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In-traffic air pollution exposure 
 
Exposure levels and health effects of air pollution have been studied extensively in recent years, 
mainly focussing on school and home environment settings1,2. This study focuses on in-traffic air 
pollution exposures and health effects. 
People spend a substantial proportion of their time in traffic. In Europe, the average daily time 
in traffic is one to one and a half hour1. Because of high in-traffic exposures and because most of 
the journeys are made during rush hours, the one to one and a half hour in traffic may 
contribute disproportionately to total daily exposure to traffic related air pollution1. The notion 
that in-traffic air pollution exposures are high and potentially harmful resulted 50 years ago in 
the first in-car measurements of CO3,4. With the exception of a few earlier studies5, only the last 
fifteen years also air pollution exposures of other commuters than car drivers, including cyclists, 
have been studied6. In recent years, the attention shifted from gaseous compounds, such as 
benzene and CO, to particulate matter (PM) air pollution, as levels of benzene and CO 
decreased considerably in the last decades: in-car CO levels decreased from 35 ppm in the 1960s 
to 1-5 ppm nowadays3,7. On-road exposures to these compounds are therefore no longer 
expected to be a major public health concern8. On the contrary, health effects of exposure to 
PM, including coarse, fine and ultrafine particles, are of increasing concern2. In-traffic exposures 
are much higher than general exposures8. In particular exposures of soot and ultrafine particles 
are high in traffic, as concentrations of these particles decline rapidly with increasing distance 
from traffic. Ultrafine particles have been shown to decrease with 30% at 40 meter distance 
from the highway and with 70% at 100 meter distance9 and soot with 60% at 100 meter 
distance10. Yet also coarse particle concentrations can be elevated in traffic because of non-
combustion sources of PM, such as tyre and brake wear and resuspension of road dust. These 
sources will even become more important because of emission controls for exhaust. Together 
with the availability of new, portable, continuous PM monitors, the notion of high in-traffic 
PM exposures led to an increase of the number of studies in this field. 
A limited number of studies compared PM exposures of different groups of commuters. Most 
studies found higher exposures of car and bus occupants compared to exposures of cyclists and 
pedestrians11-15, except for one study where exposures of pedestrians where higher than of car 
drivers16. For cyclists and pedestrians, the route has shown to be an important determinant for 
PM exposure; exposures are lower on low-traffic routes than on high-traffic routes13,15,17-19. In-
bus exposures are partly determined by open windows and open doors, and by the exhaust of 
the bus itself, therefore also by the bus fuel20-23. The effects of ventilation and fuel on in-car 
exposures are less clear. 
 
 
Acute health effects of in-traffic exposures 
 
There is limited evidence of health effects of the typically short but high exposures in traffic. 
Long-term exposure to traffic-related air pollution as well as short-term (daily) changes in 
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traffic-related pollutants are related to cardiopulmonary mortality and morbidity1. Exposure to 
air pollution during commuting can be a significant contribution to total air pollution exposure, 
because most commuting takes place during rush hours when pollution concentrations can 
reach high levels and subjects are close to traffic emissions6. Beside the long term effects on 
mortality and morbidity, air pollution has been shown to cause short-term (within days) health 
effects and there is suggestive evidence for acute (within hours) effects on respiratory and 
cardiovascular health8. 
Evidence for respiratory effects of acute air pollution exposure is suggestive, but inconclusive8. 
This evidence mainly derives from controlled exposure chamber studies. Effects have been 
found on airway inflammation and airway resistance, less so on spirometric parameters24-30. 
Controlled exposure chamber studies could underestimate health effects of real in-traffic 
exposures, as the mixture may differ from real world settings, and because concentrations are 
kept constant in controlled settings, whereas peak exposures occur in traffic, which may be 
more harmful than constant exposures31. In two real-world exposure studies, in-traffic PM 
exposures of pedestrians and cyclists were associated with a decrease in lung function and an 
increase in lung inflammation18,32. 
 
Evidence for associations of long- and short-term PM exposure and cardiovascular responses is 
consistent but the number of human volunteer studies on acute effects of exposure to real-world 
traffic pollution mixture is small and not consistent8. 
Epidemiological studies demonstrated associations between air pollution and short term 
cardiovascular health effects33. In an epidemiological study, traffic participation was associated 
with incidence of myocardial infarction hours later, hypothetically due to air pollution exposure 
in traffic34.  
Plausible biological pathways are developed for both long-term and acute (within hours) 
cardiovascular effects of particulate matter exposure33. Acute effects may be caused by inhaled 
particles affecting the autonomic nervous system, possibly leading to acute activation of the 
sympathetic nervous system, decreasing heart rate variability and increasing arrhythmias. A 
second possible pathway of acute and chronic effects is particles (ultrafine particles or soluble or 
gaseous compounds) entering the blood, leading to vasoconstriction, higher blood pressure and 
possibly atherosclerosis. A third pathway of sub-acute and chronic effects is pulmonary oxidative 
stress and pulmonary inflammation, which may cause systemic oxidative stress and 
inflammation, potentially leading to vasoconstriction, insulin resistance and increased 
coagulation. The acute effects on the autonomic nervous system and the particles entering the 
blood may in turn also lead to systemic oxidative stress and systemic inflammation. These 
pathways may eventually lead to myocardial infarctions and arrhythmias, possibly resulting in 
hospitalisation and mortality33,35,36. For acute (within hours) cardiovascular effects most evidence 
originates from controlled exposure chamber studies. There is some evidence that exposure to 
diesel exhaust causes changes in blood inflammation markers28,37 and coagulation markers38 but 
not all studies found associations25,39-42. One to two days occupational exposures of patrol 
troopers and subway workers were associated with changes in inflammation an coagulation 
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markers43,44. No studies have been published on acute systemic inflammatory or coagulatory 
effects of real-world in-traffic exposures of short duration (hours). 
 
 
Objectives 
 
The objectives of the TRAVEL study (Transport Related Air pollution, Variance in 
commuting, Exposure and Lung function) were: 

1) To examine how much PM air pollution exposures in traffic are elevated compared to 
urban background concentrations. 

2) To study particulate matter exposure of different groups of commuters and to examine 
the effect of fuel type and route on exposure levels. 

3) To study the acute health effects of typical short exposures in traffic. 
 
TRAVEL is a collaboration project of Public Health Services Gelderland Midden and the 
Institute for Risk Assessment Sciences of Utrecht University as one of the projects financed of 
the Academic Collaborative Centre for Environmental Health. The purpose of the projects of 
the Academic Collaborative Centre is to give answer research questions from and to give 
guidance to local governments on environmental health issues. 
 
 
Study design  
 
Exposure measurements 
The study was designed to optimise comparisons of exposures in various modes of transports. 
Therefore, all measurements took place on a predefined route in and around one city, the city 
of Arnhem, a medium-sized Dutch city (145.000 inhabitants). In total 47 sampling days were 
planned between June 2007 and June 2008, to include all seasons. The most commonly used 
modes of transportation in the Netherlands are (in descending order) car, bicycle, train, bus, 
moped, with car and bicycle by far being used most45. Because of big differences between train 
routes and routes accessible for the other modes of transport, exposures in TRAVEL were 
measured in cars, in buses and on bicycles. To examine the effect of exhaust of the bus itself on 
in-bus air pollution levels, besides diesel buses also electric trolley buses were included in the 
study. For the cars we selected new diesel and new petrol cars. To study the effect of routes on 
exposure of cyclists, we selected a high-traffic and a low traffic route. The routes of the buses 
and cars and the high-traffic bicycle route were identical, the low-traffic bicycle route headed in 
the same direction, but kept away from main roads. 
For logistical reasons, it was not feasible to measure in all selected vehicles and routes at the 
same sampling days. Instead, samples were taken either in both cars, or in both buses or on both 
bicycle routes simultaneously. Comparisons between different modes of transport could thus be 
biased by temporal variation. Therefore a third set of equipment was installed at an urban 
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background location, near the start and endpoint of the route, at 250 meter distance from main 
roads. Correcting for differences in urban background levels enabled us to compare 
measurements between buses, cars and bicycles, even though these were sampled on different 
test days. 
Measurements were taken of particle number (PN), PM2.5, PM10 and soot. PN and PM2.5 were 
measured real-time. PM10 was measured gravimetrically, soot was measured as absorption of the 
PM10 filters. In order to estimate inhaled doses of air pollutants, we assessed minute ventilation 
levels based on heart rates. All participants wore heart rate monitors during all car, bus and 
bicycle trips. The individual relation between heart rate and minute ventilation was assessed 
with an ergometer test. 
 
Clinical measurements 
The 34 participants were healthy, non-asthmatic office workers, living not far from the starting 
point, to avoid too much pre-exposure in traffic. Clinical measurements were carried out before 
and after exposure. Changes in exposure were analysed, limiting effects of between subject 
variability. Measurements were taken at the exact same time points each test day, to avoid 
influence of circadian variation. Exercise intensity was the same each test day for each mode of 
transport, to avoid effects of exercise. 
To examine acute effects on respiratory health, we measured airway resistance, lung function 
and exhaled nitric oxide (NO), a marker of airway inflammation, and participants completed 
symptom questionnaires. To study effects on cardiovascular health, blood samples were taken 
and analysed on inflammation markers, blood cell counts and coagulation markers. Post 
exposure measurements of airway resistance, lung function and symptom questionnaires were 
taken directly after exposure and six hours after the end of exposure. Exhaled NO tests and 
blood samples were only taken six hours following exposure, because of ethical, logistical and 
financial considerations. The duration of exposure in traffic was two hours, to facilitate 
detection of health effects, longer than average daily commuting time, but not exceptionally 
long. 
 
 
Outline of this thesis 
 
Chapter 2 describes the methodology to estimate minute ventilation from measured heart rates, 
using individual relations between heart rate and minute ventilation from ergometer tests. 
Minute ventilation during exposure is used to estimate inhaled doses of air pollutants in traffic. 
 
In chapter 3 we describe the exposure levels of PN, PM2.5, PM10 and soot in buses, cars and on 
bicycles. Differences in exposures between modes, routes and fuel types are evaluated. Inhaled 
doses of the pollutants are calculated using the data from chapter 2 and compared between the 
different modes. The exposure data are used in chapter 4 and 5 to examine health effects of the 
exposure. 
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In chapter 4 we investigate the associations between exposures and inhaled doses, described in 
chapter 3, and acute respiratory effects. Changes in lung function, airway resistance and exhaled 
NO are compared to day to day variation in two-hour in-traffic air pollution.  
 
In chapter 5 we investigate the associations between air pollution and blood markers of 
cardiovascular effects. We analyse associations between variation in air pollution exposures and 
inhaled doses, and biomarkers of inflammation, coagulation and blood cell counts. 
 
Chapter 6 first discusses the main findings of the project in relation to other studies in the field. 
Strengths and limitations of the methodology are discussed. Further, we elaborate upon the 
contribution of in-traffic air pollution exposure to total air pollution exposure and upon the 
public health impact of in-traffic air pollution exposure. Finally, we present policy 
recommendations to decrease in-traffic exposures. 
 
 
References 
 

 1.  World Health Organization. Health effects of transport-related air pollution. In: Krzyzanowski M, 
Kuna-Dibbert B, Schneider J, editors. Copenhagen: WHO Regional Office for Europe, 2005. 

 2.  Brunekreef B, Holgate ST. Air pollution and health. Lancet. 2002;360(9341):1233-1242. 
 3.  van Wijnen JH, van der Zee SC. Traffic-related air pollutants: exposure of road users and 

populations living near busy roads. Rev Environ Health. 1998;13(1-2):1-25. 
 4.  Rudolf W. Concentration of Air-Pollutants Inside Cars Driving on Highways and in Downtown 

Areas. Science of the Total Environment. 1994;147:433-444. 
 5.  van Wijnen JH, Verhoeff AP, Jans HW, van Bruggen M. The exposure of cyclists, car drivers and 

pedestrians to traffic-related air pollutants. Int Arch Occup Environ Health. 1995;67(3):187-193. 
 6.  Kaur S, Nieuwenhuijsen MJ, Colvile RN. Fine particulate matter and carbon monoxide exposure 

concentrations in urban street transport microenvironments. Atmos Environ. 2007;41(23):4781-
4810. 

 7.  Kaur S, Nieuwenhuijsen MJ. Determinants of personal exposure to PM2.5, ultrafine particle 
counts, and CO in a transport microenvironment. Environ Sci Technol. 2009;43(13):4737-4743. 

 8.  HEI Panel on the Health Effects of Traffic-Related Air Pollution. Traffic-related Air Pollution: A 
Critical Review of the Literature on Emissions, Exposure, and Health Effects. Boston, Mass: 
Health Effects Institute, 2010. 

 9.  Zhu Y, Hinds WC, Kim S, Sioutas C. Concentration and size distribution of ultrafine particles 
near a major highway. J Air Waste Manag Assoc. 2002;52(9):1032-1042. 

 10.  Roorda-Knape MC, Janssen N.A.H., de Hartog J, van Vliet P, Harssema H, Brunekreef B. Air 
pollution from traffic in city districts near major motorways. Atmos Environ. 1998;32(11):1921-
1930. 

 11.  Rank J, Folke J, Jespersen PH. Differences in cyclists and car drivers exposure to air pollution from 
traffic in the city of Copenhagen. Sci Total Environ. 2001;279(1-3):131-136. 

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

 13.  Adams HS, Nieuwenhuijsen MJ, Colvile RN. Determinants of fine particle (PM2.5) personal 
exposure levels in transport microenvironments, London, UK. Atmos Environ. 2001;35(27):4557-
4566. 



Introduction 
 
 

 7 

 14.  Adams HS, Nieuwenhuijsen MJ, Colvile RN, Older MJ, Kendall M. Assessment of road users' 
elemental carbon personal exposure levels, London, UK. Atmos Environ. 2002;36(34):5335-5342. 

 15.  McNabola A, Broderick BM, Gill LW. Relative exposure to fine particulate matter and VOCs 
between transport microenvironments in Dublin: Personal exposure and uptake. Atmos Environ. 
2008;42(26):6496-6512. 

 16.  Briggs DJ, de Hoogh K, Morris C, Gulliver J. Effects of travel mode on exposures to particulate air 
pollution. Environ Int. 2008. 

 17.  Kaur S, Nieuwenhuijsen MJ, Colvile RN. Pedestrian exposure to air pollution along a major road 
in Central London, UK. Atmos Environ. 2005;39(38):7307-7320. 

 18.  Strak M, Boogaard H, Meliefste K et al. Respiratory health effects of ultrafine and fine particle 
exposure in cyclists. Occup Environ Med. 2010;67(2):118-124. 

 19.  Thai A, McKendry I, Brauer M. Particulate matter exposure along designated bicycle routes in 
Vancouver, British Columbia. Science of the Total Environment. 2008;405(1-3):26-35. 

 20.  Adar SD, Davey M, Sullivan JR, Compher M, Szpiro A, Liu LJ. Predicting Airborne Particle 
Levels Aboard Washington State School Buses. Atmos Environ. 2008;42(33):7590-7599. 

 21.  Behrentz E, Fitz DR, Pankratz DV et al. Measuring self-pollution in school buses using a tracer gas 
technique. Atmos Environ. 2004;38:3735-3746. 

 22.  Asmi E, Antola M, Yli-Tuomi T et al. Driver and passenger exposure to aerosol particles in buses 
and trams in Helsinki, Finland. Sci Total Environ. 2009;407(8):2860-2867. 

 23.  Hammond D, Jones S, Lalor M. In-Vehicle Measurement of Ultrafine Particles on Compressed 
Natural gas, Conventional Diesel, and Oxidation-Catalyst Diesel Heavy-Duty Transit Buses. 
Environ Monit Assess. 2007;125(1-3):239-246. 

 24.  Larsson BM, Sehlstedt M, Grunewald J et al. Road tunnel air pollution induces bronchoalveolar 
inflammation in healthy subjects. Eur Respir J. 2007;29(4):699-705. 

 25.  Nightingale JA, Maggs R, Cullinan P et al. Airway inflammation after controlled exposure to diesel 
exhaust particulates. Am J Respir Crit Care Med. 2000;162(1):161-166. 

 26.  Rudell B, Ledin MC, Hammarstrom U, Stjernberg N, Lundback B, Sandstrom T. Effects on 
symptoms and lung function in humans experimentally exposed to diesel exhaust. Occup Environ 
Med. 1996;53(10):658-662. 

 27.  Stenfors N, Nordenhall C, Salvi SS et al. Different airway inflammatory responses in asthmatic and 
healthy humans exposed to diesel. Eur Respir J. 2004;23(1):82-86. 

 28.  Salvi S, Blomberg A, Rudell B et al. Acute inflammatory responses in the airways and peripheral 
blood after short-term exposure to diesel exhaust in healthy human volunteers. Am J Respir Crit 
Care Med. 1999;159(3):702-709. 

 29.  Nordenhall C, Pourazar J, Ledin MC, Levin JO, Sandstrom T, Adelroth E. Diesel exhaust 
enhances airway responsiveness in asthmatic subjects. Eur Respir J. 2001;17(5):909-915. 

 30.  Behndig AF, Mudway IS, Brown JL et al. Airway antioxidant and inflammatory responses to diesel 
exhaust exposure in healthy humans. Eur Respir J. 2006;27(2):359-365. 

 31.  Michaels R.A., Kleinman M.T. Incidence and apparent health significance of brief airborne particle 
excursions. Aer Sci Tech. 2000;32:93-105. 

 32.  McCreanor J, Cullinan P, Nieuwenhuijsen MJ et al. Respiratory effects of exposure to diesel traffic 
in persons with asthma. N Engl J Med. 2007;357(23):2348-2358. 

 33.  Brook RD, Rajagopalan S, Pope CA, III et al. Particulate matter air pollution and cardiovascular 
disease: An update to the scientific statement from the American Heart Association. Circulation. 
2010;121(21):2331-2378. 

 34.  Peters A, von Klot S, Heier M et al. Exposure to traffic and the onset of myocardial infarction. N 
Engl J Med. 2004;351(17):1721-1730. 

 35.  Bhaskaran K, Hajat S, Haines A, Herrett E, Wilkinson P, Smeeth L. Effects of air pollution on the 
incidence of myocardial infarction. Heart. 2009;95(21):1746-1759. 

 36.  Donaldson K, Mills N, Macnee W, Robinson SD, Newby DE. Role of inflammation in 
cardiopulmonary health effects of PM. Tox Appl Pharm. 2005;207:S483-S488. 



Chapter 1 
 
 

 8 

 37.  Mills NL, Tornqvist H, Robinson SD et al. Diesel exhaust inhalation causes vascular dysfunction 
and impaired endogenous fibrinolysis. Circulation. 2005;112(25):3930-3936. 

 38.  Lucking AJ, Lundback M, Mills NL et al. Diesel exhaust inhalation increases thrombus formation 
in man. Eur Heart J. 2008;29(24):3043-3051. 

 39.  Mills NL, Tornqvist H, Gonzalez MC et al. Ischemic and thrombotic effects of dilute diesel-
exhaust inhalation in men with coronary heart disease. N Engl J Med. 2007;357(11):1075-1082. 

 40.  Blomberg A, Tornqvist H, Desmyter L, Deneys V, Hermans C. Exposure to diesel exhaust 
nanoparticles does not induce blood hypercoagulability in an at-risk population. J Thromb Haemost. 
2005;3(9):2103-2105. 

 41.  Carlsten C, Kaufman JD, Peretz A, Trenga CA, Sheppard L, Sullivan JH. Coagulation markers in 
healthy human subjects exposed to diesel exhaust. Thromb Res. 2007;120(6):849-855. 

 42.  Gong H, Jr., Linn WS, Clark KW et al. Exposures of healthy and asthmatic volunteers to 
concentrated ambient ultrafine particles in Los Angeles. Inhal Toxicol. 2008;20(6):533-545. 

 43.  Riediker M, Cascio WE, Griggs TR et al. Particulate matter exposure in cars is associated with 
cardiovascular effects in healthy young men. Am J Respir Crit Care Med. 2004;169(8):934-940. 

 44.  Bigert C, Alderling M, Svartengren M, Plato N, Faire UD, Gustavsson P. Blood markers of 
inflammation and coagulation and exposure to airborne particles in employees in the Stockholm 
underground. Occup Environ Med. 2008. 

 45.  TNS-NIPO. Nederland onderweg. Het mobiliteitsgedrag van Nederlanders in kaart met het TNS-
NIPO mobiliteitspanel. 2009. 

 
 
 



 

 

Chapter 2 

 
 
 
 

Minute ventilation of cyclists, car and bus 
passengers: an experimental study 

 
 
 
 

Moniek Zuurbier 
Gerard Hoek 

Peter van den Hazel 
Bert Brunekreef 

 
 
 
 
 
 
 
 
 
 
 
 

Environmental Health 2009, 8:48 



Chapter 2 
 
 

 10 

Abstract 
 
Background: Differences in minute ventilation between cyclists, pedestrians and other 
commuters influence inhaled doses of air pollution. This study estimates minute ventilation of 
cyclists, car and bus passengers, as part of a study on health effects of commuters' exposure to air 
pollutants. 
Methods: Thirty-four participants performed a submaximal test on a bicycle ergometer, during 
which heart rate and minute ventilation were measured simultaneously at increasing cycling 
intensity. Individual regression equations were calculated between heart rate and the natural log 
of minute ventilation. Heart rates were recorded during 280 two hour trips by bicycle, bus and 
car and were calculated into minute ventilation levels using the individual regression 
coefficients. 
Results: Minute ventilation during bicycle rides were on average 2.1 times higher than in the 
car (individual range from 1.3 to 5.3) and 2.0 times higher than in the bus (individual range 
from 1.3 to 5.1). The ratio of minute ventilation of cycling compared to travelling by bus or car 
was higher in women than in men. Substantial differences in regression equations were found 
between individuals. The use of individual regression equations instead of average regression 
equations resulted in substantially better predictions of individual minute ventilations. 
Conclusion: The comparability of the gender-specific overall regression equations linking heart 
rate and minute ventilation with one previous American study, supports that for studies on the 
group level overall equations can be used. For estimating individual doses, the use of individual 
regression coefficients provides more precise data. Minute ventilation levels of cyclists are on 
average two times higher than of bus and car passengers, consistent with the ratio found in one 
small previous study of young adults. The study illustrates the importance of inclusion of minute 
ventilation data in comparing air pollution doses between different modes of transport. 
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Background 
 
Recently, there is an increasing number of studies on exposure to air pollution in different 
modes of transport, i.e. train, car, bus, bicycle and by foot1-9. The in-vehicle air pollution levels 
have generally been found to be slightly higher than exposure levels of cyclists and pedestrians3. 
Only few studies have taken into account that pedestrians and cyclists have an increased minute 
ventilation compared to other commuters, influencing their inhaled dose of air pollutants. To 
correct for the higher minute ventilation of cyclists, Van Wijnen and Rank4,5 use a factor 
obtained by Vrijkotte10. Vrijkotte measured minute ventilation in nine young adults (mean age 
25, four women, five men), during 20 minutes of cycling at their personally preferred speed, 
and during 10 minutes while driving a car. Only mouth inhalation was measured, persons were 
wearing a nose clip to prevent nose respiration. Minute ventilation during cycling was 2.3 times 
higher than during car driving.  
Minute ventilation is difficult to measure in field studies. However, it can be estimated by 
measuring heart rates during commuting. Heart rate is mainly influenced by oxygen 
consumption; the correlation between oxygen consumption and minute ventilation is high, thus 
heart rate and minute ventilation are expected to be strongly associated.  
Samet et al11,12 measured minute ventilation and heart rate in 15 healthy men and 15 healthy 
women during rest and while performing an exercise test on a bicycle ergometer, during which 
the test persons cycled at increasing intensity (heart rates between 80-140 beats per minute). 
Although heart rate predicted minute ventilation well, there was substantial variability in the 
quantitative relation between heart rate and minute ventilation between individuals.  
 
The study Transport Related Air Pollution, Variance in commuting, Exposure and Lung 
function (TRAVEL) examines commuters' exposure to air pollution and related short term 
health effects. To study the relation between the health effects and air pollution, information 
was needed on the minute ventilation during commuting, to improve the estimation of the 
inhaled dose of air pollutants. Because of the limited information available on the relation 
between heart rate and minute ventilation and the unclear applicability of these data to other 
populations, we performed a bicycle ergometer study to examine the relation between heart rate 
and minute ventilation for all participants of the TRAVEL study. The aim of the bicycle 
ergometer study was to estimate minute ventilation levels of cyclists, car and bus passengers, and 
to study differences in estimations between using individual and average regression coefficients 
from this and previous studies. Calculated relations between heart rate and m minute ventilation 
are applied to two hour heart rate recordings, to esteem differences in minute ventilation levels 
during commuting by car, bus and bicycle.  
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Methods 
 
TRAVEL study 
The TRAVEL study examines exposure to air pollution of cyclists, car passengers and bus 
passengers. In addition, short term effects of these exposures are examined on lung function, air 
way resistance, exhaled nitrogen oxide levels and blood markers, among others markers of 
inflammation and coagulation. Volunteers were recruited through intranet websites of their 
employer. All volunteers were civil servants working in Arnhem, the Netherlands, employed by 
the local or regional government, or the regional public health service. The inclusion criteria, 
developed to study the health effects of commuters' exposure to air pollution, were being of age 
between 18 and 56 years and non-smoking. Exclusion criteria were suffering from chronic 
obstructive pulmonary disease or asthmatic symptoms, using asthma medication, and being 
exposed at work to fumes or dust, to avoid confounding of exposures other than the studied air 
pollution exposure.  
The measurements of the TRAVEL study were done between June 2007 and June 2008. 
During the commute by bus, car and bicycle, the volunteers were wearing heart rate monitors. 
Each volunteer participated at most 12 times. Each volunteer travelled by all transport modes. 
The commuting trips had a duration of two hours, from approximately 8 am to 10 am. During 
the car rides the volunteers were passengers, the car was driven by one of the researchers. Heart 
rates were recorded using Polar RS400 heart rate monitors (Polar Electro, Kempele, Finland). 
Heart rates were recorded per second. On the first six days of in total 47 days heart rates were 
recorded each five seconds, erroneously. We checked all graphs of the heart rate during 
commuting for abnormal patterns. For further analyses we excluded the parts where the heart 
rate was 'incorrect', 'incorrect' defined as a heart rate remaining exactly constant for 30 time 
points or longer. In addition we excluded the complete trip if the heart rate data were missing 
or 'incorrect' for more than 20% of the total travel time. 
 
Bicycle ergometer study 
Minute ventilation levels of the commuters were estimated using heart rate measurements, 
because direct measurement of minute ventilation was not possible as it would influence 
inhalation of air pollutants. The submaximal tests to establish the relation between heart rate and 
minute ventilation were performed on bicycle ergometers, in June and December 2007 and in 
January 2008. The heart rate was recorded every second, using the same heart rate monitors as 
during the commute. The minute ventilation, breathing frequency and tidal volume were 
measured using a pneumotachometer (Jaeger, Viasys Healthcare, Hoechberg, Germany).  
After a five to 10 minutes rest, the volunteer was positioned on the bicycle ergometer, wearing 
a facial mask to measure nose and mouth inhalation simultaneously. Heart rate and minute 
ventilation were measured at increasing cycling intensity, with measuring periods of one 
minute. The test started at rest, measuring minute ventilation and heart rate while the volunteer 
was seated on the ergometer, but not cycling. In the following test minutes the volunteer cycled 
at increasing speed/power, to measure at increasing heart rates. After cycling about a minute at 
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the next level, when the heart rate was more or less stabilized, the heart rate and ventilation rate 
were measured again. This was continued until approximately 80% of the maximum heart rate 
had been reached. To calculate the maximum heart rate, the simple equations of 220 minus age 
(in years) for men, and 230 minus age for women were used. We did not measure at heart rates 
above 80% of the maximum, because higher heart rates were not expected to occur during the 
trips in the TRAVEL study and the relation between heart rate and minute ventilation may be 
different at higher heart rates. Per person the heart rate and minute ventilation was measured 
during 10 to 12 separate minutes.  
We analyzed the series of minute-average heart rate and minute ventilation per person. 
Regression equations between heart rate and minute ventilation were calculated using the 
natural log transformation of minute ventilation, following the curvilinear relation between 
heart rate and ventilation used in previous studies 11-14. The effect of age, gender, height and 
body mass index on individual slopes and intercepts was analyzed using mixed models to take 
into account the effect of repeated measurements of heart rate and minute ventilation per 
person. For all analyses we used SAS 9.1 (SAS Institute Inc., Cary, NC, USA).  
 
 
Results 
 
Study population 
In total 34 volunteers were recruited for the TRAVEL study. Table 1 shows the descriptive 
statistics of the population. The average body mass index (BMI) is similar to the average Dutch 
body mass index. Four people reported shortness of breath during exercise in the past 12 
months, but not during rest, therefore they were not excluded from the study. The majority of  
 
 
Table 1. Descriptive characteristics of the subjects (N=34) 
 
 Mean (min-max) 

Age (yr) 42.0 (23-55) 

BMI (kg/m2) 24.9 (19.0-30.8) 

Gender 24 Male (71%) 
10 Female (29%) 

Ex-smokers 10 (29%) 

Education 5 Secondary school (15%) 
5 Vocational training (15%) 

24 College / university (71%) 

Shortness of breath during exercise 4 (12%) 

Nasal allergy (incl. hay fever) 5 (15%) 
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the people did not consist of highly trained people. In the Netherlands most people will be able 
to cycle for two hours on a slightly less than normal speed, as the vast majority of the Dutch 
cycle regularly. 
 
Relation heart rate and minute ventilation 
Regression equations between heart rate and natural log transformed minute ventilation were 
calculated for all 34 participants. The regression lines for all individuals are presented in Figure 
1A (women) and Figure 1B (men). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Fitted regression lines of heart rate (beats per minute) and minute ventilation (litre 
per minute) for (A) 10 women and (B) 24 men. 
 
 
In Table 2 the distribution of the regression coefficients for men, women and the total group 
are presented. The correlation between heart rate and minute ventilation is high, the mean R2 is 
0.90, suggesting that heart rate is a good predictor of minute ventilation. To illustrate the 
relationship between heart rate and minute ventilation, Figure 2 shows scatter plots and fitted 
regression lines for three individuals. Examples are chosen as 10, 50 and 90 percentiles of all 34 
R2 values. We prepared plots for all individuals. Using linear fit of minute ventilation on heart 
rate without log-transformation gave similar fit, however, it resulted in negative minute 
ventilation predictions at low heart rates. There were modest differences in slopes and more 
substantial differences in intercepts between the individuals (Table 2). The intercept is clearly 
lower in women than in men. Because of the curvilinear relation between heart rate and minute 
ventilation, the mean intercept of 1.03 of men with the mean slope of 0.022 results in a minute 
ventilation of 25 l/min at a heart rate of 100 bpm, while the mean intercept of women of 0.57 
with equal slope and heart rate results in a minute ventilation of 16 l/min. Individual intercepts 
were negatively correlated with individual slopes and also negatively correlated with the 
individual mean heart rate during cycling. There was no correlation of intercepts or slopes with 
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the increase in heart rate during cycling compared to car or bus riding. Mixed model analysis, 
using intercepts and heart rate as random effects, showed that there were significant differences 
in slopes and intercepts between subjects. 30% of the total variation in slope and in intercept was 
explained by between person variability.  
 
