between 1st (elite) and
last athletes per pollutant and location (fixed only) were assessed. Data
normality and lognormality was assessed using the Shapiro-Wilk test.
Overall data did not follow normal and lognormal distribution thus,
differences between groups were assessed using a non-parametric
ANOVA (Brown-Forsythe and Welch ANOVA, P < 0.05) followed by
Dunnett’s post-hoc multiple comparison test (alpha <0.05). GraphPad
Prism version 10 GraphPad Software, San Diego, California USA) was
used.

3. Results and discussion
3.1. Air quality baseline prior the marathons

The fixed monitors were deployed in Eugene and Rome, 4 and 1
weeks (respectively) prior to the marathons in each city. The purpose of
this deployment was to determine the baseline air quality trends during
the weeks before each event, to facilitate understanding the represen-
tativity of the actual marathon day in terms of air pollutant concentra-
tions. It should be noted that the baseline aimed to represent only the
weeks before the marathons, and was not meant to describe the annual
variability of air pollutants in each city. The mean hourly evolution of
NO,, O3, PM;o and PM3 5 concentrations in each city is shown in Fig. 1.

Results show that, in both cities, the marathons took place on rela-
tively low air pollution days, in comparison to the previous weeks. This
may be an effect of the re-routing of the city traffic in preparation for the
marathon. A notable reduction of pollutants was observed for O3 con-
centrations in Rome, where a decreasing trend was observed between
11/09/2021 (reaching 140 pg/m® as daily maximum) and 19/09/2021,
marathon day (reaching 70 pg/m® as daily maximum). When comparing
to previous weekends, Eugene gases concentrations show comparable or
higher concentrations, whereas PM concentrations show comparable or
lower concentrations. In terms of hourly trends, NO, and O3 concen-
trations followed the characteristic urban cycle in Eugene and Rome,
with O3 maxima coinciding with the highest insolation hours and an
inverse NO, pattern (Clapp and Jenkin, 2001).

PM;¢ and PM; 5 daily maximum concentrations were also lower in
Eugene during the marathon day (7 pg/m> and 3 pg/m?, respectively)
when compared to previous weeks, when hourly maxima of 18 and 7 pg/
m? were recorded at the location of the fixed monitor (Fig. 1). Hourly
PM trends also followed certain patterns, even if they were not as
marked as those observed for the gaseous pollutants, with a larger
variability of hourly concentrations probably resulting from the variety
of PM emission sources in each of the urban environments. As expected,
PM concentrations were strongly influenced by meteorology (e.g., low
concentrations during a rainfall episode in Eugene, between 5th and 6th
of July 2022, Fig. 1c (Menne et al., 2012)) as well as by short-term local
sources (e.g., peak PM;( and PM; 5 concentrations recorded on 15/09/
21 in Rome).

The baseline air pollutant concentrations described in Fig. 1 allowed
us to conclude on the representativity of the air quality situation in each
city during each of the marathons. In addition, monitoring hourly air
pollutant trends over a representative period of time during the weeks
before the marathon, provided added value in the form of targeted in-
formation which may be used by event organizers for scheduling the
marathon and the activities around it to minimize athlete’s air pollution
exposures. This approach was previously proposed for athletics stadia to
support scheduling of athletics competitions (Reche et al., 2020; Sun
et al., 2016; Viana et al., 2022).

3.2. Temperature and humidity during marathons

Average temperature recorded during the marathons with the mobile
monitor was 16.3 £ 0.5, 21.0 £+ 0.4, and 7.0 + 1.1 °C in Eugene, Rome,
and Nice, respectively. Average humidity values recorded with the
mobile monitor were 61.9 + 2, 64.3 + 2.4, and 42.7 + 4.2 % for Eugene,
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a) Eugene Gases
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b) Rome Gases
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Fig. 1. Hourly evolution of NO,, O3, PM;o and PM, 5 prior the marathon at the fixed position. The marathon start and finishing time is indicated in the time series
with dotted lines and yellow shading. The start and finish of a rainfall episode is indicated with dotted lines and blue shading.

