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Chapter 1
Introduction

1 Introduction

1.1 Motivation

A clean environment is essential to human health and well-being, however the interactions between
environment and health are complex and difficult to evaluate. Environmental factors have an
increasing burden on human health. Globally, the environmental pollution, radioactivity and lack of
sanitary conditions are the most notorious environmental issues to health concerns. In Europe, a main
issue with greater concerns on the effect on human health is indoor and outdoor air pollution.
Depending on the person and the situation, a human being can stand up to four weeks without eating
and five days without drinking, but can’t stand more than a few minutes without breathing, proving

that air is a precious asset for life.

In contemporary societies sedentary jobs associated with poor and incorrect diets lead to health
problems that can be prevented with physical activity and exercise, thereby becoming another
important factor to quality of life. The regular practice of physical activity, such as walking, cycling
or practice any kind of sport presents benefits to health and disease prevention. Although, when
people are exercising they become more susceptible to the exposure of air pollutants primarily due to

increased inhalation rates and volumes.

Due to previous evidence and knowing that research points out that people spent 80-90% of their time
indoors, therefore, investigation in the scientific field of air pollution and physical activity is
imperative. Growing scientific evidence in recent years indicates that polluted air inside buildings can
be a more serious problem than outdoor air, a reality that emphasizes the relevance of indoor air

quality (IAQ) in buildings.

Most parts of the studies on IAQ are focused on places were people spent most of their times: homes,
work/schools. Comparatively with other facilities and types of buildings, fitness centers or
gymnasiums have been the subject of limited study. However, adding to the fact that sport
practitioners have an increased susceptibility to be exposed to air pollutants, the time spent by a
person in a sport’s facility has an important contribution to the integrated daily exposure and inhaled
dose of air pollutants. In these types of buildings, specific conditions are joined to affect IAQ, such
as building maintenance, building materials and type of ventilation, human occupancy and the activity
practiced inside. Accumulation of pollutants due to poor ventilation, growing mold and dampness and
dust resuspension are some of the IAQ problems identified in fitness centers.

Exercise in outdoor environments also pose some constraints. Besides the fact that outdoors, people

are exposed to meteorological conditions, in urban environments it is not easy to find places to run or
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cycle avoiding traffic pollution. Furthermore, the incentive from European policies to promote active
transportation allied to the increasing cost of fuels, brought the use of bicycles as a more popular
mode of transportation in urban streets of the European cities and this behavior is becoming
increasingly common. Within the question “Do the benefits from practicing sports outweigh the

risks?” it is important to characterize peoples’ exposure and dose while practice physical activity.

1.2 Exposure and Dose

This thesis is based on the assessment of human exposure and inhaled dose of air pollutants during
physical activity. The exposure and the dose are both part of the environmental health paradigm of the
health risk assessment (Sexton et al., 2006).

—_— T (0 RIP
— —

Emission Concentration Eipuéﬁre Intake Uptake Health

source effects

Figure 1.1 — Environmental health paradigm. Adapted from Nazaroff (2008).

Figure 1.1 shows that the chain of events starts with an emission source, which will contribute to the
concentration of a mixture of pollutants in the air which people are exposed to. After that, the intake
(hereafter referred as dose) can occur by inhalation, ingestion or dermal contact and the body can
incorporate part of those pollutants in a process called uptake which can finally cause health effects.
“Exposure” is as an event that occurs when a person comes in contact with the pollutant but it is not
necessary that the person inhales or ingests the pollutant; “dose” is the amount of material absorbed or
deposited in the body for an interval of time and is measured in units of mass (or mass per volume of

body fluid in a biomarker measurement) (Monn, 2001).

In most cases, the evaluation of all the steps that are part of the environmental health paradigm is not
an easy task. Time constraints, reduced budget, need of material and lack of human resources mean
that the focus is applied only in one or two phases of the paradigm. In this work, assessments of
pollutant exposure and dose were used to evaluate the health risk and complimentarily gave an
important contribution to the evaluation of risk. With the exposure we can predict which pollutant has
more burden and with the dose is possible to have a representative quantity of pollutant that interact

with our body.
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1.3 Outdoor and Indoor Air Quality

Historical facts led to the importance that air quality presents nowadays. In the earliest times, indoor
and outdoor air quality was a topic of concern in Egypt (mummified lung tissues revealed that ancient
societies suffered from anthracosis), Athens (the greek geographer Strabo described how toxic
metallic emissions from smelter furnaces were discharged into the air) and Rome (the philosopher
Seneca wrote a letter to a friend exposing the decision of leaving Rome due to the «oppressive
atmosphere of the city with clouds of ashes and poisonous fumes») (Mosley 2010). In the last century,
the concern in air quality focused on ambient outdoor air. The increasing number of industries and the
economic growth since the end of the Second World War led to an increase of air pollutants; the
London smog in 1952 trigger the first Clean Air Act in Europe, and therefore the political concern
and regulation on atmospheric pollution (European Commission, 2014). IAQ complaints and Sick
Building Syndrome (SBS) occurrences have steadily increased since 1973 when the Arab oil embargo
forced building owners and operators to reduce energy costs in their buildings, in part by reducing
indoor/outdoor air change rates (Hill 1991). Episodes of SBS still presently occurring (Apte et al.,
2000; Seppanen and Fisk, 2004; Zhang et al., 2014), especially due to insufficient ventilation
(Dimitroulopoulou, 2012; Fisk et al., 2009). In the seventies, the first major conference on IAQ was
held in Copenhagen in 1978 with the purpose of studying the effects of the indoor environment on the
human performance, comfort and health. Past more than thirty years since the Copenhagen
conference, some of the discussed topics continue to be part of the topics of current research (Sundell

etal., 2011).

In the 80’s, global warming, climatic change and ozone depletion (Solomon 1999) were clear signs

that governments should take a precautionary attitude towards air emissions by cars and industries.

After years of studies and research on outdoor air, in 2013 the International Agency for Research on
Cancer (IARC) and the World Health Organization (WHO) declared outdoor air as a human
carcinogenic from group 1 (IARC 2013). Particulate matter (PM) and ozone (Os3) are topic of concern
in outdoor and indoor environments (Almeida et al., 2014a). PM vary in size and composition,
depending upon its source and formation. PM10 were the most studied particles in the last decades
but more focus is being placed in the fine fraction (PM2.5-PM1) and ultrafine particles (<PM1, UFP).
Outdoors, particles come from anthropogenic sources (industries, traffic, dust resuspension,
combustion sources) or natural events (Sahara dust events, volcanoes) (Almeida et al. 2006; Almeida
et al. 2013a); the indoor particles are greatly influenced by the outdoor particles, but human activities
also have a large impact on particles production and resuspension (Ferro et al. 2004; EPA 2007; Boor
et al. 2013). The photochemical reaction of Os in densely populated areas of abundant sunshine is

elevated due to increased emissions involving vapor phase organic compounds, nitrogen oxides,
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carbon monoxide and sunlight (Weschler 2000). Because Os is a very strong oxidant, O3 has the
capacity to react with carbon double bonds in polyunsaturated fatty acids of fluids lining the lung,
causing significant effects on pulmonary function and airway inflammation in individuals with pre-
existing respiratory disease (Levy 2001) and on healthy young adults, as described in a more recent

study (Kim et al., 2011).

Besides their importance in outdoor air, volatile organic compounds (VOC), carbon monoxide (CO)
and carbon dioxide (COz) are more concerning indoors, mostly due to poor ventilation rates and poor
conditions for pollutant dispersion. VOC are a mixture of chemical compounds; their main source
outdoors being from gasoline vapor emitted by traffic (especially the BTEX mixture: benzene,
toluene, ethylbenzene and the isomeric xylenes). Indoors, VOC are released by tobacco smoke,
furniture, varnish, cleaning products and solvents (Shin and Jo 2012). These compounds are linked
with airway and eye irritation (CCOHS 2004), impaired lung function (Cakmak et al., 2014), with
two compounds of the BTEX mixture classified by IARC as carcinogenic to humans (benzene) and
possibly carcinogenic to humans (ethylbenzene). CO is particularly dangerous because it is colorless
and odorless. Because CO has 200 times more affinity with hemoglobin than oxygen (O2), when
presented at significantly high concentrations can be lethal (Kao and Nafagas 2005). If exposed to
CO, a person can experience headache, nausea and fatigue (CCOHS 2004). Indoor sources of CO are
related with combustion sources (stoves, heaters) and low ventilation rates or with contaminated air
from outdoor air or garages. Indoors, COz is a bioeffluent, released by occupants. To reach CO: levels
warranting preoccupation, ventilation rates need to be very low, of 1L/person or less (Persily 1996).
COz causes dizziness, lack of attention, diminished of cognitive function and decline in productivity

in general population (Gaihre et al., 2014; Ferreira and Cardoso, 2014).

Apart from chemical pollutants, indoor environment can also be contaminated by microorganisms.
The domain of microorganisms includes mainly fungi, bacteria, their spores, toxins and volatile
microbial organic compounds. Indoor concentrations of some of these organisms and agents are
known or suspected to be elevated in damp indoor environments and may affect the health of people
(WHO 2009a) with respiratory infections, allergies, asthma and impaired chronic respiratory disease
(Douwes et al., 2003). Controls of moisture and ventilation rates are correct options to reduce and

control the presence of microorganisms indoors (Nazaroff, 2013).

Ventilation is a key factor in the promotion of good indoor air quality (Mendell et al. 2013; Nazaroff,
2013; Canha et al., 2013; Gao et al., 2014; Almeida-Silva et al., 2014a). Ventilation is the process
that promotes the entry and renewal of the air in spaces which has two primary purposes: i) to remove
or dilute pollutants and odors of indoor air and ii) promote thermal comfort in indoor environments.

Ventilation can be mechanical, natural or a mixture of both (hybrid ventilation), but it’s the
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effectiveness of the ventilation process that determines the efficiency to achieve the purposes of

ventilation.

Alves et al. (2014) performed a study in a university gym and in a fronton, concluding that the use of
climbing chalk contributes to high loads of particulate material, which is very rich in carbonate and
magnesium. Similar results were obtained by Weinbruch et al. (2008). Brani$ and Safranek (2011a)
characterized the coarse PM in school gyms by X-ray spectrometry and showed the importance of
ascertaining the composition of particles. Buonanno et al. (2013) developed a comprehensive study
on particles and provided data on ventilation rates, an important issue to obtain a complete study
regarding IAQ. Ice rinks are another sport facility that warrants the attention of IAQ control. Some
studies and recommendations have been made to establish healthier spaces due to concerns of CO,
NOz2 and particle concentrations (Pelham et al. 2002; Salonen et al. 2008) due to the presence of ice
resurfacers powered by propane- or gasoline-fuelled engines that produce exhaust emissions. None of
these authors assessed the metal concentrations of indoor particles sampled in fitness centers.
Regarding microbiological contamination, Viegas et al. (2010, 2011) conducted a study in fitness
centers to characterize fungal contamination, although scarce information is known about bacterial
concentrations in this setting. The existent studies regarding sport facilities are with reference to
scholar gyms, climbing halls and ice rinks. There is a lack of scientific information on regular fitness

centers.

By reducing air pollution levels, countries can reduce the burden of diseases such as heart disease,
lung cancer, and both chronic and acute respiratory diseases, including asthma (WHO, 2014a).
Exposure to pollutants such as airborne particulate matter and ozone has been associated with
increases in mortality and hospital admissions due to respiratory and cardiovascular disease
(Brunekreef and Holgate, 2002; Almeida et al., 2014a). According to the Organization for Economic
Cooperation and Development (OECD) the number of deaths due to outdoor air pollution fell by
about 4% between 2005 and 2010. Fourteen of the thirty four OECD countries didn’t achieved
progress, and Portugal is one of those countries, which recorded an increase of deaths from 3 623 to
3 842 (OECD 2014). The data states that vehicles accounts for an average of 50% of air pollution in

OECD countries, indicating that traffic should be the focus to reduce air pollution.

1.4 Physical Activity

As the world develops, the types of diseases that affect the population shift from primarily infectious
to primarily non-communicable diseases (NCD). Cardiovascular diseases account for 17.5 million

people annually, followed by cancer (8.2 million), respiratory diseases (4 million), and diabetes (1.5
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million); all of which can be prevented through physical activity (Warburton et al., 2006). Physical
inactivity is one of the most important health challenges of the 21% century because of its influence on
the NCD, contributing worldwide to 21% of ischemic heart disease, 11% of ischemic stroke, 14% of
diabetes, 16% of colon cancer and 10% of breast cancer (WHO, 2009b). Thus, the benefits to health

and human well-being derived from physical activity are recognized all over the world.

The Global Action Plan for the Prevention and Control of NCDs 2013-2020, which includes Portugal,
aims to reduce the number of premature deaths from NCDs by 25% by 2025 (WHO, 2015). The
WHO target is to reduce the prevalence of insufficient physical activity by 10% and therefore
proposes strategies focusing on urban planning, transport policies and the creation of built and natural
environments which support active transport and physical activity (WHO, 2013). Notwithstanding,
poor air quality is one of several factors that cause people to make people apprehensive against
performing physical activity (WHO, 2014b). The concern of the influence of air pollution during
exercise came up with a special focus during the Beijing XXIX Olympic Games. At that time, efforts
were made to reduce the pollution in the city and studies on athletes’ performance during and after the
event were conducted (Lippi et al. 2008; Salthammer 2008; Brani§ and Vetvicka 2010; Wang T. et al.
2010; Wang SL et al. 2014). In addition to this emblematic event, previous studies on air quality have

already been made in sport facilities (Lee et al., 1994; Yang et al., 2000; Pelham et al., 2002).

The exposure to air pollutants during exercise can cause decreases in lung and vascular function,
increased airway and systemic oxidative stress (Weiss and Rundell, 2011; Rundell, 2012). In fact,
athletes and the common individual can be at risk when exercising in polluted environments due to
the fact that: 1) the increase in the minute ventilation (VE, L/min) increases proportionally the
quantity of inhaled pollutants; 2) most part of the air is inhaled through the mouth, bypassing the
normal nasal mechanisms for filtration of large particles in the upper respiratory system and; 3) the
increased airflow carries gaseous pollutants deeper into the lungs (Carlisle and Sharp, 2001).
Therefore, it is clear that the sport facilities have to be correctly planned and assessed, aiming to
reduce the risk of exposure to air pollutants and enhancing the benefits of exercise. Studies on inhaled
dose during physical activity are very scarce and no data was found on this topic during the review of
current literature. In this thesis the VE of individuals undertaking typical fitness classes has been

conducted for the first time.

The active transportation has the support of the WHO which encourages the creation of policies and
investments in cleaner transport (WHO, 2014a). In London the levels of cycling doubled after the
introduction of a congestion charge, but also with a significant investment in cycling infrastructure
(de Nazelle et al., 2011); in Lisbon the need to comply with the limit values of ambient air pollutants

lead to the creation of Low Emission Zones (LEZ) in order to reduce the pollution in specific streets
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(CML, 2014); in Barcelona, the public bicycle sharing initiatives had more benefits than risks to
health and reduced the CO: emissions (Rojas-Rueda et al., 2011); in Singapore, to encourage
commuters to choose the most appropriate mode of transport, investments have been made in road
infrastructure, public transport and traffic management schemes (road user charges and fiscal
measures on car ownership); France introduced consumer-directed incentive measures in the form of
bonus rebates for buyers of new vehicles with low CO: emissions; Seoul enacted a “Weekly No-
Driving-Day Programme” that had a 30% participant rate, resulting in a 12% reduction of emissions

and a 7% decrease in traffic (UNEP, 2009).

Few studies have taken into account that cyclists have an increased VE compared to other commuters
influencing their inhaled dose of air pollutants. Daigle (2003) and his team studied for the first time
this relation by assessing the deposition fraction of UPF during rest and exercise and concluded that
deposition increases with decreasing particle size and increases with exercise. Zuurbier et al. (2009)
assessed the differences of VE among cyclists, car and bus passengers, that in a following study were
used to assess the inhaled dose for PM10, PM2.5, soot and particle number counts (PNC) between
bus users, car users and cyclists (Zuurbier et al., 2010). Panis et al. (2010) also quantified the
exposure and dose of car passengers and cyclicts to PM. Cole-Hunter et al. (2012) assessed the
exposure and dose to UFP in two different cycle routes in Brisbane (Australia); Nyhan et al. (2014)
also studied the dose among cyclists, pedestrians bus and train passengers. These four studies
reported data on inhaled intake dose, but their sampling was limited to one, two or three periods of the
day. Small sampling periods do not reflect the hourly variability of air pollutant concentrations and
consequently do not reflect the exposure variability. The revision of literature also revealed that a
small number of studies comprise more than three modes of transportation, mostly bicycle/walking,
car and bus; the ones who embrace more transportation modes restricted their focus to one or two
pollutants, such as PM2.5 (Adams et al., 2001), PM2.5 and CO (Kaur and Nieuwenhuijsen, 2009),
PM2.5 and PM10 (Chan et al., 2002; Nyhan et al., 2014), UFP (Kaur et al. 2005) or VOC (McNabola
et al., 2008). Recently in Lisbon, Baptista et al. (2015) studied the use of different transportation
modes (conventional and electrical bikes, electrical vehicles, conventional vehicles and buses) to test
the energy consumption and emission, distance and trip time on a specific route. The main focus of
those studies is related to exposure to air pollutants on different cycle routes (lanes or paths) and their
characteristics which influence people’s exposure (Kendrick et al., 2011; MacNaughton et al. 2014).
The benefits of active transportation are becoming more and more discussed to reduce traffic

pollution, however this shift has influence on personal dose and it cannot be negligenciable.
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1.5 Thesis Outline

This thesis comprises the study of personal exposure and inhaled dose during physical activity in
three domains. Literature in this field presents the exposure to pollution during physical activity in a
disintegrated form while the work developed to this thesis aims to study the personal exposure and the
inhaled doses during exercise in a harmonized approach, addressing exposure indoors, outdoors and
the complementary use that active transport add to exercise. Research provides better information
which leads to better decision making. The main aim of this thesis is to give people the information
that they need in order to avoid air pollutants and make better and healthier choices while practicing
physical activity in indoor and outdoor environments. Figure 1.2 describes the framework to

comprehend and overview this thesis, including the main findings in each chapter.
To achieve this goal, this thesis has the following objectives:

- Characterization of the IAQ in fitness centers;

- Identification of the principal sources of indoor air pollution in fitness centers;

- Assessment of the fungal and bacteria contamination in fitness centers;

- Estimation of the dose of inhaled pollutants in fitness centers;

- Assessment of the exposure and dose on three different cycle routes;

- Identification of pollutant sources which contribute to exposure during cycling;

- Comparison of the exposure and dose between bicycle and other transportation modes;

- Map the chemical elements and CO, CO2, COV, O3 and PM.

In Chapter 2, results obtained in an IAQ monitoring program developed in eleven fitness centers in
Lisbon are presented. Additionally, a deeper IAQ assessment was performed in three of the eleven
fitness centers considering daily patterns of the chemical pollutants and their possible sources. The
microbiological assessment of fungi and bacteria was also addressed in these three sites, in order to
have an IAQ evaluation as a whole. The estimation of the inhaled doses in fitness centers was
performed with data collected from the IAQ monitoring program and with estimation in laboratory of

the minute ventilation of a group of volunteers.

Chapter 3 focuses on the exposure and the dose to air pollutants during cycling using personal
equipment and biomonitoring techniques. With the use of personal equipment it is possible to observe
differences of particle concentration between peak and non-peak hours, weekends and weekdays. An
exposure visualization system was created: combining GPS position with the measured
concentrations enables the visualization of the hot spots in the cycle lanes. The biomonitoring

technique was useful to measure elemental concentrations in the cycle lanes and to identify possible
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pollution sources. Elemental concentrations can give an overview on pollution sources on cycle paths
and cycle routes, therefore giving information on where efforts should be implemented to correctly

design cycle routes in order to reduce users’ exposure to pollutants.

Chapter 4 describes the exposure and dose in different transportation modes along a main route in
Lisbon. The selected transport modes were bus, metro, motorcycle, car and bicycle. With this
approach the use of public or private transport with the use of active transport can be compared;

pollutant maps for the assessed pollutants were created again in this chapter for the bicycle

concentrations.
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EXPOSURE TO AIR POLLUTANTS DURING EXERCISE

Are people exposed to air pollutants during exercise in indoor environments?
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2 Sport Practitioners Exposure to Indoor Aerosols

2.1 Exposure to indoor air pollutants during physical activity

in fitness centers

Based on the article:

Exposure to indoor air pollutants during physical activity in fitness centers
C.A. Ramos, H. T. Wolterbeek, S. M. Almeida (2014)

Building and Environment, 82: 349-360

2.1.1 Abstract

Physical activity has become a social need among people and it has been clearly proved that exercise
is a way to prevent all-cause and cardiovascular-related death, diabetes mellitus and obesity.
However, athletes and the common individual can be at risk when they are practicing exercise in
polluted environments. In 2012, a monitoring program was undertaken in 11 fitness centers from
Lisbon where comfort parameters (temperature and humidity) and indoor air pollutants (PM10,
PM2.5, CO2, CO, CH20 and VOC) were measured. Three gyms were selected to perform a deeper
analysis consisting of longer measurement periods and more parameters, such as particle chemical
composition and nanoparticle lung deposition. Measurements were performed during the occupation
time, in the studios and in the bodybuilding room, in order to recognize daily patterns and to identify
pollutant sources. The pollutants CO2, VOC and CH20O presented high concentrations exceeding the
national limit values, while O3 and CO did not present concerning levels. Pollutant continuous
measurements demonstrated increased levels of particles when the spaces were occupied during
classes. Results indicated that it is crucial to optimize the HVAC systems, ventilation rates and
occupants behavior in order to reduce the exposure to air pollutants in fitness centers and to potentiate

the benefits of sport activities.

2.1.2 Introduction

According to the WHO, physical inactivity was identified as the fourth greatest risk factor for
mortality, accounting for 3.2 million deaths per year in the world (WHO 2012). Physical activity is an
important factor for life quality and frequent practice of exercise, like walking or bicycling, presents

great benefits for health (Warburton et al., 2006). A clean environment is also essential for human

11
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health and well-being. In Europe, the environmental aspect with most concern on human health is
related to indoor and outdoor air pollution (EEA 2011; Almeida et al., 2014a). Considering these two
aspects and in order to potentiate the benefits of physical activity, people who live in urban areas

choose less polluted outdoor spots or fitness centers to avoid air pollution.

Fitness centers present specific characteristics that can affect the IAQ. Like in other indoor places,
IAQ in gymnasiums is affected by building maintenance, building materials and type of ventilation,
but what makes these places peculiar are the higher human occupancy and the type of activity
developing inside. Fitness centers join all the conditions that promote the increase of CO2
concentrations because occupants are the dominant source of indoor CO2 and its production rate
depends primarily on the number of people in the room and on their metabolic level (Apte et al.,
2000). Occupancy also has influence in the PM10 concentrations (Ferro et al., 2004). Brani$ et al.
(2011) and colleagues observed a direct relation between the indoor concentrations of coarse PM and
the number of children present in a scholar gymnasium. Also in school gyms, Buonanno et al. (2013)

concluded that the high levels of coarse PM concentrations are produced by students’ activity.

Therefore, there is an indubitable higher exposure to air pollutants in gymnasiums not only due to the
characteristics of these places but also due to the changes in the respiratory parameters caused by the
physical activity. However, despite the importance of healthy air in sport facilities, IAQ studies have
been focused principally on schools (Pegas et al., 2010, 2011a; Canha et al., 2010, 2011; Almeida et
al., 2011; Canha et al., 2012a,b; Canha et al. 2014a,b), elderly care centers (Almeida-Silva et al.
2014a,b; Viegas et al.,, 2014) homes (Osman et al., 2007) and offices (Bluyssen et al., 1996).
Comparatively, IAQ monitoring programs carried out in sport facilities are very scarce. Aside from
the studies of Buonanno et al., (2013) and Branis et al., (2011a,b) performed in school gyms, only the
exposure in ice rings are object of study since the 90°s due to the high levels of CO, NOz and PM that
are emitted by the ice resurface vehicles (Lee et al., 1994; Yang et al., 2000; Pelham et al., 2002) and
exposure in swimming-pools due to the high concentrations of trihalomethanes (Dyck et al., 2011).
Some other works were conducted in fitness centers but their focus was energy consumption or

thermal comfort (Lam and Chan, 2001; Beusker et al., 2012; Revel and Arnesano, 2014).

This work aims to conduct a comprehensive characterization of IAQ in fitness centers and to identify
the principal sources that compromise IAQ. This evaluation will be useful for epidemiological studies
and to develop appropriate control strategies not only to minimize the adverse health effects on

exercise practitioners, but also to potentiate the benefits of the physical activity.
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2.1 3 Methodology

2.1.3.1 IAQ Assessment in 11 Fitness Centers
A monitoring program was undertaken in 11 fitness centers from Lisbon where comfort parameters
(temperature and humidity) and indoor air pollutants (PM, CO2, CO, CH20, VOC and O3) were
measured. Figure 2.1 shows the localization of the selected fitness centers and Table 2.1 presents their

specific characteristics.

Figure 2.1 — Location of the studied fitness centers

Three direct reading apparatus were used: a Lighthouse Handled 3016 to measure PM5-10, PM2.5-5,
PM1-2.5, PM0.5-1 and PMO0.3-0.5, temperature and relative humidity, a Greywolf (IAQ
610,WolfSense Solutions, USA) to assess CO2, CO, VOC and Os and a Formaldemeter (htV-M, PPM
Technology, USA) to quantify the levels of CH20. All devices were calibrated according to the

fabricators specifications.

Measurements were performed during the period of the late afternoon/night, in order to overlap with
the more occupied period and with the worst case scenario. In each fitness center, measurements took
place in the bodybuilding room (Bb) for 60 minutes, and in two studios (S1 and S2), during the time
of a fitness class (varied between 45 — 60 minutes). Equipment was positioned at an elevation of
1.20m from the ground and 1.50m away from walls in order to avoid the influence on airborne
particle dispersion (Jin et al., 2013; Holmberg and Li, 1998). The same air pollutants described
previously were measured in the outdoor air. The sampling campaign was performed in October of
2012.

13
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2.1.3.2 TAQ Assessment in 3 Selected Fitness Centers

After the previous analysis, three fitness centers were selected in order to perform a deeper IAQ
assessment. In these sport facilities 1) daily continuous measurements of pollutants were performed in
different spaces of the gymnasiums in order to recognize daily patterns and identify pollutant sources;
2) particles were sampled and element concentrations were measured; and 3) nanoparticle deposition
in lungs were studied. The adopted methodology resulted in three campaigns of six days assessment,

in each fitness center, that occurred from October to December 2012.

The selection of the fitness centers (G9, G10 and G11) was made based on the number of daily users,
number of fitness classes during the day and type of ventilation. In G9, two studios and the Bb room
were selected and monitored during two days in each space. In G10 and G11 only one studio was
monitored (since the equipment’s noise was incompatible with the classes practiced inside the other
studios) resulting in four days of monitoring in the selected studio and two days in the bodybuilding

room.

2.1.3.2.1 Continuous measurements of gases

The pollutants CO2, CO, VOC and O3 were measured continuously with the equipment GrayWolf.
Data was registered in the same conditions as in chapter 2.1.3.1. In outdoor, parallel measurements of
CO2 and CO were performed (7545 TAQ-Calc, TSI, USA). Both devices were calibrated according

with the fabricator specifications.

2.1.3.2.2 Particle sampling and measurement
Within the indoor areas of the selected fitness centers, particles were not only measured continuously

with a Lighthouse Handled 3016, but were also sampled for subsequent PM10 chemical
characterization with the medium volume sampler (MVS6, Leckel, Germany; flow rate 3.5 m’/h,).
Simultaneously, a Partisol 2000 (ThermoScientific, USA; flow rate 1 m’/h) was used for outdoor

PM10 chemical characterization. Teflon filters with 47mm were used to collect particles.
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Table 2.1 — Main characteristics of the studied gymnasiums

Year of X Volume Capacity Ventilation
R Location Space Floor type Wall type
construction (m?) (person)* system
S1 337 20
Urban . . .
Gl 2009 X . S2 448 20 Linoleum Brickwork Mixed
(residential area)
Bb 65 40
Urban S1 129 20 Floati
oating
G2 1997 (street with intense road S2 266 30 . € Brickwork Mechanical
oor
traffic) Bb 2442 50
S1 394 25
G3 2003 ‘ Urb‘an %) 304 5 Floating Brickwork Mechanical
(residential area) Floor Glass
Bb 990 40
Urban SI 146 15 o
L]
G4 1982 (street with intense road S2 136 15 Wood Brickwork Natural o
traffic) Bb 37 10 3
=1
Urban S1 219 30 ) o
o Floating . . =
G5 2012 (street with intense road S2 82 15 Fl. Brickwork Mechanical N
- oor
traffic) Bb 641 20
S1 395 35
Urb: Brickwork
G6 2012 X ; ‘an S2 462 35 Linoleum rickwor Mechanical
(residential area) Glass
Bb 1509 50
S1 387 30
Urban Wood/
G7 1923 i X S2 748 40 . Brickwork Mixed
(residential area) Linoleum
Bb 866 40
Urban S1 148 20 Brickwork
G8 2012 (street with intense road S2 306 30 Linoleum rlél wor Mechanical
- ass
traffic) Bb 1062 50
Urban S1 447 35 ) )
o Floating Brickwork X
G9 2010 (street with intense road S2 788 35 Mechanical
Floor Glass
traffic) Bb 1948 60
S1 1156 40 Floating
Urb: Floor
G0 2000 o s2 1156 40 Brickwork Natural
(inside a city park)
- Glass
Bb 540 40 Linoleum
S1 745 35
Urb: Floati Brickwork
Gl 2005 _oran $2 745 35 oatng riewor Mechanical
(residential area) Floor Glass
Bb 1843 70

* Maximum capacity. S1 — Studio 1; S2 — Studio 2; Bb — Bodybuilding room.

When the sampling was conducted in the studios, PM10 samplers (MVS6 and Partisol 2000) only
worked during the occupied time, whereas in the Bb room, these devices worked continuously from
the opening until the closure of the fitness centers.

The direct reading apparatus worked continuously, from the opening until the closure of the
gymnasiums, and particle concentrations were registered every 60 seconds.
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A correction factor () was applied to the PM indoor concentrations obtained by the Lighthouse
Handled 3016. This correction factor was obtained by calculating the ratio between the concentrations
obtained by the gravimetric method (considered as the reference method) and the concentrations
measured by the Lighthouse 3016 (McNamara et al., 2011; Diapouli et al., 2008). The opening and

closing of windows and the number of occupants were registered.

2.1.3.3 Elemental Composition of PM10

The filter loads were determined by gravimetry using a 0.1 pg-sensitivity balance in a clean
laboratory (class 10 000) at a temperature of 20 = 1°C and a relative humidity of 50 = 5%
(EN12341:1998). Before being weighted, filters were equilibrated for 24 hours in the same room.
Filters were weighted before and after sampling and the mass was obtained as the average of three

measurements, when observed variations were less than 1%.

The chemical characterization of indoor and outdoor PM10 samples was performed by Instrumental
Neutron Activation Analysis using the ko methodology (ko-INAA) (Freitas et al., 2003, 2004;
Almeida et al., 2013a).

