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Abstract Objectives: Workers’ exposure to diesel ex-
haust in a bus depot, a truck repair workshop and an
underground tunnel was determined by the measuring of
elemental carbon (EC) and 15 carcinogenic polycyclic
aromatic compounds (PACs) proposed by the US
Department of Health and Human Services/National
Toxicology Program (NTP). Based on these concentra-
tion data, the genotoxic PAC contribution to the diesel-
exhaust particle (DEP) lung-cancer risk was calculated.
Method: Respirable particulate matter was collected
during the summer and winter of 2001 (except for in the
underground situation) and analysed by coulometry for
EC and by GC–MS methods for PACs. The use of po-
tency equivalence factors (PEFs) allowed the studied
PAC concentrations to be expressed as benzo[a]pyrene
equivalents (B[a]Peq). We then calculated the lung-can-
cer risk due to PACs and DEPs by multiplying the
B[a]Peq and EC concentrations by the corresponding
unit risk factor. The ratio of these two risks values has
been considered as an estimate of the genotoxic contri-
bution to theDEP cancer risk.Results: For the bus depot
and truck repair workshop, exposure to EC and PACs
has been shown to increase by three to six times and ten
times, respectively, during winter compared to summer.
This increase has been attributed mainly to a decrease in
ventilation during the cold. With the PEF approach, the
B[a]Peq concentration is five-times higher than if only
benzo[a]pyrene (B[a]P) is considered. Dibenzopyrenes
contribute an important part to this increase. A simple
calculation based on unit risk factors indicates that
the studied PAC contribution to the total lung-cancer
risk attributed to DEPs is in the range of 3-13%.
Conclusions: The 15 NTP PACs represent a small but
non-negligible part of lung-cancer risk with regard to

diesel exposure. From this point of view, the dibenzopy-
rene family are important compounds to be considered.
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Introduction

Lung-cancer risk by occupation and socio-economic
status has been shown to be high for workers who are
exposed to inorganic dusts or fumes from fossil sources,
even when the risk is adjusted for smoking (Bouchardy
et al. 2002). For the trucking and transport industry,
exposure to diesel exhaust has been put forward as a
potential cause of such cancers. Epidemiological studies
on working environments where diesel equipments are
used show that the rate of lung cancer increases by
20–40% in generally exposed workers, and to a greater
extent among workers with prolonged exposure (Cohen
and Higgins 1995). Two recent meta-analyses of cohort
and case–control studies in relation to occupational
exposure to diesel exhaust and lung cancer indicate a
very similar smoking-adjusted relative risk (RR) of be-
tween 1.33 (95% confidence interval (CI) = 1.24–1.44;
Bhatia et al. 1998) and 1.47 (95% CI = 1.29–1.67;
Lipsett and Campleman 1999). Other studies have pro-
vided some evidence that occupational exposure to die-
sel exhaust may be associated with lung cancer in bus
garage workers (RR=1.34–2.43; Cohen and Higgins
1995), for mechanics (RR=1.69; 95% CI=0.92–3.09)
and for long-haul and city truckers (respectively,
RR=1.27; 95% CI=0.83-1.93 and 1.31; 95% CI=0.81-
2.11; Steenland et al. 1998).

Even if it is now accepted that diesel exhaust is a
carcinogenic mixture, data on exposure levels are still
the weak part in epidemiological risk assessment. Such
lack of precise exposure data leads some authors to call
into question the relationship between the level of
reported lung-cancer risk and diesel-exhaust particles
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(DEPs) concentrations (Valberg and Watson 2000).
The most comprehensive industrial-hygiene survey of
diesel exposure in the trucking industry by job category
has been conducted by Zaebst et al. (1991). Three main
categories of diesel-exposed workers have been pro-
posed (Valberg and Watson 2000): a low level (5–
100 lg/m3 DEP), corresponding to truck drivers, dock
workers, railroad workers (excluding shop workers and
hostlers); a medium level (50–700 lg/m3 DEP) for bus
garage workers, railroad shop workers and hostlers,
and finally, a high level (500–2,000 lg/m3 DEP) for
underground miners.

