ResearchGate

See discussions, stats, and author profiles for this publication at:

Exposure to Particulate Matter in Traffic: A
Comparison of Cyclists and Car Passengers

Article /1 Atmospheric Environment - June 2010

DOI: 10.1016/j.atmosenv.2010.04.028

CITATIONS READS
181 648

9 authors, including:

Q Flemish Institute for Technological Research ‘ Vrije Universiteit Brussel

284 PUBLICATIONS 2,981 CITATIONS 60 PUBLICATIONS 1,435 CITATIONS
SEE PROFILE SEE PROFILE
@ Université Catholique de Louvain Vrije Universiteit Brussel
217 PUBLICATIONS 2,816 CITATIONS 350 PUBLICATIONS 8,099 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project EXPLAIN: Impact of EXposure to Particulate matter and physical Actlvity on cognitioN

Project PASTA project

All content following this page was uploaded by on 16 October 2014.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/223018568_Exposure_to_Particulate_Matter_in_Traffic_A_Comparison_of_Cyclists_and_Car_Passengers?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/223018568_Exposure_to_Particulate_Matter_in_Traffic_A_Comparison_of_Cyclists_and_Car_Passengers?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/EXPLAIN-Impact-of-EXposure-to-Particulate-matter-and-physicaL-ActIvity-on-cognitioN?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/PASTA-project?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Luc_Int_Panis?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Luc_Int_Panis?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Flemish_Institute_for_Technological_Research?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Luc_Int_Panis?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bas_De_Geus?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bas_De_Geus?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Vrije_Universiteit_Brussel?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bas_De_Geus?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Isabelle_Thomas2?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Isabelle_Thomas2?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universite_Catholique_de_Louvain?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Isabelle_Thomas2?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Romain_Meeusen?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Romain_Meeusen?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Vrije_Universiteit_Brussel?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Romain_Meeusen?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Luc_Int_Panis?enrichId=rgreq-34766972cc1e7cd248934aa8b1d74ab6-XXX&enrichSource=Y292ZXJQYWdlOzIyMzAxODU2ODtBUzoxNTI4ODQyNDcyNzM0NzRAMTQxMzQ2MTg1NDA5NA%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Atmospheric Environment 44 (2010) 2263-2270

Contents lists available at ScienceDirect

Atmospheric Environment

journal homepage: www.elsevier.com/locate/atmosenv

| ATMOSPHERIC .
ENVIRONMENT :

Exposure to particulate matter in traffic: A comparison of cyclists

and car passengers

Luc Int Panis *®*, Bas de Geus®, Grégory Vandenbulcke ¢, Hanny Willems ?, Bart Degraeuwe 2,
Nico Bleux?, Vinit Mishra?, Isabelle Thomas ¢, Romain Meeusen ©

4 Flemish Institute for Technological Research (VITQ}, 2400 Mol, Belgium

® Transpartation Research Institute (IMOB), University of Hasselt, Belgium

¢ Human Physiology & Sports Medicine, Vrije Universiteit Brussel, Belgium
9C.ORE and Department of Geography, Université catholique de Louvain, Belgium

ARTICLE INFO ABSTRACT

Article history:

Received 21 January 2010
Received in revised form
1 April 2010

Accepted 13 April 2010

Keyweords:

Personal exposure
Traffic emissions

Air pollution inhalation
Cycling

Active travel

Physical activity

UFP

PNC

Ultrafine particulate matter
Lung deposited dose

Emerging evidence suggests that short episodes of high exposure to air pollution occur while
commuting. These events can result in potentially adverse health effects. We present a quantification of
the exposure of car passengers and cyclists to particulate matter (PM). We have simultaneously
measured concentrations (PNC, PM2.5 and PM10) and ventilatory parameters (minute ventilation (VE),
breathing frequency and tidal volume) in three Belgian locations (Brussels, Louvain-la-Neuve and Mol)
for 55 persons (38 male and 17 female). Subjects were first driven by car and then cycled along identical
routes in a pairwise design. Concentrations and lung deposition of PNC and PM mass were compared
between biking trips and car trips.

Mean bicycle/car ratios for PNC and PM are close to 1 and rarely significant. The size and magnitude of
the differences in concentrations depend on the location which confirms similar inconsistencies reported
in literature, On the other hand, the results from this study demonstrate that bicycle/car differences for
inhaled quantities and lung deposited dose are large and consistent across locations. These differences
are caused by increased VE in cyclists which significantly increases their exposure to traffic exhaust. The
VE while riding a bicycle is 4.3 times higher compared to car passengers. This aspect has been ignored or
severely underestimated in previous studies. Integrated health risk evaluations of transport modes or
cycling policies should therefore use exposure estimates rather than concentrations.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Adverse health effects of exposure to air pollution have tradi-
tionally and consistently been associated with ambient measure-
ments at fixed monitoring stations in many different countries
(Kiinzli et al., 2000; Nawrot et al.,, 2007; Pope et al., 2009). The exact
contribution of different compounds and fractions of particulate
matter (PM) to specific health endpoints has not been fully elicited
but emissions of internal combustion engines and traffic have been
suggested to be more toxic than the general mixture (Jerrett et al.,
2005). Proximity of the residence to major roads has been used as
a surrogate for exposure to traffic related air pollution (e.g. Beelen
et al., 2007). Land-use regression models (LUR) therefore typically

* Corresponding author at: Flemish Institute for Technological Research (VITO),
2400 Mol, Belgium. Fax: +32 14 58 05 23.
E-mail address: luc.intpanis@vito.be (L. Int Panis).

1352-2310/§ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.atmosenv.2010.04.028

use road or traffic density as a predictor of local concentrations.
Combined with other variables such as population density LUR
provide a quick and accurate assessment of concentrations useful
for exposure assessments (Briggs et al, 1997; Hoek et al,, 2008).
Other authors have used either measurements or models to
demonstrate that exposure during commuting could make
a significant contribution to total exposure (e.g. Fruin et al,, 2004).
Recent reviews of both approaches can be found in Boogaard et al.
(2009) and Beckx et al. (2009a).