For ko-INAA, half of a filter was rolled up and put into a clean thin foil of aluminum and irradiated
for 5h at a thermal neutron flux of 1.03 x 103 ¢cm?/s in the Portuguese Research Reactor. After
irradiation, the sample was removed from the aluminum foil and transferred to a polyethylene
container. For each irradiated sample, two gamma spectra were measured during 7h with a hyperpure
germanium detector: one spectrum 2-3 days after the irradiation and the other after 4 weeks (Almeida
et al.,, 2012a,b). The accuracy of the analytical method was evaluated with the certified reference
material NIST-1633a, Coal Fly Ash, revealing results with an agreement of + 12% (Dung et al., 2010;
Almeida et al., 2014b). During the sampling campaign, 6 blank filters were treated the same way as
regular samples. All measured species were homogeneously distributed; therefore, concentrations

were corrected by subtracting the filter blank contents.

2.1.3.4 Nanoparticle Deposition
Nanoparticles are described as having an increasing surface area with a decreasing particle size for
the same amount of mass. Consequently, from the viewpoint of nanoparticle toxicity, the
determination of nanoparticle surface area deposited in the human lung is very desirable (Almeida-
Silva et al., 2014c) Therefore, in this study, a nanoparticle surface area monitor (NSAM 3550, TSI,
USA) was used to measure the lung-deposited surface area of particles which is expressed as square
micrometers of lung surface per cubic centimeter of inhaled air (um?/cm?®). This deposition
corresponds to the tracheobronchial or alveolar regions of the human lung, according to the

International Commission on Radiological Protection deposition model developed by the American
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Conference of Governmental Industrial Hygienists (ICRP, 1994). This equipment worked
continuously in the studios and in the Bb room and was installed at the same conditions as in chapter

2.1.3.1 but the data was registered every 10 seconds.

2.1.4. Results and Discussion

2.1.4.1 Part 1: IAQ in 11 Fitness Centers

The Portuguese legislation, Portaria no. 353-A/2013, defines indoor air limit values (LV) for the
pollutants PM10, PM2.5, CO2, CO, CH:20, and VOC, as presented in table 2.2. Nevertheless, it was
considered important to include Os in this table due to its impact on human health, reactivity with
other pollutants, producing submicron particles that contribute to total particulate exposures, and
indoor sources (Weschler, 2000). In figure 2.2, the results obtained in this work were compared with
the LV based on a color scale where a) green corresponds to levels below 75% of the LV, b) yellow
relates to concentrations between 75% of the LV and the limit value and c) red corresponds to values

higher than the LV.

Table 2.3 presents the concentrations obtained in the monitoring program that was undertaken in 11
fitness centers from Lisbon. The average and the range values are presented together with the outdoor

air measurements.

In G1, G3, G4, G7, and G11, PM10 concentrations exceeded the LV of 50 pug/m?, representing 55%
of the evaluated spaces. Except for the fitness centers G4 and G10, PM10 levels were higher in the
outdoor than in the indoor. For PM2.5 only in the fitness center G11 all spaces were classified as

green; exceedances of the LV of 25 ug/m? were found in G1, G3, and G10.

CO levels were always below the LV defined by the Portuguese legislation. CO is principally
associated with infiltrations from the outdoors, garages and combustion processes that are principally
related to HVAC systems and water heating (Wang et al., 2012). Higher concentrations of this
pollutant were measured in the indoors of G1, G4, G5, G8 and G9. The observed differences between
fitness centers may be explained by the localization of the air intakes of the ventilation systems and
by the proximity of the gyms to high traffic roads which contributes to the contamination of the

indoor air.
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Table 2.2 — Limit values of indoor air pollutants defined by the Portuguese legislation, Portaria no.

353-A/2013

Pollutant Limit value

PMI10 50 pg/m’ ()

PM2.5 25 pg/m? (*)
CO» 2250 mg/m® (*%)

CcO 10 mg/m? (*)

O3 0.2 mg/m? (*)

CH.0 0.1 mg/m (%)

vOoC 0.6 mg/m? (*)

(* based on the temporal maximum; ** based on the temporal average)

O3 levels measured in the fitness centers were very low. A maximum concentration of 0.02 mg/m?
was measured in G6, G9, G10 and G11. The main O3 sources in the buildings are the printers (Lee et
al., 2001; Destaillats et al., 2008), which are negligible in fitness centers. Outdoors, O3 occurs as a
secondary pollutant, principally as a result from traffic. Therefore, concentrations of this pollutant

were always higher outdoor when compared with the indoor environment.

Indoors, the presence of COz is principally associated with occupancy (Apte et al., 2000). In 54% of
the studied fitness centers, the LV of 2250 mg/m? was exceeded in at least one of the spaces. CO2
average concentration of all spaces was 2000 mg/m>. G4 presented the highest average concentrations
of CO2 (4418 mg/m?) while the maximum value was reached in G5 (5617 mg/m? in studio 2). It is not
easy to properly characterize the CO:2 present indoors, since its concentration is a function of the
occupation of the site, ventilation rates and metabolic activity of the occupants, with these parameters
fluctuating with time (Pegas et al., 2011b). COz levels suggested inefficient ventilation of the studied

fitness centers.

Since VOC are emitted by consumer products or structures that exist mainly in the indoor
environments, such as carpeting, furniture cleaners, paints, perfumes, lacquers and solvents, the
concentrations of VOC are usually found to be higher indoors than outdoors (EPA, 2011a). In our
study, exceedances of VOC were registered in 82% of the fitness centers and in 64% of the

gymnasiums all the spaces presented concentrations higher than the LV.

The highest VOC average concentration was registered in G9 with 3.3 mg/m?. CH20 is a VOC, but

given its importance due to the related health effects, it is usually assessed in an individualized form
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(Hoskins, 2003). However, its indoor sources are also similar to the sources of VOC. In the majority
of the cases, the indoor concentrations were higher than outdoors, except the cases of G7, G8, G9 and
G10. The highest CH20 concentrations were found in G4 studios (0.25 mg/m? in S1 and 0.21 mg/m?
in S2) together with high concentrations of VOC that may be originated by the presence of alcohol

base hand disinfectant distributed throughout this gymnasium.

Some fitness centers presented high values of some pollutants related to their design and construction.
Table 2.3 shows that G5 presented high levels for CO (2.6 mg/m? in Bb) and furthermore elevated
values for CH20 (1.4 mg/m3 in S2 and 1.5 mg/m® in Bb) and VOC (2.3 mg/m?in S1 and 2.2 mg/m? in
Bb). The highest VOC and CH20 concentrations registered in this recently open (2012) fitness center
are probably associated with emissions from the new furniture, material and equipment: VOC
concentrations analyzed in new apartments demonstrate a decreasing tendency in indoor VOC
concentrations over the 24 month follow-up period (Shin and Jo, 2013). Moreover, G5 is located on
the ground floor level of a major building, so its elevated CO levels may have resulted from the
inappropriate location of the air admissions of the HVAC system, which are placed near the road and

close to the pavement.
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.x<LV/2 LV2<x<LV

Figure 2.2 — Classification of the fitness centers according to the Portuguese legislation for
IAQ (Portaria no. 353-A/2013). S1 and S2 — studios; Bb — bodybuilding room.

2.1.4.1.1 Ventilation rates
Ventilation rates were calculated using the build-up method developed by Hanninen (2012) which is

based on the use of CO2 as a tracer gas. CO2 represents an advantage comparing with other tracers
since it is emitted by occupants and it is inert. This method is based on the curve fit of CO2
concentrations and requires inputs of: the indoor and outdoor CO: concentrations, the number of
occupants and the volume of the space (Canha et al. 2013). Air exchange rates (AER) and ventilation
rates (VR) were calculated for all the fitness centers. However, these parameters were only estimated
for studios because the Bb rooms did not present the required constant number of occupants necessary

to run the build-up method.
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Table 2.4 presents the AER and the VR and shows that AER varied between 1.4 h'' and 4.4 h! and
VR ranged between 8.9 and 51.5 lps/person. Since the Portuguese legislation (Portaria no. 353-
A/2013) defines VR between 13.6 and 27.2 Ips/person for fitness centers, the results indicated G1, G2
and G4 did not meet the Portuguese legislation criteria. According to the main national standards in
Europe (but despite the lack of unanimity), the AER of 0.5 h! is defined as a threshold below which
associations with poor IAQ may occur (Dimitroulopoulou, 2012). In this study, all fitness centers

presented a higher AER.

Table 2.4 — Air exchange rates (h') and ventilation rates (Ips) in the 11 fitness centers

Gym Air exchange rate (h'") Ventilation rate (Ips/person)
Gl 1.6 8.9
G2 2.1 114
G3 3.1 43.1
G4 1.4 10.2
G5 23 14.0
G6 35 153
G7 - -
G8 - -
G9 44 29.3

GI10 1.6 46.7

G11 23 51.5

2.1.4.2 Part 2: IAQ Assessment in Three Fitness Centers

Three fitness centers (G9, G10 and G11) were selected in order to perform a deeper IAQ assessment

considering longer measurement periods and more parameters.

2.1.4.2.1 Continuous measurements of gases

Figure 2.3 presents the CO2 concentrations measured in the three fitness centers. A similar trend was
observed in all gyms which was characterized by an increase of COz levels in the studios during the
occupied period. However, results showed that CO2 concentrations were influenced not only by the
number of people inside the room but also by their metabolic activity during the fitness classes.
Figure 2.4 shows the CO2 growth curve for the same room but in two different fitness classes: Yoga
(mind class) and Body Attack (cardio class). Besides the greater number of occupants in the Yoga

class (24 people in Yoga versus 20 people in Body Attack), CO2 concentrations were significantly
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lower than in Body Attack class. The average CO2 concentration was 959 mg/m? for Yoga and 1774
mg/m? for Body Attack. Additionally, the slope of the CO> build-up phase in the Body Attack class
was higher reflecting a quick growth in the production of this pollutant. In Yoga class, this increase

was not observed.

4200 — Occupation Indoor Outdoor
ag00] Studio 1 _ [ Studio 2 B Bo?\(tuilding G9[ 44
3000 n - 30
24001 IM/U ] ﬁ A 7& 1\}» _ /\\ /A 24
B AT T
1200{ft — /1 = = 12
600] e ‘ - / 6
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- 3600] Studio Bodybuilding G10| 35 c
S 3000 30 .8
E’ 2400 A W) " 24 &
8“1800W/\ LA 4w @ 8
1200 - M 4 ’ ‘ I g
O, ‘aoo] P = L ﬁ_,/ P Hrbbuses " CIONT L 6
4200 : _—
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2400 - A I 24
=N AE Y NPy NG N | P S DI
1200 - = B 12
oo o] = VAN / .

Figure 2.3 — Temporal variation of CO2 concentration in the 3 fitness centers (values in mg/m?) and
human occupation inside the sites. The horizontal line corresponds to the CO2 LV defined by the
Portuguese legislation.

Inside the bodybuilding rooms, CO2 concentrations also reflected the degree of occupancy. In G11,
the highest CO2 levels were associated with the cycling classes which occurred inside the
bodybuilding room behind a folding screen. Despite not causing toxicity to humans at the registered
concentrations (Persily, 1997) CO: is a good indicator of IAQ and can influence the human
perception of the spaces. Moreover, the performance of people is affected by the concentrations of
this gas. Previous studies showed that changes in CO: concentrations were associated with
statistically significant and meaningful reductions in decision-making performance (Satish et al.,

2012).
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Figure 2.4 — Growth curve of COz in fitness classes associated with different metabolic rates (values
in mg/m?). Shading represents the duration of the classes and the horizontal line corresponds to the
CO2 LV defined by the Portuguese legislation.

Figure 2.5 shows that CO concentrations in the three fitness centers were below the LV (10 mg/m?)
defined by the Portuguese legislation (Portaria no. 353-A/2013). In G9, CO concentration increased in
the late afternoon/night which is the period with more entrances and exits in the gymnasium. The air
intake for this fitness center is located near the garage, and this fact can explain the highest
contamination of indoor air by the traffic during this period. In G10, CO concentrations were higher
during the morning due to the presence of trucks, which unload material for an annex building. In
G11, the rises in CO levels were also traffic-related and enhanced by the surroundings, since the
gymnasium building was walled by other buildings with a height greater than eight floors causing a
canyon effect which lead to a lack of pollutant dispersion (Zhou and Levy, 2008). At the registered
concentrations, CO does not present harmful health effects to humans, although this pollutant can

connect with hemoglobin, replacing the O which in turns reaches the tissues in smaller
concentrations (Kao and Nafiagas, 2005).

In fitness center G9, the VOC concentrations exceeded the limit value of 0.6 mg/m? most of the time

(figure 2.6). Figure 2.7 shows that cleaning procedures highly contributed for the increase of VOC

concentrations.
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Figure 2.5 — Temporal variation of CO concentration in the 3 fitness centers (values in mg/m?). The

horizontal line corresponds to the CO LV defined by the Portuguese legislation.
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Figure 2.6 — Temporal variation of VOC concentration in the 3 fitness centers (values in mg/m?). The

horizontal line corresponds to the VOC LV defined by the Portuguese legislation.
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Figure 2.7 — Temporal variation of VOC concentration for a selected period in G9 (values in mg/m?).
Shading represents the duration of the classes and the horizontal line corresponds to the VOC LV

defined by the Portuguese legislation.

2.1.4.2.2 Levels of particulate matter
Figure 2.8 presents the temporal distribution of PM, measured in five ranges (PM0.3-0.5, PMO0.5-1,

PM1-2.5, PM2.5-5 and PM5-10) in the selected fitness centers. In G9 and G10, the PM10 and PM2.5
Portuguese LV of 50 pg/m? and 25 pg/m’, respectively, were exceeded.

The maximum concentrations in G9 for PM10 and PM2.5 were measured in studio 1 (109 pg/m’ and
30 pg/m?, respectively). In G10, the maximum PM10 concentrations were 157 pg/m? in the studio

and 190 pg/m? in the bodybuilding room. The maximal PM2.5 value measured in this fitness center

was 37.4 ug/m? in studio 1.

Results showed that, in the studios, the highest PM concentrations were coincident with the period of
fitness classes, revealing a relation between PM concentration and the resuspension of dust caused by
the practitioners of physical activity. In scholar gyms, previous studies showed that dust resuspension

influenced by students’ activity is the major source of coarse particles (Branis et al., 2011; Buonanno
etal., 2013).

The highest concentrations measured in the studios of G10 occurred principally during the cleaning
operations performed during the afternoon (approximately at 14:00). Cleaning operations have
already been identified as one important source for indoor particle resuspension. Corsi et al., (2008)
showed that the resuspension caused by vacuum cleaning can increase PM10 concentrations more

than 17 pg/m? above the average concentration. Concentrations in the G10 studio increased 8 times in
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the first day of sampling and 6.5 times in the third day of sampling when compared with the average

PM10 concentrations in the space.

B PM10-5.0 Il PM 5.0-2.5
PM2.5-1.0 Il PM 1.0-0.5 Il PM 0.5-0.3

120 Studio 1 Studio 2 Bodybuilding G9

80

40
M k. Vo

_ 180 Studio Bodybuilding

[PM]

36/ Studio Bodyoulding | G11

Figure 2.8 — Temporal variation of PM concentration in the 3 fitness centers (values in pg/m?). The
horizontal lines correspond to the PM10 LV defined by the Portuguese legislation (50 pg/m?®) and
PM2.5 (25 pg/m?).

G10 is the only fitness center that opens the windows to ventilate the spaces and this fact was
reflected in its highest levels of coarse particles. This gym is placed inside a city park where natural
sources of particles, such as soil and pollens, are dominant and contribute principally for the coarse
fraction. Canha presented the same conclusion between coarse fraction, natural ventilation and grove

vicinity (Canha et al., 2014c).

Figure 2.9 presents the comparison between the indoor and outdoor PM10 total mass concentrations
measured by gravimetry. While G9 and GI11 presented significantly higher outdoor PM10
concentrations, in G10 the ratio between indoor and outdoor concentrations was closed to 1 or even

higher than 1. These results can be explained by the fact that in G9 and Gl11 the coarser outdoor
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particles are retained in the filters, presented in the air treatment units from both buildings, whereas in

G10 outdoor air enters in the spaces by the windows without any filtration.

Table 2.5 — Indoor and outdoor average element concentrations in the fitness centers G9,

G10 and G11 (values in ng/m?)

G9 G10 Gll1 Total
I (e} 1 o I (o) I (o)

As 0.068 0.59 0.25 0.29 0.055 0.41 0.10 0.48
+0.032 +0.59 +0.032 +0.041 +0.055 +0.31 +0.088 +0.42

Co 0.06 0.30 0.11 0.14 0.057 0.14 0.076 0.21
+0.01 +0.22 +0.029 +0.045 +0.049 +0.040 +0.037 +0.16

Cr 1.40 5.4 2.47 3.0 0.57 5.5 1.60 4.8
+0.86 +39 +0.56 +2.1 +0.43 +2.5 +0.98 +2.8

Fe 161 1250 375 530 56 771 215 850
+117 + 1593 +162 +350 +53 +570 + 190 +954

K 55434 480 190 150 51 242 103 291
+290 +22 +38 +19 +257 +73 +250

La 0.071 0.16 0.10 0.16 0.011 0.12 0.064 0.10
+0.0077 +0.14 +0.045 +0.063 +0.010 +0.09 +0.050 +0.09

Na 202 640 1350 1650 74 691 542 1020
+94 +375 +930 + 760 +70 + 167 + 770 + 682

b 0.62 2.61 0.74 2.9 0.19 22 0.46 2.5
+0.47 +2.33 +0.16 +1.4 +0.12 +1.7 +0.36 +1.8

Se 0.0087 0.014 0.015 0.023 <dl 0.0073 0.01 0.02
+0.071 +0.013 +0.0072 +0.0085 +0.0099 +0.008 +0.01

Zn 9.7 74 19 27 5.8 29 12.0 46
+2.7 +54 +11 +19 +4.7 +20 +9.0 +42

Table 2.5 shows the indoor and outdoor concentrations for the chemical elements As, Co, Cr, Fe, K,
La, Na, Sb, Sc and Zn measured in the PM10 filters. The outdoor concentrations of these elements
were significantly higher than the indoor, except for G10 where significant differences were not
observed. This gym has natural ventilation and, consequently, higher contributions of the outdoor
elements generated by traffic (As, Sb, Zn), soil (Co, Fe, La and Sc) and sea (Na) were registered
(Almeida et al., 2008; Almeida et al., 2009; Almeida et al., 2013b; Freitas et al., 2005). Results
showed that, besides the higher outdoor As, Co, Cr, Fe, K and Zn concentrations in G9 and G11, the
air filtration by their air treatment units allowed the retention of particles and, therefore, the capture of

these elements.
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Figure 2.9 — PM10 concentrations measured indoor and outdoor of the fitness centers (values in
pg/m?). (S1 — Studiol; S2 — Studio 2; S1,2—First and second day of sampling; S34— third and fourth
day of sampling; Bbi — First day of sampling in the bodybuilding; Bb. — Second day of sampling in

the bodybuilding)

The crustal enrichment factor method has been used as an attempt to evaluate the strength of the
crustal and non-crustal origin of the elements. Enrichment Factors (EF), using Fe as a crustal
reference element (EFre), were calculated based on equation 1 and using soil composition (Mason and

Moore, 1982):

(equation 1)

Elements with EFre values that approach unity can be considered predominantly from soil, whereas if
the evaluated element has EF values higher than 10, its provenance is asserted mainly to local,
regional and/or long transportation phenomena from other natural and/or anthropogenic sources
(Farinha et al., 2004). The EFre, presented in figure 2.10 , indicate that, both in indoor and outdoor,
the elements Sc, La, Co, K, Fe and Cr were associated with soil emissions (EFr.<10) while As, Sb

and Zn were related to anthropogenic emissions (EFre>10).
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Figure 2.10 — Enrichment factor using Fe as a reference element and Mason and Moore (1982) soil

composition and ratio indoor/outdoor.

2.1.4.2.3 Nanoparticle lung deposition

The estimated total deposited alveolar area and the total deposited surface area were calculated for a
lung surface area of 80m?, which is the defined area for an adult. Table 2.6 shows that the minimum
value for the deposited alveolar area was reached in G11 with 13pm?*cm?® and the maximum was
registered in G10 with 39 pm?cm? As these measurements were performed for the first time in
fitness centers, levels were compared with studies performed in other indoor environments. In
schools, Buonanno et al. (2012) registered higher alveolar area levels deposits which ranged between
35 um?cm?® and 150 pm*cm?. In elderly care centers, Almeida-Silva et al. (2014c) found values
between 10 um?cm?® and 46pum?cm’ and in houses, Gomes et al. (2012) recorded an average value of

29 + 1.0 um?/cm?® and Ntziachristos et al. (2007) registered an average value of 45 £ 26 um*cm?®.

Table 2.6 — Average deposited area and total deposited surface area in the fitness centers G9, G10 and
Gl1.

. Average Deposited Area  Total Deposited Surface
Fitness Center

(pm*cm?) Area (um?)
G9 28.61 +25.40 1.93 x 107
G10 39.17 £15.95 2.37x 107
Gl11 1347 +£6.12 7.99 x 108
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2.1.5 Conclusions

This work conducted a comprehensive characterization of a vast array of indoor pollutants in 11

fitness centers and identified sources that compromise IAQ.

The high COz levels registered within this study and the calculated ventilation rates indicated that, in
general, the fitness centers have inefficient ventilation, considering the type of activity that is
preconized indoors. This fact influences the human perception of the space and gives the feeling of
discomfort during the practice of sports. Taking into account that VOC spikes were observed during
cleaning activities and that cleaning products are recognized as risk factors for respiratory health, low
emitting agents and “green” practices should be adopted. The levels of particles were highly
influenced by the intense indoor activities and by the type of ventilation. Results showed that the
location of the air intakes and the efficiency of the air filtration are essential for the maintenance of a

good TAQ.

Taking into account the unique characteristics of the fitness centers — intense indoor activities, large
number of people who are more susceptible to air pollutants during exercise, insufficient ventilation
and relatively small room sizes — there is a need to better assess the exposure and inhaled doses by
gyms practitioners in order to minimize adverse health effects and to potentiate the benefits of the

physical activity.
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2.2 Characterizing the fungal and bacterial microflora

and concentrations in fitness centers

Based on the article:

Characterizing the fungal and bacterial microflora and concentrations in fitness centers
C.A. Ramos, C. Viegas, S. Cabo Verde, H. T. Wolterbeek, S. M. Almeida

Indoor and Built Environment, DOI: 10.1177/1420326X15587954

2.2.3 Abstract

Fitness centers are special places which gather conditions for microbiological proliferation. Moisture
due to perspiration and water condensation, marked human presence, elevated physical activity and
contact between the occupants and surfaces are circumstances that meet in this types of buildings.
Exposure to microbial contaminants is clinically associated with respiratory disorders and people who
work out in polluted environments are more susceptible to contaminants. This work studied the
indoor air contamination in three gymnasiums in the city of Lisbon. The sampling was performed at
two periods of the day: at the opening (morning) and closure (night) of the gymnasiums. The airborne
bacterial and fungal populations were sampled by impaction directly onto Tryptic Soy Agar (for
bacteria) and Malt Extract Agar (for fungi) plates, using a Merck MAS-100 air sampler. An increase
in bacterial concentrations in the night compared with the morning was verified but the same behavior
was not found for fungal concentrations. Gram-negative catalase positive cocci were the dominant
morphological type of bacteria within indoor air samples of all gymnasiums. In this study, 21
genera/species of fungal colonies were identified. Chrysosporium sp., Chrysonilia sp.,
Neoscytalidium hialinum, Sepedonium sp. and Penicillium sp. were the most prevalent species
identified in the morning, while Cladosporium sp., Penicillium sp., Chrysosporium sp., Acremonium
sp. and Chrysonilia sp. were more prevalent in the night. Bacteria were associated with human
presence while fungi were linked with outdoor contamination. A well designed sanitation and

maintenance program of the gymnasiums will promote a heathier space for indoor physical activity.

2.2.4 Introduction

Within indoor air, there is a complex mixture of viable and non-viable particles. The non-viable

include inorganic particles, such as metals and other chemical compounds, and organic non-reactive
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material. The viable components are those who are capable of growing under favorable conditions,
such as bacteria, fungi and all other microorganisms. Bioaerosols are normally defined as “particles
with biological origin suspended in the air”, which can cause health effects, especially in the upper

airways (Biinger et al., 2000; Heldal et al., 2003; Eduard and Halstensen, 2009).

The indoor microbial pollution involves hundreds of species of bacteria and fungi growing inside
buildings when specific conditions are available. The main factors that influence microbial growth in
a building are moisture, temperature and nutrient availability. The ventilation rate for air renewal is
also a crucial factor for the control of microbial growth. In fitness centers, moisture due to
perspiration and water condensation, marked human presence, elevated physical activity that
promotes the resuspension of dust from the ground and contact between the occupants and surfaces
(pavement, fitness equipment) are conditions that promote the microbial growth. Fungi are ubiquitous
microorganisms that proliferate in more diverse environments due to their lower water activity (aw)
than bacteria. Bacteria require an aw above 0.80, while fungi present minimum aw of approximately
0.70 (Beuchat et al., 2013). Moreover, fungi are less selective in what concerns the substrate and
consequently are able to grow on a diverse range of surfaces (wood, wall paper, etc.). Combined with
these growth conditions joins the fact of the existence of fungal spore colonies that are easily released
into the air through aerial hyphae, while in the case of bacteria, this process is not easy to promote

due to its gelatinous colonies.

Exposure to microbial contaminants is clinically associated with respiratory symptoms, allergies,
asthma, and immune reactions (WHO, 2009a) depending upon the nature of the microbiological agent
and the host’s immune status. Some species of gram-negative bacteria are of most concern when
present in indoor air because they are producers of endotoxins that can cause respiratory symptoms,
including non-allergic asthma (WHO, 2009a). Gram-positive bacteria represent the largest group
present in the atmosphere due to their greater resistance and survival abilities (Fang et al., 2007,
Shaffer and Lightart, 1997). Fungi species among Aspergillus, Penicillium and Fusarium genera are
producers of mycotoxins which can enter the human body by inhalation, dermal and oral contact,

thereby causing different reactions in the host organism (Jarvies and Miller, 2005).

The reasons why athletes and the common individual that practice sport present a higher risk of
contact with bioaerosols and pollution were previously described (Carlisle and Sharp 2001). The aim
of this work was to assess indoor air contamination in three gymnasiums, by fungal identification and
bacteria characterization in order to estimate the potential biological hazards during sporting practice

in fitness centers.
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2.2.5 Methodology

2.2.5.1 Sampling Sites

The three gymnasiums selected to perform the deeper IAQ assessment, presented in chapter 2.1 (G9,
G10 and G11), were used to assess the microbial load. Inside the fitness centers, sampling sites were
chosen: the studios and the bodybuilding rooms. In G10 and G11, only the studio with the most
practicing fitness classes was monitored, whereas in G9, two studios were evaluated. As described in

table 2.7, all fitness centers have identical location besides having a different surrounding.

All fitness centers have mechanical ventilation, however G10 preferentially uses natural ventilation
over mechanical as it was observed that it was often switched off. The sampling campaigns were

performed between October and December of 2012.

2.2.5.2 Air Sampling

Samples were collected in two periods of the day — in the morning (at the opening of the gymnasium)
and at night (at the closure) — in order to recognize the differences before and after occupancy. Air

samples were collected at the center of the studied room, at ground level.

Air sampling was conducted using a microbial air sampler (MAS-100, Merck Millipore, Germany)
that collected, by impaction, 250L of air in each plate, with a flow rate of 100L/min. Two different
culture medias were used in order to provide to the microorganisms the most suitable nutrients for
their growth: Malt Extract Agar (MEA) (supplemented with 0.1g/L chloramphenicol), used for fungi,
and Tryptic-Soy Agar (TSA), used for bacteria. TSA is a general agar medium used for culturing

many kinds of non-fastidious and moderately fastidious microorganisms (Nunes et al., 2013).

The sampling was also performed outdoors to compare the results between the indoor and the outdoor
environments. The samples were sealed with parafilm and transported to the laboratory in a cooler
bag. Air sample culture plates were incubated at 30°C between 5 to 7 days (Memmert oven,
Germany). A total of 48 petri dishes with bacterial colonies and 48 petri dishes with fungal colonies
were analyzed. The colony counts were corrected using the positive hole correction table MAS-100,
provided by the supplier. The microbiological concentrations were expressed in colonies forming

units per cubic meter (CFU/m?).
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Table 2.7 — Main characteristics of the studied sites of the gymnasiums

Samplin, . .
Gym Code pling Capacn}L Cleaning
Days (person) Operations
G9sl1 1 day 35 In the middle of morning and afternoon
In the closure time
69 G9S2 1 day 35
GI9Bb;
——— 2days 60 .
G9Bb, In the closure time
G10S
: In the middle of the day
2 days 40 In the cl )
n the closure time
Gl0 G10S,
G10Bb; )
~GI0Bb, 2 days 40 In the closure time
G11S;
In the middle of the morning and afternoon
2 days 35
In the closure time
Gll G118,
G11Bb, 2 days In the closure time
G11Bb, 100

2S1 — Studio 1, S2 — Studio 2; Bb — Bodybuilding. ® Maximum capacity.

A Greywolf (IAQ 610,WolfSense Solutions, USA) was used to continuously monitor the comfort
parameters (temperature, relative humidity and COz) inside the rooms during the sampling days, from
the opening to the closure of the gymnasiums. Outdoor meteorological data was obtained from
Aeroporto weather station located in the center of Lisbon (38°46' N, 9°08' W), which data is available
online (Russia’s Weather server). MAS-100 and Greywolf were calibrated according to fabricant

specifications.

2.2.5.3 Microbial Characterization

Fungal colonies were grouped by macroscopic colony characteristics (e.g. color, shape and elevation).
For fungal identification, microscopic mounts were performed using tease mount or Scotch tape
mount and lactophenol cotton blue mount procedures. Morphological identification was achieved

through macro and microscopic characteristics as noted by de Hoog et al. (2000).

The obtained bacterial isolates were characterized based on their macroscopic traits (e.g.
pigmentation, texture, and shape), microscopic morphology (cellular morphology, and presence/
absence of endospores) and biochemical characteristics (gram staining, catalase and oxidase

activities). For the morphological characterization, bacteria were isolated in TSA medium and
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incubated at 30 °C for 24 h. The isolates were grouped into morphological types based on their
characteristics. The definition of the morphological types was based on the Bergey’s Manual of
Determinative Bacteriology (Holt, 1994). The frequency of each morphological type was calculated

based on the number of isolates obtained and on their characters.

2.2.5.4 National Guidelines for Bioaressols

In Portugal, a recent legislation established new limit values for microbiological contamination in
indoor environments (Portaria no. 353-A/2013), replacing the previous diploma (Decreto-Lei no.
79/2006). In the previous legislation, a critical limit of 500 CFU/m? was defined as the threshold for
bacteria and fungi concentrations. Currently, the legal compliance is different concerning the type of
microorganism. For fungi, indoor concentrations should be less than outdoor concentrations; and for
bacteria, the indoor concentration should not exceed the outdoor concentration by 350 CFU/m’.
However, when these situations are not fulfilled, there is a second opportunity to satisfy the legal

requirements according to Table 2.8 and Table 2.9.

Table 2.8 — Portuguese legal compliance for microbiological parameters according to Portaria no.

353-A/2013.
Fungi Bacteria

1* requirement o [indoor] < [outdoor] e [indoor] + 350 CFU/m® < [outdoor]
2" requirement (to be applied e No visible fungal e [indoor] + 350 CFU/m? > [outdoor]
when the 1% requirement is not growth on surfaces; and [CO,] < 1800mg/m?;
fullfield) e Species should be e Ratio between gram negative

evaluated according bacteria and total bacteria should be

table 3 less than 0.5.