As diesel exhaust is a complex mixture of particles
and gases, it is necessary for compounds to be sear-
ched that can be considered to be exposure indicators.
Several components of diesel exhaust have been eval-
uated for that purpose, and elemental carbon (EC) has
been shown to be the most reliable overall measure of
diesel-exhaust exposure Groves and Cain 2000). EC is
a major component of diesel exhaust, contributing
approximately 50% to 85% of diesel-particulate mass,
depending on engine technology, motor load, fuel type
and state of engine maintenance.

In terms of carcinogenicity/genotoxicity, the partic-
ulate phase with adsorbed chemical compounds is
considered to be the most important fraction to be
considered. Two paths are proposed to explain diesel
exhaust-induced carcinogenesis (Nauss 1995):

1. A non-genotoxic mechanism, which is induced by
particulatematter andwhich couldbe related to theEC
concentration. Such mechanism may be predominant
under high-level exposure conditions. The factors that
may contribute to a tumour-promoting effect involve
inflammation, cell proliferation, impairment of lung
clearance and generation of reactive oxygen species
(Scheepers and Bos 1992). Exposure measurements
with EC as surrogate have been described in the liter-
ature for the trucking industry (Zaebst et al. 1991;
Mattenklott et al. 2002;Groves andCain 2000) and for
underground tunnelling (Mattenklott et al. 2002).

2. A genotoxic mechanism, which is induced by carcin-
ogenic/mutagenic organic substances that are ad-
sorbed on DEPs. Such mechanism could be
predominant at low-level exposure conditions. Poly-
cyclic aromatic compounds (PACs) are thought to play
a key role in such a process. In view of their biological
potency, the most important PACs that have been
detected in DEPs are:

– Polycyclic aromatic hydrocarbons (PAHs): indi-
rect acting mutagenic and carcinogenic com-
pounds, which need metabolic activation to
electrophilic species to be biologically active.
Typical concentrations are in the range of
180–800 ng/m3 total PAHs for dieselised mines,
and 4–90 ng/m3 for benzo[a]pyrene (B[a]P) in
mines and automobile repair shops (Bjørseth and
Becher 1986).

– Nitro-PAH: direct acting mutagenic compounds
with typical concentrations in workplace atmo-
spheres being in the range of 0.012–1.2 ng/m3 for
1-nitropyrene (Scheepers et al. 1995).

– 3-nitrobenzanthrone: direct acting mutagenic
compound with typical concentrations in diesel
particle in the range of 0.6–6.6 lg/g (Enya et al.
1997).

Evidence to support the involvement of organic
constituents of diesel particles in the carcinogenic pro-
cess is given by the fact that PAH DNA-adducts for bus
garage workers and mechanics exposed to diesel exhaust
have been found to be significantly higher than for
controls (Nielsen and Autrup 1994; Hemminki et al.
1994; Hou et al. 1995). Nitro-PAH adducts have also
been detected in blood from bus garage workers and in
urban and rural inhabitants, but the amount was com-
parable, which suggests that such compounds are gen-
eral and widespread contaminants (Zwirner-Baier and
Neumann 1999). Mineworkers are also exposed to such
PACs, as determined in their urine by Seidel et al.
(2002).

As mentioned by Verma et al. (1999), it may be
prudent for one to include measurements of PAH in
EC determination in order to assess occupational
exposure to diesel exhaust. Due to the large number of
possible active compounds found in diesel extracts,
preferences among PACs have to be made. Although
nitro-PAH concentration in DEPs (Campbell and Lee
1984) is reported to be of the same order as PAHs with
more than four rings (Soontjens et al. 1997; Sauvain
et al. 2001), these nitroarenes have not been regarded
in this work. They have been shown to be less muta-
genic than the PAHs as a group for human cells
(Durant et al. 1996), and are less effective than PAHs
in the induction of lung cancer when implanted into the
lungs of rats (Grimmer et al. 1987). This last study
indicated that most of the PAC carcinogenicity of
diesel exhaust originates from compounds with four
rings and more. Some questions have also been raised
as to whether the nitropyrene family contributes sig-
nificantly to the tumorigenic potency of diesel emis-
sions (Nauss 1995). On the other hand, the US
Department of Health and Human Services/National
Toxicology Program (NTP) has proposed a list of 15
PACs of concern, which are classified as ‘‘reasonably
anticipated to be human carcinogen’’ and which have
been shown to be present in DEPs (Sauvain et al.
2001). We thus decided to focus on these 15 PACs in a
first attempt to evaluate PAC exposure in diesel-pol-
luted environments.

