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ABSTRACT 

 

Background  

Exposure to traffic-related air pollution (TRAP) has been associated with adverse health 

outcomes. Physical activity (PA) in polluted air may increase pollutant uptake and 

hence affect health. The main aim of this thesis is to determine the short-term health 

effects of TRAP in healthy participants and any possible modifying effect of PA.  

Methods  

A crossover real-world exposure study which compared in 28 healthy participants lung, 

systemic, and blood pressure responses to four different exposure scenarios: two hours 

of exposure in a high and low TRAP environment, each at rest and in combination with 

intermittent moderate PA, that comprised alternating 15-minute rest and cycling 

intervals. The data was analysed by using mixed effect models for repeated measures. 

Results  

High levels of TRAP induced airway and systemic inflammatory responses, as well as 

increased blood pressure.  Physical activity improved lung function and attenuated the 

blood pressure increase. Physical activity in high levels of TRAP also induced lung and 

systemic inflammation, and decreased the circulating levels of the brain-derived 

neurotrophic factor (BDNF).  

Conclusions  

The short-term exposure to TRAP is associated with adverse health effects. Physical 

activity has beneficial effects on health, even when performed in high levels of TRAP. 

The clinical meaning of the decreases in BDNF as a response to the intermitted physical 

activity in the experimental setting and the more habitual physical activity in daily life 

remains unclear. This study also suggests that the health effects of traffic-related air 

pollution and physical activity are predominantly independent in high levels of TRAP. 
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RESUM 

Antecedents 

L'exposició a la contaminació de l'aire relacionada amb el tràfic (CART) s'ha associat 

amb resultats adversos per a la salut. L'activitat física (AF) realitzada en ambients amb 

aire contaminat pot augmentar l'absorció de contaminants i amb això produir efectes en 

la salut. L'objectiu principal d'aquesta tesi va ser determinar els efectes en la salut de 

l’exposició a la CART a curt termini en participants sans així com qualsevol possible 

efecte modificador de l’AF. 

Mètodes 

Estudi en disseny del creuament amb exposició del “món real” comparant en 28 

participants sans les respostes pulmonars, sistèmics i de la pressió arterial en quatre 

escenaris diferents d'exposició: 2 hores d’exposició en un entorn d'alta i baixa CART, 

cadascun en repòs i en combinació amb AF moderada i intermitent, que consta de 

quatre intervals de 15 minuts de descans i ciclisme. Les dades es van analitzar utilitzant 

models d'efectes mixtes per a mesures repetides. 

Resultats  

Els nivells alts de CART van induïr una resposta inflamatòria sistèmica i de la via aèria, 

i un augment de la pressió arterial. L’AF va millorar la funció pulmonar i va atenuar 

l’augment de la pressió arterial. L’AF en alts nivells de CART també va induïr  

una inflamació pulmonar i sistèmica y una disminució dels nivells circulants del factor 

neurotròfic derivat del cervell (FNDC)1.  

Conclusions 

L'exposició a curt termini a CART s'associa amb efectes adversos per a la salut. L’AF té 

efectes beneficiosos sobre la salut, encara quan es realitza en alts nivells de CART. El 

significat clínic de les disminucions en el FNDC com a resposta a l’AF intermitent en 

l'entorn experimental i l’AF més habitual de la vida quotidiana segueix essent poc clara. 

Aquest estudi també suggereix que els efectes sobre la salut de la CART i l’AF són 

predominantment independents dels nivells alts de CART. 

 
                                                 
1 també conegut com “BDNF”, de l'anglès “Brain-derived Neurotrophic Factor”. 
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PREFACE 

According to estimates released by the World Health Organization (WHO) in March 

2014, ‘in 2012 around 7 million people died – one in eight of total global deaths – as a 

result of air pollution exposure.’ And further, ‘this finding (…) confirms that air 

pollution is now the world’s largest single environmental health risk’. Moreover, 

the WHO concludes the release by saying that ‘reducing air pollution could save 

millions of lives’ (“WHO | 7 Million Premature Deaths Annually Linked to Air 

Pollution” 2015). 

Physical activity is an evidently health-promoting activity and increasingly 

recommended to maintain a healthy lifestyle. But then, what are the consequences on 

our health if we remain physically active - for instance by regular cycling- but get 

exposed to air pollution that just has been pointed out as ‘the world’s largest single 

environmental health risk’? Is physical activity in presence of air pollution still health 

promoting, as promoted, or rather hazardous to our health? 

This thesis elaborates on this question and aims to explore the interdependencies in the 

health effects of physical activity in a potentially harmful environment, such as in high 

levels of outdoor air pollution found next to main roadways. The novelty of this study 

lies in its unique study design, which facilitates disentangling the effects of physical 

activity and those of traffic-related air pollution in a ‘real-world’ exposure setting. 

This thesis has been written at the Centre for Research in Environmental Epidemiology 

(Barcelona, Spain) between 2010 and 2015 and supervised by Dr. Mark 

Nieuwenhuijsen. It presents the work of the study entitled ‘TAPAS Experimental’ 

which was conducted as part of this thesis within the framework of the European project 

called TAPAS (Transportation, Air pollution and Physical ActiviteS; An integrated 

health risk assessment programme of climate change and urban policies). Project 

TAPAS was initiated and coordinated by Mark J Nieuwenhuijsen (PI) and Audrey de 

Nazelle, in collaboration with Michelle Mendez, Judith Garcia-Aymerich, Jan-Paul 

Zock, Josep M. Antó, and collaborating partners in Paris, Basel, Copenhagen, Prague 
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and Warsaw, and funded by the Coca-Cola Foundation. The purpose of this project was 

to help decision-makers to design urban policies that would address climate change and 

promote other health-related outcomes. 

 

This work comprises a compilation of scientific publications in agreement with the 

regulation of the Doctoral Programme in Biomedicine in the Department of 

Experimental and Health Science at Pompeu Fabra University in Barcelona. This thesis 

includes an abstract, a general introduction, and the rationale and the objectives of the 

project “TAPAS Experimental”, as well as the methods used in this study, and the 

results as a compilation of three research publications. It closes with an overall 

discussion section and final conclusions. 

 



xiii 

CONTENTS 

ACKNOWLEDGEMENTS .........................................................................................................V 

ABSTRACT ............................................................................................................................. VII 

RESUM ...................................................................................................................................... IX 

PREFACE .................................................................................................................................. XI 

1. INTRODUCTION .............................................................................................................. 1 

1.1. Real-world traffic-related air pollution ..................................................................................... 1 

1.1.1. Monitoring of traffic-related pollution ......................................................................................... 1 

1.2. Acute health effects of traffic-related air pollution .................................................................. 2 

1.2.1. Health effects assessment in real-world conditions..................................................................... 2 

1.2.2. The importance of ultrafine particles in health effects assessments ........................................... 2 

1.2.3. The multitude of acute health effects associated with short-term exposure to TRAP with and 

without physical activity ............................................................................................................... 3 

1.3. Mechanisms of health effects through traffic-related air pollution .......................................... 5 

1.3.1. Pulmonary system ........................................................................................................................ 5 

1.3.2. Systemic response ........................................................................................................................ 6 

1.3.3. Cardiovascular system .................................................................................................................. 6 

1.3.4. Central nervous system (CNS) ...................................................................................................... 7 

1.4. Physical activity ........................................................................................................................ 8 

1.4.1. Health significance of physical inactivity ...................................................................................... 8 

1.4.2. Health benefits of physical activity and their mechanisms .......................................................... 9 

1.5. Physical activity in traffic-related air pollution ....................................................................... 11 

1.5.1. Particle deposition during exercise ............................................................................................ 12 

2. RATIONALE AND OBJECTIVES ................................................................................ 13 

3. METHODS ....................................................................................................................... 15 

3.1. Study design ........................................................................................................................... 15 

3.2. Physical activity intensity during the exposure sessions ......................................................... 17 



xiv 

3.3. Exposure and control sites ..................................................................................................... 17 

3.4. Participants´ pre- and post-experimental exposure ............................................................... 18 

3.5. The study population ............................................................................................................. 19 

3.5.1. Eligibility of participants ............................................................................................................. 19 

3.5.2. Recruitment and screening procedures ..................................................................................... 21 

3.6. Health response monitoring ................................................................................................... 22 

3.7. On-site air pollution exposure monitoring ............................................................................. 27 

3.8. Statistical analysis .................................................................................................................. 29 

4. RESULTS ......................................................................................................................... 31 

4.1. Paper I: Respiratory and inflammatory responses to short-term exposure to traffic-related air 

pollution with and without moderate physical activity .......................................................... 33 

4.2. Paper II: Arterial blood pressure responses to short-term exposure to low and high traffic-

related air pollution with and without moderate physical activity ......................................... 59 

4.3. Paper III: Brain-derived neurotrophic factor (BDNF) serum levels decrease after physical 

activity in high levels of traffic-related air pollution ............................................................... 81 

5. METHODOLOGICAL DISCUSSION .........................................................................115 

5.1. Summary .............................................................................................................................. 115 

5.2. Methodology: strengths and limitations .............................................................................. 117 

5.3. Further research needs ........................................................................................................ 118 

6. CONCLUSIONS AND IMPLICATIONS FOR PUBLIC HEALTH..........................121 

6.1. Conclusions .......................................................................................................................... 121 

6.2. Relevance for public health .................................................................................................. 122 

REFERENCES ........................................................................................................................127 

ABOUT THE AUTHOR .......................................................................................................139 



xv 

 

List of figures  

 

Figure 1. Crossover study design – The simultaneous exposure of two volunteers in four 

different scenarios........................................................................................................... 16 

 

 

List of tables 

 

Table 1. Inclusion and exclusion criteria ........................................................................ 20 

Table 2. Timeline for monitoring health end-points....................................................... 23 

Table 3. Blood biomarkers measured in the TAPAS experimental study ...................... 24 



 

 

 



1 

1. INTRODUCTION 

1.1. Real-world traffic-related air pollution 

Air pollution is one of the most important environmental and public health issues (Chen 

and Kan 2008). The World Health Organisation ranked urban outdoor air pollution 

among the 19 leading global risks for mortality affecting countries across all income 

groups (World Health Organization 2009). During the last few years a range of 

observational and experimental studies have emerged, showing adverse health effects, 

such as increased morbidity and mortality, associated with both short and long-term 

exposure to air pollutants (Hoek et al. 2013; Peters et al. 2012; Raaschou-Nielsen et al. 

2012; Maynard et al. 2007; McCreanor et al. 2007; Beelen et al. 2014). 

 

People spend a substantial proportion of their time in traffic. In Europe the average 

daily time is one to one-and-a-half hours (Kaur, Nieuwenhuijsen, and Colvile 2007). In 

Barcelona, Spain the average travel time spent in transit throughout the day is two hours 

(de Nazelle et al. 2013). Most of the journeys are made during rush hour when the 

traffic-related air pollution levels are the highest. 

1.1.1. Monitoring of traffic-related pollution 

Particulate matter (PM) is commonly used as indicator pollutant for fuel combustion 

and traffic-related air pollution (Chen and Kan 2008). Particulate air pollution is a 

mixture of contaminants from a range of sources such as smoke, fumes, soot, and other 

combustion by-products, as well as natural particles such as windblown dust, sea salt, 

pollen, and spores. It includes primary particles coming directly out of exhaust stacks 

and tailpipes. It can also include secondary particles such as sulphates and nitrates, 

which are formed by the condensation of vaporized materials or from the by-products 

derived from the oxidation of the atmospheric gases (Dockery 2009). The particles are 

identified by their aerodynamic diameters, for instance PM10 (aerodynamic diameter 

smaller than 10µm), PM2.5 (aerodynamic diameter smaller than 2.5µm) and ultrafine 

particles (aerodynamic diameter smaller than 0.1µm). Another common surrogate of 

traffic-related pollution is NO2. Most NO emitted by traffic rapidly transforms to NO2, 
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which decreases exponentially with distance to the source (Singer 2004). NO2, together 

with sunlight, contributes to the generation of tropospheric ozone concentrations. Black 

carbon/ elemental carbon (BC/EC) is considered an indicator for emissions from mainly 

diesel vehicles and it is rapidly gaining importance in health risk assessments (Janssen 

et al. 2011). Other gaseous pollutants that are used to determine outdoor air quality are 

carbon dioxide (CO2) and carbon monoxide (CO). 

1.2. Acute health effects of traffic-related air pollution 

1.2.1. Health effects assessment in real-world conditions 

It has been suggested that the exposure to single pollutants -for instance, particulate 

matters in exposure chambers- does not represent the adverse health effects of the 

simultaneous exposure to different pollutants, such as PM and gaseous co-pollutants, 

and their possible synergistic interactions that are usually found in the environments 

(Y.-C. T. Huang et al. 2012). There is evidence that ambient factors can potentiate the 

adverse health responses compared with those shown in chamber studies (Spektor et al. 

1988). However, most of the previous investigations have been performed in controlled 

chamber studies. Only a few studies have simultaneously assessed the exposures and 

acute health markers associated with traffic-related air pollution under real-world 

conditions, which involves the simultaneous exposure to multiple pollutants. 