Once the critical limit of 500 CFU/m? was applied by other authors and guidelines (ACGIH 1989;
Reynolds et al. 1990; The Government of Hog Kong 2003) and because the sampling campaigns were
performed when the previous legislation was in force, the legal compliance will approach the old and

the new requirements.

39

zJ491dey) ee



e Chapter 2

Chapter 2
Sport Practitioners Exposure to Indoor Aerosols

Table 2.9 — Fungal conformity based on the species according to Portaria no. 353-A/2013.

Species Specific Condition of Conformity

Cladosporium spp
Penicillium spp
Aspergillus spp
Common species Alternaria spp
Eurotium spp
Paecilomyces spp
Wallemia spp..

Mixture of species: < 500 CFU/m?

Acremonium spp

Chrysonilia spp

Tricothecium spp One specie: < 50 CFU/m?
Curvularia spp Mixture of species: < 150 CFU/m?
Nigrospora spp

Non-common species

Chryptococcus neoformans
Histoplasma capsulatum

Pathogenic species Blastomyces dermatitidis Absence of any species
Coccidioides immitis

Stachybotrys chartarum
Aspergillus versicolor

Asp erg{llusf lavus One specie: < 12 CFU/m® (Several
Aspergillus ochraceus colonies per plate)

Toxigenic species Aspergillus terreus perp
Aspergillus fumigatus

Fusarium moniliforme
Fusarium culmorum
Trichoderma viride

2.2.5.5 Statistical analysis
The Origin7.5® software was used to compute graphical figures and the Statistica® software was used

to calculate the statistical tests.

2.2.6 Results and Discussion

2.2.6.1 Comfort Parameters

According to the comfort criteria defined by the ISO 7730:2005, the temperature should range
between 23°C and 26°C and the relative humidity should vary between 30% and 70%. Table 2.10
presents the temperature and relative humidity measured in the three fitness centers during the
sampling campaigns. Temperature varied between 10°C and 27°C with the greatest humidity levels
recorded/observed in G9 (80%), exceeding the comfort criteria defined by ISO 7730:2005. The

highest values for these parameters were recorded during occupancy of the spaces (Ramos, 2013).
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COz concentration was used not only as an indicator of ventilation efficiency, comfort and excess of
occupancy and but also to evaluate the microbiological compliance according the Portuguese
legislation. Table 2.10 depicts the variation of indoor CO:z concentrations measured during the
sampling campaigns. CO» varied between 398 mg/m® and 3590 mg/m® and showed a strong
correlation between high occupancy and HVAC systems (Ramos et al., 2014). Higher CO:2

concentrations were observed during periods of physical activities within the studios.

Table 2.10 — Comfort parameters (temperature, relative humidity) and CO2 measured in the fitness

centers.
Fitness Sampling Temperature (°C) Relative Humidity CO; (mg/m’)
Center (%RH)
Site X+o range X+o range X+to range

Studio 1 18 £0.88 16 —21 80 4.1 73-93 1147 £ 502 577 -3350
G9 Studio 2 19 +1.01 16 —22 78+£5.2 71 -94 1315+ 591 613 3584
Bodybuilding 19+£0.35 18-20 72+£2.6 67 —86 1882 + 553 611-3590
10 Studio 23+1.7 19-26 58 +7.07 43-172 1185 +587 398 —3005
Bodybuilding 21+13 17-23 59+7.8 46 - 81 1015 +219 709 —2510
Gl Studio 20+1.1 15-27 69+52 56 -85 1122 +£289 635-2195
Bodybuilding 20+1.1 10-22 57+5.6 49 -99 1456 + 355 655 —2685

2.2.6.2 Total Bacteria and Fungi Concentrations

Figures 2.11 and 2.12 illustrate the indoor and outdoor concentrations of bacteria and fungi in the

fitness centers.

Bacterial concentrations exceed the outdoor concentrations by 350 CFU/m? during the night period in
the studio of G10 in the second day of sampling (556 CFU/m? indoor and 56 CFU/m? outdoor) and in
the bodybuilding room of G11 in the first day of sampling (824 CFU/m? indoor and 60 CFU.m
outdoor). In the above situations, the critical limit of 500 CFU/m? was also exceeded. Results showed
that at the end of the day, the bacterial load was significantly higher indoors than outdoors, indicating

the importance of the occupation for the bacterial development.
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Figure 2.11 — Concentrations of airborne bacteria measured indoors and outdoors of analyzed fitness
centers. Results provided for each sampling site and sampling period. The horizontal line establishes
the critical limit of 500 CFU/m?. The * indicates that the number of colonies were countless and

therefore a concentration above 500 CFU/m? was assumed.
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Figure 2.12 — Concentrations of airborne fungi measured indoors and outdoors of analyzed fitness
centers. Results provided for each sampling site and sampling period. The horizontal line establishes

the critical limit of 500 CFU/m’.

For fungal concentrations, indoor concentrations were greater than outdoor concentrations in G10 in

six measurements (sampling performed in the studio in the morning period and in all sampling
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performed at the end of the day) and in G9 in the bodybuilding room at night. Regarding the old
guidelines, the critical limit value of 500 CFU/m? was not exceeded in any situation. Results show
that the highest concentrations were registered in G10 that uses natural ventilation, a phenomena also
observed by Frankel et al.. In G9 and G11, outdoor particles are retained in the filters, placed in the
air treatment units from both buildings, whereas in G10, outdoor air enters through the window
spaces without any filtration. Moreover, in G9 and G11, the mechanical ventilation is more efficient

in promoting pollutant dilution (Canha et al., 2013).

In general, there was an increase in bacterial load at night that was not observed with fungi. This
suggests that the bacteria are more associated with human occupancy than fungi. The presence of
bacteria indoors might be associated with deposited dust (Hospodsky et al., 2012), skin cells and hair
(Clark et al., 1973). These results are in agreement with the ones presented by Dacarro et al. (2003)

that studied the microbial load in universities and school gyms during physical education classes.

2.2.6.3 Identification of Fungal Species

The identification of fungal species is very important for the study of fungal contamination since it
allows the differentiation between benign and harmful species (Hoog et al., 2000; Rao et al., 1996;
Kemp et al., 2002).

As represented in figure 2.13, indoors, Chrysosporium sp. represented 56% of the fungal genera in
the morning, decreasing it’s presence to 10% in the night, while Cladosporium sp. clearly emerged in
the night time with a prevalence of approximately 51%. Chrysonilia sp. decreased it’s prevalence
from 27% in the morning to 5.8 % in the closing time; with the same behavior registered outdoors,
decreasing from 35% to 18%. Penicillium sp. increase indoors between the two studied periods
(1.9% to 10%), although this increase was also found outdoors (10% to 16%). Acremonium sp. was
only identified indoors at the end of the day (7.5%). In fact, the most prevalent fungal genera found in
our study coincided with other studies. Cladosporium sp. was widely found as the dominant genera
inside buildings in many works (Jafta et al., 2012; Baxi et al., 2003; Celtik et al., 2011, Soleimani et
al., 2013, Oliveira et al. 2009). Regarding sport facilities, a study conducted in a sports hall in China
indicated that the dominate genera’s indoors were Cladosporium sp., Penicillium sp., Aspergillus sp.
and Alternaria sp., making up 95% of the total observed genera (Xie et al., 2009). Viegas et al. (2010)
described Cladosporium sp. as the principal isolated genera in a gymnasium, followed by Penicillium
sp., Aspergillus sp., Mucor sp., Phoma sp. and Crysonilia sp.. In a study conducted in Barcelona
houses, Cladosporium sp. was found to have the greatest indoor concentrations during autumn (de
Ana et al., 2006), with the same trend found in infant bedrooms in the USA (Ren et al., 2001).

Species of Cladosporium sp. are largely distributed, commonly encountered on all kinds of plants and
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on debris and are frequently isolated from soil, food, paint, textiles and other organic matter (Bensch

et al., 2012), which can justify the existence of high prevalence of this fungi indoors in the end of the

day because of the passage of people throughout the day who bring debris from outdoors.
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Figure 2.13 — Distribution of fungal species indoor and outdoor in the two periods of sampling

(morning and night).

A total of 22 genera and 27 species of fungal colonies were identified in this study. In Table 2.11, the
fungal species found indoors and outdoors, discriminated by fitness center, are presented for the two
periods of sampling. Significant statistical differences were found in relation to the indoor and
outdoor concentrations, for G9 and G11 (Wilcoxon Matched Pairs test, G9, p=0.03; G10, p=0.89;
G11, p=0.01), although no significant statistical differences were found between the indoor
concentrations among gymnasiums, (Mann-Whitney test, p=1 for all tests). In G9, two fungal species
were identified (Penicillium sp. and one belonging to 4. fumigatus complex), while in G10, twelve
different genera and three species were found (Acremonium sp., Chrysonilia sp., Chrysosporium sp.,
Cladosporium sp., Penicillium sp., Geotrichum sp., Mucor sp., Neoscytalidium sp., N. dimidiatum, N.
hialinum, Rhodotorula sp., Sepedonium sp., Syncephalastrum recemosum, Scopulariopsis sp., Phoma
sp.). In G11, seven species were identified (one belonging to A. ustus complex, Alternaria sp.,
Aureobasidium sp., Geotrichum sp., Penicillium sp., S. brevicaulis, N. hialinum). As observed, the
fungal load in G10 was higher than in the other fitness centers. This can be explained by the fact that
in G9 and G11, the fungi that come from outdoors are retained in the filters, whereas in G10, outdoor

air enters in the rooms by the windows without any filtration. As emphasized in the studies of Frankel
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et al. (2012) and Kemp et al. (2002), outdoor air is the main source of indoor fungi in healthy
buildings.

Toxic species were found in G9 and G11 indoors, such as Aspergillus genus, namely belonging to A4.
fumigatus complex (Land et al., 1989; Orcioulo et al., 2007; dos Santos et al., 2002; El-Shanawany et
al., 2005; Fischer et al., 1999), which is considered an indicator of moisture-damaged in buildings
(Samson et al., 1994), and another belonging to A. ustus complex. Fungal identification revealed one
potentially dangerous situation (defined according table 2.9) in the G10 studio associated with the
presence of Chrysonilia sp. at 72 CFU/m?. Chrysonilia sp. is considered a non-common species and is
known to induce asthma (Francuz et al., 2010; Monz6n et al., 2009; Tarlo et al., 1996). In all the
assessed gymnasiums, no signal of fungal growth was detected on the walls, furniture or in other

materials.

Concerning the colonies concentration found indoor, there was an increase between the morning and
night that resulted in 7 new species in G10 and 6 new species in G11. Some of these new isolates (4.
ustus complex, Acremonium sp., Alternaria sp., Aureobasidium sp., Cladosporium sp., Geotrichum
sp., Mucor sp., Neoscytalidium sp., N. hialinum, Phoma sp. and S. brevicaulis) can produce toxic
compounds (metabolites or mycotoxins), though few of their metabolites have been shown to be

produced in natural indoor environments (Jarvies and Miller, 2005).

2.2.6.4 Bacteria Characterization

Phenotypic characterization of the most prevalent isolates, collected by impaction in TSA medium,
allowed for the identification of seven morphological groups, as summarized in table 2.12. Observing
bacterial morphology and the Gram reaction usually constitutes the first stage of identification and is
very useful for the preliminary identification of bacterial species. The traditional methods that employ
observation of either single cell morphology or colony characteristics remain reliable parameters for
the identification of bacterial species and still have significant taxonomic value (Tshikhudo et al.,

2013).
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Table 2.11 — Distribution of fungal species indoor and outdoor in the two periods of sampling

(morning and night). In bold are identified the five most prevalent fungal species in the morning (M)

and in the night (N), both indoor and outdoor. Results in CFU/m’.

G9 G10 Gl1
Colonies Indoor  Outdoor Indoor Outdoor Indoor Outdoor
M N M N M N M N M N M N

A. flavus complex 4
A. fumigatus complex 4 11 4 8 8
A. niger complex 4 4
Circumdati complex 8
A. ustus complex 4
A. versicolor complex 20
Acremonium sp. 36 20 8 40
Alternaria sp. 24 4 16
Aureobasidium sp. 12 4 16 8
Botrytis sp. 4
Chrysonilia sp. 35 12 72 28 56 32 24 24
Chrysosporium sp. 4 148 48 28 4
C.inops 4 16 8
Cladosporium sp. 8 244 4
Eurotium sp. 4
Fusarium poae 8
Geotrichum sp. 16 12 8 4
Mucor sp. 8 16
Neoscytalidium sp. 8 12
N. dimidiatum 4 4
N. hialinum 8 16 4 28 32 8 56
Paecilomyces sp. 24
Penicillium sp. 4 9 4 24 20 4 20 16 48 88
Phoma sp. 4 4
Rhodotorula sp. 4 4 8 12
Scedosporium sp. 4 32
Scopulariopsis sp. 4
S. brevicaulis 4
Sepedonium sp. 12
Syncephalastrum racemosum 12

TOTAL 8 9 70 96 272 428 240 132 20 44 176 200

Therefore, and despite being described by several authors as old fashioned, bacterial morphological

characterization can provide valuable insights into individual microbial diversity, derived from either

genetic or reversible changes (Sousa et al. 2013). Several morphotypes have been identified in
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bacteria related to chronic and acute infections, and specific phenotypic traits are important clinical

features (Proctor et al., 2004; Hogardt and Heesemann, 2000; Hilmi et al., 2013).

According to the national legislation, when indoor concentrations exceed the outdoor concentrations
by 350 CFU/m?, the ratio between the Gram-negative and the total bacteria should be less than 0.5. In
the second day of sampling in G10 studio 2, the concentration of Gram-negative bacteria was
calculated at 540 CFU/m? in a total of 556 CFU/m?, resulting in a ratio of 0.9. In G11 bodybuilding
room 1, the concentration of Gram-negative bacteria was calculated at 632 CFU/m’ in a total of 824
CFU/m’, giving a ratio of 0.7. Resultantly, both locations failed to comply with the national legal

compliance.

Table 2.12 — Frequencies of the isolated morphological groups (%)

. G9 G10 Gl1
Morphological type
TPReTos P I ) I [0) I )
Gram-positive, catalase-positive cocci 32 51 0.11 1.7
Gram-negative, catalase-positive cocci 25 58 30 55 30 38
Gram-negative, catalase-negative cocci 1.4 48 38

Non-spore forming, Gram-positive, catalase-positive bacilli ~ 0.13 3.4

Non-spore forming, Gram-positive, catalase-negative bacilli 2 0.16 6.3
Gram-negative, oxidase-positive bacilli 8.5 005 58
Gram-negative, oxidase-negative bacilli 12 25 20 20 19

Our results indicated that Gram-negative, catalase-positive cocci were the most prevalent airborne
bacterial morphological type indoors (25% in G9, 30% in G10 and 30% in G11) and outdoors (55%
in G9, 30% in G10 and 38% in G11) of all fitness centers. In a study of culturable airborne bacteria
by the US Environmental Protection Agency in the Building Assessment Survey and Evaluation
(BASE) (Tsai and Macher, 2005), Gram-negative cocci were also found to be present within office
buildings. The main source of Gram-negative bacteria is from settled dust (Bouillard et al., 2005),
brought into fitness centers by users, with the concentration of indoor particles effected by the levels
of human occupancy (Hospodsky et al., 2012; Canha et al., 2014a; Almeida-Silva et al., 2014b).
Contamination can also be caused from outdoor particles due to the high prevalence of Gram-negative
cocci. The second most prevalent bacterial phenotype was the Gram-positive, catalase positive cocci,
appearing indoors in all the three studied gymnasiums. Several studies indicated that this phenotype is
the most prevalent morphological type indoors (Nunes et al., 2013; Bouillard et al., 2005; di Giulio et
al., 2010; Aydogdu et al., 2010). This phenotype includes species such as Staphylococcus and

Micrococcus, which are abundant on human skin and on mucous membranes (Aydogdu et al., 2010;
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Fox et al., 2005). Our results were similar with those found by Bouillard et al. (2005) in healthy office
buildings once Gram-positive catalase negative cocci were not identified. G9 presented the highest
morphological diversity when compared the others fitness centers. As bacteria are strongly linked
with levels of human occupancy, this result can be related to the higher occupancy of G9 and the need
of more effective sanitation. This difference is/can be attributed to the higher levels of human
occupancy within this gymnasium, as there is a strong correlation between human occupancy and

bacterial diversity, revealing the need for more effective sanitation.

2.2.7 Conclusions

The indoor microflora is a complex mixture that varies according to the activities being undertaken,
human occupancy levels, ventilation systems and physical parameters such as temperature and
humidity. This work studied the microbiological load present in three fitness centers in the city of
Lisbon, with results showing the existence of critical situations due to the presence of dangerous and
toxic fungal species indoors. It was found that natural ventilation used in G10 had an influence on
indoor fungal concentrations as no physical barrier exists to filter the outdoor air. For bacteria,
nonconformities were recorded in G10 and G11. An increase of indoor bacterial concentration was
observed during the evening that was not observed for fungal concentrations, thereby demonstrating

the effect of human occupancy on bacterial load.
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2.3 Estimating the inhaled dose of pollutants during indoor

physical activity

Based on the article:

Estimating the inhaled dose of pollutants during indoor physical activity

C.A. Ramos, J.F. Reis, T. Almeida, F. Alves, H.T. Wolterbeek, S.M. Almeida
Science of the Total Environment, 527-528:111-118

2.3.1 Abstract

It is undeniable that many benefits come from physical activity. People exercise in fitness centers to
improve their health and well-being, prevent disease and to increase physical attractiveness. However,
these facilities join conditions that cause poor indoor air quality. Moreover, increased inhalation rates
during exercise have influence on inhaled doses of air pollution. This chapter aims to calculate the
inhaled dose of air pollutants during exercise, by estimating minute ventilation of participants and
measuring air pollutant concentrations in fitness centers. Firstly, the 20 participants performed an
incremental test on a treadmill, where heart rate and minute ventilation were measured simultaneously
to develop individual exponential regression equations. Secondly, heart rate was measured during
fitness classes and minute ventilation was estimated based on the calculated regression coefficients.
Finally, the inhaled dose of air pollutants was calculated using the estimated minute ventilation and
the concentrations of the pollutants measured in a monitoring program performed in 63 fitness
classes. Estimated inhaled doses were higher in aerobic classes than in holistic classes. The main
difference was registered for PM10 inhaled dose that presented an average ratio between aerobic and
holistic classes greater than four. Minute ventilation and PM10 concentrations in aerobic classes
were, on average, 2.0 times higher than in holistic classes. Results showed that inhalation of
pollutants are increased during heavy exercise, demonstrating the need to maintain high indoor air
quality in fitness centers. This chapter illustrates the importance of inclusion minute ventilation data
when comparing inhaled doses of air pollution between different population groups. This work has
estimated for the first time the minute ventilation for different fitness classes. Also constitutes an
important contribution for the assessment of inhaled dose in future studies to be performed in fitness

centers.
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2.3.2 Introduction

Approximately 3.2 million deaths each year are attributable to insufficient physical activity and it is
the fourth leading risk factor for death worldwide (WHO, 2014c). The benefits that come from
physical activity are indubitable (Warburton et al., 2006) and contribute to improve people’s health,
reducing cardiovascular diseases (Myers, 2003; Patel et al., 2013) and diabetes (Brown, et al., 2014;
Weisser, 2014), preventing several types of cancer and recovering from it (Foucaut, 2014; Keimling
et al., 2014; Behrens et al., 2014; Gotte et al., 2013; Gongalves et al., 2014; Buffart et al., 2014),
improving musculoskeletal status and disability (Laskowski and Lexell, 2012) and finally potentiating
physical attractiveness, well-being (Duda et al., 2014) and social experiences (Pila et al., 2014). The
rates of physical activity are different across countries and regions, gender, age and socioeconomic
status. According to the Eurobarometer Sport and Physical Activity Report (2014), citizens in the
northern part of the EU are more physically active than the southern, with the lowest levels of
participation found clustered in the southern EU Member States. Men are more likely to exercise or

play sports than women, with the amount of regular activity tending to decrease with age.

The practice of sport in fitness centers in 2009 registered a slight increase in the number of
memberships of health or fitness centers (Eurobarometer, 2014). An IAQ monitoring program
performed in eleven fitness centers from Lisbon, Portugal, indicated concerning levels of VOC,
CH:20, CO2 and PM (Ramos et al., 2014). Moreover, toxigenic fungal species were found present
within the same fitness centers (Ramos et al., 2015a). PM has also been identified as a concerning

pollutant in fitness centers by Brani§ and Safranek (2011a) and Buonanno et al. (2013).

Data on IAQ in fitness centers demonstrate the importance of studying exposure to pollutants during
physical activity in order to minimize adverse health effects and potentiate the benefits of physical
activity. Only few have taken into account that sport practitioners have an increased VE compared to
elders, office workers or children influencing their inhaled dose of air pollutants (Almeida-Silva et al.,
2015). For increased health benefits, adults should practice moderate-intensity aerobic physical
activity to 300 minutes/week (WHO, 2010). This represents 5 hours/week and with this information,
the time spent during exercise reveals great importance to the relative daily dose, due to the increased

VE in this activity than in others that take more time (e.g. sleep) (Dons et al. 2011).

The study of the interaction between person and pollutant involves several steps. The inhaled dose is
one of the principal steps in the chain of events since dose received by an individual directly
influences the impacts on health. This work joined environmental researchers and exercise

physiologists to assess the inhaled dose of pollutants during fitness center’s classes.

50



Chapter 2
Sport Practitioners Exposure to Indoor Aerosols

2.3.3 Methodology

The inhalation dose of pollutants during the fitness classes was estimated by using the methodology

described in figure 2.14.

2.3.3.1 Determination of VE During Fitness Classes

Since VE has never been measured before for fitness class users, this work estimated VE for aerobic
and holistic classes that represent the majority of the programs offered in fitness centers. VE is
difficult to measure in field studies due to some constraints such as discomfort for the user and the
need for an elevated number of instruments to perform the evaluation of a representative number of
individuals. However, VE can be estimated by measuring heart rate (HR) in fitness classes because
HR is easily measured and is a good predictor of VE (Mermier et al., 1993; Zuurbier et al., 2009).
Once HR is mainly influenced by oxygen consumption and the correlation between oxygen

consumption and VE is high, HR and VE are expected to be strongly associated.

A questionnaire was applied to the participants about their physical status and healthy behaviours
(smoking status, hours of physical activity per week, cardiac and respiratory diseases, orthopedic
problems). On test days, the subjects were instructed to report to the laboratory or the fitness center in
a rested state, having completed no strenuous exercise or consumed alcohol within the previous 24h,

and having abstained from food and caffeine for the preceding 3h.

2.3.3.1.1 Studied population
Ten men and ten women participated in this study and signed a free and informed agreement.

Table 2.13 presents the descriptive statistics of the studied population. The age of the volunteers
varied between 18 and 38 years old, representative of principal users of fitness centers. All the
subjects were physically active, but not involved in an exercise training program at the time of data
collection. The weekly exercise volume is as stated in table 2.13. The average body mass index

(BMI) and weight are similar to the average Portuguese BMI.
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Figure 2.14 — Diagram of the methodology (BW - body mass in kg; t - duration of the fitness

class)

Table 2.13 — Descriptive statistics of the participants

Men (n=10) Women (n=10)
Age (years) ) )
% (range) 24 (18-29) 28 (23-38)
<lh-20% <lh-20%
Physical Activity 1h-3h-20% 1h—-3h-40%
(hr/week) 3h— 6h —40% 3h—6h —20%
>6h —20% >6h — 20%
BMI (kg/m?)
X (range) 24 (18 -27) 22 (20-27)
Weight (kg) B B
% (range) 73 (48 —85) 61 (59-175)

2.3.3.1.2

Estimation of the association between VE and HR in laboratory

VE levels of the participants were estimated using HR measurements, because direct measurements of

VE are not recommended as it would influence VE. Therefore, participants performed an incremental

test on the treadmill in order to establish the individual relation between HR and VE during the

exercise. After a warm-up period of 3 minutes at Skm/h, the subjects performed an incremental test

with 1km/h increments each minute, until exhaustion.

Throughout the test, the respiratory and

pulmonary gas-exchange variables were measured using a breath-by-breath portable gas analyzer

(Cortex Metamax 3B, Leipzig, Germany). Before each test, the O2 and CO> analysis systems were
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calibrated in accordance with manufacturer’s guidelines against known concentrations of cylinder
gases (15% oxygen, 5% carbon dioxide) while the turbine flowmeter was calibrated using a 3-1
syringe. HR was also monitored throughout the tests (Polar, Kempele, Finland). Breath-by-breath
VO: and HR data were averaged using 10sec bins. After the simultaneous measurement of VE and
HR in the laboratory, exponential regression equations between these parameters were calculated. The

effect of gender, age and BMI on individual slopes and intercepts was analyzed.

2.3.3.1.3 Estimation of the VE for the holistic and aerobic fitness classes
The participants performed, in group, two fitness classes — a holistic class and an aerobic class — of 45

minutes each, guided by a professional fitness instructor. The duration and types of classes were
chosen for being representative of classes usually found at any fitness center. Both were composed of
3 stages: 1) starting warm-up period, 2) main conditioning period and, 3) final period of active

recovery and, for the holistic class, meditation.

The holistic class is inspired by Pilates, Yoga and Tai Chi movements where the training of flexibility
and strength were the primary goals. The types of exercises practiced were related to balance, stability
and flexibility with a series of stretches and strength poses that provides a quiet and harmonious state
of mind. The aerobic class is characterized by jumps, fast and vigorous movements of legs and arms,
and other body weight strength exercises. The participants perform cardiovascular and core strength

training, providing an effort much more demanding than in the holistic class.

During the fitness classes HR was recorded with a heart rate monitor from Polar Team? Pro (Polar,
Kempele, Finland). The transmitter in the waistband recorded the data and communicated with the
Polar Team? Base Station (Polar, Kempele, Finland), which allowed the visualization of the data in
real time. Immediately after each class, the subjects classified it with the Borg Scale Perceived
Exertion Rate (RPE) from 1 (very easy) to 10 (maximal exertion) (Foster et al., 2001). The recorded

HR were calculated into VE levels using the regression coefficients.

2.3.3.2 IAQ Monitoring Programme

The monitoring program was carried out during 63 fitness classes in Lisbon and the methodology is

already described on chapter 2.1.3.1.

2.3.33 Statistical Analysis

Origin 8.0® was used to compute the individuals’ regression equations. The statistical tests were

performed with Statistica 12® software.
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2.3.3 Results and Discussion

2.3.3.1 Estimation of the VE in fitness classes

Exponential regression equations between HR and VE were calculated for the 20 volunteers.
Regression lines of all individuals discriminated by gender are presented in figure 2.15. In table 2.14
are presented the distribution of the regression coefficients for men, women and for the total group.

The correlation between HR and VE was high (mean r>=0.90) suggesting, as expected, that HR is a

good predictor of VE.
140
120 Men Women
. 100-
£
£ 80-
S5
W 60-
S
40
20-

60 80 100 120 140 160 180 200 220 80 100 120 140 160 180 200 220
HR (min™")

Figure 2.15 — Individual fitted regression lines of HR (beats per minute) and VE (litre per minute)

discriminated by men and women.

Zuurbier et al. (2009) stated that the use of a general equation results in a good prediction of the mean
VE. Although the author emphasized that, if the focus of the study is at the individual level, an overall
equation of the whole group may result in substantial differences in estimated VE at the individual
level. In the same way, Mermier et al. (1993) indicated that it is necessary to calculate individual
regression equations due to the individual variability among HR and VE. Results showed small
differences in slopes and intercepts between individuals of the same gender and lower intercept in

women than in men.

During the fitness classes, HR of the volunteers was measured in order to estimate the VE using the
individual relation between HR and VE derived from the laboratory test. Figure 2.16 presents the HR
in the fitness classes. In both classes men presented lower HR (98 + 17 min™! in the holistic and 120 +
17 min™! in the aerobic) than women (106 + 20 min™! in the holistic and 146 + 21 min™' in the aerobic).
Table 2.14 presents the HR measured in both fitness classes and the estimated VE. The results are

displayed by genders and for each individual.
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In the holistic class that involves stages of localized force, stability, balance and breath control an
average VE of 27 + 8 L/min for men and 25 + 10 L/min for women were estimated. In the aerobic
class, characterized by intense cardio and aerobic movements, the average VE was 37 + 12 L/min for
men and 57 = 20 L/min for women. The Mann Whitney test showed no statistical differences between
genders for the VE (p=1, CI=95%). Significant differences were found between the holistic and the
aerobic fitness classes for women (Wilcoxon matched pairs test, p=0.0005, CI=95%). RPE is a
subjective way of measuring physical activity intensity level, based on the personal experiences on
physical sensations during physical activity, including increased HR, breathing rate, sweating and
muscle fatigue (CDC, 2011). Men evaluated the holistic class as moderate level (2.9) while women
considerate it as somewhat hard (4.5). Both genders classified the aerobic class as hard (5.4 for men

and 6.0 for women).

Until now VE has never been measured for different fitness class users. The measurement of VE
during fitness activity has two principal limitations: 1) the number of volunteers that have to use
uncomfortable equipment/mask during a fitness class and 2) the influence that the use of this mask
can have on the VE. Therefore, on large studies, it could be efficient to use an established relation
between HR and VE for a sample of individuals and to apply the regression coefficients in field

studies where HR can be easily measured by a heart rate monitor.
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Figure 2.16 — Box plot of the heart rate of the individuals (men and women) in the fitness classes
(holistic and aerobic) and average values in the groups (black line). Graphs present the minimum and
maximum (-), 1% and 99™ percentile (x), 25%, 50t and 75" percentile (box range), 5™ and 95™

percentile (box whisker) and mean (0).

2.3.3.2 Indoor air quality assessment
A total of 63 fitness classes were classified according to their typology as aerobic or holistic. The
aerobic class category included all fitness classes which stimulate power, strength, vigorous and fast
movements; cycling classes were excluded from this collection. Holistic classes included all classes
that comprise meditation, stability and flexibility movements. IAQ was assessed in the 63 fitness

classes, with pollutants’ concentrations measured during the activities presented in table 2.15.