This increased exposure in traffic is a consequence of the fact
that vehicles typically emit high quantities of pollutants under
a limited number of specific driving conditions (Int Panis et al.,
2006; Beusen et al, 2009). Close proximity to traffic therefore
leads to peak exposure when trailing vehicles or cyclists cross the
tailpipe plume. At this moment it is not clear what the health effects
of short bursts of high exposure are relative to the effects of chronic
exposure which are well known from epidemiological studies.
Nevertheless some observations suggest that short episodes of
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high exposure can potentially account for some of the observed
health effects (Pekkanen et al. 2002; McCreanor et al.,, 2007; Strak
et al,, 2010).

Recent advances in the field of exposure modelling have enabled
the estimation of the time spent in traffic using different modes by
using activity-based traffic models, a new class of transport
demand models (Beckx et al., 2009b, 2009c). Similar work by
Marshall {(2008) used data from activity diaries to estimate expo-
sure but neither approach has been fully validated (Beckx et al.,,
2009c). Hence accurate assessments of exposure in different vehi-
cles are necessary to validate model predictions so that future
studies can take dynamic exposure during commuting into account
(Int Panis, 2010).

In this paper we present the results of measurements of
concentrations of particulate matter inside a car and on a bicycle.
Ventilatory parameters are simultaneously measured to assess the
amount of pollutants actually inhaled during each trip. Only a few
studies (van Wijnen et al.,, 1995; Rank et al., 2001; O’'Donoghue
et al., 2007; Zuurbier et al,, 2009) have taken into account that
cyclists have a variable and increased minute ventilation compared
to other commuters, influencing their inhaled dose of air pollut-
ants, For this study we also explicitly want to relate the lung
deposited dose to cycling intensity.

2. Methods
2.1. Study design and routes

The study described in this paper was conducted within the
framework of the SHAPES project. The working hypothesis was that
PM concentrations would be higher in the car than on the bicycle.
This hypothesis was based on the results of a pilot study and
published results from other studies {Kingham et al., 1998; Adams
et al, 2001, 2002; Kaur et al., 2005, 2007). A similar result was

L. Int Panis et al. / Atmospheric Environment 44 (2010) 2263-2270

expected for particle number concentrations (PNC) (Kaur et al.,
2005; Boogaard et al., 2009). Three routes were chosen in three
different Belgian regions (Fig. 1). Brussels (BxL) is the capital located
in the centre of Belgium (pop. ~1.5 mil.), Louvain-la-Neuve (LLN) is
a new university town (built between 1968 and 1975; ~ 10,000 inh.
and 21,000 students) in Wallonia about 20 km southeast of
Brussels. Mol, a small rural town (~ 34,000 inh) in Flanders, is an
assembly of a dozen former hamlets about 70 km northeast of
Brussels. Some attributes of the three routes, sampling dates and
meteorological conditions are summarized in Table 1. All routes are
in the form of loops so that all relative wind directions are included
in each trip. All routes include sections with on-road cycling, cycle
lanes marked on the road and grade separated cycling paths
parallel to the lanes for motorized traffic.

The Brussels route loops through the European district. Its
southern leg includes part of the Rue de Ia Loi, a busy 4 lane street
canyon (N3; ~50000 vehicles day'). The routes that were chosen
in Louvain-la-Neuve and Mol included very quiet residential areas
as well as a busier street in the eastern section with mostly local
traffic and few heavy duty vehicles (N4 and N18; ~ 15000 vehicles
per day). The route in Louvain-la-Neuve includes some slopes,
similar to the route in Brussels, whereas the route in Mol is flat.
The Brussels route was cycled twice to obtain a similar sampling
time and number of measurements as for the longer rural routes.

2.2. Selection of test persons

Participants were recruited through the ‘SHAPES injury regis-
tration systemn’. Commuter cyclists were asked to report weekly on
their bicycle usage and related traffic injuries. The SHAPES inclu-
sion criteria are: (1) age between 18—65 years; (2) having a paid job
outside the home; (3} cycling to work at least twice a week;
(4) living in Belgium. All subjects who had filled out at least two
week books (N=1048) were sent an email. 281 subjects who

200
Meters

S35 Slope > 5% 7

"Upward slopes only (given the
direclion of the study route)

PM10 {ugim?)
’* Stan / End — 43 -50
m— Sudy route G 51 -55
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=== Major road - 81-100
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Fig. 1. Location of case-study routes in a. Brussels b. Louvain-la-Neuve and ¢. Mol.
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Table 1

Route characteristics and meteorological and environmental conditions during the experiments.

Average® Date Route Route length Avg. temp. Avg. wind Wind Avg. Ozone Avg. relative Avg. air pressure Avg. PM10
(m) (°C) speed (kmh ') direction (ngm) humidity (%) (hPA) (ngm)
4/06/2009 Brussels 4800 13.5 129 NW 92.8 495 1005.8 226
5/06/2009 Brussels 4800 13.5 73 w 70.4 64.7 999.0 269
8/06/2009 Brussels 4800 16.5 9.1 5 949 533 996.4 16.1
9/06/2009 Brussels 4800 17.8 21.2 S 77.9 719 994.3 19.0
11/06/2009 LLN 5450 15.5 17.1 W5SW 72.7 80.7 1004.7 123
12/06/2009 LLN 5450 18.2 9.5 w 903 53.7 1009.9 218
30/06/2009 Mol G800 28.1 12.2 WNW 140.8 478 1020.0 146
1/07/2009 Mol 6800 253 8.9 NE 113.9 558 1021.0 183

® Averages in the nearest station of the automatic monitoring networks (IS5eP; BIM; VMM): For PM10 and Os, stations UcclefUkkel, Corroy-le Grand and Dessel were used
for Bxl, LLN and Mol respectively. For meteorological data, station Uccle-Ukkel was used for Brussels and LLN and station Luchtbal was used for Mol. There was no precipitation.

volunteered to participate were contacted by telephone. During
this phone call, we tested additional exclusion criteria (e.g. use of
anti-platelet medication). Finally 55 healthy non-smokers were
randomly selected (stratified by their place of residence relative to
one of the three case-study locations). None were rejected based on
amedical pre-participation screening. Some descriptive statistics of
the 55 test subjects are summarized in Table 2. During the exper-
iment, each test person was first driven over the route as
a passenger in a car. Immediately after the car trip the subjects were
asked to ride the same route by bike. The time between the car trip
and the bike trip was kept to a minimum (range 3—8 min). This
pairwise design was chosen to minimise the effect of the timing on
the analysis (e.g. because of intraday variation in concentrations
due to changes in traffic, wind speed and direction). The bike trip
always followed the car trip to avoid an effect of the bike ride on the
ventilation and heart rate during the car ride. The same car (Citroén
Jumpy, model year 2007) was used for all tests. The car was always
driven with the windows closed, air conditioning off and the fanned
ventilation system in mode 1. The same P-Trak and DustTrak
instruments were used for each pair of trips to sample air within
the breathing zone (i.e. approximately 30 cm from the mouth).