A useful approach for estimation of the health-risk
posed by multi-component PAC exposure is based on
the use of the individual compound’s potency equiva-
lence factor (PEF) relative to B[a]P. In a first step, a
B[a]P equivalent concentration (B[a]Peq) is calculated by
the multiplication of the individual PAC concentration
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by its PEF. The carcinogenic potency of all considered
PACs can then be estimated as the sum of each indi-
vidual B[a]Peq. This approach is based on the assump-
tion of additivity and that B[a]P can be considered as a
toxicological prototype for all other PACs. To date, the
most comprehensive list of PEFs for different PACs is
given by the Office of Environmental Health Hazard
Assessment (OEHHA) of the California EPA (Collins et
al. 1998). Table 1 shows the 15 NTP PACs that are
considered in this study and shows that the most potent
ones are mainly high-molecular-weight PAHs. Exposure
data to such high-molecular-weight compounds is
lacking for diesel-exhaust-contaminated working envi-
ronments. Until now, the exposure measurements for
PACs in the transport industry has mainly focussed on
B[a]P (Lindstedt and Sollenberg 1982; Waller et al.
1985; Ulfvarson et al. 1987; Limasset et al. 1993), or on
rather low-molecular-weight PAHs (Fromme et al.
1998; Guillemin et al. 1992). Only the review of Cantrell
and Watts (1997) mentioned concentration levels of two
dibenzopyrenes in diesel-equipped underground mines.

The aim of this work is to provide more information
on the workers’ exposure to such carcinogenic PACs
where diesel-exhaust exposure is expected to be med-
ium-to-high, following Valberg and Watson’s proposal
(2000). We thus took samples from a bus depot, a truck
repair workshop and an underground mine. For each of
these work situations we determined the concentration
in air of the 15 NTP PACs, and for EC, being consid-
ered as a surrogate to assess the DEP concentration.
Based on these concentration data, we attempted to
calculate the contribution of the analysed PACs to the
total DEP lung-cancer risk. This calculation used the

reported PAC PEFs and unit risk factors for B[a]P and
DEPs.

Methods

Description of workplaces and control strategies

Bus depot: the depot is located inside the urban centre of Lausanne
City (Switzerland). It consists of a big hall (about 65,000 m3) in
which buses (MAN SL 2000 and Van Hool models) are usually
stationed overnight and are driven out at dawn during a period
known as the ‘‘run out’’. Some vehicles return to the depot (‘‘run
in’’) during the day, depending on the traffic needs; the majority is
back in the early–late evening. Activities such as bus maintenance
(cleaning, tanking) and some small repairs are done in this depot.
The diesel engines may be running within the depot during main-
tenance and also when the buses are started prior to leaving. There
is a tendency for some drivers to start a vehicle and let it run to
warm up the engine before run out. There are three distinct groups
of employees who may be exposed to DEPs: cleaners, who spend
their full working day within the depot, guards and engineering
staff, who spend roughly half their time in the depot and, finally,
the drivers who come just to warm up and drive the buses. Natural
ventilation is maintained by the doors being kept open during all
the working day, mainly during the warm season. A forced venti-
lation system is available, but is used mainly in the mornings during
the first run out in winter time. The technical specification of this
system corresponds to an air change rate of 2 h)1.

Truck repair workshop: the workplace studied is located in a
suburb of Lausanne and consists of a big hall (about 50,000 m3) in
which the main activities are truck/semi-trailer maintenance and
repair (motors, tyres, electrical circuits), cleaning, and semi-trailers
being prepared before they leave. Fork-lift trucks are in use to load
and unload goods from lorries and to stock spare parts in the
storehouse. Exposure to diesel exhaust is due to the run in–run out
of the different vehicles, to displacement inside the hall, and when
the repaired motors are tested. Exposed workers inside the work-
shop are mainly mechanics and, to a lesser extent, truck drivers.
Flexible ducts attached to the tailpipe are available at some sites,
mainly in the mechanics part. Otherwise, only natural ventilation is
achieved, by personnel opening the doors that run along the full
length of the workshop, and via some cupolas on the roof. In winter
time, such ventilation seldom operates so as to prevent a low tem-
perature in the hall. This lack of ventilation during winter is illus-
trated by the decrease in air changes rate, which falls from
approximately 6 h)1 in summer to 2 h)1 in winter, based on the
signal decay recorded by the direct reading PAS 2000 (see below,
real-time measurements). These values were obtained by plotting
the logarithm of a peak-signal decay vs time. A straight line is ob-
tained, whose slope corresponds to the number of air changes.