Concentrations measured in the fitness classes were compared with the Portuguese legislation,
Portaria no. 353-A/2013 that defines the indoor air limit values for the pollutants PM10, PM2.5, CO2,
CO and VOC. CO never exceeded the limit value of 10 mg/m>. For all the other pollutants, the
Portuguese IAQ limit concentrations were sometimes exceeded. VOC exceeded the reference value of
0.6 mg/m? in both classes. This pollutant is emitted by consumer products or structures that exist in
the indoor environments, such as carpeting, furniture cleaners, paints, perfumes, lacquers and solvents

(Almeida-Silva et al. 2014c).
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Table 2.15 — Statistical data of [AQ pollutants measured during different types of fitness classes

Mean + . 1AQ
Pollutant Class n min Ps Pas Pso P75 Pos Max -
stdev Guidelines*
tvVOC Aerobic 45 0.48 +0.42 0.010 0.050 0.17 0.46 0.66 1.1 2.5 0.6

(mg/m’)  Holistic 5 0.38+0.23 0.16 0.17 0.18 0.31 0.37 0.85 0.85

CH.0 Aerobic 13 0.07 +0.06 0.010 0.010 0.038 0.050 0.075 0.19 0.25

(mg/m®)  Holistic 0 - - - - - - - - 01
CO2 Aerobic 45 1682 + 599 208 984 1327 1582 1815 2846 5964 2350
(mg/m?) Holistic 5 1662 + 376 831 986 1522 1738 1878 2173 2406
03 Aerobic 13 0.01 +0.054 0.005 0.005 0.005 0.005 0.005 0.020 1.9
(mg/m®)  Holistic 0 - - - - - - - - )
CO Aerobic 41 0.64 +0.49 0.005 0.12 0.30 0.57 0.83 1.6 2.7
(mg/m?) Holistic 5 0.29+0.12 0.12 0.12 0.23 0.23 0.34 0.6 0.69 10
PMO.5 Aerobic 45 29+1.7 0.52 0.76 1.6 2.6 4.02 6.2 9.3
(ng/m®)  Holistic 5  2.4+086 1.6 1.7 1.9 1.9 24 43 44 .
PM1 Aerobic 45 4.6+2.5 0.700 1.5 2.9 43 5.7 9.8 15
(ng/m) Holistic 5 36+13 29 2.8 29 3.03 3.8 6.5 6.9 )
PM2.5 Aerobic 45 83+45 0.89 2.5 54 7.3 10 16 34 25
(ug/m?) Holistic 5 55+£22 3.5 3.9 4.1 4.4 5.6 11 12
PMS5 Aerobic 45 18+ 10 1.4 49 10 15 23 38 89
(ng/m’) Holistic 5 10+£6.3 4.2 5 5.9 7 9.2 26 30 )
PM10 Aerobic 45 31+23 1.8 7.9 16 24 40 76 153 50
(ng/m’) Holistic 5 14+89 4.2 6.2 7.9 10 15 36 42

*Portaria no. 353-A/2013

For PM10, PM2.5 and CO: the maximum value exceeds the guidelines only in the aerobic classes.
These higher concentrations during aerobic classes were expected since COz concentration is a
function of the site occupation, ventilation rates and metabolic activity of the occupants (Ramos et al.,
2014; Pegas et al., 2011b) and particles are highly dependent on the activity pattern of the room that

can promote resuspension of particles (Canha et al., 2010, 2012; Brani§ and Safranek, 2011a).

CH:0 and O3 were only measured in aerobic classes due to failing in the equipment. In the aerobic
classes, CH20 showed the maximum value (0.25 mg/m?) which is above the guideline. CH20 is a
VOC, but given its importance due to the related health effects, is usually assessed in an
individualized form. However, its indoor sources are also similar to the sources of VOC. O3 is not

regulated by the Portuguese legislation.

IAQ also varies according to the characteristics of each fitness center such as ventilation system,
occupancy, maintenance, age, etc. However, even in the same fitness classroom the pollutant
concentrations can also vary according to the type of activity that is performed inside it. Figure 2.17
shows that PM10 concentrations measured in the same classroom and on the same day were higher
during the aerobic class (average 45 pug/m?) than in the holistic class (average 33 ug/m’) due to the

greater resuspension caused by the first activity. Ramos et al. (2014) found that in studios, higher PM
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concentrations coincided with the period of fitness classes, revealing a relation between PM
concentration and the resuspension of dust caused by the practitioners of physical activity. The same
behaviour can be observed for CO2, found to be highly produced in an aerobic classes (Ramos et al.,

2014).

2.3.3.3 Estimation of inhaled dose

The inhaled dose was calculated by using the VE estimated for men and women (table 2.14) and the
air pollutants’ concentrations measured during the fitness classes (table 2.15). Table 2.16 presents the
estimated inhaled dose discriminated by gender and type of activity considering the minimum, mean

and the maximum pollutant concentrations measured during the classes.

Higher inhalation doses were determined for the aerobic classes as a consequence of the high VE
associated with this activity. For men, the average aerobic/holistic ratio of the inhaled dose was 1.4
(maximum ratios calculated for PM10 and CO with values equal to 4.0 and 3.9, respectively) while
for women the average aerobic/holistic ratio was 1.8 (maximum ratios calculated for PM10 and CO
with the values 5.1 and 5.0, respectively). The average ratio (women/men) of 1.5 was obtained for
inhaled doses, meaning that women inhales 1.5 times higher doses than men. These results points to
the importance of studying the specific VE associated with each activity and gender in the calculation

of the inhaled dose.

Inhalation of air pollutants is influenced by VE, but deposition in lungs of air pollutants is also
influenced by the amount of nasal and oral breathing and by the depth of inhalation (Zuurbier et al.,
2009). More oral breathing and deeper inhalation occur during exercise in fitness classes, both leading
to higher deposition of pollutants in lungs. In the present study, we have not been able to measure

oral and nasal breathing separately, nor have we measured the depth of inhalation.

Studies evaluating the inhaled dose of pollutants during exercise and physical activity are very scarce.
As far as we know, this parameter has only been assessed for cyclists during commuting. For cyclists,
Nyhan et al. (2014) calculate inhaled doses of 0.95 pg/kg for PM2.5 and 1.2 pg/kg for PM10. Panis et
al. (2010) calculated average inhaled doses of 0.93 pg/kg for PM2.5 and 2.1 pg/kg for PM10 (values
adapted to the body weight of the present study and for 45 minutes in order to allow comparisons).
These values are comparable with the dose estimated in our study for aerobic (0.30 pug/kg for PM2.5
and 1.2 ug/kg for PM10).
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Table 2.4 — Estimated inhaled dose of pollutants in holistic and aerobic class

Men Women
min Mean Max min Mean Max
(ng/kg) (ng/kg) (ng/kg) (ng/kg) (ng/kg) (ng/kg)
Holistic
tvVOC 2.7 6.3 14 3.1 72 16
CO, 13838 27670 40046 15947 31887 46149
O3 0.00 - 0.00 0.00 - 0.00
CcoO 1.9 4.8 11 2.2 5.6 13
CH,O 0.000 - 0.000 0.000 - 0.000
PMO.5 0.027 0.040 0.074 0.031 0.046 0.085
PM1.0 0.043 0.062 0.12 0.050 0.071 0.13
PM2.5 0.057 0.091 0.202 0.066 0.105 0.23
PMS5.0 0.070 0.16 0.49 0.081 0.18 0.57
PM10 0.070 0.23 0.70 0.081 0.26 0.81
Aerobic
tvVOC 0.29 14 74 0.44 21 108
CO, 6166 49787 176469 9070 73235 259580
05 0.304 1.6 - 0.45 24 -
co 0.00 19 80 0.000 28 117.516
CH,O 0.29 2.0 7.4 0.44 2.975 11
PMO.5 0.015 0.086 0.28 0.023 0.13 041
PM1.0 0.021 0.14 0.45 0.030 0.20 0.66
PM2.5 0.026 0.24 1.0 0.039 0.36 1.5
PM5.0 0.043 0.53 2.6 0.063 0.77 39
PM10 0.052 0.92 4.5 0.077 14 6.7

The incremental test on the treadmill showed that HR and VE are highly correlated as has also been

reported before (Zuurbier et al., 2009). HR is not only influenced by exercise, but also by coffee,

drugs, time of the day and temperature. These factors probably did not play an important role in this

study. Differences in regression equations were observed between genders. According to Harms

(2006), the reproductive hormones estrogen and progesterone can influence ventilation and

pulmonary function during exercise. This author suggests that during heavy exercise, women

demonstrate greater expiratory flow limitation and an increased effort to breath. Figure 2.17 shows

that VE varied during the classes and between classes. In aerobic classes VE levels (55 L/min) were

on average 2.1 times higher than in holistic classes (26 L/min).
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Figure 2.17 — VE and PM10 concentration and inhaled dose during holistic (a and b) and aerobic (c

and d) fitness classes, for men and women. The grey area represents the total inhaled dose of PM10.

Besides the inhaled dose, it is important to consider the uptake fraction of pollutants. The solubility of
the gaseous pollutants determines the absorption and the diffusion rates and particle size influence
deposition fraction in the lungs (Bigazzi and Figliozzi, 2014). Smaller particles enhanced the
deposition and hygroscopic aerosols will absorb water vapor from the lungs, thus growing in size and
consequently changing their deposition properties (Winkler-Heil et al., 2014). Some of the analyzed
pollutants have chemical characteristics that pose some concerns, individually or in synergistic
actions. In a study conducted by Mautz (2003) it was found that Os is capable to boost CH20 damage,
therefore the inhaled estimated dose in this study for these pollutants was low (2 pg/kg), it is
important to take into account the combined effects. CH20 is a highly soluble gas that may be
absorbed in the upper respiratory tract at resting VE values and O3 is an insoluble gas, which
penetrate deep into the lungs with the main cellular target the terminal bronchioles and proximal

alveoli. Its uptake is amplified for higher tidal volumes (volume of air in the lungs in one breath, L)
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than in breathing frequency (number of breaths per minute, breaths/min) (Mautz, 2003), thus even

differences in the respiratory pattern cause different uptake dose.

CO2 was the gas that presented the higher inhaled dose but this pollutant is a human product of
respiration. Studies showed that inhalation of high concentrations of CO2 (50000 mg/m?) during

physical activity has no effect on psychomotor performance (Vercruyssen et al., 2007).

2.3.4 Conclusions

Assessing the inhaled dose of air pollutants in fitness centers is the key determinant of the impacts
that these pollutants can have on the health of the sport practitioners. Differences between VE and
pollutant concentrations between different classrooms influence the inhaled dose of air pollution and

therefore an accurate assessment of these two parameters is fundamental.

Study the dose is also a complex challenge. The inhaled dose is affected by several physiological and
chemical mechanisms. Also the differences in the definitions used among the researchers lead to
complex and tricky comparisons between the studies. Knowing that trained or recreational athletes are
at special risk when they are practicing exercise in polluted environments, this study assessed by the
first time air pollutants’ inhaled dose by users of fitness centers during the physical activity. VE for
different fitness classes were estimated based on the measurement of HR. Results generated within

the present work can be used to calculate inhaled dose in future studies with a similar population.

From the results can be concluded that the magnitude of differences in pollutant concentrations
depend not only on the fitness center, but also on the type of activity that occur inside the classrooms.
During aerobic classes the concentrations of particles and CO2 were higher than in holistic classes.
Also the VE is higher during aerobic classes and consequently inhaled dose is on average 2.1 times
higher in this activity compared with the holistic classes. This study illustrates the importance of
inclusion VE data in comparing inhaled doses for different population groups. Sport activity in
fitness centers has undeniable positive effects on the health of the sport practitioners. The results
presented in this chapter should be seen as an opportunity to improve environmental conditions in

gymnasiums in order to potentiate their positive impacts.
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3 Cycling in Urban Areas

3.1 Exposure Assessment of a Cyclist to Particles and

Chemical Elements

Based on the article:
Exposure assessment of a cyclist to particles and chemical elements
C.A. Ramos, J.R. Silva, T. Faria, H.T. Wolterbeek, S.M. Almeida,

submitted to Environmental Science and Pollution Research

3.1.1 Abstract

Cycle paths can be used as a route for active transportation or simply to cycle for physical activity and
leisure. However, exposure to air pollutants can be enhanced while cycling, in urban environments,
due to the proximity to vehicular emissions and elevated breathing rates. The objective of this work
was to assess the exposure of a cyclist to particles and to chemical elements by combining direct
reading equipment and biomonitoring techniques. PM10 and PM2.5 were measured during 60 travels,
performed on three cycle paths located in Lisbon throughout weekdays and weekends and during rush
hours and off-peak hours. Lichens were exposed along cycle paths for 3 months and their element
contents measured by Instrumental Neutron Activation Analysis using the kO methodology (kO-
INAA). Results of this study indicated that using a bicycle commute route of lower traffic intensity
and avoiding rush hours or other times with elevated vehicular congestion facilitate a significant
reduction in exposure to pollutants. The implementation of cycle paths in cities is important to
stimulate physical activity and active transportation; however it is essential to consider ambient air

and pollutant sources to create safer infrastructures.

3.1.2. Introduction

The increased mobility of people with recurrent use of private cars, even for short distances,
transformed road traffic to being a major contributor to the poor air quality in urban areas. In cities,

traffic-generated emissions were estimated to account for more than 50% of the total emissions of PM
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(Han and Naeher 2006) that are of central importance for atmospheric chemistry and physics,

biosphere, lithosphere, hydrosphere, climate and public health.

Evidence linking PM exposure to adverse human health impacts, especially associated with
respiratory and cardiovascular mortality and morbidity, is well reported in literature (Nyhan et al.
2013; Almeida et al. 2014a). In 2013 the International Agency for Research on Cancer (IARC) from
the World Health Organization (WHO) declared PM as a human carcinogenic from group 1 (IARC
2013).

PM effects have been seen at very low levels of exposure and there is no evidence of a safe level of
exposure or a threshold below which no adverse health effects occur. This is due to the fact that PM is
a complex mixture of microscopic particles enriched with different chemicals, including heavy
metals, derived from both anthropogenic and natural sources. From a mechanistic perspective, it is
highly plausible that the chemical composition of PM would better predict health effects than other
characteristics such as PM mass or size. This is consistent with the large number of laboratory studies
that demonstrated compositional variability in PM toxicity and epidemiological studies that portray

the regional heterogeneity in PM-related health effects (Zanobetti et al., 2009; Bell et al., 2008).

There is thus a new paradigm in society: the sustainable mobility and the demand for new transport
policies that can be the alternative to individual transport. In southern European countries, which
presents the lowest physical activity rates (Eurobarometer 2014), cycling can represent an important
alternative, not only to encourage healthy behaviors and promote physical activity, but also to
promote active transportation and reduce pollutant emissions. However, besides policies that increase
active travel which are likely to generate large individual health benefits, depending on the conditions
of policy implementation, risk tradeoffs are possible for some individuals, who shift to active travel,
by increasing inhalation of air pollutants and exposure to traffic injuries. Cycle lanes and paths have
been built to promote active transportation and physical activity and to bring some order and safety
for cyclists and car users. However, route selection is very important to decrease cyclist exposure to
air pollutants. While PM inhalation may affect those with pre-existing condition, the healthy
population is not immune to the effects of PM inhalation, especially during exercise in active
transportation. This population is susceptible to pulmonary inflammation, decreased lung function,
increased risk of asthma, vascular endothelial dysfunction, mild elevations in pulmonary artery
pressure and diminished exercise performance (Cutrufello et al. 2012). Car drivers in urban
environments are exposed to higher pollutant levels than cyclists, however cyclists are especially at

risk (Carlisle and Sharp 2001) resulting in enhanced inhaled doses for cyclists (Rank et al. 2001).
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The assessment of human exposure to particles concentration and chemical composition in cycle
routes requires the combination of different methods. Instrumental techniques are commonly used to
measure atmospheric particles concentration; however, the instrumental monitoring methodology
performed with stationary sampling stations is limited to a few number of sampling equipment and do

not represent the human exposure while cycling.

Portable equipment to measure PM levels combined with GPS data is thus essential to assess cyclers’
exposure to particles concentrations. Several works assessed the exposure of cyclists to PM
concentrations using this methodology (Boogaard et al. 2009; Berghmans et al. 2009; Int Panis et al.
2010; Cole-Hunter et al. 2012; Elen et al. 2013). However, as far as we know, no work attempts to
assess the exposure to chemical elements probably due to the inherent technical difficulties. Firstly,
on-line methodologies to measure the element composition of particles while cycling are not
available. Secondly, the short period of a travel does not allow the sampling of enough mass of
particles, by personal samplers, for subsequent chemical analysis, in order to calculate the average

exposure to elements for each route.

Biomonitoring techniques can be regarded as a complementary technique to assess the distribution of
chemical elements spatially (Almeida et al. 2012c). Lichens and mosses are believed to be the best
biomonitors of several atmospheric pollutants, including chemical elements, gases and dioxins. This
belief is rooted on two characteristics of these organisms: 1) they acquire nutrients virtually
exclusively from atmospheric deposition; and 2) they have a simple physiology which makes them
relatively passive accumulators (Bargagli 1998). Compared to conventional instrumental monitoring,
biomonitoring offers advantages that are difficult to surpass: 1) the ability to perform high-density
sampling at virtually any desired spatial scale, and 2) the ability to measure a wide range of pollutants
simultaneously. This is achieved at comparatively low costs and man-power, since biomonitors are
energetically self-sustainable, require no maintenance and are not attractive targets of vandalism. The
successful implementation and the usefulness of atmospheric biomonitoring are reflected 1) in the
large number of biomonitoring surveys performed throughout the world at international (Harmens et
al. 2010), national (Freitas et al. 2000), regional (Almeida et al. 2012c; Lage et al., 2014) and indoor
levels (Canha et al. 2012b, 2014), 2) its widespread use in the identification and characterization of
emission sources (Marques et al. 2008) and 3) more recently its application in the realm of human

epidemiology (Sarmento et al. 2008; Wolterbeek and Verburg 2004).

The aim of this work was 1) to evaluate the personal exposure to PM10 and PM2.5 on three different
cycle routes located in Lisbon, ii) to estimate the inhaled dose of PM during the selected paths, iii) to
identify pollutant sources, iv) and to map PM2.5, PM10 and chemical elements concentrations. This

work will contribute to apportion sources of pollutants that affect cyclists, to identify the best areas to
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build new cycling infra-structures, and to support cyclists in the selection of the safer paths and/or

periods to cycle.

3.1.3 Methodology

3.1.3.1 Area of Study

The present study was developed in Lisbon, the capital city of Portugal. In Lisbon, traffic is the main
source of atmospheric pollution (Almeida et al. 2009a,b). Due to the geographic position of Lisbon —
on the extreme southwest of Europe — and to the dominant western wind regime, influenced by the
presence of the semi-permanent Azores high-pressure and the Icelandic low-pressure systems over the
North Atlantic Ocean, high levels of pollutants should be expected. The transport of maritime air
mass is usually associated with cleaner air masses from the Atlantic Ocean and with better dispersion
conditions of pollutants coming from the industrial areas (Almeida et al. 2013b). Nevertheless, under
adverse meteorological conditions, low dispersion conditions and thermal inversions, high
concentrations of air pollutants are registered. Moreover, in Lisbon, natural PM sources cause a
number of PM exceedances. Prior studies in Lisbon have shown that natural mineral particulate
sources such as high-dust Saharan air mass intrusions interfere with the monitoring of the incidence

of anthropogenic emissions on ambient air PM levels (Almeida et al., 2008).

In the last years Lisbon increased the incentive to the use of bicycles as an active mode of
transportation, or as a complement of public transportation by including changes in the Portuguese
Road Code and changes in the municipality regulations for cyclists (Barreto 2013). From a total of
90km of cycling paths in Lisbon, three paths separated from vehicle traffic, each with different

characteristics, were selected for this study (Figure 3.1).

- Cidade (11.8km) starts in Gare do Oriente and finishes in Benfica. This path goes through
the city, intersecting other cycle paths, roads, city parks and green corridors;
- Ribeirinho (17.8km) starts in Parque das Na¢des and go along with Tagus river until Belém;

- Monsanto (5.6km) is placed inside a florestal zone.
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Figure 3.1 — Location of the three cycle paths in Lisbon (Cidade, Monsanto and Ribeirinho) and

£

original location of the transplanted lichens (Montargil)

3.1.3.2. Personal Sampling

Air pollution measurements were performed during rush hours (8h — 10h) and off peak hours (11h —
13h) along the three pre-designated cycling paths in Lisbon. Each route was monitored 20 times: 10
trips were performed during weekends and 10 trips were performed during weekdays. This
methodology resulted in a total of 60 sampling campaigns and lasted from May to August 2014.
PM10 and PM2.5 measurements were obtained with two personal samplers SidePak AM510 (TSI,
EUA). The position of the cyclist was recorded with a Garmin Etrex20 GPS (Garmin, USA).
Concentrations and location were recorded each 10s. All the campaigns were performed on non-rainy

days.

3.1.3.3. Biomonitoring with Lichens

Samples of the lichen Flavoparmelia caperata with their substrate olive bark were collected from
olive trees at about 1.5m above the soil in Montargil (39°03°24>> N and 8°10°36°> W) on the 3™ April
2014. Montargil is a Portuguese rural area that presents low levels of air contamination (Almeida et
al. 2012c). Before exposure, a random selection of 10 lichens was separated to serve as reference
blank samples. After 4 days, a total of 53 samples with an average of 3.3g of lichen in each sample,

still attached to their substrate olive bark were suspended in trees, fixed to a nylon rope, at about 1.5m
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above the soil, along the three cycle lanes with an interval distance of 1.5km. Lichens were exposed

for 3 months, from April 7% to July 21512014,

3.1.3.4 Assessment of the Cell Membrane Integrity in Lichen

After exposure, lichen samples were firstly cleaned from dust, leaf debris, fungus contamination, and
degraded material in the laboratory. To judge lichen vitality, exposed transplants were soaked in
demineralized water, after which water conductivity was determined. The procedure followed three
steps: 1) lichen material was cleaned and rinsed rapidly with demineralized water, 2-3 times for 5
seconds each; 2) after drying, approximately 1g of lichen was weighed and immersed in 100 ml
demineralized water for 1h; and 3) after removal of the lichens, electric conductivity of the solution
was measured with a Conductometer Metrohm 712. Blanks were made by repeating the same
procedure without immersing the lichens, with their conductivity subtracted from the conductivity of

the sample solution.

3.1.3.5. Element Concentrations by ko-INAA

The determination of elemental concentrations in lichens was performed by ko-INAA in a Portuguese
Research Reactor (Freitas et al., 2000; Almeida et al., 2013a). Lichens were freeze-dried, ground in a
Teflon ball mill, encapsulated, with capsules containing 150-180mg of the samples and irradiated for
5h at a thermal neutron flux of 1.03 x 10'3 cm?/s. After irradiation, two spectra were obtained with a
germanium detector: 1) Samples were measured 3 days after irradiation for a period of 3.5 h; and 2)
the same samples were measured again 4 weeks after the irradiation during a period of 3.5h.
Irradiations allowed for determination of the elements As, Br, Ce, Co, Cr, Eu, Fe, Ga, K, La, Na, Rb,

Sb, Sc, Se, Sm, U, W, and Zn.

The accuracy of the analytical method was evaluated with the certified reference material IAEA-336
which was prepared identically to the samples and co-irradiated with them (Dung et al., 2010;
Almeida et al., 2014b). During the sampling campaign, 9 blank samples were treated the same way as
regular samples. All measured species were homogeneously distributed; therefore, concentrations

were corrected by subtracting the blank contents.

3.1.3.6. Statistical and Data Analysis

Graphical images were produced with Origin® 7.5 and ArcGIS® 10 was used to create the pollutant

maps. Statistica® 12 was used to perform statistical analysis.
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3.1.4 Results and Discussion

3.1.4.1 Quality Control

3.1.4.1.1 Quality control of ko-INAA results
The quality control of ko-INAA results were obtained by using the reference material IAEA-336 and

by calculating the Zeta Score according to equation 2:

Xlab—X: .
¢ = —lab "ref (equation 2)
2 2
,,ulab+uref

in which xiap is the mass fraction of the measured result of the element in the reference material, xref is
the certified/indicative mass fraction, uib is the combined standard uncertainty of the measured result
and urer is the combined standard uncertainty of the certified value. The results were interpreted
according the following classes: |(| < 2, considered as a satisfactory level; 2< |{| <3, classified as a
questionable level and || > 3, which is an unsatisfactory level (ISO 17043). Figure 3.2 indicates that

the obtained results were satisfactory and did not differ significantly from the certified ones.
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Figure 3.2 — Control chart showing the Zeta-score obtained for the certified reference material IAEA-
336 analyzed by ko-INAA.

3.1.4.1.2 Personal monitors
Prior to the sampling campaign, the SidePak AM510 worked in parallel with a Gent sampler which
collects PM2.5 and PM2.5-10 samples in polycarbonate filters for gravimetric analysis (considered as
reference method). The equipment worked continuously for 8h during a 5 day period. Figure 3.3
shows that the SidePak measured the highest PM2.5 concentrations (SidePak/Gent = 1.2, r> =0.69),
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which is consistent with work developed by Zhu et al. (2015), while PM10 concentrations measured
by SidePak were lower than the ones measured by the Gent sampler (SidePak/Gent = 0.61, r*> =0.78).
Considering that the light-scattering properties of PM vary substantially with particle size and
composition, the SidePak measurements were calibrated, based on the reference methodology, to the

specific aerosol being sampled (McNamara et al. 2011; Diapouli et al. 2008).

= PM2.5 * PM10
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Figure 3.3 — Control chart showing the comparison between PM2.5 and PM 10 measured by Side Pack

and gravimetry (values in ug/m?).

3.1.4.2. Particle Exposure and Dose

3.1.4.2.1 Exposure
Traffic-related air pollution exposure tends to be higher during travel because of the proximity to
other vehicles. Exposure differences can vary considerably by the localization of the path, local traffic

and period of the day.

Figure 3.4a shows that Ribeirinho cycle path recorded the highest PM10 mean concentration for the
studied periods, both in weekdays 39.1 + 23.5ug/m® at 8h and 34.8 + 17.5 pug/m? at 11h) and
weekends (43.4 + 29.1 pg/m’ at 8:00 and 40.7 + 27.7 ug/m’ at 11:00). Mann-Whitney test showed

significantly higher concentrations at 8h and during weekends.

Cidade cycle path registered the maximum PM10 concentrations of 653.4 ug/m? and 635.4 ug/m’ in
very specific points, influenced by heavy traffic. However, exposure on this cycle path was lower
than in Ribeirinho, mainly because this path crosses some urban green areas. The PM10 mean
concentrations measured in this path during the weekdays was 26.7 + 24.7 pg/m’ at 8h and 25.4 +
26.7 ug/m>at 11h and during the weekend was 18.8 + 11.8 ug/m® at 8h and 18.5 + 18.3 pg/m? at 11h.
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Mann-Whitney test showed that concentrations were significantly higher during the weekdays and

during the rush hours.

Monsanto cycle path recorded the lowest PM10 mean concentrations both in weekdays (25.4 + 13.8
pg/m3 at 8h and 25.2 + 11.7 pg/m? at 11h) and weekends (15.1 + 38.6 pg/m? at 8h and 11.5 + 6.8
pg/m3 at 11h). This result was expected due to the fact that the path is located in a forested area of
Lisbon. Mann-Whitney test showed that concentrations were significantly higher during the weekdays

and at 8h during the weekend.

Figure 3.4b shows that Ribeirinho path registered the highest PM2.5 concentrations, both in weekdays
(11.8 + 13.4 pg/m? at 8h and 10.1 + 10.6 pg/m? at 11h) and especially during the weekends (19.8 +
21.7 pg/m? at 8h and 18.9 + 18.1 pg/m? at 11h). Significantly higher concentrations were registered

during the weekends and at rush hours only during the weekdays.

The mean PM2.5 concentrations obtained in Cidade and Monsanto were 7.5 + 11.6 pg/m* and 7.1 +
13.0 pg/m?, respectively. During weekends, the Monsanto cycle path registered the lowest PM2.5
concentrations among the studied days, periods and paths (6.3 = 5.6 ug/m?).

In Figure 3.5a and 3.5b, measured PM concentrations were coupled with the GPS position and then
projected in the entire routes. The generated pollutant maps were very suitable to detect hotspots of
high pollutant concentrations. The interpolation with Natural Neighbor technique was applied to
obtain a continuous representation of data. The PM10 and PM2.5 classes were created according with

the European Directive for ambient air quality (2008/50/CE).
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Figure 3.4 — Box-plot of PM10 and PM2.5 concentrations measured in the cycle paths (values in
ug.m). Graphs present the minimum and maximum (-), 1% and 99" percentile (x), 25", 50" and 75%

percentile (box range), 5™ and 95 percentile (box whisker) and mean (o). The black line indicates
the legal limit value for PM10 (50pg/m?) for PM2.5 (25ug/m?).
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Figure 3.5a — Pollutant maps of PM10 concentrations along cycle paths, for weekday and weekends,

at 8h and 11h.

Monsanto Monsanto

Ribeirinho

The generated pollutant maps were very suitable to detect hotspots of high pollutant concentrations.
Higher concentrations of PM2.5 and PM10 were clearly observed on the Ribeirinho cycle path. In
these hotspots the limit value established by the Directive 2008/50/CE for PM10 and PM2.5 were
exceeded. Two major contributing factors justify the highest concentrations in this cycle path
principally during the weekends. Firstly, this cycle path goes side by side with a traffic road that leads
to the downtown of Lisbon, which is used substantially for leisure and tourism. The circulation in this
road is forbidden (in defined zones) for Euro 2 vehicles on weekdays. Thus on weekends, when the
restriction is not applied, road traffic increases, leading to an increase in particle concentrations.
Secondly, the Lisbon harbour can play an important role in high levels of PM presented in figure 3.5.

Several harbour activities can potentiate negative environmental impacts, especially on air quality
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levels. Besides the direct emissions from ships, the operations of loading, unloading and transport of
dusty materials in harbours contributes highly to the emission of atmospheric particulate matter
(Almeida et al. 2012a). In Greece, researchers found evidence to support that port activities affect the
city's air quality with PM2.5 levels observed to be higher in the port area compared to the city center

(Tolis et al. 2015; Tolis et al. 2014).
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Figure 3.5b — Pollutant maps of PM2.5 concentrations along cycle paths, for weekday and weekends,
at 8h and 11h.

3.1.4.2.2 Dose

Exposure occurs when an individual comes in contact with a pollutant while dose is the amount of
material absorbed or deposited in the body for an interval of time (Monn 2001). Increased physical
effort leads to elevated inhalation rates, thus higher inhaled doses and subsequent higher lung

deposition of air pollution per unit time spent in commute. The determination of the dose goes beyond
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examining only exposure concentrations by including the VE and travel duration to compare intake
dose per trip. Equation 3 was applied to estimate the average inhaled dose per km for each cycle path:

CixVExt
Km

Dose(ug/Km) = (equation 3)

where:

Ci is the average concentration of the pollutants measured in one trip;
t is the time spent in a trip (min);

VE is the minute ventilation (L/min);

Km is the length of the cycle path (km).

The VE for cycling activity has been measured by several authors (Zuurbier et al. 2009, 2010; Int
Panis et al. 2010; Cole-Hunter et al. 2012; Nyhan et al. 2014). However, due to differences on
velocity, heart rate, fitness status of the individual, type of bicycle, road and terrain the results differ
from work to work. The present work used the values recommended by the Environmental Protection
Agency for VE estimated for high intensity activities (>6 MET) which is the rate considered for
cycling on ‘self-selected pace’ (EPA, 2011b; Bigazzi and Figliozzi 2014) (table 3.1).

Table 3.1 — VE defined by EPA (2011b)

VE
Age group high intensity
activities (L/min)

21-31 53.9
31-41 54.3
41-51 573
51-61 58.4
55.98

Mean

The mean time spent in each cycle path was calculated and 85 min for Ribeirinho path, 75 min for

Cidade path and 26 min for Monsanto path.

Figure 3.6 presents the calculated inhaled doses for the cycle paths. Ribeirinho cycle path presented
the highest values of inhaled doses for PM10, on weekdays (10.5 pg/km at 8h and 9.3 pg/km at 11h)
and weekend (11.6 pg/m at 8h and 10.9 pg/km at 11h), as a result of higher PM concentrations and
longer time cycling associated with this path. Cidade cycle path showed higher doses for PM10 on
weekdays (9.5 pg/km at 8h and 9.0 pg/km at 11h) but higher PM2.5 doses on weekends (2.9 pg/km at
8h and 3.0 pg/km at 11h). Monsanto presented the lowest doses for PM10 (6.6 pg/km at 8h and 11h
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at weekdays; and 3.9 pg/km at 8h and 3.0 pg/km at 11h weekends) and for PM2.5 (2.0 pg/km at 8h
and 2.2 ug/km at 11h at weekdays and 1.6 pg/km at 8h and 11h on weekends).
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Figure 3.6 — Inhaled doses of PM2.5 and PM10 on the cycle paths for the studied periods (8h and
11h) on weekdays (w.day) and weekends (w.end).