2.3. Measurements of particle numbers, PM10 and PM2.5

A bicycle equipped with different instruments was used to
measure particulate concentrations in the ambient environment
(Berghmans et al,, 2009). Only the TSI P-TRAK, TSI DustTrak, and
a commercial GPS were used in this study. A GRIMM 1.108 spec-
trometer {Grimm Technologies Inc, USA) was added for calibration
purposes, but only the results of the calibrated DustTrak were used
because second-by-second data is necessary for the synchroniza-
tion with the other instruments. The TSI DustTrak DRX model 8534
(TSI Inc, USA), a portable optical dust monitor, was used to simul-
taneously measure PM2.5 and PM10. Calibrations were performed
in dry conditions for 5 days in an urban background site versus
a Partisol Plus model 2025 filter sampler (Thermo Fisher Scientific
Inc, USA), which is an equivalent sampler for PM10 dust according
to standard EN 12341. Particle number concentrations (PNC) at 1-s

Table 2

resolution were made using P-Trak UFP Counters (TSI Model 8525,
USA), for particles in the size range 0.02—1pum (maximum
500,000 cm3).

2.4. Respiratory measurements

Simultaneous respiratory measurements were made during
each trip (one while driving and another while cycling) and
synchronized with the P-Trak, DustTrak and GPS datasets. During
the field tests, breathing frequency, tidal volume and oxygen
uptake were measured using a portable cardiopulmonary indirect
breath-by-breath calorimetry system (MetaMax 3B, Cortex
Biophysik, Germany) fixed into a chest harness. A flexible facemask
covered the mouth and nose. Before each test, gas and volume
calibration took place and ambient air was measured before each
test according to the manufacturer’s guidelines. Heart rate was
recorded via a Polar X-Trainer Plus system (Polar Electro OY,
Finland). During the field tests, subjects were asked to cycle at the
same average speed as during their trips to and from work
which were recorded in weekly web-based diaries for approxi-
mately 1 year prior to this experiment.

2.5. Lung deposited dose calculation

Minute ventilation (VE) was calculated by the MetaSoft software
(VE = breathing frequency x tidal volume). Inhaled amounts were
calculated by multiplying PNC and PM2.5 and PM10 mass with VE.
The lung deposited fraction was determined based on published
deposition factors (DF) which decrease strongly with particle size
and increase with tidal volume (Jaques and Kim, 2000). To relate
the lung deposited dose to cycling intensity we used the data
presented in Daigle et al. (2003) who report that DF strongly
increases with exercise. An average PNC DF at rest of 0.63 +0.03
was used in our calculation of dose for car trips compared to 0.83 +
0.04 for cycling (although their reported VE (38.1+9.5 Lmin"") is
lower than in our measurements; Table 3). Chalupa et al. (2004)
reported fractional UFP deposition as a linear function of tidal
volume. For comparison this function was evaluated for each breath

Descriptive statistics of the routes by location and gender (mean and standard deviation (SD)).

Route # of Test Mean age, Mean BMI, Average speed time Average speed GPS based,” Total cycling time, Total driving time,
persons years (SD) kgm2 (SD) based, kmh~' (SD) kmh~' (SD) min min
BxL Male N=21 42.9 (9.4) 23.7(2.0) 18.8 (1.5) 20.6 (1.8) 154 (1.3) 16.9 (2.5)
Female N=10 40.9 (11.1) 243 (4.2) 165 (1.8) 17.9 (1.9) 17.6 (1.9) 16.2 (3.6)
LLN Male N=§ 41.5 (11.0) 23.8(2.2) 20.1(1.5) 20.9(1.8) 163 (1.2) 106 (0.3)
Female N=1 29.0 () 20.7 (.) 22216 246 () 147 () 10.8 (.)
Mol Male N=9 44.7 (8.1) 24.3 (2.6) 22.1(3.0) 22.1(3.7) 18.8 (2.8) 9.5(1.0)
Female N=6 49.8 (3.2) 225(3.1) 19.4 (1.8) 20.1(1.7) 21.1 (2.0) 10.2 (1.24)

¢ Distance based average speed while cycling (excluding zero speeds during stops at intersections etc.).
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Table 3
Average respiratory parameters. Values are mean (SD).

L. Int Panis et al. / Atmospheric Environment 44 (2010) 2263-2270

# of Test persons Breathing frequency Tidal volume Minute ventilation Heart rate Total inhaled volume
(breaths min~") per breath (L) (VE)(Lmin™") (beats min 1) during trip (L)
Bike Male N =21 27.9 (4.2) 22(04) 59.1 (13.7) 1296 (12.8) 924.8 (1823)
Female N=10 327 (7.0) 1.4 (0.3) 46.2 (10.6) 140.0 (13.6) 801.4 (98.2)
Car Male N=8 18.3 (3.0) 0.8(0.2) 13.4(1.7) 71.9(9.7) 176.8 (55.8)
Female N=1 21.3 (4.8) 0.6 (0.1) 113 (1.8) 74.8 (9.0} 153.4 (62.7)
Bike/car ratio Male N=9 1.6 (0.3) 2.8 (06) 4.5 (1.1) 1.8 (0.2) 5.8(2.3)
Female N=6 1.6 (0.2) 2.6 (04) 4.1 (0.6) 1.9(0.3) 5.9(2.0)

taken during the car trips (only car trips, because it was only
defined at tidal volumes <1 liter which was exceeded during all the
cycling trips). We took a similar approach for the calculation of
PM2.5 and PM10 doses based on Londahl et al. (2009) who report
slightly higher DF for traffic exhaust particles relative to general
curb side particles. Mass based DF (0.23 4 0.03) are much lower
than number based DF. We were unable to find peer-reviewed data
on the effect of exercise on mass based fractional deposition of
particles.

