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h i g h l i g h t s

� DE properties vary significantly under the same DEP mass concentration exposure.
� Reporting detail DE characteristics is needed to explain observed health effects.
� DEP agglomerated structure has to be accounted for to not underestimate lung dose by surface.
� Use of size dependent effective density prevents overestimation of lung mass dose.
� Gas phase components known for carcinogenic and irritation effect should be reported.
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a b s t r a c t

Several diesel exhaust (DE) characteristics, comprising both particle and gas phase, recognized as
important when linking with health effects, are not reported in human chamber exposure studies. In
order to understand effects of DE on humans there is a need for better characterization of DE when
performing exposure studies. The aim of this study was to determine and quantify detailed DE charac-
teristics during human chamber exposure. Additionally to compare to reported DE properties in con-
ducted human exposures. A wide battery of particle and gas phase measurement techniques have been
used to provide detailed DE characteristics including the DE particles (DEP) surface area, fraction and
dose deposited in the lungs, chemical composition of both particle and gas phase such as NO, NO2, CO,
CO2, volatile organic compounds (including aldehydes, benzene, toluene) and polycyclic aromatic hy-
drocarbons (PAHs). Eyes, nose and throat irritation effects were determined. Exposure conditions with
PM1 (<1 mm) mass concentration 280 mg m�3, number concentration 4 � 105 cm�3 and elemental to total
carbon fraction of 82% were generated from a diesel vehicle at idling. When estimating the lung
deposited dose it was found that using the size dependent effective density (in contrast to assuming
unity density) reduced the estimated respiratory dose by 132% by mass. Accounting for agglomerated
structure of DEP prevented underestimation of lung deposited dose by surface area by 37% in comparison
to assuming spherical particles. Comparison of DE characteristics reported in conducted chamber ex-
posures showed that DE properties vary to a great extent under the same DEP mass concentration and
engine load. This highlights the need for detailed and standardized approach for measuring and
reporting of DE properties. Eyes irritation effects, most probably caused by aldehydes in the gas phase, as
well as nose irritation were observed at exposure levels below current occupational exposure limit values
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given for exhaust fumes. Reporting detailed DE characteristics that include DEP properties (such as mass
and number concentration, size resolved information, surface area, chemical composition, lung depos-
ited dose by number, mass and surface) and detailed gas phase including components known for their
carcinogenic and irritation effect (e.g. aldehydes, benzene, PAHs) can help in determination of key pa-
rameters responsible for observed health effects and comparison of chamber exposure studies.

� 2013 The Authors. Published by Elsevier Ltd.

1. Introduction

Elevated exposures to diesel exhaust (DE) have been linked with
variety of health outcomes including irritant effects, respiratory
symptoms, immunologic, lung inflammatory, cardiovascular effects
and lung cancer (Ris, 2007). Recently, DE was classified as a Group 1
carcinogen by the International Agency for Research on Cancer
(Benbrahim-Tallaa et al., 2012). Levels of occupational exposure to
DE are usually higher than the general population.

DE comprises a complex mixture of particle and gaseous com-
ponents which vary depending on engine type, fuel characteristics,
operating load and presence of emission abatement techniques.
During chamber exposure studies DE characteristics can be influ-
enced by generation and dilution systems used.

The DE particles (DEP) are almost exclusively found in the
submicrometer fraction (<1 mm). Two size modes can typically be
distinguished, an accumulation mode and a nucleation mode
(Burtscher, 2005). The volatile material in the hot exhaust can
during dilution and cooling condense on the solid soot particles
(accumulation mode) and/or through nucleation form new parti-
cles (nucleation mode). In general the chemical composition of DEP
comprise elemental carbon, organic carbon, sulphur compounds
and trace metals from lubricating oil and engine wear. Organic
substances identified as adsorbed onto particles include C14e35
hydrocarbons (Ris, 2007). The oxygen to carbon (O:C) ratio of the
particulate organic fraction of fresh DEP is typically low<0.1 (Aiken
et al., 2008).