1.2.2. The importance of ultrafine particles in health effects 

assessments 

It is well established that exposure to particulate matter of varying size fractions has 

toxic effects (Pope and Dockery 2006). Epidemiological studies show significant 

positive relations between air pollutions particles with a 50% cut-off in aerodynamic 

diameter of 10µm (PM10) or less and increased morbidity and mortality. Ultrafine 

particles are of particular interest when exploring the health effects of particulate air 

pollution. UFP may be more hazardous because of their small size as well as their 

capability to depose in the lower respiratory tract and cross the air-blood barrier, thus 

entering the systemic circulation (Daigle et al. 2003; Nemmar et al. 2002). 
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1.2.3.  The multitude of acute health effects associated with short-

term exposure to TRAP with and without physical activity 

Exposure to ambient air pollution has been associated with a range of adverse health 

effects such as subclinical effects in blood biomarkers, and physiological changes in 

pulmonary functions and the cardiovascular system. Clinical symptoms and hospital 

admissions, outpatient and emergency-room visits and premature death have also been 

associated with exposure to TRAP. A few epidemiology studies have found that 

exposures occurring during the short-term commuting or other outdoor activities may 

lead to clinical health outcomes due to short bursts of pollutants intake, which could 

have telling health impacts (Peters et al. 2004; von Klot et al. 2008). 

 

There is a body of research to determine the effects of air pollution on acute health 

markers in controlled experimental settings. The majority of the recent evidence focuses 

on respiratory and cardiovascular effects associated with short and long-term exposures 

to air pollution. Sub-groups under high-risks to the TRAP effects include young 

children, elderly people, and persons with pre-disposed diseases such as asthma. 

 

Most of such studies that have used relatively non-invasive methods have shown the 

effects of short-term exposures on lung function, airway responsiveness, and respiratory 

symptoms mostly in asthmatics, although a few also demonstrated such effects in 

healthy subjects too (McCreanor et al. 2007; Strak et al. 2010). More invasive 

controlled experimental studies have demonstrated the impacts of short-term particulate 

exposure in healthy adults (e.g. lung inflammation, depletion of airway antioxidant 

defence, and impairment of vascular and fibrinolytic functions), (Mills et al. 2005; 

Stenfors et al. 2004; Behndig et al. 2006). 

 

Effects of traffic-related air pollution in combination with physical activity  

One notable study that simultaneously assessed exposures and acute health markers 

associated with traffic-related air pollution under real-world conditions is the Oxford 

Street study. In this study asthmatics had pulmonary function tests performed before 

and after walking for two hours along a heavy-traffic street and a in a park (Hyde Park) 

in London, UK (McCreanor et al. 2007). The authors of this study detected FEV1 
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impairments and airway acidosis after the exposure to predominantly diesel traffic. 

Strak and colleagues found non-significant FEV1 decrements and an increased airway 

inflammation in healthy adults after cycling in TRAP (Strak et al. 2010). Besides 

pulmonary effects, systemic effects have been observed in real-world air pollution 

studies involving physical activity. Vinzents et al. studied oxidative DNA damage in 15 

healthy subjects after their exposure to ultrafine particles (UFP) while cycling and found 

that such particles were significant predictors of purine oxidation in DNA (Vinzents et 

al. 2005). Broeckaert and colleagues showed in healthy subjects, after cycling in an 

episode of photochemical smog (Ozone) in Italy, an increase of Clara Cell 16 protein 

(CC16) in serum, a marker indicating increased lung epithelial barrier permeability 

(Broeckaert et al. 2000). More recently, systemic effects in relation to TRAP were 

observed Bos and colleagues. A 12-week aerobic training program in an urban 

environment was - besides an association with exhaled Nitric Oxide - also associated 

with increases in blood neutrophils and leucocytes (Inge Bos et al. 2013). A Canadian 

crossover study recently showed ozone (O3) associated increases in systolic and 

diastolic blood pressure, and PM2.5 associated decreases in heart rate variability (HRV) 

in healthy women after cycling for two hours on different traffic routes in Montreal 

(Weichenthal, Hatzopoulou, and Goldberg 2014). Moreover, the exposure to TRAP may 

alter physiological responses such as the exercise-induced release of brain-derived 

neurothrophic factor (BDNF), a neurothrophin playing a key role in cognition. A 

Belgium study showed increased serum BDNF concentration after cycling in an air-

filtered room but not after cycling in TRAP (I Bos et al. 2011). 

 

Effects of traffic-related air pollution in resting condition  

A Swedish study with asthmatic subjects sitting in a car in a street tunnel indicated an 

association between NO2 and FEV1 change. Spirometry was measured before and 

during the exposure, and after an allergen challenge (Svartengren et al. 2000). Zuurbier 

and colleagues compared the health effects in different travel modes. Healthy volunteers 

travelled by bus, car and bicycle. A with soot and particle number counts (PNC) 

associated increase in airway inflammation marker FeNO (Fraction of exhaled nitric 

oxide) could be observed in bus and car drivers (Zuurbier et al. 2010). In an experiment 

conducted in a tunnel in Sweden changes in nuclear expression in bronchial epithelium 
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collected by means of a bronchoscopy and biopsy were detected (Larsson et al. 2007). 

In  a study by Adar et al., elderly subjects free of specific cardiac disorders but often 

overweighed and partly asthmatics and COPD patients travelled by bus. An increased 

airway inflammation, indicated by increases in FeNO, and changes in heart rate 

variability were observed post-exposure (Adar, Adamkiewicz, et al. 2007; Adar, Gold, 

et al. 2007). More recently, associations between TRAP and heart rate variability 

(HRV) indices could be observed also in a Chinese study in young healthy adults. 

Moreover, the authors showed effect amplification through high noise levels (J. Huang 

et al. 2013). An association of in-vehicle PM2.5 and changes in blood biomarkers 

(lymphocytes, neutrophils, C-reactive protein, von Willebrand factor), as well as in 

electrocardiographic markers, ectopic beats and also heart rate variability, could be 

observed after the working shift of highway patrol troopers (Riediker et al. 2004). Dales 

and colleagues showed through measurements of flow-mediated vasodilatation (FMD) 

impairments in microvascular vasodilatation capacity in healthy volunteers after sitting 

for two hours at bus stops in Ottawa (Dales et al. 2007). Moreover, the exposure to 

traffic-related air pollution exposure has been linked to adverse effects on the brain such 

as neuroinflammation and neuropathology (Guxens and Sunyer 2012; Genc et al. 2012; 

Calderón-Garcidueñas et al. 2014). 

 

1.3. Mechanisms of health effects through traffic-related air 

pollution  

 

In the following section the entry ways of air pollutants, mainly those related to 

particulate matter, are presented along with hypothetical pathways and mechanisms for 

their effects on different organ systems that are particularly relevant with respect with 

regard to the outcomes shown in this thesis. 

1.3.1. Pulmonary system  

The Inhalation of particulate matter components, particularly those which has been 

derived from combustion and carry ultrafine particles, transition metals, organic 

compounds (Mills et al. 2009; Brook et al. 2010) and potentially gaseous pollutants 
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(Brook et al. 2010), and generate oxidative stress, causes pulmonary inflammation, and 

lung damage (Pope and Dockery 2006), (Brook et al. 2010), (Simkhovich, Kleinman, 

and Kloner 2008; Riva et al. 2011; Valavanidis et al. 2013). 

1.3.2. Systemic response  

Direct translocation of ultrafine particles to the blood circulation: Systemic effects 

could be induced through a direct and rapid translocation of ultrafine particles and 

soluble compounds from the alveoli to the capillary circulation. The air pollutants enter 

directly in the blood stream, and similarly induce oxidative stress and pro-inflammatory 

responses such as reactive oxygen species (ROS), pro-inflammatory cytokines release, 

and the activation of white blood cells. 

 

Indirect induction of a systemic response through a local oxidative stress 

production: Another hypothesis suggests the inhaled pollutants induce a production of 

reactive oxygen species (ROS) in the airways and lung alveoli promoting a local 

inflammatory reaction in the lungs as described above. This local oxidative stress 

reaction also leads to the activation of pro-inflammatory cytokines and white blood cells 

and their release into the blood stream (Pope and Dockery 2006; Simkhovich, 

Kleinman, and Kloner 2008; Brook et al. 2010). 

1.3.3. Cardiovascular system  

Based on experimental evidence, different interrelated biological mechanisms and 

pathways have been proposed for the short-term effects of air pollution on 

cardiovascular events that are presented in the following:  

 

a) Direct effect through autonomic nervous system (ANS) imbalance: The 

inhalation of PM components may cause an immediate vascular responses mediated 

by the autonomic nervous system (ANS) imbalance due to pulmonary neural 

reflexes in lung receptors. Such immediate reactions lead to a vasoconstriction and 

endothelial dysfunction and also to increased BP levels and reduced heart rate 

variability (Brook et al. 2010). 
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b) Direct translocation of ultrafine particles to the blood circulation: After the 

particles enter the blood circulation, as described before, they could infiltrate in the 

arterial walls leading to a vasoconstriction and endothelial dysfunction (either 

directly or through oxidative stress reactions), and, in turn, lead to increased BP 

levels. Furthermore, the particles could also induce cardiovascular toxic effects 

leading to changes in the coronary flow or heart rate variability (Brook et al. 2010; 

Simkhovich, Kleinman, and Kloner 2008). 

 

c) Indirect through pulmonary and systemic inflammation: As described earlier, 

the inhalation of air pollutants causes a pulmonary inflammation, which, in turn, 

leads not only to the release of systemic proinflammatory cytokines and white blood 

cells but also the release of vasculoactive molecules, such as endothelin, and 

reactive oxygen species affecting the vascular system.(Mills et al. 2009; Brook et al. 

2010) This systemic reaction promotes endothelial vascular dysfunction, which, in 

turn, contributes to increases in blood pressure (Brook et al. 2009; Brook and 

Rajagopalan 2009). 

 

d) Altered bioavailability of nitric oxide in the vessels: A fourth hypothesised 

pathway suggests that increases of blood pressure are mediated through reduced NO 

bioavailability in the vessels. Inhalation of diesel exhaust disturbs the normal 

vascular homoeostasis with enhanced NO generation, which is unable to 

compensate for the excess consumption (Langrish et al. 2013). 

 

1.3.4. Central nervous system (CNS)  

As described earlier, the exposure to traffic-related air pollution might have negative 

effects on the brain such as impaired cognition, and affect the secretion of neurotrophins 

such as brain-derived neurotrophic factor (BDNF) levels. Airborne particulate matter 

may translocate directly to the CNS or trigger the release of soluble inflammatory 

mediators and alter the susceptibility for neuroinflammation in the CNS, which results 

in neuropathology through a variety of pathways and mechanisms (Genc et al. 2012). 
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Findings suggest that an exercise-induced release of BDNF (see also following section 

‘Physical activity’) is inhibited through the TRAP exposure (I. Bos et al. 2011) as a 

consequence of the suppression of basal gene expression of BDNF (I. Bos et al. 2012). 

Another reason for adverse effects on the brain could be the induction of oxidative 

stress. The brain is extremely vulnerable to such stress because of its high metabolic 

demands and energy use, as well as its low levels of endogenous scavengers such as 

vitamin C (MohanKumar et al. 2008). 

1.4. Physical activity  

In the following section the beneficial health effects and their mechanisms are 

presented. This section aims to provide a general introduction to health effects induced 

by physical activity, which are particularly relevant for the contents of this thesis rather 

than giving a comprehensive and complete overview. 

 

1.4.1. Health significance of physical inactivity 

The public health significance of physical inactivity is enormous. Physical inactivity has 

been identified as the fourth leading risk factor for global mortality (6% of deaths 

globally). This follows high blood pressure (13%), tobacco use (9%) and high blood 

glucose (6%). Overweight and obesity are responsible for 5% of global mortality 

(World Health Organization 2009). It is well established that physical inactivity 

increases the risk of chronic diseases such as diabetes type 2, cardiovascular diseases, 

cancer and dementia, and mental diseases such as depression and contributes to what is 

called the ‘diseasome of physical inactivity’. Physical inactivity promotes inflammatory 

processes. The chronic low grade systemic inflammation is involved in the pathogenesis 

of a number of chronic diseases through adverse health effects such as insulin resistance 

and arteriosclerosis (Pedersen 2009). 
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1.4.2. Health benefits of physical activity and their mechanisms 

It has been shown that regular physical activity reduces the risk of many adverse health 

outcomes (Hamer and Chida 2008; Harriss et al. 2009; Pate et al. 1995). Regular 

physical activity generally reduces risk factors such as regulating blood pressure 

(Chobanian et al. 2003)(Cornelissen and Fagard 2005)(Cornelissen et al. 2011).  

 

However, the effects of short-term physical activity and chronic physical activity 

diverge. The acute immunological responses of physical activity, such as the induction 

of chemokines and cytokines, depend upon factors such as the intensity, the duration, 

and the regularity in which physical activity is performed. While chronic exercise leads 

to a reduction in chronic inflammation, acute exercise appears to promote a pro-

inflammatory response. Kasapis et al. reviewed the literature with respect to the effects 

of physical activity on inflammatory makers and indicated that short-term exercise on a 

non-regular basis produces a short-term inflammatory responses, while a long-term 

‘habitual’ physical activity might entail an ‘anti-inflammatory’ effect (Kasapis and 

Thompson 2005). Some of the beneficial effects of physical activity may be a 

consequence of its influence on inflammatory processes. Evidence suggests that the 

protective effect of exercise may be to some extent ascribed to the anti-inflammatory 

effects of regular exercise through the reduction in visceral fat mass and/or by the 

promoting an anti-inflammatory state (Pedersen 2009). In general, the immunological 

benefits of regular physical activity include improvements of the immune function and 

anti-inflammatory effects such as increased levels of anti-inflammatory cytokines, 

cytokine inhibitors, and chemokines (Phillips et al. 2014). Regular training for example, 

induces a suppressive effect upon acute phase protein C-reactive protein (CRP), when 

compared with the previously untrained control participants (Dufaux et al. 1984). 