3. Results
3.1. General results

Table 2 summarizes some descriptive statistics about the tested
persons and their performance during the experiments. Mean age
(F-test, p=0.1899) and mean BMI (F-test, p = 0.8642) were similar
in all 3 locations. Mean age and sex ratio were similar to those of
frequent commuter cyclists in Belgium (mean age i+ SD =39.7 + 10;
68.2% Men, 31.8% Women; N=2932). Time based cycling speeds
recorded in Brussels were somewhat lower than in both rural
towns because of traffic lights and pedestrians. Otherwise average
(self-selected) cycling speeds were similar for both rural locations
but slightly lower for women (t-test, p=0.0098). The cycling
speed during the experiment was comparable to the average
commuting speed that was reported in the weekly diaries (men:
195+ 4.8 kmh~!, women: 15.5+3.8 kmh™1),

3.2. Concentrations

Data were first checked for unreliable measurements and
outliers. Ventilation or PM data were missing on some trips due to
equipment failure, especially in Mol. Whenever there were anom-
alies in the measurements of one trip, both trips were excluded
from the analysis (since we use a pairwise design, the associated
car or bike trip was also excluded). Only subjects with valid
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concentration and respiration data for both trips were taken into
account. After applying these cleaning criteria, the final dataset
included 24 cyclists in Brussels (Male = 15, Female = 9), 6 in LLN
(M=5,F=1)and 13 in Mol (M =8, F=5).

PNC values in traffic were more chaotic on the bicycle and peak
values are frequently above 100,000 particlescm™ whereas
numbers inside the car are more stable. Fig. 2 shows all measure-
ments taken in Brussels on 4th June 2009. Fig. 3 shows a summary
of all measurements for the three locations. PNC were approxi-
mately three times higher in Brussels than in both other locations.
Levels of PM were elevated in Mol (Fig. 1) due to specific meteo-
rological conditions which did not occur at the other locations. High
temperatures, combined with sunny weather and low relative
humidity caused an increase in both ozone and PM concentrations
(Table 1). PNC were significantly higher inside the car than on the
bicycle in Mol whereas differences at similar levels in LLN and at
much higher levels in Brussels were not significant. The opposite
result was found for particulate mass. Average PM2.5 and PM10
levels were significantly lower inside the car in Brussels and LLN,
but not in Mol.

3.3. Respiratory parameters

A summary of the respiratory data is shown in Table 3. Women
breathed significantly more frequently and had lower tidal volumes
than men (t-test p <0.01; p < 0.0001). As a result men inhaled
about 17% more air while cycling (p < 0.01). Ventilation frequency
was 1.6 times higher and tidal volume increased by a factor of 2.6
while cycling. VE increased by a factor of 4.1 in women and 4.5 in
men. Differences between the three routes were not significant.

3.4. Inhaled quantities and lung deposited dose
Inhaled quantities shown in Table 4 were computed by multi-

plying the concentration of pollutants with tidal volume. The
inhaled amount was calculated for each breath and then summed
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Fig. 2. PNC for all individual trips in Brussels on 4th June 2009; spatial average over 50 m (left car, right bicycle; the dashed lines indicate the daily average). Number of

particlesfcm? (Ptcc™').
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Fig. 3. Median, quartiles and range of PNC (left, #/cm?) and PM10 measurements (right, pg m=3).

over the entire trip. The fraction of particles that is estimated to stay
in the respiratory tract after being inhaled (dose) is the inhaled
amount multiplied by the relevant DF. Relative differences between
inhaled amounts and dose are higher for PNC than for PM10 and
PM2.5 because the DF for UFP is higher when performing physical
exercise. There is little difference whether the Daigle et al. (2003)
average DF is used or a specific DF for each breath is calculated
based on Chalupa et al. (2004). Quantities of particles inhaled by
cyclists were between 400 and 900% higher compared to car
passengers on the same route. The longer duration of the cycling
trip also increased the inhaled doses.

4. Discussion

In general, observed PNC for Brussels are similar to published
numbers for cities such as Aberdeen (Dennekamp et al., 2002),
Copenhagen (Vinzents et al., 2005) and a number of Dutch cities
(Boogaard et al., 2009).

We have identified an apparent inconsistency in the measured
average PNC values which are significantly higher in the car in Mol,
but not in Brussels (at relatively higher concentrations) or LLN
(with lower concentrations). This inconsistency indicates that there
are differences between locations or the time at which they were
sampled, which remain unexplained. Similar findings can be found
in Boogaard et al. (2009) who concluded that the overall mean PNC
in the car is 5% higher than the overall mean PNC of cyclists in 11

Dutch cities. Their general conclusion ignores the fact that they did
find important differences in either direction. Mean PNC and mean
PM2.5 were higher in the car in 4 and 6 Dutch cities respectively.
Mean PNC and mean PM2.5 were higher on the bicycle in 4 and 3
Dutch cities respectively and small differences were reported in the
other locations {Boogaard et al., 2009). Earlier studies also found
higher UFP concentrations in cars compared to cyclists. Kaur et al.
(2005) reported a car/bicycle PNC ratio of 1.06. Both ratios are
very similar to the result for Brussels (1.05).