 
Table 2. Relationship between minute ventilation and heart rate during bicycle ergometer tests 
 
 Intercept# Slope# R2 

 Mean 
(SD) 

Range Mean (SD) Range Mean (SD) Range 

All (n=34) 0.89 (0.60) -0.97-1.69 0.022 (0.005) 0.012-0.038 0.90 (0.07) 0.62-0.97 

Men (n=24) 1.03 (0.63) -0.97-1.69 0.021 (0.005) 0.012-0.038 0.90 (0.07) 0.62-0.97 

Women (n=10) 0.57 (0.36) -0.01-1.07 0.023 (0.003) 0.019-0.027 0.89 (0.06) 0.80-0.96 
#Regression coefficients of the regression of natural log-transformed minute ventilation on heart rate. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Example of fitted regression between heart rate and minute ventilation for (A) one 
female participant, R2 of regression is 0.83 (B) one male participant, R2 of regression is 0.92 (C) 
one male participant, R2 of regression is 0.96 
 
 
In the mixed model analyses we used intercepts and heart rate as random effects. Age, height 
and body mass index were categorized in two groups, split at median level. There was an effect 
of gender on minute ventilation and heart rate, but no modifying effect of gender occurred. 
Neither analysis in the complete study population, nor separate analysis for male and female 
participants showed significant effect of age, height and body mass index on the relation 
between the natural logarithmic value of minute ventilation and heart rate, and no main effects 
of age, height or body mass index was found. 
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Heart rate and minute ventilation during commuting 
In total there were 357 commuting trips. We obtained 323 (90%) observations for the heart rate 
recordings during commuting. The missing 34 cases were due to heart rate monitors failures or 
volunteers forgetting to turn the heart rate monitors on. On some days the monitors made 
incorrect measurements of the heart rate, especially during the bus and car trips when people 
where not physically active so the dry skin did not make good contact with the heart rate 
monitor waistband. We excluded incorrect data from 38 trips. Five additional trips were 
excluded because the heart rate graphs showed too many irregularities. The final data set thus 
contained 280 of 357 trips (78%): 93 of 118 trips by car (79%), 80 of 113 trips by bus (71%) and 
107 of 126 trips by bicycle (85%). 
Using the individual relation between heart rate and minute ventilation derived from the 
bicycle ergometer tests, we calculated the minute ventilation of all individuals during all 
commuting trips (Table 3).  
 
 
Table 3. Measured heart rate and estimated minute ventilation during commuting by bicycle, 
car and bus (n=34) 
 
 Heart rate# Minute ventilation$ 

 
All (n=34) 

  

Bicycle (n=33) 100 (67 – 148) 23.5 (11.6 – 47.7) 

Car (n=33) 70 (52 – 99) 11.8 (5.1 – 20.9) 

Bus (n=32) 73 (52 – 95) 12.7 (5.4 – 19.5) 

 
Men (n=24) 

  

Bicycle (n=24) 94 (67 – 122) 22.0 (11.6 – 29.5) 

Car (n=23) 66 (52 – 88) 11.9 (5.1 – 17.4) 

Bus (n=22) 70 (52 – 93) 13.1 (5.4 – 18.9) 

 
Women (n=10) 

  

Bicycle (n=9) 116 (92 – 148) 27.6 (11.7 – 47.7) 

Car (n=10) 78 (70 – 99) 11.6 (6.8 – 20.9) 

Bus (n=10) 79 (70 – 95) 11.7 (7.0 – 19.5) 
#Mean (min-max) of individual mean heart rate per commuting mode 
$Mean (min-max) of individual mean minute ventilation per commuting mode 
 
 
In addition, we calculated the ratio in minute ventilation between commuting by bicycle, bus 
and car for all participants (Table 4). On average the minute ventilation on a bicycle in the 
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study was 2.1 times higher than in a car, and 2.0 times higher than in the bus. These ratios 
varied considerably between the test persons. For women the difference in minute ventilation 
between cycling and car or bus riding was larger than for men. Minute ventilation values of car 
and bus passengers were similar. Leaving the individual with the lowest fit for heart rate and 
minute ventilation (R2 = 0.62) out of the analysis did not change the results.  
 
 
Table 4. Ratio of minute ventilation of commuting by bicycle, bus and car 
 

 N Mean SD Min Max 

 
All (n=34) 

     

Ratio bicycle: bus 31 1.99 0.78 1.31 5.15 

Ratio bicycle: car 32 2.09 0.77 1.34 5.30 

Ratio bus: car 31 1.05 0.11 0.92 1.33 

 
Men (n=24) 

     

Ratio bicycle: bus 22 1.76 0.40 1.32 2.98 

Ratio bicycle: car 23 1.88 0.38 1.34 3.16 

Ratio bus: car 21 1.06 0.11 0.93 1.33 

 
Women (n=10) 

     

Ratio bicycle: bus 9 2.55 1.17 1.38 5.14 

Ratio bicycle: car 9 2.61 1.20 1.58 5.30 

Ratio bus: car 10 1.02 0.09 0.93 1.18 

 
 
Individual versus average regression of heart rate and minute ventilation 
In large studies it could be efficient to establish the relation between heart rate and minute 
ventilation for a sample of the total group, and to apply the mean regression coefficients to the 
total group. To illustrate the use of average coefficients compared to using individual regression 
coefficients, we calculated minute ventilation values using the mean slopes and intercepts, and 
using the mean heart rates of the participants during the bicycle rides, see Table 5. In Figure 3 
these values have been plotted against the minute ventilation values calculated with the 
individual slopes and intercepts. The average difference between minute ventilation calculated 
in these two ways is small, but the Figure shows that using the mean regression coefficients may 
lead to substantial differences in estimation of minute ventilation levels at individual level. The 
mean ratios of minute ventilation of cyclists compared to car passengers for both men and 
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women are in line with the ratios calculated using personal coefficients. In Figure 4 these ratios 
have been plotted against each other, showing that at individual level the use of mean 
coefficients may lead to large differences in ratios.  
 
 
Table 5. Comparison of estimated minute ventilation using individual or group mean equations 
 
 Minute ventilation cyclists Ratio minute ventilation bike : car 

Study/gender Mean minute 
ventilation 

Mean difference 
(l/min) (SD)# 

Mean ratio Mean difference 
(SD) # 

TRAVEL: individual$     

    Men 22.0 NA 1.88 NA 

    Women 27.6 NA 2.61 NA 

TRAVEL: mean†     

    Men 20.4 -1.7 (5.6) 1.87 -0.01 (0.36) 

    Women 34.4 6.8 (10.1) 2.57 -0.04 (0.32) 

Samet11     

    Men 26.9 4.9 (6.7) 1.92 0.03 (0.37) 

    Women 29.6 2.0 (9.5) 2.43 -0.18 (0.37) 

Colucci13     

    Men 10.0 -12 (4.8) 1.60 -0.29 (0.34) 
#Mean difference with individual calculations (SD of difference) 
$Using individual equations from this study 
†Using group mean equations from this study 
 
 

 
 
 
 
Figure 3. Minute ventilation estimated 
by individual versus population average 
model 
On the x-axis minute ventilation is 
calculated using individual regression 
coefficients. On the y-axis minute 
ventilation is calculated using the mean 
regression coefficients calculated for all 
participants together, stratified by gender. 
Mean heart rates occurring during the 
cycling trips are used. 
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Figure 4. Ratio of minute ventilation of 
cyclists compared to car passengers, 
calculated using individual versus 
population average model.  
On the x-axis the ratio is based on minute 
ventilation levels of cyclists and car 
passengers, where minute ventilation levels 
are calculated using individual regression 
coefficients. On the y-axis the minute 
ventilation levels are calculated using the 
mean regression coefficients calculated for 
all participants together, stratified by 
gender. Mean heart rates occurring during 
the cycling and car trips are used. 
 
 

The average regression coefficients of heart rate and natural log transformed minute ventilation 
calculated in two other studies 11,13 are presented in Table 6. We calculated the difference in 
estimated minute ventilation between using the average coefficients of Samet11 and Colucci13 
and using our personal regression coefficients, making use of the individual mean heart rates 
occurring during the bicycle rides in the TRAVEL study. 
 
Table 6. Regression coefficients relation heart rate and natural log of minute ventilation 
compared to previous findings 
 
Study/gender Intercept (SD) Slope (SD) 

TRAVEL, 2008   

All (n=34) 0.89 (0.60) 0.022 (0.005) 

Men (n=24) 1.03 (0.63) 0.021 (0.005) 

Women (n=10) 0.57 (0.36) 0.023 (0.003) 

   

Samet, 1993 11   

Men (n=15) 1.15 (0.60) 0.022 (0.004) 

Women (n=15) 0.72#($) 0.022 ($) 

   

Colucci, 1982 13   

Men 0.76 ($) 0.016 ($) 
#Estimated from illustration in Samet, 1993 11 
$Not reported 
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The use of the regression coefficients from Samet for men and women resulted in differences of 
4.9 l/min (22%) and 2.0 l/min (7%), and using the equation of Colucci for men resulted in a 
difference of 12 l/min (51%), see Table 5. We also calculated the ratio in minute ventilation of 
cyclists compared to car passengers, using the intercepts and slopes of Samet and Colucci, and 
making use of heart rates as occurred during the bicycle and car rides. The mean ratio of minute 
ventilation of cyclists compared to car passengers differs just slightly when using the equation of 
Samet for men. Using the equation of Samet for women and of Colucci (only available for 
men) underestimates the ratio, see Table 5. 
 
 
Discussion 
 
Relation heart rate and minute ventilation 
The bicycle ergometer tests showed that heart rate and minute ventilation are highly correlated, 
with substantial differences in regression equations between the individuals.  
Minute ventilation during the bicycle rides were on average 2.1 times higher than in the car 
(individual range from 1.3 to 5.3) and 2.0 times higher than in the bus (individual range from 
1.3 to 5.1). The ratio of minute ventilation during cycling compared to in bus or car was higher 
in women than in men. 
Using overall equations for men and women instead of the individual coefficients resulted in 
good prediction of the mean minute ventilation levels of the population, but resulted in 
substantial differences in estimated minute ventilation on the individual level. Consequently, for 
studies on group level the use of overall equations, for instance obtained from a sample of the 
full study population, can be justified. However, when looking at individual level, the use of 
individual regression coefficients provides more precise data.  
 
The correlation between heart rate and minute ventilation was high (average R2 0.90) in the 
present study, as has also been shown before11. The kind of activity (upper-body activity or 
lower body activity) influences the relation between minute ventilation and heart rate11. In our 
study the use of bicycle ergometers is therefore appropriate for estimating the minute ventilation 
during cycling. Heart rate is not only influenced by exercise, but also by emotions, coffee, 
drugs, time of the day, temperature. These factors probably did not play an important role in 
this study.  
 
The assumption of a log-linear relationship between heart rate and minute ventilation as used in 
this study, was based upon other publications11-14. The scatter plots (three of them presented in 
Figure 2) and R2 values of our 34 tests confirmed the good fit. Others have assumed a linear 
relation with one or two break points at the ventilatory compensation point (VCP) and/or the 
lactation threshold (LT)15. We did not have information about VCP or LT. Since we did not 
measure the full range of heart rate (up to maximum), we had limited possibilities to assess the 
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shape of the relationship in our own data. Other studies have used the oxygen uptake rate to 
estimate minute ventilation16. However, measuring oxygen uptake during commuting is 
difficult and would influence air pollution inhalation, therefore this method was not feasible in 
this study. 
 
As shown in Table 6, the average regression equations of heart rate and minute ventilation 
(natural log transformed) found in this study, were quite similar to that found by Samet11 but 
differed somewhat from that of Colucci13. Individual slopes and intercepts differ considerably, as 
has also been reported before11. Applying the coefficients from Samet and overall equations from 
our own study instead of the individual coefficients, resulted in good prediction of the minute 
ventilation during cycling and of the mean ratio of minute ventilation of cyclists compared to 
car passengers. Using the coefficients from Colucci did not result in good predictions. However, 
details of this study, such as age of the test persons and number of persons, are missing, so we 
cannot estimate whether the study groups are truly comparable or not. The good results from 
the use of the average coefficients of Samet and our own average coefficients leads us to 
conclude that for studies on group level the use of overall equations can be justified. Large 
studies could estimate the relation between heart rate and minute ventilation for a sample of 
their population and apply it to the full population when only looking at mean group values.  
 
The need for using individual slopes and intercepts instead of mean values in assessing minute 
ventilation levels at the individual level is underlined by Figures 3 and 4. Minute ventilation 
levels during cycling and ratios of minute ventilation of cyclists to car passengers can differ 
widely when calculated using the mean regression coefficients instead of using the individual 
coefficients. We therefore conclude that for studies on individuals it is necessary to determine 
the individual relation between heart rate and minute ventilation, in agreement with previous 
studies11,12,17. 
 
Minute ventilation levels during commuting 
The volunteers did not drive the car in the study, but were seated in the back. The heart rates 
and relation between heart rate and minute ventilation in the car are therefore not much 
influenced by stress from traffic participation. The slightly higher heart rates in bus compared to 
car may be caused by more space in the bus to move around, though the volunteers kept seated. 
The US-EPA reported that minute ventilation levels of car drivers were only 10% higher 
compared to minute ventilation levels of car passengers18. The mean minute ventilation of car 
passengers in our study was 11.8 l/min, this is in line with the 12.3 l/min that has been 
measured in car drivers before10. 
 
The speed of the cyclists in the study was limited because of the limited speed of the technician 
cycling the bicycle loaded with heavy air monitoring equipment on partially hilly stretches. The 
average speed during the study was 12 km/h, while the average speed of cyclists in Dutch cities 
is estimated to be around 15 km/h, including stops while waiting for traffic lights. The 
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differences in minute ventilation between cyclists and car and bus passengers are for most people 
therefore higher during cycling in everyday life than as determined in this study. In our study, 
minute ventilation of cyclists was on average 2.1 times higher than of car passengers, this is 
slightly lower than the factor 2.3 as has been calculated in a study where the speed of cyclists 
was not hampered10. In agreement, the mean minute ventilation of cyclists measured in the 
mentioned study10 was 29.1 l/min while in our study the mean minute ventilation was 23.5 
l/min. In a study on five young (20-32 years), male bicycle messengers, mean ventilation levels 
during cycling was 31 l/min, and mean heart rate during cycling was 107 bpm14. The bicycle 
messengers can be expected to cycle faster than the average cycling speed, so these data are also 
in line with our study, where mean minute ventilation of cyclists was 23.5 l/min and the mean 
heart rate was 100 bpm.  
 
Intake of air pollutants is influenced by minute ventilation, but deposition of air pollutants is 
also influenced by the amount of nasal and oral breathing and by depth of inhalation. More oral 
breathing and deeper inhalation will occur during exercise, both leading to higher deposition of 
pollutants. In a study by Daigle et al19 a 3.3-fold increase in minute ventilation led to a more 
than 4.5-fold increase in total ultrafine particle deposition. 
In the present study we have not been able to measure oral and nasal breathing separately, nor 
have we measured the depth of inhalation. The ratios of minute ventilation of cyclists compared 
to car and bus passengers as calculated in the present study, are for those reasons likely to 
underestimate the true differences in deposition of air pollution inhaled by cyclists compared to 
car and bus passengers.  
 
The inhaled dose of air pollutants of different groups of commuters is influenced by minute 
ventilation. We have shown that minute ventilation levels of cyclists are more than two times 
higher than commuters using a car or public transport. The increased minute ventilation of 
cyclists and other physically active commuters should be taken into account when comparing 
inhalation of air pollutants between different groups of commuters.  
 
 
Conclusion 
 
This study demonstrates that the prediction of minute ventilation by measuring heart rates is a 
practical method for studies estimating inhaled of air pollution doses. Individual regression 
equations are superior to overall equations in estimating minute ventilation levels using heart 
rate values. Finally, the minute ventilation of cyclists was on average 2.1 times higher than of car 
passengers and 2.0 times higher than of bus passengers. 
Our study adds to the small database of minute ventilation during commuting. Our study 
strengthens the idea that average equations from our study or equations published before11,12 can 
be used to estimate minute ventilation on population level in other, similar populations. The 
difference in minute ventilation between cyclists and car drivers/passengers so far had only been 
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studied once before10. This study has not been published and only performed measurements in 
nine young adults. The findings of our study are in line with these findings and therefore give 
more certainty about the use of a factor two for differences in minute ventilation between 
commuting by bicycle or car or bus. 
The study illustrates the importance of inclusion of minute ventilation data in comparing air 
pollution doses between different modes of transport. 
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Abstract 
 
Background: Commuters are exposed to high concentrations of air pollutants, but little 
quantitative information is currently available on differences in exposure between different 
modes of transport, routes, and fuel types. 
Objectives: The aim of our study was to assess differences in commuters’ exposure to traffic-
related air pollution related to transport mode, route, and fuel type. 
Methods: We measured particle number (PN) and concentrations of PM2.5 (particulate matter ≤ 
2.5 μm in aerodynamic diameter), PM10, and soot between June 2007 and June 2008 on 47 
weekdays, from 8 to 10am, in diesel and electric buses, petrol- and diesel cars, and along two 
bicycle routes with different traffic intensities in Arnhem, the Netherlands. In addition, each-
day measurements were taken at an urban background location. 
Results: We found that median PN exposures were highest in diesel buses (38,500 
particles/cm3) and for cyclists along the high-traffic intensity route (46,600 particles/cm3) and 
lowest in electric buses (29,200 particles/cm3). Median PM10 exposure was highest from diesel 
buses (47 μg/m3) and lowest along the high- and low-traffic bicycle routes (39 and 37 μg/m3). 
The median soot exposure was highest in petrol cars (9.0*10-5/m), diesel cars (7.9*10-5/m), and 
diesel buses (7.4*10-5/m) and lowest along the low-traffic bicycle route (4.9*10-5/m). Because 
the minute ventilation (volume of air per minute) of cyclists, which we estimated from 
measured heart rates, was twice the minute ventilation of car and bus passengers, we calculated 
that the inhaled air pollution doses were highest for cyclists. With the exception of PM10, we 
found that inhaled air pollution doses were lowest for electric bus passengers. 
Conclusions: Commuters’ rush hour exposures were significantly influenced by mode of 
transport, route, and fuel type. 
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Introduction 
 
In Europe, people spend 1 to 1.5 hr/day travelling1. Because most of the travelling occurs 
during rush hours, commuting contributes significantly to total exposure to transport-related air 
pollution. Exposure to air pollution in traffic has been related to short-term cardiovascular and 
respiratory health effects in a small number of studies2-6. Air pollution levels in various transport 
modes have been compared in a limited number of studies. In most studies, exposure to 
particulate matter was higher in buses and cars than were exposures encountered during walking 
or cycling7. Rank et al.8 measured higher total dust concentrations when driving in cars than 
when riding on bicycles. Adams et al.9,10 detected highest exposures to PM ≤ 2.5 μm in 
aerodynamic diameter (PM2.5) in buses, followed by cars, and lowest on bicycles. They found 
that elemental carbon (EC) exposure was highest when riding in cars, followed by buses, and 
lowest when riding on bicycles. In another study, McNabola et al.11 found that PM2.5 exposures 
were highest in buses, followed by cars and bicycles, and lowest when walking. In contrast, 
Briggs et al.12 found exposures to coarse, fine, and ultrafine particles to be higher when walking 
on sidewalks than when driving in a car. Boogaard et al.13 found slightly higher PN and PM2.5 
exposure levels when driving in cars than when riding on bicycles. 
 
Exposure levels are influenced by the mode of transport and by the route and type of vehicle. 
For walkers and cyclists, PM exposures are higher on high-traffic routes than on low-traffic 
routes6,10,11,14,15. Adams et al.10 measured higher PM2.5 levels in open-back buses than in closed 
buses, and Hammond et al.16 measured three to four times higher PN in diesel buses than in 
compressed natural gas buses or buses with oxidation catalysts. Several studies concluded that a 
significant portion (up to 30%) of air pollutants in (school) buses is due to self-pollution17,18. For 
example, opening windows during driving, idling of the bus, and opening bus doors led to 
higher in-bus exposures16,19. 
It is currently difficult to precisely quantify differences in air pollution exposure between 
different modes of transport. One reason is that in most studies, exposures in different modes 
were not measured simultaneously; thus, background concentrations may have been different. 
Some studies reported air pollution levels from background monitoring stations to indicate 
different conditions between the different sampling days10,15,20. However, different particle 
samplers often were used to measure exposure of commuters and at fixed sites (typically routine 
monitors), which made quantitative comparisons between commuters’ exposure and urban 
background sites difficult. 
To overcome some of the limitations of previous studies, we decided to conduct a larger scale 
study that systematically compares exposure levels between different modes of transport. The 
aim of the present study was to quantify differences in exposure to air pollutants in traffic 
compared with simultaneously measured urban background concentrations and to examine the 
differences in air pollution exposure associated with commuting by car, bus, and bicycle. 
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Materials and Methods 
 
The TRAVEL (Transport Related Air Pollution, Variance in Commuting, Exposure and Lung 
Function) study examined commuters’ exposure to air pollution and associated health effects. 
Exposures to PN, PM2.5, PM10, and soot were measured in diesel and petrol cars, in diesel and 
electric trolley buses, and along two bicycle routes with low- and high-traffic intensity. To 
determine doses of inhaled air pollution, we estimated minute ventilation (ventilation rate per 
minute) for the three commuting modes by measuring the heart rates of 34 volunteers. The 
relation between heart rate and minute ventilation was determined for each volunteer21. 
 
Transport modes and urban background.  
We collected particle samples between 8 and 10am on 47 weekdays (Tuesdays and Thursdays), 
with samples collected for each mode of transportation on approximately one-third of the days. 
Collection days were evenly spaced over 1 year, from June 2007 until June 2008, to include a 
range of meteorological conditions. 
In total, we had 47 sampling days; of these, one-third of the collections were made in cars, one-
third in buses, and one-third on bicycles. The measurements were taken in varying order. Thus, 
on one-third of the days, we measured exposures simultaneously in a diesel and a petrol car. 
The cars were new rental, multiperson vehicles; we used two diesel models—the Ford S-Max 
and the Volkswagen Sharan, and four petrol models—Ford Galaxy, Renault Espace, Seat 
Alhambra, and Peugeot 807. Car windows were closed during sampling, and air conditioning 
was set at a moderate level. 
On one-third of the days we measured exposures in an electric trolley bus and a diesel bus 
simultaneously, during the regular service of the buses; hence, during the trip passengers got on 
and off. The buses were not equipped with air conditioning, windows were closed during 
sampling, and smoking was not allowed. The mean age of both diesel and electric buses was 7 
years old (the two newest buses were 5 years old, the two oldest buses were 18 and 10 years 
old). Diesel buses were retrofitted with particulate filters. 
On the remaining one-third of the days we measured exposures simultaneously along two 
cycling routes with different traffic intensity. Technicians rode three-wheeled cargo bicycles to 
transport the equipment. 
The 22-km route was the same for the cars, buses, and the high-traffic bicycle route. It covered 
the centre of Arnhem, a medium-sized Dutch city (145,000 inhabitants), and followed roads 
with an average traffic intensity of 15,000 vehicles/day (range, 7,000-30,000 vehicles/day). To 
examine the difference in exposure when cycling along high- and low-traffic roads, the second 
bicycle route followed roads with less traffic, at some distance from the other route (Figure 1). 
We selected the streets with the least amount of traffic to maximize the contrast with the high-
traffic route. Average traffic intensity on this 22-km route was approximately 5,000 vehicles/day 
and varied from car-free roads to roads with 30,000 vehicles/day on small sections of the route 
that overlapped with the high-traffic route. The cars drove the route twice, the buses went 
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around one and two-third times, and the bicycles were driven around once and doubled a small 
portion (10%) of the route to complete two hours. 
On each sampling day, at the same time interval, we collected samples at an urban background 
location that was situated near the start and end point of the route, 250 m from main roads 
(Figure 1), using the same types of samplers. 
 
 

 
 
Figure 1. Map of routes. BG, urban background measurement site; dotted line, low-traffic bicycle route; 
solid line, car, bus, and high-traffic bicycle route. ©2009 Google - Map data ©2009 Tele Atlas. 
 
 
Measurement methods 
We measured PN with three portable, real-time condensation particle counters (CPCs; model 
3007, TSI, Inc., Shoreview, MN, USA). This CPC uses 1-propanol as condensation liquid and 
measures particles > 10 nm. One-second averages were recorded. We compared quality 
assurance tests on the three CPC3007 units with one TSI CPC3022 unit (see Supplement). 
We measured PM2.5 using real-time active-sampling personal DataRAMs (model 1200; MIE 
Inc., Bedford, MA, USA), equipped with PM2.5 cyclones (model GK 2.05 KTL; BGI Inc., 
Waltham, MA, USA) and pumps with a flow of 4 ± 0.4 L/min (AFC400s, BGI Inc.). The 
DataRAMs were calibrated by the manufacturer against SAE fine (ISO fine) (International 
Organization for Standardization, Geneva, Switzerland) dust. One-second averages were 
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recorded. Before each measurement, we performed a zero check using a high-efficiency 
particulate (HEPA) filter (provided by TSI). A correction factor was used to correct for relative 
humidity (RH) (see Supplement). 
We collected PM10 on 37-mm 2-μm pore-size Teflon filters, using Harvard Impactors (Air 
Diagnostics and Engineering Inc., Naples, ME, USA) and pumps (model SP-280E, Air 
Diagnostics and Engineering Inc., Naples, ME, USA) with a flow of 10 ± 0.5 L/min. 
We determined soot content of the filters using a smoke stain reflectometer (model M43D, 
Diffusion Systems Ltd., London, UK). We measured reflectance at five different positions on 
each filter and calculated the average into an absorbance coefficient according to ISO 983522. 
To facilitate calculation of doses, we converted soot (absorption) levels into EC concentrations 
using the equation EC = 1.6053 × absorption – 0.262022. Exposures are expressed as soot 
(absorption) levels and doses as EC. Additional details on quality assurance are reported in the 
Supplement. 
We used voice recorders on 3 of the 16 bicycle sampling days to record events such as passing 
mopeds and passing buses. We obtained meteorological data (temperature, rain, wind speed, 
wind direction) from a meteorological station near the city centre of Arnhem. 
To estimate the minute ventilation during commuting by bicycle, car, and bus, heart rates of the 
participants were recorded during commuting using Polar RS400 heart rate monitors (Polar 
Electro, Kempele, Finland). All participants performed a submaximal bicycle ergometer test 
during which heart rate and minute ventilation were measured simultaneously at increasing 
cycling intensity. Minute ventilation was measured using a pneumotachometer (Jaeger, Viasys 
Healthcare, Hoechberg, Germany). The tests have been described in more detail elsewhere21. 
We used the mean ventilation rates of the participants to calculate doses of inhaled air pollution. 
 
Data analysis 
We used Wilcoxon signed-rank tests to test differences between the simultaneously measured air 
pollution concentrations in the various transport modes and the urban background 
concentration, because parametric t-tests were influenced by outliers. We defined level of 
significance as p < 0.05. For the continuous PN and PM2.5 data, we compared two hour mean 
values. For comparisons between measurements in transport and at the urban background 
location and between two modes that were measured simultaneously, we calculated ratios for 
each sampling day and calculated median and interquartile ranges of the daily ratios. 
To compare measurements that were taken on different sampling days, we corrected air 
pollution concentrations for absolute differences between the mean background concentrations 
during all sampling days and the background concentration of each sampling day, following 
previous studies22. We used Kruskal-Wallis tests to test for differences between transport modes. 
We only used days with complete data sets in the analyses, and all analyses were performed 
using SAS (version 9.1; SAS Institute Inc., Cary, NC, USA). 
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Figure 2. PN. (A) Bus sampling day, 22 
January 2008. Black, diesel bus; gray, 
electric bus; dotted line, urban 
background. The diesel bus left and 
arrived about 15 min later than the 
electric bus. To facilitate geographical 
comparison, the time of the diesel bus is 
shifted 15 min earlier. (B) Car sampling 
day, 18 March 2008. Black, diesel car; 
gray, petrol car; dotted line, urban 
background. (C) Bicycle sampling day, 
10 June 2008. Black, high-traffic route; 
gray, low-traffic route; dotted line, 
urban background. Res., residential. 
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Results 
 
Short-term exposure variability 
Figure 2 shows examples of the observed temporal variations of the PN found during 
commuting by car, bus, and bicycle. The PN on both bicycle routes were characterized by 
short, high peaks of 400,000-500,000 particles/cm3. Using the voice recorder data, we found 
that some of the peaks during cycling could be attributed to passing mopeds and buses and to 
cycling on busy roads. PN in cars and buses showed fewer, lower peaks, mostly < 200,000 
particles/cm3. Peaks in cars and buses typically lasted up to 5 min. 
PN were clearly higher in the city centre where streets are enclosed by high buildings on both 
sides, which causes a street canyon effect (see Supplement). 
Illustrations of real-time PM2.5 concentrations show short peaks of concentrations exceeding 200 
μg/m3 (Figure 3). Mean PM2.5 concentrations show less clear patterns of higher concentrations 
in the city centre than did the PN (see Supplement). 
 
Differences in exposure between modes of transport and background 
Figure 4 and Table 1 summarize exposure levels during commuting. Levels of all measured 
pollutants were significantly higher for all modes of transport compared with urban background 
levels. We found the smallest contrast between commuting and background concentrations for 
PM10 and the largest contrast for soot. Absolute PM2.5 concentration levels should be interpreted 
with care, because concentrations from the light-scattering method were frequently higher than 
the gravimetrically determined PM10 concentrations. Differences between in-traffic exposure 
and background PN exposures are smaller for two hour median values than for two hour mean 
values, especially for bicycles. This is explained by the many peaks occurring during bicycle 
rides that affected mean values more than median values. For PM2.5, differences between median 
and mean values are small, reflecting fewer peaks in PM2.5 (see Supplement). 
Soot concentrations and PN were higher in diesel buses than in electric buses (Table 1, Figure 
4). On seven of the 15 bus sampling days, the diesel buses were retrofitted with diesel 
particulate filters. Differences in pollutant concentrations measured on the diesel buses with and 
without filter were small and not significant. For example, the median ratio for soot 
concentrations in diesel buses compared with electric buses was 1.3, both with and without 
filters on the diesel buses. 
Concentrations of all pollutants in petrol cars were similar to concentrations in diesel cars. 
Sixteen different cars of six models were used throughout the study, so comparisons of different 
car models were not possible. The average soot concentration ratio of diesel to petrol cars was 
0.87 (range, 0.65-1.19) for the 13 days with diesel cars equipped with particulate filters, and 
1.00 and 1.16 on the 2 days with diesel cars without filters. Soot levels and PN were higher 
along high-traffic bicycle routes than along low-traffic bicycle routes. 
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Figure 3. PM2.5. (A) Bus sampling day, 
15 April 2008. Black, diesel bus; gray, 
electric bus; dotted line, urban 
background. The diesel bus left and 
arrived about 15 min later than the 
electric bus. To facilitate geographical 
comparison, the time of the diesel bus is 
shifted 15 min earlier. (B) Car sampling 
day, 5 June 2008. Black, diesel car; gray, 
petrol car; dotted line, urban background. 
(C) Bicycle sampling day, 29 May 2008. 
Black, high-traffic route; gray, low-traffic 
route; dotted line, urban background. 
Res., residential. 
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Figure 4. Exposures in modes of transport and at the urban background location on corresponding 
sampling days. (A) Two-hour average PN (particles/cm3) (B) Two-hour average PM2.5 (C) PM10 (D) Soot 
( fraction of PM10). Box-and-whisker plots indicate lower and upper quartiles (box), median (line), 10-90th 
percentiles (whiskers), and minimum and maximum values (circles). 