Increased levels of CRP, which is synthesized primarily in the liver, adipose tissue, and 

vascular smooth muscle cells, usually indicate an increased inflammatory activity. A 

similar response was found in another inflammation marker, tumor necrosis factors-

alpha (TNF-α), a cytokine which performs a variety of functions in the immune system, 

such as cell proliferation and differentiation, and cytolysis (Phillips et al. 2014). 

Circulating TNF-α levels decrease after regular moderate physical activity (Tsukui et al. 

2000). The cytokine Interleukin-8, for example, tend to increase rather in trained 
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subjects after high-intensity exercise compared with sedentary participants (Landers-

Ramos et al. 2014). Interleukin-6 is a cytokine acting as anti- but also pro-inflammatory 

mediator, depending on what triggered its release: circulating levels of interleukin-6 

synthesized in the muscle (myokine) increase as a response to physical activity of 

moderate intensity. IL-6 in its function as a myokine is known to activate a cascade of 

anti-inflammatory immunological responses, including the release of interleukin-10 

with each bout of exercise (Petersen and Pedersen 2005). In addition to the altered 

cytokines responses, the anti-inflammatory effect of physical activity may in part be 

explained through the alterations in the oxidative stress induction: physical activity 

acutely induces oxidative stress; however, long-term physical activity increases 

antioxidant defences through an increase of the antioxidant enzyme activity (Powers, Ji, 

and Leeuwenburgh 1999). Acute exercise has direct effects on the cellular innate 

immune function. Both, acute and chronic physical activity alter the number and 

function of circulating cells of the innate immune system, such as neutrophils, 

monocytes, and natural killer cells (Walsh et al. 2011). During and immediately after 

exercise, lymphocytosis has been observed, which is proportional to exercise intensity 

and duration, with the number of cells (T cells and to a lesser extent B cells) falling 

below pre-exercise levels during the early stages of recovery, before returning to resting 

values normally within 24 hours.(Walsh et al. 2011) Furthermore, it has also been 

suggested that acute exercise leads to an alteration in the neutrophil gene-expression 

(Radom-Aizik et al. 2008). Acute exercise results in an initial, rapid increase in the 

number of blood neutrophils as a catecholamine induced response. The first increase in 

blood neutrophils is followed by a second increase in blood neutrophils a few hours 

later, which is exercise intensity and duration related. This second later increase is likely 

to be induced by elevated cortisol stimulating the release of neutrophils from bone 

marrow (Walsh et al. 2011). 

 

It has been suggested that acute physical activity has beneficial pulmonary effects. In 

healthy participants, acute exercise, also of light intensity, usually has bronchodilatory 

effects. The degree of bronchodilation appears to be dependent on the intensity of 

exercise, while the mechanisms, in particular those related with light exercise, are not 
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fully understood. A bronchodilation during vigorous exercise occurs most likely due to 

an activation of β2-receptors by endogenous catecholamines (Snyder et al. 2006).  

 

Regular physical activity is supposed to improve endothelial functions, thereby 

preserving nitric oxide availability, possibly through the prevention of a preceding 

oxidative stress production (Taddei et al. 2000), which, in turn, may explain the 

beneficial regulatory effects of physical activity on blood pressure. 

 

It has been suggested that physical activity generally has beneficial effects on the brain, 

promoting its plasticity, and improving cognitive functions as well as memory (Hötting 

and Röder 2013; Cotman and Engesser-Cesar 2002). Physical activity is promising as a 

non-pharmaceutical intervention for the prevention of age-related cognitive decline and 

neurodegenerative diseases (Bherer, Erickson, and Liu-Ambrose 2013). A key role in 

the underlying process, which leads to improved learning and memory in response to 

exercise, seems to be mediated by an exercise-induced increase of BDNF in the brain 

(Cotman and Berchtold 2002). Most, but not all, epidemiological studies suggest a 

positive association for physical activity and higher levels of BDNF. Among the 

neurotrophins, BDNF is the most widely expressed in the central nervous system (CNS) 

with a wide repertoire of functions such as regulating neuronal survival, migration, 

phenotypic differentiation, axonal and dendritic growth, and synapse formation (E. J. 

Huang and Reichardt 2001). 

  

BDNF is synthesized in the periphery by vascular endothelial cells, T cells, B cells, 

monocytes (Nakahashi et al. 2000) and skeletal muscles (Mousavi and Jasmin 2006). 

BDNF in the peripheral circulation is able to cross the blood-brain barrier bi-

directionally, thus resulting in a direct exchange between BDNF levels circulating in 

blood plasma and in the brain (Pan et al. 1998). 

1.5. Physical activity in traffic-related air pollution  

Regular physical activity seems to provide protection against the adverse effects of air 

pollution. Wong et al. showed that habitual exercise may prevent premature death 
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attributable to air pollution (Wong et al. 2007). However, performing exercise in 

polluted air appears to cause adverse health effects, as indicated by several studies, 

especially in vulnerable subjects such as those with existing lung impairments 

(McCreanor et al. 2007). 

 

It has been shown that outdoor exercise in air pollution could contribute to the 

development of asthma in children. McConnell and colleagues compared asthma 

incidences in children in a community with higher concentrations of ozone and found a 

higher asthma incidence associated with heavy exercise, compared with children in the 

same neighbourhood who exercise less (McConnell et al. 2002). A possible explanation 

may be that physical activity increases the volume of inhaled air and hence potentially 

the inhaled dose of airborne substances, such as pollutants, and also allergenic matter 

(Carlisle and Sharp 2001). In a study comparing different passive and active travel 

modes, the inhaled doses of all air pollutants were highest in cyclists. In an active travel 

mode, such as cycling, the minute ventilation was 2.1 times higher than that of car 

passengers and 2.0 times higher than that of bus passengers (Zuurbier et al. 2009). 

 

1.5.1. Particle deposition during exercise 

During physical activity, the deposition fraction, the fraction of inhaled particles that are 

retained in the lungs after inhalation, increase. Daigle et al. found that the total number 

of deposited ultrafine particles was more than 4.5 times higher during moderate exercise 

on a bicycle ergometer compared with rest, because of a combined increase in the 

deposition fraction and minute ventilation. Daigle and colleagues also showed that the 

level of lung deposition of the particles increased, the finer the particles were. The 

combination of increased particle intake and the high deposition of UFP in the alveolar 

region lead to a significantly higher UFP burden to the alveolar epithelium during 

exercise (Daigle et al. 2003).  
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2. RATIONALE AND OBJECTIVES 

 

Previous experimental studies assessed the health effects of traffic-related air pollution 

in combination with or without physical activity, but they were not designed to explore 

the contribution of the physical activity in effects that were found to be associated with 

TRAP. Furthermore, previous study designs did not facilitate the assessment of the 

presence of a potential preventive effect against adverse responses to TRAP attributed 

to physical activity.  

 

It remained to be determined what acute health responses could be attributed to the 

traffic-related air pollution exposure, which ones could be attributed to physical activity, 

and what health effects are caused by a potential interaction of both, PA and TRAP, as 

they occur in different active commute patterns. 

The underlying hypothesis of this study was that 

a) short-term exposure to traffic-related air pollution may cause health  impairments 

in healthy adults; and 

b) physical activity in traffic-polluted air, such as during active commuting, may 

modify such health effects. 

The overall purpose of this study was to determine the effects on acute health markers 

in a sample of healthy adult population, following a short-term exposure to traffic-

related air pollution under real-world conditions and the interdependencies with 

physical activity by collecting data that would allow disentangling the effects of each of 

the two factors TRAP and PA. 
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3. METHODS 

 

This chapter describes the methods used in the TAPAS Experimental study, as they are 

the basis for this thesis. Contents relate to the  

• study design, including the exposure sites; 

• the study population, including their recruitment and screening process; and 

• the on-site exposure, as well as the biomarkers and procedures for monitoring of 

the health effects. 

This chapter also explores how contextual data about the participants’ health status and 

their pre-exposures were collected. 

3.1. Study design  

The study was conducted in Barcelona, Spain, between February and November 2011 

and followed a well-controlled crossover study design. The Ethics Review Committee 

of the ‘Institut Municipal d’Investigació Mèdica (IMIM)’ approved the study and all 

subjects gave written informed consent prior to participation. 

 

Guiding principles with regard to in the design of the experimental study were to 

consider ‘real-world’ exposure conditions whenever possible; however, priority was 

given to the safety of the participants and the researchers. Furthermore, non-invasive 

biomarkers were to be preferred.  

 

The study followed a crossover study design involving twenty-eight2 healthy and non-

smoking adults within the range of 18-60 years of age. Each volunteer served as his/her 

own control to exclude confounding by factors that are stable within an individual over 

time but vary between participants. To avoid a diurnal effect, all experiments and 

measurements were scheduled at the same time during the day. Thirty-one volunteers 

were exposed to either heavily polluted air (busy street in morning rush hour) or to 

                                                 
2 Three volunteers had to be excluded from the statistical analysis because they did not participate in all 

exposure scenarios. 
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lower density traffic air pollution (control site). Two subjects were studied 

simultaneously on each occasion; one of them performed moderate physical activity by 

riding a stationary bicycle (intermittent 15 minutes cycling and 15 minutes break), while 

the other volunteer remained seated throughout the two hours. The time between the 

four exposure sessions for each volunteer was set to be at least four days. Volunteers 

were assigned randomly to the exposure scenarios. Each volunteer was to participate in 

all of the four following scenarios (Figure 1):  

 

1. Physical activity in high air pollution exposure 

2. Physical activity in lower air pollution exposure 

3. Rest in high air pollution exposure 

4. Rest in lower air pollution exposure 

 

Figure 1. Crossover study design – The simultaneous exposure of two volunteers in four 

different scenarios 

 

 

Each volunteer was expected to be exposed four times, resulting in 112 exposure 

occasions in total. To avoid a diurnal effect, all exposures and measurements were 

conducted at the same time during the day as well as during the same days of the week 

Low AP Exposure Site:

Volunteer "A" cycling &

volunteer "B" resting

High AP Exposure Site:

Volunteer "A" cycling &

volunteer "B" resting

Low AP Exposure Site:

Volunteer "B" cycling & 

volunteer "A" resting

High AP Exposure Site:

Volunteer "B" cycling &

volunteer "A "resting

Two volunteers were simultaneously 

exposed for two hours in four 

different scenarios . The allocation to 

each of the scenarios followed a 

completely random order, and the 

two volunteers did not complete all 

four scenarios in the same pair.
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to account for variations in traffic characteristics (Tuesdays and Thursdays during 

morning rush hours between 8 a.m. to 10 a.m.) 

3.2. Physical activity intensity during the exposure sessions 

Each volunteer was required to reach his/her individual range of moderate physical 

activity intensity, which was controlled through their heart rate monitored continuously 

by a fingertip pulse oximeter (Konica Minolta, Japan). For moderate-intensity physical 

activity, the volunteers´ target heart rate was 50% to 70% of their maximum heart rate, 

which was estimated for each volunteer on the basis of their age and sex (Gulati et al. 

2010). The heart rate was constantly observed by the research team and the physical 

activity intensity was adjusted accordingly by adapting the participants´ pedalling 

speed, and in a few cases, the pedalling resistance. The participants were supposed to 

feel fine during all their 15-minute physical activity intervals. Therefore, in addition to 

the monitored heart rate, further indicators were constantly observed and inquired, such 

as muscular exertion (thigh or leg tiredness or pain), sweating, breathlessness, general 

physical tiredness and exertion, and general well-being. 

3.3. Exposure and control sites  

According to the principles of this study, to be close to real-world conditions, the 

exposure sites should be two places that are commonly used by Barcelona´s citizens. 

The high level TRAP exposure sessions took place on a bridge above a main roadway, – 

Ronda Litoral). As a ‘control site’ with lower levels of TRAP, a place in the ‘Mercat de 

la Barceloneta’ square was chosen. It’s a place with market activities where people 

usually linger, walk and/or ride a bicycle; with considerably less motorized traffic 

compared with the traffic site. The safety of volunteers and research staff were 

respected and protected. The experimental exposures did not involve unusual risks since 

these are conditions and pollution levels that citizens potentially encounter during their 

activities in daily life or when commuting.  
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3.4. Participants´ pre- and post-experimental exposure  

The volunteers ‘pre-exposure’ to physical activity and air pollution is a critical issue in 

this study design. To account for that, three days before each of the four experiment 

days, all the participants filled out a half-hourly activity diary asking for time, activity, 

location, travel mode, and perceived exposure to environmental tobacco smoke or other 

pollutants, which allowed us to estimate the volunteers’ air pollutant pre-exposure and 

energy expenditure due to physical activity for the preceding three days. Additionally, at 

the beginning of each study day, the volunteers filled out a brief questionnaire asking 

about their current health status, food intake in the last 24 hours, and the mode and 

duration of travel to the study centre.  