In majority of human chamber exposure studies, conducted by
research groups in Umeå University (Sweden), University of
Edinburgh (UK), University of Washington (USA), Los Amigos
Research and Educational Institute (USA), US EPA and University
of North Carolina (USA), University of British Colombia (Canada)
and Rutgers the State University of New Jersey (USA) (summarized
in a review by Hesterberg et al., 2010 and in Appendix A), mass
concentration of DEP ranged between 60 and 300 mg m�3 and was
frequently treated as the major exposure metrics. Apart from the
particle mass concentration, the following characteristics have
been indicated as important when linking with health effects:
particle size, number concentration, surface area, chemical
composition, solubility, volatile and non-volatile mass fraction,
organic compounds including PAHs, soot core and metals
(Giechaskiel et al., 2009; Oberdorster et al., 2005). Even if
consensus on the most appropriate metrics has not been reached,
correlation of particle surface area to inflammatory response has
been recognized (Donaldson et al., 2001; Oberdorster et al., 2005).
However particle surface area is not reported in published
chamber exposure studies with one exception (Rissler et al.,
2012). Respiratory tract deposition is an important link between
exposure to DE and observed health effects but lung deposited
dose is not reported in the exposure studies with one exception
for one type of engine used in Umeå University studies (Rissler
et al., 2012). In general DEP properties are not well character-
ized in chamber exposure studies.

DE consist of a mixture of gaseous components and among
them, the aldehydes (formaldehyde, acetaldehyde and acrolein),
benzene, 1.3 butadiene, PAHs and nitro-PAHs are important due to

their potential carcinogenic effects (Benbrahim-Tallaa et al., 2012).
Aldehydes, alkanes, alkenes, oxides of sulphur and nitrogen, are
known to induce respiratory tract irritation given sufficient expo-
sure. Gas phase characteristics specifically those having potential
carcinogenic or irritation effects, as listed above, are not well
characterized in the human exposure studies.

There is a need to pinpoint species-specific or combination of
few DE characteristics that would explain observed health effects.
To accomplish it detail DE characteristics should be reported as so
far such trends are not easy to distinguish.

The aim of this study is to provide detailed knowledge on DE
characteristics, indicated as important for health effects assess-
ment. Additionally to compare to DE properties in conducted hu-
man exposures as well as highlight the range of DE characteristics
that can be determined with knownmethods and instrumentation.
In contrast to most of the human exposure studies we determined
DEP surface area, size dependent effective density, fraction and
dose of DEP deposited in the lungs as well as chemical composition
of both gas and particle phase. These are the DE properties, which
were indicated as important to quantify in order to understand the
effects of DE on humans. An additional objective was to determine
eyes, nose and throat irritation effects assessed via self-rating
questionnaires and medical assessment.

This work is a part of a larger DINO project “Health effects of
combined exposure to diesel and noise”, that aimed to determine
influence of combined exposure to DEP and traffic noise on hu-
man health. Health effects of DE exposure in DINO study were
reported by Xu et al. (2013) and concluded that short-term
exposure to DE at w300 mg m�3 caused temporary decline in
peak expiratory flow in healthy subjects and the increase in
leukocyte cell counts in peripheral blood indicated a systemic
inflammatory responses.

2. Materials and methods

2.1. General methodology

In a laboratory chamber eighteen healthy volunteers (9 men
and 9 women), all non-smokers of ages 40e66 (mean 51 years)
were exposed twice to DE with high DEP concentration
(w300 mg m�3) and twice to filtered air (FA) with low particle
concentration (w2 mg m�3). The data presented here were
extracted from the DINO project with four exposure conditions:
1) Reference exposure: FA and low traffic noise (46 dB(A)),
2) Diesel exposure: DE and low traffic noise, 3) Noise exposure: FA
and high traffic noise (75 dB(A)), 4) Diesel and noise exposure: DE
and high traffic noise.

In this study exposures were merged into two groups: 1) DE
exposure that comprised of diesel and diesel and noise exposures
and 2) FA exposure comprised of reference and noise exposures.

Test subjects (three at the one exposure, relaxed sitting) were
exposed for three hours to each exposure scenario with at least one
week interval between each scenario. The study was approved by
the Regional Ethical Review Board.

Themethodology used in DINO study is described inWierzbicka
et al. (2011).
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