Table 1. PN, PM2.5, PM10 and soot concentrations during commuting by bus, car or bicycle. 
 
Pollutant Mode of transport N (days) Mean (SD) Median Ratio 

mode:backgrounda 
Ratio 

mode1:mode2b 

PN (pt/cm3)c Diesel bus 13 43235 (17388) 38536de 2.54 (1.16-3.33) 1.22 (1.07-2.01) 
 Electric bus 13 28602 (8399) 29245e 1.63 (1.12-2.35) - 
 Urban background 13 18908 (10697) 13913 - - 
 Diesel car 14 37129 (8262) 37831e 1.62 (1.50-2.08) 0.96 (0.85-1.08) 
 Petrol car 14 40526 (10142) 37451e 1.71 (1.45-2.44) - 
 Urban background 14 22275 (7935) 22756 - - 
 High-traffic bicycle 15 48939 (19039) 46570ef 2.25 (1.63-2.49) 1.33 (1.09-1.40) 
 Low-traffic bicycle 15 39576 (18178) 33159e 1.77 (1.22-2.17) - 
 Urban background 15 23798 (10523) 23360 - - 
       
PM2.5 (μg/m3)c Diesel bus 10 68.7 (91.7) 39.1de 2.98 (1.64-8.91) 1.41 (1.04-1.73) 
 Electric bus 10 40.5 (32.1) 27.7e 2.67 (1.23-5.60) - 
 Urban background 10 33.6 (55.8) 9.6 - - 
 Diesel car 14 101.3 (103.9) 59.7eg 1.57 (1.37-2.22) 0.88 (0.64-1.08) 
 Petrol car 14 114.8 (118.1) 73.6e 1.95 (1.44-2.69) - 
 Urban background 14 67.5 (84.1) 32.6 - - 
 High-traffic bicycle 16 72.3 (67.0) 49.8e 2.11 (1.64-3.20) 0.98 (0.81-1.29) 
 Low-traffic bicycle 16 71.7 (65.5) 65.2e 2.11 (1.64-3.20) - 
 Urban background 16 37.8 (41.0) 22.5 - - 
       
PM10 (μg/m3) Diesel bus 11 68.5 (53.6) 46.7e 2.49 (1.37-3.70) 0.99 (0.88-1.23) 
 Electric bus 11 53.2 (23.2) 43.5e 2.24 (1.11-3.70) - 
 Urban background 11 28.2 (17.0) 24.6 - - 
 Diesel car 14 78.5 (101.5) 49.8e 1.44 (1.09-1.82) 1.06 (0.87-1.18) 
 Petrol car 14 58.7 (34.6) 47.9e 1.26 (1.12-1.68) - 
 Urban background 14 39.5 (21.1) 34.7 - - 
 High-traffic bicycle 15 38.8 (14.1) 39.3e 1.10 (1.04-1.58) 1.07 (0.87-1.18) 
 Low-traffic bicycle 15 37.2 (11.6) 37.0e 1.13 (0.99-2.03) - 
 Urban background 15 30.9 (16.3) 29.2 - - 
       



Table 1 (continued) 
 

     

Pollutant     Mode of transport N 
(days) 

Mean (SD) Median Ratio 
mode:backgrounda 

Ratio 
mode1:mode2b 

Soot (x10-5/m) Diesel bus  12  9.0 (7.2) 7.4de 3.66 (2.79-9.40) 1.34 (1.25-2.12) 
 Electric bus  12  5.1 (2.1) 5.1e 2.87 (2.23-3.22) - 
 Urban background 12 2.0 (1.3) 1.8 - - 
 Diesel car 15 8.2 (2.7) 7.9eg 2.88 (2.02-3.76) 0.95 (0.75-1.00) 
 Petrol car 15 9.3 (3.0) 9.0e 2.91 (2.35-4.74) - 
 Urban background 15 3.1 (1.5) 2.7 - - 
 High-traffic bicycle 16 6.6 (3.2) 6.6ef 2.42 (2.02-3.26) 1.25 (1.17-1.45) 
 Low-traffic bicycle 16 5.3 (2.8) 4.9e 2.00 (1.72-2.28) - 
 Urban background 16 3.1 (2.7) 2.4 - - 
Wilcoxon signed rank tests were used to test differences between the simultaneously measured transport modes and background. 
a) Median and interquartile range (in parentheses) of daily ratio of mode to background. 
b) Median and interquartile range (in parentheses) of daily ratio of mode 1 (mode in first line, e.g. diesel bus) to mode 2 (mode in second line, e.g. electric bus). 
c)Median values of two-hour mean. Minimum and maximum values are the lowest and highest two-hour mean occurring during the sampling days. 
d)Significantly different from electric bus, p<0.05. 
e)Significantly different from urban background, p<0.05. 
f)Significantly different from low-traffic bicycle route, p<0.05. 
g)Significantly different from petrol car, p<0.05. 
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Table 2. Exposure levels of PN, PM2.5, PM10, and soot. 
 
Mode of transport N (days) Median exposurea Median doseb Ratio mode: low-

traffic bicyclea 

  PN (pt/cm3) PN (*109/hr)  
Diesel bus 13 44985d  34.3  0.68 
Electric bus 13 31833efg 24.3  0.48 
Diesel car 14 35351g  25.0  0.50 
Petrol car 14 38844d 27.5 0.55 
High-traffic bicycle 15 42088hi 59.3 1.18 
Low-traffic bicycle 15 35815h  50.5 - 
     
  PM2.5

 (μg/m3)c PM2.5
 (μg/hr)c  

Diesel bus 12 73.0  55.7  0.60 
Electric bus 12 59.8f  45.6  0.49 
Diesel car 14 73.4 51.9 0.56 
Petrol car 14 87.9d  62.3 0.67 
High-traffic bicycle 14 71.2 100.4 1.08 
Low-traffic bicycle 16 66.1  93.3 - 
     
  PM10 (μg/m3) PM10 (μg/hr)  
Diesel bus 11 60.5gi  46.1  0.88 
Electric bus 11 56.7i  43.2  0.82 
Diesel car 14 45.2  32.0  0.61 
Petrol car 14 42.4  30.0 0.57 
High-traffic bicycle 15 35.6e  50.2 0.96 
Low-traffic bicycle 15 37.2de  52.5 - 
     
  Soot (*10-5/m) EC (μg/hr)  
Diesel bus 12 7.7di  9.2 0.88 
Electric bus 12 5.7ifh 6.8 0.65 
Diesel car 15 7.7dgi 8.6 0.82 
Petrol car 15 8.2dgi 9.1 0.87 
High-traffic bicycle 16 6.2fhi 13.6 1.30 
Low-traffic bicycle 16 4.8defgh  10.5 - 
Wilcoxon signed rank tests performed to test differences between simultaneously measured transport 
modes. Kruskal Wallis tests performed to test differences between non-simultaneously measured modes. 
a)Concentrations corrected for differences in background concentrations. 
b)Concentrations corrected for differences in background concentrations and using the average minute 
ventilation of 23.5 l/min for cyclists, 11.8 l/min for car passengers and 12.7 l/min for bus passengers. 
c)Median values of two-hour mean. 
d)Significantly different from electric bus, p<0.05. 
e)Significantly different from diesel bus, p<0.05. 
f)Significantly different from petrol car, p<0.05. 
g)Significantly different from high-traffic bicycle route, p<0.05. 
h)Significantly different from diesel car, p<0.05. 
i)Significantly different from low-traffic bicycle route, p<0.05. 
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Average meteorological conditions differed between the three types of sampling days (see 
Supplement). There was more rainfall and higher wind speed on bus sampling days. Background 
concentrations of PN, PM2.5, and soot were significantly lower on bus sampling days than on car 
and bicycle sampling days. Background PM10 was significantly lower on car sampling days 
compared with bus and bicycle sampling days. 
After correction for differences in background levels, PN was highest along the high-traffic 
bicycle route and lowest in electric buses (Table 2). PM10 exposure was highest in diesel cars and 
diesel buses and lowest along both bicycle routes. Soot exposure was highest in diesel buses and 
petrol cars and lowest along both bicycle routes and in electric buses. PM2.5 showed a different 
pattern: concentrations along the bicycle routes and in cars were higher than in buses. PM2.5 
results were sensitive to RH, probably related to the applied correction factor. When only 
taking into account samples with mean RH < 90%, PM2.5 differences between diesel and 
electric buses and between diesel and petrol cars remained significant, but differences among 
buses, cars, and bicycles disappeared. 
Relative differences in PN and PM2.5 exposures between diesel and electric buses, diesel, and 
petrol cars and the two bicycle routes were similar in the first and second (less busy) hour of the 
commute. Buses and cars drove the same route, but in the second hour the buses drove more 
slowly and thus less of the route than did the cars. The differences in PN and PM2.5 exposures 
between buses and cars were the same in the first hour compared with the full two hours. 
 
Differences in inhaled doses 
Because of their increased physical activity, minute ventilation of cyclists was higher than that of 
car and bus passengers. In this study the estimated minute ventilation of cyclists was on average 
23.5 L/min, varying from 11.6 to 47.7 L/min between the 34 men and women. The average 
minute ventilation of car passengers was 11.8 L/min, varying from 5.1 to 20.9 L/min, and the 
average minute ventilation of bus passengers was 12.7 L/min, varying from 5.4 to 19.5 L/min21. 
On average, the minute ventilation of cyclists was 2.1 times higher than that of car passengers 
and 2.0 times higher than that of bus passengers. Minute ventilation of bus passengers was 1.1 
times higher than that of car passengers. 
Inhaled doses of all air pollutants were highest in cyclists (Table 2). Inhaled doses of PN and 
PM2.5 of cyclists was twice as high as that of car and bus passengers, whereas inhaled doses of 
PM10 and EC (calculated using the soot levels) were substantially less than twice as high.  
PM10 dose was higher for bus than car passengers, whereas EC doses were comparable for 
passengers of diesel buses and both cars and lowest for passengers of electric buses. 
 
 
Discussion 
 
Exposures to PN, soot, PM10, and PM2.5 during commuting were significantly elevated 
compared with urban background concentrations. Exposures were higher in diesel buses than in 
electric buses and higher along high-traffic bicycle routes compared with low-traffic bicycle 
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routes, especially for soot and PN. Exposure levels in diesel and petrol cars were comparable. 
PM10 and soot exposures of cyclists were lowest, whereas PN exposure in electric buses was 
lowest. Because of their increased minute ventilation, the inhaled doses of all studied air 
pollutants were highest for cyclists. Inhaled doses of electric bus passengers were lowest for all 
studied air pollutants except for PM10. 
 
Comparison with urban background  
The substantial contrast in commuters’ exposure compared with the urban background is 
consistent with previous studies7. Our study has added a comparison made simultaneously with 
the same equipment, thus ruling out potential bias related to temporal variation and sampling 
method. 
The PM2.5 contrast is larger than found in previous studies. This could be related to the 
measurements being performed in the rush hour only versus typically daily samples in the fixed-
site monitoring studies or to sampling errors of the DataRAMs. We corrected PM2.5 readings for 
RH. When omitting PM2.5 values with RH > 90%, differences among buses, cars, and bicycles 
disappeared. 
 
Differences between diesel and electric buses, diesel and petrol cars, and bicycle routes 
PN and soot levels were 22% and 34% higher in diesel buses compared with electric powered 
buses. Diesel buses have not been compared with electric buses before. In-bus exposures are 
affected by the bus doors opening frequently to let passengers on and off the bus, letting in the 
air pollution from outside. For diesel buses, a portion of the diesel exhaust of the bus itself 
contributes to the in-bus exposure. The contrast agrees with the self-pollution of up to 30% 
reported for U.S. school buses17,18. The smaller difference in PM10 exposure between diesel and 
electric buses can be explained by passengers causing resuspension of PM10 in both types of 
buses23. Differences between buses with and without retrofitted particulate filters were small and 
not significant, but the number of measurements may not have been sufficient to detect 
differences. Our study suggests that the use of clean buses may be beneficial both for urban air 
quality and for bus passengers. 
We found no significant differences between levels of air pollutants in diesel and petrol cars, 
except for soot: In-car exposures to soot were lower in diesel cars than in petrol cars. Possibly 
because of the limited number of samples in diesel cars without particulate filters, we did not 
detect a potential impact of particulate filters on the soot exposure in diesel cars. The major 
difference between cars and buses is that doors do not open regularly, so infiltration of exhaust 
from the car itself is less likely. We used new cars (maximum of 6 months of use). In older diesel 
cars, exposure levels might be higher, but from this study we conclude that for new cars there is 
no difference in PM exposure inside the vehicles. The rental cars were all about the same size, 
but not of the same model. Thus, measured air pollution levels are representative of these types 
of cars in general. 
Cyclists on the high-traffic route were exposed to 40% higher levels of PN and 35% higher 
levels of soot compared with cyclists on the low-traffic route. Exposure to PM10 and PM2.5 did 
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not differ significantly. Kaur et al.14 found a 40% difference in PN exposure among cyclists and 
pedestrians who travelled along high- versus low-traffic roads in Central London. Strak et al.6 
found differences in PN and soot of 60% and 40%, respectively, between two cycling routes 
with different traffic intensities, but no difference in PM2.5. Adams et al.24 found differences in 
PM2.5 of 20-50% between low- and high-traffic bicycle routes in Central London. 
 
Contrasts in commuters’ exposures in this study were slightly smaller than in most other studies, 
probably because the exposure levels on the high-traffic route were lower, especially lower than 
in Central London. Despite efforts to select streets with very low traffic, sections of the low-
traffic bicycle route were used as a shortcut to avoid the congested major streets during morning 
rush hour. The car-free roads in the route were frequently used by mopeds, which have been 
shown to be an important source of cyclists’ exposure to PN13. 
By choosing a low-traffic route, cyclists can reduce their air pollution exposure. However, 
within the current Dutch infrastructure it is not easy to avoid all contact with motorized traffic. 
Differences in exposure between modes of transport. Compared with cyclists, PM10 exposures 
of bus and car passengers were 60% and 20% higher, respectively. The small study of Rank et 
al.8 detected 70% more total PM exposure in cars compared with exposure on bicycles, similar 
to our data. Resuspension of coarse PM probably partly explains the difference in exposure. The 
significantly higher soot concentration in cars and diesel buses versus cyclists is in agreement 
with results of Adams et al.9, who measured 70% higher EC exposures in cars compared with 
cyclists and 20% higher EC in buses compared with cyclists. 
Exposures to PM2.5 were comparable in all modes in our study. In electric buses levels were 
slightly lower and in petrol cars slightly higher than in all other modes. Kaur et al.14 and 
Boogaard et al.13 also found only small differences in PM2.5 concentrations between cars, diesel 
buses, and bicycles. Average differences in PN exposure were small among cyclists, car, and 
diesel bus passengers in the present study. Diesel bus passengers and cyclists along the high-
traffic route experienced 10-30% higher PN exposure than did car passengers and cyclists on the 
low-traffic route. PN exposure in electric buses was clearly lowest. Boogaard et al.13 reported 
slightly higher PN exposure in cars compared with cyclists. Kaur et al.14 reported slightly higher 
PN exposure of bus and car passengers compared with cyclists. Absolute PN levels were much 
higher in London, as can be expected because of higher traffic intensity in London compared 
with the relatively small city of Arnhem. PN on bicycle routes were characterized by short, high 
peaks, whereas PN in cars and buses showed fewer, lower peaks. Indicators of frequency 
distribution, such as the 95th percentile of the values, may reflect exposure differences more 
completely. 
Inhaled doses of air pollutants 
Inhaled pollution doses were highest for cyclists, because of the higher minute ventilation21. We 
found almost two times higher pollution doses in cyclists for PN; the differences in soot (EC) 
and PM10 were more modest. In view of the heavy equipment slowing down the speed of the 
cargo bike, the speed of cycling in the study was relatively low (12 km/hr) compared with 
average cycling speeds, which are around 15 km/hr, so this study may underestimate minute 
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ventilation levels and consequently the inhaled dose of air pollutants during normal cycling. 
However, in the one previous study that compared minute ventilation of cyclists (cycling at 17 
km/hr) with that of car drivers25, the ratio was 2.3, comparable to our average ratio of 2.1. 
Travelling time also influences the doses of inhaled air pollutants. Because travelling time 
depends on the route and on the time of day-during rush hour cyclists and buses using separate 
bus lanes may travel faster than cars, whereas in most other situations cars travel faster-we did 
not take this into account in our study. 
 
Potential policy implications 
This study shows that exposure to air pollutants is significantly lower in electric powered buses 
than in diesel buses. The use of clean buses, such as electric buses, is therefore beneficial not 
only for outdoor air quality but also for bus passengers. Policy makers are encouraged to 
increase the use of clean buses, such as electric buses. 
Cyclists are exposed to air pollutants from surrounding traffic. The higher minute ventilation of 
cyclists especially increases the inhaled doses of air pollutants. Health implications of exposure to 
short, high peaks during cycling instead of the lower, longer peaks in cars and buses are not 
clear but could be important4. Because the positive health effects of cycling26-29 likely outweigh 
the health risks of increased pollution loads, and because cyclists do not emit any air pollutants 
and thus contribute to clean air, cycling should not be discouraged. Cyclists should be 
encouraged to choose for low-traffic routes by making them aware of the potential health 
benefits and by route planners with options to choose for low-traffic routes. City planners 
should create bicycle lanes with less (preferably no) contact with motorized traffic. In view of 
the intimate mixing of bicycles and mopeds in the Netherlands, further improvements can be 
expected from the replacement of spark engine by electric mopeds. 
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Supplemental material to chapter 3 
 
 
Introduction 
 
In the supplemental material more information is provided on quality assurance of the exposure 
measurements. Results of laboratory comparison tests between the CPC3007 and CPC3022 are 
reported. Comparison tests between the three CPC3007 samplers used in the study are 
described. Comparison tests between the three DataRAMs used in the study are described. 
Duplicate PM10 and soot measurements are discussed.  
 
The supplement also presents additional exposure results. For all modes of transport plots are 
presented of PN and PM2.5 means of all sampling days. Correlations between pollutants 
measured in traffic and at the urban background location are presented. In addition to the 
median concentrations of the air pollutants in all modes of transport in Table 1 in the main text, 
in the supplement also mean of the two-hour mean values and the mean of the two-hour 
median values are compared to show the effect of peaks on mean and median PN and PM2.5 
values. Also more details of the meteorological data are provided. 
 
 
Quality assurance PN 
 
We removed PN when readings were below 100 pt/cm3 and when readings changed by more 
than a factor 10 from one second to the other, because these counts were considered to be 
unrealistic1. In addition, tilts and four seconds after tilts of the instrument were removed. This 
resulted in removal of 0.3% of the data points, mainly tilts and zero values. 
Prior to each measurement in traffic a zero-check was performed using a high efficiency 
particulate air filter (HEPA).  
 
We performed laboratory tests with artificially generated salt (particles of mean diameter 160 
nm) and diesel particles (mean diameter 60 nm) to compare the three CPC3007 devices with a 
CPC3022, as at particle counts above 100,000 pt/cm3 the CPC3007 is known to underestimate 
PN2,3.  
The comparison showed that up to 200,000 pt/cm3

 the CPC3007 measured correctly (Figure 
1a). The CPC3007 measures 13% less than the CPC3022, probably because of the difference in 
lower cut-off particle size (10 vs. 7 nm). For PN above 200,000 pt/cm3, the CPC3007 
underestimated the CPC3022 PN more substantially (Figure1b). We corrected values above 
200,000 pt/cm3 using the following equation: PN=83741e0,00000458x , with x = PN from 
CPC3007. This equation was derived by dividing the equation from Figure 1b 94669e0,00000458x 
by 1.13 to correct for the 13% difference between the two types of CPCs.  
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The underestimation in our study was smaller than in the Westerdahl study, possibly related to 
differences in particle size, distance, or concentration range. Hameri et al. reported that 
CPC3007 counts are reliable up to 100,000 to 400,000 3.  

 
Supplement, Figure 1. Comparison CPC3007 and CPC3022 (laboratory). 
Data points are minute-averages. (A) Comparison for CPC readings between 5,000 and 200,000 pt/cm3. 
(B) Comparison for CPC readings between 200,000 and 500,000 pt/cm3. 
 
 
In the afternoon of each sampling day comparison measurements of the three devices were 
made. The readings of the three units differed slightly (Figure 2). The differences between the 
three units changed over time. A moving average of five study days was used as correction 
factor between the units. The daily correction factors used to correct two units to the third 
varied from 0.79 to 1.07. The three units were alternately used in the transport modes and 
background location, to avoid occurrence of systematic differences between e.g. diesel and 
electric bus. 
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Supplement, Figure 2. Examples of results of comparison measurements of the three 
CPC3007 used throughout the study. Sampling day December 11th 2007. 
 
 
Quality assurance PM2.5 

 
The DataRAM is based on light scattering technology and readings are known to be influenced 
by relative humidity (RH). Therefore RH was logged during sampling (Oakton Instruments, 
IL, USA). Five minute moving averages were used to correct the DataRAM readings with the 
correction factor:  
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Each sampling day comparison measurements were made of the three DataRAMs and five RH 
loggers used. 
The DataRAM factory calibration with ISO Fine test dust was used to translate photometric 
PM2.5 measurements into gravimetric units. This resulted in too high PM2.5 levels. Previous 
studies also reported that PM2.5 levels measured photometrically with DataRAMs are 1.4 to 1.9 
times higher than measured gravimetrically5-7. Though PM2.5 concentrations are likely to be 
overestimated, relative comparisons between PM2.5 exposure in the different modes of transport 
are considered to be valid. A further limitation is the large impact of the correction factor used 
to account for the effect of relative humidity on the DataRAM readings, following previous 
studies 4,8. Relative humidity values were frequently in excess of 90%. When leaving PM2.5 
values out with RH above 90%, differences between buses, cars and bicycles disappeared. 
Daily comparison of the three DataRAMs showed small differences between the three units, 
without a time trend. Study average correction factors of 0.85 and 1.18 were used to correct the 
readings of two units against the third. Daily comparisons of the relative humidity loggers 
showed small, varying differences up to 5% (mean: 1.0%) for which no corrections were made. 
 
 
Quality assurance PM10 and soot 
 
We performed measurements in duplicate because of the short sampling time. Before weighing, 
the filters were equilibrated for 24 hours in stable temperature and RH conditions: temperature 
varied between 21.6 and 23.2 °C, and RH between 33.3 and 40.3%. An ionising blower was 
used to minimise effects of static electricity. Pre- and post-weighing of filters were performed in 
duplicate with a MT5 microbalance (Metler-Toledo Ltd., Greifensee, Switzerland) with one 
microgram reading resolution.  
We used control filters during the weighing sessions. The average weight of 20 field blank filters 
was subtracted from the sample weights. Based upon precision of measurements, acceptable 
duplicate criteria for PM10 were defined as a weight difference of less than 29 μg or less than 
18%. Acceptable duplicate criteria for soot were a difference of less than 2.0*105/m or less than 
17% between two filters. If these criteria were not met, both duplicate values were removed. 
The mean of the duplicate measurements were used in analyses. 
We excluded six filters because of pump or power failure. All remaining filter pairs met the 
duplicate criteria for soot content. Three filter pairs did not meet the duplicate criteria for PM10 
and were excluded. Two filters with missing duplicates were taken into account because of 
good duplicate results in the other filter pairs.  
The limit of detection (l.o.d.) for PM10 and soot, calculated as three times the standard deviation 
of the field blanks, was 17.4 μg/m3 and 0.95*10-5/m, respectively. Ten filters (11%) from the 
background location and one (7%) from a diesel bus were below the l.o.d. of PM10;15 filters 
(16%) from the background location were below the l.o.d. of soot. Values below the l.o.d. were 
not replaced with a standard value, but retained the measured values.  
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Mean particle number counts on all sampling days 
 

 
 

 
 

 
 

 
 

Supplement, Figure 3. Particle number counts; mean of all sampling days. (A) Diesel buses (B) Electric 
buses (C) Diesel cars (D) Petrol cars (E) High-traffic bicycle routes (F) Low-traffic bicycle routes 



Chapter 3 
 
 

 50 

Mean PM2.5 concentrations all sampling days 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

Supplement, Figure 4. PM2.5 concentrations; mean of all sampling days. (A) Diesel buses (B) Electric 
buses (C) Diesel cars (D) Petrol cars (E) High-traffic bicycle routes (F) Low-traffic bicycle routes 
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Differences in exposure between modes of transport and background 
 
Urban background and commuting concentrations were often significantly correlated, especially 
for cyclists following the low-traffic route, see Supplement Table 1. 
 
 
Supplement, Table 1. Spearman correlation between concentrations measured during 
commuting and urban background concentrations 
 
Mode of transport PNa PM2.5

a PM10 Soot 

Diesel bus 0.01 0.73** 0.69** 0.39 
Electric bus 0.49 0.91** 0.38 0.91** 
Diesel car 0.60* 0.83** 0.58* 0.68** 
Petrol car 0.56* 0.85** 0.27 0.65** 
High-traffic bicycle 0.68** 0.93** 0.48 0.84** 
Low-traffic bicycle 0.87** 0.82** 0.80** 0.91** 
a)Two-hour mean values, *)Significant, p-level 0.05, **)Significant, p-level 0.01 
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Table 2 presents means of two-hour mean values and means of two-hour median values. For 
PN differences between in-traffic exposure and background exposure are smaller when looking 
at median values than at mean values, especially for bicycles. This is explained by the many 
peaks occurring during bicycle rides, that affect mean values more than median values. For 
PM2.5 differences between median and mean values are small, reflecting less peaks in PM2.5. 
 
 
Supplement, Table 2. Difference in mean PN and PM2.5 exposure levels between using two 
hour mean and two hour median 
 
 n (days) Mean of mean Mean of median 

PN (pt/cm3)    
Diesel bus 13 43235 33557 
Electric bus 13 28602 24993 
Urban background 13 18908 16961 
    
Diesel car 14 37129 33783 
Petrol car 14 40526 30743 
Urban background 14 22275 20046 
    
High-traffic bicycle 15 48939 33384 
Low-traffic bicycle 15 39576 25087 
Urban background 15 23798 22140 
    
PM2.5 (μg/m3)    
Diesel bus 10 68.7 64.1 
Electric bus 10 40.5 37.3 
Urban background 10 33.6 31.7 
    
Diesel car 14 101.3 98.9 
Petrol car 14 114.8 111.7 
Urban background 14 67.5 66.3 
    
High-traffic bicycle 16 72.3 71.7 
Low-traffic bicycle 16 71.7 69.6 
Urban background 16 37.8 36.4 
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Meteorology on sampling days 
 
Average meteorological conditions differed between the three types of sampling days, see Table 
3. Rainfall occurred significantly more often on bus sampling days than on car and bicycle 
sampling days. Wind speed was significantly higher on bus sampling days compared to car 
sampling days. 
 
 
Supplement, Table 3. Meteorology on sampling days, mean (SD) 
 
 Bus (n=15) Car (n=15) Bicycle (n=16) 

Temperature (°C) 7.3 (4.1) 8.4 (6.2) 8.7 (6.7) 

Relative humidity (%) 88.7 (8.8) 87.9 (9.7) 84.5 (11) 

Air pressure (mbar) 1014 (13) 1016 (9.0) 1015 (10) 

Wind speed (m/sec) 4.4 (1.7) 3.3 (1.1) 4.0 (1.9) 

Rain (mm) 0.3 (0.7) 0.013 (0.05) 0 

Rain 10 hours (mm)* 1.6 (3.0) 0.35 (1.1) 0.17 (0.32) 

*Total rainfall between 12 pm and end of commute (approximately 10 am) 
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Abstract 
 
Background: Much time is spent in traffic, especially during rush hours, when air pollution 
concentrations on roads are relatively high. Controlled exposure studies have shown acute 
respiratory effects of short, high exposures to air pollution from motor vehicles. Acute health 
effects of lower real-life exposures in traffic are unclear. 
Methods: Exposures of 34 healthy, non-smoking, adult volunteers were repeatedly measured 
while commuting for two hours by bus, car or bicycle. Particle number (PN), particulate matter 
(PM2.5 and PM10) and soot exposures were measured. Lung function and airway resistance were 
measured directly before, directly following and six hours after exposure. Exhaled nitric oxide 
(NO) was measured directly before and six hours after exposure. Inhaled doses were estimated 
based on monitored heart rates. Mixed models were used to analyse effects of exposure on 
changes in health parameters after exposure compared with before. 
Results: PN, PM10 and soot were associated with decreased peak expiratory flow directly 
following but not six hours after exposure. PN doses were associated with decreases in 
maximum mid-expiratory flow and forced expiratory flow (FEV1) six hours after exposure, 
while PN and soot exposures were associated with increased maximum mid-expiratory flow and 
FEV1 directly following exposure. PN and soot were associated with increased exhaled NO 
after car and bus but not bicycle trips. PN was also associated with an increase in airway 
resistance directly following exposure but not six hours later.  
Conclusions: We found modest effects of two-hour in-traffic exposure to air pollutants on peak 
flow, exhaled NO and airway resistance. 
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Introduction 
 
Exposure to air pollution during commuting can be an important contribution to total air 
pollution exposure, because most commuting takes place during rush hours when pollution 
concentrations can reach high levels and subjects are close to traffic emissions.1 Few studies have 
examined acute (within hours) effects of air pollution exposure in traffic on health.2-6 Numerous 
studies have shown that long-term exposure to traffic-related air pollution as well as short-term 
(daily) changes in traffic-related pollutants are related to cardiopulmonary mortality and 
morbidity. 7 Hence the hypothesis arose that short exposures in traffic may also cause health 
effects. 
Acute respiratory effects of exposure to air pollution from motor vehicles have been studied in 
exposure chambers. Studies looking at effects of diesel exhaust exposure in healthy people as 
well as in asthmatics did not find effects on lung function parameters (forced vital capacity 
(FVC), forced expiratory flow in the first second (FEV1), peak expiratory flow (PEF), maximum 
mid-expiratory flow).8-12 Exposure to diesel exhaust has been associated with increased airway 
resistance9,10,12 and airway inflammation.8,10,11,13 Larsson and colleagues3 found increased airway 
inflammation after air pollution exposure in a busy road tunnel, but no effects on lung function. 
These studies give insights into possible acute health effects and mechanisms of concentrated air 
pollution exposure, but results are difficult to translate to real-world exposures where 
concentrations are lower and mixtures more complex. Only a limited number of studies have 
examined acute respiratory effects of short-term in-traffic air pollution exposure in real-world 
settings. McCreanor et al.2 found increased airway inflammation and reduced lung function in 
asthmatic pedestrians walking in Oxford Street, London, associated with increased exposures to 
elemental carbon, particle number (PN) and particulate matter (PM2.5). Strak et al.6 found 
suggestion of an increase in airway inflammation in healthy cyclists, associated with exposure to 
PN, and a positive association between PN and PEF.  
The aim of our study was to investigate exposure to and respiratory health effects of air 
pollutants encountered in various modes of commuting.  
 