3.1.4.3 Biomonitoring

3.1.4.3.1 Electric conductivity
Electric conductivity is an indicator of lichen vitality. This parameter is affected by environmental
stressors, especially environmental pollution and meteorological conditions, to which the lichen is
exposed in the place where it was transplanted. Changes in membrane permeability and the loss of
electrolytes have been shown to negative correlate with the presence of gaseous pollutants in the air,
such as SOz, O3 and NOz (Godinho, 2010). Figure 3.7 presents the conductivity levels measured after
the exposure and the difference between the conductivity measured before and after exposure. Results
show that the Ribeirinho cycle path was the one with highest levels of conductivity (mean 25.03
mSm'g!), followed by Cidade (mean 15.76 mSm'g™!) and Monsanto that presented the lowest levels
(mean 9.48 mSm'g™"). The difference between conductivity levels before exposure and after exposure
was always positive in Ribeirinho path, while in Monsanto the diference was negative or very low,
except for lichen with reference M10 that was exposed near a traffic area located in the end of the
path. This result indicates higher pollution levels in Ribeirinho path which is in agreement with

results obtained for the instrumental measurements.
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Figure 3.7 — Lichens conductivity measured after exposure (values in mSm'g") and difference

between conductivity measured before and after exposure (values in %).

3.1.4.3.1 Element mapping and sources
Pollutant sources were identified by means of principal component factor analysis (PCA) using
STATISTICA® 12 software. This was performed by utilizing the orthogonal transformation method
with Varimax normalized and retention of principal components whose eigenvalues were greater than
unity. Factor loadings indicated the correlation of each pollutant species with each component which
were also related to the source emission composition. Only the elements quantified in more than 70%
of the samples were retained for PCA analysis. To evaluate the strength of the crustal and non-crustal
origin of the elements, the crustal enrichment factor method has been used. EF using Sc as a crustal
reference element (EFsc) were calculated based on equation 4 (Mason and Moore, 1982) and using

soil composition:

[x]

1scl/y:
EFg. = % (equation 4)

[Scl/ soil

Given the local variation in soil composition, EFsc > 10 suggests that a significant fraction of the
element was contributed by noncrustal sources. Figure 3.8 presents the crustal EF in relation to the

element Sc (EFsc) for exposed lichens.
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Figure 3.8 — Crustal enrichment factors in relation to the element Sc (EFsc) for exposed lichens.

GIS provided spatial linkage that enabled the integration of measures of proximity, connectivity,
density and other environmental factors (Saelens et al. 2003). The application of GIS on
environmental studies has proven to be effective on the identification of hotspots (Lage et al. 2014).
Figure 3.9 shows the spatial distribution of the elemental contents measured in the transplanted

lichens.

Four main chemical profiles were identified, which accounted for 85% of the total variance (table
3.2). The first factor represented the crustal contribution defined by typical soil elements, such as Cs,
Fe, La, Rb and Sc. Results from EFsc confirmed that Sc, Cs, Fe, La and Rb had a crustal origin. K
also presented some association with this factor. Canha et al. (2012c) associated insoluble K with soil
sources but this element can also be related to physiological components of lichens (Canha et al.,
2014d). These elements presented the highest concentrations on Cidade path, probably due to the
resuspension of dust in areas of greater traffic (Av. Brasil and Campo Grande), and in Monsanto path
due to the contribution of unpaved surfaces. The second factor composed with As, Ce and Co might
be related with industrial sources located in the north of Lisbon and in the southern of Tagus river

(Almeida et al., 2009a).

The third factor, correlated with Sb and Zn, is associated with road traffic, mainly from the abrasion
of tires and breaks (Almeida et al., 2007). The highest concentrations of Sb and Zn were found in the
paths located near roads with greatest amounts of traffic and near the river, indicating a possible

contribution from ships to the increased concentration of these elements. Ca is also associated with
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this factor, with calcareous rocks used for sidewalk coating (Almeida et al., 2013b) and cement
production the main sources in Lisbon. Enrichment factors for Zn, Sb and Ca suggested a significant
fraction of these elements originated from noncrustal sources. The fourth factor represented the
marine spray, as indicated by the high Na and Br factor loadings. Na concentrations were higher
along the Ribeirinho path which indicates an association between this element and the sea. Br can
have double origin, from sea spray or from combustion process (Calvo et al. 2013). EF suggested the

origin of Br from noncrustal sources.

Table 3.2 — Varimax normalized rotated factor loading PCA to exposed lichens

PC 1 PC2 PC3 PC4

Soil Industry Traftic Sea

As 0.16 0.69 -0.30 0.52
Br 0.21 0.23 -0.06 0.77
Ca -0.15 -0.22 0.49 0.33
Ce 0.13 0.95 0.11 0.04
Co 0.05 0.96 0.11 0.17
Cs 0.89 0.07 -0.11 -0.22
Fe 0.90 0.09 0.29 0.06
K 0.85 -0.08 -0.28 0.11
La 0.93 -0.11 0.09 -0.15
Na -0.35 0.05 0.10 0.80
Rb 0.89 0.28 -0.13 0.13
Sb -0.35 0.16 0.89 -0.02
Sc 0.95 0.09 -0.04 0.08
Se 0.25 -0.68 0.20 0.57
Zn 0.37 0.03 0.87 -0.08
% total variance explained 36.2 20.2 14.3 13.9
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3.1.5. Conclusions

In this work a methodology was developed to assess, by the first time, the exposure to chemical
element during cycling. For that besides the traditional use of instrumental approaches, biomonitoring
techniques, which have already been successfully used in other contexts, were applied. The developed
methodology not only allowed to map the exposure to PM and chemical elements, but also identified

the areas with stronger influence of specific emission sources by using PCA, EFs. and GIS.

PM concentrations measured in different cycling routes and at different time periods and the spatial
distribution of element contents indicated that using a bicycle commute route of lower traffic intensity
compared to higher proximity of motorized traffic facilitates a significant reduction in exposure. The
cycle path close to Tagus river presented the highest concentrations of particles than the other two
cycle paths due to the influence of traffic, ship emissions and harbor operations. The evaluation of
exposure during different weekdays and periods indicated the importance of the Lisbon low emission

zone program in the reduction of pollutant exposure during the week.

The use of bicycles brings benefits not only to health but also for the environment. However, the
effects of PM inhalation should not be dismissed when considering healthy populations performing
exercise. Exercise should be avoided in areas where PM levels exceed the limit concentration defined
by the EU directive e.g. along congested roadways. Considering the acute and chronic physiological
responses to PM inhalation, individuals living and exercising in urban areas, in close proximity to
major roadways and other emission sources, should consider ambient pollution levels before engaging
in active modes of transportation, by selecting the cycling path at a greater distance from PM sources
and by avoiding rush hours or other times with elevated vehicular congestion. Athletic filtration
masks are also available to reduce PM exposure preventing the rise in systolic blood pressure and
decreasing variability in heart rate that normally occurs following exposure to PM. Moreover,
creating infrastructures that support alternatives to the use of private transport must be planned and
structured. The location of the bike paths should be carefully evaluated and studied by authorities in
order to enhance the benefits of this activity and to reduce the negative impacts on health. Cycle paths
should be built far from high-traffic roadways and when not possible should have trees, preferably

evergreens, placed between the road and the path.
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4 Active Transportation

4.1 Air pollutants exposure and inhaled dose during urban
commuting: a comparison between cyclists and motorized

modes

Based on the article:

Air pollutant exposure and inhaled dose during urban commuting: a comparison between cycling and
motorized modes

C.A. Ramos, H.T. Wolterbeek, S.M. Almeida

Air Quality, Atmosphere and Health [in press], DOI: 10.1007/s11869-015-0389-5

4.1.1 Abstract

Active commuting has great health, environment, economic and social benefits. However, cyclists are
at risk for exposure to vehicle-related air pollutants due to their proximity to vehicle traffic and
elevated respiratory rates. More information on differences in inhaled doses between different
transport modes is needed. The aim of this study is to assess and map the exposure of air pollutants to
travelers using different transportation modes, and to consider VE variability and travel duration for
the calculation of inhaled dose. PM10, PM4, PM2.5, PM1, CO, VOC, CO,, O3 were measured
between December 2013 to March 2014 in a total of 75 travels performed by bus, metro, car, bicycle
and motorcycle at five periods of the day (8h, 11h, 14h, 17:30h, 21h). Results showed that car drivers
and bus passengers in urban streets may be exposed to higher pollutant levels than cyclists traveling
in the same streets. However, this enhanced air pollution exposure is compensated by the higher
ventilation rates of cyclists, which presented the highest inhaled doses. To reduce exposure
concentrations, spatial and temporal separation of cyclists from motorized vehicle traffic should be

achieved with separated bicycle facilities, low volume routes and off-peak travel.
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4.1.2 Introduction

A large number of studies have indicated strong associations between ambient air pollution levels and
adverse health effects (Kampa and Castanas, 2008; Hall et al., 2010; Pascal et al., 2013). Studies of
long-term exposure to air pollutants have showed an increased risk of chronic respiratory illness
(Kariisa et al., 2015), cardiopulmonary mortality (Beelen et al., 2014) and development of several
types of cancer (Barrett, 2014), whereas higher prevalence of bronchitis, acute cardiovascular disease,
asthma and other symptoms have been associated with short-term exposure to air pollution during
periods with enhanced concentration levels (Almeida et al., 2014; Cruz et al., 2015; Canha et al.,

2011).

There is often substantial traffic density in urban areas and the dispersion of the emitted pollutants is
strongly suppressed by the presence of buildings. Air pollution exposure is particularly high for
travelers due to the proximity to mobile sources of pollution. Bigazzi and Figliozzi (2014) presented a
conceptual diagram linking traffic-related pollution emissions and health effects. In resume,
motorized vehicle emissions degrade urban air quality in accordance with atmospheric dispersive,
chemical and physical processes. Travelers’ exposure concentrations then depend on their travel
trajectory and travel duration. The inhalation of traffic-related air pollution mainly depends on
travelers’ breathing volume while exposed to a pollutant concentration (Int Panis et al. 2010). Uptake
of the inhaled pollutants into the body depends on processes in the respiratory tract and other body
systems (Bigazzi and Figliozzi, 2014). Finally, the health effects of air pollution uptake doses are a
function of the toxicity of the pollutants and physiology of the individual.

Active transportation and sustainable mobility are considered a priority in several European
commitments and environmental declarations, such as Parma Declaration, Amsterdam Declaration
and the Transport, Health and Environment Pan-European Program 2009-2014. These documents
address the need of safe environments by decreasing the incidence of acute and chronic respiratory
diseases by reducing exposure of people to air pollutants and improving conditions for physical
activity. Moreover, these documents encourage policymakers to develop targeted strategies and
concrete measures that support environment-friendly and health-promoting transport, including
pedestrian and cycle-friendly cities (WHO, 2009c; WHO, 2010b). Several local policies attempt to
reduce traffic emissions in cities by promoting active transportation, encouraging healthier behaviors,
promoting physical activity, and improving public transportation (de Nazelle et al., 2012; CML, 2014;
Rojas-Rueda et al., 2011; UNEP, 2009).

However, besides the unquestionable health, environmental, economic and social benefits of active

transportation, bicycle commuters using on-road routes during peak traffic times are sharing a
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microenvironment with high levels of motorized traffic, a major emission source of air pollutants.
Cyclists are exposed to higher peak concentrations since in-vehicle concentrations are buffered by
limited air exchange. In addition, cyclists experience increased physical activity relative to less active
commuters which travel via such methods as bus, metro and car. Increased physical effort leads to
elevated inhalation rates, thus higher inhaled doses and subsequent higher lung deposition of air

pollution per unit time spent in commute.

Moreover, travel duration also influence the potential exposure of bicycle commuters. Bicycling is, by
far, the most studied mode of active transportation and has been compared with other transportation
modes in several cities in the world (Kaur et al., 2007). However, few studies have taken into account
that cyclists have variable and increased inhalation rates relative to other commuters, which influence
their inhaled and lung deposition rates. The health risks of air pollution exposure during travel are not
easily characterized because of numerous individual, environmental, and traffic factors involved.
Health effect studies of cyclists’ exposure to air pollution have focused on respiratory and
cardiovascular biomarkers following acute (0.5-2h) exposures to traffic. However, these studies
showed inconsistent results, some reporting insignificant acute effects and others reporting some
cardiovascular or respiratory biomarker changes (Bigazzi and Figliozzi, 2014). Therefore, more
research is needed to provide better quantification and understanding of the risks and benefits of

changing to active transportation.

The objective of this chapter is to assess and map exposure to CO, CO2, COV, O3 and PM for
travelers using different transportation modes: bicycle, car, motorcycle, metro and bus. This inter-
modal pollution exposure comparison considers comprehensive and representative modal travel
characteristics and the variables, VE and travel duration for the calculation of inhaled dose. This work
contributes for the development of dose-response functions for health effects of chronic short-
duration high-intensity air pollution exposure episodes, for the identification of measures to reduce air
pollution exposure to the cyclists, and to understand whether the benefits of physical activity from

cycling outweigh the risks from air pollution.

4.1.3 Methodology

4.1.3.1 Area of Study

The nature of modern society in many countries both affords and expects a high degree of personal
mobility. The Portuguese population spends 80 minutes per day commuting (Renascenga, 2015) with

70% of movement in Lisbon 70% are between home and work. Lisbon gathers special conditions
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affecting the use of bicycles, which motivate the authors to develop this inter-modal study in the

capital city of Portugal.

Firstly, Lisbon has peculiar topographic characteristics recognized by its hills (with altitude up to
110m) and planaltic zones (with an average altitude of 80m) (Santos, 2009) so air pollution levels

vary significantly between streets and even street sections.

Secondly, air quality in Lisbon frequently exceeds the limit values defined by the European Air
Quality Directive (2008/50/EC), with Av. da Liberdade considered one of the most polluted avenues
in Europe. In Lisbon, traffic is the main source of atmospheric pollution (Almeida et al., 2009a,b).
Due to the geographic position of Lisbon — on the extreme southwest of Europe — and to the dominant
western wind regime, influenced by the presence of the semi-permanent Azores high-pressure and the
Icelandic low-pressure systems over the North Atlantic Ocean, high levels of pollutants should be
expected. The transport of maritime air mass is usually associated with cleaner air masses from the
Atlantic Ocean and with better dispersion conditions of pollutants coming from industrial areas
(Almeida et al., 2013b). Nevertheless, high concentrations of air pollutants are registered under
adverse meteorological conditions, low dispersion conditions and thermal inversions. Moreover, in
Lisbon, natural PM sources cause a number of PM exceedances. Prior studies in Lisbon have shown
that natural mineral particulate sources such as high-dust Saharan air mass intrusions interfere with
the monitoring of the incidence of anthropogenic emissions on ambient air PM levels (Almeida et al.,

2008; Almeida et al., 2013a; Almeida-Silva et al. 2013; APA, 2013).

Thirdly, in the last years Lisbon increased the incentive for the use of bicycles as an active mode of
transportation, or as a complement of public transportation by including changes in the Portuguese

Road Code and changes in the municipality regulations for cyclists (Barreto, 2013).

In the present study, exposure was determined for working days along a popular Lisbon route (figure
4.1) going from a residential zone (Telheiras neighborhood) to the working place located in the city
center (Restauradores square). The route passes through the main squares of the city (Campo Grande,
Entrecampos, Saldanha, Marqués de Pombal and Restauradores), where several areas of trade,
services and employment are located. The 7km route was the same for bicycle, car, motorcycle, buses
and metro. This route has a metro line (green line of the Lisbon Metro), a bus line and part of it has
cycle paths (designated for cyclist use within the right of way of a public road but outside of the

roadway) and a cycle lane (part of the road on both sides, separated by a solid white line).
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Figure 4.1 — Localization of Lisbon in Europe and identification of the selected route. Red line — road;

Green line — cycle path; Yellow line — cycle lane.

In the present study, exposure was determined for working days along a popular Lisbon route (figure
4.1) going from a residential zone (Telheiras neighborhood) to the working place located in the city
center (Restauradores square). The route passes through the main squares of the city (Campo Grande,
Entrecampos, Saldanha, Marqués de Pombal and Restauradores), where several areas of trade,
services and employment are located. The 7 km route was the same for bicycle, car, motorcycle,
buses and metro. This route has a metro line (green line of the Lisbon Metro), a bus line and part of it
has cycle paths (designated for cyclist use within the right of way of a public road but outside of the

roadway) and a cycle lane (part of the road on both sides, separated by a solid white line).

Taking into account the day-to-day variations during sampling, the air quality data from two
monitoring stations (Avenida and Entrecampos) of the national air quality network was compared.
Mann-Whitney test results indicated no differences among the sampling days of aboveground

transportation modes.

4.1.3.2 Equipment and Measuring Procedure
Measurements were performed over 15 days, evaluating the five transportation modes already
indicated. In each sampling day, five periods were monitored in order to recognize daily patterns (8h,
11h, 14h, 17:30h and 21h). Monitoring occurred on three different occasions resulting in a total of 75

travels. Measurements were conducted from December 2013 to March 2014 on non-rainy days. Due
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to the lack of instruments sampling was not performed simultaneously for the different modes.

Sampling days are presented in Table 4.1.

PM10, PM4, PM2.5 and PM1 were measured with a DustTrak monitor (8530 model, TSI, USA). For
quality control, the DustTrak monitor and a Gent sampler worked in parallel during 8h over 1 week.
Figure 4.2 shows that PM2.5 concentrations registered by the DustTrak were higher than the PM2.5
levels measured by gravimetry (considered as the reference method), while PM10 concentrations
measured by both equipment were equivalent. A calibration factor (B) was calculated and applied to
the PM concentrations obtained by the DustTrak. The calibration factor was obtained by calculating
the ratio between the concentrations obtained by the gravimetric method and the concentrations
measured by the DustTrak monitor (McNamara et al. 2011; Diapouli et al. 2008). Prior to each

monitoring run, the unit was manually zeroed using a zero-air attachment connected to the equipment.

s "PM25 "PM10_

501
4= 40/
£
23 . o
‘E 20‘ -
104 y=0.9x-3.72 y=1.3x-7.95
. =089 ¥ =0.90
0

0 102030405060 10 20 30 40 50 60
DustTrak (ug/n?)

Figure 4.2 — Control chart showing the comparison between PM2.5 and PM10 measured by

DustTrak and gravimetry (values in pg/m?).

CO2, VOC, CO, Os, temperature and relative humidity were measured with a Graywolf (610 TAQ
probe, Wolfsense Solutions, USA). Measurements were recorded every second. Before measuring,
sensors were calibrated in laboratory with standard gases according to the manufacturer
specifications. DustTrak and Graywolf were calibrated annually by the manufacturer. A GPS unit

(eTrex20, Garmin, USA) was utilized.

The bus transportation system in Lisbon is composed of recent buses (2007) equipped with air

conditioning. The metro line is 52 years old (the first station of green line started at 1963 and the line
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was completed at 2002) but the carriages are 16 years old and are equipped with air conditioning
system and the windows cannot be opened (Transportes de Lisboa, 2012). The motorcycle was a
Honda Pan European 1.3 diesel, with measurements performed by two persons. Bicycle sampling was
performed with two persons cycling side by side: one carried the Graywolf equipment and the other
carried the DustTrak. In these samplings, the equipment was positioned inside a backpack and inlets
were placed near the breathing zone. Car monitoring was carried out in a 2002 Citroén Saxo 1.1
gasoline and only the driver was inside the car during the sampling. The equipment was placed in the
passenger seat and the driving conditions were standardized as much as possible: car was driven with

the windows closed and air condition and the fan ventilation system off.

4.1.3.3 Statistical and Data Analysis

A geodatabase, collating repeated single trip data sets was used with geographic information system
(GIS) software (ArcGIS10®, ESRI, USA) to graphically represent the exposure on the monitored
commute routes. ANOVA and Wilcoxon matched pairs tests (in Statistical2® software) were used to
assess the differences between transport modes and measuring periods. A level of significance as

defined as p<0.05.

4.1.4 Results and Discussion

4.1.4.1 Meteorological Data

Table 4.1 presents the meteorological data, for Lisbon during the measuring campaigns obtained from
a weather station located in the center of Lisbon (38°46'N, 9°08'W). Results show that measurements
performed in March presented the highest temperature, with relative humidity always above 60%.
Precipitation was Omm for all the measured days. No statistical differences between the five modes
were found for temperature (One Way ANOVA, p=0.66, IC 95%) or relative humidity (One Way
ANOVA, p=0.67, IC 95%).

4.1.4.2 Differences in Exposure Between Modes of Transport

Taking into account the day-to-day variations during sampling, the air quality data from two
monitoring stations of the national air quality network (Avenida and Entrecampos) was compared.
Mann-Whitney test indicated no differences among the sampling days of aboveground transportation
modes.

Table 4.2 presents the mean pollutant concentration measured during commuting. CO, a toxic by-
product of incomplete combustion, is one of the main traffic-related air pollutants linked to health

risks for road travelers. Highest concentration levels of CO occurred during rush hours (principally at
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8h) and in cars and buses. The concentrations of this primary pollutant are particularly high near
roadways and during rush hours. In cars and buses, CO concentrations increase not only due to the
emissions from neighbouring vehicles but also from cars and buses own exhaust can infiltrate into the

cabin (Wong et al., 2011).

Table 4.1 — Meteorological data for Lisbon during the campaigns

Temperature (°C) Relative Humidity (%) Precipitation
Transport Day min  mean Max min mean Max (mm)
03/12/13 5 9 14 48 60 76 0.00
Bicycle  06/03/14 7 13 20 46 87 100 0.00
13/03/14 7 13 20 43 75 94 0.00
05/12/13 7 12 17 52 70 93 0.00
Metro 22/01/14 10 12 14 51 82 100 0.00
21/02/14 7 10 13 51 75 93 0.00
06/12/13 7 11 16 52 67 82 0.00
Car 04/02/14 9 11 14 77 89 100 0.00
17/03/14 9 14 21 42 68 88 0.00
09/12/13 2 8 14 59 83 100 0.00
Bus 20/01/14 7 10 14 63 81 93 0.00
18/03/14 10 13 17 59 76 88 0.00
12/12/13 11 13 15 72 81 88 0.00
Moto 24/01/14 8 11 14 72 82 93 0.00
12/03/14 8 14 20 40 60 87 0.00

Limasset et al. (1993) observed that in buses, air intake from the roof rather than from the front of the
bus resulted in significantly lower concentrations of CO. Previous studies recorded CO concentrations
in a range of 2700 — 48000 pug/m’ in buses (Wong et al. 2011) and 1300 — 4833 pg/m?® in cars (de
Hartog et al. 2010). This study presented lower values with an average CO concentration of 558
ng/m? for buses and 786 pg/m? for cars. The lowest CO concentrations were measured for bicycle
commuters. Bigazzi and Figliozzi (2014) measured an average cyclists’ exposure to CO between 600
and 15000 pg/m’® which is higher than the values registered in the present study (average 140 pg/m?).
Figure 4.3 presents the ratios of exposure between bicycles and all the other transport modes and
shows averaged CO ratios of 0.25, 0.67, 0.18 and 0.32 for bus, metro, car and motorcycle,

respectively.
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COz levels were found to be significantly higher in-cabin. Car presented the highest average
concentration (1960 pg/m?®), followed by bus (1820 pg/m?®) and metro (1270 pg/m?). CO: is a
pollutant emitted by the human metabolism (Ramos et al., 2014) and it is commonly used as an
indicator of occupancy and poor ventilation (Canha et al., 2013). This fact explains why the highest
levels were measured in public transports during rush hours when the occupancy is higher. The
greatest concentrations of CO; in-car were measured during travels which took more time. Figure 4.3
shows CO: average ratios for bicycle/bus, bicycle/metro, bicycle/car and bicycle/motorcycle of 0.45,

0.67,0.43 and 1.1, respectively.

PM concentrations were higher during travels which began at 8h, except for metro that presented the
highest levels at 17h30. Greater number of vehicles are present during rush hour periods which
produce particles, not only from the vehicles’ exhaust but also from tires and brake wear and soil
resuspension (Canha et al, 2014a; Almeida et al., 2015; Almeida-Silva et al., 2015). The proximity to
vehicle exhaust plays a major role in infiltration, especially when the vehicles are queuing. In-cabin,
PM levels are affected by air infiltration and indoor resuspension of floor dust due to various
passenger-related activities, e.g. alighting, boarding and taking a seat (Canha et al., 2014b). The
PM10 and PM2.5 average ratios for bicycle/bus (1.3, 1.4), bicycle/metro (1.2, 1.3), bicycle/car (1.3,
1.3) and bicycle/motorcycle (1.2, 1.1) show that the measured PM concentrations were higher during
bicycle commutes. Studies have showed that PM2.5 exposure experienced by car drivers were
modestly higher than those experienced by cyclists, with mean bicycle/car ratios of 0.9 (Hartog et al.,

2010).

Cyclists’ average PM10 exposure levels have been measured in the range of 50.2 + 12.0 pg/m?
(Bigazzi and Figliozzi, 2014) which is lower than the values registered in the present study (average
of 76 ug/m?). Cyclist PM2.5 exposure levels were extensively examined by Adams et al. (2001) in
London. Cyclists recorded an average PM2.5 personal exposure concentration of 23.5 pg/m’, for the
same season as in this study (Adams et al., 2001). Kaur et al. (2005) observed similar exposure
concentrations for cyclists (33.5 pg/m?, 9.7-77.5 pg/m®) in the same city. Average PM2.5
concentrations measured in Lisbon presented a higher value (66 pg/m?) when comparing with these

studies.

O3 presented the highest average concentrations in bicycle (350 pug/m?) and motorcycle (200 pug/m3)

commuting. O3 occurs as a secondary pollutant, principally as a result from traffic.

93

7 491dey) eeee



eeee Chapter 4

Chapter 4
Active Transportation

Table 4.2 — Mean and standard deviations of pollutant concentrations for the five types of

transportation, during the studied periods.

8h 11h 14h 17.30h 21h
(mean = stdev) (mean =+ stdev) (mean =+ stdev) (mean = stdev) (mean = stdev)
. Bus 224 + 180 239 + 52 287 + 69 203 + 34 198 =+ 30
E Metro 198 + 33 124 + 25 164 + 22 176 + 26 125 + 21
3 Car 370 + 38 447 + 37 471 £ 29 326 £ 11 206 + 12
8 Moto 187 + 224 120 + 41 336 + 762 675 £ 1447 174 + 55
> Bicycle 149 = 48 175 + 207 212 + 47 266 + 92 287 + 366
Bus 2304 + 608 1804 + 437 1990 + 728 1681 = 660 1343+ 487
E Metro 1189 + 293 1181 + 243 1377 + 332 1438 + 381 1150 + 52
E Car 1669 + 344 1440 + 245 1832 + 318 2870 = 707 1982 =+ 492
S Moto 823 + 86 785 + 77 763 + 73 812 £ 69 786 + 87
© Bicycle 845 + 91 823 £ 71 792 + 44 880 £ 70 924 + 100
Bus 85+ 43 56 £ 33 65 + 36 95 + 34 97 £+ 32
€ Metro 91 + 30 46 = 17 35 £ 23 59 +£ 20 87 + 21
E’g Car 496 + 207 64 + 25 36 + 18 72 +£ 13 69 + 22
g Moto 313 £ 196 413 £+ 316 340 + 183 330 + 239 355 £+ 178
Bicycle 259 + 98 197 + 72 169 + 76 154 £ 79 222 + 82
Bus 961 + 763 510 + 445 534 + 425 676 + 363 112 + 152
'E Metro 772 £ 994 81 + 130 64 + 76 234 + 244 101 + 108
2 Car 1235 + 676 875 + 437 823 + 432 759 £ 391 239 + 215
é Moto 689 + 868 345 + 480 466 + 839 527 £ 1306 403 + 816

Bicycle 193 + 530 188 + 529 109 + 232 208 + 481 na
Bus 53 + 51 29 + 18 51 + 26 49 + 23 39 £ 16
'E Metro 45 £ 16 32 £ 12 45 £ 19 63 + 48 39 £ 94
g Car 59 + 11 54 £ 13 51 = 10 40 + 6.9 34 £+ 6.6
s Moto 89 + 298 55 + 47 38 + 25 57 £ 107 53 £+ 21
= Bicycle 83 =+ 64 69 + 47 43 + 38 66 + 43 78 £+ 26
= Bus 56 + 55 30 £ 18 52 + 27 50 £ 23 40 = 16
mg Metro 51+ 18 35+ 13 48 £ 20 67 + 49 42 + 99
; Car 61 + 12 55+ 13 52 + 10 41 £ 7.0 35 £ 6.7
22 Moto 91 + 298 57 £ 47 39 + 25 59 + 107 54 £+ 21
= Bicycle 85 + 66 70 £ 47 44 + 38 67 + 43 65 + 26
Bus 64 + 69 32 £ 20 56 + 30 53 +£ 25 40 + 17
2 Metro 58+ 21 39 + 15 53 + 20 71 + 50 45 = 11
g Car 64 + 13 58 + 15 54 + 11 42 + 7.6 37 £ 69
s Moto 93 + 298 59 £ 48 41 + 25 61 = 108 56 = 21
= Bicycle 89 = 72 71 £ 48 45 + 38 69 + 44 81 + 26
Bus 70 + 82 39 £ 29 67 + 44 60 + 33 45 + 25
i‘i\ Metro 68 + 24 43 + 17 60 + 22 80 + 58 51 + 13
g Car 73 £ 20 66 + 21 61 + 13 46 + 9.5 39 £ 79
22 Moto 98 + 300 62 + 48 43 + 26 66 = 110 58 + 22
= Bicycle 101 = 100 74 £ 51 48 + 39 74 + 46 84 + 28
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Outdoor concentrations of this pollutant are found to be higher than the levels measured indoors
(Almeida-Silva et al., 2014a). Average Os ratios between bicycle/bus (1.3), bicycle/metro (1.2),
bicycle/car (1.3) and bicycle/motorcycle (1.1) show that measured O3 concentrations were higher

during bicycle commuting.

Highest VOC average concentrations were recorded in car (364 pg/m’). Car commuters have
generally been shown to be exposed to highest concentrations of VOC air pollution. This may be due
to their position on the road, close to where the majority of VOC emissions originate (in main traffic
lanes close to car exhausts). McNabola (2008) showed that transportation by car has greater
concentrations of VOC species (benzene, butadiene, ethane, ethylene and acetylene) when compared
with public bus, bicycle and pedestrian. The ratios between bicycle and all the other transport modes
varied not only with the transport mode but also with the hour of the day. This fact can be due to the
multi-origin of VOC. Outdoors, VOCs are emitted principally by vehicles; indoors, these pollutants
can be released from indoor materials and occupants (Ramos et al., 2014; Canha et al., 2012a) in

addition to outdoor infiltration.
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Figure 4.3 — Ratios of concentrations between bicycle and all the other studied transportation modes.