 

Furthermore, to keep minimal the exposure to volatile pollutants before the baseline 

measurements, the participants were required to arrive at the research centre in early 

morning hours (before 6:45 a.m.). Before this time, traffic activity is very low in 

Barcelona. Measurements of ultrafine particles in the underground in Barcelona showed 

relatively low (around 20,000pt/cc) levels.  

 

The high density and low density traffic exposure sites were relatively close to each 

other in order to approximate pre-exposure. The unit where health measurements took 

place was located in the clinical research facility of the ‘Biomedical Research Park 

Barcelona’, which was in approximately 10 minute driving distance from both exposure 

sites. The volunteers were transported from the health research unit to the exposure sites 

by a car (taxi) and accompanied by one person from the research team. 

 

To avoid additional exposures volunteers remained resting within the clinical research 

unit after their return from the exposure sites until all follow-up health measurements 

were completed. 
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3.5. The study population 

It was meant to include a balanced group of volunteers in terms of age groups and sex. 

The male to female ratio was meant to be close to one. 

3.5.1. Eligibility of participants 

Participants were eligible if they were healthy, non-smoking adults in the age range of 

18-60 years, and not exposed to potentially influencing airborne particles during 

working hours; (Table 1).  
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Table 1. Inclusion and exclusion criteria 

Indicator Specific criteria 

Age • Between 18 and 60 years

Smoking 

status 

• Non-smokers or former smokers (smoking cessation minimum

one year prior to the study)

Weight • Normal weight and overweight people (BMI 18.5-29.9)

Health status • No intake of any kind of medications* (two months before

experiment start)

• No chronic conditions diagnosed in the past, which could

influence the health responses (e.g. diabetes, pulmonary, or

cardiovascular diseases)

• No symptoms of a recent (within the last month) or acute

infection reported or observed

• Not taking any medications (exception: birth control pills) during

the last three months and during the experiment.

• Normal pulmonary function (indicated by spirometry above the

lower limit of normal for FEV1 and the FEV1/FVC ratio > 0.70

according the ERS/ATS COPD guidelines).

• Females: Not-pregnant

Occupational 

exposure 

status 

• No worksite exposure to industrial dust, fumes, and/or gases

*Volunteers reporting allergies were not excluded as long as antihistaminic treatment (e.g.

antihistamines or corticosteroids) was not indicated during the last three months. 
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3.5.2. Recruitment and screening procedures 

First contact was made with the potential participants was mainly via telephone or 

email. The first contact aimed at providing the potential participants with an outline of 

the study and facilitated the pre-selection of potential participants through exploring 

their temporal availability for participation, their personal and health-related data such 

as age, smoking status, first information about health status (e.g., chronic diseases), and 

medication intake. The potential participants were invited for a screening visit. All 

screening visits were conducted by a professional nurse who informed the participants 

in depth about the study procedures, potential risks, samples storage, and data 

protection, and also requested them to sign a statement of informed consent. The 

participants were asked to complete a detailed questionnaire asking about specific 

information regarding their health status, including acute and past health conditions, 

medications intake, physical symptoms, smoking history, diet and eating behaviour, 

physical activity, as well as home and work-related exposures. Furthermore, the 

participants’ weight and height were measured, and a first spirometry was performed in 

order to test the eligibility, and to familiarise the volunteer with the procedure for the 

measurement of pulmonary function to assure a good-quality baseline measurement on 

the first experiment day. The participants were instructed not to start or to omit taking 

any vitamin or herbal supplementation, and to inform research personnel as soon as 

possible in case of any changes in health status or a new indication for medical 

treatment. Furthermore, the participants were instructed to abstain from alcohol for 24 

hours (except one glass of wine or beer for dinner) and from caffeine-containing drinks 

for at least four hours before the baseline measurements. Furthermore, they were asked 

not to perform heavy exercises (such as extensive running) for three days preceding the 

exposure occasions. Also, the participants were informed to remove any kind of nail 

polish (or artificial nails) for the exposure sessions in order to ensure correct readings of 

the fingertip pulse oximeter. Moreover, the participants were provided with activity 

diaries and instructed how to fill them out during three preceding days before each of 

the four exposure occasions. The activity diaries were to complete on a half-hourly 

basis, and they included the participants´ activities, the location, in which the activities 

took place, travel times and modes, and the documentation of any perceived 

environmental exposures (environmental tobacco smoke etc.). 
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3.6. Health response monitoring 

The selection of the used markers and their time points in the post-exposure follow-up 

were based on the findings of published previous controlled exposure studies, and 

epidemiological studies that focussed on short-term changes in exposures. In addition, 

the biological plausibility and sensitivity of potential markers and their response times 

were discussed with experts in the particular field of the marker concerned. Eventually, 

we appreciated operative interests such as logistics and costs for the final selection. 

Preference was given to non-invasive biomarkers.  

 

The strands of the health response monitoring involved self-reported symptoms, 

pulmonary functions and -inflammation, cardiovascular effects, systemic inflammation, 

oxidative stress and lipid oxidation, differential blood cell count, blood cholesterols, 

transaminases, and gene expression in whole blood. 

 

Health end-points were measured before and after exposure with the exception of 

cardiovascular outcomes and the monitoring of symptoms that also took place during 

the two-hour exposure; (Table 2). 
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Table 2. Timeline for monitoring health end-points 

Pre-exposure Intra-exposure Post-exposure 

Baseline (1h) 2 hours <1h 2h 3h 4h 5h 6h 

Blood 

withdrawal 

X X 

Urine sample X X 

Spirometry X X X X X 

FeNO X X X X 

Blood Pressure X X X X X X 

Symptoms 

Score 

X X X X 

Holter ECG 

Pulsoximetry 

All measurements were carried out in a quiet and temperature-controlled clinical unit 

for clinical trials within the Barcelona Biomedical Research Park building. As 

mentioned earlier in order to minimize further exposure to air pollution, all the 

participants remained inside the unit and in rather quiet conditions after the exposure 

session until all follow-up health measurements were completed. 

Blood biomarkers 

A blood sample was taken before and after exposure from all subjects. Blood samples 

were analysed besides biomarkers with a direct relation to main research interest, and in 

addition, for standard clinical makers such as CRP, blood cholesterols, and 

transaminases to detect conditions that potentially could bias our results such as an 

acute inflammation; (Table 3). 

All blood samples, with the exception of blood for the cell counts were directly after 

blood withdrawal processed and stored at -80°C within the laboratory facilities of the 

Biomedical Research Park Barcelona for later analysis. 
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Table 3. Blood biomarkers measured in the TAPAS experimental study 

Health endpoint Biomarker 

Standard blood cell count Leukocytes (and white blood cell differential), 

erythrocytes, haematocrit, haemoglobin, mean 

corpuscular volume, mean corpuscular haemoglobin, 

mean corpuscular haemoglobin concentration, red 

cell distribution width, thrombocytes, mean platelet 

volume 

Systemic inflammation Cytokines (IL1b, IL6, IL8, IL10)* 

C-Reactive Protein, TNF-alpha

Oxidative stress and systemic 

antioxidant defence 

Myeloperoxidase, superoxide dismutase, glutathione 

peroxidase 

Lipid oxidation Malondialdehyde, F2-Isoprostane 

Biochemistry Blood cholesterols, uric acid 

Liver cell damage  Transaminases 

Neuronal growth (CNS) Brain-derived neurotrophic factor 

Gene regulation Gene-expression analysis in whole blood 

* IL= Interleukin

Pulmonary function 

Lung function tests were performed before and after the exposure session. The forced 

expiratory flow in one second (FEV1), forced vital capacity (FVC), forced expiratory 

flow 25-25% (FEF25–75%, and the peak expiratory flow (PEF), and the peak expiratory 

flow (PEF) were measured by using a portable computerized spirometer NDD 

EasyOneTM (Andover, Massachusetts, USA) following the guidelines of the European 

Respiratory Society (Miller et al. 2005). Only sessions which led to at least two 

acceptable tests and reproducibility of the FEV1 and FVC within 150 ml were 
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considered for further analysis. The ratio of FEV1/FVC, and also the highest sum of 

FVC and FEV1 were calculated to select the FEF25–75% accordingly.  

Fraction of exhaled Nitric Oxide (FeNO) 

Airway inflammation was assessed by the measurements of airway production of NO in 

accordance with the guidelines of the American Thoracic Society (ATS) and the 

European Respiratory Society (ERS) for standardized measurements of the exhaled 

nitric oxide (American Thoracic Society and European Respiratory Society 2005). 

FeNO was measured by using an NIOX MINOTM online analyser (Aerocrine, Solna, 

Sweden) with the single breath method. Subjects were requested to exhale to residual 

volume, insert the mouthpiece, inhale to total lung capacity through an NO scrubber, 

and subsequently exhale into the device for approximately 10 seconds at a constant flow 

of 50 mL·s-1. The manoeuvre was supported by an acoustic and a visual feedback of the 

device. 

Cardiovascular Monitoring 

Upon their arrival in the research unit, the participants were allowed to rest in silence, 

and then were equipped with a portable three-channel Holter monitor (Cardiolight, 

Gem-Med, Barcelona, Spain) with the purpose of continuously monitoring the time- and 

frequency indices of heart rate variability (HRV), cardiac ectopy, and heart rate until the 

end of the experiment day. The recordings were processed by the Holter-provider 

company, Gem-Med in accordance with the manufacture protocol. The standards of the 

measurement of the Task Force of the European Society of Cardiology and the North 

American Society of Pacing and Electrophysiology were considered (Task Force of the 

European Society of Cardiology and the North American Society of Pacing and 

Electrophysiology 1996). 
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Blood Pressure: 

Blood pressure (BP) and heart rate (HR) were measured before, during, and after 

exposure in seated position with cuffs placed on the right upper arm after a 10 minute 

resting interval by an automatic ambulatory blood pressure monitor (Omron Healthcare, 

Japan). Three readings with a two to three minute break in between were taken. The 

average of the three readings was considered for analysis. The participants were blinded 

to their blood pressure readings whenever possible. 

Oxygen saturation 

Oxygen saturation is a measure of how much oxygen the blood is carrying as a 

percentage of the maximum it could carry. The oxygen saturation, also referred to as 

SpO2, was monitored continuously during the complete exposure day via a small blood-

oxygen monitor (Konica Minolta, Japan) clipped to the volunteers finger. This pulse 

oximeter is a convenient measurement device, as it measures indirectly and hence non-

invasively the oxygen saturation of the volunteers’ blood. The blood cells that are 

saturated with oxygen absorb and reflect light differently than those that are not. The 

clip shines a light through one side of the finger while a detector on the other side 

measures the light that comes through and gives a rough estimate of the oxygen 

saturation. The simultaneous and continuous indication of the heart rate was used to 

control the physical activity level (individual moderate intensity range) in the ‘cycling’ 

participants by adjusting their pedalling speed and also the pedalling resistance in a few 

cases, as mentioned earlier.  

Urine sampling 

Urine was sampled for a potential analysis of the biomarkers of oxidative stress and 

exposure indicators. The volunteers were instructed to empty their bladder in the 

morning after waking up, in order to avoid an influence of the day before the baseline 

urine sampling. The baseline urine sample was collected just before they left to the 

exposure sites. Another sample was collected from the first micturition after the tow-

hour exposure session. Urine samples were directly after their collection processed and 

stored at -20°C within the facilities of the Biomedical Research Park Barcelona. 
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Symptoms recording 

Moreover, a standard questionnaire was used to explore the possible symptoms and the 

volunteers´ subjective state of health during and after exposure. The volunteers were 

asked about their state of health before, during and after the exposure session. The 

sections covered pulmonary and cardiac symptoms, as well as the general state of health 

and well-being. 

3.7. On-site air pollution exposure monitoring 

The on-site exposure monitoring included particulate matters of different aerodynamic 

size diameters, nitric oxides, black carbon, and noise levels. The characterisation of air 

pollution at both experiment sites took place as the following:  

1) UFP counts (ultrafine particle matter in the size range 0.01–1.0µm) were obtained

by using an optical particle counter CPC 3007 (TSI, Minnesota, USA). Readings

above 100,000 particles per cubic cm from the TSI model CPC-3007 required a

correction for coincidence, which, if left unadjusted, would result in underestimation

of particle counts at high concentrations. The following equation was applied:

cpc_corr=38 457×(exp(cpc×0.00001)), (Westerdahl et al. 2005).

2) During the two-hour exposure period PM2.5 and PM10 [particulate matter mass with

aerodynamic diameters of less than 2.5 µm (PM2.5) and less than 10 µm (PM10)]

were collected by using a Harvard Impactor (HI), (Air Diagnostics and

Engineering), at a flow rate of 10 L/min. The gravimetric analysis of air quality filter

samples was conducted in a specialized laboratory in accordance with standard

operating procedures in temperature and relative humidity-controlled conditions.

We collected for a total of 112 PM2.5 and PM10 mass filter samples, 18 field blanks

that were equally distributed over the whole field work period in order to validate

the collected data. The average blank values were subtracted from the final

particulate matter mass.
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3) In addition, we monitored PM1, PM2.5, PM4, and PM10 (particulate matter mass 

with aerodynamic diameters of less than 1µm, less than 2.5µm, less than 4µm, and 

less than 10µm, respectively) by continuously using the real time aerosol monitor 

DustTrackTM II model 8532 (TSI, Minnesota, USA).  