 
Methods 
 
Our study (Transport Related Air pollution, Variance in commuting, Exposure and Lung 
function, or TRAVEL) examined commuters’ exposure to air pollution and associated health 
effects. We studied 34 healthy, non-smoking volunteers. PN, PM2.5, PM10, and soot exposures 
were measured during predefined two-hour morning commutes of the volunteers in cars, buses, 
and by bicycle on 47 days. Details on air pollution exposures encountered during commuting 
have been published previously. 14 Inhaled doses were estimated using heart-rate monitoring.15 
Before and after exposure in traffic, respiratory function was assessed by spirometry and 
interrupter airway resistance, and airway inflammation was measured by nitric oxide in exhaled 
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air. The study has been approved by the Medical Ethical Committee of Utrecht University 
Medical Centre. 
The design of the study was to compare the day-to-day variability in the difference in health 
status before and after exposure in traffic with the day-to-day variability in air pollution 
concentrations in traffic. The difference between the postexposure and preexposure can be 
affected by circadian variation and by exercise during the experiment. In the design we took 
care that measurements were always performed in the same time periods and that exercise levels 
were constant (per mode of transport). Circadian variation and exercise therefore could lead to a 
mean difference between postexposure and preexposure values, but not in day-to-day variation.  
We thus compare the change in health status between 8 and 10am and between 8am and 4pm 
for observations with low air pollution concentrations and observations with high air pollution 
concentrations. The days with low concentrations serve as our control exposure. We did not 
include a filtered air control exposure in a laboratory setting because it was not feasible to 
implement control exposures using clean air supply or filtration devices during bus and cycle 
trips.  
 
Study population 
Volunteers were recruited through Intranet websites of their employers. All volunteers were 
civil servants working in Arnhem, the Netherlands, employed by the local or regional 
government, or the regional public health service. The inclusion criteria were age between 18 
and 56 years and not smoking. People were excluded if they had chronic obstructive pulmonary 
disease or if they had asthmatic symptoms and used asthma medication. To minimize exposures 
outside the experiment, participants exposed to fumes or dust at work were excluded, as were 
participants living more than 20 minutes’ commuting time from the site where health 
measurements were performed and from where commuting started in the experiment.  
 
Commuting modes 
Two-hour measurements were taken between 8 and 10am on 47 weekdays (Tuesdays and 
Thursdays) between June 2007 and June 2008. Exposures were measured simultaneously in 
either diesel and petrol cars, or in electric trolley buses and diesel buses (during their regular 
service, while other passengers got on and off the bus), and along two cycling routes of different 
traffic intensity. On cycling sampling days, technicians rode three-wheeled cargo bicycles to 
transport the equipment; on car sampling days the cars were driven by the technicians. On each 
trip, three or four volunteers rode in the cars or buses or cycled close to the cargo bicycle. 
 
Exposure assessment 
Exposure assessment methodology and quality control have been reported in detail previously.14 
PN concentrations were measured using condensation particle counters (Model 3007, TSI, 
MN, USA). PM2.5 was measured with active sampling personal DataRAMs (Model 1200, MIE, 
Bedford, MA), and readings were corrected for relative humidity. Both condensation particle 
counters and DataRAMs measured real-time concentrations, recording every second. PM10 was 
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collected on Teflon filters, using Harvard Impactors (Air Diagnostics and Engineering Inc., 
Naples, ME, USA) and pumps (model SP-280E, Air Diagnostics and Engineering Inc.) with a 
flow of 10 l/min.16 Soot content of the filters was determined using a smoke stain reflectometer 
(model M43D, Diffusion Systems Ltd., London, UK) and converted into an absorption 
coefficient. For estimations of elemental carbon inhaled doses, absorption (soot) levels were 
converted into exposure concentrations using the equation EC (μg/m3) =1.6053 x absorption 
(10-5/m) - 0.2620.17 
 
To estimate doses of inhaled air pollutants, minute ventilation levels for all individuals during all 
trips were estimated using continuous heart-rate-monitoring data. Heart rates of the participants 
were recorded during commuting using Polar RS400 heart rate monitors (Polar Electro, 
Kempele, Finland). All participants performed a submaximal bicycle ergometer test during 
which heart rate and minute ventilation were measured simultaneously at increasing cycling 
intensity, to calibrate heart rate data for each subject.15 The trip mean ventilation rates were used 
to calculate inhaled air pollution doses during commuting. Inhaled doses were divided by body 
surface area to correct for differences in airway epithelial surface area. Body surface area was 
calculated as the square root of height, times weight, divided by 3600. 
For 76 of the 352 individual trips we did not have heart rate data due to equipment failure or 
because participants forgot to turn on the heart rate monitors. For 69 of these trips we used the 
mean heart rate of the other trips of the same individual in the same mode of transport (bus, car 
or bicycle) to estimate minute ventilation. Excluding these doses from the dataset did not 
change the associations between inhaled doses and health effects. For seven trips we did not 
have heart rate data for the same individual in the same mode of transport, and so for these, 
minute ventilation levels remained missing. 
 
Hourly ambient nitrogen dioxide (NO2) and ozone data were obtained from the nearest urban 
background station (16 km distance) of the National Air Quality Monitoring Network of the 
Dutch National Institute for Public Health and the Environment. We obtained daily ambient 
PM10 data from the nearest regional background station (20 km distance), as there were no 
urban background PM10 data from nearby monitoring stations available. 
 
Clinical measurements 
FVC, PEF, FEV1 and maximum mid-expiratory flow were measured using a 
pneumotachometer (Jaeger, Viasys Healthcare, Hoechberg, Germany). Daily calibration of the 
pneumotachometer was performed. Temperature, relative humidity and air pressure were 
recorded for corrections of spirometry parameters. Tests were performed according to European 
Respiratory Society criteria.18 All tests were carried out by the same technician.  
The fractional concentration of exhaled NO was measured using NioxMino (Aerocrine AB, 
Solna, Sweden) as a marker of airway inflammation. Ambient NO levels were measured before 
the test. In accordance with the American Thoracic Society protocol,19 exhaled NO tests were 
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performed before the spirometry tests, as forced expiration may influence exhaled NO levels. 
Two NioxMino devices were used in the study. 
Airway resistance was measured using a MicroRint (Micro Medical Ltd, Kent, UK), which uses 
the interrupter technique.20 Manoeuvres were discarded when expiration was hampered or 
when interruption of expiration was not timed correctly (visual check). Median values of five to 
ten approved manoeuvres were used in analyses. One device was used for all measurements.  
The participants filled in questionnaires on time spent in traffic in the hours before the clinical 
measurements, and on prevalence of respiratory symptoms on a 4 point scale (no, light, 
moderate and severe symptoms). 
Clinical tests were performed at the same time each test day to avoid effects of circadian 
variation in health parameters. Tests were taken before exposure (8am), directly after exposure 
(10am), and 6 hours after exposure (4pm) - except for exhaled NO, which was measured only 
before and 6 hours after exposure, because airway inflammation is expected to take time to 
develop.  
 
Statistical analyses 
Relations between exposure to and inhaled doses of air pollutants and health outcomes were 
analyzed using mixed models. We used repeated measurement analysis to correct for correlation 
between measurements of the same subject. Random intercepts for subjects were included to 
account for individual differences. 
Changes in health outcomes between postexposure and pre-exposure measurements were the 
dependent variables. Log transformations of these measurements were used when the 
distribution was right-skewed. The magnitude of change in health outcomes was calculated for 
interquartile ranges (IQRs) of exposure and doses. We performed separate analyses for all 
pollutants, and also for pairs of two pollutants. For the real-time measurements of PN we used 
not only the mean, but also the median and 95th percentile (p95) of the individual readings to 
study the effects of peaks in exposures. The Spearman rank correlation coefficient between PN 
mean and median was 0.91, between PN mean and p95, 0.71, and between PN median and 
p95, 0.53. For PM2.5 we analyzed only mean values, as median, p95 and p99 values were highly 
correlated (>0.90). Potential confounders included in analyses for all endpoints were relative 
humidity, temperature, season, time of test, and minutes of traffic participation before baseline 
measurements and between the 10am and 4pm measurements, to correct for exposures of 
volunteers before or after the controlled traffic exposure. Ambient background NO2 
concentrations were included as a potential confounder to take into account the difference in 
effects of ambient air pollution on preexposure and postexposure health measurements; average 
NO2 concentrations of the 24 hours preceding the baseline health measurements (8am) were 
used. To account for possible learning effects in spirometry, we adjusted for whether or not it 
was the first test-day of the participant. In exhaled NO analyses the instrument ID and ambient 
(room air) NO level were added to the model. In analyses of airway resistance the technician 
taking the test was included as potential confounder. Effect modification was analyzed for body 
mass index (BMI, categorized as below or above 25 kg/m2), fruit and vitamin intake (the high 



Respiratory effects of in-traffic exposure 
 
 

 61

category defined as seven or more fruits per week or taking vitamin supplements on five days or 
more), hay fever, and whether commuting was done by bicycle or by car or bus. To assess the 
influence of outliers on regression analyses, Cook’s D was calculated. We performed additional 
analyses leaving out 1% (at maximum, 4) observations with the highest Cook’s Distance value. 
Associations were not affected, except for spirometry. Data were analyzed using SAS 9.1 (SAS 
Institute Inc., Cary, NC, USA).  
 
 
Results 
 
Measurements were performed on 47 days: 16 bicycle-sampling days, 16 car-sampling days and 
15 bus-sampling days. Exposures varied widely between days (Figure 1 and Supplement, Table 
1). PM2.5 concentrations were likely overestimated, because of the photometrical instrument 
used,14 yet the differences between measurement days are likely real. Due to their increased 
physical activity, estimated minute ventilation of cyclists was higher than that of car and bus 
passengers. Ventilation of cyclists was on average 23.5 l/min, varying from 11.6 to 47.7 l/min 
among the 34 men and women, while for car passengers it was 11.8 l/min, (5.1 to 20.9 l/min) 
and for bus passengers 12.7 l/min, (5.4 to 19.5 l/min).15 Body surface area-adjusted inhaled 
doses of air pollutants (Figure 2) were calculated by multiplying the concentrations of the air 
pollutants with the minute ventilation and the duration of the trip, and dividing by body surface 
area. 
 
Correlations between exposure levels and inhaled doses of the various air pollutants are 
presented in Supplement, Table 2. The strongest correlation between exposures was the 
correlation between PN and soot. There was no correlation between PN and either PM2.5 or 
PM10 exposure. Correlations between doses were stronger than between exposures, which is 
explained by the constant influence of minute ventilation for all air pollutants. Spearman rank 
correlations between exposures and inhaled doses of each air pollutant were between 0.61 and 
0.66 for PN, PM10 and soot, and 0.90 for PM2.5. Spearman correlations of PN and of soot 
exposures during commuting with ambient NO2 were 0.39 and 0.21, respectively. 
 
Health outcomes 
Characteristics of the 34 participants are given in Table 1. Four persons reported shortness of 
breath during exercise but not at rest, and five subjects reported hay fever. Nobody used 
respiratory medication. Lung function parameters of the participants were higher than predicted 
using standard European Respiratory Society equations.18 
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Figure 1. Air pollutant concentrations in transport 
N=93, two commuting modes on 47 sampling days, one mode missing. PN=particle number 
 
 

 

Figure 2. Air pollutant doses, adjusted for body surface area, in transport  
N=345, 34 volunteers participating 7 to 12 times. PN=particle number. EC=elemental carbon, 
calculated from absorption (soot). 
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In total 352 personal lung-function measurements were taken on the 47 sampling days (pre- and 
post-exposure). The volunteers participated at least five and at most 12 days. Fewer than  
5% of the observations showed changes in scores of respiratory symptoms (coughing, phlegm, 
wheezing, shortness of breath, and chest tightness) after exposure. Because of the small variation 
in scores, these differences were not further analyzed.  
 
 
Table 1. Descriptive characteristics of the subjects (n = 34) 
 
Characteristica  

Age (yr) 42.0 (23-55) 

BMI (kg/m2) 24.9 (19.0-30.8) 

Body surface areab (m2) 2.0 (1.5-2.3) 

Sex; No. (%) 

Men 

Women 

 

24 (71) 

10 (29) 

Ex-smokers; No. (%) 10 (29) 

Education; No. (%) 

Secondary school 

Vocational training 

College / university 

 

5 (15) 

5 (15) 

24 (71) 

Shortness of breath during exercise; No. (%) 4 (12) 

Nasal allergy (including hay fever); No. (%) 5 (15) 

Exhaled NOc (ppb) 19 (12-38) 

Airway resistancec (kPa/l/s) 0.20 (0.12-0.39) 

FVCc (L) 5.3 (3.5-6.9) 

PEFc (L/s) 9.9 (6.7-14.5) 

FEV1
c (L)  4.0 (2.7-5.3) 

MMEFc (L/s) 3.3 (2.0-6.1) 

FVC % of predicted valued 116% (81% - 142%) 

FEV1 % of predicted valued 105% (78% - 125%) 

PEF % of predicted valued 113% (88% - 153%) 

MMEFe % of predicted valued 78% (44% - 121%) 
a Mean (min-max) unless otherwise specified. 
b Calculated as height*weight/3600. 
c Mean (min-max) of the individual mean baseline values (between 7:20 and 8:00 am). 
d Predicted values calculated using ERS equations [B1]. 
e MMEF indicates maximum mid-expiratory flow 
 
 



Table 2. Estimates for relative differences in lung function parameters per IQR change in exposure and inhaled doses 
 

 FEV1 (%) FVC (%) PEF (%) MMEF (%) 

 

10am versus 

8am 

Estimate (95% 

CI) 

4pm versus 8ama  

Estimate  

(95% CI) 

10am versus 

8am  

Estimate  

(95% CI) 

4pm versus 

8ama  

Estimate  

(95% CI) 

10am versus 

8am  

Estimate 

(95% CI) 

4pm versus 

8ama  

Estimate 

(95% CI) 

10am versus 

8am  

Estimate 

(95% CI) 

4pm versus 8ama 

Estimate 

(95% CI) 

PN 

exposure 0.42 (-0.06;0.90) -0.11 (-0.63;0.41) 0.24 (-0.26;0.75) 0.08 (-0.46;0.62) -1.1 (-2.0;-0.22) -0.62 (-1.5;0.21) 0.83 (-0.56;2.2) -0.69 (-2.1;0.71) 

dose 0.10  (-0.29;0.5) -0.46 (-0.89;-0.03) 0.18 (-0.27;0.63) -0.21 (-0.66;0.23) -0.42 (-1.1;0.27) -0.61 (-1.3;0.09) -0.05 (-1.2;1.1) -1.2 (-2.3;-0.01) 

PM2.5 

exposure 0.02 (-0.41;0.45) 0.21 (-0.26;0.67) 0.10 (-0.40;0.61) 0.36 (-0.13;0.84) -0.41 (-1.2;0.40) 0.0 (-0.75;0.75) 0.42 (-0.86;1.7) 0.60 (-0.73;1.9) 

dose 0.00 (-0.32;0.32) 0.18 (-0.1;0.52) 0.09 (-0.28;0.46) 0.18 (-0.18;0.54) -0.28 (-0.86;0.29) 0.03 (-0.53;0.60) 0.19 (-0.76;1.1) 0.39 (-0.55;1.3) 

PM10  

exposure -0.19 (-0.64;0.26) 0.10 (-0.39;0.59) -0.13 (-0.61;0.34) 0.05 (-0.46;0.55) -1.0 (-1.7;-0.34) -0.60 (-1.4;0.17) -0.82 (-1.9;0.29) -0.50 (-1.8;0.84) 

dose -0.37 (-0.96;0.22) -0.36 (-1.1;0.33) -0.08 (-0.67;0.50) -0.35 (-1.0;0.30) -0.91 (-1.8;-0.02) -0.79 (-1.8;0.26) -1.2 (-2.7;0.30) -1.1 (-2.8;0.68) 

Soot  

exposure  0.42 (-0.01;0.84) 0.38 (-0.10;0.85) 0.08 (-0.42;0.58) 0.04 (-0.45;0.54) -0.84 (-1.6;-0.11) -0.04 (-0.81;0.73) 1.2 (0.02;2.3) 0.64 (-0.66;1.9) 

dose b 0.18 (-0.19;0.54) -0.06 (-0.46;0.3) 0.03 (-0.39;0.45) -0.15 (-0.57;0.26) -0.58 (-1.2;0.03) -0.20 (-0.85;0.46) 0.11 (-0.90;1.1) -0.34 (-1.4;0.74) 
Change was calculated as estimate divided by the mean baseline value. Change per IQR change (95% confidence interval [CI] in parentheses). IQRs of two hour 
mean values: PN 18,195 pt/cm3 (exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 (dose), PM10 20.8 μg/m3 (exposure) and 32.4 
μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 (elemental carbon dose, calculated from soot absorption). 1% of data points with highest Cook’s Distance 
removed. Doses are adjusted for body surface area. Adjusted for relative humidity, temperature, season, time test was taken, ambient NO2, first testday, and time 
spent in traffic before 8am. 
a Additionally adjusted for time spent in traffic between 10am and 4pm 
b Absorption calculated into elemental carbon 
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Spirometry and air pollution 
There were no effects of exposures or inhaled doses on changes in FVC (Table 2).  
PN doses were associated with small, negative effects on maximum mid-expiratory flow 
(MMEF) and FEV1 at 4pm compared with 8am, but PN and soot exposures were associated 
with small, positive effects on maximum mid-expiratory flow and FEV1 at 10am compared with 
8am. PN, PM10 and soot exposures and inhaled doses were associated with decreased PEF at 
10am compared with 8am. At 4pm, PEF was still decreased but not by as much. Differences 
between adjusted and unadjusted estimates were small (Supplement, Table 3).  
PN and PM10 exposures were related to higher effects on PEF in subjects with high BMI 
compared with low BMI, and to higher effects in car/bus trips compared with bicycle trips, but 
these differences were not significant (Supplement, Table 4 and Figures 1 and 2). The 
association between PN dose and PEF was higher in subjects with high BMI and in car/bus 
trips. There were no differences in effect estimates between high and low fruit intake, and with 
exclusion of volunteers with hay fever. Excluding ambient NO2, or including ambient PM10 or 
ozone in the analyses instead of NO2, did not change the results. 
 
Exhaled nitric oxide and air pollution 
Exhaled NO measurements and residuals of regression analyses were skewed; therefore we 
applied natural-log transformation to these values.  
There was only modest effect of exposure to air pollutants or dose in the complete group of 
commuters on the difference between post-exposure and pre-exposure exhaled NO 
measurements (Table 3). PN and soot exposures were associated with increases in exhaled NO 
at 4pm compared with 8am for commuting by bus or car. Effect estimates of PN dose were 
higher in car/bus trips compared with bicycle trips (Supplement, Table 4). Estimates for 
subgroups with high and low BMI, high and low fruit intake and with exclusion of subjects 
with hay fever did not differ from complete group estimates (Supplement, Table 4 and Figure 3) 
were similar. Unadjusted and adjusted estimates did not differ (Supplement, Table 5). Including 
ambient PM10 or ozone in the analyses instead of NO2 did not change the results.  
 
Airway resistance and air pollution 
As airway resistance measurements and residuals of regression analyses were skewed, the values 
were natural-log transformed. There were no associations of the measured air pollutant 
exposures with changes in airway resistance at 4pm compared with 8am (Table 4). However, 
airway resistance increased with PN inhaled dose. Estimates adjusted for confounders did not 
differ consistently from unadjusted estimates, with some estimates increasing and others 
decreasing (Supplement, Table 6). 
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Table 3. Estimates for relative differences in exhaled NO per IQR change in exposure and 
inhaled doses 
 

  

All trips 

(n = 352) 

Estimate 

(95% CI) 

Car and bus trips  

(n = 231)  

Estimate 

(95% CI) 

Bicycle trips  

(n = 121)  

Estimate 

(95% CI) 

PN 

exposure 0.3 (-2.9;3.6) 4.9 (0.3;9.8) 2.5 (-4.5;10.1) 

dose -1.3 (-4.0;1.4) 6.7 (-0.3;14.3) -1.6 (-5.3;2.3) 

PM2.5  

exposure -1.1 (-3.8;1.6) -2.5 (-5.9;1.1) -3.1 (-8.1;2.1) 

dose -1.0 (-3.0;1.1) -1.0 (-4.3;2.4) -0.2 (-7.4;7.5) 

PM10  

exposure 0.8 (-1.3;3.0) 1.2 (-1.3;3.9) -0.7 (-4.3;3.0) 

dose 0.2 (-2.7;3.3) 1.9 (-2.1;5.9) -1.9 (-8.4;5.0) 

Soot  

exposure  1.3 (-1.0;3.7) 2.8 (-0.2;5.9) 1.3 (-1.0;3.7) 

dose a 0.3 (-1.8;2.4) 3.2 (-0.2;6.6) 2.5 (-4.4;9.9) 
Log-transformed exhaled NO values were used. Estimates are calculated into percentage change at 4pm 
compared to 8am, per IQR change (95% CI in parentheses). IQRs of two hour mean values: PN 18,195 
pt/cm3 (exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 (dose), PM10 
20.8 μg/m3, (exposure) and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 (elemental 
carbon dose, calculated from soot absorption). Doses are adjusted for body surface area. Adjusted for 
relative humidity, temperature, season, time test was taken, ambient NO2, ambient NO, instrument ID, 
time spent in traffic before 8am and between 10am and 4pm. 
a Absorption calculated into elemental carbon 

 
 
Median values of five to ten manoeuvres were used as airway resistance score. Sensitivity 
analyses on the influence of variation between the manoeuvres within one test did not show 
differences in effects of air pollutants. Associations were stronger for commuting by car or bus 
than for commuting by bicycle (Supplement, Table 4 and Figure 4). The estimates within the 
high BMI group were higher than within the low BMI group, although the study lacked power 
for this comparison (Supplement, Table 4). Estimates did not change upon exclusion of 
volunteers with self-reported hay fever, or when stratifying for fruit intake or cycling 
(Supplement, Figure 4). Excluding ambient NO2, or including ambient PM10 or ozone in the 
analyses instead of NO2, did not change the results. 
For PN, not only mean but also median and p95 values were analysed to account for short 
peaks during the two-hour exposure. Effect estimates were similar for the three variables, e.g. 
the associations between PEF at 10am and the median of PN was -0.94% and with the 95th 
percentile was -0.56%. 
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Table 4. Estimates for relative differences in airway resistance per IQR change in exposure and 
inhaled doses 
 

 

10am versus 8am 

Estimate 

(95% CI) 

4pm versus 8ama 

Estimate 

(95% CI) 

PN  

exposure 3.1 (-2.7;9.2) 2.1 (-4.8;9.4) 

dose 5.1 (0.7;9.6) 3.5 (-2.0;9.3) 

PM2.5  

exposure -3.3 (-6.8;0.3) 0.1 (-4.2;4.7) 

dose -1.3 (-4.7;2.3) 1.1 (-3.2;5.5) 

PM10  

exposure -0.1 (-3.6;3.5) 0.8 (-3.5;5.4) 

dose 3.7 (-1.1;8.8) 2.4 (-3.6;8.7) 

Soot  

exposure  -2.6 (-6.2;1.1) -0.2 (-4.7;4.5) 

dose b 1.4 (-2.1;5.0) 2.3 (-2.0;6.9) 
Log-transformed airway resistance values were used. Estimates are calculated into percentage change per 
IQR change (95% confidence interval in parentheses). IQRs of two hour mean values: PN 18,195 pt/cm3 
(exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 (dose), PM10 20.8 
μg/m3, (exposure) and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 (elemental carbon 
dose, calculated from soot absorption). Doses are adjusted for body surface area. Adjusted for relative 
humidity, temperature, season, time test was taken, ambient NO2, technician taking test, time spent in 
traffic before 8am. 
a Additionally adjusted for time spent in traffic between 10am and 4pm 
b Absorption calculated into elemental carbon  
 
 
Discussion 
 
We found associations of in-traffic exposure to particle number and soot with changes in lung 
function, airway resistance and exhaled NO. PN, PM10 and soot were associated with peak 
expiratory flow directly after exposure, but not six hours afterwards. PN and soot were 
associated with increased exhaled NO after car and bus trips but not after bicycle trips. PN 
inhaled dose was associated with an increase in airway resistance directly following exposure, 
but not six hours later. PN doses were associated with small, negative effects on maximum mid-
expiratory flow and FEV1 at 4pm compared with 8am; PN and soot exposures were associated 
with small, positive effects on maximum mid-expiratory flow and FEV1 at 10am compared with 
8am. This study adds to the small number of studies suggesting that high exposures to traffic 
related air pollution during commuting have measurable health effects.  



Table 5. Comparison of estimates for respiratory outcomes related to exposure to traffic-related air pollution 
 
Study No. Population Setting, Time period 

of exposure 
Estimate 

per 
exposure 

unit 

Estimate PEF, 
directly following 

exposure 

Estimate exhaled 
NO, six hours 

following exposure 

Estimate airway 
resistance, directly 
following exposure 

Soot -0.84% (P=0.02) a 1.3% (all, P = 0.27); 
2.8% (car and bus trips 

only, P = 0.07) 

-2.6% (P = 0.17) 

PN -1.1% (P=0.01) a 0.3% (all, P = 0.86); 
4.9% (car and bus trips 

only, P = 0.04) 

3.1% (P = 0.30) 

PN dose -0.42% (P=0.23) a -1.3% (all, P = 0.33) 
6.7% (car and bus trips 

only, P = 0.06) 

5.1% (P = 0.02) 

This study 357 34 healthy adults 
(23-55 yr) 

Commuting by bike, 
car and bus in Arnhem 
city center and suburb. 

Two hours. 

PM10 -1.0% (P=<0.01) a 0.8% (all, P = 0.43); 
1.2% (car and bus trips 

only, P = 0.34) 

-0.1% (P = 0.94) 

Soot b FEV1: 
-1.8% (P=0.01) c 

10% (P=0.01)§d N.A. McCreanor 
et al., 20072 

120 60 adult 
asthmatics (19-

55) 

Walking on Oxford 
Street and in Hyde 
Park, London. Two 

hours. 
PN 

 
FEV1: 

-1.2% (P=0.001) c 
1.6% (P=0.51)§d N.A. 

PN 
 

3.4% (P=0.01) 7.1% (P = 0.14) N.A. Strak et al., 
20106 

80 12 healthy adults 
(23-57 yr) 

Cycling in Utrecht city 
center. Two hours. 

PM10 

 
-0.11% (P=0.85) -0.20% (P = 0.92) N.A. 

 
 

Nordenhall 
et al., 2001 
12 

28 14 atopic 
asthmatics (22-57 

yr) 

Diesel exhaust in 
exposure chamber. Low 

intensity cycling on 
bicycle ergometer. One 

hour. 

PM10 N.A. N.A. 2.5% (P <0.01) e 
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Study No. Population Setting, Time period 
of exposure 

Estimate 
per 

exposure 
unit 

Estimate PEF, 
directly following 

exposure 

Estimate exhaled 
NO, six hours 

following exposure 

Estimate airway 
resistance, directly 
following exposure 

Rudell et 
al., 1996*9 

36 12 healthy adults 
(20-37 yr) 

Diesel exhaust in 
exposure chamber. Low 

intensity cycling on 
bicycle ergometer. One 

hour. 

PN N.A. N.A. 0.14% (P <0.05) e 

Stenfors et 
al., 2004 10 

50 25 healthy adults 
(19-42 yr) 

Diesel exhaust in 
exposure chamber. Low 

intensity cycling on 
bicycle ergometer. Two 

hours. 

PM10 N.A. N.A. 0.79% (P <0.01) e 

Estimates are presented as percentage change in outcome per contrast in IQR used in this study: PN exposure 18,195 pt/cm3, PN dose 2.40*1010 pt/m2,, PM10 20.8 
μg/m3, soot 3.51*10-5/m 
N.A.: not measured in the study. 
a Calculated using an average PEF value of 9.9 L/s 
b Elemental carbon calculated into soot using the following equation: EC=1.6053*absorption–0.2620 17 
c PEF was not reported in this study. 
d Exhaled NO measured five hours following exposure 

e P-values of tests on difference in airway resistance measured using body plethysmography between diesel exhaust exposure and filtered air exposure. 
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Spirometry 
Controlled diesel exhaust exposure studies generally have not found effects on lung function 
parameters in relation to short-term air pollution exposure.8-12 In our study, in-traffic exposure 
to ambient PN, PM10 or soot exposure was not associated with effects in healthy cyclists, except 
for an increase in PEF directly following exposure (Table 5).6 McCreanor et al.2 found smaller 
adverse effects of air pollution exposure on FVC, FEV1 and maximum mid-expiratory flow in 
asthmatics walking in central London; PEF was not reported. Effects were strongest directly 
after the end of the two-hour exposure. We found a decline in PEF associated with increments 
in PN and soot exposure, no effects in FVC, and inconsistent effects in FEV1 and maximum 
mid-expiratory flow. We did not study asthmatic volunteers, and air pollutant concentrations in 
our study were lower than in central London, possibly explaining the differences. All spirometry 
measurements were taken by the same technician, using the same instrument, ruling out possible 
effects of the technician on the tests.  
We found only negative associations with PEF and no consistent associations with FEV1, the 
least error-prone spirometric variable. Although PEF is more effort-dependent than FEV1, it 
seems unlikely that the observed associations between air pollution and PEF are due to bias, as 
subjects and investigators were unaware of the actual air pollution concentration.  
The results of our study agree closely with a recent study of road-tunnel exposures in mild 
asthmatics: only PEF was affected, with no effect on FEV1

21. 
 
Exhaled nitric oxide 
Strak et al.6 found associations between PN exposure of healthy cyclists and exhaled NO 
comparable to the associations we found in car and bus trips (Table 5). Strak and colleagues 
found no associations of exhaled NO with PM10 and soot. McCreanor et al.2 found slightly 
higher estimates for the effect on exhaled NO of exposure to EC compared with our study 
(Table 5), possibly because they measured effects in asthmatics, and exposure levels were higher 
in their study. They found no association between exhaled NO and PN or PM2.5. McCreanor 
et al. found strongest effects on exhaled NO three hours after exposure, while we looked only 
at exhaled NO six hours after exposure. 
Direct effects of air pollution on airway inflammation have also been observed in several 
controlled exposure-chamber studies. Exposure to diesel exhaust was associated with increases in 
neutrophils in bronchoalveolar lavage8 and bronchial wash.13 Similarly, McCreanor et al.2 found 
increased neutrophil numbers in sputum in asthmatics. 
 