4.1.4.2.1 Public transports
With the exception for PM, which did not present significant differences between transport modes,

metro showed lower concentration of pollutants compared with buses. A number of studies have
revealed poor air quality in metro systems, especially concerning the levels of PM (Salma et al., 2007,
Raut et al., 2009; Ye et al., 2010). Other studies performed in metro systems report, contrastingly,
relatively low PM levels (Kam et al., 2011; Mﬁgica-Alvarez et al.,, 2012). Salma et al. (2007)
interpreted such differences in PM levels among the metro systems to be due to the age of the metro,
abrasion of railways and catenary metal, braking systems and ventilation. According to Querol et al.
(2012) the main PM emission sources in metro are the mechanical abrasion of rail/wheel, the
resuspension of material caused by air turbulence, PM emitted during night-time maintenance works,

cleaning activities, surface air uptake from the surfaces and wind erosion by intense air flow within
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the tunnels and platforms. PM results measured in Lisbon were in the same range of values as
measured by Querol et al. (2012) in Barcelona’s metro for PM10 (43-79 pg/m? in Lisbon and 36-100
pg/m’ in Barcelona) but higher for PM2.5 (35-66 pg/m® in Lisbon and 11-32 pg/m? in Barcelona).
Adams et al. (2001) measured higher PM2.5 concentrations in London (105-371 pg/m?). Higher
concentrations of CO2 were measured in buses than in metro across the five periods of time measured.
This fact may be related with the size of the carriage (which are larger in metro, thus promoting the
dilution of the pollutants), the number of occupants and the efficiency of the ventilation system. CO
and VOC concentrations in buses were also higher in buses than in metro due to their proximity to
traffic, their principal emission sources. The majority of tropospheric O3 formation occurs when NOx,
CO and VOC react in the atmosphere in the presence of sunlight, so it was expected that the
concentration of this pollutant would be higher in buses because they circulate at surface, where all

the conditions necessary for O3 formation are gathered.

Taking the metro or the bus involves waiting periods at the respective stations which also accounts for
the daily human exposure. Figure 4.4 compares the average concentrations measured during the
commute and during the periods spent waiting at platforms, for bus and metro (in the five periods of
sampling and in three sampling days). Results show that inside the bus and metro, CO2 concentrations
were greater than at the platform, due to the higher human density and lower dilution that occurs in-
cabin. O3 concentrations were higher at bus waiting platforms than in-cabin. For the metro, no
significant differences were observed except for two measuring periods that presented higher O3
levels in-cabin. CO and VOC concentrations were higher inside buses than on waiting platforms,
inpart due to the infiltration of atmospheric pollutants, combustion gases and gasoline vapor from the
vehicle itself or surrounding vehicles. Moreover, some VOC species, such as toluene, are major
constituents used as solvents in painting and surface coating in vehicles (Chen et al., 2011; Su et al.,
2013). In metro, VOC concentrations on the platform and in-cabin did not present significant
differences, except during the 8h rush hour that was characterized by higher in-cabin VOC levels.
This fact can be explained by a higher number of passengers inside the train that can be considered
VOC sources due to the use of hygiene products (perfume, deodorants, hair spray) (Wang C. et al.,
2014; Steinemann, 2015) .

97

7 491dey) eeee



eeee Chapter 4

Chapter 4
Active Transportation

Bus: M 8 @ 1th A 14h 4 17:30h % 2th  Metro: = 8 © 11h A 14h & 1730h + 2th
3500 20 1500 500 _
200 " ) 20 1200 L 400 .

2100{ % 150 . ¢ 900J 300 * "

1400 ‘; 100 £ n sooj K 2001y ,
% 708 50. & . 308 . { " 108 % \VOC
} SOSSSS VOS85 SSSFSP SIFSSS

£ 200 200 200 240
160 1 160 5/ 160 200
120 120 120, o

o o 8 ¥ I I
40 P 40 4 4 %% 40 .
0 0 0 04
VPSP EP OPCPEP O SPEP PSP EPP
Wiaiting Platform

Figure 4.4 — Concentrations in the waiting platform and of indoor environment of the transport.
Values in mg/m? for COz and in pg/m® for the remaining pollutants.

PM levels on bus and metro station platforms did not significantly differ from the concentrations
measured in-cabin. In Barcelona, Querol et al. (2012) measured greatly elevated PM levels on the
station platforms, being around 3-4 times higher than in trains. In Lisbon, PM10 concentrations on
platforms and cabins were 56 and 60 pug/m’, respectively. In previous works, the mean PM10 levels
on the platform ranged from 51 to 407 pg/m? (Querol et al., 2012). PM2.5 concentrations on platform
and in-cabin measured in our study were 46 and 49 pg/m?, respectively. Mean PM2.5 concentrations

measured on the platforms of the priorly referenced studies ranged from 33 to 129 pg/m’.

4.1.4.2.2 Private transports
Car, motorcycle and bicycle are the three types of private transports that were studied. The exposure

during commuting by these modes of transportation were completely different, dependent on a large
number of factors such as the selected route, car speed, trip duration, car type, ventilation status,
driving behavior, street configuration and weather conditions (Kaur et al., 2007). However, in
general, indoor air quality is affected by limited pollutant dilution and indoor emissions. On
motorcycles and bicycles, individuals do not have any barrier against the pollutants generated
outdoor. Consequently, the highest O3 and PM levels were measured during the use of motorcycle
and bicycle whereas cars presented the highest concentrations of CO2, VOC and CO. Differences of
exposure to air pollutants between traffic modes is likely due to varying proximity to emission
sources. In general, cyclists receive lower levels of exposure to primary pollutants, originating from

traffic, as they are able to avoid pollutant sources by dodging between vehicles and by consistently
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being next to the curb, whereas vehicle drivers are have greater exposure by being in the direct

proximity of emission sources — although inside the vehicle.

Differences in peak concentrations between car driving and cycling were observed. Higher short-term
peaks occurred while cycling but they were of shorter duration than the peaks measured in the car.
This is probably explained by the mixing that take place within the air volume of the car and possibly
by the shorter contact times with the emissions of the vehicles while cycling. Relatively long peaks
measured in cars may be caused by the high-emission from closer vehicles as well as from self-

contamination by own emissions.

4.1.4.3 Pollutant Maps

A pollutant map is a graphic representation of pollutants’ concentrations projected on a street plan or
aerial photograph. Pollutant maps depict measured concentrations coupled with the GPS position and
then projected in the entire route. These maps are very suitable to detect hotspots of high pollutant
concentrations (Berghmans et al., 2009). The concentrations were mapped using ArcGIS 10 (ESRI®)
and interpolated with the Natural Neighbor technique to obtain a continuous representation of the
data. The PM10, PM2.5 and Os classes were created according with the European directive for
ambient air quality (2008/50/CE). In all maps (figure 4.5), it is possible to observe hot spots along the
route. PM10 and PM2.5 demonstrated lower concentrations, especially in the cycle paths from
Telheiras and Campo Grande (69 pg/m? and 59 pg/m’, respectively). PM10 hotspots coincide with
stop lights placed in zones with high traffic (closer to 2? circular road and Marqués de Pombal).
PM2.5 concentrations were very high along most parts of the route, in particular in the segment
Marqués de Pombal — Restauradores (68 ug/m?®), depicting increased concentrations of red regions
(representative of high concentrations of pollution). O3 presents disperse concentrations of hotspots
along the route. PM2.5 and O3 are known as a precursor for cardiovascular and respiratory illnesses
(Srebot et al. 2009; Kim et al. 2011; Cruz et al. 2015), thus representing a cause for alarm regarding

possible health effects on Lisbon cycle users (Garret and Casimiro 2011).

Giles and Koehle (2013) reported in their review the negative impact of O3 on lung function during
exercise, not only in children but also in healthy male and female and athletes. VOC concentrations
were higher in the road zone (219 pg/m?®) comparing with the cycle path (181 pg/m?®). This
visualization reveals that distance as a function to source emissions have a beneficial effect in
reducing the levels of exposure to air pollutants. The lowest concentrations of PM10, PM2.5, O3 and

VOC were obtained for the cycle paths which were placed further away from the traffic.
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4.1.4.4 Inhaled Dose During Commuting

Minute ventilation rates of cyclists are higher than that of motorcycle, car, bus or metro passengers
due to their increased physical activity. This fact and the duration of the commute have a great impact

on the inhaled doses associated with each transport mode.

The inhaled dose was estimated for each transport mode and air pollutant according to equation 2
(chapter 3.1.4.2.2). Table 4.3, which presents the mean time spent on the round commute from
Telheiras to Restauradores, shows that commuting by bus and bicycle results in the highest travel

time. The VE used was already presented on table 3.1 (chapter 3.1.4.2.2).

Table 4.4 shows the estimated inhaled doses of pollutants for the different sampling periods. The
comparison between table 4.2 and table 4.4 shows that comparisons of exposure concentrations by
travel modes are not entirely relevant because of the dominating effect of breathing differences
among modes. Comparisons of pollution doses between travel modes go beyond examining only
exposure concentrations by including the VE and travel duration to compare intake dose per trip.
Results show slower travel speeds and a fourfold increase in VE for cyclists compared to
motorcyclists, which resultantly outweighs any beneficial exposure concentration differences. The
only exception was observed for CO at 8h (17.13 pg/km for bus and 12.89 pg/km for bicycle) and
14h (9.18 pg/km for bus and 7.74 pg/km for bicycle).

Table 4.3 — Mean time (¢) spent in the round commuting trips from Telheiras to Restauradores (values

in minutes)

Bus Metro Car Bicycle Moto

(mean + stdev)  (mean + stdev)  (mean +stdev) (mean +stdev) (mean + stdev)

8h 91+ 74 52+ 2.8 37+ 24 82+ 33 44 + 8.5
11h 81+ 5.9 55+ 8.8 34+ 27 86+ 10 36+ 5.2
14h 87+ 19 52+ 12 39+ 39 88+ 1.9 32+ 10
17:30h 64 + 21 46+ 4.8 46+ 2.5 94+ 17 36+ 3.5
21h 63+ 26 38+ 15 32+ 10 51+ 6.0 27+ 2.7

Comparing the results of table 4.4 obtained in the present work with those in the study developed by
Nyhan et al. (2014), it is possible to verify that the PM10 mean ratio bicycle/bus inhaled dose is
higher in Lisbon (6.4 compared with 4.4). Nazelle et al. (2012) also presented lower ratios of
bicycle/bus and bicycle/car for PM2.5 (respectively, 1.82 versus 6.6 and 1.66 versus 12.2) and for
CO, with the exception of bicycle/bus (respectively, 1.06 versus 1.01 and 0.35 versus 1.44).
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Table 4.4 — Estimated doses for each transport mode (bus, metro, car, bicycle and motorcycle), during

the studied periods.

Transport  Pollutant 8h 11h 14h 17h 21h
Bus 10.02 6.63 8.29 7.92 465
VOC lé/letro 19.70 18.86 24.38 12.69 12.09
ar 13.16 14.71 17.95 14.55 6.33
(ng/km)
Moto 7.97 425 10.34 11.88 4.60
Bicycle 49.06 59.74 74.10 99.69 57.92
Bus 60.31 63.05 69.56 64.90 42.88
co Metro 20259 14246  168.84  105.25 82.07
2
Car 59.39 4738 69.72 12820  60.95
(mg/km)
Moto 35.06 27.69 23.46 28.71 20.81
Bicycle 278.03 28151  278.16  330.09  186.72
Bus 4.60 2.46 1.79 2.67 3.25
o Metro 7.47 4.40 5.52 5.95 5.92
3
Car 17.66 2.11 1.37 3.19 2.12
(ng/km)
Moto 13.32 14.56 10.47 11.67 9.41
Bicycle 85.35 67.37 59.48 57.81 44.87
Bus 39.17 434 322 10.55 3.77
- Metro 84.45 40.25 45.26 42.33 6.84
Car 43.95 28.79 31.31 33.92 7.35
(ng/km)
Moto 29.33 12.19 14.34 18.64 10.67
Bicycle 63.52 64.18 38.13 78.22 0.02
Bus 2.29 1.71 228 2.85 1.47
M Metro 4.65 230 429 3.08 2.39
1
Car 2.09 1.78 1.95 1.79 1.06
(pg/km)
Moto 3.77 1.94 1.17 2.02 1.40
Bicycle 27.19 23.48 15.10 24.69 15.72
Bus 2.57 1.88 245 3.00 1.56
Metro 4.89 2.36 4.40 3.15 242
PMZ‘S
Car 2.16 1.82 1.99 1.83 1.08
(ng/km)
Moto 3.86 2.00 121 2.07 1.43
Bicycle 28.01 23.81 15.38 25.23 13.04
Bus 2.94 2.08 2.69 321 1.69
Metro 5.64 2.53 471 3.31 2.50
PM,
Car 228 1.90 2.07 1.89 1.12
(pg/km)
Moto 3.97 2.07 1.25 2.14 1.48
Bicycle 29.13 24.25 15.77 25.97 16.31
Bus 343 232 3.04 3.60 1.88
Metro 6.15 3.09 5.69 3.77 2.74
PM;
Car 2.60 2.17 231 2.06 1.21
(pg/km)
Moto 4.18 2.18 1.33 2.33 1.54
Bicycle 33.09 25.35 16.89 27.83 16.88
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Due to the lack of instruments, the major weakness of the study is the fact that the sampling was not
performed simultaneously for the different modes. It would be important to normalize our
measurements with background measurements performed by a static monitoring station according to
methodologies described in the literature (Dons et al. 2012). However, data from a fix monitoring

station are not available for all studied pollutants.

The calculation of the inhaled doses using VE values defined in literature can also be considered a
limitation of this study. VE vary with the hearth rate of the subject but there are other variables that
pose some influence such as gender, travel speed, terrain, bicycle weight, weather and subject fitness

status (Bigazzi and Figliozzi 2014; Ramos et al. 2015b).

4.1.5 Conclusions

Promoting cycling instead of car driving for short trips is a policy option that meets with increased
interest within Lisbon and European cities facing persistent ambient air pollution problems. A modal
shift to active transportation has a great societal impact, including reduction of greenhouse gas
emissions, reduction of ambient concentrations of health relevant air pollutants and increased physical
activity. However, cyclists are more exposed to air contaminants from surrounding traffic, with
increased VE resulting in greater inhaled doses of air pollutants. This study showed that car drivers
and bus passengers on urban streets may be exposed to higher pollutant levels than cyclists traveling
on the same streets. This is due to exhaust gases from vehicles in front that may enter into the vehicle
directly through the ventilation system or from emission sources inside the vehicle. This reduced
exposure of cyclists to air pollution is, however, compensated by their higher inhalation rate. Health
implications from exposure to short and high peak concentrations of pollutants during cycling instead
of the lower, longer peak pollution concentrations in cars and buses could be important. Considering
the health, environmental and social positive impacts of active commuting, cycling should not be
disregarded. This study and a broader field of research have the potential to encourage policy-makers
and city planners to expand infrastructure to promote safe and healthy bicycle commuting. City
planners should create bicycle lanes with less contact with motorized traffic and cyclists should be
encouraged to select routes between home and work with lower traffic and to travel outside of rush
hour time periods. To help commuters choose routes with low traffic exposure though the city, novel
route planners should be developed or currently available route planners modified for choosing routes

with the shortest distance or the shortest travel times.
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5 General Discussion

This thesis addressed the exposure of persons undertaking physical exercise to air pollution and
contributed to the state of the art on the scientific field of indoor and outdoor air. The main focus of
this thesis was to characterize the exposure and the dose of individuals in three different situations: in
fitness centers, cycling on cycle paths and during active transportation. The main factors that
influence people’s exposure and dose were discussed along the chapters of the thesis. This thesis
starts with the characterization of indoor air in fitness centers, assessed physiological parameters of
exercise practitioners’ to calculate the inhaled dose during fitness classes, evaluated the use of
bicycles on cycle paths for recreational activities and compared exposure to air pollutants between

active transportation and other modes of transport.

5.1 Overview

Chapter 2 presented the results of an IAQ monitoring program in eleven fitness centers and the
calculation of inhaled doses in this specific physical activity. In recent years, studies on IAQ were
focused in homes and schools, although the work herein has, for the first time, developed information
about fitness centers, contributing to the state of the art on this field. Additionally, this work presented
the first approach on the estimation of inhaled doses of pollutants during indoor physical activities by
calculating the VE for two fitness classes and using the data obtained during the IAQ monitoring

program. The results obtained in this chapter are important for future studies in this setting.

The survey allowed for the observation of a picture about the IAQ situation in these buildings,
through assessment of seven main pollutants (CO2, CO, O3, CH20, PM1, PM2.5, PM10), comfort
parameters and ventilation rates. In order to obtain the daily pattern of pollutants and identify
pollution sources, three of the eleven fitness centers were selected to perform a deeper assessment
with longer measurement periods and more parameters, such as element identification, nanoparticle

deposition in lungs and microbial characterization.

The ventilation rates were calculated based on a novel and easy method, applied for the first time in
fitness centers. Most of the fitness centers assessed in this study used mechanical ventilation which
should provide the minimum ventilation required by guidelines, although the results showed poor
ventilation rates. This has consequences on pollutant accumulation indoors and, therefore, on
practitioner exposure. With the long assessments, it was possible to identify the events/activities
occurring and connect them with the pollutants. With this analysis, it was possible to observe the
influence of cleaning procedures on VOC concentrations and confirm the human presence as a

significant source of pollution, particularly on particle resuspension and CO: production. The
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ventilation type also showed to play an important role on IAQ due to filtration of outdoor air,

especially on reducing PM10 and fungal concentrations.

After having studied the exposure indoors, it was imperative to study the exposure to air pollutants
during physical activity outdoors. In this context, cycling was assessed due to its recognized benefits
on transport efficiency, environment, health and fitness advantages (European Commission, 2010).
Due to the harmful impact that particles have on human health, chapter 3 described the
characterization of the exposure and the dose during cycling on three different cycle paths, for PM10
and PM2.5. The exposure in cycle paths has a strong influence from traffic patterns. The distance
between road traffic and the cycle path is crucial to reduce personal exposure. The combination of
instrumental and biomonitoring techniques in this work allowed for a better comprehension of the
contributing sources. The development of an exposure visualization system using geographical
information was very useful to identify the location of hotspots of pollutants’ concentrations along the

routes.

Chapter 4 addressed the use of bicycles instead of motorized transport modes. The exposure was
higher for car and bus users than for other modes, but the dose was always higher for cyclists due to
their increased VE. This chapter shows that encouraging the use of bicycles in the city should be done
in combination with the decrease of car use, implement policies and incentives for the renewal of the
car fleet to less polluting vehicles, and the use of more environmentally efficient public transport. The
creation of pollutant maps from the exposure visualization system was determinant to recognize
differences on the exposure along the route for the cycling mode. The route selection for cycling

should be done in order to reduce the exposure to air pollutants.

5.2 Final Remarks

This thesis approached, in an integrated way, the issues of pollutant exposure during exercise based
upon three distinct contexts. Each one of the contexts revealed aspects that can be improved to
enhance the benefits of physical activity. Fitness centers should be dimensioned to a specific number
of persons; with these criteria, the ventilation systems can be designed according with the population
inside. Overcrowded rooms increase CO:2 concentrations and particle resuspension; therefore
ventilation rates are insufficient to renewal the air. The managers of fitness centers should be aware of
TAQ symptoms in a building to promote a safer environment. The practitioners also have an important
role in this setting. The use of exclusive indoor shoes can reduce particles and dust that are derived
from outdoors. Practitioners should have an active position on the building environment and inquire
the managers about the IAQ of the gymnasium, cleaning products and procedures, as well as the

HVAC maintenance plan.
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Chapter 5
General Discussion

The implementation of cycle lanes and cycle paths in cities must be weighted with natural or artificial
barriers between the path and the road to minimize the exposure of practitioners to road traffic
pollutants. Urban planners have a leadership role to play in designing and maintaining the built
environment in ways that promote active living (WHO, 2008). Before creating a new cycle path or a
sport facility, a SWOT analysis, within the scope of exposure to pollutants and air quality, could be

useful to identify the benefits and the risks of a new infrastructure.

Individuals should care about air quality before engaging in vigorous exercise, especially people with
asthma or with a weakened respiratory system. PM and O3 are concerning pollutants in outdoor air
that are capable of causing airway damage. In all the situations covered in this thesis the

precautionary principle should be considered.

Sport has an important role in preventing diseases, and guidelines from WHO recommend an increase
in exercise and physical activity rates in Europe. One of the conclusions from this thesis is that people

have to exercise in safer and cleaner spaces to potentiate the benefits of physical activity.

5.3 Future Research

Ventilation rates are clearly linked with energy consumption in buildings and air quality. The
development of an integrated strategy to balance ventilation and energy use without compromise to
TIAQ could be very useful to fitness centers managers. The emerging pollutants such as phthalates,
commonly found in vinyl floor tiles, carpet backing, paints and wall materials in gymnasiums should
be considered, likewise the VOC speciation. Research on chemical emissions associated with human
occupants of indoor spaces is limited. Ozone reacts rapidly with constituents of skin surface lipids on
exposed skin, hair, and clothing, substantially reducing indoor ozone concentrations but increasing
airborne levels of mono- and bifunctional compounds that contain carbonyl, carboxyl, or a-hydroxy

ketone groups (Weschler, 2015) therefore influencing the composition of the air (Nazaroff, 2015).

Other sporting environments might be subject of study. In covered swimming pools, chlorine, widely
used as water disinfectant, reacts with natural organic matter in the water (that result from
perspiration, urine, hair and saliva) forming a wide range of compounds known as disinfection by-
products, the most common being trihalomethanes (THMs). Taking into consideration that it may be
necessary at least a period of one night for an adult to excrete the mean quantities of THMs absorbed
from swimming pools (Sa et al., 2011), insufficient time between training sessions can possibly lead

to a toxic build-up of THM, warranting it importance to study swimming athletes.

Outdoors, investigation in modelling air quality can be advantageous for local authorities to be able to

comprehend which are the best locations to establish outdoor sport facilities and cycle paths.

107

G J91dey) eeeee






List of Abbreviations

Bb — Bodybuilding room

BTEX — Benzene, Toluene, Ethylbenzene, Xylene

CFU - Colony Forming Unit

EF — Enrichment Factor

AER — Air Exchange Rates (b

GIS — Geographic Information System

GPS — Global Position System

HR — Hearth Rate (min'!)

HVAC — Heating, Ventilation and Air Conditioning

IAEA — International Atomic Energy Agency

TIAQ — Indoor Air Quality

IARC — International Agency for Research on Cancer
INAA — Instrumental Neutron Activation Analysis

LV — Limit Value

MEA — Malt Extract Agar

NCD — Non Communicable Diseases

NIST — National Institute of Standards and Technology
OECD - Organization for Economic Co-operation and Development
PCA — Principal Component Analysis

PM - Particulate Matter

PM1 — Particulate Matter with an acrodynamic diameter of 1
PM10 — Particulate Matter with an aerodynamic diameter of 10

PM2.5 — Particulate Matter with an aerodynamic diameter of 2.5

109



PM2.5-10 — Particulate Matter with an aerodynamic between 2.5 and 10
PM4 — Particulate Matter with an aerodynamic diameter of 4
PNC - Particle Number Count

RPE — Perceived Exertion Rate

S1 — Studio 1

S2 — Studio 2

SBS — Sick Building Syndrome

THM — Trihalomethanes

TSA — Tryptic Soy Agar

UFP — Ultrafine Particle

VE — Minute Ventilation (L/min)

VOC — Volatile Organic Compounds

VR — Ventilation Rate (Ips/person)

WHO — World Health Organization

110



Figures Index

Chapter 1
Figure 1.1 — Environmental health paradigm. Adapted from Nazaroff (2008). .........ccccerererecininennnne 2
Figure 1.2 — Thesis framewWorK .........cooiiiiiiiiiiinieeeereeetee ettt s 10
Chapter 2
Figure 2.1 — Location of the studied fitness CENLETS.........ecvviruieiieriiiieriieieie et 13

Figure 2.2 — Classification of the fitness centers according to the Portuguese legislation for IAQ
(Portaria no. 353-A/2013). S1 and S2 — studios; Bb — bodybuilding room. ...........cccceververierernennen. 23
Figure 2.3 — Temporal variation of CO2 concentration in the 3 fitness centers (values in mg/m®) and
human occupation inside the sites. The horizontal line corresponds to the CO2 LV defined by the
POrtuGUESE 1EZISIAtION. .. .eeuieieeiieiieieie ettt ettt ettt e e ae e e e teesee b e esaenseeseenseeseensensean 25
Figure 2.4 — Growth curve of CO:z in fitness classes associated with different metabolic rates (values
in mg/m?). Shading represents the duration of the classes and the horizontal line corresponds to the
CO2 LV defined by the Portuguese 1egislation. ..........ccoceeveriieierienierieneeieseeiesie e see e see e seeenees 26
Figure 2.5 — Temporal variation of CO concentration in the 3 fitness centers (values in mg/m?). The
horizontal line corresponds to the CO LV defined by the Portuguese legislation.............ccccevereennenee. 27
Figure 2.6 — Temporal variation of VOC concentration in the 3 fitness centers (values in mg/m?). The
horizontal line corresponds to the VOC LV defined by the Portuguese legislation..........c..cccceeeeneee. 27
Figure 2.7 — Temporal variation of VOC concentration for a selected period in G9 (values in mg/m?).
Shading represents the duration of the classes and the horizontal line corresponds to the VOC LV
defined by the Portuguese 1egislation. ............ooeriiiiiiiiiiieieee e 28
Figure 2.8 — Temporal variation of PM concentration in the 3 fitness centers (values in pg/m?). The
horizontal lines correspond to the PM10 LV defined by the Portuguese legislation (50 pg/m?®) and
PM2.5 (25 E/M>). 1ottt 29
Figure 2.9 — PM10 concentrations measured indoor and outdoor of the fitness centers (values in
pg/m?). (S1 — Studiol; S2 — Studio 2; S12— First and second day of sampling; S34 — third and fourth
day of sampling; Bb1 — First day of sampling in the bodybuilding; Bb2 — Second day of sampling in
the DOAYDUILAING). ... eeuvitieeieiieiieieetete ettt ettt ettt e e s teesbesseessesessaesseeseessesseensesseansensenssensens 31
Figure 2.10 — Enrichment factor using Fe as a reference element and Mason and Moore (1982) soil
composition and ratio INAOOT/OULAOOT .........ccuerierieriieieiesieteeeete et e e e e tesseesesreessesseessesseessessesseas 32
Figure 2.11 — Concentrations of airborne bacteria measured indoors and outdoors of analyzed fitness
centers. Results provided for each sampling site and sampling period. The horizontal line establishes
the critical limit of 500 CFU/m’. The * indicates that the number of colonies were countless and
therefore a concentration above 500 CFU/m? was asSUME. ..............coovrvrveverereviveeeeceeeseseseee s 42
Figure 2.12 — Concentrations of airborne fungi measured indoors and outdoors of analyzed fitness
centers. Results provided for each sampling site and sampling period. The horizontal line establishes
the critical limit 0f 500 CFU/I. ........ccoiiuiieiiieieeeecceee ettt see 42

111



Figure 2.13 — Distribution of fungal species indoor and outdoor in the two periods of sampling
(MOrNIng and NIGNL). ...coveiuiiiiiii ettt sttt et st 44
Figure 2.14 — Diagram of the methodology (BW - body mass in kg; t - duration of the fitness class) 52
Figure 2.15 — Individual fitted regression lines of HR (beats per minute) and VE (litre per minute)
discriminated by mMen and WOIMEIL ........c.ecuieierierieriietieiesteeiesteete e eetesteeeeesteseeesbesseensesseeneensesssensessean 54
Figure 2.16 — Box plot of the heart rate of the individuals (men and women) in the fitness classes
(holistic and aerobic) and average values in the groups (black line). Graphs present the minimum and
maximum (-), Ist and 99" percentile (x), 25", 50™ and 75" percentile (box range), 5th and 95th
percentile (box whisker) and mMeEan (0). .......eeeveruieiierierieiieieieseete sttt ettt ettt saeenbeseeennesseenes 58
Figure 2.17 — VE and PM10 concentration and inhaled dose during holistic (a and b) and aerobic (c
and d) fitness classes, for men and women. The grey area represents the total inhaled dose of PM10.62

Chapter 3

Figure 3.1 — Location of the three cycle paths in Lisbon (Cidade, Monsanto and Ribeirinho) and
original location of the transplanted lichens (Montargil)..........ccccceevverieiienerieniieieieseee e 69
Figure 3.2 — Control chart showing the Zeta-score obtained for the certified reference material IAEA-
336 analyzed by Ao-INAA. ...t et 71
Figure 3.3 — Control chart showing the comparison between PM2.5 and PM10 measured by Side Pack
and gravimetry (VAlUEs i UEIN™).......ouiuiucieiercieicece ettt ettt e 72
Figure 3.4 — Box-plot of PM10 and PM2.5 concentrations measured in the cycle paths (values in
ug.m>). Graphs present the minimum and maximum (-), 1* and 99™ percentile (x), 25%, 50* and 75™

percentile (box range), 5" and 95" percentile (box whisker) and mean (o). The black line indicates

the legal limit value for PM10 (50pg/m?) for PM2.5 (251&/M>)....oviieieiieieierereieeeeeeeeeee e 74
Figure 3.5a — Pollutant maps of PM10 concentrations along cycle paths, for weekday and weekends,
AL BN ANA L TR 1ttt sttt h e bbb e b s e e 75
Figure 3.5b — Pollutant maps of PM10 concentrations along cycle paths, for weekday and weekends,
AL 8N AN L TR 1ttt ettt h et b et enhe i e e 75
Figure 3.6 — Inhaled doses of PM2.5 and PM10 on the cycle paths for the studied periods (8h and
11h) on weekdays (w.day) and weekends (W.end). .......cceecveruieiierienierienieie e ee e 78

Figure 3.7 — Lichens conductivity measured after exposure (values in mSmg!) and difference
between conductivity measured before and after exposure (values in %6). .....cceeceevveeiecieneniieniecieniene 79
Figure 3.8 — Crustal enrichment factors in relation to the element Sc (EFSc) for exposed lichens. .... 80
Figure 3.9 — Spatial distribution of the elemental contents measured in the transplanted lichens for As,
Br, Ca, Co, Cl, Cu, Fe, K, La, Na, Sb, Sc and Zn (values in pPpm). .......cccereeverrieveerrereenreneeseesenenenes 82

Chapter 4

Figure 4.1 — Localization of Lisbon in Europe and identification of the selected route. Red line — road;
Green line — cycle path; Yellow line — cycle lane. .........c..coeeveiiininieniiiiininncccecceeeeeeeiee 89
Figure 4.2 — Control chart showing the comparison between PM2.5 and PM10 measured by
DustTrak and gravimetry (vValues in /M3, ....c.cvovieieieiiiierereieieeeceiee et 90

112



Figure 4.3 — Ratios of concentrations between bicycle and all the other studied transportation

Figure 4.4 — Concentrations in the waiting platform and of indoor environment of the transport.