 

4) Nitrogen oxides (NOX) were measured via an NOx analyser model 8532 (2B 

Technologies, Boulder, Colorado, USA). 

 

5) Black carbon (BC) concentrations were measured by using a portable aethalometer 

Model AE51 (Magee Scientific, Berkeley, California, USA) and corrected for filter 

attenuation (Kirchstetter and Novakov 2007; Wang et al. 2011). 

 

6) Temperature and relative humidity were measured by using a Q-trackTM (Q-

Track Corporation, USA).  

 

7) Meteorology data including wind direction and wind speed were continuously 

monitored by using a tripod-mounted weather station (Oregon Scientific, USA)  

 

8) Noise levels (dba) were monitored continuously via a sound level meter model 

SC160 (CESVA instruments, Barcelona, Spain. 

 

9) Regular counts of motorized traffic were performed at both exposure sites during 

all exposure sessions. Two manual handheld traffic counters were used by a field 

technician with one counter in each hand for both light vehicles (cars) and heavy 

vehicles (buses and trucks). 

 

Standard operating procedures were developed and followed to ensure correct exposure 

monitoring. Instruments were calibrated before start of the experiment period and on a 

regular basis in accordance with manufacturer recommendations. Before each 

experiment day calibrations such as zero checks, were performed and flow checks 

scheduled throughout the two-hour exposure session. All incidences and instrument 

failures during the experiment time were documented. 
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In addition, we obtained the pollen counts and air pollution data from fixed monitoring 

stations located in and around Barcelona city for the entire experiment period. This 

allowed us to estimate the air pollution exposure of each volunteers by using land-use 

regression models for the three days before his/her scheduled experiment days (Beelen 

et al. 2013). 

3.8. Statistical analysis 

A statistical analysis was performed by using STATA 12. Exposure data was 

summarized as means, tested for correlations, and transformed into interquartile ranges. 

Changes from baseline were calculated. The a priori alpha level was set at P<0.05 for all 

planned comparisons. Normality was evaluated by using simple graphical methods. 

 

We applied mixed effect models for repeated measurements with both, baseline values 

and individuals as random effects, in order to account for intra-individual variability.  

 

We included sex, age, body mass index (BMI), on-site temperature and relative 

humidity, and the time of the measurement as covariates in all main models. To account 

for volunteers ´exposure for the day before the experiments took place, we included the 

estimated time during which each volunteer was exposed to environmental tobacco 

smoke (ETS), their energy expenditure from physical activities expressed in Metabolic 

Equivalent of Task (MET) based on Ainsworth et al.´s compendium of physical 

activities(Ainsworth et al. 2000) and their NO2 exposure using time adjusted land use 

regression models (Beelen et al. 2013). 

 

We tested in separate models for physical activity (yes/no), high air pollution (yes/no), 

and the four exposure scenarios (low and high air pollution with and without physical 

activity). Single pollutant models included continuous pollutant levels with additional 

adjustment for physical activity (yes/no).  
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Moreover, we tested for interactions between physical activity (yes/no) and high air 

pollution exposure (yes/no). Furthermore, we tested for interaction between physical 

activity (yes/no) and all measured pollutants, and additionally tested for interaction with 

the time of the health measurements. 

Analysis of variance (ANOVA) for repeated measures was applied to test for 

differences between the baselines of the four exposure scenarios. 
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4. RESULTS

The study ‘TAPAS Experimental’ included a variety of biomarkers for short-term 

health effects determination as presented in the previous section. The following results 

refer to the publication coming out of the first analysis covering pulmonary and 

inflammatory responses, as well as the effects on blood pressure and brain-derived 

neurotrophic factor. Further publications are to be expected after further analysis of the 

remaining biomarkers collected in this project. 

Paper I: 

Respiratory and inflammatory responses to short-term exposure to traffic-related air 

pollution with and without moderate physical activity (published) 

Paper II: 

Arterial blood pressure responses to short-term exposure to low and high traffic-related 

air pollution with and without moderate physical activity (published) 

Paper III: 

Brain-derived neurotrophic factor (BDNF) serum levels decrease after intermitted 

moderate physical activity in high levels of traffic-related air pollution (to be submitted) 
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4.1. Paper I: Respiratory and inflammatory responses to 

short-term exposure to traffic-related air pollution with and 

without moderate physical activity  

Kubesch NJ, de Nazelle A, Westerdahl D, Martinez D, Carrasco-Turigas G, Bouso L, et al. 

Respiratory and inflammatory responses to short-term exposure to traffic-related air 

pollution with and without moderate physical activity. Occup Environ Med. 2015 

Apr;72(4):284–93. DOI: 10.1136/oemed-2014-102106

http://oem.bmj.com/content/72/4/284.long
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4.2.  Paper II: Arterial blood pressure responses to short-term 

exposure to low and high traffic-related air pollution with and 

without moderate physical activity  

 Kubesch N, De Nazelle A, Guerra S, Westerdahl D, Martinez D, Bouso L, et al. 

Arterial blood pressure responses to short-term exposure to low and high traffic-related 

air pollution with and without moderate physical activity. Eur J Prev Cardiol. 2015 

May 17;22(5):548–57. DOI: 10.1177/2047487314555602

http://journals.sagepub.com/doi/full/10.1177/2047487314555602
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4.3. Paper III: Brain-derived neurotrophic factor (BDNF) 

serum levels decrease after physical activity in high levels of 

traffic-related air pollution  

Kubesch, Nadine Janet, Stefano Guerra, Audrey de Nazelle, David Martinez, Laura 

Bouso, Gloria Carrasco-Turigas, Dane Westerdahl, and Mark J. Nieuwenhuijsen. 

To be submitted 
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WHAT THIS PAPER ADDS 

• Our study shows that intermittent moderate acute physical activity experimental

setting and also habitual physical activity can decrease serum BDNF in high

levels of TRAP, and, furthermore this study shows that PA and TRAP have

independent effects.

• Our study stresses the importance of assessing both the exposure to air pollution

and physical activity levels when assessing physiological responses of BDNF.
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ABSTRACT  

 

Objectives:  

Short-term physical activity has been associated with increase in serum brain-derived 

neurotrophic factor in serum. We aimed to determine in healthy subjects the short-term 

health effects of physical activity in different levels of traffic-related air pollution 

(TRAP). 

 

Methods:  

Crossover real-world exposure study comparing in twenty-eight healthy subjects BDNF 

serum levels in response to four different exposure scenarios: two-hour exposure in a 

high and low TRAP environment, each in rest and in combination with intermittent 

moderate PA, consisting of four 15 minutes rest and cycling intervals. In addition, each 

volunteer´s metabolic equivalent task (MET) for the three consecutive days prior to 

each exposure session was calculated. Data was analysed using mixed effect models for 

repeated measures.  

 

Results:  

Intermittent PA compared with rest, irrespective of the TRAP exposure status, 

decreased statistically significantly serum BDNF (-13.65%, p=0.026). Accumulated 

physical activity expressed in metabolic equivalent task (MET) during three days before 

the blood withdrawal decreased BDNF statistically significantly (-57.92pg/ml, 

p=0.027). We did not find a statistically significantly association between TRAP and 

serum BDNF. We found no evidence for an interaction between TRAP and PA for 

changes in serum BDNF. 

 

Conclusions:  

In a healthy population, intermittent moderate physical activity decreases serum BDNF 

when performed in a high and very high polluted environment. Our study also suggests 

that habitual PA in high air pollution decreases circulating BDNF. 



89 

INTRODUCTION 

Background 

Regular physical activity reduces the risk of many adverse health outcomes such as 

cancer, cardiovascular disease, and diabetes.1,2,3,4 Physical activity is known to have also 

health promoting effects on the brain and psychological health, and enhances cognitive 

function.5,6,7,8 It has been proposed that the beneficial effects of physical activity on 

brain function could be mediated by brain-derived neurotrophic factor (BDNF), a 

neurotrophin of the family of growth factors supposed to enhance neural plasticity and 

improving cognitive function.9,10 

Some studies suggest that short episodes of exercise increase serum levels of BDNF. A 

study by Nofuji et al. 2012 showed an increase in serum BDNF 30 minutes after 

moderate and vigorous exercise.11 Similar responses were found in athletes and healthy 

sedentary participants after aerobic and anaerobic activity.12,13 However, these studies 

show also that the BDNF increase can be transient and responses may be altered by 

factors such as the type and intensity of the physical activity. 

The exposure to TRAP has been linked to adverse effects on the brain such as 

neuroinflammation and neuropathology”.14,15,16 Physical activity increases the volume 

of inhaled air17 and the increased minute ventilation during physical activity in an 

polluted environment may result in substantial increases in the inhaled dose of traffic-

related air pollutants18,19,20 and potentially lead to adverse acute health effects. The 

increased air pollutant uptake during the physical activity may inhibit the positive effect 

of exercise on cognition21, and alter the post-exercise response of circulating BDNF. 

Bos et al. showed increased serum BDNF concentration after cycling in an air-filtered 

room but not after cycling in TRAP.22 Traffic-related air pollutants enter the blood 

stream shortly post-exposure23 inducing different systemic responses24,25, and may also 

directly translocate to the central nervous system15, hence alterations in the BDNF 

response pattern after TRAP exposure are conceivable.  



90 

Although these studies have shown the effects of physical activity and also the role of 

air pollution as a potentially altering factor, they were generally not designed to 

disentangle the effects of air pollution from those caused by physical activity, nor their 

possible interaction.  

We hypothesized that short-term physical activity induces a release of BDNF in serum 

and that short-term exposure to TRAP may modify these response in healthy adults. Our 

objective was to determine in a healthy population in a real-world situation the BDNF 

responses to physical activity in different levels of traffic-related air pollution (TRAP). 

METHODS 

Study Design 

The study was conducted in Barcelona, Spain, between February and November 2011 

and followed a controlled crossover study design. The Ethics Review Committee of the 

“Institut Municipal d’Investigació Mèdica (IMIM)” approved the study and all subjects 

gave written informed consent prior to participation. 

We recruited 31 volunteers for this study. Eligible subjects were non-smoking adults in 

the age range of 18 to 60 years, healthy and without history or findings of pulmonary or 

cardiovascular disease, or other acute or chronic conditions (including infections, fever, 

cold) except sporadic nasal allergies but without medication-based treatment. 

Volunteers abstained from taking over-the-counter medications (e.g. pain relievers), 

vitamins, and herbal supplements before the experiment days. Alcohol consumption on 

the evening before the experiment was limited to one glass of wine or beer.  

Two hours was found to be the average time that residents in Barcelona spent in transit 

throughout the day.26 Therefore, all volunteers were exposed for two hours to either 

heavily polluted air (located on a pedestrian bridge approximately five meters above a 

main transit roadway for motorised traffic (often diesel powered) - Ronda Litoral) or to 

a lower TRAP (pedestrian friendly market square - Barceloneta market square) between 

8 a.m. and 10 a.m. during morning rush hours; (Supplementary appendix figure S1). 
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Two subjects were studied simultaneously on each occasion. During the two-hour 

exposure time, one subject performed intermittent exercise consisting of 15 minutes 

cycling on a cycle ergometer alternating with 15 minutes of rest while the second 

volunteer rested throughout the two-hour exposure. Each volunteer participated in each 

of the four exposure scenarios in a narrow time period to exclude confounding by 

seasonal variation. The exercise interval was repeated four times summing up a total of 

one hour exercise during the two-hour exposure period. Each volunteer was required to 

reach his/her individual range of moderate physical activity intensity, which was 

controlled through their heart rate monitored continuously by a fingertip pulse oximeter 

(Konica Minolta, Japan). For moderate-intensity physical activity, the volunteers´ target 

heart rate was 50 to 70% of their maximum heart rate, which was estimated for each 

volunteer on the basis of their age and sex [Males: HRmax=220-age; Females: 

HRmax=206–0.88(age)].27 During each of the PA intervals all participants were 

instructed and supervised constantly by the same technician to pedal at a speed and 

resistance level that brought them close to their upper level of their estimated moderate 

physical activity pulse range (70%) of their individual maximum heart. Volunteers 

completed the four exposure scenarios in a random order. Each volunteer was to 

participate in all four scenarios: low level and high level air pollution exposure, each in 

combination with and without physical activity. To avoid a diurnal effect, all exposure 

sessions and blood sampling were scheduled at the same hours during the day as well as 

during the same days of the week to account for variations in traffic characteristics.  

Volunteers filled out a half-hourly activity diary asking for time, activity, location, 

travel mode, and perceived exposure to environmental tobacco smoke or other 

pollutants during the three days before each experiment day. That allowed us to estimate 

the volunteers’ air pollution pre-exposure and energy expenditure due to physical 

activity for the preceding three days. All participants received identical meals during all 

exposure days. 

Health Measurements 

The baseline and post-exposure blood withdrawal took place in the clinical research 

facilities within the study centre, a five- minute drive away from the study sites. To 
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keep the volunteers’ exposure to TRAP before baseline measurements minimal, 

volunteers were required to arrive in the morning before 6:45 a.m. in the study centre. 

Before that time the TRAP is still low in Barcelona. No restrictions were made on the 

volunteers' travel mode choice to the study centre. Upon volunteers arrival they were 

given time to rest before the baseline blood sample was taken. After returning from the 

exposure site all subjects remained in a quiet and temperature-controlled clinical 

research facility.  