Underground tunnel: the underground workplace that was sam-
pled corresponds to the digging of a new tunnel in limestone with a
low silica content. Conventional techniques, such as explosive attack
followed by removal of the rubble by digger-filled dumpers, are used.
The limestone face is then cleaned with a diesel-powered power pick
andmetallic structures are placed to consolidate the arch. Concrete is
then sprayed onto the arch to secure the part that has been dug.
Besides rock dust, workers are exposed to DEPs generated by the
heavy-duty engines for almost the whole of the shift. Forced venti-
lation brings fresh air from the outside of the tunnel to the limestone
face at a flow rate of 1.5–4 m3/min. Some activities, such as extension
of the ventilation tubing, imply a temporary stop of such a system.

Sampling strategies

Season has been shown to play an important role in diesel exposure
of garage workers and mechanics (Waller et al. 1985; Zaebst et al.
1991). For the bus depot, two campaigns of 2 consecutive days
were thus organised, in summer (18–19 of June and 16–17 of July

Table 1 PEFs of the selected PAHs and PANHs relative to
benzo[a]pyrene (Collins et al. 1998). Group 2A classified as
‘‘probably carcinogenic to humans’’, Group 2B classified as ‘‘pos-
sibly carcinogenic to humans’’

Name Abbreviation IARC
classification

PEF

Reference
Benzo[a]pyrene B[a]P 2A 1.0

PAHs
Benz[a]anthracene B[a]A 2A 0.1
Benzo[b]fluoranthene B[b]FT 2B 0.1
Benzo[k]fluoranthene B[k]FT 2B 0.1
Benzo[j]fluoranthene B[j]FT 2B 0.1
Indeno[1,2,3-c,d]pyrene In[c,d]P 2B 0.1
5-Methyl chrysene 5-MeC 2B 1.0
Dibenz[a,h]anthracene DB[a,h]A 2A 1.0a

Dibenzo[a,e]pyrene DB[a,e]P 2B 1.0
Dibenzo[a,l]pyrene DB[a,l]P 2B 10.0
Dibenzo[a,i]pyrene DB[a,i]P 2B 10.0
Dibenzo[a,h]pyrene DB[a,h]P 2B 10.0

PANHs
Dibenz[a,h]acridine DB[a,h]Acr 2B 0.1
Dibenz[a,j]acridine DB[a,j]Acr 2B 0.1
7H-dibenzo[c,g]
carbazole

DB[c,g]Car 2B 1.0

aValue from Boström et al. (2002)
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2001; mean daily temperature 17–23�C) and in winter (3–4 and 17–
18 of December 2001; mean daily temperature )6 to 15�C). For the
truck repair workshop, two campaigns of 2 consecutive days were
carried out during the summer season (25–26 of June and 30–31 of
July 2001; mean daily temperature 24–28�C), whereas only one
campaign was achieved during the winter season (9–10 of January
2002; mean daily temperature 11–18�C). For the tunnelling site, no
seasonal variation was expected; air was thus sampled during two
summer campaigns (14 and 22 of August 2001). In this case,
samples were taken during various activities: explosion and rubble
removal by digger-filled dumpers, limestone face cleaning, and
concrete sqraying to secure the arch.

All samples were collected for either 1 or 2 full working days
(corresponding to one or two shifts, respectively), depending on the
sampling device and the season.

Fixed sampling for the analysis of EC and PACs was performed
at a height of between 1 and 1.5 m. Personal sampling was not
possible for PAC analysis, due to sensitivity limitations of the
analytical method. Two sampling places were chosen during the
first campaign in the bus depot and in the truck repair workshop so
that the homogeneity of the PAC concentration could be assessed.
As no significant differences were observed in the PAC concen-
trations, air sampling took place only in the vicinity of the main
working place, during the subsequent campaigns, so that it was
close to the workers’ exposure.