Airway resistance 
Rudell and colleagues9 found a smaller effect of PN on airway resistance than the effect we 
found for PN dose and PN exposure (Table 5). This may be explained by their shorter (one 
hour) exposure time or their high, non-variable exposure levels. Stenfors et al.10 and Nordenhall 
et al.12 found effects of PM10 from diesel exhaust on airway resistance in healthy adults and 
asthmatics, respectively. We did not find an effect of PM10 exposure, possibly because we did 
not measure effects in people with asthma, and possibly because we used the interrupter 
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technique, while the exposure chamber studies measured airway resistance using body 
plethysmography. Measurements using the interrupter technique may be less sensitive in 
detecting bronchoconstriction.22 Airway resistance tests were taken by several technicians in our 
study, but including technician in the model did not change estimates. 
 
Body mass index 
Associations between exposures and effects in spirometry, exhaled nitric oxide and airway 
resistance were all stronger in subjects with high BMI (>25 kg/m2) compared with people with 
low BMI (≤25 kg/m2). Because only one participant had a BMI > 30 kg/m2, we were not able 
to compare effects between obese and non-obese participants. Obesity has been found to 
enhance effects of air pollution on cardiovascular outcomes,23,24 but effects of body mass on 
effect estimates of respiratory health have not been reported before.  
Our study included 352 observations, more than earlier studies looking at respiratory effects of 
short-term exposure to traffic emissions (Table 5). The relatively-large size of the study and the 
large variation in exposures and doses resulted in narrow confidence intervals. Measurements 
were taken throughout a complete year, including all seasons. The effect of season was included 
as confounder, and sensitivity analyses were performed excluding people reporting hay fever. 
The plausibility of associations with in-traffic exposures is enhanced by associations between 24-
hour average concentrations of traffic-related air pollution and various respiratory outcomes, 
including lung function, acute respiratory symptoms and airway inflammation. 25 
Estimated pollution doses had a slightly stronger association with health effects, (especially for 
airway resistance) than exposures. The small difference could be due to the high correlation 
between doses and exposures, related to the study design in which all volunteers were engaged 
in very similar activities. Alternatively, correcting for body surface area may not have sufficiently 
corrected for differences in airway epithelial surface area. The methodology used to estimate 
minute ventilation based on heart rates was demonstrated to provide reliable estimates of minute 
ventilation, and thus of doses.15 
Inhaled doses were higher in cycling trips than in car and bus trips,14 but we showed that these 
higher inhaled doses did not lead to stronger health effects. On the contrary, effect estimates of 
particle-number doses were lower in cycling trips. Effect estimates expressed per particle 
number exposure were also smaller for cycling trips compared with car and bus trips, but the 
difference was less pronounced than for particle doses. It is unlikely that the smaller effect 
estimates in cyclists is explained by errors in the dose calculations, as these errors would need to 
be correlated with air pollution to produce higher effect estimates. 
 
In conclusion, two-hour in-traffic exposures to PN, PM10 and soot were associated with effects 
on peak expiratory flow, exhaled NO and airway resistance in healthy adults. No effects were 
found on other lung function parameters (FEV1, FVC, maximum mid-expiratory flow) or 
respiratory symptoms.  
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Supplemental material to chapter 4 
 
Supplement, Table 1. Number counts, PM2.5, PM10 and soot concentrations during 
commuting by bus, car or bicycle 
 
 Exposure  Dose  
 N 

(days) 
Median (min-max) N 

(personal 
measurements)

Median (min-max) 

PNC$  *103 pt/cm3  *109 pt/hr 
Bus diesel 15 3.66 (2.32,7.16) 55 28.9 (12.7,81.8) 
Bus electric 15 2.66 (1.55,4.70) 55 20.0 (8.48,44.1) 
Car diesel 16 3.85 (2.33,6.26) 55 25.8 (7.89,65.5) 
Car petrol 15 3.73 (3.02,6.80) 57 25.7 (9.92,117) 
Bike high-traffic 16 4.63 (2.60,9.11) 59 55.9 (20.9,183) 
Bike low-traffic 16 3.47 (1.41,8.31) 60 45.7 (12.9,174) 
     
PM2.5

$  μg/m3  μg/hr 
Bus diesel 14 39.1 (15.5,324) 51 31.1 (8.5,359) 
Bus electric 14 26.3 (10.7,131) 51 21.7 (6.0,118) 
Car diesel 15 58.1 (2.7,358) 51 38.0 (1.5,331) 
Car petrol 15 68.1 (5.3,403) 57 41.4 (2.5,382) 
Bike high-traffic 16 49.8 (8.7,219) 59 60.8 (5.7,317) 
Bike low-traffic 16 65.2 (5.5,241) 60 64.3 (6.7,455) 
     
PM10  μg/m3  μg/hr 
Bus diesel 14 42.6 (22.8,221) 53 30.8 (16.3,245) 
Bus electric 15 42.4 (30.0,107) 55 31.5 (11.1,112) 
Car diesel 15 49.1 (29.1,427) 51 35.7 (13.6,428) 
Car petrol 16 47.6 (26.9,161) 61 30.2 (7.8,163) 
Bike high-traffic 16 42.5 (16.9,60.0) 59 52.4 (12.6,132) 
Bike low-traffic 15 37.0 (17.3,53.4) 56 47.2 (11.3,125) 
     
Soot   x10-5/m  EC (μg/hr) 
Bus diesel 15 6.8 (2.9,31) 55 7.4 (2.3,55) 
Bus electric 15 4.6 (1.5,8.8) 55 4.9 (1.2,17) 
Car diesel 16 7.8 (4.4,15) 55 8.3 (3.5,23) 
Car petrol 16 8.5 (5.9,16) 61 8.6 (2.9,26) 
Bike high-traffic 16 6.6 (2.0,14) 59 11.9 (3.1,44) 
Bike low-traffic 16 4.9 (2.3,11) 60 8.7 (2.7,39) 
     
Values in bus, in car and on bicycle are not directly comparable, as measurements were performed on 
different sampling days with different weather conditions and different urban background air pollution 
levels. For a comparison between the modes of transport, corrected for differences in urban background 
levels, see Zuurbier M, Hoek G, Oldenwening M et al. Commuters' exposure to particulate matter air 
pollution is affected by mode of transport, fuel type, and route. Environ Health Perspect 2010;118:783-789. 
$)Median values of two-hour mean. Minimum and maximum values are the lowest and highest two-hour 
mean occurring during the sampling days. 
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Supplement, Table 2. Correlation between air pollutants 
 
 Exposure 

 
Dose 

 PN$ 

 
PM2.5

$ PM10 Soot PN$ PM2.5
$ PM10 EC 

PN$ 1 0.09 -0.00 0.58** 1 0.34** 0.50** 0.74** 
PM2.5

$  1 0.38** 0.32**  1 0.50** 0.41** 
PM10   1 0.45**   1 0.61** 
Soot    1    1 
Spearman correlation coefficients. PN=particle number. EC=elemental carbon, calculated from absorption 
(soot). 
$)Two-hour mean 
**)p<0.01 
 
 
Supplement, Table 3. Estimates for relative differences in FEV1 per IQR change in exposure 
and dose 
 
 10am versus 8am 10am versus 8am 4pm versus 8am 4pm versus 8am 

 Adjusted$ Unadjusted Adjusted$# Unadjusted 

PN     
   exposure 0.42* (-0.06,0.90) 0.39 (-0.25,1.0) -0.11    (-0.63, 0.41) 0.07  (-0.52, 0.66) 
   dose 0.10  (-0.29,0.50) 0.10 (-0.36, 0.56) -0.46** (-0.89,-0.03) -0.30  (-0.73, 0.12) 
PM2.5     
   exposure 0.02  (-0.41, 0.45) 0.25 (-0.29, 0.78) 0.21    (-0.26, 0.67) 0.30  (-0.21, 0.80) 
   dose 0.00  (-0.32, 0.32) 0.07 (-0.32, 0.46) 0.18    (-0.17, 0.52) 0.16  (-0.21, 0.53) 
PM10     
   exposure -0.19  (-0.64, 0.26) -0.10 (-0.31, 0.11) 0.10    (-0.39, 0.59) -0.01 (-0.20, 0.19) 
   dose -0.37  (-0.96, 0.22) -0.29 (-0.66,0.09) -0.36    (-1.1, 0.33) -0.31* (-0.67,0.05) 
Soot     
   exposure  0.42* (-0.01, 0.84) -0.04 (-0.55, 0.48) 0.38    (-0.10, 0.85) 0.35  (-0.17, 0.88) 

   dose‡ 0.18  (-0.19, 0.54) -0.23 (-0.68, 0.23) -0.06    (-0.46, 0.34) -0.14  (-0.59, 0.31) 

Change was calculated as estimate divided by the mean baseline value. Change per IQR change (95% 
confidence interval in parentheses). IQRs of two hour mean values: Particle number (PN) 18,195 pt/cm3 
(exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 (dose), PM10 20.8 
μg/m3 (exposure) and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 (EC dose, 
calculated from soot absorption). Doses are adjusted for body surface area. 1% of data points with highest 
Cook’s Distance removed. 
$)Adjusted for RH, temperature, season, time test was taken, ambient NO2, first test-day or not, time spent 
in traffic before 8am 
#)Additionally adjusted for time spent in traffic between 10am and 4pm 
‡)Absorption calculated into elemental carbon 

**)p<0.05 
*)p<0.10 
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Supplement, Table 4. Effect of particle number exposure and dose in subgroups defined by 
travel mode and BMI  
 
 Cycling Car-bus trips p-

value* 
Low-BMI High BMI p-

value* 
 PN exposure   PN exposure   

PEF# -0.74 (-2.7,1.2) -1.7 (-3.0,-0.35) 0.43 -0.35 (-1.4,0.73) -2.0 (-3.4,-0.57) 0.07 
Exhaled 
NO† 

2.5 (-4.5,10) 5.0 (0.3,9.8) 0.58 0.2 (-4.3,4.9) 0.5 (-3.9,5.1) 0.92 

Airway 
resistance$ 

0.9 (-8.3,11) 4.8 (-3.6,14) 0.56 0.8 (-6.9,9.1) 4.7 (-2.9,13) 0.50 

 PN dose   PN dose   

PEF# 0.04 (-0.91,0.99) -2.6 (-4.3,-0.79) 0.01 0.27 (-0.49,1.0) -1.9 (-3.4,-0.54) 0.01 
Exhaled 
NO† 

-1.6 (-5.3,2.3) 6.8 (-0.2,14) 0.04 -1.4 (-4.9,2.2) -1.3 (-5.6,3.2) 0.96 

Airway 
resistance$  

2.4 (-1.8,6.7) 16 (3.6,30) 0.04 2.4 (-3.2,8.4) 7.7 (0.2,16) 0.28 

Percentage change, 95% confidence interval are given in parentheses. Change in PEF was calculated as 
estimate divided by the mean baseline value. PEF and airway resistance values are differences between 
10am compared to 8am. Exhaled NO changes are differences between 4pm compared to 8am. IQRs of 
two hour mean values: PN 18,195 pt/cm3 (exposure) and 2.40*1010 pt/m2 (dose). Doses are adjusted for 
body surface area. Estimates are adjusted for RH, temperature, season, time test was taken, ambient NO2, 
first testday, time spent in traffic before 8am. 
*)For difference between subgroups  
#)Additionally adjusted for first testday 
†)Additionally adjusted for ambient NO, id of instrument, time spent in traffic between 10am and 4pm 
$)Additionally adjusted for technician taking test 
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Supplement, Figure 1. Effect of particle number exposure (A) and dose (B) on peak 
expiratory flow 
Change calculated as estimate divided by the mean baseline value. Estimates (and 95% confidence limits) 
for change in peak expiratory flow (PEF) at 10am compared to 8am, per IQR change of 18,195 pt/cm3 
particle number (PN) exposure (Figure A) and per IQR change of 2.40*1010 pt/m2 PN inhaled dose 
(Figure B). 1% of data points with highest Cook’s Distance removed. Adjusted for RH, temperature, 
season, time test was taken, ambient NO2, first test-day, time spent in traffic before 8am. 
One third of the 352 measurements were made while cycling, two thirds while riding in bus or car. 
Volunteers repeatedly commuted by bicycle, car and bus. High fruit intake: seven or more fruits per week 
or taking vitamin supplements on five days or more.  
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Supplement, Figure 2. Effect of PM10 exposure (A) and dose (B) on peak expiratory flow 
Change calculated as estimate divided by the mean baseline value. Estimates (and 95% confidence limits) 
for change in peak expiratory flow (PEF) at 10am compared to 8am, per IQR change of 20.8 μg/m3 PM10 
exposure (Figure A) and per IQR change of 32.4 μg/m2 PM10 inhaled dose (Figure B). 1% of data points 
with highest Cook’s Distance removed. Adjusted for RH, temperature, season, time test was taken, 
ambient NO2, first test-day, time spent in traffic before 8am. 
One third of the 352 measurements were made while cycling, two thirds while riding in bus or car. 
Volunteers repeatedly commuted by bicycle, car and bus. High fruit intake: seven or more fruits per week 
or taking vitamin supplements on five days or more. 
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Supplement, Table 5. Estimates for relative differences in exhaled NO per IQR change in 
exposure and dose 
 

 Adjusted$ Unadjusted Adjusted without 
outlier ambient NO2

$ 
PN    
   exposure 0.3 (-2.9,3.6) 0.5 (-2.6,3.7) 1.9 (-1.5,5.5) 
   dose -1.3 (-4.0,1.4) -1.3 (-3.5,1.0) -0.3 (-3.2,2.7) 
PM2.5    
   exposure -1.1 (-3.8,1.6) -2.0 (-4.3,0.3) -1.4 (-4.1,1.4) 
   dose -1.0 (-3.0,1.1) -2.2 (-3.9,-0.4) -1.0 (-3.0,1.1) 
PM10    
   exposure 0.8 (-1.3,3.0) -0.1 (-1.0,0.9) -0.4 (-3.4,2.7) 
   dose 0.2 (-2.7,3.3) -0.6 (-2.4,1.2) -1.8 (-5.6,2.2) 
Soot    
   exposure  1.3 (-1.0,3.7) 1.1 (-1.1,3.4) 1.3 (-1.8,4.6) 
   dose‡ 0.3 (-1.8,2.4) -0.3 (-2.4,1.8) 0.1 (-2.7,2.9) 
Log-transformed exhaled nitric oxide values were used. Estimates are calculated into percentage change at 
4pm compared to 8am, per IQR change (95% confidence interval in parentheses). IQRs of two hour 
mean values: Particle number (PN) 18,195 pt/cm3 (exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 
μg/m3 (exposure) and 61.9 μg/m2 (dose), PM10 20.8 μg/m3, (exposure) and 32.4 μg/m2 (dose), soot 
3.51*10-5/m (exposure) and 6.31 μg/m2 (EC dose, calculated from soot absorption). Doses are adjusted for 
body surface area. 
$)Adjusted for RH, temperature, season, time test was taken, ambient NO2, ambient NO, instrument ID, 
time spent in traffic before 8am and between 10am and 4pm. 
‡)Absorption calculated into elemental carbon 

**)p<0.05 
*)p<0.10 
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Supplement, Figure 3. Effect of particle number exposure (A) and dose (B) on exhaled NO.  
Estimates (and 95% confidence limits) for change in exhaled NO at 4pm compared to 8am. Log-
transformed exhaled NO values were used. Estimates are calculated into percentage change per IQR 
change of 18,195 pt/cm3 particle number (PN) exposure (Figure A) and per IQR change of 2.40*1010 
pt/m2 PN inhaled dose (Figure B). Adjusted for RH, temperature, season, time test was taken, ambient 
NO2, ambient NO, id of instrument, time spent in traffic before 8am and between 10am and 4pm. One 
third of the 352 measurements were made while cycling, two thirds while riding in bus or car. Volunteers 
repeatedly commuted by bicycle, car and bus. High fruit intake: seven or more fruits per week or taking 
vitamin supplements on five days or more. 
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Supplement, Table 6. Estimates for relative differences in airway resistance per IQR change 
in exposure and dose 
 

 10am versus 8am 4pm versus 8am 

 Adjusted Unadjusted Adjusted$ Unadjusted 
PN     
   exposure 3.1 (-2.7,9.2) 2.4 (-3.1,8.3) 2.1 (-4.8,9.4 2.8 (-3.5,9.5) 
   dose 5.1** (0.7,9.6) 3.5* (-0.2,7.4) 3.5 (-2.0,9.3 2.8 (-1.7,7.6) 
PM2.5     
   exposure -3.3* (-6.8,0.3) -5.1*** (-8.0,-2.1) 0.1 (-4.2,4.7 -0.3 (-3.9,3.4) 
   dose -1.3 (-4.7,2.3) -3.5** (-6.2,-0.6) 1.1 (-3.2,5.5 0.4 (-3.1,4.0) 
PM10     
   exposure -0.1 (-3.6,3.5) -1.0 (-2.6,0.6) 0.8 (-3.5,5.4 -0.1 (-2.0,1.8) 
   dose 3.7 (-1.1,8.8) -0.7 (-3.6,2.3) 2.4 (-3.6,8.7 0.6 (-2.8,4.1) 
Soot     
   exposure  -2.6 (-6.2,1.1) -2.1 (-5.5,1.4) -0.2 (-4.7,4.5 0.5 (-3.5,4.7) 
   dose‡ 1.4 (-2.1,5.0) 1.4 (-2.0,4.8) 2.3 (-2.0,6.9 2.7 (-1.3,6.8) 
Log-transformed airway resistance values were used. Estimates are calculated into percentage change per 
IQR change (95% confidence interval in parentheses). IQRs of two hour mean values: Particle number 
(PN) 18,195 pt/cm3 (exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 
(dose), PM10 20.8 μg/m3, (exposure) and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 
(EC dose, ambient NO2 13.2 μg/m3, ambient O3 30.6 μg/m3, ambient PM10 15.3 μg/m3. Doses are 
adjusted for body surface area. Adjusted for RH, temperature, season, time test was taken, ambient NO2, 
technician taking test, time spent in traffic before 8am  
$)Additionally adjusted for time spent in traffic between 10am and 4pm 
‡)Absorption calculated into elemental carbon 

***)p<0.01 
**)p<0.05 
*)p<0.10 
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Supplement, Figure 4. Effect of particle number exposure (A) and dose (B) on airway 
resistance  
Estimates (and 95% confidence limits) for change in airway resistance at 10am compared to 8am. Log-
transformed airway resistance values were used. Estimates are calculated into percentage change per IQR 
change of IQR change of 18,195 pt/cm3 particle number (PN) exposure (Figure A) and per IQR change 
of 2.40*1010 pt/m2 PN inhaled dose (Figure B). Adjusted for RH, temperature, season, time test was 
taken, ambient NO2, technician taking test, time spent in traffic before 8am. One third of the 352 
measurements were made while cycling, two thirds while riding in bus or car. Volunteers repeatedly 
commuted by bicycle, car and bus. High fruit intake: seven or more fruits per week or taking vitamin 
supplements on five days or more. 
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Abstract 
 
Background: Traffic related air pollution produces cardiovascular events, probably involving 
mechanisms of inflammation and coagulation. Little is known on effects of the short (1-2 hr) 
exposures encountered while participating in traffic. 
Objectives: The objective of the study is to examine effects of commuters’ exposure to air 
pollution on cardiovascular biomarkers. 
Methods: 34 Healthy adult volunteers commuted for two hours by bus, car or bicycle during 
the morning rush hour. During the commute, exposure to particle number, PM2.5, PM10 and 
soot was measured and inhaled doses were estimated based on heart rate monitoring. Shortly 
before and six hours after exposure blood samples were taken and analysed for blood cell counts, 
coagulation markers and inflammation markers. Between June 2007 and June 2008, 352 pre- 
and post exposure blood samples were collected on 47 test days. Mixed models were used to 
analyse the associations between exposure and changes in health parameters. 
Results: There were no associations between the air pollutant exposures and doses and 
inflammation markers. There were inconsistent associations between air pollution exposure and 
blood cell counts, though particle number exposure and PM2.5 exposure and dose were 
associated with a decrease in leukocytes and neutrophils. Associations between air pollution and 
the blood coagulation markers Activated Partial Thromboplastin Time and Prothrombine Time 
were also inconsistent.  
Conclusions: Air pollution exposure during commuting was not associated with changes in 
inflammation markers, blood cell counts or blood coagulation markers. 
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Introduction 
 
Exposure to particulate matter can trigger cardiovascular morbidity and mortality after long-
term exposure (years) and short term exposures (hours to days)1-4. Possible physiological 
pathways for cardiovascular effects of air pollution exposure are systemic inflammation, blood 
coagulation, and changes in the autonomic nervous system1. These mechanisms may eventually 
lead to myocardial infarctions and arrhythmias, which could lead to hospitalisation and 
mortality1,5,6. Traffic related air pollution has been suggested to play an important role7. 
Evidence for associations between ambient air pollutants and physiological markers of systemic 
inflammation and blood coagulation has been obtained in controlled chamber exposure studies 
and epidemiological studies1. Epidemiological studies have typically assessed the association 
between ambient air pollution concentrations averaged over the past 24 to 72 hour and markers 
of systemic inflammation and coagulation8-10. There is much less information about effects of 
short (1-2 hour), transient peak exposures encountered during commuting. 
Myocardial infarction was associated with increased participation in traffic in the hours before 
the onset of the myocardial infarction in a case-crossover study11. The effect was hypothesized 
to be caused by air pollution exposure in traffic although alternative explanations such as stress 
and traffic noise could not be ruled out. Some controlled exposure chamber studies found 
effects of diesel exhaust on blood inflammation markers12,13 or coagulation markers14 but the 
evidence is inconsistent still15-19. 
Only few studies examined personal, real-life traffic related air pollution exposure in relation to 
acute changes in cardiovascular markers. Riediker et al. found associations of measured in-
vehicle air pollution concentrations with inflammation and coagulation markers in patrol 
troopers exposed during their ~8-hour work shifts20. Adar et al. found a relation between 
measured in-bus air pollution exposure of a group of elderly subjects and heart rate variability21.  
 
The TRAVEL study “Transport Related Air pollution, Variance in commuting, Exposure and 
Lung function” was designed to examine commuters’ exposure to air pollution and associated 
respiratory and cardiovascular health effects. Exposure to Particle number (PN), PM2.5, PM10, 
and soot were measured during predefined two-hour morning commutes of 34 healthy, non-
smoking volunteers in cars, buses, and by bicycle. Details on air pollution exposures 
encountered during commuting have been published before22. Inhaled air pollution doses were 
estimated using heart rate monitoring23. Before and six hours after exposure in traffic, blood 
samples were taken to measure cardiovascular biomarkers. Respiratory health effects have been 
reported elsewhere24. 
 
 



Chapter 5 
 
 

 86 

Methods 
 
Study population 
Healthy volunteers, all office workers, were recruited through intranet websites of their 
employers. The inclusion criteria were age between 18 and 56 years old and non-smoking. 
Exclusion criteria were suffering from chronic obstructive pulmonary disease or asthmatic 
symptoms and using asthma medication. To minimise exposures outside the experiment, 
participants being exposed to fumes or dust at work were excluded, as well as participants living 
more than 20 minutes commuting time from the site where health measurements were 
performed and from where commuting started in the experiment.  
 
Commuting modes 
Measurements were taken between 8am and 10am on 47 weekdays (Tuesdays and Thursdays) 
between June 2007 and June 2008. Exposures were measured simultaneously in either diesel 
and petrol cars, or in electric trolley buses and diesel buses (during their regular service, so while 
other passengers got on and off the bus), or along two cycling routes of different traffic intensity. 
On cycling sampling days, technicians rode three-wheeled cargo bicycles to transport the 
equipment, on car sampling days the cars were driven by the technicians. On each sampling 
day, three or four volunteers rode in each type of car, bus or cycle route. 
 
Exposure assessment 
Exposure assessment methodology and quality control have been reported in detail previously 22. 
PN concentrations were measured using Condensation Particle Counters (CPC) (Model 3007, 
TSI, MN, USA). PM2.5 was measured with active sampling personal DataRAMs (Model 1200, 
MIE, Bedford, MA), and readings were corrected for relative humidity. Both CPCs and 
DataRAMs measured real-time concentrations, recording every second. PM10 was collected on 
Teflon filters, using Harvard Impactors (Air Diagnostics and Engineering Inc., Naples, ME, 
USA) and pumps (model SP-280E, Air Diagnostics and Engineering Inc.) with a flow of 10 
l/min25. Soot content of the filters was determined using a smoke stain reflectometer (model 
M43D, Diffusion Systems Ltd., London, UK) and converted into an absorption coefficient. For 
estimations of Elemental Carbon (EC) inhaled doses, absorption (soot) levels were converted 
into EC concentrations using the equation EC (μg/m3) =1.6053 * absorption (10-5/m) - 
0.262026. 
 
To estimate doses of inhaled air pollutants, minute ventilation levels for all individuals during all 
trips were estimated using continuous heart rate monitoring data. Heart rates of the participants 
were recorded during commuting using Polar RS400 heart rate monitors (Polar Electro, 
Kempele, Finland). All participants performed a submaximal bicycle ergometer test on a separate 
occasion, during which heart rate and minute ventilation were measured simultaneously at 
increasing cycling intensity23. The trip mean ventilation rates were used to calculate inhaled air 
pollution doses during commuting. Inhaled doses were divided by body surface area (BSA) to 
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correct for differences in airway epithelial surface area. BSA was calculated using the equation 
BSA= √(length*weight)/3600 (Table 1). 
Hourly ambient NO2 and ozone data were obtained from the nearest urban background station 
(16 km distance) of the National Air Quality Monitoring Network of the Dutch National 
Institute for Public Health and the Environment. Daily ambient PM10 data were obtained from 
the nearest regional background station (20 km distance) as there were no urban background 
PM10 data from nearby monitoring stations available. 
 
Clinical measurements 
Venous blood was collected before exposure in traffic (between 7:20 and 8am), and six hours 
after exposure (between 4 and 4:40pm). Samples were transported to a local hospital lab within 
one hour of blood sampling and immediately processed. Blood cell counts were performed 
immediately, for remaining analyses, plasma was stored at -80 °C and analysed after the 
fieldwork period ended. Blood parameters were selected after reviewing previous experimental 
and epidemiological studies.  
Inflammation markers: C-reactive protein (CRP) was analysed using a CRP Vario high-
sensitivity assay (Architect, Abbott Diagnostics, Hoofddorp, The Netherlands). The coefficient 
of variance (CV) of this assay is below 1.0%. Interleukin 6 (IL6), IL8, IL10 and Tumour 
Necrosis Factor Alpha (TNFα) were analysed in duplicate, using a luminex assay27. Mean values 
were used in analyses. Average CV of IL6, IL8, IL10 and TNFα were 33%, 21%, 17% and 35%, 
respectively. For IL6, IL8, IL10 and TNFα 41%, 22%, 9% and 33% of values were below the 
limit of detection (LOD). For these values we used two third of LOD. An additional 44%, 26%, 
88% and 32% of the values were at the lower end of the calibration curve, calculated using 
automatic extrapolation by the Bio-plex software (version 4.2, Bio-rad Laboratories, Hercules, 
CA, USA).  
Marker of lung epithelial damage: Clara cell protein 16 (CC16) was analysed using a sandwich 
enzyme immunoassay as described by the manufacturer (DiaMed EuroGen, Turnhout, 
Belgium). We analysed 10% of the samples in duplicate, the average CV was 11%.  
Blood cell number counts: Analyses on white and red blood cell counts and platelets were 
performed using the automated haematology analyser XE-2100 (Sysmex Nederland B.V., 
Etten-Leur, Netherlands). Average CV values were 1 to 5%.  
Blood coagulation markers: Prothrombin Time (PT), Activated Partial Thromboplastin Time 
(APTT), platelets, fibrinogen, factor VII and Von Willebrand Factor were analysed using the 
automated coagulation analyser STA-R (Diagnostica Stago, Asnières-sur-Seine, France), with 
CV values of below 2 to 7%. 
 
Statistical analyses 
Relations between the variation in exposure to and inhaled doses of air pollutants and blood 
parameters were analysed using mixed models. Repeated measurement analysis was used to 
correct for correlation between measurements of the same subject. Random intercepts for 
subjects were included to account for individual differences. 
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Changes in biomarkers between post- and pre-exposure measurements were the dependent 
variables. The difference between the post and pre-exposure can be affected by circadian 
variation and by the exercise during the experiment per se. In the design we made sure that 
measurements were performed in the same time periods and that exercise levels were constant 
(per mode of transport). Circadian variation and exercise therefore could lead to a mean 
difference between post and pre-exposure value, not in variation from day to day which we 
associated with day to day variation in air pollution. 
Log transformations of post-and pre-exposure measurements were used when the distribution of 
change in biomarkers was right-skewed. This was the case for CRP, IL6, IL8, IL10 and TNFα. 
Because of the relatively large numbers of samples below the detection limit for IL6, IL8, IL10 
and TNFα and at the lower end of the calibration curve, for these parameters we additionally 
performed logistic regression analyses, analysing the associations between air pollutants and the 
probability that the change in the logtransformed markers was above the 80th percentile of the 
values. 
The magnitude of change in health outcomes was calculated for interquartile ranges (IQR) of 
exposure and doses. For the real-time measurements of PN we used not only the mean, but also 
the median and 95th percentile (P95) of the individual readings to study the effects of peaks in 
exposures. The Spearman rank correlation coefficient between PN mean and median was 0.91, 
between PN mean and P95, 0.71, and between PN median and P95 the correlation was 0.53. 
For PM2.5 we only analysed mean values, as median, P95 and P99 values were highly correlated 
(>0.90). Potential confounders included in analyses for all endpoints were relative humidity, 
temperature, season, and minutes of traffic participation before baseline measurements and in 
between the 10am and 4pm measurements. Whether commuting was done by bicycle or by 
car/bus was included in the model because we observed an independent effect of cycling on 
several markers in blood. Ambient background NO2 concentrations were included as a potential 
confounder to take into account the difference in effects of ambient air pollution on pre and 
post health measurements; average NO2 concentrations of the 24 hours preceding the baseline 
health measurements (8am) were used. Sensitivity analyses were performed on ambient PM10 or 
ambient ozone instead of ambient NO2. Effect modification was analysed for body mass index 
(BMI, categorised as below or above 25 kg/m2) and fruit and vitamin intake (the high category 
defined as seven or more fruits per week or taking vitamin supplements on five days or more). 
To assess the influence of outliers on regressions, additional analyses were performed leaving 1% 
(at maximum four) observations with the highest Cook’s Distance values out. Data were 
analysed using SAS 9.1 (SAS Institute Inc., Cary, NC, USA). 
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Results  
 
Exposure 
Measurements were performed on16 bicycle sampling days, 16 car sampling days and 15 bus 
sampling days. Exposures to all pollutants varied widely between days (Figure 1, Supplemental 
Material). PM2.5 concentrations were likely overestimated, because of the photometrical 
instrument used22, yet the differences between measurement days are likely real. Due to their 
increased physical activity, estimated minute ventilation of cyclists was higher than that of car 
and bus passengers. The estimated minute ventilation of cyclists was on average 23.5 l/min 
compared to 11.8 for car passengers and 12.7 l/min for bus passengers23. Body Surface Area 
(BSA) adjusted inhaled doses of air pollutants (Figure 2, Supplemental Material) were calculated 
by multiplying the concentrations of the air pollutants with the minute ventilation and the 
duration of the trip, and dividing it by BSA. 
 