 

A blood sample was taken before and on average 30 minutes post-exposure from all 

subjects. All venepunctures for blood withdrawal were undertaken by a registered nurse 

according to SOP. Blood samples collected in serum vacutainers (BD VacutainerTM). 

Serum samples for the measurement of BDNF were processed shortly after blood 

withdrawal and instantly after alliquotation stored at -80ºC and later analysed in 

duplicates using high sensitivity LUMINEXTM technology (Merck Millipore, U.K.) 

following standard procedures. BDNF concentrations were analysed according to the 

manufacturer’s protocol. 

 

Exposure Monitoring 

The on-site exposure monitoring included continuous reading of UFP counts (ultrafine 

particle matter in the size range 0.01 to 1.0 µm), using an optical particle counter CPC 

3007 (TSI, Minnesota, USA). Readings above 100,000 particles per cubic cm (#/cm3) 

from the TSI model 3007 CPC required a correction for coincidence, which if left 

unadjusted would result in under-estimation of particle counts at high concentrations.28 

The following equation was applied: cpc_corr=38457*(exp(cpc*0,00001)).28 Nitrogen 

oxides (NOx) were measured via a NOx analyzer (2B technologies, Boulder, USA). 

During the two-hour exposure period PM2.5 and PM10 [particulate matter mass with 

aerodynamic diameters of less than 2.5 µm (PM2.5) and less than 10 µm (PM10)] were 

collected using a Harvard Impactor (HI), (Air Diagnostics and Engineering, USA)) at a 

flow rate of 10 l/min. The gravimetric analysis of air quality filter samples was 

conducted in a specialized laboratory according standard operating procedures in 

temperature and relative humidity controlled conditions. We collected a total of 112 

PM2.5 and PM10 mass filter samples 18 field blanks that were equally distributed over 
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the whole field work period in order to validate the collected data. The average blank 

values were subtracted from the final particulate matter mass. Black carbon (BC) 

concentrations were measured using a portable aethalometer (Magee Scientific, 

Berkeley, USA), and corrected for filter attenuation.29,30  

 

Statistical Analysis 

Statistical analyses were performed using STATA 12. Exposure data were summarized 

as means, tested for correlations, and transformed to interquartile ranges. The a priori 

alpha level was set at P<0.05 for all planned comparisons. Normality was evaluated 

using simple graphical methods and Kolmogorov-Smirnov test. 

We applied mixed effect models for the analysis of repeated measurement data with 

both baseline values and individuals as random effects to account for intra-individual 

variability in all health outcomes. We calculated percent changes from baseline for use 

in main mixed model regression analysis. In addition, all models were adjusted for on-

site ambient temperature and relative humidity, sex, age, and body mass index (BMI). 

To account for volunteers exposure for the day before the experiments took place we 

included the estimated time that each volunteer was exposed to environmental tobacco 

smoke (ETS), the energy expenditure for their physical activities expressed in Metabolic 

Equivalent of Task (MET) based on Ainsworth et al. compendium of physical 

activities31 and the volunteers’ NO2 exposure using time adjusted land use regression 

models.32  

We tested in separate models for physical activity versus rest, irrespective the TRAP 

site, and high TRAP versus low TRAP site irrespective the physical activity status. 

Another model included the four exposure scenarios (low and high air pollution with 

and without physical activity). Single pollutant models included continuous pollutant 

levels with additional adjustment for physical activity (yes/no). Interaction between 

physical activity and the TRAP site, and PA and each pollutant separately was tested by 

mixed effect models including an interaction term. 
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Furthermore, we tested the effect of the self-reported3 habitual physical activity during 

the preceding three consecutive days (MET time) on the baseline BDNF levels before 

each of the four exposure sessions. These models were also adjusted for the estimated 

time that each volunteer was exposed to environmental tobacco smoke (ETS), and their 

estimated NO2 exposure for the three preceding days. An interaction term was included 

for the habitual physical activity during the preceding three consecutive days (MET 

time) and the volunteers estimated NO2 exposure for the three preceding days before 

baseline BDNF sampling.  

The differences between the BDNF baseline levels were tested by an analysis of 

variance (ANOVA) for repeated measures.  

 

RESULTS 

 

Subject Characteristics 

Overall 31 volunteers were recruited for study. All subjects except three completed the 

four different exposure scenarios. Two of these three volunteers had to be excluded due 

to predefined exclusion criteria diagnosed after entry into the study, and one volunteer 

left the study after participating in one trial day due to personal reasons. The remaining 

28 volunteers completed all four trial days and are therefore included in the analysis; 

(Table 1). 

  

                                                 
3 Data based on a half- hourly self-reported physical activity diary 
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Table 1. Baseline Characteristics of the Study Population 

Characteristic (n=28) 

Baseline BDNF [pg/mL (min-max)] 21.3 (6.8– 36.,7) 

Female [n (%)] 15 (53.6) 

Mean age [years (min-max)] 34.4 (21-53) 

Mean body-mass index * [kg/m2 (min-max)] 23.1 (18.2-29.6) 

Ex-smoker [n (%)] 8 (28.6) 

Allergies † [n (%)] 8 (28.6) 

Resident in Barcelona city [n (%)] 20 (71.4) 

Mean distance between participants’ homes and study unit [km - (min-max)] 8.8 (<1-18.6) 
* The body-mass index is the weight in kilograms divided by the square of the height in meters. 
†Self-reported by volunteers based on question asking for hay fever, rhinitis, and nasal allergies.  

 

Pollution Levels 

All measured pollutants were statistically significantly higher in the high air pollution 

site (traffic site) compared to the low level air pollution site (market square). 

Considerably contrasting levels could be found for NOx (which was 10 times higher in 

the traffic site compared to the market square site), BC (7x higher), and UFP (5x 

higher); (Table 2).  
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Table 2. Site Characteristics (Low vs. High Air Pollution Site) * 

Pollutant Study Site Mean [95% Conf. Interval] p value 

Black Carbon  

(µg/m3) 

Low TRAP 8.59 3.16 14.02  

High TRAP 60.82 55.29 66.34  

Contrast 52.23   <0.001 

UFP 
(particles/cm3)  

Low TRAP 32,992.75 19,020.10 46,965.39  

High TRAP 164,464.30 150,252.80 178,675.80  

Contrast 131,471.6   <0.001 

NOx 

(ppb) 

Low TRAP 71.62 15.71 127.53  

High TRAP 722.18 665.31 779.04  

Contrast 650.56   <0.001 

PM10 
(µg /m3) 

Low TRAP 67.79 55.48 80.10  

High TRAP 129.68 117.16 142.20  

Contrast 61.89   <0.001 

PM2.5 

(µg /m3) 

Low TRAP 30.03 22.37 37.70  

High TRAP 80.76 72.97 88.56  

Contrast 50.73   <0.001 

PMcoarse 
(µg /m3) 

Low TRAP 37.75 31.59 43.92  

High TRAP 48.91 42.64 55.19  

Contrast 11.16   0.014 

Temperature  

(⁰C) 

Low TRAP 20.78 19.36 22.20  

High TRAP 22.28 20.83 23.72  

Contrast 1.50   0.144 

Relative 
Humidity 

(%) 

Low TRAP 61.86 58.46 65.26  

High TRAP 55.07 51.61 58.53  

Contrast -6.79   0.007 

*Means are based on the 2 hour measurements during morning rush hour (8 – 10 a.m.) 

 

There were high correlations (>0.9) between BC, NOX and UFP concentrations, NOX 

and PM2.5 with BC, as well as PM2.5 with NOx and PM10. Moderate correlations were 

observed with PMcoarse; (Supplementary appendix table S1).  
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Health data 

We compared means between the four exposure scenarios and found no statistically 

significant differences between the baseline values; (Supplementary appendix table 

S2). The BDNF serum level means comparing pre- and post-cycling, and pre- and post-

rest (irrespective of the TRAP exposure status) are presented in figure 1.  

 

Figure 1. Pre- and Post-exposure Mean Comparisons for PA and Rest 

 

Figure 1 shows arithmetic means of the serum BDNF levels at baseline (Pre) and post-exposure (Post). 

Means are combined for Physical activity (PA), as well as for Rest, irrespective of the TRAP exposure 

status. The I bars indicate the standard deviations. The analysis of variance (ANOVA) showed that post-

exposure BDNF was borderline statistically significantly lower compared to BDNF level at baseline 

(p=0.054). 
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Associations between Physical Activity, Pollution levels, and BDNF serum levels 

Mixed effect models showed statistically significant decreases in post-exposure BDNF 

(-13.65%, p=<0.026) after intermittent physical activity (irrespective of the high/ low 

TRAP exposure status); (Table 3). Neither the different exposure scenarios that 

included physical activity changed circulating BDNF statistically significantly nor the 

interquartile increases of the individual pollutants showed significant associations with 

BDNF post-exposure; (Table 3). We found no evidence for a statistically significant 

interaction between physical activity and air pollution. 

 

Table 3. Association between Physical Activity, Pollution levels, and serum BDNF* 

 
BDNF percent change from baseline 

 
 

Coefficient 
(%) 

[ 95% CI] P Value 
P value for Interaction 
 with Physical activity ƒ 

      

Physical Activity (PA)† -13.65 -25.69 -1.60 0.026  

High TRAP Site† 4.97 -8.21 18.15 0.460 0.988 
     

      

High TRAP Site & PA‡ -8.58 -26.12 8.96 0.338  

Low TRAP Site & PA‡ -13.70 -30.64 3.24 0.113  

High TRAP Site & Rest‡ 5.10 -12.40 22.60 0.568  
     

      

BC (IQR)§ 5.44 -6.26 17.13 0.362 0.699 

UFP (IQR)§  2.36 -8.26 12.99 0.663 0.649 

N0x (IQR)§ 3.85 -9.38 17.08 0.568 0.593 

PM 10 (IQR)§ 1.97 -6.86 10.81 0.662 0.264 

PM 2.5 (IQR)§ 3.16 -8.53 14.84 0.596 0.424 
PMcoarse (IQR)§ 0.63 -7.91 9.18 0.884 0.155 

 

*Mixed effect models adjusted for on-site ambient temperature and relative humidity, age, BMI, sex, as 
well as total energy expenditure (MET) three days prior to exposure, environmental tobacco smoke, and 
NO2 exposure for 24h before experiment. 

† Pooled analysis for PA vs, Rest, and High vs. Low Exposure site, respectively. 

‡ Model regressing the exposure scenarios with reference “Low TRAP site & Rest”. 

§ Single pollutant model in addition to above covariates adjusted for physical activity. 

ƒ Interaction between Physical activity (categorical variable) and high traffic-related air pollution (TRAP) 
site (categorical variable) , and between Physical activity (categorical variable) and single 
pollutants[mean centered interquartile range (IQR)] 
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Associations between Physical Activity, Environmental exposures, and Baseline 

serum BDNF  

Mixed effect models showed statistically significant decreases in BDNF (-57.92 pg/ml, 

p=<0.027) levels at baseline due to the physical activity accumulated in the three days 

prior to the experimental session. Exposure to NO2 during the same time did not show 

an effect. We found no evidence for a statistically significant interaction between 

physical activity and air pollution; (Table 4). 

 

Table 4. Association between Physical Activity, Environmental pre-exposures, and serum 

BDNF at Baseline * 

 

 

Coefficient 

(pg/ml) 

[ 95% CI] P Value P value  

for Interaction ƒ 

MET 3 days (total) † -57.92 -109.34 -6.50 0.027  

ETS 3 days (total) ‡ -122.33 -511.71 267.05 0.538  

NO2 3 days (total) § 23.46 -39.91 86.83 0.468 0.663 

 

*Mixed effect model adjusted for age, BMI, and sex.  

† Total energy expenditure (MET) during three days prior the experiment day (based on participants’ self-
reported activity data). Model adjusted in addition for ETS and NO2 exposure for the three preceding 
days. 

‡ Total environmental tobacco smoke (ETS) exposure during three days prior the experiment day (based 
on participants’ self-reported data). Model adjusted in addition for MET and NO2 exposure for the three 
preceding days. 

§ Total NO2 exposure three days prior the experiment day [Estimations using land-use-regression models 
(LUR) based on participants’ self-reported location data]. Model adjusted in addition for MET and ETS 

exposure for the three preceding days. 

ƒ Interaction between physical activity (MET) and NO2 exposure for the three preceding days (adjusted 
for ETS) 

 

 



100 

DISCUSSION 

 

Summary 

In this well controlled crossover design examining BDNF in response to intermittent 

physical activity during a two-hour real-world exposure to different levels of TRAP, we 

found that short-term intermittent moderate PA in an environment with high and very 

high TRAP in a controlled experimental conditions as well as habitual physical activity 

during the three days preceding the baseline blood sample can decrease serum BDNF. 

We found no evidence for an interaction between physical activity and TRAP.  