Real-time measurements

A real-time aerosol monitor (miniRAM Model PDM-3, MIE,
Billerica) that worked on the light-scattering principle was used to
record the profile of particles smaller than 10 lm during the
workday. It samples air passively and was connected to a data
logger (Eltek SQ-8, Eltek, Cambridge). In parallel, a real-time PAH
sensor (PAS 2000, EcoChem, Überlingen), operating at a 222 nm
wavelength and connected to a data logger (Hotbox BV 2, Elpro,
Buch) was used. The PAS 2000 gives a signal which is a function of
the amount of PAH adsorbed on particles; its response has also
been shown to be proportional to the EC content of diesel partic-
ulates (Dahmann et al. 2002; Przybilla et al. 2002) and also cor-
relates well with the bacterial genotoxicity of air-particle extracts
(Wasserkort et al. 1998).

Dust sampling and characterisation

As air particles found in the selected working conditions are not
only DEPs, the particle size distribution during each sampling
campaign was determined by an Andersen cascade impactor
(Model 1 ACFM, 9 stages, Andersen, Atlanta, Ga., USA) con-
nected to a sampling pump operating at 28 l/min. The concentra-
tions of the nine fractions were determined by gravimetric
measurements of the loaded filters on an analytical balance (Met-
tler AT-201, Mettler–Toledo, Greifensee; sensitivity±10 lg). All
the filters were weighed after an equilibration period (>24 h) at
ambient temperature and stable relative humidity (50% RH,
achieved with a saturated solution of Ca(NO3)2 in a glove box).

Total suspended particles and respirable dust concentrations
(<4 lm) were determined gravimetrically on the loaded filters by,
respectively, high-volume pump and cyclone size selectors (Casella
and PM4 type pump) as described below.

EC sampling and analysis

Organic carbon (OC) and EC concentrations were determined in the
respirable fraction of the dust. Samplingwasdonewith a size-selector
cyclone (Casella,London) connected toapersonal pump (DuPontP-
2500, Du Pont,Wilmington, Del., USA) set at 1.9 l/min. The airflow
was checked at least twice during the daywith a calibrated flowmeter
(DryCal-DC lite, SKC, Eighty Four, Pa., USA). Only pre-cleaned

quartz microfibre filters (Whatman QMA, Ø 37 mm, 2.2-lm pore
size) were used. Cleaning was achieved by plasma ashing (Plasma-
Prep II, SPI,WestChester,Pa.,USA) for3 hat450 Wunder1 mbar
O2. The filters were weighed on a microbalance (Mettler M-3, Met-
tler–Toledo; sensitivity±1 lg), and samples were stored at )20�C
until required for analysis within the next 2 months.

OC–EC analysis was achieved on the whole filter by use of a
thermal desorption system coupled to a coulometric titration device,
described elsewhere (Perret et al. 1999). Briefly, after the filter has
been introduced into the heating part of a coulomat (Ströhlein 720
DR/C, Düsseldorf, Germany), the system is purged and allowed to
stabilise under a nitrogen atmosphere for 3 min. The OC determi-
nation is performed by a fast temperature increase to 800�C. This
temperature is stepped until no change in electrolysis current is
observed for 2 min. The corresponding total electrolysis current
corresponds to the OC content of the filter. In a third step that
allows EC determination, the atmosphere is switched to an oxygen,
the temperature is held at 800�C and the current zeroed. The EC
content corresponds to the amount of electricity needed when no
more counts are observed on the current meter for 2 min. The
samples from the tunnelling site were treated with HCl (200 ll HCl
1.5%, evenly distributed on the filter and left for a minimum of 2 h
at ambient temperature) because of the possible presence of inter-
fering carbonate particles. Blank filters were analysed for each
series, and quality control was achieved by re-analysis of a diesel-
loaded filter used during an inter-laboratory round-robin test within
the framework of CEN/TC 137 (filter QF-708). The limit of detec-
tion (LOD) for EC with this method is in the range 2–5 lg/m3.