Spearman correlations between exposure levels and inhaled doses of the various air pollutants 
are presented in Table 1 of the Supplemental Material. The strongest correlation was between 
PN and soot (Spearman rank correlation coefficient 0.58). Correlation coefficients between 
PM2.5 and PM10 were 0.38, between PM2.5 and soot 0.32 and between PM10 and soot 0.45. 
There was no correlation in exposure between PN and PM2.5 or PM10. Correlations between 
doses were stronger than between exposures, which is explained by the constant influence of 
minute ventilation for all air pollutants. Spearman rank correlations between exposures and 
inhaled doses of each air pollutant were between 0.61 and 0.66 for PN, PM10 and soot, and 0.90 
for PM2.5.  
Characteristics of the 34 participants are given in Table 1. In total 352 personal health outcome 
measurements were taken on the 47 sampling days (pre and post exposure). The subjects 
participated at least five and at most 12 days.  
 
Table 1.  Descriptive characteristics of the subjects (N=34):  
 
Characteristic Mean (min-max) 

Age (yr) 42.0 (23-55) 

Bmi (kg/m2) 24.9 (19.0-30.8) 

BSA* (m2) 2.0 (1.5-2.3) 

Gender 24 male (71%) 
10 female (29%) 

Ex-smokers 10 (29%) 

Education 5 Secondary school (15%) 
5 Vocational training (15%) 
24 College / university (71%) 

*)Body Surface Area (BSA) calculated as height*weight/3600. 
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Table 2. Distribution of blood markers at baseline (8 am) and intraclass correlation coefficient 
(ICC) of baseline and post-pre exposure difference (N=352) 
 
 Unit Mean 

baseline 
(SE) 

Mean 
difference 

post-pre (SE)

ICC 
baseline 

(%) 

ICC 
difference 
post-pre 

Air 
pollution* 

Inflammation markers        

C-reactive Protein (CRP) mg/L 1.2 (0.10) 0.00 (0.030) 51 2 + 

Interleukin 6 (IL6) ng/L 0.41 (0.023) 0.06‡ (0.018) 64 11 + 

Interleukin 8 (IL8) ng/L 3.0 (0.33) -0.25† (0.12) 64 7 + 

Interleukin 10 (IL10)  ng/L 0.37 (0.017) -0.05‡ (0.012) 55 10 + 

Tumour Necrosis Factor 
Alpha (TNFα) 

ng/L 2.0 (0.11) 0.10 (0.11) 57 5 + 

Marker of lung 
epithelial damage       

ClaraCell protein 16 
(CC16) 

μg/L 37.4 (0.83) -11.0‡ (0.50) 80 49 + 

Blood cell counts 
 
      

Leukocytes 109/L 6.5 (0.082) 0.65‡ (0.054) 70 17 + 

   Neutrophils 109/L 3.3 (0.058) 0.61‡ (0.050) 57 24 + 

   Basophils  109/L 0.03 (0.002) 0.00† (0.002) 60 23 + 

   Eosinophils 109/L 0.21 (0.007) -0.06‡ (0.005) 78 76 + 

   Lymphocytes  109/L 2.4 (0.042) 0.05† (0.022) 80 26 + 

   Monocytes 109/L 0.52 (0.009) 0.03‡ (0.007) 72 87 + 

Erythrocytes 1012/L 4.9 (0.021) -0.11‡ (0.008) 87 21 + 

Coagulation markers       

Activated Partial Throm-
boplastin Time (APTT) 

sec 28.2 (0.12) -0.26‡ (0.040) 73 15 - 

Prothrombine time (PT) sec 12.6 (0.035) -0.08‡ (0.23) 60 11 - 

VonWillebrand Factor % 107 (1.9) -4.5‡ (0.52) 84 19 + 

Factor VII % 90.5 (0.94) -2.4‡ (0.33) 69 18 + 

Fibrinogen g/L 3.0 (0.035) -0.05‡ (0.011) 65 1 + 

Thrombocytes  109/L 244 (3.2) -2.4‡ (0.78) 87 22 + 

*Hypothesized direction of air pollution effect 
†) Difference post-pre exposure significant (p<0.05) 
‡) Difference post-pre exposure significant (p<0.01) 
 



Table 3. Effect estimates for differences in markers of inflammation and lung epithelial damage per IQR change in exposure and inhaled dose 
 
  IL6 (%) IL8 (%) IL10 (%) TNFα (%) CRP (%) CC16 (%) 

PN       

   exposure -14 (-30,3.1) 17* (-0.9,34) -1.2 (-7.2,4.8) -16 (-37,6.3) 0.0 (-2.5,2.4) -1.6 (-4.7,1.6) 

   dose -0.8 (-14,13) 5.9 (-8.4,20) 0.3 (-4.7,5.4) -14* (-31,2.6) 1.8 (-0.1,3.8) 0.2 (-2.7,3.0) 

PM2.5       

   exposure -1.3 (-15,13) -8.3 (-24,7.0) -5.4† (-11,-0.2) -0.6 (-20,19) -1.6 (-3.8,0.5) -1.8 (-4.5,1.0) 

   dose -2.6 (-13,8.0) -3.0 (-14,8.2) -2.8 (-6.5,1.0) -1.8 (-16,12.1) -0.6 (-2.2,0.9) -1.3 (-3.4,0.8) 

PM10       

   exposure -3.1 (-15,8.5) -0.4 (-2.9,12) -0.4 (-4.7,3.8) -1.9 (-17,13) -0.7 (-2.5,1.0) -1.4 (-3.6,0.8) 

   dose -3.1 (-18,12) -3.9 (20,12) 1.0 (-4.5,6.5) -5.7 (-24,12) 0.1 (-2.1,2.3) -2.0 (-5.0,1.0) 

Soot       

   exposure -3.5 (-15,8.2) 3.4 (-9.5,16) 0.8 (-3.6,5.2) -7.4 (-23,8.7) 0.0 (-1.8,1.8) -1.9 (-4.1,0.4) 

   dose (EC) -0.2 (-11,10) 3.2 (-8.2,15) 1.4 (-2.5,5.3) -8.9 (-22,4.7) 0.9 (-0.7,2.5) -0.9 (-3.0,1.2) 
Log-transformed values were used for CRP, IL6, IL8, IL10 and TNFα. For CC16 % change was calculated as estimate divided by the mean baseline value. Estimates 
calculated using mixed model analyses, per IQR change (95% confidence interval in parentheses). IQRs of two hour mean values: PN 18,195 pt/cm3 (exposure) and 
2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 (dose), PM10 20.8 μg/m3 (exposure) and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 
6.31 μg/m2 (EC dose, calculated from soot absorption). Doses are adjusted for body surface area. Adjusted for RH, temperature, season, time test was taken, ambient 
NO2, cycling, and time privately spent in traffic before 8am and between 10am and 4pm. 
*) p<0.10 
†) p<0.05 



Table 4. Effect estimates for differences in blood cell counts per IQR change in exposure and inhaled dose 
 
 Erytrocytes (%) Leukocytes (%) Neutrophils (%) Lymphocytes (%) 

PN     

   exposure -0.1 (-0.5,0.4) -1.6 (-3.8,0.6) -3.8* (-7.6,0.0) 0.7 (-1.8,3.3) 

   dose 0.1 (-0.3,0.4) -0.5 (-2.3,1.4) -2.0 (-5.4,1.5) 0.1 (-2.1,2.3) 

PM2.5     

   exposure -0.3 (-0.7,0.1) -0.7 (-2.6,1.2) -2.4 (-5.7,0.8) 1.3 (-0.9,3.4) 

   dose -0.2 (-0.5,0.1) -0.8 (-2.2,0.5) -2.5† (-5.0,-0.1) 0.7 (-0.8,2.3) 

PM10     

   exposure -0.2 (-0.5,0.1) -0.7 (-2.2,0.9) -0.7 (-3.4,1.9) -0.9 (-2.6,0.9) 

   dose -0.1 (-0.6,0.2) -0.1 (-2.2,1.9) -0.1 (-3.7,3.5) -1.3 (-3.7,1.0) 

Soot     

   exposure 0.1 (-0.2,0.4) -0.9 (-2.5,0.7) -1.6 (-4.4,1.2) 0.0 (-1.8,1.8) 

   dose (EC) 0.1 (-0.1,0.4) -0.7 (-2.2,0.7) -1.5 (-4.1,1.1) -0.3 (-2.0,1.3) 
Change was calculated as estimate divided by the mean baseline value. Estimates calculated using mixed model analyses, per IQR change (95% confidence interval in 
parentheses). IQRs of two hour mean values: PN 18,195 pt/cm3 (exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 (dose), PM10 
20.8 μg/m3 (exposure) and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 (EC dose, calculated from soot absorption). Doses are adjusted for body 
surface area. Adjusted for RH, temperature, season, time test was taken, ambient NO2, cycling, and time privately spent in traffic before 8am and between 10am and 
4pm. 
*) p<0.10 
†) p<0.05 



Table 5.  Effect estimates for differences in coagulation markers per IQR change in exposure and inhaled dose 
 
 APTT (%) PT (%) vonWillebrand-

factor (%) 
Factor VII (%) Thrombocytes 

(%) 
Fibrinogen (%) 

PN       
   exposure 0.0 (-0.4,0.4) 0.4 (-0.1,0.9) -0.8 (-2.0,0.4) -1.5‡ (-2.5,-0.5) 0.0 (-0.9,0.9) 0.2 (-0.9,1.2) 
   dose 0.0 (-0.4,0.3) 0.3 (-0.1,0.7) 0.4 (-0.7,1.5) -0.5 (-1.4,0.3) -0.1 (-0.9,0.6) -0.1 (-0.9,0.8) 
PM2.5       
   exposure -0.3† (-0.7,0.0) 0.0 (-0.4,0.4) 0.0 (-1.0,1.1) 0.4 (-0.5,1.2) -0.1 (-0.8,0.7) -0.1 (-1.0,0.8) 
   dose -0.1 (-0.4,0.1) 0.3* (0.0,0.6) -0.2 (-1.0,0.6) 0.3 (-0.3,0.9) 0.1 (-0.5,0.6) 0.1 (-0.6,0.8) 
PM10       
   exposure -0.3* (-0.5,0.0) 0.1 (-0.3,0.4) 0.1 (-0.8,1.0) 0.0 (-0.7,0.7) -0.6* (-1.2,0.1) -0.1 (-0.8,0.7) 
   dose -0.2 (-0.5,0.2) 0.3 (-0.2,0.7) 0.4 (-0.8,1.5) 0.1 (-0.8,1.0) -0.7 (-1.5,0.2) 0.1 (-0.8,1.0) 
Soot       
   exposure -0.1 (-0.4,0.2) 0.0 (-0.4,0.3) 0.1 (-0.8,1.0) -0.3 (-1.0,0.4) -0.3 (-0.9,0.4) 0.5 (-0.2,1.3) 

   dose (EC) -0.1 (-0.3,0.2) 0.1 (-0.2,0.4) 0.2 (-0.6,1.0) -0.2 (-0.8,0.5) -0.2 (-0.8,0.3) 0.2 (-0.5,0.9) 
Change was calculated as estimate divided by the mean baseline value. Estimates calculated using mixed model analyses, per IQR change (95% confidence interval in 
parentheses). IQRs of two hour mean values: PN 18,195 pt/cm3 (exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 (dose), PM10 
20.8 μg/m3 (exposure) and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 (EC dose, calculated from soot absorption). Doses are adjusted for body 
surface area. Adjusted for RH, temperature, season, time test was taken, ambient NO2, cycling, and time privately spent in traffic before 8am and between 10am and 
4pm. 
*) p<0.10 
†) p<0.05 
‡) p<0.01 
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Clinical measurements 
Mean baseline values and Intraclass Correlation Coefficients (ICC) of post-pre exposure 
differences in blood levels are reported in Table 2. Most of the parameters have a clear circadian 
variation (significant difference between mean post and pre exposure measurement). The ICC 
was (much) higher for the baseline values than for the difference of the values, illustrating that 
much of the variability between persons is accounted for by studying differences. By specifying 
a random intercept, we further assured that we could asses the association between temporal 
within person variability of biological markers and air pollution exposure. Table 2 also lists the 
direction of the effect we considered as indicative of a negative impact of air pollution.  
 
Associations between air pollution and blood inflammation markers 
We did not find significant associations of air pollutions with changes in Il6, IL8, TNFα, CRP 
or CC16 (Table 3). PM2.5 exposure was significantly associated with a decrease in IL10, contrary 
to the hypothesized direction. PN dose was nearly significant associated with a decrease in 
TNFα. Consistent with the hypothesis PN dose was nearly significant positively associated with 
CRP and PN exposure with IL8. Binomial analyses resulted in no significant associations 
between air pollution exposures and doses and inflammation markers (data not shown). 
Adjustments for confounding did not change estimates much (data not shown). The 
confounding effect of cycling was significantly positive in the IL10 and TNFα analyses. In 
stratified analysis, the increase of IL10 with soot was higher in the car/bus trips than in the 
bicycle trips, but not significantly so (Table 2, Supplemental Material). There were no 
differences between bicycle trips and car/bus trips with TNFα.  
 
Associations between air pollution and blood cell counts 
We found no associations between air pollution and counts of erythrocytes, lymphocytes (Table 
4), basophils, eosinophils and monocytes (Table 3 of the online Supplement). There was a 
consistent but non-significant negative association of all pollutants and leukocytes, and of PN 
and PM2.5 and neutrophils (Table 4), both associations in the opposite direction as hypothesized. 
The associations between PN exposure and dose and neutrophils became significant after 
removal of four influential data points. Stratified analyses showed stronger negative associations 
with leukocyte and neutrophil counts during cycling trips than in car/bus trips (Table 4, 
Supplemental Material). 
 
Associations between air pollution and blood coagulation markers 
We found associations between PM2.5 and PM10 exposure and a decrease in APTT (Table 5). 
However, PT tended to increase with increasing air pollution exposures. PN exposure was 
associated with a 1.5% decrease in Factor VII, contrary to the hypothesized direction of an air 
pollution effect (Table 5). We found no associations of air pollution with Von Willebrand 
factor, PT, thrombocytes and fibrinogen. Stratified analyses showed that in car/bus trips PM2.5 
and PM10 were associated with a shorter APTT, but in cyclists the associations were inverse, i.e. 
in the unexpected direction (Table 5, Supplemental Material). 
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Additional analyses 
Associations with cell counts, blood coagulation and inflammation markers were similar when 
including ambient ozone or ambient PM10 in the model, instead of ambient NO2. We found no 
significant differences after stratification in high and low BMI or high or low fruit and vitamin 
intake. For PN not only mean, but also median and P95 values were analysed. Effect estimates 
were similar for the three variables. 
 
 
Discussion 
 
Air pollution exposure during commuting was not associated with changes in inflammation 
markers, blood cell counts or coagulation markers. 
 
Blood inflammation and lung epithelium 
We found no consistent associations between air pollution exposures and inhaled doses and the 
inflammation markers IL6, IL8, IL10, TNFα and CRP and the lung epithelium marker CC16 
six hours after exposure. The single study on in-traffic exposures that evaluated systemic 
inflammation markers found associations between in-vehicle exposure and blood levels of CRP 
14 hours after exposure in healthy police men20. Controlled exposure studies of acute effects of 
1-2 hour exposure to diesel exhaust did not find acute effects on inflammation markers14-16,18 or 
CC1628. Controlled exposure studies of concentrated ultrafine particles found no effect on 
CRP29. Effects of exposure to ultrafine particles on CRP in one study was probably caused by 
outliers19. Numerous experiments demonstrated increases of inflammation markers in bronchial 
fluid after exposure to air pollutants and sometimes in blood1. 
Problems in analyses of inflammation markers probably led to some misclassification. 
Misclassification in continuous outcome variables does not lead to bias, but to less precision30, as 
we see in larger confidence intervals for the inflammation markers compared to the other 
biomarkers.  
 
Blood coagulation markers 
The most consistent associations in the hypothesized direction were found between PM10 and 
PM2.5 and APTT in the total population. The associations between air pollutants and APPT in 
the subset of bicycle trips were however positive (contrary to hypothesis) versus negative in 
car/bus trips, with the difference between trip types statistically significant. We have no 
explanation for this, the effect may be due to chance or another exposure factor not controlled 
for. It is not likely due to the exercise during cycling, as within all cycling trips the exercise 
intensity was similar and thus did not co-vary with air pollution. In the full population, the 
associations between PT and air pollution were positive (contrary to hypothesis), with the 
association between PM2.5 dose and PT being borderline significant. The discrepancy between 
the APTT and PT findings is biologically difficult to explain. The lack of association in the 
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hypothesized direction with other markers such as fibrinogen and von Willebrand factor further 
argues against a causal interpretation of the APTT associations. Associations have been reported 
between in-vehicle air pollution exposure and an increase in von Willebrand factor after 14 
hours20, and between exposures to concentrated ambient particles and diesel exhaust with an 
increase in fibrinogen after 18 hours31 and an increase in platelets after two and six hours12,32. 
Other previous studies reported no associations between exposure to diesel exhaust and 
coagulation markers, such as platelets, von Willebrand factor and factor VII13,14,16-19,33 and no 
associations between concentrated ambient particles and platelets, von Willebrand factor or 
fibrinogen32,34 or carbon particles and fibrinogen35 or concentrated ultrafine particles and 
fibrinogen, factor VII and von Willebrand factor29. 
The association between PN exposure and factor VII may be due to chance, because we 
analysed many different exposures and outcomes, and as there were no associations with other 
pollutants or related coagulation factors. The negative association is supported by findings of 
Seaton et al., who found decreases in factor VII with a 3 day lag in estimated personal PM10 
exposure8. Lucking et al. did not find associations between diesel exhaust exposure and platelets, 
but did find associations with thrombus formation and platelet activation two and six hours after 
exposure14. These endpoints may be more specific for determination of acute coagulatory 
effects1. 
 
Blood cell counts 
While overall there was little association with blood cell counts, exposure in traffic was 
associated with a small decrease in leukocytes and neutrophils, contrary to the hypothesized 
direction of an air pollution effect. Two previous studies found increases in neutrophils six 
hours after one hour exposure to high levels of diesel exhaust in a chamber12 or 14 hours after 
nine hour in-vehicle exposure in traffic of healthy US patrol workers20. Most studies did not 
find effects on leukocytes or neutrophils after exposures to diesel exhaust13,14,16,36 or concentrated 
ambient air34, concentrated carbon particles35 or ultrafine particles19. The small decrease on 
neutrophils and leukocytes in this study may be caused by chance, but it may be a true effect, as 
the association was found with several air pollutants. A decrease could be explained by 
neutrophils moving out of the blood stream into the stressed tissue, e.g. the lungs. Several 
studies found increased neutrophil counts in bronchial fluid after diesel exhaust exposure37,38. 
Some ambient air pollution studies found increases in leukocytes after several days of 
exposure39,40, but not all8,41. 
 
Sensitivity and subgroup analyses 
The mean post – pre exposure difference was different for cycling trips and car-bus trips for 
leukocytes, neutrophils, APTT, PT, IL10 and TNFα. This could be a result of the higher level 
of exercise during cycling, as exercise acutely affects white cell count42, coagulation markers43, 
and inflammation markers42,44. As we adjusted for trip type, and exercise levels were constant 
from day to day, this will not have affected the observed associations between air pollution and 
these endpoints. In a previous paper, we reported small associations of PN and soot on peak 



Systemic effects of in-traffic exposure 
 
 

 97

flow and airway resistance, but not exhaled NO in the full population24. We did report a 
positive association with exhaled NO, a marker of airway inflammation, in the car/bus trips. 
The marker of systemic inflammation IL10 was also not associated with air pollutants in the full 
population, but there was a nearly significant positive effect on IL10 in car/bus trips, in line 
with the findings on exhaled NO.  
 
Apart from exercise, levels of blood markers are also influenced by other factors such as age, 
gender, obesity and dietary factors. Influence of these factors on associations between air 
pollution and blood markers was dealt with by looking at changes in markers between post and 
pre exposure values and by including random intercepts for subjects. Effects of circadian 
variation in blood markers were eliminated by drawing the blood samples at the exact same time 
on each test day. 
 
Strengths and limitations 
In-vehicle studies provide a good opportunity to study associations between short-term air 
pollution exposure and acute health effects45. Where studies of ambient air pollution face 
problems in exposure misclassification, we obtained precise information on exposure of the 
participants. We corrected for the influence of exposure occurring the day before, by including 
ambient NO2, ambient PM10 or ambient ozone of the day before in the model. In controlled 
exposure studies subjects are exposed to a mixture of pollutants that may be less representative 
for outdoor situations. We studied real-life exposure, on a route and in modes of transport that 
are representative for Dutch commutes. The study included a high number of observations, 
leading to very small confidence intervals, especially for coagulation markers and blood cell 
counts. The high number of exposure days resulted in a wide range in air pollution levels, 
sufficient to study the relation between air pollution and health effects. Correlations between air 
pollutants were low to moderate (Table 1, Supplemental Material), facilitating analyses of the 
separate effects of PN and PM10 on health outcomes. PN exposures during cycling were 
characterised by many high, short peaks, while exposures during car and bus driving were 
characterised by fewer and lower peaks of longer duration. Mean, median and P95 PN values 
were not associated with biomarkers, and there was no indication that associations with P95 
values were stronger than with mean or median values. Inhalation rates were estimated using 
heart rates, giving valuable information on inhaled doses, of specific importance because of the 
comparison of cycling trips with car/bus trips. We did not find stronger associations for doses 
compared to exposures. 
We may not have been able to observe associations because of the study population, exposure 
issues and timing of the health measurements. Our study population consisted of healthy, 
middle aged adults. Effects on cardiovascular parameters have been found to be more 
pronounced in susceptible subgroups, such as subjects with underlying cardiovascular risk 
factors, obesity or high BMI, diabetes, and elderly1,40,46,47. Associations in our study were not 
different for subjects with high BMI than for subjects with low BMI (above or below 25 kg/m2) 
or people with high or low fruit and vitamin intake. 
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We measured blood markers only six hours after exposure, we therefore may have missed 
immediate and more delayed responses. The respiratory associations we observed were found 
immediately post exposure and were diminished after six hours. We however selected the six 
hour time point based upon biological plausibility derived from previous studies. It is unlikely 
that lack of power or exposure contrast contributed to the few associations found in the current 
study. It is unlikely that the associations we did find were due to traffic noise, as noise levels will 
not show the same day to day (weather driven) variation as air pollution. For some of the health 
parameters there was only limited within person variability, including eosinophils, monocytes 
and CC16, indicated by the high ICC values (Table 2) making it more difficult to find 
associations with air pollutants. 
Ambient air pollution exposures have been linked to acute cardiovascular effects with lags of 1 
to 30 days. Effects were most consistent for heart rate variability, effects were varying for 
changes in inflammation and coagulation markers.1,3 The physiological pathway of air pollution 
causing cardiovascular effects is plausible1,3. Two hour exposures in traffic may have been too 
short to detect effects in some of the blood markers.  
In conclusion, despite the small lung function decrements and increased airway resistance we 
detected, the study did not demonstrate acute effects on cardiovascular biomarkers in healthy 
adults after two hour in-traffic exposure. 
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Supplemental material to chapter 5 
 
 
In the supplemental material additional information is provided on exposure measurements: the 
range of exposure concentrations in traffic is presented, as well as the range in inhaled doses for 
all subject participating in the study. Also information on correlation between pollutants in 
traffic is provided. 
 
The supplement also presents additional information on quality of clinical measurements and 
additional analyses on the associations between exposure to and inhaled doses of air pollutants 
and changes in biomarkers. 
 
 
Additional information on exposure measurements 
 
For the real-time measurements of PN we used not only the mean, but also the median and 95th 
percentile (P95) of the individual readings to study the effects of peaks in exposures. The 
Spearman rank correlation coefficient between PN mean and median was 0.91, between PN 
mean and P95, 0.71, and between PN median and P95 the correlation was 0.53. For PM2.5 we 
only analysed mean values, as median, P95 and P99 values were highly correlated (>0.90).  
 
We obtained hourly ambient NO2 and ozone data from the nearest urban background station 
(16 km distance) of the National Air Quality Monitoring Network of the Dutch National 
Institute for Public Health and the Environment. We obtained daily ambient PM10 data from 
the nearest regional background station (20 km distance) as there were no urban background 
PM10 data from nearby monitoring stations available. In analyses, average ambient concentrations 
of the 24 hours preceding the baseline health measurements (8am) were used for NO2 and 
ozone, and the mean concentration of the previous day was used for PM10. 
 
 
Tests on relation heart rate and minute ventilation 
 
Heart rates of the participants were recorded during commuting using Polar RS400 heart rate 
monitors (Polar Electro, Kempele, Finland). All participants performed a submaximal bicycle 
ergometer test on a separate occasion, during which we measured heart rate and minute 
ventilation simultaneously at increasing cycling intensity 23. We used the trip mean ventilation 
rates to calculate inhaled air pollution doses during commuting.  
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Supplement, Figure 1.  Air pollutant concentrations in transport 
N=93, two commuting modes on 47 sampling days, one mode missing. PN=particle number 

 
 

 
Supplement, Figure 2. Air pollutant doses, adjusted for body surface area, in transport 
N=345, 34 volunteers participating 7 to 12 times. PN=particle number. EC=elemental carbon, calculated 
from absorption (soot). 
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Supplement, Table 1. Correlation between air pollutants 
 
 Exposure 

 
Dose 

 PN$ 

 
PM2.5

$ PM10 Soot PN$ PM2.5
$ PM10 EC 

PN$ 1 0.09 -0.00 0.58** 1 0.34** 0.50** 0.74** 
PM2.5

$  1 0.38** 0.32**  1 0.50** 0.41** 
PM10   1 0.45**   1 0.61** 
Soot    1    1 
Spearman correlation coefficients. PN=particle number. EC=elemental carbon, calculated from absorption 
(soot). 
$)Two-hour mean 
**)p<0.01 
*)p<0.05 
 
 
Details clinical measurements 
 
The coefficient of variance (CV) of the CRP assay was below 1.0%. Average CV of IL6, IL8, 
IL10 and TNFα were 33%, 21%, 17% and 35%, respectively. For IL6, IL8, IL10 and TNFα 
41%, 22%, 9% and 33% of values were below the limit of detection (LOD). For these values we 
used two third of LOD. An additional 44%, 26%, 88% and 32% of the values were at the lower 
end of the calibration curve, calculated using automatic extrapolation by the Bio-plex software 
(version 4.2, Bio-rad Laboratories, Hercules, CA, USA).  
We performed 10% of the CC16 analyses in duplicate, the average CV was 11%. Average CV 
values of blood cell counts were 1 to 5%. Average CV values of the coagulation markers 
Prothrombin Time, Activated Partial Thromboplastin Time, platelets, fibrinogen, factor VII 
(FVII) and Von Willebrand Factor were below 2 to 7%. 
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Additional analyses on associations between exposures, doses and changes in 
biomarkers 
 
 
Supplement, Table 2. Effect estimates for differences in IL10 and TNFα per IQR change in 
exposure and inhaled dose, stratified in bicycle trips and car/bus trips 
 
 Bicycle trips Car and bus trips 

 IL10 (%) TNFα (%) IL10 (%) TNFα (%) 

PN     
   exposure -4.4 (-20,11) -2.2 (-45,40) 2.8 (-5.6,11) -7.8 (-28,12) 
   dose 1.3 (-6.7,9.2) -13 (-34,8.5) 6.0 (-6.0,18) -18.3 (-42,5.8) 
PM2.5     
   exposure -14* (-31,2.2) -16 (-63,31) -1.8 (-8.2,4.5) -6.8 (-22,8.4) 
   dose -4.7 (-13,3.6) -18 (-41,5.6) -0.6 (-6.4,5.2) -6.2 (-20,7.9) 
PM10     
   exposure 7.2 (-7.6,22) 9.0 (-32,50) 1.1 (-3.8,6.1) -3.1 (-15,8.4) 
   dose 6.8 (-4.3,18) -11 (-42,19) 2.7 (-4.5,9.8) -6.5 (-22,9.4) 
Soot     
   exposure -0.6 (-16,14) -9.1 (-50,32) 5.0* (-0.5,11) -5.9 (-19,7.3) 
   dose (EC) 2.2 (-5.6,10) -12 (-33,8.9) 5.4* (-0.6,12) -8.6 (-22,5.1) 

Log-transformed values were used. Estimates calculated using mixed model analyses, per IQR change (95% 
confidence interval in parentheses). IQRs of two hour mean values: PN 18,195 pt/cm3 (exposure) and 
2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 (dose), PM10 20.8 μg/m3 (exposure) 
and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 (EC dose, calculated from soot 
absorption). Doses are adjusted for body surface area. Adjusted for RH, temperature, season, time test was 
taken, ambient NO2, cycling, and time privately spent in traffic before 8am and between 10am and 4pm. 
*) p<0.10 
**) p<0.05 
***) p<0.01 
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Supplement, Table 3. Effect estimates for differences in basophils, eosinophils, and monophils 
per IQR change in exposure and inhaled dose 
 
 Basophils (%) Eosinophils (%) Monophils (%) 

PN    
   exposure -20 (-60,20 0.5 (-2.4,3.3) 1.5 (-2.5,5.6) 
   dose -13 (-47,23) -0.5 (-2.4,1.9) 1.7 (-1.7,5.2) 
PM2.5    
   exposure -6.7 (-43,27) 1.0 (-1.4,3.3) 1.7 (-1.7,5.2) 
   dose -3.3 (-30,20) 0.5 (-1.0,2.4) 1.7 (-0.8,4.2) 
PM10    
   exposure -37 (-63,-6.7) 1.4 (-0.5,3.3) 1.7 (-1.0,4.6) 
   dose -33 (-73,3.3) 1.4 (-0.5,3.8) 3.5 (-0.2,7.1) 
Soot    
   exposure -20 (-50,6.7) 0.0 (-1.9,1.9) 0.6 (-2.3,3.5) 
   dose (EC) -13 (-40,13) 0.5 (-1.4,1.9) 1.2 (-1.5,3.7) 