Hodgson et al., 2022; Cusick et al., 2023). Thus, recording temperature
and humidity at different points along the route, or using mobile mon-
itors to track changes in these parameters before and during the mara-
thon, is a simple way of providing essential information to ensure the

Rome, and Nice, respectively. Similar temperature and humidity (+2)
were recorded with the fixed monitors. High temperature and humidity
during exercise have been linked to severe health problems (Zhao et al.,
2013; Rodrigues Junior et al., 2020; Hodgson et al., 2021, 2022), as well

as decrease in athletic performance (Vihma, 2010; El Helou et al., 2012;

safety of participants.
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Fig. 2. NO; and Oj time series during the three marathons monitored at the fixed and mobile locations.
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3.3. Exposure to gaseous pollutants during marathons

Mean 10-min NO, and O3 concentrations are shown for each mara-
thon in Fig. 2, from the fixed and mobile monitors. In all three mara-
thons, Os steadily increased over time with increasing ambient
temperature, as expected, and independently of the monitor (fixed or
mobile). This is especially clear for Nice where O3 concentrations at the
end of the marathon were 2 and 4 times higher than at the start ac-
cording to the fixed and mobile monitors, respectively. This is linked to
the photochemical formation of O3 with increasing sunlight and tem-
peratures, as well as to the rapid decrease of NO, (Fig. 2c). For longer
races, the increase in O3 concentrations towards the central hours of the
day is a key challenge for the slower athletes as they receive higher doses
of this hazardous pollutant than the elite athletes (who cross the finish
line before ozone maxima are recorded).

The high variability in Os concentrations in Nice is evident in the
heatmaps in Supplementary Fig. S3. The difference between the con-
centrations reported by the fixed and mobile monitors (e.g., the case of
O3 in Eugene) results from the fact that the monitors were not inter-
compared locally, as discussed in the Methods section.

3.4. Exposure to particulate pollutants during marathons

In the Eugene and Rome marathons, PM;o and PM; 5 measured with
both fixed and mobile monitors showed relatively constant concentra-
tions across the duration of the race (Fig. 3a and b). The data from the
mobile monitors, however, were markedly noisier and showed
numerous peaks over time which were probably dependent on the in-
fluence from local sources at specific times and locations throughout the
racecourse (Fig. 3 and heatmaps in Fig. 4). The effects of local sources on
PM can be clearly observed in the heatmaps (e.g., Eugene Fig. 4).
Overall, PMy 5 and PM;( followed quite similar temporal patterns,
especially in Rome. A few exceptions were recorded with the mobile
monitors, where PM;oy showed clear increases in concentrations not
observed for PM; 5 (e.g., Eugene at 7:15 to 7:30, and 8:15, and Rome at
6:55 and 7:45 to 8:00; Fig. 3a and b) which were probably linked to local

a) Eugene

— PM, Fixed == PM, 5 Mobile— PM,, Fixed-= PM,, Mobile

1004

Time
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dust re-suspension by the runners and/or other participants/visitors. In
the case of Eugene, a 3-loop marathon, it is interesting to observe how
PM;( and PM; 5 concentrations peaked at 3 moments in time coinciding
with approximately 10 min after the start of the marathon, 50 and 90
min later. Considering that the racecourse was a loop, these results
suggest that the increases were caused by a specific source where the
passage of the runners increased PM concentrations (an unpaved area
prone to dust resuspension, for example, given that this trend was not
observed for gaseous pollutants, Fig. 2 and Fig. 4). This can be clearly
identified by means of the heatmaps (Fig. 4), which demonstrates a clear
PM, 5 hotspot when the athletes ran through two unpaved park areas,
and likely the cause of the increased PMy 5 concentrations monitored.
Similar results were obtained for PM; . These results show the potential
of hyper-local monitoring to identify air pollutant hotspots along the
racecourse, and thus provide actionable information for race organizers
to minimize athletes’ exposures to air pollutants by altering the design of
the course.

In Rome, the highest PM;( and PM> 5 concentrations were monitored
at the start of the marathon. From that moment onwards, concentrations
decreased and remained mostly constant with the exception of certain
local concentration peaks. In Nice, the only marathon studied with an “A
to B” configuration (as opposed to a loop, the cases of Rome and
Eugene), particle concentrations from the mobile monitor remained
relatively constant over time, with a slight tendency to increase towards
the finish line. The fixed monitor, on the other hand, showed a steep
increase of both PM fractions at around 9:15, not visible in the mobile
unit. Once again, this result shows the major differences between
exposure concentrations estimated based on fixed vs. mobile monitors,
evidencing the inability of the fixed monitor to reproduce the hyper-
local exposure concentrations monitored by the mobile monitor, due
to the influence of emissions in direct proximity to the monitor.