 

Site characteristics  

The average concentrations of ultrafine particles, BC, and NOx levels at the high TRAP 

site were 5, 7, and 10 times higher than those measured at the low TRAP site, 

respectively. However, the high correlations among the pollutants made it difficult to 

separate the effects on the health endpoints. The average ultrafine particles levels found 

at our high traffic site were considerably higher than those found in previous real world 

exposure studies in the UK, Netherlands or Belgium.33,34,35 Mean particle concentrations 

in our high air pollution site were comparable with exposures measured in chamber 

studies 36 37 while our “low exposure site” air pollution levels were rather comparable 

with those categorized in other experimental studies as “High air pollution” or “traffic 

site”.38,39 

We found very high levels of NOx at our high TRAP site. Few studies measure NOx 

right in traffic, but levels found in this study are not unusual for roadway environments, 

especially where high proportion of diesel vehicles can be found. 40 Both of our study 

sites were in similar proximity nearby the sea coast and close to Barcelona’s harbor 

resulting in an influence of marine sources and shipping emissions in the particulate 

matter composition. The warm Mediterranean climate in Barcelona tends to increase the 

contents of road traffic and fuel oil combustion due to re-suspension, which is typically 

for warm seasons.41  
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The effects of PA, TRAP, and their interaction 

 

Association between Non-experimental Habitual Physical Activity, Environmental Air 

Pollution Exposures, and Baseline Serum BDNF 

We showed that total energy expenditure (MET) accumulated in three consecutive days 

prior to the blood withdrawal lowered circulating BDNF. Physical activity during the 

three consecutive days before each of our exposure sessions reflected more habitual 

activities of daily life. Participants were merely instructed to abstain from very heavy 

exercise (e.g. marathon running) during that time but could else follow their routine 

exercise and activity habits. 

Our results are partially in accordance with those obtained in previous studies who 

found that long-term habitual exercise can lower peripheral BDNF.42124344 We found no 

evidence for an effect of NO2 exposure during the three preceding days on BDNF 

baseline levels, or evidence for a statistically significant interaction between physical 

activity and air pollution. A study by Bos et al. compared the changes in serum BDNF 

in 44 untrained healthy participants following a 12-week exercise program in either an 

urban setting with higher levels of TRAP or in a rural environment with lower TRAP. 

The study showed post-exercise non-significant decreases in absolute mean BDNF 

concentrations in both the urban group (1.9ng/ml-1, p=0.52) and in the rural group 

(1.89ng/ml-1, p=0.08).35  

 

Association between Short-term Intermitted Moderate Physical Activity, Air Pollution 

levels, and Post-exposure Serum BDNF  

In contrast to previous findings, our results provide experimental evidence 

demonstrating that also short-term intermitted moderate PA in high levels of TRAP can 

decrease serum BDNF shortly after. We could confirm this finding by an additional 

analysis using mixed models comparing the change from baseline to post-exercise 

within the group combined for physical activity only. Mixed models confirmed that in 

the PA group the post-exercise compared with pre-exercise BDNF levels were 

statistically significantly lower (-1611.57pg/mL, p=0.048, (Table S4, Supplementary 

annex).  
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We can exclude an effect due to the allocation of the samples to the two batches and 

four plates that the LuminexTM analysis technology required. All eight samples of the 

four exposure occasions of each individual were tested within the same plate and batch. 

In the following section, factors that may have had an influence on our findings, which 

are partly inconsistent with previous studies, are discussed.  

 

To begin, it is noteworthy that in our study high levels of TRAP were found in both 

exposure environments compared to other studies. In a study by Bos and colleagues 

physical activity performed in average levels of UFP of 28180  pt/cm3 did not induce 

the BDNF release which could be shown in filtered air (3496 pt/cm3). The levels of 

TRAP found in our high exposure site were six times higher than those in the Belgian 

study whereas the levels of UFP we measured in our “low” TRAP site were rather close 

to those found in the Belgian high exposure site.22 We therefore cannot exclude that the 

BDNF responses shown in this work had been different when tested in an experimental 

setting with considerably lower TRAP levels than those found in our study. It would be 

recommendable to assess the responses of physical activity patterns similar to our study 

performed in lower levels or in an air filtered clean room.  

 

Secondly, the chronic exposure to high levels of TRAP that our participants are 

habitually exposed to could have influenced response pattern: Our participants were 

mainly resident in Barcelona city, a place where TRAP is considerably elevated 

compared to other European cities.45 We cannot exclude that that a chronic exposure 

might alter the response pattern due to potentially underlying chronic low-grade 

systemic inflammation or altered oxidative stress processes.46  

 

Thirdly, note the relevance of the time between physical activity and blood withdrawal: 

The timing of the BDNF determination following the physical activity in TRAP might 

be a predicting factor as shown previously. We measured BDNF on average 30minutes 

after completion of the two hour exposure session and cannot rule out that we might 

have missed a transient initial elevation of the circulating BDNF. Heymann et al. found 

that BDNF levels can drop quickly within minutes after initial elevation.47 Griffin et al. 

showed a significant increase in serum BDNF concentration immediately after a 30 
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minutes exercise protocol (cycling until max. predicted heart rate). Thirty minutes post-

exercise the serum BDNF was not significantly different to pre-exercise.13 A study by 

Nofuji et al. showed that in sedentary subjects BDNF levels returned to baseline during 

recovery within 60 min after the test. In participants performing physical activity 

chronically the BDNF levels even decreased below baseline.11 The same study also 

suggested that responses to acute exercise differed depending on the regular physical 

activity pattern of the participants. The BDNF levels for the active group decreased 

during recovery even below the baseline level after the physical activity unlike the 

sedentary group whose BDNF levels return to baseline. However, the physical activity 

protocol in the study by Nofuji et al. followed a more intense physical activity protocol 

applying maximal exercise testing.  

 

Moreover, the type and intensity of the exercise protocol may influence on acute 

responses: We used an intermitted aerobic physical activity protocol with physical 

activity intensity set to the upper point of the moderate range. However, it’s not fully 

understood yet which type and exercise intensity is most appropriate to induce a serum 

BDNF release. A recent review by Coelho et al. focusing on the elderly could not 

establish a recommendation for a protocol for the type and intensity of physical exercise 

required to produce an increase in circulating BDNF.48
  

 

Finally, the participants´ habitual exercise and eating behaviors as part of a healthy 

lifestyle could have played a modifying role in our outcomes: Our participants were 

screened to be healthy without any acute or chronic condition and also non-smoking 

which also may imply that our study population followed a generally healthy lifestyle 

involving some type of habitual physical activity such as for instance using active 

transportation modes. We adjusted for the physical activity of our study population 

during the three preceding days (MET time) in our main models; however, we cannot 

rule out that a generally healthier lifestyle or health awareness including a healthier 

eating behavior and some kind of physical activity of our participants could have 

influenced our results. 
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The strengths of this study is its unique design; an experimental setting with volunteers 

exposed in real world conditions: The well-controlled crossover study design allowed us 

to disentangle the effects of physical activity from those attributed to air pollution, 

which has been to our knowledge unique in this form. Unlike in chamber studies, the 

exposure in our real world setting brings a mix of airborne pollutants actually present in 

real traffic-related air pollution. The exposure to a mix of air pollutants has been shown 

to lead to different health effects than those observed in chamber studies.49 Moreover, 

our crossover design facilitates the exclusion of confounding by factors that are stable 

within an individual over time but vary between participants, since every volunteer 

serves as its own control.  

 

A limitation of the study was the relatively small sample size leading to restricted 

statistical power, and furthermore, the relative high TRAP levels in the “low TRAP” 

site. Furthermore, performing the experiments in a real world environment implied less 

controllable study conditions. Some unknown factors including day to day variations, 

but also seasonal changes with a range of unclear modifiers may have influenced our 

study results. We cannot exclude that other factors we could not control for had 

potentially an effect on the post-exposure measurements. Furthermore, we measured 

BDNF only once and shortly after exposure. We cannot rule out that responses would 

differ after a longer or even shorter time post-exposure.  

 

It is important to note that our changes were small and observed in a healthy population 

(screened for any chronic or acute condition) and without clinical symptoms and our 

participants were non-smoking and young or middle-aged. The current study was not 

able to provide a clear explanation for the lack of consistency with previous studies 

repeatedly showing that short bursts of physical activity are increasing circulating brain-

derived neurotrophic factor levels. However, to the knowledge of the author no other 

human study has attempted before to measure the effects of physical activity on BDNF 

in such high air pollution levels as found in this study. Furthermore, the clinical 

meaning of the decreases in BDNF as a response to intermitted physical activity in the 

experimental setting and the more habitual physical activity of daily life remains unclear 

but may be a transitional physiological response.  
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Conclusion  

To conclude, this study suggests that habitual physical activity of daily life and also 

short-term intermittent physical activity in an acute exposure setting when performed in 

high and very high levels of TRAP can decrease circulating BDNF in healthy 

participants.  
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Figure S2: High TRAP exposure site set up: Pedestrian Bridge above main city 

ring roadway “Ronda Litoral” in Barcelona  
 
a) View from the roadway during off peak time:  

 
Copyright: Google Maps 

 

b) View from our exposure site at the pedestrian bridge during morning rush hour: 
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Table S2. Spearman’s rank-correlation coefficients (r) between measured pollutants 

 UFP BC NOx PM10 PM25 

UFP - - - - - 

BC 0.92 - - - - 

NOx 0.93 0.95 - - - 

PM10 0.79 0.87 0.84 - - 

PM2.5 0.85 0.93 0.91 0.94 - 

PMcoarse* 0.41 0.50 0.45 0.80 0.58 

* PMcoarse fraction calculated PM10 minus PM2.5 

 

Table S3. Variance between baseline BDNF  levels by the four exposure scenarios (ANOVA) 

 
Low TRAP & Rest

§
 High TRAP & PA

§
 Low TRAP & PA

§
 High TRAP & Rest

§
 ANOVA* 

BDNF  

(pg/ml) 
21481.50 22435.78 21041.36 20336.05 0.275 

 
* Significance test (box corrected) 
§ n=28 
 

Table S4. Pre-post BDNF levels comparison within PA, Rest, High, and Low TRAP Exposure 
Groups* 

 Without Adjustment for TRAP With Adjustment for TRAP 
 Coef.(pg/mL) [ 95% CI] P Value Coef.(pg/mL) [ 95% CI] P Value 

PA† -1611.57 -3251.15 28.02 0.054 -1611.57 -3211.14 -12.00 0.048 

Rest† 770.75 -738.57 2280.07 0.317 770.75 -721.22 2262.72 0.311 

 Without Adjustment for PA With Adjustment for PA 

 Coef.(pg/mL) [ 95% CI] P Value Coef.(pg/mL) [ 95% CI] P Value 

High TRAP 
Site ƒ 

218.52 -1308.01 1745.05 0.779 218.52 -1294.20 1731.24 0.777 

Low TRAP 
Site ƒ 

-1059.34 -2959.14 840.46 0.274 -1059.34 -2925.39 806.72 0.266 

*  Mixed effect models comparing the pre- to post-exposure BDNF level change, adjusted for on-site ambient 
temperature and relative humidity, age, BMI, sex, as well as total energy expenditure (MET) three days 
prior to exposure, environmental tobacco smoke, and NO2 exposure for 24h before experiment. 

† Pooled analysis for physical activity (PA) and Rest, irrespective of the TRAP exposure status. 

ƒ Pooled analysis for High and Low Exposure site, irrespective of the physical activity status. 
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5. METHODOLOGICAL DISCUSSION 

5.1. Summary 

The work presented in the current thesis was conducted within the framework of the 

TAPAS project (Transportation, Air Pollution and Physical ActivitieS: An Integrated 

Health Risk Assessment Programme of Climate Change and Urban Policies), which 

aimed to study the risks and benefits of physical activity through active commuting 

from policy and experimental perspectives. 

 

The underlying hypothesis of this work was whether a short-term exposure to high 

levels of TRAP had adverse effects and physical activity would modify these effects. 

The main aim of this thesis was to contribute to the ongoing debate regarding health 

risks of physical activity in traffic-related air pollution, which often takes place during 

active travel, such as cycling, and also to disentangle the effects attributed to each of the 

two factors. Using a unique design with a rich panel of air pollutants and a range of 

health effects markers, this study was designed to contribute to the scarce knowledge 

about the independent health effects related to TRAP exposure and physical activity, as 

well as their interdependencies. In addition, this study provided some evidence that 

might help to resolve the puzzle of the underlying pathomechanisms of the health 

effects found in long-term TRAP exposure studies.  

 

In our controlled multifactorial cross-over study design we exposed healthy volunteers 

to high and lower levels of TRAP, while they were cycling or at rest. In total, 117 

observations were obtained from 31 volunteers on 59 experiment days, while 112 

observations from 28 volunteers could be considered for analysis. The markers of 

pulmonary function and inflammation, systemic inflammation, blood pressure, as well 

the effect on brain-derived neurotrophic factor were studied for this thesis.  

 

We found high levels of traffic-related air pollution in both exposure sites, both located 

near the sea coastline. Despite the fact that the TRAP levels at both exposure sites were 

relatively high, the levels were contrasting between the sites. The average 
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concentrations of ultrafine particles, BC, and NOx levels at the high TRAP site were 

five, seven, and ten times higher than those measured at the low TRAP site, 

respectively. However, the high correlations among the pollutants made it difficult to 

separate the effects on the health endpoints. The average ultrafine particles levels found 

at our high traffic site were considerably higher than those found in previous real-world 

exposure studies in the UK, the Netherlands, or Belgium (McCreanor et al. 2007; Strak 

et al. 2010; Inge Bos et al. 2013). Mean particle concentrations in our high air pollution 

site were comparable with exposures measured in chamber studies (Gong et al. 2008; 

Samet et al. 2009) while our ‘low exposure site’ air pollution levels were comparable 

with those categorized in other experimental studies as ‘high air pollution’ or ‘traffic 

site’ (Jarjour et al. 2013; Weichenthal et al. 2011). The levels of NOx at our high TRAP 

site were very high as well. Few studies measure NOx right in traffic, but levels found 

in this study are not unusual for road environments, especially where high proportion of 

diesel vehicles can be found (Carslaw and Beevers 2005). Both of our study sites were 

very close to the sea-coast, with Barcelona’s harbour nearby resulting in an influence of 

marine sources and shipping emissions on the particulate matter composition. The warm 

Mediterranean climate in Barcelona tends to increase the contents of road traffic and 

fuel oil combustion due to re-suspension, which is typical of warm seasons (Minguillón 

et al. 2014). 