PAC sampling and analysis

A Gravikon PM-4 (GSM, Neuss-Norf) with a size-selector cyclone
head was used for respirable-particle sampling. The flow was
maintained at a constant 66.7 l/min, and glass fibre filters
(Macherey–Nagel MN 85/90, Ø 70 mm, retained particles
>0.5 lm), which were cleaned as described for EC analysis, were
used. As mentioned before, during one summer campaign, we used
two high-volume pumps (Model 353, Sierra, Carmel Valley, Calif,
USA; flow set at 230 l/min) to assess the PAC homogeneity in the
bus depot and truck repair workshop. The quartz filters that we
used (Whatman QMA, 20·25 cm) were cleaned by ultrasonication
in methanol (30 min), dichloromethane (30 min) and, finally, tol-
uene (30 min). The cleaned filters were dried at 150�C and kept
separately in aluminium foil until required for use. Samples were
stored at )20�C until required for analysis.

PAC analysis was achieved on the total filter by a method de-
scribed by Sauvain et al. (2001). Briefly, after each sample has been
spiked with deuterated internal standards, the filter is Soxhlet ex-
tracted with toluene for 24 h. The extract is then concentrated,
purified through a 10% deactivated SPE silica cartridge with di-
chloromethane:acetone 39:1. A semi-preparative HPLC fraction-
ation on a silica column is further performed, and two fractions
containing PAH and polycyclic aromatic nitrogen heterocyclic
compounds (PANH), respectively, are obtained. A liquid–liquid
partition is achieved on the PAH fraction and the PANH fraction
is chromatographed on a polyvinylbenzene co-polymer column.
The purified extracts are concentrated and finally injected on a
Varian 3800 gas chromatograph coupled to a Varian 4D MS ion
trap detector. On-column injection (1 ll) was performed on a
30 m·0.25 mm·0.25 lm BPX-50 column (50% phenyl equivalent
polysilphenylensiloxane, SGE, Weiterstadt). Certified diesel par-
ticulate matter SRM 1650 and field blanks were analysed with each
sample series. No significant contamination was observed with the
blank analysis.

Assessment of PAC contribution to the total DEP lung-cancer risk

One can assess the theoretical occupational lung-cancer risk due
to the inhalation of DEPs or B[a]P by multiplying the DEP or
B[a]P concentration by its corresponding unit risk factor. Such a
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calculation has been achieved for miners exposed to DEPs by
Stayner et al. (1998). The unit risk is defined in our case as the
risk corresponding to an occupational continuous exposure
(assumed to be for 45 years, 8 h per day), to 1 lg/m3 of DEPs or
B[a]P.

For carcinogenic compounds, a non-threshold dose–response
curve is generally considered. In order for this dose–response
curve to be extrapolated in these low concentrations, two kinds
of models are used: statistical or mechanistic. The unit risks used
in this study are mainly obtained from this last model, based on
the so-called linearised multistage model. The unit risk corre-
sponds to the slope of such an extrapolated line, when it is
linear. Unit risks given in the literature are often representative
of a lifetime exposure. Since we are interested in the occupa-
tional situation, and the occupational exposure is shorter than an
entire lifetime, we must, of necessity, make an adjustment to this
unit risk factor. We have thus applied a multiplicative factor of
0.21 to the lifetime unit risk value, as described by Stayner et al.
(1998). Whereas EC represents only a small part of the ill-
defined DEPs, it has been retained as surrogate for DEPs in this
study. This implies that the DEP unit risk factor has to be
further corrected in order for this fact to be taken into account.
One will thus calculate the EC-corrected DEP unit risk factor by
dividing the DEP unit risk factor by a DEP/EC ratio of 2.5.
This ratio was used by Stayner et al. (1998) and is similar to the
median value of 2.6 reported by Verma et al. (1999) for an
underground mining environment. Table 2 summarises the unit
risk factors obtained in this study, corrected when necessary to
be representative for occupational exposure, and expressed for
EC instead of DEPs. They are based mainly on values presented
by Scheepers and Bos (1992), Stayner et al. (1998), Collins et al.
(1991), and Boström et al. (2002).