To better understand the variability in PM sources and the differ-
ences between fixed and mobile measurements, PM5 5/PM ratios were
calculated. Whereas absolute PM concentrations should not be
compared between the fixed and mobile monitors across cities because
they were not calibrated locally (see section Methods), the PM; 5/PMjo

b) Rome

— PM, ; Fixed -=- PM, ¢ Mobile— PM,, Fixed--- PM,, Mobile

-

£

> 107- -

=Y

|
1 T i T
7:00 8:00 9:00
Time
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100

ug/m?3
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10:00
Time

Fig. 3. PM;o and PM, 5 evolution during marathon at the fixed and mobile positions.
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Fig. 4. NO; (top) and PM 5 (bottom) concentrations during Eugene, OR marathon.

ratios may be considered comparable. In Rome, the mean PM; 5/PM;¢
ratios for the full race were similar for both monitors (0.32 for the fixed
and 0.38 for the mobile monitor). Conversely, mean PM; 5/PM; ratios
were markedly different in Nice (0.19 fixed, 0.40 mobile) and Eugene
(0.58 fixed and 0.23 mobile). These results demonstrate clear differ-
ences in the type of aerosols the mobile and fixed monitors were chal-
lenged with, which showed different size distributions and probably
originated from different emission sources. As a result, because the
mobile monitors reported exposures in close proximity to the (elite)
runners, it may be concluded that the data generated by the fixed
monitors were not as representative of athlete exposures as those from
the mobile monitors. Whereas the data from the fixed monitors was
probably more representative of local exposure variability (not absolute
concentrations) than those generated by central air quality monitoring
stations in each of the cities (Viana et al., 2022), results evidence that the
mobile data provide higher added value when assessing the potential
health and performance impacts of inhaled particles.

3.5. Air pollutants inhalation doses during marathons

Inhalation doses of air pollutants throughout the duration of the
marathon were estimated based on Egs. (1)-(4), disaggregated by
gender, with the aim of understanding the differential impact of air

pollutant exposures on athletes’ health. The fact that data were collected
in close proximity to the athletes (specifically, the elite runners) pro-
vided added value given that inhalation doses could also be estimated as
a function of the duration of the race and taking into account the in-
fluence of local emission sources (e.g., the potential area with high dust
re-suspension identified in Eugene; Fig. 3 and Fig. 4).

Inhalation dose results are shown in Fig. 5 and Supplementary
Table S2, for each pollutant separately. According to this analysis, the
trends obtained in terms of air pollutant potential doses inhaled varied
largely across marathons. Overall, for the elite athletes and using mobile
monitoring data, air pollutant potential doses inhaled were consistently
and statistically significantly lower, except in Nice for O3 and PMy
pollutants, for the women athletes due to their lower ventilation rate
(VE) which in turn depends on the velocity and gender. When comparing
the effect of the total run time, i.e., the potential doses received by elite
runners in comparison to recreational athletes (using fixed monitoring
data and assuming fixed concentrations to be representative of average
concentrations throughout the racecourse, which is a limitation of this
approach), a larger variability was observed and only statically signifi-
cant differences were observed for PM; 5 in Rome (58.2 + 9.6 pg elite vs.
72.1 £ 23.7 pg last men athletes and 48.1 + 8.0 pg elite vs. 57.6 + 19.0
pg last women athletes) and Og in Nice (845.2 + 112.5 pg elite vs. 775.4
+ 91.9 pg last women athletes).
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For NO; exposures (Fig. 5 and Supplementary Table S2), potential
inhalation doses for women were statistically significantly lower than
for men (130.3 + 73.3 pg vs. 160.8 + 94.1 pg in Eugene, 404.9 + 155.2
pg vs. 519.0 + 201.6 pg in Rome, and 252.5 + 254.6 pg vs. 349.6 +
320.9 pg in Nice), and the faster athletes received higher doses than the
slower ones. This is explained by the decreasing NOy concentrations
over time from the start of the marathon (Fig. 2) and higher ventilation
displayed by faster runners. The slower runners were exposed to lower
NO, concentrations over a longer period of time. These results were
consistent for the three marathons, irrespective of the absolute con-
centrations monitored. Conversely, the longer exposure time of slower
runners was detrimental in terms of potential inhaled dose for other
pollutants such as O3 and PMx, with increasing concentrations over
time. Clear examples of this are observed in Rome, where the slower
runners received estimated inhalation doses of PMjy 5 of up to 72.1 +
23.7 pg (men) and 57.6 + 19.0 ug (women) whereas the faster runners
received significantly lower doses of 58.2 + 9.6 pg and 48.1 + 8.0 ug
(men and women, respectively; Fig. 5 and Table S2). Similar patterns
were obtained for O3 and PM;( dose during the Rome marathon. This
effect (higher exposure doses on slower runners due to increase of
concentrations over time) was likely underestimated given the fact that
inhaled doses of the slowest runners could not be calculated considering
the actual running period (e.g., 5 h used, instead of 6 h). Thus, for those
pollutants with an increasing trend such as O3 and PMx, the differences
between faster and slower runners were likely even higher than calcu-
lated and shown in Fig. 5.