We have also found inconsistencies in the mass based
measurements of PM2.5 and PM10. Although a pilot study had
indicated that in car concentrations were higher than on the bike
in Mol, this difference was not found to be significant in this study
despite the much larger sample size. In Brussels and LLN the
opposite was even observed: lower concentrations in the car. In
contrast with our results, most other studies (van Wijnen et al.,
1995; Kingham et al, 1998; Adams et al., 2001, 2002; Rank
et al, 2001; Kaur et al, 2005) reported higher PM concentra-
tions for car drivers, confirming similar findings for organic
pollutants (O'Donoghue et al., 2007). Also when comparing car
drivers with pedestrians Kaur et al. (2005) reported lower
concentrations for the latter. Gulliver and Briggs (2007) however
reported results which are in line with our results for cyclists in
Brussels and LLN. A number of explanations for these differences,
mostly related to the proximity of (traffic) sources, have been
suggested (Gee and Raper, 1999; Briggs et al., 2008) although

Table 4
Average inhaled quantities of PNC, PM10 and PM2.5. PNCm ™ and pg km™'; mean (SD).
PNC (SD) #inhaled PNC #dose per meter ng PM10 (SD) ug PM10 g PM2.5 (SD) ng PM2.5
per meter inhaled km ™’ dose km ™' inhaled km™! dosekm ™!
Brussels Bike 5,580.195 (1,924,800) 4,631,562 11,5 (4.5) 26 34(1.3) 0.8
Car 1,335,467 (83,365) 841,344" 965,696° 1.6 (0.6} 04 0.6 (0.2) 0.1
Bike/car ratio 450 (2.17) 7.3 (3.0) 5.9(2.1)
LLN Bike 2,023,702 (594,881) 1,679,673 8.4 (1.6) 19 3.8 (0.8) 0.9
Car 305,095 (83,365) 192,210" 214,045¢ 0.9 (0.1) 0.2 0.5 (0.1) 0.1
Bike/car ratio 6.83 (1.68) 9.0 (1.0) 8.0 (0.8)
Mol Bike 1,135,046 (435,493) 942,088" 8.5(0.2) 1.9 5.2 (0.2) 1.2
Car 216,768 (75,832) 136,564" 135,956° 1.2 (0.2) 03 0.7 (0.1) 0.1
Bike/car ratio 6.05 (3.46) 6.6 (0.3) 7.4 (0.6)

4 Avg DF = 0.83, Daigle et al. 2003.
b Avg DF = 0.63, Daigle et al. 2003.
¢ Variable DF, Chalupa et al. 2004.
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uncontrolled effects of relative humidity on measurements cannot
be excluded.

The results of this study suggest that the discussion on which
transport mode is associated with the highest concentrations may
not be entirely relevant. Comparative studies should focus on
exposure and associated risk in order to come up with a valid
comparison as is the case with accidents risks for example
(Vandenbulcke et al, 2009). Although there are obvious differences
in exposure between cyclists and car drivers, this aspect has often
been ignored for lack of measured data. Three differences influence
the exposure of cyclists to air pollution. The most important one is
a large increase in breathing frequency and tidal volume which
increases the total inhaled volume. Secondly, for the same inhaled
quantity, the amount of particles that remains in the respiratory
tract is higher while exercising because of increased deposition.
Finally, the time needed to complete the route is often (but not
always) longer for the cyclist. Nevertheless it is mainly the differ-
ences in ventilation (and associated deposition) that matter. The
difference between the results based on concentration measure-
ments only (Fig. 3) and those including both the tidal volume and
deposition fraction (Table 4) clearly demonstrates how important it
is to take the physical effort that cyclists make into account.
Nevertheless, to our knowledge no other project has ever designed
such simultaneous measurements of concentrations and respira-
tion. The scant attention for differences in respiration rates
contrasts sharply with our assessment which suggests that
increased ventilation is often seriously underestimated even for
non-sloping routes cycled at low wind speeds. Most authors have
either used rough estimates to account for the higher tidal volume
of cyclists or ignored differences in tidal volume (Hertel et al,, 2007;
Kaur et al., 2005).

Rank et al. (2001) used a correction of 2.3 for the ventilation of
all cyclists (referring to van Wijnen et al., 1995 but actually based on
an unpublished study (Vrijkotte, 1990)). O’'Donoghue et al. (2007)
estimated the ratio at 2.6 based on laboratory measurements by
averaging the results of two subjects at rest and while cycling on
a cycling ergometer. Zuurbier et al. (2009) recently suggested
a slightly lower value of 2.09. Minute ventilation levels in that study
were estimated using a relation with heart rate measurements that
was established in the laboratory. Their low cycling speed
(~12kmh~") was caused by the use of a three wheeled delivery
bike to carry the particle counters and PM instruments. One labo-
ratory study (Bernmark et al., 2006) found a ratio between rest and
cycling of 5, in bicycle messengers based on the individual rela-
tionship between heart rate and VE. An average factor of 4.3 is our
present best estimate based on field measurements for commuter
cyclists. Even if a correction for ventilation rate is made, the inhaled
dose of air pollutants is not only influenced by minute ventilation,
but deposition of particles 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. Daigle et al. (2003) found that
a 3.3-fold increase in minute ventilation led to a more than 4.5-fold
increase in total ultrafine particle lung deposition.

We hypothesize that the bike/car exposure ratio, calculated in
this study is much higher than in previously published studies
because VE and HR were directly and continuously measured,
rather than by extrapolating the measured heart rates from labo-
ratory based respiration and HR measurements (Samet et al., 1993).
Also most other studies were conducted at much lower cycling
speeds than the normal cycling speeds in a population of
commuters used in this study (e.g. Strak et al., 2010).

From our measurements, we conclude that exposure to traffic
related PM is up to an order of magnitude higher for cyclists than
for car passengers. The remaining question however is whether this

difference, which occurs only for relatively short periods during the
journey to work, entails any significant health risks? Most of the
epidemiological evidence of the health risks related to near-traffic
pollution gradients is derived indirectly through PM2.5. UFP is
considered to be a likely candidate to contribute to cardiovascular
health effects, due to its characteristics and potential to induce
inflammation. UFP is a part of diesel exhaust, that is labeled likely
carcinogenic by the US-EPA. An interesting study in Copenhagen
backs this hypothesis, where it is shown that cyclists in traffic have
more oxidative DNA damage (Vinzents et al,, 2005). Observations
by Peters et al. (2004) suggest that short episodes of high exposure
can potentially account for some of the cardiovascular effects while
exposure chamber studies also indicate inflammatory and cardio-
vascular effects of short exposure during mild exercise (Ghio et al.,
2000; Gong et al., 2003; Stenfors et al., 2004). But Brugge et al.
(2007) conclude that "while the evidence is considerable, it is not
overwhelming and weak in some areas”. Although dedicated
epidemiological evidence is limited there is some direct evidence of
the effect of UFP on clinical or sub clinical effects linked to
cardiovascular and respiratory illness (Pekkanen et al, 2002;
Riediker et al., 2004; Huang and Ghio, 2009), but some evidence
is still circumstantial and there is a need for more targeted research
to unequivocally link UFP from traffic to health endpoints (HEI,
2009). According to Delfino et al. (2005) poor exposure assess-
ment and misclassification is one of the reasons that UFP effects are
still not well defined — a conclusion that can be extended to most
pollutants (Int Panis, 2010).