 

We showed that a short-term intermittent PA compared with rest, was associated with a 

lower SBP after exposure, irrespective of the level of TRAP. Exposure at the high-

TRAP site, compared with the low-TRAP site, led to higher SBP and DBP post-

exposure. Exposure to BC, UFP, NOx, PM2.5 and PM10, and PMcoarse increased SBP 

post-exposure. Post-exposure DBP was associated with BC, UFP, NOx, and PM10. We 

only found evidence for an interaction between PA and PM10 and PMcoarse which lead to 

increased SBP post-exposure. Furthermore, we showed that short-term intermittent PA 

was associated with a small but statistically significant increase in FEV1, FVC, FEF25-

75%, exhaled NO, leucocytes, neutrophil counts, and IL-6. PM2.5 and PM10 increased 

leucocytes and neutrophils. Ultrafine particulate matter decreased IL-8. We found 

limited and inconsistent evidence of an interaction between PA and UFP, as well as 

between PM2.5 and PM10 for pulmonary and systemic inflammation. We also showed 
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that short-term intermittent PA in a controlled experimental setting as well as habitual 

physical activity during three days preceding the blood sample in a highly polluted 

environment could decrease serum BDNF. We found no evidence for an interaction 

between physical activity and TRAP. 

5.2. Methodology: strengths and limitations 

The strengths of this study are its well-controlled experimental design that allows to 

disentangle the effects of TRAP from those of physical activity, its rich dataset of air 

pollution components, and the determination of multiple health endpoints. This study 

involved a range of clinically relevant biomarkers such as blood pressure, lung function, 

lung inflammation, and systemic inflammation. 

 

Furthermore, we used a real-world exposure experimental design that brings the 

advantage of a realistic exposure mix, including its synergies and interactions which 

have been shown to promote stronger health effects than those shown in exposure 

chamber settings. Studies conducted in a chamber have the advantage of more precise 

exposure assessment and fewer effects that are uncontrollable, but they have the 

limitation of an unreal exposure mix and the missing factors that might change the 

actual health responses as they would only occur in a real-world exposure setting. 

 

The author of this work would like to acknowledge the study's limitations that are 

relevant for the interpretation of the results and their impacts. The two-hours intermitted 

physical activity summing up for one-hour of PA in total protocol during the exposure 

sessions may not be the most realistic physical activity protocol; However, the two-hour 

exposure session was chosen to a) increase the changes in the observation of health 

responses to TRAP exposure, b) because two-hours is the time that citizens in Barcelona 

spent on average in travel (de Nazelle et al. 2013), and c) to maintain comparability 

with previous experimental chamber and real-world studies which also used often a 

two-hour exposure time. However, two-hours or even one-hour continuous cycling 

during the exposure session seemed to be too strenuous for reflecting a moderately 

intense active travel mode.  
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High correlations between the air pollutants mixture were found at our sites. The 

variables must have sufficiently low correlations with each other, in particular, in two-

pollutant models. Hence, we opted only for single pollutant models.  

 

Misclassification of air pollution exposure is a well-recognized limitation in 

epidemiologic studies on the environment and health effects: Stronger associations are 

likely to be observed with air pollutants with less measurement errors (Zeger et al. 

2000). Our air pollution characterization was performed on-site next to the participants; 

the measurement error was mainly restricted to instrumental errors that are negligible 

compared with errors in observational studies based on data derived from fixed 

monitoring stations. 

 

We studied healthy volunteers without any pathological conditions (except atopy) who 

were non-smoking people only. Also, volunteers knew before recruitment that the study 

included outdoor physical activity. A fact that could have repelled potential participants 

that are generally reluctant to perform physical activity. Both factors might have 

contributed to our study population being more involved in healthier lifestyle in general 

than the average population in Spain. That might have influenced the findings of this 

study in general. 

5.3. Further research needs 

This study focusses on the short-term effects up to six hours after exposure to contribute 

to the understanding of the health effects that were observed in epidemiological studies. 

Our assessment shows the effects of a single exposure occasion because several days 

were left between one exposure occasion and the following. However, in a daily life 

setting, active travelling commuters might be exposed to similar exposures repeatedly 

during an entire working week. We cannot draw a conclusion with respect to the 

accumulating health effects that occur after several consecutive repetitions of such 

short-term exposures. Such a study design may reveal an impact on health, which is 
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different from the one found in this study due to an accumulation of exposures and their 

effects. 

 

Furthermore, we assessed the health effect in a healthy population in absence of any 

acute or chronic conditions. The balance between the risk and benefits may be different 

in a diverse population. The health effects and, in particular, the interaction between the 

factors remain unclear in a population susceptible to certain diseases and should be 

assessed in a similar study design in participants with chronic conditions, elderly 

people, or children and would need further research.  

 

Moreover, there may be a potential influence by the fact that our study population was 

mainly resident and working in Barcelona city, a place where air pollution levels are 

among the highest within Europe (Cyrys et al. 2012). Our study population might be 

adapted to the acute effects. We cannot exclude that the acute changes in a study 

population that does not live amid such high exposure levels found in Barcelona city 

may show a more pronounced response, which should be further explored. 

 

Despite the fact that we measured a broad range of health end-points, the author would 

like to point out that all possible health effects of the different organ systems and 

similarly of susceptible populations need to be assessed before an accurate general 

recommendation concerning the safety and the health benefits of exercising in an 

environment with high TRAP levels can be given. 



 



 

121 

6. CONCLUSIONS AND IMPLICATIONS FOR PUBLIC 

HEALTH 

6.1. Conclusions  

To conclude, this study suggests that both SBP and DBP increase with TRAP exposure. 

The beneficial effects of PA on SBP are present at both low and high levels of TRAP, 

but higher in low air pollution levels, in which PA overcomes the effect of TRAP. The 

higher minute ventilation, and hence potentially higher intake of pollutants due to the 

intermittent PA, does not generally increase the adverse effects of TRAP, the only 

exception being coarse and larger PM. This study also provides evidence for a 

preventive potential of PA against the acute adverse effects of TRAP. 

Furthermore, this study suggests that in healthy participants, intermittent moderate PA 

has beneficial effects on pulmonary functions, even when performed in a highly traffic-

related polluted environment. This study also suggests that particulate air pollution is 

inducing airway and systemic inflammatory processes. We recommend that future 

studies assessing the health effects of air pollution in active travel modes should account 

for the effect of PA. All changes in the selected biomarkers were small and observed in 

a healthy population without clinical symptoms. The clinical relevance as well as the 

reversibility of these effects remains unclear. We propose assessment of both in similar 

designs in multiple repeated short-term exposures. 

This study also shows that both, habitual physical activity of daily life [reflected by the 

total energy expenditure (MET) accumulated in three consecutive days] and short-term 

intermittent physical activity in an acute exposure setting, performed in high and very 

high levels of TRAP, can decrease circulating BDNF in healthy participants. The 

current study has not been able to provide a clear explanation for the lack of consistency 

with previous studies showing that short bursts of physical activity are increasing 

circulating BDNF levels. However, to the best knowledge of the author no other human 

study has attempted to measure the effects of physical activity on BDNF in such high 

air pollution levels as found in this study. 
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Overall, this study suggests that  

a) The short-term exposure to traffic-related air pollution induces airway and systemic 

inflammatory responses, and increases blood pressure.  

b) Physical activity can attenuate the effects of TRAP on SBP and induce beneficial 

effects on lung function. However, physical activity in high levels of TRAP also 

induces increases in neutrophils, leucocytes, and exhaled nitric oxide, which 

suggests systemic and airway inflammatory responses. Furthermore, physical 

activity in high levels of TRAP decreases circulating levels of BDNF. The clinical 

meaning of these decreases as a response to intermitted physical activity in the 

experimental setting and the more habitual physical activity in daily life remains 

unclear, but may be a transitional physiological response.  

c) The health effects of traffic-related air pollution and physical activity are generally 

independent with the exception of the combinations with PM10, and also PM2.5, 

which seem to potentiate increases in SBP. 

d) Summing up, real-world short-term exposure to TRAP has some adverse effects on 

health. Despite insular adverse interactions with pollutants and few potentially 

adverse but more likely physiological responses to physical activity, this study more 

consistently suggests that physical activity, even when performed in high levels of 

TRAP has a preventive potential and beneficial health effects in a healthy 

population few hours after exposure. A key message of this study lies in the results, 

which show that the different factors, TRAP and intermittent physical activity, were 

generally independently responsible for different health effects. The findings of this 

study underline the importance of assessing the levels of physical activity in the 

assessment of the health effects of TRAP in such studies that also involve physical 

activity.  

6.2. Relevance for public health  

We showed that physical activity has beneficial effects, even when performed in high 

levels of traffic-related air pollution, which supports the findings of the previous risk 

assessment studies concluding that positive effects of physical activity are existent even 

in close proximity to traffic as may occur during active commuting (de Nazelle et al. 
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2011; Hartog et al. 2011; Rojas-Rueda et al. 2011). Our clear and consistent 

associations with physical activity, which were robust against adjustment for other 

airborne components, such as pollen and other air pollution exposures preceding the 

experiment days, could be seen as a support for the recommendation to maintain 

sufficient physical activity levels, even when an air pollution exposure is not effortlessly 

avoidable. This recommendation is supported by the fact that we did not find an 

interaction between physical activity and the TRAP exposure despite the increased 

inhaled minute volume of physically active people and their increased deposition during 

exercise, which suggests that the effects are independent. We did not find any declines 

in pulmonary function and only subclinical increases in systemic inflammation. We also 

did not find clearly attributable adverse effects on BDNF due to high TRAP in 

comparison with lower TRAP exposures.  

 

However, even though the health effects of the traffic-related air pollution exposure 

were limited in this study, a public health impact may still be present if we take into 

account that a high number of people, including a more vulnerable subpopulation, do 

live in urban environments under exposure to TRAP on a daily basis. In addition, the 

exposure coming from traffic adds on other exposures from other air pollution sources 

and environmental toxins. Recurrent daily exposures might be more relevant from a 

public health perspective since they still might lead to severe effects.  

Exposure to air pollution is associated with several adverse health outcomes, including 

asthma attacks and abnormal heart rhythms. However, as exercise in general has clear 

health benefits, and appears to be relatively safe even in high levels of traffic-related air 

pollution. Therefore, physical activity should not be avoided unless such is 

recommended by a health professional after an assessment of the individual health 

status. In certain circumstances it may more beneficial for the individual´s health to 

avoid certain types of exercise in general or in certain conditions such as in episodes of 

higher levels of air pollution.  

Considering the limitations of this study, such as the unclear health effect of an 

accumulating exposure or the effects in a more susceptible population, it is 

recommendable to consider ways to minimize the exposure and the risks of the traffic-
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related air pollution in combination with or without exercise. There are several 

possibilities to limit personal exposure to TRAP:  

a. A simple way to decrease personal exposure is to avoid physical activity or even 

exercises during traffic rush hours. Also, the population should be informed about 

the fact that certain weather conditions, such as rain and wind, decrease pollution 

levels due to a dilution effect. 

b. Increasing the distance to traffic will substantially lower the exposure to pollutants. 

There is a large spatial gradient in the pollutant levels, as they decrease 

exponentially with distance from traffic. The latter point is of particular importance 

for the active commuting population, e.g., those that cycle to work. As the working 

population is often limited in their selection of the hour for commuting, it often 

occurs during rush hours when TRAP is known to be higher. Cyclists can reduce 

their personal exposure considerably by choosing an alternative route and cycling 

away from heavy traffic.  

c. Workouts or exercises that are not part of commutes could be planned more 

carefully in terms of timing and location: Outdoor exercising could be avoided when 

an air quality alert has been issued and during rush hours, also it could be avoided in 

close proximity to a main roadway, else, the intensity and duration of this outdoor 

exercise could be limited.  

 

The findings of this work could encourage the healthy population to perform outdoor 

physical activity and to choose an active mode for commuting. However, given the 

limitations of this study, awareness for TRAP exposures should be created. During 

work outs or for daily physical activities such as commutes, the close proximity to 

traffic should be avoided as mentioned earlier, and, ideally a green (or blue) 

environment should be chosen whenever possible. 

 

This study showed only a few adverse effects of the short-term exposure to high levels 

of TRAP our findings. However, that should not limit the importance and priority for 

policymakers and city planners to make an effort towards infrastructural changes that 
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help to reduce TRAP exposure during active commuting and to improve the air quality 

of urban environment where citizens exercise.  

 

Besides these infrastructural changes, the general decrease of the air pollution levels in 

cities with high traffic volume remains important. A variety of air pollution reduction 

programmes should be adopted. In addition to the need for government action, more 

awareness among citizens towards their individual responsibility should be raised. They 

must be more ambitious and try to improve air quality by reducing their own emissions. 
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