Change was calculated as estimate divided by the mean baseline value. Estimates calculated using mixed 
model analyses, per IQR change (95% confidence interval in parentheses). IQRs of two hour mean values: 
PN 18,195 pt/cm3 (exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 
(dose), PM10 20.8 μg/m3 (exposure) and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 
(EC dose, calculated from soot absorption). Doses are adjusted for body surface area. Adjusted for RH, 
temperature, season, time test was taken, ambient NO2, cycling, and time privately spent in traffic before 
8am and between 10am and 4pm. 
*) p<0.10 
**) p<0.05 
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Supplement, Table 4. Effect estimates for differences in neutrophils and leukocytes per IQR 
change in exposure and inhaled dose, stratified in bicycle trips and car/bus trips 
 
 Bicycle trips Car and bus trips 

 Leukocytes  
(%) 

Neutrophils (%) Leukocytes (%) Neutrophils (%) 

PN     
   exposure -4.9* (-10,0.6) -11** (-21,-0.7) 1.0 (-1.8,3.8) 0.4 (-4.3,5.1) 
   dose 0.4 (-2.6,3.4) -0.4 (-6.2,5.4) 0.0 (-4.1,4.0) -3.1 (-10,4.0) 
PM2.5     
   exposure -5.8** (-12,-0.1) -8.8 (-20,1.9) -0.2 (-2.3,1.9) -2.4 (-5.9,1.1) 
   dose -2.9* (-5.8,0.0) -4.6 (-10,0.9) -0.2 (-2.2,1.7) -2.6 (-5.9,0.6) 
PM10     
   exposure -1.3 (-6.6,4.0) 1.2 (-8.8,11) -1.1 (-2.9,0.6) -1.7 (-4.6,1.3) 
   dose 1.4 (-2.8,5.6) 3.9 (-4.1,12) -1.3 (-3.8,1.1) -2.1 (-6.4,2.2) 
Soot     
   exposure -5.0* (-10,0.3) -7.7 (-18,2.4) -0.4 (-2.3,1.4) -1.2 (-4.2,1.9) 
   dose (EC) -0.4 (-3.2,2.5) -0.7 (-6.1,4.7) -0.9 (-2.9,1.2) -2.2 (-5.6,1.3) 

Change was calculated as estimate divided by the mean baseline value. Estimates calculated using mixed 
model analyses, per IQR change (95% confidence interval in parentheses). IQRs of two hour mean values: 
PN 18,195 pt/cm3 (exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 
(dose), PM10 20.8 μg/m3 (exposure) and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 
(EC dose, calculated from soot absorption). Doses are adjusted for body surface area. Adjusted for RH, 
temperature, season, time test was taken, ambient NO2, cycling, and time privately spent in traffic before 
8am and between 10am and 4pm. 
*) p<0.10 
**) p<0.05 
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Supplement, Table 5. Effect estimates for differences in APTT and PT per IQR change in 
exposure and inhaled dose, stratified in bicycle trips and car/bus trips 
 
 Bicycle trips Car and bus trips 

 APTT (%) PT (%) APTT (%) PT (%) 

PN     
   exposure 0.5 (-0.4,1.3) -0.4 (-1.4,0.6) -0.1 (-0.6,0.5) 0.5 (-0.1,1.2) 
   dose 0.0 (-0.4,0.5) 0.1 (-0.5,0.7) 0.0 (-0.7,0.8) 0.2 (-0.7,1.1) 
PM2.5     
   exposure 1.1 (0.2,2.0) 0.7 (-0.3,1.7) -0.6 (-1.0,-0.2) -0.1 (-0.6,0.5) 
   dose 0.6 (0.2,1.1) 0.4 (-0.1,1.0) -0.4 (-0.8,-0.1) -0.1 (-0.5,0.4) 
PM10     
   exposure 0.9 (0.1,1.7) -0.1 (-1.1,0.9) -0.4 (-0.7,-0.1) 0.2 (-0.3,0.6) 
   dose 0.4 (-0.3,1.0) 0.2 (-0.6,1.0) -0.3 (-0.8,0.1) 0.2 (-0.4,0.7) 
Soot     
   exposure 0.6 (-0.2,1.4) -0.4 (-1.4,0.6) -0.3 (-0.6,0.1) -0.1 (-0.6,0.4) 
   dose (EC) 0.2 (-0.3,0.6) 0.0 (-0.5,0.5) -0.2 (-0.6,0.2) -0.1 (-0.5,0.4) 

Change was calculated as estimate divided by the mean baseline value. Estimates calculated using mixed 
model analyses, per IQR change (95% confidence interval in parentheses). IQRs of two hour mean values: 
PN 18,195 pt/cm3 (exposure) and 2.40*1010 pt/m2 (dose), PM2.5 68.1 μg/m3 (exposure) and 61.9 μg/m2 
(dose), PM10 20.8 μg/m3 (exposure) and 32.4 μg/m2 (dose), soot 3.51*10-5/m (exposure) and 6.31 μg/m2 
(EC dose, calculated from soot absorption). Doses are adjusted for body surface area. Adjusted for RH, 
temperature, season, time test was taken, ambient NO2, cycling, and time privately spent in traffic before 
8am and between 10am and 4pm. 
*) p<0.10 
**) p<0.05 
***) p<0.01 
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The study TRAVEL (Transport Related Air pollution, Variance in commuting, Exposure and 
Lung function) was designed to study exposure to air pollution in traffic compared to urban 
background exposure and to study differences between relevant commuting modes in the 
Netherlands. In addition, the TRAVEL study was designed to gain insight in acute health 
effects of the exposures during commuting. 
 
 
Main findings 
 
Exposure 
In-traffic particle number (PN), PM2.5, PM10 and soot levels concentrations were elevated 
compared to urban background levels (Chapter 3). In-traffic soot levels were the most elevated: 
soot levels were 2.0 times higher on the low-traffic bicycle route and up to 3.7 times higher in 
the diesel bus compared to urban background. Particle number counts were 1.6 to 2.5 times 
higher in traffic. PM2.5 levels were 1.6 to 3.0 times elevated in traffic. PM10 levels were less 
elevated: bicycle levels were 1.1 times higher and levels in the diesel bus were 2.5 times higher 
than urban background levels. 
 
With the exception of PM10, exposure levels in diesel buses were 20 to 40% higher than in 
electric trolley buses (Chapter 3). We did not find differences between exposure levels in diesel 
and petrol cars. Cyclists´ air pollution exposure was 30 to 40% lower on the low-traffic route, 
compared to the high-traffic route for particle numbers and soot, not for PM10 or PM2.5. 
In our comparison of in-bus, in-car and on-bicycle exposures, we made use of the urban 
background measurements to correct for differences in background concentrations driven by 
differences in meteorological conditions during the bus, car and bicycle test days (Chapter 3). 
Exposure levels were highest in diesel buses and lowest in the electric bus and on the bicycle 
routes, though the high-traffic bicycle route experienced higher PN levels than were seen in 
both types of cars. Differences were largest for soot. PN exposures on bicycles were 
characterised by short, high peaks, whereas PN peaks in buses and cars were lower and of longer 
duration. PN peaks during cycling were attributed to passing mopeds and buses, cycling on busy 
roads, and waiting at busy intersections. 
Our study demonstrated that the minute ventilation was twice as high when subjects were 
cycling versus riding bus or car (Chapter 2). Because of the higher ventilation of cyclists, the 
inhaled doses of all pollutants were higher for cyclists than for car and bus occupants. For EC, 
cycling on a high traffic route resulted in two times higher inhaled doses compared to electric 
buses and 1.5 times higher inhaled doses compared to diesel buses and cars. 
 
Health effects 
Two hour in-traffic exposure had small negative effects on Peak Expiratory Flow (PEF), but no 
or inconsistent effects on Forced Expiratory Volume in one second (FEV1), Forced Vital 
Capacity (FVC) and Maximum Mid-Expiratory Flow (MMEF) (Chapter 4). Effects on peak 
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flow were only found directly following exposure, not six hours after exposure. PN and soot 
exposures and inhaled doses were associated with increases in exhaled NO (FeNO), but only 
significantly so in bus and car trips. PN was associated with an increase in airway resistance; 
associations were stronger for PN inhaled dose than for PN exposure. Increased inhalation of air 
polluting while cycling did not lead to more health effects compared to riding in buses or cars. 
Similar exposure levels led to similar effects in cycling trips compared to car and bus trips, or to 
even somewhat stronger effects in bus and car trips for FeNO and airway resistance. We found 
stronger associations between air pollutants and respiratory effects in subjects with high BMI 
(>25 kg/m2) than in subjects with low BMI. 
 
We did not find associations between air pollution exposures and inhaled doses on biomarkers 
of systemic inflammation (Interleukin 6, Interleukin 8, Interleukin 10, Tumour Necrosis Factor 
Alpha, C-Reactive Protein) or lung epithelial damage (Clara Cell protein 16) (Chapter 5). 
Associations between air pollutants and blood cell counts or blood coagulation markers were 
inconsistent. 
 
 
Comparison with other studies 
 
Exposure 
Fixed monitoring stations significantly underestimate exposures in traffic1. Roadside 
measurements give better approximations, but still underestimate in-traffic concentrations1. A 
number of studies compared in-traffic air pollution levels with urban background data or street 
data from fixed monitoring stations, see Table 1. PM10 and PM2.5 concentrations in cars and in 
diesel buses were 3 to 4 times higher than urban background levels in Munich, Seattle and 
London2-4, comparable to our findings for diesel buses; ratios were lower for cars and electric 
buses in our study. One study found lower concentrations in cars and while walking compared 
to urban background levels5. PM2.5 levels during cycling were three times higher than urban 
background concentrations in London3, where we found a two-fold difference. Ratios of in-
traffic concentrations compared to street concentrations are lower than ratios of in-traffic 
compared to urban background concentrations3,6,7. 
An issue in previous studies is that these compared in-traffic exposures with urban background 
or street levels, measured with different monitoring equipment. Comparisons between results 
obtained by different types of monitors may bias the results of the comparison. Continuous 
PM2.5 and PM10 measurements can deviate substantially, as indicated by our own PM2.5 
measurements. There are few routine monitoring stations measuring soot or ultrafine particles, 
and apart from our study no comparisons have been made for these compounds. 
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Table 1. In-traffic PM concentrations compared with urban background and street 
concentrations 
 
Study City Mode of 

transport 

Air 

pollutant 

Mode:urban 

background 

ratio# 

Mode:street 

ratio# 

This study Arnhem Diesel bus / 

Electric bus 

PM10 

PM2.5 

2.5 / 2.2 

3.0 / 2.7 

- 

  Diesel car / 

Petrol car 

PM10 

PM2.5 

1.4 / 1.3 

1.6 / 2.0 

- 

  High-traffic/ 

low-traffic 

bicycle route 

PM10 

PM2.5 

1.1 / 1.1 

2.1 / 2.3 

- 

Praml 2000 2 Munich Bus PM10 2.7 - 

Adams 2001 6 London Bus PM2.5 - 2.3$ 

  Car PM2.5 - 2.1$ 

  Bicycle PM2.5 - 1.8$ 

Gulliver 2004 7 London Car PM10 - 1.7 

  Pedestrian PM10 - 1.8 

Kaur 2005 3 London Bus PM2.5 3.8 1.7 

  Car PM2.5 3.5 1.6 

  Bicycle PM2.5 3.1 1.4 

Briggs 2008 5 London Car PM10 

PM2.5 

0.18 

0.14 

0.31 

0.23 

  Pedestrian PM10 

PM2.5 

0.68 

0.31 

1.2 

0.51 

Adar 2008 4 Seattle Bus PM2.5 3.6 - 
# Except for our study, different equipment was used for in traffic measurements and urban background 
measurements 
$ Mean of winter and summer measurements 
 
 
Soot and particle number counts were higher in diesel buses than in electric trolley buses. There 
are no previous studies comparing diesel to electric trolley buses, but self-pollution of buses of 
up to 30% has been reported before4,8. Evidence of fuel type influencing in-bus exposures also 
comes from a recent study measuring 50% lower PM1.0 inside biodiesel fueled buses compared 
to regular diesel fueled buses9. We did not detect an effect of diesel particulate filters on in-bus 
exposure levels, though the number of measurements may have been too small to detect an 
effect. Previous emission tests showed decrements in PM emissions of buses equipped with 
CRT filters10,11. Effects of filters on in-bus PM levels are expected to be smaller than emission 
reductions, because of other sources than PM, such as crankcase emissions12 and resuspension of 
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particles by passengers13. A decrease of up to 26% on in-bus PN levels after retrofitting has been 
observed14. 
Our study confirmed previous studies showing that exposure on low-traffic routes are lower 
than on high-traffic routes3,6,15. We did not study the effect on exposure levels of cyclists’ 
distance to motorised traffic. A previous study found that walking on the buildingside of the 
pavement resulted in lower soot and ultrafine particle exposures compared to walking on the 
roadside of the pavement in London16. 
 
We found highest air pollutant concentrations in the diesel buses, lowest in the electric bus and 
on the low-traffic bicycle route. Other studies also found higher PM10 and EC (comparable to 
soot) exposures in cars compared to bicycles17,18. Differences in PM2.5 and PN in cars and 
bicycles were small in previous studies3,19. Two recent studies also studied commuters’ air 
pollution exposure. Unlike in our study, McNabola et al. measured slightly higher PM2.5 
exposures during cycling than in cars in Dublin, in-bus exposures were highest20. Int Panis et al. 
measured higher PM10 exposures on bicycles than on cars, while PN exposure were similar for 
both modes in this Belgian study21. From all current studies on buses, cars and bicycles it can be 
concluded that generally concentrations in diesel buses are highest and on bicycles lowest, 
especially for PM10 and soot. 
A fourth important mode of transport in the Netherlands is trains. It was not feasible to include 
trains in the TRAVEL study. Other studies measured lower PN exposures in trains compared to 
in cars or in buses22, PM2.5 concentrations were similar to in-bus and lower to in-car 
exposures22. Soot exposures were lower in trains than in cars, and equal to buses23. Exposures in 
underground stations were higher than in all other modes of transport24. Exposures on motor 
cycles were higher than in cars and buses in one study25. 
 
In-traffic exposure levels between studies differ widely. Differences are caused by the time of 
day measurements are taken, weather conditions, the monitoring equipment, and the location. 
Also, most studies are small and measurements are often taken during a short period. In-car and 
on-bicycle particle number counts in our study were about 37,000 and 38,000 pt/cm3, 
respectively. Another Dutch study, using the same particle number counter, reported mean 
levels of 26,000 and 24,000 pt/cm3, respectively19. The latter study measured in 12 Dutch cities, 
not including Arnhem, the city where our measurements took place. The main difference 
between the two studies was that our study took place during rush hour (between 8 and 10am), 
whereas the measurements of the other study took place between 12 and 7pm, excluding 
morning rush hour. This may explain the lower particle number counts, as air pollution 
concentrations are usually highest during morning rush hour, due to denser traffic and lower 
wind speed and mixing height. A Belgian study measured in-car exposures of 13,000 to 29,000 
pt/cm3 and on bicycle exposures of 8,000 to 31,000 pt/cm3 21. The time of measurements was 
not reported, so could explain the difference. Another explanation is the equipment that was 
used: the Belgian study used the P-Trak (TSI Inc., Shoreview, MN, USA) to count particles, 
which gives lower counts than the CPC3007 (TSI Inc) that we used, as the P-Trak starts 
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counting particles from 20 nm and the CPC3007 from 10 nm. Finally, all measurements in the 
Belgian study were performed during 8 days in the summer of 2009, whereas our measurements 
were conducted in all seasons. PN concentrations are higher in the winter season. A London 
study using the P-Trak recorded much higher exposures of 100,000 pt/cm3 in cars and 94,000 
pt/cm3 on bicycles3. These high exposures can be explained by the high traffic intensity in the 
area of London where the measurements were done. 
 
Of all recent studies on air pollution exposure in traffic, only Int Panis et al. also measured 
inhalation rates21. The minute ventilation of cyclists was 4.1 (female) and 4.5 (male) times higher 
than of the same people driving a car. This ratio is substantially higher than in our study, we 
found ventilation rates of cyclists 2.6 (female) and 1.9 (male) times higher than of car passengers, 
on average 2.1 (Chapter 2). This difference can largely be explained by the difference in cycling 
speed: in our study the average cycling speed was 12 km/hr (slow because the cargo bikes with 
the equipment could not go faster), in the Belgian study the average speed was around 20 
km/hr. The average speed for the general population in urban settings is around 15 km/hr17,26, 
the difference in inhalation rate between 12 and 20 km/hr is large because of the presumed 
exponential relation between physical activity and minute ventilation. One other study 
measured minute ventilation levels of cyclists and car passengers, the ratio was on average 2.3, 
comparable to our results27. 
 
Travel time also influences inhaled doses. In our study we did not look at differences in travel 
time between the modes of transport, as differences in travel speed differ widely over the day 
and between routes. In Copenhagen, speed of cyclists hardly differed between cycling during or 
outside rush hours, the average cycling speed was 14.6 and 15.4 km/hr, respectively. The mean 
speed of cars was 17 km/hr during rush hour and 24 km/hr outside rush hours.17 A Dutch study 
compared in-city air pollution exposures of cyclists and car drivers. Origins and destinations 
were the same for cars and bicycles, but the routes were optimised for both modes of transport. 
The travel time of cars was on average 11% higher, while the trips took place between 12 and 
7pm, so largely outside rush hours.19 Outside of the bigger cities, travel times of cyclists are 
expected to be longer than travel times of car drivers. The speed of buses during rush hours will 
largely depend on whether there are separate bus lanes or not. 
 
Health effects 
We found small effects of PN, PM10 and soot on peak flow directly following exposure, the 
effect disappeared six hours following exposure. Most controlled exposure studies on healthy 
subjects did not find associations between exposure to diesel exhaust and lung function 
measured by spirometry. McCreanor et al. found effects of PN and soot on FEV1 and MMEF in 
asthmatics walking in London, but PEF was not reported28. In line with previous studies15,28 we 
found increases in exhaled NO related to PN and soot exposure, but only significantly so in bus 
and car trips. Also the association of PN exposure and PN dose with an increase in airway 
resistance we detected has been demonstrated in other studies29-31. A quantitative comparison of 
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results of our study with previous studies is presented in Table 5 of Chapter 4. In controlled 
exposure studies, respiratory effects of traffic related air pollution have mainly been related to 
PM and diesel exhaust, but no specific components were found to be responsible for the 
effect32. Our findings suggest that mainly ultrafine particles and soot acutely affect respiratory 
health, we found very little evidence of acute effects of PM10 or PM2.5 on respiratory 
parameters. This is in line with the findings of McCreanor28 and Strak15 and also in line with 
time series studies on short- and long-term respiratory effects finding stronger effects with 
elemental carbon or black smoke than with PM33,34. 
Based on previous literature, we chose to measure exhaled NO just before and six hours after 
the end of exposure. McCreanor et al. found strongest effects on exhaled NO three hours after 
exposure28, so it would have been interesting to measure exhaled NO at various time points, but 
as this study was published after the start of our field work, we could not take this into account. 
A recent study of Jacobs et al. found no effects of air pollution exposure on exhaled NO 30 
minutes after exposure, possibly because 30 minutes is too short to detect effects on exhaled 
NO35. 
 
We based the selection of markers in blood and time points for blood sampling on previous 
controlled exposure studies, epidemiological studies on daily average exposures and biological 
plausibility. We decided to take blood samples six hours following exposure, and not also after 
24 hours, as some controlled exposure studies have done, because the exposure in the remaining 
22 hours of the day could be too influential compared to the recorded two hour in-traffic 
exposures, and evidence for effects in biomarkers in blood after 24 hours but not after 6 hours 
was low. We chose not to take samples of bronchial fluid because the sampling is invasive and 
time consuming. 
We did not find associations with biomarkers of systemic inflammation, and inconsistent effects 
on blood coagulation markers. Only few experimental human studies found effects on 
inflammation and coagulation markers in blood, though numerous experiments demonstrated 
increases of inflammation markers in bronchial fluid after exposure to air pollutants36. We found 
an unexpected decrease in leukocytes and neutrophils in relation to PN and PM2.5. Neutrophil 
increases have been found after controlled diesel exhaust exposure 37 and nine hour in-vehicle 
exposure of patrol troopers38. Most other studies did not detect effects on leukocyte or 
neutrophil blood counts. A decrease in leukocytes and neutrophils in blood could be explained 
by the cells moving out of the blood into the stressed tissue. 
Products of fossil fuel combustion are considered to be an important part of PM in relation to 
cardiovascular effects36,39. Diesel exhaust exposure resulted in more health effects in humans and 
animals than exposure to concentrated air pollution36, though in older experimental studies old 
types of diesel cars are used, that may not be comparable to new diesel cars40. In animal studies, 
PM from high-traffic sites was most toxic41. Also in vitro studies measured more inflammation 
of urban street particles on a per mass basis compared to wood, tire and subway particles42. 
Gasoline exhaust did not cause cardiovascular effects in animal studies32. 
 



Chapter 6 
 
 

 116 

The respiratory health effects we found, even though small, show that short in-traffic exposures 
may affect respiratory function, even in healthy adults. One of the hypothesised pathways of 
particles causing cardiovascular disease is that pulmonary inflammation may lead to systemic 
inflammation and subsequent further responses such as coagulation36. We have not been able to 
demonstrate that the acute respiratory effects resulted in systemic effects six hours after the two-
hour in traffic exposure. However, other short- and long term studies have been able to 
demonstrate both respiratory and systemic effects being associated with exposure to traffic 
related air pollution36,43-45.  
 
 
Public health impact 
 
Even though health effects of exposure to air pollution in traffic were limited in our study, the 
public health impact may still be sizable, because of the high number of people exposed to air 
pollution in traffic: virtually everyone. In the previous chapter the acute effects of in-traffic 
exposure were discussed. In-traffic exposure also contributes to the total daily air pollution 
exposure and may thus contribute to the impact of long-term exposure on morbidity and 
mortality. We first evaluate the contribution to total exposure and then the potential impact on 
life expectancy is calculated using the contribution of in-traffic exposures to total ambient 
exposure. 
 
Increase in total exposure due to commuting 
Europeans daily spend one to one and a half hour in traffic every day, on average46. In the 
Netherlands in 2009 the average commuting time to work was 54 minutes per day47. For people 
cycling the average commuting time to work was 32 minutes, for cars 54 minutes, and for 
public transport (bus, train, tram) 102 minutes per day. To compare in-traffic exposures to the 
total air pollution exposure, we calculated how much average soot exposure is increased because 
of daily commuting. These calculations are based on the assumptions that the remaining hours 
of the day people are exposed to urban background concentrations, that the average minute 
ventilation in bus and car is similar to the average daily minute ventilations, while minute 
ventilation is 2.1 times higher when cycling. Table 2 shows that travelling for 40 minutes a day 
in a diesel bus and 54 minutes travelling by car increases the daily soot exposure with 7%. 
Commuting for 40 minutes by electric bus adds 5% and 32 minutes by bicycle adds 2 to 3% to 
total daily soot exposure. For comparison, increases in daily exposures are also given for 
travelling time of 54 minutes for all transportation modes. Bicycling for 54 minutes increases 
total daily soot dose up to 15%. The contribution of commuting to total daily PM10 and PN 
exposure is less than for soot: 2-4% for 40 minutes commuting by bus and 1-3% for 54 minutes 
commuting by car. PM10 and PN exposures are increased with 0-3% with 32 minutes of daily 
cycling, and inhaled doses with 3 to 8%, respectively. Commuting time of less than an hour as 
occur in The Netherlands contribute to total daily air pollution exposure and more so to 
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inhaled doses. The contribution of in-traffic exposure is even a bit higher if trips for other 
purposes are included.  
Emissions from motorised traffic are expected to decrease in the coming years, but a recent 
study showed that traffic congestion may increase48, possibly leading to an increase in ambient 
air pollution and an even higher increase of in-traffic exposures as a result of more time spent in 
(dense) traffic. 
 
 
Table 2. Increase in average daily exposure and inhalation of soot by commuting 
 
 Commu-

ting time 

(min) 

% of daily 

exposure 

% of daily 

inhaled 

dose# 

Commu-

ting time 

(min) 

% of daily 

exposure 

% of daily 

inhaled 

dose# 

Diesel bus 40* 7.4% 7.4% 54 10% 10% 

Electric bus 40* 5.2% 5.2% 54 7.0% 7.0% 

New diesel car 54 7.1% 7.1% 54 7.1% 7.1% 

New petrol car 54 7.2% 7.2% 54 7.2% 7.2% 

High-traffic 

bicycle 

32 3.2% 8.8% 54 5.3% 15% 

Low-traffic 

bicycle 

32 2.2% 6.9% 54 3.8% 12% 

Calculated using median ratios of in-traffic exposure compared to urban background exposure (Table 1, 
Chapter 3). Assuming exposure to urban background concentrations for the rest of the day  
#) Assuming that minute ventilation in car and in bus is equal to average daily minute ventilation and 
minute ventilation of cyclists is 2.05 higher. 
*) Average daily transport time in buses is estimated to be 40 minutes. This is based on an average home to 
work distance of 15 km in 2001 for people commuting by bus, metro or tram 68. 
 
 
Life years lost due to commuters’ exposure 
Short and long term exposure to air pollution is related to cardiovascular and pulmonary 
morbidity and mortality36,43-45. The main part of health impact is due to mortality caused by long 
term exposure26,49. To give insight in potential long term effects of in-traffic exposure and effects 
of choices for different modes, fuel or route, we estimated the potential life years lost of daily 
in-traffic black smoke exposures, using life table analyses. For this analysis we assumed that the 
long term health effects of black smoke exposure in traffic are similar to black smoke 
background exposures. This assumption is supported by findings on respiratory and 
cardiovascular effects caused by in-traffic exposures28,38. 
We calculated life years lost due to long term daily inhaled black smoke exposure of 32 to 54 
minutes traffic participation (see Table 3), the average daily commuting times in the 
Netherlands. Additional assumptions for the calculations were that the remaining hours of the 
day people are exposed to urban background concentrations and that the average minute 
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ventilation in bus and car is similar to the average daily minute ventilations, while minute 
ventilation is 2.1 times higher when cycling. We used a relative risk of 1.05 per 10 μg/m3 for 
mortality of long-term exposure to black smoke50. We used 10 μg/m3 black smoke as urban 
background exposure51 and we used median ratios of differences of in-traffic exposure to urban 
background exposures from Chapter 3, Table 1. 
 
 
Table 3. Life years lost of long-term daily exposure in traffic 
 
 Commuting 

time (min) 

Life years 

lost 

Days 

lost per 

person 

Commuting 

time (min) 

Life years 

lost 

Days 

lost per 

person 

Diesel bus 40* 489,000 12 54 660,000 16 

Electric bus 40* 343,000 8 54 464,000 11 

New diesel car 54 466,000 11 54 466,000 11 

New petrol car 54 474,000 12 54 474,000 12 

High-traffic 

bicycle 

32 582,000 14 54 982,000 24 

Low-traffic 

bicycle 

32 456,000 11 54 769,000 19 

Potential life years lost in the Dutch adult population and days lost for each individual when exposed for 
number of minutes in traffic per day, compared to no traffic participation. Calculated using median ratios 
of in-traffic exposure compared to urban background exposure (Table 1, Chapter 3). Assuming exposure 
to urban background concentrations for the rest of the day. Assuming that minute ventilation in car and in 
bus is equal to average daily minute ventilation and minute ventilation of cyclists is 2.05 higher. Calculated 
using 10 μg/m3 as urban background exposure of Black Smoke51 and using RR of 1.05 per 10 μg/m3 for 
long-term exposure to black smoke50, using life table analysis69. Using 2009 population data of the Central 
Bureau for Statistics. Following the cohort till death. 
 
 
Based upon the mentioned assumptions, the relative risk of mortality due to 40 minute daily in 
trolley-bus exposures would be 1.003, the relative risk of 40 minute daily in diesel-bus and 54 
minute daily in-car exposures would be 1.004. Air pollution inhalation of 32 minutes on low- 
and high-traffic routes by bicycle would give relative risks of mortality of 1.006 and 1.007, 
respectively. The calculations show that air pollution exposure during commuting of the 
complete adult Dutch population could cost up to 580,000 life years, or 14 days per person. 
Commuting by electric bus instead of diesel bus could save 4 days per person on average. 
Cycling along low-traffic streets instead of high-traffic streets could save 3 days per person on 
average. For people beyond the age of 90, relative risks of air pollution may be lower52. When 
using half the impact for people above 90 years of age, the number of life years lost due to air 
pollution exposure during commuting is about 30% lower. The number of days gained with 
commuting by electric bus instead of diesel bus would then be 2 days, and cycling on low-traffic 
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streets instead of high-traffic streets would also save 2 days per person on average. Though the 
calculations serve only as an indication of the potential number of life years lost due to daily in-
traffic exposure, the numbers indicate that changes in transport mode, fuel and route may yield 
substantial health benefits for the population as a whole, even though estimates of benefits on an 
individual basis are small. Effects on an individual level should be interpreted with care, as the 
actual health effects will not be averaged equally over all individuals. 
Because of the peak exposures in traffic, in-traffic exposures may be more toxic than ambient 
exposures and health impact of in-traffic exposures may even be underestimated with these 
calculations.  
 
Health benefits cycling 
As demonstrated in Chapter 3, for most air pollutants cyclists are less exposed than car and diesel 
bus occupants, but because of the increased minute ventilation of cyclists, the inhaled doses of 
cyclists are highest for all air pollutants. Even though in our study we did not find stronger 
associations between air pollutants and respiratory health effects in cycling trips compared to the 
bus and car trips, the high inhaled doses of cyclists may lead to more severe health effects. 
Cycling has, however, also positive consequences for health. Moderate intensity physical activity 
has positive effects on diabetes, cardiovascular disease, breast cancer, colon cancer, dementia and 
depression26. Frequent cycling improves physical performance53,54, reduces cardiovascular risks55 
and has been associated with decreased mortality56. 
A recent study evaluated health benefits and health risks of cycling instead of car driving57. The 
personal health benefits due to increased physical activity more than compensate for the 
increased health risks due to increased accident risk and health effects due to air pollution 
exposure. In addition, when people replace car rides with bicycle rides, health of the general 
population improves because of lower air pollution and accident levels. 
An Australian study examined whether people themselves consider air pollution as a barrier for 
cycling. From all people interviewed by phone, 45% perceived air pollution negatively affected 
health outcomes during commuting, but only 13% considered it as a barrier to walking or 
cycling to work, 14% took other routes to avoid air pollution58. There are no Dutch data on 
cyclists’ perception of air pollution. 
 
 
Behavioural and policy measures to influence commuters’ air pollution exposure 
 
The results of the measurements in traffic give guidance to policy makers how to improve 
healthy commuting. Several measures can be taken by local and regional policy makers to 
decrease air pollution exposure during commuting.  
 