Values in mg/m? for COz and in pg/m? for the remaining pollutants.............ccceceveieirirerererererenenennnns 98
Figure 4.5 — Map of pollutant average concentrations of a) PM10, b) PM2.5, ¢) Os, d) VOC and ¢)
CO {OT the DICYCIE TOULE. ....evieuieeieiieieeiieie ettt sttt sttt ettt e te ettt eestesbeseeenbesseenbesteensenseeneensenns 100

113






Tables Index

Chapter 2

Table 2.1 — Main characteristics of the studied gymnasiums ............c.ccocererieiieinenineneeeeee e 15

Table 2.2 — Limit values of indoor air pollutants defined by the Portuguese legislation, Portaria n.°

353272013 ettt h et h et et a et e h ek h et et Rt ekt b et et et eneeneeaenteeteneennan 18
Table 2.3 — Pollutant concentrations measured in the 11 fitness Centers ...........ceceveeevereeceeniereeeenne. 20
Table 2.4 — Air exchange rates (h') and ventilation rates (Ips) in the 11 fitness centers..................... 24

Table 2.5 — Indoor and outdoor average element concentrations in the fitness centers G9, G10 and

G111 (VAIUES I NE/MN®) oottt sttt ettt sesesans 30
Table 2.6 — Average deposited area and total deposited surface area in the fitness centers G9, G10 and
G L ettt ettt .32
Table 2.7 — Main characteristics of the studied sites of the gymnasiums 38
Table 2.8 — Portuguese legal compliance for microbiological parameters according to Portaria no.
353mA72013 ettt h etk ettt b et ee 39
Table 2.9 — Fungal conformity based on the species according to Portaria no. 353-A/2013. .............. 40

Table 2.10 — Comfort parameters (temperature, relative humidity) and CO2 measured in the fitness
COIMEETS. ...ttt a e e e 41
Table 2.11- Distribution of fungal species indoor and outdoor in the two periods of sampling
(morning and night). In bold are identified the five most prevalent fungal species in the morning (M)

and in the night (N), both indoor and OULAOOT. ..........cceririeriieieieceeieeeee e 46
Table 2.12 — Frequencies of the isolated morphological groups (%6)......ccccceevverviecverereeneneerieseeeennes 47
Table 2.13 — Descriptive statistics Of the PartiCipants...........cc.eceverceereeieereneesieeeere st eee e eee e seeennas 52
Table 2.14 — Collected data and results of the estimation of minute ventilation.............c.ccceeeeerenene. 56

Table 2.15 — Statistical data of IAQ pollutants measured during different types of fitness classes..... 59
Table 2.16 — Estimated inhaled dose of pollutants in holistic and aerobic class........c..ccccceceerereennnne. 61

Chapter 3

Table 3.1 — VE defined by EPA (2011b)

Table 3.2 — Varimax normalized rotated factor loading PCA to exposed lichens

Chapter 4

Table 4.1 — Meteorological data for Lisbon during the campaigns. .........ccceoveeveeeererenerieinenesene 92
Table 4.2 — Mean and standard deviations of pollutants’ concentrations for the five types of
L2 11) 102 215 10 oD N 96
Table 4.3 — Mean time (#) spent in the round commuting trips from Telheiras to Restauradores (values
L 11110 o) P ST 101

Table 4.4 — Estimated doses for each transport mode (bus, metro, car, bicycle and motorcycle)...... 103

115






References

ACGIH (1989). Guidelines for the assessment of bioaerosols in the indoor environment. American

Conference of Governmental Industrial Hygienists, Cincinnati.

Adams HS, Nieuwenhuijsen MJ, Colvile RN, McMullen MAS, Khandelwal P (2001). Fine particle
(PM2.5) personal exposure levels in transport microenvironments, London, UK. Sci Tot Environ 279,
29-44.

Almeida SM, CA Pio, MC Freitas, MA Reis, MA Trancoso (2006). Approaching PM2.5 and PM2.5-
10 source apportionment by mass balance analysis, principal component analysis and particle size
distribution. Sci Tot Environ 368, 663-674.

Almeida SM, MM Farinha, MG Ventura, CA Pio, MC Freitas, MA Reis, et al. (2007). Measuring air
particulate matter in large urban areas for health effect assessment. Water Air Soil Poll 179 (1-4), 43-
55.

Almeida SM, MC Freitas, Pio C (2008). Neutron activation analysis for identification of African
mineral dust transport. J Radioanal Nucl Ch 276(1), 161-165.

Almeida SM, Freitas MC, Repolho C, Dionisio I, Dung HM, Caseiro A, et al. (2009a). Characterizing
air particulate matter composition and sources in Lisbon, Portugal. J Radioanal Nucl Chem 281(2),
215-218.

Almeida SM, Freitas MC, Repolho C, Dionisio I, Dung HM, Pio CA, et al. (2009b). Evaluating
children exposure to air pollutants for an epidemiological study. J Radioanal Nucl Chem 280 (2),
405-409.

Almeida SM, Canha N, Silva A, Freitas MC, Pegas P, Alves C, Evtyugina MG, Pio CA. (2011).
Children exposure to air particulate matter in indoor of Lisbon primary schools. Atmos Environ
45(40), 7594-7599.

Almeida SM, Silva AV, Freitas MC, Marques AM, Ramos CA, et al. (2012a). Characterization of
dust material emitted during harbour activities by kO-INAA and PIXE. J Radioanal Nucl Ch 291(1),
77-82.

Almeida SM, Ramos CA, Marques AM, Silva AV, Freitas MC, Farinha MM, et al. (2012b). Use of
INAA and PIXE for multipollutant air quality assessment and management. J Radioanal Nucl Chem
294, 343-347.

Almeida SM, Lage J, Freitas MC, Pedro Al, Ribeiro T, Silva AV, et al. (2012c). Integration of
Biomonitoring and Instrumental Techniques to Assess the air Quality in An Industrial Area Located
in the Coastal of Central Asturias, Spain. J Toxicol Env Healt A 75(22-23), 1392-1403.

117



Almeida SM, Freitas MC, Reis M, Pinheiro T, Felix PM, Pio CA (2013a). Fifteen Years of Nuclear
Techniques Application to Suspended Particulate Matter Studies, J Radioanal Nucl Chem 297(3),
347-356.

Almeida SM, Silva Al, Freitas MC, Dzung HM, Caseiro A, Pio CA (2013b). Impact of maritime air
mass trajectories on the Western European coast urban aerosol. J Toxicol Env Healt A 76(4-5), 252-
62.

Almeida SM, Silva AV, Sarmento S (2014a). Effects of exposure to particles and ozone on hospital
admissions for cardiorespiratory diseases in Setubal, Portugal. J Toxicol Envi Healt A 77, 837-848.

Almeida SM, Almeida-Silva M, Galinha C, Ramos CA, Lage J, Canha N, et al. (2014b). Assessment
of the Portuguese kO-INAA laboratory performance by evaluating internal quality control data. J
Radioanal Nucl Chem 300, 581-587.

Almeida SM, Lage J, Fernandez B, Garcia S, Reis MA, Chaves PC (2015). Chemical characterization
of atmospheric particles and source apportionment in the vicinity of a steelmaking industry. Sci Tot
Environ 521-522, 411-20.

Almeida-Silva M, Almeida SM, Freitas MC, Pio CA, Nunes T, et al. (2013). Impact of sahara dust
transport on cape verde atmospheric element particles. J Toxicol Envi Healt A 76(4-5), 240-251.

Almeida-Silva M, Wolterbeek HT, Almeida SM (2014a). Elderly exposure to indoor air pollutants.
Atmos Environ 85, 54-63.

Almeida-Silva M, Almeida SM, Wolterbeek HT (2014b). Multi-elemental characterization of indoor
aerosols in Elderly Care Centers. J Radioanal Nucl Ch, 300, 679-684.

Almeida-Silva M, Almeida SM, Gomes JF, Albuquerque PC, Wolterbeek HT (2014c). Determination
of airborne nanoparticles in Elderly Care Centers. J Toxicol Env Heal A, 77(14-16), 867-78.

Almeida-Silva M, Almeida SM, Pegas PN, Nunes T, Alves CA, Wolterbeek HT (2015). Exposure
and dose assessment to particles components among an elderly population. Atmos Environ 102, 156-
166.

APA (2013). Agéncia Portuguesa do Ambiente - Identificacdo e Avaliagdo de Eventos Naturais no
ano de 2012 em Portugal - Relatéorio Anual, Portugal. Obtained from:
http://www.apambiente.pt/_zdata/DAR/Relatorio Eventos Naturais 2012.pdf

Apte MG, Fisk W, Daisey JM (2000). Associations between indoor CO2 concentrations and sick
building syndrome symptoms in U.S. office buildings: an analysis of the 1994-1996 BASE study
data. Indoor Air 10, 246-257.

Aydogdu H, Asan A, Otkun MT (2010). Indoor and outdoor bacteria in child day-care centers in
Edirne cuty (Turkey), seasonal distribution and influence of meteorological factors. Environ Monit
Assess164, 53-66.

118



Bargagli R (1998). Lichens as biomonitors of airborne trace elements. Trace elements in terrestrial
Plants: an ecophysiological approach to biomonitoring and biorecovery. Springer, Berlim, Germany.
ISBN-10: 3540645519.

Barreto JP (2013). Portuguese road code finally enters the XXI century. Available from:
http://mubi.pt/en/2013/07/25/codigo-da-estrada-portugues-entra-finalmente-no-seculo-xxi/

Barrett JR (2014). Assessing the health threat of outdoor air lung cancer risk of particulate matter
exposure. Environ Hith Persp 122(9), A252-A252.

Baxi SN, Muilenberg ML, Rogers CA, Sheehan WJ, Gaffin J, et al. (2003). Exposures to Molds in
School Classrooms of Children with Asthma. Indoor Air 13(1), 53-64.

Beelen R, Stafoggia M, Raaschou-Nielsen O, et al. (2014). Long-term exposure to air pollution and
cardiovascular mortality an analysis of 22 European cohorts. Epidemiology 25(3), 368-378.

Behrens G, Jochem C, Keimling M, Ricci C, Schmid D, et al. (2014) .The association between
physical activity and gastroesophageal cancer: systematic review and meta-analysis. Eur J Epidemiol
29(3), 151-170.

Bell ML, Ebisu K, Peng RD, et al. (2008) Seasonal and regional short-term effects of fine particles on
hospital admissions in 202 US counties, 1999-2005. Am J Epidemiol 168: 1301- 1310.

Bensch K, Braun U, Groenewald JZ, Crous PW (2012) The genus Cladosporium. Stud Mycol 72, 1-
401.

Berghmans P, Bleux N, Panis L, Mishra VK, Torfs R, Van Poppel M (2009). Exposure assessment of
a cyclist to PM10 and ultrafine particles. Sci Tot Environ 407, 1286-1298.

Beuchat L, Komitopoulu E, Beckers H, Betts R, Bourdichon F, Fanning S, et al. (2013). Low-water
activity foods: increased concern as vehicles of foodborne pathogens. J Food Protect 76(1), 150-172.

Beusker E, Stoy C, Pollalis SN (2012). Estimation model and benchmarks for heating energy
consumption of schools and sport facilities in Germany. Build Environ 49:324-335.

Bigazzi AY and Figliozzi MA (2014). Review of urban bicyclists' intake and uptake of traffic-related
air pollution. Transport Rev 34(2), 221-245.

Bluyssen PM, Fernandes ED, Groes L, Clausen G, Fanger PO, Valbjorn O, Bernhard CA, Roulet, CA
(1996). European indoor air quality audit project in 56 office buildings. Indoor Air 6,221-238.

Boor BE, Siegelab JA, Novoselac A (2013). Monolayer and multilayer particle deposits on hard
surfaces: literature review and implications for particle resuspension in the indoor environment.
Aerosol Sci Tech 47(8), 831-847.

119



Bouillard L, Michel O, Dramaix M, Devleeschouwer M (2005). Bacterial contamination of indoor air,
surfaces, and settled dust, and related dust endotoxin concentrations in healthy office buildings. Ann
Agr Env Med 12, 187-192.

Branis M, Vétvicka V (2010). PM10, Ambient Temperature and Relative Humidity during the XXIX
Summer Olympic Games in Beijing: Were the Athletes at Risk? Aerosol Air Qual Res 10(2), 102-
110.

Boogaard H, Borgman F, Kamminga J, Hoek G (2009) Exposure to ultrafine and fine particles and
noise during cycling and driving in 11 Dutch cities. Atmos Environ 43(27):4234-4242.

Brani§ M, Safranek J, Hytychova A (2011b). Indoor and outdoor sources of size-resolved mass
concentration of particulate matter in a school gym - implications for exposure of exercising children.
Environ Sci Pollut R 18, 598-609.

Brani§ M, Safranek J. (2011a). Characterization of coarse particulate matter in school gyms. Environ
Res 111, 485-491.

Brown R, Riddell M, Macpherson A, Canning K, Kuk J (2014). All-cause and cardiovascular
mortality risk in U.S. adults with and without type 2 diabetes: influence of physical activity,
pharmacological treatment and glycemic control. J Diabetes Complicat 28(3), 311-315.

Brunekreef BH (2002). Air pollution and health. Lancet 360, 1233-1242.

Buffart LM, Singh AS, van Loon E, Vermeulen HI, Brug J, et al. (2014). Physical activity and the
risk of developing lung cancer among smokers: a meta-analysis. J Sci Med Sport 17 (1), 67-71.

Biinger J, Antlauf-Lammers M, Schulz T, Westphal G, Miiller M, Ruhnau P, Hallier E (2000). Health
complaints and immunological markers of exposure to bioaerosols among biowaste collectors and

compost workers. Occup Environ Med 57,458-464.

Buonanno G, Marini S, Morawska L, Fuoco FC (2012). Individual dose and exposure of Italian
children to ultrafine particles. Sci Total Environ 438, 271-277.

Buonanno G, Fuoco F, Marini S, Stabile L (2013). Particle resuspension in school gyms during
physical activities. Aerosol Air Qual Res 12, 803-813.

Calvo Al, Alves C, Castro A, Pont V, Vicente AM, Fraile R (2013). Research on aerosol sources and
chemical composition: past, current and emerging issues. Atmos Res 120-121, 1-28.

Canha N, Almeida M, Freitas MC, Almeida SM (2011). Seasonal variation of total particulate matter
and children respiratory diseases at Lisbon basic schools using passive methods. Procedia

Environmental Sciences 4, 170-183.

Canha N, Freitas MC, Almeida SM, Almeida M, Ribeiro M, Galinha C, et al. (2010). Indoor school
environment: easy and low cost to assess inorganic pollutants. J Radioanal Nucl Ch 286(2), 495-500.

120



Canha N, Martinho M, Almeida-Silva M, Freitas MC, Almeida SM, Pegas P, et al. (2012a). Indoor air
quality in primary schools. Int J Environ Pollut (1/2/3/4), 396-410.

Canha N, Almeida-Silva M, Freitas MC, Almeida SM, Wolterbeek HT (2012b). Lichens as
biomonitors at indoor environments of primary schools. J Radioanal Nucl Chem 291, 123-128.

Canha N, Freitas MC, Almeida-Silva M, Almeida SM, Dung HM, Dionisio I, et al. (2012c). Burn
wood influence on outdoor air quality in a small village: Foros de Arrdo, Portugal. J Radioanal Nucl
Ch 291(1), 83-88.

Canha N, Almeida SM, Freitas MC, Taubel M, Hénninen O (2013). Winter ventilation rates at
primary schools: comparison between Portugal and Finland. J Toxicol Env Healt A 76 (6), 400-408.

Canha N, Almeida SM, Freitas MC, Trancoso M, Sousa A, Mouro F, Wolterbeek HTh (2014a).
Particulate matter analysis in indoor environments of urban and rural primary schools using passive

sampling methodology. Atmos Environ 83, 21-34.

Canha N, Almeida SM, Freitas MC, Wolterbeek HT, Cardoso J, Pio C, Caseiro A. (2014b) Impact of
wood burning on indoor PM2.5 in a primary school in rural Portugal. Atmos Environ 94, 663-670.

Canha, N., Almeida, S.M., Freitas, M.C., Wolterbeek, H.T. (2014c) Assessment of bioaerosols in
urban and rural primary schools using passive and active sampling methodologies. Arch Environ

Prot, (in press).

Canha N, Almeida SM, Freitas MC, Wolterbeek HT (2014d) Indoor and outdoor biomonitoring using
lichens at urban and rural primary schools. J Toxicol Env Healt A 77(14-16), 900-915.

Carlisle A, Sharp N (2001) Exercise and outdoor ambient air pollution. Brit J of Sport Med 35, 214-
222.

CCOHS (2004). Indoor Air Quality - Health and Safety Guide. Ontario, Canada: Canadian Centre for
Occupational Health and Safety.

Celtik C, Okten S, Aydogdu H, Bostancioglu M, Ekuklu G, et al. (2011) Investigation of indoor
molds and allergic diseases in public primary schools in Edirne city of Turkey. Asian Pacific Journal
Allergy Immunology 29(1), 42-49.

Chan LY, Lau WL, Lee SC, Chan CY (2002). Commuter exposure to particulate matter in public
transportation modes in Hong Kong. Atmos Environ 36, 3363-3373.

Chen X, Zhang G, Zhang Q, Chen H (2011). Mass concentrations of BTEX inside air environment of
buses in Changsha, China. Build Environ 46, 421-427.

Clark RP (1973). Skin scales among airborne particles. J Hyg-Cam 72, 47-51.

121



CML, Zona de Emissdes Reduzidas. Camara Municipal de Lisboa. Available from: www.cm-
lisboa.pt/perguntas-frequentes/ambiente/zer-zona-de-emissoes-reduzidas.

Cole-Hunter T, Morawska L, Stewart I, Jayaratne R, Solomon C (2012). Inhaled particle counts on
bicycle commute routes of low and high proximity to motorised traffic. Atmos Environ 61, 197-203.

Corsi RL, Siegel JA, Chiang C (2008). Particle resuspension during the use of vacuum cleaners on
residential carpet. J Occup Environ Hyg 5(4), 232-238.

Cruz AMJ, Sarmento S, Almeida SM, Silva AV, Alves C et al. (2015). Association between
atmospheric pollutants and hospital admissions in Lisbon. Environ Sci Pollut R 22(7), 5500-5510.
DOI: 10.1007/s11356-014-3838-z

Cutrufello PT, Smoliga JM, Rundell KW (2012). Small things make a big difference: particulate
matter and exercise. Sports Med 42(12), 1041-1058.

Dacarro C, Picco A, Grisoli P, Rodolfi M (2003). Determination of aerial microbiological
contamination in scholastic sports environments. J Appl Microbiol 95, 904-912.

Daigle C, Chalupa D, Gibb R, Morrow P, Oberdérster G, Utell M, Frampton M (2003). Ultrafine
particle deposition in humans during rest and exercise. Inhal Toxicol 15, 539-552

de Ana SG, Torres-Rodriguez JM, Ramirez EA, Garcia SM, Belmonte-Soler J (2006). Seasonal
distribution of Alternaria, Aspergillus, Cladosporium and Penicillium species isolated in homes of
fungal allergic patients. J Invest Allerg Clin 16(6), 357-63.

de Hartog JJ, Boogaard H, Hoek G (2010). Do the Health Benefits of cycling outweight the risks?
Environ Hith Persp 118(8), 1109-116.

de Nazelle A, Nieuwenhuijsen MJ, Anté JM , Brauerd M, Briggs D, et al. (2011). Improving health
through policies that promote active travel: a review of evidence to support integrated health impact
assessment. Environ Int 37, 766-777.

de Nazelle A, Fruin S, Westerdahl D, Martinez D, Ripoll A, et al. (2012). A travel mode comparison
of commuters’ exposures to air pollutants in Barcelona. Atmos Environ 59, 151-159.

Decreto Lei no. 79/2006. Regulamento dos Sistemas Energéticos de Climatizagdo em Edificios
(RSECE). Ministério das Obras Publicas, Transportes ¢ Comunicagdes.

Destaillats H, Maddalena RL, Singer BC, Hodgson AT, McKone TE (2008). Indoor pollutants
emitted by office equipment: a review of reported data and information needs. Atmos Environ 42(7),
1371-1388.

di Giulio M, Grande R, Di Campli E, Di Bartolomeo S, Cellini L (2010). Indoor air quality in
university environments. Environ Monit Assess 170, 509-517.

122



Diapouli E, Chaloulakou A, Spyrellis N (2008). Indoor and outdoor PM concentrations at a
residential environment, in the Athens area. Global NEST J, 10(2), 201-208.

Dimitroulopoulou C. (2012). Ventilation in European dwellings: a review. Build Environ 47, 109-
125.

Directive 2008/50/EC. European Parliament and of the Council on ambient air quality and cleaner air

for Europe.

Dons E, Int Panis L, Poppel MV, Theunis J, Willems, Torfs R, et al. (2011). Impact of time-activity
patterns on personal exposure to black carbon. Afmos Environ 45(21), 3594-3602

Dons E, Int Panis L, Poppel MV, Theunis J, Wets G (2012) Personal exposure to Black Carbon in

transport microenvironments. Atmos Environ 55, 392-398.

Duda JL, Williams GC, Ntoumanis N, Daley A, Eves FF, et al. (2014). Effects of a standard provision
versus an autonomy supportive exercise referral programme on physical activity, quality of life and
well-being indicators: a cluster randomised controlled trial. /nt J Behav Nutr Phyl 11, 10.

dos Santos VM, Dorner, JW, Carreira FV (2003). Isolation and toxigenicity of Aspergillus fumigatus
from moldy silage. Mycopathologia 156, 133-138.

Douwes J, Thorne P, Pearce N, Heederik D (2003). Bioaerosol health effects and exposure
assessment: progress and prospects. Ann Occup Hyg 47(3), 187-200.

Dung HM, Freitas MC, Blaauw M, Almeida SM, Dionisio I, Canha NH (2010). Quality control and
performance evaluation of kO-based neutron activation analysis at the Portuguese research reactor.
Nucl Instrum Meth A 622,392-398.

Dyck R, Sadiq R, Rodriguez MJ, Simard S, Tardif R (2011). Trihalomethane exposures in indoor
swimming pools: a level III fugacity model. Water Res 45, 5084-5098.

Eduard W, Halstensen A (2009). Quantitative exposure assessment of organic dust. S/IWEH
Supplements 7, 30-35.

EEA (2011). Environment and Health. Available from:

http://www.eea.europa.eu/themes/human.intro.

Elen B, Peters J, Van Poppel M, Bleux N, Theunis J, Reggente M et al.(2013) The Aeroflex: a

bicycle for mobile air quality measurements. Sensors 13(1):221-240.

El-Shanawany AA, Mostafa ME, Barakat A (2005). Fungal populations and mycotoxins in silage in
Assiut and Sohag governorates in Egypt, with a special reference to characteristic aspergilli toxins.

Mycopathologia 159, 281-289.

123



EN12341:1998. Determination of the PM10 fraction of suspended particulate matter - Reference
method and field test procedure to demonstrate reference equivalence of measurement methods.

EPA (2007). Resuspension and tracking of particulate matter from carpet due to human activity.
Office of Research and Development.

EPA (2011a). An Introduction to Indoor Air Quality (IAQ) - Volatile Organic Compounds (VOCs).
Available from: http://www.epa.gov/iaq/voc2.html.

EPA (2011b). Exposure Factors Handbook: 2011 Edition. National Center for Environmental
Assessment, Washington, DC; EPA/600/R-09/052F. Available from www.epa.gov/ncea/efh.

EPA  (2013). Clean Air Act Requirements and History.  Available from:
http://www.epa.gov/air/caa/requirements.html

Eurobarometer (2014). Sport and physical activity. Special Eurobarometer 412. European
Commission. Available from: http://ec.europa.eu/public_opinion/archives/ebs/ebs 412 en.pdf.

European Commission (2010) The Promotion of Cycling. Transport and Tourism. Available from:
http://www.ecf.com/wp-content/uploads/European-Parliament-2010_Promotion-of-Cycling.pdf

European Commission (2014). Air. Available: http://ec.europa.eu/environment/air/index en.htm

Fang Z, Ouyang ZY, Hu LF, Wang X, Hu L (2007). Culturable airborne bacteria in outdoor
environments in Beijing, China. Microbial Ecol 54, 487-496.

Farinha MM, Freitas MC, Almeida SM (2004). Air quality control monitoring at an urban and
industrialized area. J Radioanal Nucl Ch 259(2), 203-207.

Ferreira AMC (2014). Indoor air quality and health in schools. Jornal Brasileiro de Pneumologia
40(3), 259-268.

Ferro AR, Kopperud RJ, Hildemann LM (2004). Source strengths for indoor human activities thar
resuspend particulate matter. Environ Sci Tech 38, 1759-1764.

Fisk WM, Mirer AG, Mendell MJ (2009). Quantitative relationship of sick building syndrome
symptoms with ventilation rates. Indoor Air 19, 159-165.

Foster C, Florhaug J, Franklin J, Gottschall L, Hrovatin L, Parker S, et al. (2001) New approach to
monitoring exercise training. J Strength Cond Res 15(1), 109-115.

Foucaut AM, Berthouze-Aranda SE, Touillaud M, Kempf-Lepine AS, Baudinet C, et al. (2014).
Reduction of health risk factors through an adapted physicalactivity program in patients with breast
cancer. Support Care Cancer 22(4), 1097-1104.

Fox A, Harley W, Feigley C, Salzberg D, Toole C, et al. (2005). Large particles are responsible for
elevated bacterial marker levels in school air upon occupation. J Environ Monitor 7, 450-456.

124



Francuz B, Yera H, Geraut L, Bensefa-Colas L, Nghiem ZH, Choudat D (2010). Occupational asthma
induced by Chrysonilia sitophila in a worker exposed to coffee grounds. Clin Vaccine Immunol
17(10), 1645-1646.

Frankel M, Beko G, Timm M, Gustavsen S, Hansen E, Madsen A (2012). Seasonal variations of
indoor microbial exposures and their relation to temperature, relative humidity and air exchange rate.
Appl Environ Microb 78(23), 8289-8297.

Freitas MC, Reis MA, Marques AP, Wolterbeek HT (2000). Dispersion of chemical elements in na
industrial environment studied by biomonitoring using Parmelia sulcata. J Radioanal Nucl Ch
244(1), 109-113.

Freitas MC, Reis MA, Marques AP, Almeida SM, Farinha MM, et al. (2003). Monitoring of
environmental contaminants: 10 years of application of kO-INAA. J Radioanal Nucl Chem 257(3),
621-625.

Freitas MC, Almeida SM, Reis MA, Ventura MG (2004) Neutron activation analysis: still a reference
method for air particulate matter. J Radioanal Nucl Chem 262, 235-239.

Freitas SM, Farinha MM, Pacheco AMG, Ventura MG, Almeida SM, et al. (2005). Atmospheric
selenium in an industrialized area of Portugal. J Radioanal Nucl Chem 263 (3), 711-719.

Gaihre S, Semple S, Miller J, Fielding S, Turner S (2014). Classroom carbon dioxide concentration,
school attendance and educational attainment. J School Health 84(9), 569-574.

Gao J, Wargocki P, Wang Y (2014). Ventilation system type, classroom environmental quality and
pupils' perceptions and symptoms. Build Environ 75,46-57.

Garret P, Casimiro E (2011). Short-term effect of fine particulate matter (PM2.5) and ozone on daily
mortality in Lisbon, Portugal. Environ Sci Pollut R 18, 1585-1592.

Giles LV, Koehle MS (2013). The health effects of exercising in air pollution. Sports Med. DOI:
10.1007/s40279-013-0108-z.

Godinho RM (2010). Lichen Biomonitors: Factors Affecting Response Behaviour. IOS Press, The
Netherlands.

Gomes J, Bordalo JCM, Albuquerque PC (2012). Monitoring exposure to airborne ultrafine particles
in Lisbon, Portugal. Inhal Toxicol 24(7), 425-433.

Gongalves AK, Florencio G, Silva M, Cobucci R, Giraldo PC, et al. (2014). Effects of physical
activity on breast cancer prevention: a systematic review. JPAH 11(2),445-454.

125



Gotte M, Kesting S, Winter C, Rosenbaum D, Boos J (2013). Comparison of self-reported physical
activity in children and adolescents before and during cancer treatment. Pediatr Blood Cancer 61(6),
1023-1028.

Hall JV, Brajer V, Lurmann FW (2010). Air pollution, health and economic benefits—Lessons from
20 years of analysis. Ecol Econ 69, 2590-2597.

Han X, Naeher LP (2006). A review of traffic-related air pollution exposure assessment studies in the
developing world. Environ Int 32(1), 106-120.

Hanninen O (2012). Combining CO: data from ventilation phases improves estimation of air
exchange rates. Healthy Buildings 2012: Australia.

Harmens H, Norris DA, Steinnes E, Kubin E, Piispanen J, Alber R, et al. (2010). Mosses as
biomonitors of atmospheric heavy metal deposition: spatial patterns and temporal trends in Europe.
Environ Pollut 158(10), 3144-3156.

Harms CA (2006). Does gender affect pulmonary function and exercise capacity? Resp Physiol
Neurobi 151(2-3), 124-131.

Hartog JJ, Boogaard H, Hoek G (2010). Do the health benefits of cycling outweight the risks?
Environ Health Persp 118(8), 1109-116.

Heldal K, Halstensen AS, Thorn J, Djupesland P, Wouters I, et al. (2003). Upper airway inflammation
in waste handlers exposed to bioaerosols. Occup Environ Med 60, 444-450.

Hertel O, Hvidberg M, Ketzel M, Storm L, Satusgaard L (2008). A proper choice of route
significantly reduces air pollution exposure — A study on bicycle and bus trips in urban streets. Sci Tot
Environ 389, 58-70.

Hill BC (1991). Carbon dioxide, particulates, and subjective human responses in office buildings
without histories of indoor air quality problems. Applied Occupational and Environmental Hygiene
7(2), 101-111.

Hilmi D, Parcina M, Bode K, Ostrop J, Schuett S (2013). Functional variation reflects intra-strain
diversity of Staphylococcus aureus small colony variants in the host-pathogen interaction. /nt J Med
Microbiol 303, 61-69.

Hogardt M, Heesemann J (2000). Adaptation of Pseudomonas aeruginosa during persistence in the
cystic fibrosis lung. Int J Med Microbiol 300, 557-562.

Holmberg S, Li Y (1998). Modeling of the indoor environment — Particle dispersion and deposition.
Indoor Air 8, 113-122.

Holt JG (1994) Bergey’s Manual of Determinative Bacteriology (9" Edition). Williams & Wilkins,
Baltimore, USA. ISBN-10: 0683006037.

126



Hoog C, Guarro J, Gené G, Figueiras M (2000). Atlas of Clinical Fungi (2" Edition). Ultrecht:
Centraalbureau voor Schimmelcultures. ISBN: 9070351439.

Hoskins J (2003). Health effects due to indoor air pollution. /ndoor Built Environ 12, 427-433.

Hospodsky D, Qian J, Nazaroff W, Yamamoto N, Bibby K, Rismani-Yazdi H, et al. (2012). Human
occupancy as a source of indoor airborne bacteria. PLoS ONE 7(4), 1-10.

Hussin N, Sann L, Shamsudin M, Hashima Z (2011). Characterization of bacteria and fungi
bioaerosol in the indoor air of selected primary schools in Malaysia. Indoor Built Environ 20(6), 607-
617.

IARC (2013) Press Release n.° 221. Outdoor air pollution a leading environmental cause of cancer

deaths. Available from: http://www.iarc.fr/en/media-centre/iarcnews/pdf/pr221_E.pdf

ICRP (1994). Human Respiratory Tract Model for Radiological Protection. ICRP Publication 66.
Ann. ICRP 24 (1-3).

ISO 17043. Conformity assessment — General requirements for proficiency testing.

ISO 7730:2005. Ergonomics of the thermal environment -- Analytical determination and
interpretation of thermal comfort using calculation of the PMV and PPD indices and local thermal

comfort criteria.

Jafta N, Batterman SA, Gqaleni N, Naidoo R, Robins TG (2012). Characterization of allergens and
airborne fungi in low and middle-income homes of primary school children in Durban, South Africa.
Am J Ind Med 55, 1110-1121.

Jarvies B, Miller J (2005). Mycotoxins as harmful indoor air contaminants. App! Microbiol Biot 66,
367-372.