As a result, it may be concluded that, at equal ventilation and gender
but different speed and exposure concentrations (e.g., fastest man vs.
last man and fastest woman vs. last woman), potential inhalation doses
of last finishers may be equal or higher than those of first finishers for
certain pollutants. These results are especially relevant for marathons
taking place in cities with high mean O3 and PM concentrations, and
should be taken into account for marathon scheduling (by carefully
selecting the period of the year and time of day with the lowest ambient
O3 concentrations).

These findings are in line with current available literature. Both, the
potential of first finishers to be exposed to higher doses of pollutants due
to increased ventilation, and increased exposure doses to pollutants
which increase over time have been previously discussed (Hodgson
etal., 2021, 2022; Viana et al., 2022). The current results show how both
(ventilation and changes in pollutant concentrations) are relevant in the
athletes’ total exposure doses. This should be taken into consideration
when planning a marathon, and select the hours of lowest gaseous and
PM pollutants considering first and last finishers, given that several
authors have reported effects on performance (Cusick et al., 2023; El
Helou et al., 2012; Hodgson et al., 2021; Rundell et al., 2018; Rundell
and Sue-Chu, 2013) as well as health impacts (Tiller, 2019). In the
particular cases of this study, the advice would be to run the marathons
early in the morning with last finishers ending no later than midday to
avoid Oz and PM peaks. This is already the case for Eugene and Rome,
however, in Nice, last arriving runners would be exposed to the potential
O3 and PM concentration peaks. These results highlight the benefits
which would derive from expanding the presented methodology and
using two mobile monitors, one following first elite woman and a second
one following last finisher. Future work would benefit from estimating,
in addition to inhalation doses, PM deposition in the different regions
(head-airways, tracheobronchial and alveolar) of the athletes’ respira-
tory tracts by collecting particle size distribution data. While this would
require the use of more sophisticated instrumentation (i.e., particle
sizers), it would provide significant added value to understand the
hazardous potential of inhaled particles as they deposit along different
regions of the respiratory tract, by linking inhalation deposition
modelling with biological effects. Regional inhalation deposition models
have been successfully applied for this kind of assessment in previous
works (Martins et al., 2015; Ribalta et al., 2019, among others). Indi-
vidual GPS and physical activity data (e.g., heart rate) tracking would
also increase the accuracy of dose estimation.

As long as the necessary QA/QC procedures are implemented to
ensure data quality, portable monitors have been proven useful in
different environments such as disadvantaged communities (Lu et al.,
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2022; Caplin et al., 2019), children in schools (Varaden et al., 2021;
Chen et al., 2020), hospitals (Palmisani et al., 2021), or commuters
(Motlagh et al., 2021). Specifically, in the sports community, the use of
these monitors has been previously tested in athletic competitions such
as in Athletics stadia or marathons (Viana et al., 2022; Reche et al.,
2020; Sun et al.,, 2016). Previous exposure characterization during
marathon running has been conducted using hourly air quality data
from urban background stations (Hodgson et al., 2021, 2022) or static
sensors deployed across the marathon route (Sun et al., 2016). In this
work we propose a combination of fixed and mobile monitors to better
understand and characterize runners’ exposure during marathons at
hyper-local level and with high time-resolution. The proposed meth-
odology can be applicable to other outdoor sports activities which
require mobile hyper-local data due to continuous movement such as
different running competitions or cycling races.