On the other hand there is strong evidence that regular physical
activity contributes to the prevention of chronic conditions
(including cardiovascular disease) and that it is associated with
a reduced risk of premature death (Andersen et al., 2000; Brown
et al., 2007; de Geus et al,, 2007, 2008, 2009). Commuter cycling
seems a convenient way to incorporate exercise into the daily
schedule.

5. Conclusion and further research

The aim of the present study was to objectively compare the
exposure to traffic exhaust for car passengers and cyclists. PNC,
PM2.5 and PM10 and ventilatory parameters were therefore
continuously measured in the field, using portable devices. From the
results, we conclude that the size and magnitude of differences in
concentrations depend on the location, confirming similar incon-
sistencies reported in literature. In Brussels and LLN, the PM2.5 and
PM10 concentration was significantly higher for the bicycle
compared to the car. In Mol PNC were higher for the car. Minute
ventilation while cycling is on average 4.3 times higher compared
to driving a car. Inhaled pg PM2.5 km™! and pg PM10km™" is
significantly higher while cycling compared to driving in a car. The
bicycle/car ratio ranges between 5.92 (2.06)—8.99 (1.03). Hence it is
necessary that future exposure measurements use realistic cycling
speeds that reflect the physical activity and respiration associated
with typical speeds in commuter cycling (in line with self-selected
speed over a long period of time). Likewise it is important to take
minute ventilation and deposition fraction into account.

Nevertheless the study presented here also has some limita-
tions. It is hard to obtain complete datasets for a car trip and
a cycling trip using the P-Trak and DustTrak in combination with
the MetaMax. The TSI instruments were chosen for this study
because they are hand-held and have a fast response time.
Although they had a relatively robust performance while in motion
they occasionally stopped measuring during bike trips following
a shock. We have excluded each dataset with one or more missing
values. The number of complete observations (pairs) in LLN and
Mol is therefore relatively small and the analysis of our results is
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subject to caution. Further research should be performed on larger
samples, in more locations and during other seasons in order to
confirm the results. Given that the results for concentrations are
apparently inconsistent, care should also be taken to include in-car
measurements of relative humidity in future studies. Other factors
that could potentially affect measured concentrations of PNC are
the 20 nm cut-off point and the 5 x 10° maximum of the P-Trak
which make it impossible to account for freshly emitted nucleation
mode particles (Zhu et al., 20086).

The results presented in this paper should be seen as an
opportunity to improve cycling conditions. Given the fact that
people who choose to cycle contribute to better air quality, policies
and measures should first target the motorized traffic that is a cause
of air pollution and focus on reducing exposure (rather than
concentrations) to prevent unwanted health effects. In a forth-
coming paper we will disaggregate the measurements along the
routes to study the effects of small scale attributes of the road lay-
out on exposure and use the dataset to derive individual optimised
cycling speeds. The results of this study will likely have interesting
implications for the planning of cycling infrastructure. Any measure
that increases the distance between cyclists and tail-pipes will help
to reduce exposure. Identifying and implementing separated and
dedicated routes for cyclists and motorized traffic will go a long
way in decreasing exposure but will likely not offset the entire
exposure difference. However we hypothesize that it is unlikely
that this would completely offset the health benefits of cycling.

Acknowledgement

The work reported in this paper was partly financed by the
Belgian science policy under the Science for Sustainable Develop-
ment program (project no: SDfHE/03). The authors wish to thank 3
anonymous reviewers for their suggestions as well as all test
persons, Sam Vloemans, Rob Brabers, Zita Burion and Floris Huyben
for their help with the data collection. Rudi Torfs contributed to the
objectives of SHAPES and the design of this particular experiment
in many fruitful discussions.

Appendix. Supplementary data

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.atmosenv.2010.04.028.

References

Adams, H., Nieuwenhuijsen, M,, Colvile, R,, McMullen, M., Khandelwal, ., 2001, Fine
particle (PM2.5) personal exposure levels in transport microenvironments,
London, UK. Science of the Total Environment 279, 29—44.

Adams, H., Nieuwenhuijsen, M,, Colvile, R,, Older, M., Kendall, M,, 2002. Assessment
of road users' elemental carben personal exposure levels, London, UK. Atmo-
spheric Environment 36, 5335—-5342.

Andersen, L., Schnohr, P, Schroll, M., Hein, H., 2000. All cause mortality associated
with physical activity during leisure time, work, sports, and cycling to work.
Archives of Internal Medicine 160, 1621-1628.

Beckx, C., Int Panis, L., Arentze, T, Janssens, D,, Wets, G., 2009a. Disaggregation of
nation-wide dynamic population exposure estimates in the Netherlands:
applications of activity-based transport models. Atmospheric Environment 43
(34), 5454—5462.

Beckx, C, Int Panis, L, Arentze, T., Janssens, D., Torfs, R., Broekx, §., Wets, G., 2009b.
A dynamic activity-based population modelling approach to evaluate exposure
to air pollution: methods and application to a Dutch urban area. Environmental
Impact Assessment Review 29 (3), 179—185.

Beckx, C, Int Panis, L., Van De Vel, K, Arentze, T,, Janssens, D., Wets, G., 2009c. The
contribution of activity-based transport models to air quality modelling:
a validation of the ALBATROSS—AURORA model chain. Science of the Total
Environment 407, 3814—-3822.

Beelen, R, Hoek, G., Fischer, P, van den Brandt, P., Brunekreef, B., 2007, Estimated
long-term outdoor air pollution concentrations in a cohort study. Atmospheric
Environment 41, 1343—1358.