Public transport 
Clean public transport will decrease exposure to air pollution, not only by decreasing air 
pollution levels outside of the bus, but also inside buses. We detected big differences between 
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in-diesel bus exposures and in-electric trolley bus exposures, in-diesel bus exposures being 30 to 
80% higher than in-electric bus exposure, explained by intrusion of the bus’s own exhaust into 
the bus. Not only electric buses will decrease in-bus exposures, but also other clean buses, such 
as fuel cell buses, natural gas buses, and other clean transportation modes such as electric trams. 
An additional benefit of electric and fuel cell buses is a decrease in noise59,60.  
Most likely, one of the main reasons for bus self-pollution is the idling of the buses at bus stops 
with doors opened. Bus drivers could be informed to close the (back) doors during the stops 
when possible, to protect the health of themselves and of their passengers. 
 
Private cars 
We demonstrated that in-car exposures do not differ between new diesel and new petrol cars, 
therefore no directions can be given on promotion of one of the two fuel types from the 
perspective of the car occupants. Exposures in older diesel cars could be higher than in petrol 
cars as emissions of diesel cars have decreased ten times from Euro 2 (since 1996) to Euro 5 
(since 2008)61. 
Increasing the distance between cars has been shown to decrease air pollution exposure62. 
Increasing the inter-vehicle distance from one to two meters decreases PM2.5 levels up to 30%. 
Other behavioural aspects to reduce in-car exposures are setting ventilation to recirculation, 
especially while driving through tunnels or other situations with high air pollution levels, such 
as street canyons and traffic jams63. 
 
Cycling  
Exposure of cyclists can be reduced by cycling along low-traffic roads. Cycling exposures along 
high-traffic routes were 30 to 40% higher than on low-traffic routes in our studies, and 
differences were up to 70% in other studies6,15. Cyclists could be informed and encouraged to 
cycle along roads with less traffic. City planners can facilitate the use of low-traffic streets by 
creating cycling lanes along such roads. In most cities, cycling paths are often adjacent to main 
roads for motorized traffic. Disentangling both networks, as has been done in a newly built area 
in the city of Houten (NL)64, could lower exposures of cyclists to traffic related air pollution, 
and would also result in reduced noise exposure and reduced accident risk. The bicycle-route 
planner of the Dutch Cyclist Union provides the option to select the greenest route and also the 
route with least exposure to car traffic, next to the fastest route65. In Vancouver, Canada, the 
bicycle route planner also provides the option to select streets with the least traffic pollution66. 
These are good examples of how to offer cyclists the choice to take routes with less pollution. 
Increasing the distance between cycling lanes and the main road may also be effective in 
decreasing exposure levels. 
High air pollution exposures of cyclists occur at traffic intersections. Decreasing the waiting time 
of cyclists is therefore not only beneficiary to promote cycling by decreasing cycling time, but 
moreover can decrease exposure substantially. 
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Peak exposures also occur when high-emission vehicles are passing, such as trucks, buses, older 
cars and mopeds. Promoting electric vehicles and replacement of older vehicles with newer, less 
emitting vehicles, will lower air pollution exposures of cyclists and all other traffic participants. 
 
Promoting commuting by bicycle will lead to less car-driving and therefore lower exposures for 
all commuters. According to a recent Dutch study, the most promising methods to increase 
cycling are: improvement of the cycling infrastructure, especially directed to shortening cycling-
time, increase of parking costs for cars, creation of a car pricing system per kilometre, and 
decrease of the number of car parking places. New regulation such as changing the travelling 
allowance and stimulation of electric bicycle use can encourage people to change from 
commuting by car into commuting by bicycle.67 
 
 
Conclusion 
 
The study demonstrated that in-traffic exposures are affected by the mode of transport, the fuel 
type of the motorised vehicle, and of the selected route. In-traffic exposures are much higher 
than urban background concentrations, and short daily commutes therefore influence the total 
daily exposure to some air pollutants significantly. 
Exposure in traffic was related to small respiratory health effects. Even though effects are small, 
the public health impact could be sizable, because everyone is almost daily exposed to air 
pollution during traffic participation and more serious effects may occur in susceptible people. 
In addition, the in-traffic exposures add to the total daily exposures, potentially leading to long 
term health effects. 
Exposure levels during cycling were low, but the inhaled doses are higher than of car and bus 
occupants, because of the higher minute ventilation of cyclists. Nevertheless, the health benefits 
of cycling are believed to outweigh the negative health effects from higher air pollution inhaled 
doses. 
 
We have been able to carry out a large scale study with detailed, meticulous measurements of 
the most relevant air pollutants, and thorough evaluation of measured health effects. The large 
number of sampling days during all seasons, and daily urban background measurements ensured 
precise estimations of air pollution levels in traffic and differences between modes of 
commuting. The design of the health effects measurements, taking pre- and post measurements 
to reduce inter-subject variability, and again the large number of health measurements gave 
insight in acute respiratory and cardiovascular health effects related to in-traffic exposure to air 
pollution. The TRAVEL study makes a valuable contribution to the limited number of human 
exposure studies that were performed until now. 
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Summary 
 
 
People spend a substantial proportion of their time in traffic. In Europe, the average daily time 
in traffic is one to one and a half hour. Because of high in-traffic exposures and because most of 
the journeys are made during rush hours, the one to one and a half hour in traffic contributes 
disproportionately to total daily exposure to traffic related air pollution. Health concerns of 
traffic related air pollution mainly relate to exposure to particulate matter, including fine and 
ultrafine particles and soot. So far a limited number of studies compared particulate matter 
exposures of different groups of commuters.  
There is limited evidence of health effects of the typically short but high exposures in traffic. 
Long-term exposure to traffic-related air pollution as well as short-term (daily) changes in 
traffic-related pollutants are related to cardiopulmonary mortality and morbidity. Some 
controlled exposure chamber studies and two real-world exposure studies demonstrated acute 
(within hours) respiratory effects of air pollution exposure. 
 
The objectives of the TRAVEL study (Transport Related Air pollution, Variance in 
commuting, Exposure and Lung function) were: 

1) To examine how much particulate matter air pollution exposures in traffic are elevated 
compared to urban background concentrations. 

2) To study exposures of different groups of commuters and to examine the effect of fuel 
type and route on exposure levels. 

3) To study the acute health effects of typical short exposures in traffic. 
 
To determine inhaled doses of air pollution in traffic, we calculated minute ventilation levels 
based on heart rates as described in Chapter 2. All 34 volunteers of the TRAVEL study 
performed a bicycle ergometer test, during which their heart rate and minute ventilation were 
measured simultaneously at increasing cycling intensity. The bicycle ergometer tests showed that 
heart rate and minute ventilation are highly correlated, with substantial differences in regression 
equations between the individuals. We measured heart rates of the volunteers during 280 trips 
by bus, car and bicycle. Minute ventilation during the bicycle rides were on average 2.1 times 
higher than in the car (individual range from 1.3 to 5.3) and 2.0 times higher than in the bus 
(individual range from 1.3 to 5.1). 
 
In-traffic exposure measurements are reported in Chapter 3. Between June 2007 and June 
2008 we measured in-traffic exposures of particle number (PN), PM2.5, PM10 and soot, in the 
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city of Arnhem during morning rush hour (8 to10 am). We measured in-traffic air pollution 
concentrations in diesel and in electric trolleybuses, in diesel and in petrol cars, and along a 
high- and low-traffic bicycle route. On all 47 sampling days we measured urban background 
concentrations using the same equipment as in traffic. In-traffic air pollution levels were 
significantly elevated compared with urban background levels: soot was mostly elevated, 2.0 to 
3.7 times, depending of the mode of transport, and PM10 levels were the least elevated, 1.1 to 
2.5 times. Exposure levels in diesel buses were 20 to 40% higher than in electric trolley buses, 
though not for PM10, that mainly derives from other sources than diesel exhaust. We did not 
find differences between exposure levels in new diesel and new petrol cars. Cyclists´ air 
pollution exposure was 40 and 35% lower on the low-traffic route compared to the high-traffic 
route for ultrafine particles and soot, respectively, not for PM10 or PM2.5. PM10 and soot 
exposures of cyclists were lowest, whereas PN exposure in electric buses was lowest. Because of 
their increased minute ventilation, the inhaled doses of all studied air pollutants were highest for 
cyclists. Inhaled doses of electric bus passengers were lowest for all studied air pollutants except 
for PM10. 
 
The acute respiratory effects of two hour exposure in traffic are described in Chapter 4. We 
measured lung function and airway resistance before, directly after and six hours after the 
exposure in the 34 healthy, adult volunteers. We measured exhaled nitric oxide (NO) only 
before and six hours after exposure. We compared air pollution exposures and air pollution 
inhaled doses with changes in respiratory measurements. We found associations between in-
traffic exposure to PN and soot and changes in lung function, airway resistance and exhaled 
NO. PN, PM10 and soot were associated with peak expiratory flow (PEF) directly following but 
not six hours after exposure. PN and soot were associated with increased exhaled NO after car 
and bus trips but not after bicycle trips. PN inhaled dose was associated with an increase in 
airway resistance directly following exposure, but not six hours later. 
 
Chapter 5 reports on acute effects of air pollution exposure on biomarkers of cardiovascular 
responses. Before and six hours after exposure in traffic, we took blood samples. Samples were 
analysed on blood markers of inflammation, coagulation and blood cell counts as air pollution is 
hypothesized to cause cardiovascular effects through changes in inflammation and coagulation. 
There were no associations between the air pollutant exposures and doses and blood 
inflammation markers. There were inconsistent associations between air pollution exposure and 
blood cell counts. Associations between air pollution and the blood coagulation markers 
Activated Partial Thromboplastin Time and Prothrombine Time were also inconsistent.  
 
In chapter 6 we discussed the relative importance of in-traffic air pollution exposures compared 
to total daily air pollution exposure. The average daily commuting time in the Netherlands is 54 
minutes. Commuting for 54 minutes by bus or car adds 7 to 10% of total daily soot exposure. 
Commuting for 54 minutes by bicycle adds 4 to 5% to total daily soot exposure, and 12 to 15% 
to total daily inhaled dose, because of the higher minute ventilation, potentially contributing to 
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long term effects on morbidity and mortality. Other studies have shown that health benefits of 
cycling outweigh health risks of cycling caused by air pollution exposure. We conclude with a 
number of policy recommendations to lower air pollution exposure levels in traffic, including 
recommendations for clean public transport, route information for cyclists, and changes in traffic 
infrastructure limiting contact between motorised traffic and cyclists. 
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Samenvatting 
 
 
Mensen brengen een aanzienlijk deel van hun tijd door in het verkeer. De gemiddelde 
dagelijkse reistijd in Europa is één tot anderhalf uur. Deze tijd in het verkeer draagt naar 
verhouding nog meer bij aan de blootstelling aan luchtverontreiniging, omdat in het verkeer de 
concentraties luchtverontreiniging erg hoog zijn, met name ook tijdens de spits, wanneer veel 
mensen reizen. Gezondheidseffecten van verkeersgerelateerde luchtverontreiniging zijn met 
name toegeschreven aan blootstelling aan deeltjesvormige luchtverontreiniging, waaronder fijn 
stof, ultrafijn stof en roet. Een beperkt aantal studies heeft tot nu toe de blootstelling aan fijn 
stof, ultrafijn stof en roet van verschillende groepen verkeersdeelnemers vergeleken. Er zijn 
aanwijzingen dat de korte maar hoge blootstelling in het verkeer tot gezondheidseffecten leidt. 
Lange termijn blootstelling aan verkeersgerelateerde luchtverontreiniging en ook korte termijn 
(dagelijkse) veranderingen in luchtverontreiniging zijn geassocieerd met hart- en vaatziekten en 
longziekten en sterfte. Enkele studies waarin mensen in laboratoria aan luchtverontreiniging zijn 
blootgesteld en twee studies waarin effecten van blootstelling in het verkeer zijn bestudeerd, 
hebben acute respiratoire effecten aangetoond. 
 
De doelstellingen van de TRAVEL studie (Transport Related Air pollution, Variance in 
commuting, Exposure and Lung function) waren:  

1) Bepalen hoeveel de blootstelling aan deeltjesvormige luchtverontreiniging verhoogd is 
in het verkeer ten opzichte van stadsachtergrondconcentraties. 

2) Onderzoeken of de blootstelling verschilt tussen verschillende weggebruikers en of de 
blootstelling in het verkeer wordt beïnvloed door type brandstof en de genomen route. 

3) Onderzoeken wat de acute gezondheidseffecten zijn van de korte blootstelling in het 
verkeer. 

 
Om de geïnhaleerde dosis van luchtverontreiniging te kunnen bepalen, hebben we 
ademminuutvolumes uitgerekend op basis van hartslag, zoals is beschreven in Hoofdstuk 2. 
Alle 34 vrijwilligers van het TRAVEL onderzoek hebben een test gedaan op een hometrainer, 
waarbij tegelijkertijd hun hartslag en hun ademminuutvolume werden bepaald, bij toenemende 
fietssnelheid. We hebben met de fietstesten aangetoond dat hartslag en ademminuutvolume 
sterk met elkaar gecorreleerd zijn, met aanzienlijke verschillen in regressie-formules tussen de 
personen. Tijdens 280 ritten in bus, auto en op de fiets hebben we hartslagen gemeten van de 
testpersonen. Het ademminuutvolume was tijdens het fietsen gemiddeld 2,1 keer hoger dan 
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tijdens het rijden in de auto (variërend van 1,3 tot 5,3 tussen de personen) en 2,0 keer hoger 
dan tijdens het rijden in de bus (variërend van 1,3 tot 5,1). 
 
Blootstellingsmetingen van luchtverontreiniging in het verkeer zijn beschreven in Hoofdstuk 
3. Tussen juni 2007 en juni 2008 hebben we in Arnhem metingen gedaan van deeltjes aantallen 
(particle number – PN), PM2.5, PM10 en roet, tijdens de ochtendspits (tussen 8 en 10 uur). We 
hebben metingen gedaan in diesel en in trolleybussen, in diesel en in benzine-auto’s, en op twee 
fietsroutes: één met weinig verkeer en één met veel verkeer. Op alle 47 meetdagen hebben we 
ook metingen gedaan op een stadsachtergrondlocatie, met dezelfde meetapparatuur als in het 
verkeer. Blootstellingniveaus in het verkeer waren significant hoger dan op de 
stadsachtergrondlocatie. Roet was het meest verhoogd: 2,0 tot 3,7 keer. PM10 was het minst 
verhoogd: 1,1 tot 2,5 keer. Blootstellingniveaus in dieselbussen waren 20 tot 40% hoger dan in 
trolleybussen, behalve voor PM10, dat met name afkomstig is van andere bronnen dan de uitlaat 
van de bus. We vonden geen verschillen tussen blootstelling in de nieuwe diesel en de nieuwe 
benzineauto’s. De blootstelling van fietsers aan ultrafijne deeltjes en roet was 40 en 35% lager op 
de rustige fietsroute dan op de drukke fietsroute, maar er was geen verschil voor PM2.5 en PM10. 
Blootstelling aan PM10 en roet waren het laagst voor fietsers, blootstelling aan PN was het laagst 
in de trolleybus. Door het verhoogde ademminuutvolume van fietsers zijn de geïnhaleerde doses 
van luchtverontreiniging het hoogst. Geïnhaleerde doses waren het laagst voor passagiers van de 
trolleybus, behalve voor PM10. 
 
De acute respiratoire effecten van de twee uur durende blootstelling in het verkeer zijn 
beschreven in Hoofdstuk 4. Vlak voor, direct na en zes uur na de blootstelling in het verkeer 
hebben we metingen gedaan van de longfunctie en de luchtwegweerstand. Metingen van 
stikstofoxide (NO) in uitgeademde lucht hebben we alleen vlak voor en zes uur na de 
blootstelling gedaan. We hebben de blootstelling aan en inhalatie van luchtverontreiniging 
vergeleken met veranderingen in de gezondheidsmetingen. We vonden associaties tussen 
blootstelling in het verkeer aan PN en roet en veranderingen in longfunctie, luchtwegweerstand 
en uitgeademde NO. PN, PM10 en roet waren geassocieerd met piekflow (PEF) direct na 
blootstelling, maar niet zes uur na blootstelling. PN en roet waren geassocieerd met verhoogde 
NO in uitgeademde lucht na blootstelling in auto of bus, niet na blootstelling op de fiets. 
 
In Hoofdstuk 5 beschrijven we de acute effecten van blootstelling aan luchtverontreiniging op 
biomarkers van hart- en vaatziekten. Voor en zes uur na de blootstelling in het verkeer hebben 
we bloed afgenomen bij de testpersonen. De bloedmonsters zijn getest op ontstekingsmarkers en 
op bloedstollingsfactoren en er zijn bloedceltellingen uitgevoerd. Luchtverontreiniging kan via 
ontstekingen en veranderingen in de bloedstolling namelijk leiden tot hart- en vaatziekten. We 
hebben geen associaties gevonden tussen blootstelling aan en inhalatie van luchtverontreiniging 
en markers van ontstekingsreacties in het bloed. Er waren inconsistente associaties tussen 
luchtverontreiniging en bloedceltellingen. Associaties tussen luchtverontreiniging en de markers 
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voor bloedstolling Geactiveerde Partiele Tromboplastinetijd en Protrombine Tijd waren 
eveneens inconsistent. 
 
In Hoofdstuk 6 bediscussiëren we de bijdrage van blootstelling in het verkeer aan de totale 
dagelijkse blootstelling aan luchtverontreiniging. De gemiddelde woon-werk reistijd is in 
Nederland 54 minuten. 54 Minuten reizen per bus of auto verhoogt de totale dagelijkse 
blootstelling aan roet met 7 tot 10%. 54 Minuten reizen per fiets verhoogt de dagelijkse 
blootstelling aan roet met 4 tot 5%, en de dagelijkse inhalatie van luchtverontreiniging met 12 
tot 15%, vanwege het hogere ademminuutvolume van fietsers. De verhoogde blootstelling kan 
bijdragen aan lange termijn effecten op ziekte en sterfte. Andere studies hebben aangetoond dat 
de gezondheidsbaten van fietsen groter zijn dan de gezondheidskosten door de blootstelling aan 
luchtverontreiniging. Tot slot geven we enkele beleidsaanbevelingen om blootstelling aan 
luchtverontreiniging in het verkeer te verlagen, waaronder aanbevelingen over schoon openbaar 
vervoer, informatie over routes voor fietsers en veranderingen in de infrastructuur om contact 
tussen gemotoriseerd verkeer en fietsers te verminderen. 
 
 
 



 



About the author 
 
 

 135

 
 
 
About the author 
 
 
Monika Martha Maria (Moniek) Zuurbier was born in Egmond-Binnen, the Netherlands, on 
May 8th 1978. In 1996, she graduated from secondary school (Gymnasium) at the Bonhoeffer 
College in Castricum and started with the MSc programme of Environmental Sciences at 
Wageningen University. As part of this study, she spent six months at the Regional Institute for 
Studies on Toxic Substances of the National University in Heredia, Costa Rica. In 2002 she 
graduated with distinction in Occupational and Environmental Health and started working at 
the Public Health Services Gelderland Midden (GGD) in Arnhem. She coordinated two 
European wide projects: PINCHE (Policy Interpretation Network on Children’s Health and 
Environment) and CHEST (Children’s Health, Environment and Safety Training). In 2006 she 
started the TRAVEL study (Transport Related Air pollution, Variance in commuting, Exposure 
and Lung function), a collaboration project of the Public Health Services Gelderland Midden 
and the Institute for Risk Assessment Sciences of Utrecht University. She will continue working 
at Public Health Services Gelderland Midden as environmental health specialist and programme 
manager of the Academic Collaborative Centre Environmental Health. 



 



List of publications 
 
 

 137

 
 
 
List of publications 
 
 
Zuurbier M, Hoek G, Oldenwening M, Meliefste K, Krop E, Van den Hazel P, Brunekreef B. 
In-traffic air pollution exposure and blood coagulation and inflammation markers in health 
adults. Submitted 
 
De Nazelle A, Nieuwenhuijsen M, Antó J, Brauer M, Briggs D, Braun-Fahrlander C, Cavill N, 
Cooper A, Desqueyroux H, Fruin S, Hoek G, Int Panis L, Janssen N, Jerrett M, Joffe M, 
Jovanovic Andersen Z, Van Kempen E, Kingham S, Kubesch N, Leyden K, Marshall J, 
Matamala J, Mellios G, Mendez M, Nassif H, Ogilvie D, Peiró R, Pérez K, Rabl A, Ragettli 
M, Rodríguez D, Rojas D, Ruiz P, Sallis J, Terwoert J,  Toussaint J, Tuomisto J, Zuurbier M,  
Lebret E. Improving health through policies that promote active travel: a review of evidence to 
support integrated health impact assessment. Environ Int, Accepted for publication   
 
Zuurbier M, Hoek G, Oldenwening M, Meliefste K, Van den Hazel P, Brunekreef B. 
Respiratory effects of commuters’ exposure to air pollution in traffic. Epidemiology. 2011; 
22(2): 219-227  
 
Zuurbier M, Hoek G, Oldenwening M, Lenters V, Meliefste K, Van den Hazel P, Brunekreef 
B. Commuters' exposure to particulate matter air pollution is affected by mode of transport, fuel 
type, and route. Environ Health Perspect. 2010; 118: 783-789. 
 
Strak MM, Boogaard H, Meliefste K Oldenwening, M., Zuurbier, M., Brunekreef, B., and 
Hoek, G. l. Respiratory health effects of ultrafine and fine particle exposure in cyclists. Occup 
Environ Med 2010; 67:118-124. 
 
Zuurbier, M., Hoek, G., Van den Hazel, P., and Brunekreef, B. Minute Ventilation of Cyclists, 
Car and Bus Passengers. Environ Health. 2009; 8: 48. 
 
Zuurbier M, Lundqvist C, Salines G, Stansfeld S, Hanke W, Babisch W, Bistrup ML, van den 
Hazel P, Moshammer H., The environmental health of children: priorities in Europe. Int J 
Occup Med Environ Health. 2007; 20(3): 291-307. 
 
Zuurbier M, Salines G, Moshammer H, Stansfeld S, Lundqvist C, Hanke W, Van den Hazel P, 
Bistrup ML, Babisch W, [Children’s environmental health in Europe, Priorities suggested by the 
PINCHE network, Environ Risque Santé, 2007; 6(1), 43-56. 



List of publications 
 
 

 138 

 
Smit LA, Zuurbier M, Doekes G, Wouters IM, Heederik D, Douwes J: Hay fever and asthma 
symptoms in conventional and organic farmers in The Netherlands. Occup Environ Med, 2006; 
64: 101-107. 
 
Van den Hazel P, Zuurbier M, Bistrup ML. Policy interpretation network on children's health 
and environment. Acta Paediatr Suppl. 2006; 95(453): 6-12. 
 
Van den Hazel P, Zuurbier M, Babisch W, Bartonova A, Bistriup ML, Bolte G, Busby C, 
Butter M, Ceccatelli S, Fucic A, Hanke W, Johansson C, Kohlhuber M, Leijs M, Lundqvist C, 
Moshammer H, Naginiene R, Preece A, Ronchetti R, Salines G, Saunders M, Schoeters G, 
Stilianakis N, Ten Tusscher G, Koppe JG. Today's epidemics in children: Possible relations to 
environmental pollution and suggested preventive measures. Acta Paediatr Suppl. 2006; 95(453): 
18-25. 
 
Kohlhuber M, Heinrich J, Van den Hazel P, Zuurbier M, Bistrup ML, Koppe JG, Bolte G, 
Children's environmental health: Why should social disparities be considered? Acta Paediatr 
Suppl. 2006; 95(453): 26-30. 
 
Ronchetti R, Zuurbier M, Jesenak M, Koppe JG, Ahmed UF, Ceccatelli S, Villa MP, 
Children’s health and mercury exposure. Acta Paediatr Suppl. 2006; 95(453): 36-44. 
 
Schoeters G, Den Hond E, Zuurbier M, Naginiene R, Van den Hazel P, Stilianakis N, 
Ronchetti R, Koppe JG. Cadmium and children: Exposure and health effects. Acta Paediatr 
Suppl. 2006; 95(453): 50-54. 
 
Lundqvist C, Zuurbier M, Leijs M, Johansson C, Ceccatelli S, Saunders M, Schoeters G, Ten 
Tusscher G, Koppe JG. The effects of PCBs and dioxins on child health. Acta Paediatr Suppl. 
2006; 95(453): 55-64. 
 
Zuurbier M, Leijs M, Schoeters G, Ten Tusscher G, Koppe JG. Children's exposure to 
polybrominated diphenyl ethers. Acta Paediatr Suppl. 2006; 95(453):65-70. 
 
Polanska K, Hanke W, Ronchetti R, Van den Hazel P, Zuurbier M, Koppe JG, Bartonova A. 
Environmental tobacco smoke exposure and children's health. Acta Paediatr Suppl. 2006; 
95(453): 86-92. 
 
Moshammer H, Bartonova A, Hanke W, Van den Hazel P, Koppe JG, Krämer U, Ronchetti 
R, Sram RJ, Wallis M, Wallner P, Zuurbier M. Air pollution: A threat to the health of our 
children. Acta Paediatr Suppl. 2006; 95(453): 93-105. 
 



List of publications 
 
 

 139

Koppe JG, Bartonova A, Bolte G, Bistrup ML, Busby C, Butter M, Dorfman P, Fucic A, Gee 
D, Van den Hazel P, Howard V, Kohlhuber M, Leijs M, Lundqvist C, Moshammer H, 
Naginiene R, Nicolopoulou-Stamati P, Ronchetti R, Salines G, Schoeters G, Ten Tusscher G, 
Wallis MK, Zuurbier M, Exposure to multiple environmental agents and their effect. Acta 
Paediatr Suppl. 2006; 95(453): 106-113. 
 
Van den Hazel P, Zuurbier M, Bistrup ML, Busby C, Fucic A, Koppe JG, Lundqvist C, 
Ronchetti R, Ten Tusscher G. Policy and science in children's health and environment: 
Recommendations from the PINCHE project. Acta Paediatr Suppl. 2006; 95(453): 114-119. 
  
Bolte G, Kohlhuber M, Weiland SK, Zuurbier M, Stansfeld S, Heinrich J. Socioeconomic 
factors in EU-funded studies of children's environmental health.  
Eur J Epidemiol. 2005; 20(4): 289-291. 
 
Monge P, Wesseling C, Engel LS, Keifer M, Zuurbier M, Rojas M, Partanen T., An icon-
based interview for the assessment of occupational pesticide exposure in a case-control study of 
childhood leukemia. Int J Occup Environ Health. 2004; 10(1): 72-78. 
 
 



 
 



Dankwoord 
 
 

 141

 
 
 
Dankwoord 
 
 
Het meest gelezen, maar snelst geschreven hoofdstuk van m’n proefschrift. En dit hoofdstuk wil 
ik beginnen door Gerard te bedanken. Gerard, je maakte vaak tijd voor me tijdens mijn 
wekelijkse bezoekjes aan IRAS. En tijdens onze gesprekken gaf je me niet alleen commentaar 
en tips, maar kwam ik zelf ook op nieuwe ideeën. Daarna keerde ik weer naar Arnhem terug 
met meer enthousiasme en motivatie. Enorm bedankt! Ook Bert bedankt voor je suggesties en 
ook voor het feit dat je zoveel tijd besteedt aan het op de rails krijgen en voortzetten van de 
samenwerking met GGD-en.  
Virissa, Marieke, Joris, Kees, Roderik, Maaike, Truuske, Marijke en Marion wil ik bedanken 
voor de hulp bij het veldwerk. Het is alweer even geleden, ik ben het vroege opstaan alweer 
bijna vergeten, maar de gezellige uurtjes met jullie zeker niet! Het was een behoorlijke 
krachtinspanning, maar met dit team van GGD en IRAS collega’s hebben we de klus mooi 
geklaard.  
Mijn dagelijkse collega’s bij de GGD, met name mijn kamergenoten Joris en Vivian, en 
natuurlijk ook Peter, Annemiek, Mayke, Rik, Manon, Marja en alle anderen: bedankt voor 
jullie interesse en peptalk als dat nodig was. Een promotieonderzoek bij onze GGD is niet 
gebruikelijk en dat was daarom ook wel eens lastig voor mij, maar de interesse van jullie hielp 
zeker. Wat daar ook bij hielp is alle grote en kleine hulp van alle collega’s op IRAS: bedankt 
Susan, Ulrike, Hanna, Marloes, Esmeralda, Maciek, Rob, Jeroen, Gert, Ingrid en anderen! 
Zonder vrijwilligers was dit onderzoek niet mogelijk geweest. Dus Alida, Alexander, Alexander, 
Bernadette, Bram, Bola, Christian, Corné, Ferdinand, Hans, Harrie, Harro, Ineke, Jan, Jaap, 
Jeroen, Jolanda, Joop, Joris, Jozef, Judith, Maaike, Maud, Mike, Paul, Peter, Rachel, René, 
Robin, Robin, Suze, Theunis, Tonny en Tonny: hartelijk dank dat jullie zo vroeg op wilden 
staan, dat jullie je lek wilden laten prikken, je longen uit je lijf wilden blazen en door weer en 
wind op de fiets of twee uur knus in auto of bus wilden rondrijden. Bijzonder dat jullie je 
hiervoor in wilden zetten, ondanks drukke agenda’s en angst voor bloedprikken. 
Dat Susan en Joris mijn paranimfen zouden zijn, was voor mij logisch. Joris, het feit dat jouw 
naam hierboven al drie keer voor kwam, zegt al genoeg over je betrokkenheid bij mijn 
onderzoek. En Susan, ook jij hebt mij tijdens onze treinreisjes en fietstochtjes aangespoord en 
versterkt in mijn ideeën; die gesprekjes waren erg belangrijk voor mij. 
Judith en Hilde, leuk dat onze milieuactiviteiten zich hebben ontwikkeld naar weekendjes weg 
en saunabezoekjes. Dat gaan we hopelijk weer vaker doen de komende tijd! 
Yvette, erg leuk dat je weer in Nederland woont, voor goede gesprekken tijdens 
lunchwandelingetjes en etentjes. 
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Manon, David, Wieteke, Marjan en Remi: we hebben elkaar en onszelf goed leren kennen in 
dat ene jaar in dat hok van 5 bij 5. Dat bleek een goede basis te zijn voor vele promoties! 
Wendy en Daan: bijzonder dat we na al die jaren nog contact hebben, ik twijfel er niet aan dat 
dat zo zal blijven. 
Hardloopvrienden en -vriendinnen: heerlijk om na een lange werkdag lekker te trainen met 
jullie en gezellig na te praten. Fantastisch dat we zo dicht bij de Veluwe wonen, we hebben 
prachtige tochten gemaakt. Trainingen langs de Apeldoornseweg zijn na het lezen van dit 
proefschrift misschien wel niet meer aan de orde…? 
Andere vrienden en familie: bedankt voor alle leuke afleiding en getoonde interesse.  
Pa en ma, bedankt voor jullie interesse in mijn werk, erg leuk dat jullie kwamen kijken bij het 
veldwerk en meeleefden met het publiceren van de artikelen.  
En tot slot natuurlijk Rob: fijn dat we samen goed kunnen praten over werk en (andere) 
belangrijke dingen. Je kunt dingen goed relativeren en je brengt rust. Bedankt voor alles. 
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