A number of key limitations of this approach and potential im-
provements for future studies should be highlighted:

- Lack of local calibration of the mobile and fixed monitors: none of
the monitors were calibrated locally against reference air quality
monitoring instrumentation; they were only adjusted remotely to ac-
count for the local environmental conditions. This implies that the
concentrations reported should not be assessed in absolute terms or
compared with regulatory limit values. However, it is noted that this was
not the aim of this work, which aimed to focus on the temporal vari-
ability of the pollutants monitored. In addition, due to the applied na-
ture of this approach, where the air quality monitors are meant to be
used by event organizers, it does not seem likely that the monitors would
be locally calibrated following a scientific intercomparison. Therefore,
this limitation was intrinsic to the study design of this work.

- Lack of local intercomparison between the fixed and mobile monitors
in each city: future work should include the intercomparison be-
tween the fixed and mobile monitors prior to the start of the mara-
thon, which would enable the quantitative estimation of the added
value of using the mobile monitor by comparing the inhaled doses
based on the mobile monitor and those based on the fixed monitor.
Lack of drift assessment for the individual sensors: while the study
period was short for each marathon (between 2 days and 4 weeks),
drifts in sensor performance may occur, which should be accounted
for. Drifts typically occur over longer periods of time (>1 year;
WMO, 2018; Spinelle et al., 2015; Ripoll et al., 2019).

Improved estimation of the dose inhaled by the slowest athletes: the
inhaled dose of the slowest runners could not be calculated consid-
ering the actual running period (e.g., 5 h used, instead of 6 h). For
future work and a better estimation of actual doses of the slowest
athletes, the fixed monitor should be kept until the last runner
finishes.

Improved estimation of exposure of all types of athletes: a second
mobile monitor following the ‘tail/last’ runners would help provide a
better perspective of the exposure of all athletes.

4. Conclusions

This study aimed to describe the exposure concentrations and air
pollutant doses inhaled by athletes during marathons, by means of a
combined fixed and mobile monitoring strategy. Three marathons in
three different cities were the subjects of study. The results from this
work may be applied to provide sports events or marathon organizers
with a strategy to assess participant’s exposure to particulate and
gaseous air pollutants.

The use of fixed monitors prior the race (longer-term monitoring)
can help understand the local air pollutant concentrations baseline and
during the marathon day. For both cities in which fixed monitors were
installed prior the race, marathons took place on relatively low air
pollution days (probably owing to traffic restrictions in view of the
marathons). An additional benefit of understanding the local daily

Science of the Total Environment 927 (2024) 171997

hourly pollutants evolution is that this information may be used for
event organizers to schedule and plan the race minimizing pollutant
exposures.

The mobile monitors were able to capture pollutant concentrations
hyper-locally and identify pollutant hotspots along the races, not iden-
tifiable by the fixed monitor. The high resolution heatmaps generated
were key to understand and identify the sources of the pollutants. In
combination, they provide relevant information for race organizers to
identify racecourse areas which should preferably be bypassed.

Inhaled doses of air pollutants were estimated as a function of gender
and running speed, with the aim of understanding the differential
impact of air pollutant exposures on athletes’ health. The fact that
pollutant concentrations were measured close to the athletes provided
additional value since inhalation doses were estimated as a function of
duration and considering local emission sources. As expected, athletes
with higher ventilation rates (e.g., men vs. women) inhaled higher
doses. Conversely, at equal ventilation capacity and gender, last fin-
ishers were exposed to equal or higher doses of certain pollutants such as
O3 and PM, which increase over time, than faster runners. Thus, this
shows the relevance of 1) understanding pollutant hourly variability in
order to schedule the races to avoid air pollutant peaks (for both faster
and slower runners), and 2) monitoring pollutant concentrations using
one or preferably 2 mobile monitors, which would allow to estimate
inhaled doses of the faster and slower athletes. An improvement to this
methodology would be to monitor particle size distribution data, which
would allow to estimate particle deposition across different areas of the
respiratory tract and link to health effects.

The main limitation stems from the fact that the air quality monitors
were not calibrated locally nor intercompared with each other. Thus,
pollutant concentrations should not be assessed in absolute terms or
compared to regulatory values, and should only be used to assess tem-
poral variability of pollutant concentrations. This is intrinsic to the study
design.
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