Berghmans, P, Bleux, N, Int Panis, L, Mishra, V., Torfs, R, 2009. Exposure
assessment of a cyclist to PM10 and ultrafine particles. Science of the Total
Environment 407, 1286—1298.

Bernmark, E., Wiktorin, C., Svartengren, M. Lewne, M., Ber, S. 2006. Bicycle
messengers: energy expenditure and exposure to air pollution, Ergonomics 49
(14), 1486—1495.

Beusen, B., Broekx, S., Denys, T., Beckx, C., Degraeuwe, B,, Torfs, R., Int Panis, L., 2009,
Using on-board logging devices to study the long-term impact of an eco-driving
course. Transportation Research D 14, 514—520.

Boogaard, H., Borgman, F, Kamming, ]., Hoek, G., 2009. Exposure to ultrafine and
fine particles and noise during cycling and driving in 11 Dutch cities. Atmo-
spheric Environment 43 (27), 4234—4242.

Briggs, D. Collins, S., Elliot, P, Fischer, P Kingham, S, Lebret, E, Pryl, K,
Reeuwijk, H., Smallborne, K., Veen, A, 1997. Mapping urban air pollution using
GIS: a regression-based approach. International Journal of Geographical Infor-
mation Science 11, 699—718.

Briggs, D., de Hoogh, K., Morris, C., Gulliver, ], 2008. Effects of travel mode on
exposures to particulate air pellution. Environment International 34, 12—22.

Brown, W., Burton, N., Rowan, P., 2007. Updating the evidence on physical activity
and health in women. American Journal of Preventive Medicine 33 (5),
404—-411,

Brugge, D., Durant, J., Rioux, C., 2007. Near-highway pollutants in motor vehicle
exhaust: a review of epidemiologic evidence of cardiac and pulmonary heaith
risks. Environmental Health 6, 23.

Chalupa, D., Morrow, P., Oberdérster, G., Utell, M., Frampton, M., 2004. Ultrafine
particle deposition in subjects with asthma. Environmental Health Perspectives
112 (8), 879—882.

Daigle, C., Chalupa, D., Gibb, F, Morrow, P, Oberdérster, G., Utell, M., Frampton, M.,
2003. Ultrafine particle deposition in humans during rest and exercise. Inha-
lation Toxicology 15, 539—552.

de Geus, B, De Smet, S., Nijs, ]., Meeusen, R., 2007. Determining the intensity and
energy expenditure during commuter cycling. Cycling to work in a rural area.
British Journal of Sports Medicine 41 (1), 8—12,

de Geus, B, Van Hoof, E., Aerts, [, Meeusen, R., 2008. Cycling to work: influence on
indexes of health in untrained men and women in Flanders. Coronary heart
disease and quality of life. Scandinavian Journal of Medicine and Science in
Sports 18, 498—510.

de Geus, B, Joncheere, |, Meeusen, R., 2009. Commuter cycling: effect on physical
performance in untrained men and women in Flanders. Minimum dose to
improve indexes of fitness. Scandinavian Journal of Medicine and Science in
Sports 19, 179—187,

Delfino, R., Sioutas, C,, Malik, S., 2005. Potential role of ultrafine particles in asso-
ciations between airborne particle mass and cardiovascular health. Environ-
mental Health Perspectives 113, 934—946.

Dennekamp, M., Mehenni, O., Cherrie, ], Seaton, A., 2002. Exposure to ultrafine
particles and PM2.5 in different microenvironments. Annals of Occupational
Hygiene 46 (Suppl. 1), 412—414.

Fruin, S., Winer, A., Rodes, C., 2004. Black carbon concentrations in California
vehicles and estimation of in-vehicle diesel exhaust particulate matter expo-
sures. Atmospheric Environment 38, 4123—4133.

Gee, 1, Raper, D., 1999. Commuter exposure to respiratory particles inside buses and
by bicycle. Science of the Total Environment 235, 403—405.

Ghio, A., Kim, C, Devlin, R, 2000. Concentrated ambient air particles induce mild
pulmonary inflammation in healthy human volunteers. American Journal of
Respiratory and Critical Care Medicine 162, 981—988.

Gong, H., Linn, W, Sioutas, C, Terrell, S, Clark, K., Anderson, K., Terrell, L., 2003.
Controlled exposures of healthy and asthmatic volunteers to concentrated
ambient fine particles in Los Angeles. Inhalation Toxicology 15, 305—325.

Gulliver, ], Briggs, D., 2007. Journey-time exposure to particulate air pollution.
Atmospheric Environment 41, 71957207,

Health Effects Institute (HEI), 2009. Traffic-related air pollution: a critical review of
the literature on emissions, exposure, and health effects. Special Report #17,
2009-05-04. Available on-line at: http:/fpubs.healtheffects.org/view.php?
id=306 (accessed 18.05.09).

Hertel, O., Hvidberg, M., Ketzel, M,, Storm, L, Stausgaard, L., 2007. A proper
choice of route significantly reduces air pollution exposure — a study on
bicycle and bus trips in urban streets. Science of the Total Environment 389
(1), 58-70.

Hoek, G., Beelen, R, de Hoogh, K, Vienneau, D., Gulliver, ]., Fischer, P, Briggs, D.,
2008. A review of land-use regression models to assess spatial variation of
outdoor air pollution. Atmospheric Environment 42 (33), 7561-7578.

Huang, Y., Ghio, A, 2009. Controlled human exposures to ambient pollutant
particles in susceptible populations. Environmental Health 8, 33.

Int Panis, L., Broekx, S., Liu, R., 2006, Modelling instantaneous traffic emission and
the influence of traffic speed limits. Science of the Total Environment 371,
270-285.

Int Panis, L, 2010. Air quality epidemiology can benefit from activity based models.
Atmospheric Environment 44, 1003—1004.

Jaques, P, Kim, C, 2000. Measurement of total lung deposition of inhaled
ultrafine particles in healthy men and women. Inhalation Toxicology 12 (8),
715-731.

Jerrett, M., Burnett, R, Ma, R, Pope, C,, Krewski, D., Newbold, K., Thurston, G., Shi, Y.,
Finkelstein, N., Calle, E., Thun, M., 2005. Spatial analysis of air pollution and
mortality in Los Angeles. Epidemiology 16 (6), 727—736. doi:10.1097/01,
ede.0000181630.15826.7d.