As the carcinogenicity of DEPs is assumed to be due to a
non-genotoxic pathway (particulate core) and a genotoxic path-
way (adsorbed organics, mainly PACs), the total occupational
lung-cancer risk, determined by the EC-corrected DEP unit risk
factor times the EC concentration, can be estimated in a first
approximation as the contribution of both pathways. Even if the
interactions between these two pathways are difficult to assess, the
main hypotheses are that each pathway contributes in an additive
way to the total cancer risk, and that the PAC concentrations that
are determined in the air result from diesel emissions only. For
the genotoxic pathway, as a PAC mixture is involved, the potency
equivalence factor (PEF) scheme is used to calculate the B[a]Peq

concentration, expressed in microgrammes per cubic metre. This
B[a]Peq concentration time the B[a]P unit risk factor gives an
estimation of the lung-cancer risk attributable to the PACs con-
sidered. One can thus evaluate the contribution of this genotoxic
risk to the lung-cancer risk by dividing the PAC lung risk by the
total lung risk based on EC measurement. In this calculation, we
neglected the PAH contribution from the gas phase; the contri-
bution of the volatile PAHs with two and three benzene rings has
been shown to be biologically inactive when implanted into the
lungs of rats (Grimmer et al. 1987).

Statistics

Some non-parametric tests, such as the Wilcoxon signed rank test
and the Wilcoxon rank sum test, have been used to assess the
difference between the selected working situations. These tests have
been chosen due to the fact that the normality distribution of our
small number of measurements cannot be confirmed.

Results

Direct-reading measurements and particle-size
characteristics

Except for the tunnelling conditions, total dust given by
the direct-reading miniRam did not provide useful
information. This instrument is probably not sensitive
enough to detect the low concentrations and rather small
particle sizes in the bus depot and truck workshop.
Figure 1 presents an example of the recorded signal from
the real-time PAS instrument in the bus depot. A fairly
good association is observed between this signal and the
total numbers of vehicles leaving or entering the depot.
Such a correlation is less marked for the truck workshop
(data not shown), probably due to a response more
influenced by local activities (displacement of a truck, air
flow and so on). The mean value of the PAS signal is
smaller in summer than in winter in the case of the bus
depot (as shown in Fig. 1) and for the truck workshop. In
summer, the PAS signal may return to a near-zero value,
corresponding to a situation where PAC concentrations
are low. In winter, such a situation seldom occurs; as
soon as the first vehicles left or entered the bus depot or
the mechanics’ workshop, the PAS signal did not reach a
baseline value anymore.

The use of an Andersen impactor allowed us to
determine the size distribution during the different sam-
pling campaigns. As no difference was observed between
summer and winter distribution (Wilcoxon signed rank
test, P<0.05), the contribution of each mean-size frac-
tion to the total dust was calculated from these two sets
of seasonal data and is presented in Fig. 2. The particle
size distribution follows a log-normal law for the bus
depot and the truck repair workshop. We verified this
distribution by obtaining a straight line when the

Table 2 Unit risk factors used in this work, corrected for occupational exposure and for taking account of EC as surrogate in the case of
DEP unit risk factors (see Method)

Surrogate References Data source Unit risk factor
(lg/m3))1a

EC Stayner et al. (1998);
Scheepers and Bos (1992)

Rat exposure to DEPs 2.8 · 10)6 (0.01–54·10)6)

Stayner et al. (1998);
Scheepers and Bos (1992)

Epidemiological study
(transport and railroad
workers, truck drivers)

130 · 10)6 (40–428·10)6)

B[a]P Collins et al. (1991) Inhalation and intratracheal
instillation in hamsters

6.4 · 10)4 (0.8–10·10)4)

Boström et al. (2002) Epidemiological study 1.2 · 10)2 (1.0–1.4·10)2)

aMedian value of the data given in the references, with range in parentheses
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cumulative percent particulate of each impactor stage vs
the corresponding cutoff were plotted on log-probability
paper. The determination of the geometric mean size was
based on the log-probability plot of the particle size. For
the tunnelling conditions, where a bimodal distribution
was observed, we determined the geometric mean size by
following the procedure described by Knutson and Lioy
(1989; Table 3).