Jin H, He C, Lu L, Fan J (2013). Numerical investigation of the wall effect on airborne particle
dispersion in a test chamber. Aerosol Air Qual Res 13, 786-794.

Kam W, Cheung K, Daher N, Sioutas C (2011). Particulate matter (PM) concentrations in
underground and ground-level rail systems of the Los Angeles Metro. Atmos Environ 45, 1506-1516.

Kampa M, Castafias E (2008). Human health effects of air pollution. Environ Pollut 151, 362-367.
Kao L, Nanagas K (2005). Carbon monoxide poisoning. Med Clin N Am 89, 1161-1194.

Kariisa M, Foraker R, Pennell M, et al. (2015). Short- and long-term effects of ambient ozone and
fine particulate matter on the respiratory health of chronic obstructive pulmonary disease subjects.
Arch Environ Occup H 70(1), 56-62.

127



Kaur S, Nieuwenhuijsen M, Colvile R (2005). Personal exposure of street canyon intersection users to
PM2.5, ultrafine particle counts and carbon monoxide in Central London, UK. Atmos Environ 39
(20), 3629-3641.

Kaur S, Nieuwenhuijsen MJ, Colvile RN (2007). Fine particulate matter and carbon monoxide
exposure concentrations in urban street transport microenvironments. Atmos Environ 41, 4781-4810.

Keimling M, Behrens G, Schmid D, Jochem C, Leitzmann MF (2014). The association between
physical activity and bladder cancer: systematic review and meta-analysis. Br J Cancer 110(7), 1862-
1870.

Kemp PC, Neumeister-Kemp HG, Murray F, Lysek G (2002). Airborne fungi in non-problem
buildings in a southern-hemisphere mediterranean climate: preliminary study of natural and

mechanical ventilation. Indoor Built Environ 11(1), 44-53.

Kim CS, Alexis NE, Rappold AG, Kehrl H, Hazucha MJ, Lay JC (2011). Lung function and
inflammatory responses in healthy young adults exposed to 0.06 ppm ozone for 6.6 hours. Am J Resp
Crit Care 183, 1215-1221.

Lage J, Almeida SM, Reis MA, Chaves PC, Ribeiro T, et al. (2014). Levels and spatial distribution of
airborne chemical elements in a heavy industrial area located in the north of Spain. J Toxicol Env
Healt A77(14-16), 856-866.

Lam JC, Chan, A (2001). CFD analysis and energy simulation of a gymnasium. Built Environ 36(3),
351-358.

Land CJ, Sostaric B, Fuchs R, Lundstrom H, Hult K (1989). Intratracheal exposure of rats
to Aspergillus fumigatus spores isolated from sawmills in Sweden. App! Environ Microb 55, 2856-
2860.

Laskowski ER, Lexell J (2012). Exercise and sports for health promotion, disease, and disability.
PM&R 4, 795-796.

Lee K, Yanagisawa Y, Spengler JD, Nakai S (1994). Carbon monoxide and nitrogen dioxide
exposures in indoor ice skating rinks. J Sport Sci 12, 279-283.

Lee SC, Sanches L, Fai HK (2001). Characterization of VOCs, ozone, and PM10 emissions from
office equipment in an environmental chamber. Build Environ 36, 837-842.

Levy JC (2001). Assessing the public health benefits of reduced ozone concentrations. Environ Hith
Persp 109(12), 9-20.

LiY, Leung GM, Tang JW, Yang X, Chao CY (2007). Role of ventilation in airborne transmission of
infectious agents in the built environment - a multidisciplinary systematic review. Indoor Air 17, 2-
18.

128



Limasset JC, Diebold F, Hubert G (1993). Assessment of bus drivers’ exposure to the pollutants of
urban traffic. Sci Tot Environ 134(1-3), 39.

Guidi GC, Maffulli N (2008). Air pollution and sports performance in Beijing. Int J Sports Med
29(8), 696-698.

MacNaughton P, Melly S, Vallarino J, Adamkiewicz G, Spengler JD (2014). Impact of bicycle route
type on exposure to traffic-related air pollution. Sci Tot Environ 490, 37-43.

Marques AP (2008). Positional responses in lichen transplant biomonitoring of trace element air
pollution. IOS Press, The Netherlands.

Mason B, Moore CB (1982). Principles of Geochemistry. John Wiley, New Jersey. ISBN-
10: 0471575224.

Mautz WJ (2003). Exercising animal models in inhalation toxicology: interactions with ozone and
formaldehyde. Environ Res 92, 14-26.

McNabola A, Broderick BM, Gill LW (2008). Relative exposure to fine particulate matter and VOCs
between transport microenvironments in Dublin: personal exposure and uptake. Amos Environ 42,
6496-6512.

McNamara M, Noonan C, Ward T (2011). Correction factor for continuous monitoring of wood
smoke fine particulate matter. Aerosol Air Qual Res 11, 315-322.

Mendell MJ, Eliseeva EA, Davies MM, Spears M, Lobscheid A, Fisk WJ (2013). Association of
classroom ventilation with reduced illness absence: a prospective study in California elementary
schools. Indoor Air 23(6), 515-528.

Mermier CM, Samet JM, Lambert WE, Chick TW (1993). Evaluation of the relationship between
heart rate and ventilation for epidemiological studies. Arch Environ Health 48(4), 263-269.

Monn C (2001). Exposure assessment of air pollutants: a review on spatial heterogeneity and
indoor/outdoor/personal exposure to suspended particulate matter, nitrogen dioxide and ozone. Atmos
Environ 35(1), 1-32.

Monzon S, Gil J, Ledesma A, Ferrer L, San Juan S, Abos T (2009). Occupational asthma IgE
mediated due to Chrysonilia sitophila in coftee industry. Allergy 64(11), 1686-1687.

Mosley S (2010). The Environment in World History. London: Routledge. ISBN: 9780415409568.

Mugica-Alvarez V, Figueroa-Lara J, Romero-Romo M, Sepulveda-Sanchéz J, Loépez-Moreno T
(2012). Concentration and properties of airborne particles in the Mexico City subway system. Atmos
Environ 49, 284-293.

Myers J (2003). Exercise and cardiovascular health. Circulation 107(e2-e5).

129



Nazaroff WW (2008). Inhalation intake fraction of pollutants from episodic indoor emissions. Build
Environ 43, 269-277.

Nazaroff WW (2013). Four principles for achieving good indoor air quality. Indoor Air 23, 353-356.

Nazaroff WW (2015). Indoor chemistry: research opportunities and challenges. Indoor Air 25, 357-
361.

Ntziachristos L, Polidori A, Phuleria H, Geller MD, Sioutas C (2007). Application of a diffusion
charger for the measurement of particle surface concentration in different environments. Aerosol Sci
Tech 41, 571-580.

Nunes I, Mesquita N, Cabo Verde S, Bandeira A, Carolino M, Portugal A, Botelho M (2013)
Characterization of an airborne microbial community: a case study in the archive of the University of
Coimbra, Portugal. Int Biodeter Biodegr 79, 36-41.

Nyhan M, McNabola A, Misstear B (2014). Comparison of particulate matter dose and acute heart
rate variability response in cyclists, pedestrians, bus and train passengers. Sci Tot Environ 468-469,
821-831.

OECD (2014). The cost of air pollution: health impacts of road transport. Available from OECD:
http://www.oecd.org/environment/cost-of-air-pollution.htm.

Oliveira M, Ribeiro H, Delgado JL, Abreu I (2009). Aeromycological profile of indoor and outdoor
environments. J Environ Monitor 11, 1360-1367.

Orciuolo E, Stanzani M, Canestraro M, Galimberti S, Carulli G, Lewis R, et al. (2007). Effects of
Aspergillus fumigatus gliotoxinand methylprednisolone on human neutrophils: implications for the
pathogenesis of invasive aspergillosis. J Leukocyte Biol 82, 839-848.

Osman LM, Douglas JG, Garden C, Reglitz K, Lyon J, et al. (2007). Indoor air quality in homes of
patients with chronic obstructive pulmonary disease. Am J Resp Crit Care 176, 465-472.

Panis L, de Geus B, Vandenbulcke G, Willems H, et al. (2010). Exposure to particulate matter in
traffic: a comparison of cyclists and car passengers. Atmos Environ 44(19), 2263-2270.

Pascal M, Corso M, Chanel O, Declercq C, Badaloni C, et al. (2013). Assessing the public health
impacts of urban air pollution in 25 European cities: results of the Aphekom project. Sci Tot Environ
449, 390-400.

Patel K, Sui XM, Zhang Y, Fonarow GC, Aban IB, et al. (2013). Prevention of heart failure in older
adults may require higher levels of physical activity than needed for other cardiovascular events. Int J
Cardiol 168(3), 1905-19009.

Pegas PN, Evtyugina MG, Alves CA, Nunes T, Cerqueira M, Franchi M, et al. (2010) Outdoor/indoor
air quality in primary schools in Lisbon: a preliminary study. Quim Nova 33, 1145-1149.

130



Pegas PN, Alves CA, Evtyugina MG, Nunes T, Cerqueira M, Franchi M, et al. (2011a). Seasonal
evaluation of outdoor/indoor air quality in primary schools in Lisbon. J Environ Monitor 13, 657-667.

Pegas PN, Alves CA, Evtyugina MG, Nunes T, Cerqueira M, Franchi M, et al. (2011b). Indoor air
quality in elementary schools of Lisbon in Spring. Environ Geochem Hith 33, 455-468.

Pelham TH, Holt L, Moss M (2002). Exposure to carbon monoxide and nitrogen dioxide in enclosed
ice arenas. Occup Environ Med 59 224-233.

Persily A (1996). The relationship between indoor air quality and carbon dioxide. 7" International
Conference on Indoor Air quality and Climate, Nagoya (Japan) 2, 961-966.

Persily A (1997). Evaluating building IAQ and ventilation with indoor carbon dioxide. ASHRAE
Transactions 103(2).

Pila E, Stamiris A, Castonguay A, Sabiston CM (2014). Body-related envy: a social comparison
perspective in sport and exercise. J Sport Exercise Psy 36(1), 93-106.

Portaria no. 353-A/2013. Ministérios do Ambiente, Ordenamento do Territério e Energia, da Satde e
da Solidariedade, Emprego e Seguranca Social.

Proctor RA, von Eiff C, Kahl BC, Becker K, McNamara P, Herrmann M, Peters G (2004). Small
colony variants: a pathogenic form of bacteria that facilitates persistent and recurrent infections. Nat
Rev Microbiol 4,295-305.

Querol X, Moreno T, Karanasiou A, Reche C, Alastuey A, Viana M, et al. (2012) Variability of
levels and composition of PM10 and PM2.5 in the Barcelona metro system. Atmos Chem Phys 12,
5055-5076.

Ramos CA (2013). Qualidade do Ar Interior em Ginasios — Exposi¢do a poluentes do ar interior
durante a actividade fisica. MSc thesis, Instituto Superior de Educagio ¢ Ciéncias, Lisbon.

Ramos CA, Almeida SM, Wolterbeek HT (2014). Exposure to indoor air pollutants during physical
activity in gymnasiums. Build Environ 82, 349-360.

Ramos CA, Viegas C, Cabo Verde S, Almeida SM, Wolterbeek HT (2015a). Characterizing the
fungal and bacterial microflora and concentrations in fitness centres. Indoor Built Environ DOI:
10.1177/1420326X15587954

Ramos CA, Reis JF, Almeida T, Alves F, Wolterbeek HT, Almeida SM (2015b). Estimating the
inhaled dose of pollutants during indoor physical activity. Sci Tot Environ 527-528, 111-118

Rank J, Folke J, Jespersen PH (2001). Differences in cyclists and car drivers exposure to air pollution
from traffic in the city of Copenhagen. Sci Tot Environ 279, 131-136.

131



Rao C, Burge H, Chang J (1996). Review of quantitative standards and guidelines for fungi in indoor
air. J Air Waste Manage 46, 899-908.

Raut JC, Chazette P, Fortain A (2009). Link between aerosol optical, microphysical and chemical
measurements in an underground railway station in Paris. Atmos Environ 43, 860-868.

Ren P, Jankun TM, Belanger K, Bracken MB, Leaderer BP (2001). The relation between fungal
propagules in indoor air and home characteristics. Allergy 56(5), 419-24.

Renascenga (2015). Qual é o transporte publico preferido dos portugueses? Available from:
http://rr.sapo.pt/informacao_detalhe.aspx?did=175893.

Revel GM, Arnesano M (2014). Perception of the thermal environment in sports facilities through
subjective approach. Build Environ 77, 12-19.

Reynolds SJ, Streifel AJ, Mcjilton CE (1990). Elevated airborne concentrations of fungi in residential
and office environments. Am Ind Hyg Assoc J 51(71), 601-604

Rojas-Rueda D, de Nazelle A, Tainio M, Nieuwenhuijsen MJ (2011). The health risks and benefits of
cycling in urban environments compared with car use: health impact assessment study. BM.J 343.

Rundell KW (2012). Effect of air pollution on athlete health and performance. Brit J Sport Med 46,
407-412.

Russia’s  Weather server. Weather Archive - World, Europe. Available from:
http://meteo.infospace.ru/wcarch/html/index.sht

Sa C, Boaventura R, Pereira I (2011). Analysis of trihalomethanes in water and air from indoor
swimming pools using HS-SPME/GC/ECD. J Environ Sci Heal A 46(4), 355-363.

Saelens BE, Sallis JF, Frank LD (2003). Environmental correlates of walking and cycling: findings
from the transportation, urban design, and planning literatures. Ann Behav Med 25(2), 80-91.

Salma I, Weidinger T, Maenhaut W (2007). Time-resolved mass concentration, composition and
sources of aerosol particles in a metropolitan underground railway station. Atmos Environ 41, 8391-
8405.

Salonen R, Pennanen A, Vahteristo M, Korkeila P, Alm S, Randell J (2008). Health risk assessment
of indoor air pollution in Finnish ice arenas. Environ Int 34, 51-57.

Salthammer T (2008). Heavy air pollution in Beijing and possible impact on Olympic athletes. Clean-
Soil Air Water 36(9), 731-733.

Samson RA, Flannigan B, Flannigan ME, Verhoeff AP, Adan OCG, Hoekstra ES (1994). Health
implications of fungi in indoor air environments. Air quality monographs, vol. 2. 531-538. Elsevier
Publications, Amsterdam, The Netherlands.

132



Santos P (2009). Contribuicdo do modo BICI na gestio da mobilidade urbana. Master thesis. Instituto
Superior de Engenharia de Lisboa. Available from: http://repositorio.ipl.pt/handle/10400.21/1006.

Sarmento S, Wolterbeek HT, Verburg TG, Freitas MC (2008). Correlating element atmospheric
deposition and cancer mortality in Portugal: data handling and preliminary results. Environ Pollut
151(2), 341-351.

Satish U, Mendell MJ, Shekhar K, Hotchi T, Sullivan D, et al. (2012). Is COz an indoor pollutant?
Direct effects of low-to-moderate co: concentrations on human decision-making performance.
Environ Hith Persp 120(12), 1671-1677.

Seppanen O, Fisk W, Mendell M (1999). Association of ventilation rates and CO2 concentrations with
health and other responses in commercial and institutional buildings. Indoor Air 9, 226-252.

Seppanen OF (2004). Summary of human responses to ventilation. Indoor Air 14, 102-118.

Sexton K, Callahan MA, Bryan EF (1995) Estimating exposure and dose to characterize health risks:
the role of human tissue monitoring in exposure assessment. Environ Hith Persp 3, 13-30.

Shaffer BT, Lighthart B (1997). Survey of airborne bacteria at four diverse locations in Oregon:
urban, rural, florest and coastal. Microbiol Ecology 34, 167-1717.

Shin SH, Jo WK (2013). Longitudinal variations in indoor VOC concentrations after moving into new

apartments and indoor source characterization. Environ Sci Pollut Res 20, 3696-3707.

Shin SH, Jo WK (2012). Volatile organic compound concentrations, emission rates, and source
apportionment in newly-built apartments at pre-occupancy stage. Chemosphere 89, 569-578.

Soleimani Z, Goudarzi G, Naddafi K, Sadeghinejad B, Latifi SM et al. (2013). Determination of
culturable indoor airborne fungi during normal and dust event days in Ahvaz, Iran. Aerobiologia 29
(2), 279-290.

Solomon S (1999). Stratospheric ozone depletion: a review of concepts and history. Rev Geophys
37(3), 275-316.

Sousa AM, Machado I, Nicolau A, Pereira MO (2013). Improvements on colony morphology
identification towards bacterial profiling. J Microbiol Meth 95, 327-335.

Srebot V, Gianicolo E, Rainaldi G, Trivella M., Sicari R (2009) Ozone and cardiovascular injury.
Cardiovasc Ultrasoun 7(30), 263-269.

Steinemann A (2015) Volatile emissions from common consumer products. Air Qual Atmos Health
(2015) 8:273-281. doi: 10.1007/s11869-015-0327-6

Su FC, Mukherjee B, Batterman S (2013). Determinants of personal, indoor and outdoor VOC
concentrations: an analysis of the RIOPA data. Environ Res 126, 192-203.

133



Sundell J, Levin H, Nazaroff WW, Cain WS, Fisk WJ et al. (2011). Ventilation rates and health:
report of an interdisciplinary review of the scientific literature. Indoor Air 21(3), 191-204.

Tarlo SM, Wai Y, Dolovich J, Summerbell R (1996). Occupational asthma induced by Chrysonilia
sitophila in the logging industry. J Allergy Clin Immun 97(6), 1409-1413.

The Government of Hog Kong (2003). A guide on indoor air quality certification scheme for offices
and public spaces: http://www.iaq.gov.hk/cert/doc/CertGuide-eng.pdf.

Tolis EI, Saraga DE, Filiou KF, Tziavos NI, Tsiaousis CP, et al. (2014). One-year intensive
characterization on PM2.5 nearby port area of Thessaloniki, Greece. Environ Sci Pollut R 22(9),
6812-6826.

Tolis El, Saraga DE, Lytra MK, Papathanasiou A, Bougaidis PN, et al. (2015). Concentration and
chemical composition of PM2.5 for a one-year period at Thessaloniki, Greece: a comparison between
city and port area. Atmos Environ 113, 197-207.

Transportes de Lisboa (2012). Cronologia. Available from: http://metro.transporteslisboa.pt/.

Tsai FC, Macher JM (2005). Concentrations of airborne culturable bacteria in 100 large US office
buildings from the BASE study. Indoor Air 15(9), 71-81.

Tshikhudo P, Nnzeru R, Ntushelo K, Mudau F (2013). Bacterial species identification getting easier.
Afr J Biotechnol 12(41), 5975-5982.

UNEP (2009) Reducing emissions from private cars: incentive measures for behavioral change.
Geneve, Switzerland:  United Nations Environment Programme. Available from:
ww.unep.ch/etb/publications/Green%20Economy/Reducing%20emissions/UNEP%20Reducing%20e
missions%20from%?20private%?20cars.pdf

Vercruyssen M, Kamon E, Hancock PA (2007). Effects of carbon dioxide inhalation on psychomotor
and mental performance during exercise and recovery. Int J Occup Saf Ergo 13(1), 15-27.

Viegas C, Alves C, Carolino E, Rosado L, Santos CS (2010). Prevalence of Fungi in Indoor Air with

Reference to Gymnasiums with Swimming Pools. Indoor Built Environ 19(5), 555-561.

Viegas C, Alves C, Carolino E, Pinheiro C, Rosado L, Silva Santos C (2011). Assessment of fungal
contamination in a group of Lisbon's gymnasiums with a swimming Pool. Italian Association of
Industrial Hygienists 2(1), 15-20.

Viegas C, Almeida-Silva M, Gomes AQ, Wolterbeek HT, Almeida SM (2014). Fungal

Contamination assessment in Portuguese elderly care centers, J Toxicol Env Healt A 77(1-3), 14-23.

Wang T, Nie W, Gao J, Xue LK, Gao XM et al. (2010). Air quality during the 2008 Beijing
Olympics: secondary pollutants and regional impact. Atmospheric Chemical Physics 10, 7603-7615.

134



Wang LZ, Emmerich SJ, Persily AK, Lin CC (2012). Carbon monoxide generation, dispersion and
exposure from indoor operation of gasoline-powered electric generators under actual weather
conditions. Build Environ 56, 283-290.

Wang C, Yang X, Guan J, Li Z, Gao K (2014). Source apportionment of volatile organic compounds
(VOCs) in aircraft cabins. Build Environ 81, 1-6.

Wang S, Gao J, Zhang Y, Zhang J, Cha F (2014) Impact of emission control on regional air quality:
an observational study of air pollutants before, during and after the Beijing Olympic Games. J
Environ Sci-China 26(1), 175-180.

Warburton D, Nicol C, Bredin S (2006). Health benefits of physical activity: the evidence. CMAJ
174(6), 801-809.

Weiss P, Rundell KW (2011). Exercise-induced lung disease: too much of a good thing? Pediatr
Allergy Immu 24(3), 149-157.

Weisser B (2014). Physical activity and exercise in type 2 diabetes. Diabetologe 10(2), 108.

Weschler CJ (2000). Ozone in indoor environments: concentration and chemistry. Indoor Air 10, 269-
288.

Weschler CJ (2015). Roles of the human occupant in indoor chemistry. Indoor Air.
DOI:10.1111/ina.12185

WHO (2008). A healthy city is an active city. WHO Regional Office for Europe, Denmark. ISBN:
978 92 890 4291 8.

WHO (2009a). WHO guidelines for indoor air quality: dampness and mould. Copenhagen: World
Health Organization. ISBN: 7989289041683.

WHO (2009b). Global health risks: mortality and burden of disease attributable to selected major
risks. Geneve, Switzerland: World Health Organization. ISBN: 9789241563871.

WHO (2009¢c). Amsterdam Declaration. Third High-level Meeting on Transport, Health and
Environment. Amsterdam, the Netherlands, 22-23 January 2009.

WHO (2010a). Global recommendations on physical activity for health. Switzerland: World Health

Organization.

WHO (2010b). Parma Declaration on Environment and Health. Fifth Ministerial Conference on
Environment and Health, Parma, Italy, 10-12 March 2010.

WHO (2012). Physical Inactivity: A Global Public Health Problem. Available from:
http://www.who.int/topics/physical activity/en/.

135



WHO (2013). Global action plan for the prevention and control of noncommunicable diseases 2013-
2020. Geneve, Switzerland: World Health Organization. ISBN: 9789241506236.

WHO (2014a). Ambient (outdoor) air quality and health - Fact sheet n.° 313. Obtained from:
http://www.who.int/mediacentre/factsheets/fs313/en/.

WHO (2014b). Physical Inactivity: A Global Public Health Problem. Obtained from WHO:
http://www.who.int/dietphysicalactivity/factsheet_inactivity/en/.

WHO  (2014c).  Physical  activity -  Fact sheet n.° 385. Obtained from:
http://www.who.int/mediacentre/factsheets/fs385/en/.

WHO (2015). Noncommunicable diseases, Fact sheet. Obtained from:
http://www.who.int/mediacentre/factsheets/fs355/en/.

Winkler-Heil R, Ferron G, Hofmann W (2014). Calculation of hygroscopic particle deposition in the
human lung. Inhal Toxicol 26(3), 193-206.

Winters M, Davidson G, Kao D, Teschke K (2011). Motivators and deterrents of bicycling:
comparing influences on decisions to ride. Transportation 38, 153-168.

Wolterbeek HT, Verburg TG (2004). Atmospheric metal deposition in a moss data correlation study
with mortality and disease in the Netherlands. Sci Tot Environ 319(1-3), 53-64.

Wong LT, Mui KW, Cheung CT, Chan WY, Lee YH, Cheung CL (2011). In-cabin exposure levels of
carbon monoxide, carbon dioxide and airborne particulate matter in air-conditioned buses of Hong
Kong. Indoor Built Environ 20(4), 464-470.

Xie H, Gan XA, Ma F (2009). Characteristics of bacterial and fungal aerosol in gymnasia in China.
Proceedings of International Conference on Energy and Environment Technology Guilin (China) 3,
19-23. ISBN: 978-0-7695-3819-8.

Yang C, Demokritou P, Chen Q, Spengler J, Parsons A (2000). Ventilation and air quality in indoor
ice skating arenas. ASHRAE Transactions 106, 338-346.

Ye X, Lian Z, Jiang C, Zhou Z, Chen H (2010). Investigation of indoor environmental quality in
Shanghai metro stations, China. Environ Monit Assess 167, 643-651.

Zanobetti A, Schwartz J (2009) The effect of fine and coarse particulate air pollution on mortality: a
national analysis. Environ Hlth Persp 117, 898-903.

Zhang X, Li F, Zhang L, Zhao Z, Norback D (2014). A longitudinal study of sick building syndrome
(SBS) among pupils in relation to SO2, NO2, O3 and PM10 in schools in China. PloS One 9(11),
el112933.

136



Zhou Y, Levy J (2008). The impact of urban street canyons on population exposure to traffic-related
primary pollutants. Atmos Environ 42, 3087-3098.

Zuurbier M, Hoek G, Oldenwening M, Lenters V, Meliefste K, et al. (2010). Commuters’ exposure
to particulate matter air pollution is affected by mode of transport, fuel type, and route. Environ Hlth
Persp 118(6), 783-789.

Zuurbier M, Hoek G, van den Hazel P, Brunekreef B (2009). Minute ventilation of cyclists, car and

bus passengers: an experimental study. Environ Health 8(48).

137






Summary

The context for this thesis is the concern that people who practice physical activity are more
susceptible to air pollution. For the studies presented here, three perspectives of physical activity were
considered: in indoor, i) physical activity in fitness centers; in outdoor ii) the use of bicycle in cycle
paths; and iii) active transportation. Knowing the effects that air pollution has in the respiratory
function, the increased VE (Minute Ventilation) that practitioners experience during exercise, lead to
higher inhaled doses of air pollutants. The primary aim of this thesis is to provide information that is
needed to deal with air pollutants and to come to better and healthier choices while practice physical
activity in indoor and outdoor environments. It is clear that the sport facilities have to be correctly

designed, with the aim of reduction of risk exposure and enhancing the benefits of exercise.

Chapter 1 summarizes the context for air quality and physical activity, clarifies their relations, and

addresses the most relevant topics interpreted in this thesis.

Chapter 2 evaluates the exposure of sport practitioners to air pollutants and their inhaled doses. To
achieve this goal, IAQ (Indoor Air Quality) parameters and VE were assessed in eleven fitness
centers in Lisbon. After that, the IAQ in three fitness centers was monitored during one week to
recognize temporal variations of pollutants and identify pollution sources. The novelty introduced in
this chapter was the estimation of the inhaled doses for the typical indoor air pollutants during an

aerobic and a holistic fitness class.

Chapter 3 assesses the exposure and the dose to air pollutants while using cycle paths. For this, three
different cycle paths in Lisbon were chosen and two complementary techniques were used: the
instrumental sampling to evaluate particles (PM: particulate matter) and biomonitoring with lichens to
obtain the elemental concentrations along the cycle paths. Pollutant maps were created for particles

and for the elemental concentrations in order to visualize spatial distribution of pollutants.

Chapter 4 focuses on the alternative mode of active transportation in cities. A typical route of

Lisbon was selected to assess five air pollutants in five periods of the day, to observe the variation of
those pollutants during the day. The exposure and the inhaled doses during the use of bicycle were
compared with the use of motorized modes of transport (car, moto, bus and metro). The pollutant

maps were performed for bicycle concentrations to identify the hotspots along the route.

Chapter 5 provides an overall discussion and main outcomes of the thesis.
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With the integrated approach given on this thesis, new information on IAQ constrains in fitness
centers, and data on VE during fitness classes was presented. New information on what contributes to
personal exposure during cycling and the contrasts between travel modes in relation to active

transportation during commuting are brought in this work.
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Samenvatting

De context van dit proefschrift is de bezorgdheid dat mensen die aan fysieke inspanning doen
gevoeliger zijn voor luchtverontreiniging. Voor de studies die hier gepresenteerd worden, zijn drie
invalshoeken voor fysieke inspanning beschouwd: binnen: 1) fysieke activiteit in fitness centra,
buiten: ii) fietsen op fietspaden, en iii) gemotoriseerde vormen van transport. Wetende wat de
effecten zijn van luchtverontreiniging t.a.v. het funktioneren van het ademhalingssysteem, zal de
verhoogde adembhalingssnelheid (VE) van mensen die aan oefeningen doen leiden tot een hogere

geinhaleerde dosis aan luchtverontreinigingen.

Het hoofddoel van dit proefschrift is om informatie te verschaffen die nodig is om om te gaan met
luchtverontreiniging en om tot betere en meer gezonde keuzes te komen ten aanzien van fysieke
activiteit in de indoor en outdoor omgeving. Het mag duidelijk zijn dat sportfaciliteiten op de juiste
wijze ontworpen moeten worden met als doel het blootstellingsrisico te verkleinen en het positief

effect van het doen van oefeningen te vergroten.

Hoofdstuk 1 geeft een samenvatting van de context t.a.v. luchtkwaliteit en fysieke inspanning,
verklaard hun relaties, en beschouwd de meest relevante onderwerpen die in het proefschrift verder

geinterpreteerd worden.

In Hoofdstuk 2 worden de blootstelling van sportbeoefenaars en hun geinhaleerde doses geévalueerd .
Om hiertoe te kunnen komen werden IAQ (indoor Air Quality) en VE parameters vastgesteld in elf
fitness centra in Lissabon. Daarna werden de IAQ’s in drie fitness centra gemonitord gedurende een
week, om tijdsathankelijke variaties te herkennen, en om tot identificatie van verontreinigingsbronnen
te kunnen komen. Een nieuwe aanpak geintroduceerd in dit hoofdstuk was de schatting van de
geinhaleerde dosis voor de typische indoor verontreinigingen gedurende een aerobic- en een

volledige fitness oefening.

In Hoofdstuk 3 worden de blootstelling en de dosis aan luchtverontreinigingen gemeten van fietsers
die fietspaden gebruiken. Hiertoe werden drie verschillende fietspaden in Lissabon benut, en werden
twee complementaire technieken gebruikt: instrumentele bemonstering, en biomonitoring met behulp
van korstmossen, om tot elementconcentraties langs de fietspaden te komen. Er werden kaarten van
verontreinigingen gemaakt voor deeltjes (PM: particulate matter) en voor elementen (hun

concentraties) om de ruimtelijke verdeling van verontreinigingen te visualiseren.

Hoofdstuk 4 richt zich op alternatieve vormen van transport in de stad. Er werd een typische route in
Lissabon geselecteerd waarbij vijf luchtverontreinigingen werden gemeten, over vijf dagelijkse
perioden, dit om de dagelijkse variaties te kunnen herkennen. De blootstelling en de geinhaleerde

dosis van fietsers werden vergeleken met die via het gebruik van gemotoriseerde vormen van
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transport (auto, motorfiets, bus en metro). Kaarten van verontreinigingen werden opgesteld voor

fietsers om hotspots langs de route te identificeren.

Hoofdstuk 5 geeft een algemene discussie van de resultaten en van de voornaamste bevindingen van

het proefschrift.

Op basis van de geintegreerde benadering die gevolgd is in het proefschrift, kon nieuwe informatie
t.a.v. JAQ restricties in fitness centra, en gegevens t.a.v. VE gedurende fitness oefeningen worden
gepresenteerd. Nieuwe gegevens konden worden toegevoegd aan wat bekend is t.a.v. individuele
blootstelling tijdens het fietsen en de verschillen tussen de diverse vormen van transport in woon-

werk verkeer.
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