2270 L Int Panis et al. / Atmospheric Environment 44 (2010) 2263-2270

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

Kaur, S., Nieuwenhuijsen, M., Colvile, R., 2007. Fine particulate matter and carbon
monoxide exposure concentrations in urban street transport microenviron-
ments, Atmospheric Environment 41, 4781—4810,

Kingham, 5., Meaton, ], Sheard, A., Lawrenson, 0., 1998. Assessment of exposure to
traffic-related fumes during the journey to work, Transportation Research D3:
Transport and Environment 3, 271-274,

Kinzli, N, Kaiser, R, Medina, S., 2000. Public health impact of outdoor and traffic-
related air pollution: a European assessment. The Lancet 356, 795—801.

Londahl, J., Massling, A., Swietlicki, E., Vaclavik Brauner, E., Ketzel, M., Pagels, |.,
Loft, 5., 2009, Experimentally determined human respiratory tract deposition of
airborne particles at a busy street. Environmental Science and Technology 43,
4659—4664.

Marshall, J., 2008. Environmental inequality: air pollution exposures in California’s
South Coast Air Basin. Atmospheric Environment 42, 5499—5503.

McCreanor, ], Cullinan, P, Nieuwenhuijsen, M., Stewart-Evans, J., Malliarou, E.,
Jarup, L, Harrington, R., Svartengren, M., Han, [, Ohman-Strickland, P,
Chung, K., Zhang, J.. 2007, Respiratory effects of exposure to diesel traffic in
persons with asthma. The New England Journal of Medicine 357, 2348-2358,

Nawrot, T., Torfs, R, Fierens, F, De Henauw, S., Hoet, P, Van Kersschaever, G.,
De Backer, G., Nemery, B.,, 2007, Stronger associations between daily mortality
and fine particulate air pollution in summer than in winter: evidence from
a heavily polluted region in western Europe. Journal of Epidemioclogy and
Community Health 61, 146-149.

0'Donoghue, R, Gill, L, McKevitt, R., Broderick, B., 2007. Exposure to hydrocarbon
concentrations while commuting or exercising in Dublin. Environment Inter-
national 33, 1-8.

Pekkanen, |, Peters, A, Hoek, G. Tiittanen, P, Brunekreef, B., de Hartog, |,
Heinrich, J., Ibald-Mulli, A., Kreyling, W,, Lanki, T., Timonen, K,, Vanninen, E.,
2002. Particulate Air pollution and risk of ST-segment depression during
repeated submaximal exercise tests among subjects with coronary heart
disease. The exposure and risk assessment for fine and ultrafine particles in
ambient air (ULTRA) study. Circulation 106, 933—938.

Peters, A, von Klot, S, Heier, M., Trentinaglia, I., Hérmann, A, Wichmann, H.,
Loéwel, H., 2004. Exposure to Traffic and the Onset of Myocardial Infarction.
The New England Journal of Medicine 351, 1721-1730.

Pope, C, Ezzati, M., Dockery, D., 2009. Fine-particulate air pollution and life
expectancy in the United States. The New England Journal of Medicine 360 (4),
376—386.

Rank, ], Folke, ., Jespersen, P,, 2001. Differences in cyclists and car drivers exposure
to air pollution from traffic in the city of Copenhagen. Science of the Total
Environment 279, 131-136.

Riediker, M., Cascio, W,, Griggs, T., Herbst, M., Bromberg, P, Neas, L., Williams, R.,
Devlin, R, 2004, Particulate matter exposure in cars is associated with cardio-
vascular effects in healthy young men. American Joumnal of Respiratory and
Critical Care Medicine 169, 934940,

Samet, ]., Lambert, W., James, D., Mermier, C., Chick, T., 1993, Assessment of heart
rate as a predictor of ventilation. Research Report Health Effects Institute 1993,
19-55.

stenfors, N, Nordenhall, C., Salvi, S, Mudway, I, Soderberg, M., Blomberg, A,
Helleday, R., Levinz, ], Holgate, S. Kelly, F, Frew, A., Sandstrom, T., 2004.
Different airway inflammatory responses in asthmatic and healthy humans
exposed to diesel. European Respiratory Journal 23, 82—86.

Strak, M., Boogaard, H., Meliefste, K., Oldenwening, M., Zuurbier, M., Brunekreef, B.,
Hoek, G., 2010. Respiratory health effects of ultrafine and fine particle exposure
in cyclists. Occupational and Environmental Medicine 67 (2), 76—77.

Vandenbulcke, G, Thomas, 1, de Geus, B., Degraeuwe, B., Torfs, R,, Meeusen, R., Int
Panis, L., 2009. Mapping bicycle use and the risk of accidents for commuters
who cycle to work in Belgium. Transport Policy 16 (2), 77—87.

van Wijnen, J,, Verhoeff, A., Jans, H., van Bruggen, M., 1995. The exposure of cyclists,
car drivers and pedestrians to traffic-related air pollutants. International
Archives of Occupational and Environmental Health 67, 187—193.

Vinzents, P, Meller, P., Sarensen, M., Knudsen, L., Hertel, O., Palmgren, ., Schibye, B.,
Loft, S., 2005. Personal exposure to ultrafine particles and oxidative DNA
damage. Environmental Health Perspectives 113, 1485—1490.

Vrijkotte, T, 1990. Ventilation and Heart Rate in the Urban Traffic. Pilot Study to
Predict Ventilation From Heart Rate and Power Output, During Bicycling and
Driving, Using Data From a Submaximal test on a Bicycle Ergometer. Master
thesis, Vrije Universiteit, Amsterdam,

Zhu, Y, Yu, N,, Kuhn, T, Hinds, W., 2006. Field comparison of P-Trak and conden-
sation particle counters. Aerosol Science and Technology 40, 422—430.

Zuurbier, M., Hoek, G., van den Hazel, P., Brunekreef, B., 2009. Minute ventilation
of cyclists, car and bus passengers: an experimental study. Environmental
Health 8, 48.


https://www.researchgate.net/publication/223018568