Diesel aerosol is characterised by very small particles,
with a mass median aerodynamic diameter of 0.2 lm and
90% of the particles being less than 1 lm (Watts 1995).
Thus, a respirable-aerosol sampling device such as a cy-
clone collects all diesel and non-diesel aerosol particles
(oil mist, pollen, cigarette smoke and so on) that fall into
the respirable size range. As illustrated in Fig. 2 and

Table 3, each working condition differs, clearly based on
the particle size distribution. Based on the Andersen
impactor results, the bus depot is characterised by a high
amount of respirable particles that reach approximately
75% of the total sampled mass, with a diesel contribution
of around 40% (corresponding to particles smaller than
1.1 lm). The truck repair workshop presents a rather
constant distribution of particle size, with diesel particles
representing approximately 25% of the total dust mass.
As expected, the coarse particulate matter (>7 lm,
probably mineral dust) is in the majority, in term of mass,
in underground mine air compared with respirable
(�20%) or diesel particulates (�4%).

The mean seasonal air concentrations for total sus-
pendedparticles (TSPs), determinedwith the high-volume

Fig. 1 Typical PAS 2000 signal
recorded for 2 consecutive days
in a bus depot during the
summer and winter. The
number of bus run-ins (white
bars) and run-outs (black bars)
is indicated on the right-hand
scale. Periods where the depot’s
doors were open and the
ventilation system was on are
symbolized by black horizontal
line and double horizontal line,
respectively. The daily mean
PAS signal value is represented
by a dotted line

Fig. 2 Mean size distribution
and standard deviation (vertical
bars) of the sampled particle in
a bus depot, truck repair
workshop and during
tunnelling
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pump during the summer sampling campaign, and for the
respirable fraction, determined with cyclone head, are
presented in Table 3. The percentage of particles smaller
than 4.7 lm that were obtained with the Andersen
impactor corresponds rather well with the concentration
ratio of particles sampled with cyclone head to the TSPs.

An increase in the respirable-dust concentration be-
tween summer and winter for the two transport-industry
environments (bus depot and truck repair workshop) is
suggested by Table 3; it is significant (Wilcoxon rank
sum test, P<0.05) only for the truck repair workshop.

Measurement of OC and EC concentrations

Table 4 presents the mean concentrations for OC and EC
content of the different analysed samples. The total

carbon (TC) corresponds to the sum of OC and EC
concentrations. A statistically significant increase of EC
and OC air concentration (Wilcoxon rank sum test,
P<0.05) is observed between summer and winter in the
transport-industry environment. Such an increase be-
tween these two seasons is also statistically significant for
the EC/TC ratio (Wilcoxon rank sum test, P<0.05).

Measurement of PAC concentrations

Table 5 presents the median concentrations determined
for carcinogenic PACs adsorbed on the dust particles
sampled in the three working environments. Only
detected compounds are presented in this table and
their sum outlined in the column ‘‘

P
15 PACs’’. The air

Table 3 Seasonal mean particle characteristics (Andersen impactor) and concentrations of the dust collected in the different working
conditions with a high-volume pump (TSPs), or cyclone heads (<4 lm)

Season Working
environment

Particle characteristics Particle concentration

na Geometric mean
size (lm)

Particles
<4.7 lm (%)

Particles
<1.1 lm (%)

Cutoff Concentration
(mg/m3)

Summer Bus depot 2 1.7±4.4b 72±5 36±8 TSP 0.07±0.05
<4 lm 0.04±0.02

Truck repair
workshop

2 3.5±5.9 52±3 24±3 TSP 0.12±0.01
<4 lm 0.06±0.01

Underground
mining

2 7.7±2.5c 23±5 3.8±1.5 <4 lm 2.21 (0.82–7.04)d

Winter Bus depot 2 1.3±4.6 77±2 44±8 <4 lm 0.11±0.04
Truck repair
workshop

1 2.5±5.2 62 28 <4 lm 0.23±0.03

aNumber of sampling campaigns
b± Mean geometric standard deviation
cNot following a log-normal distribution

dMean value with minimum and maximum concentrations in
parentheses

Table 4 OC and EC air concentration (lg/m3) ± standard deviation for the three surveyed working environments, with their EC/TC ratio
and some literature data for comparison

Season Working environment na OC EC EC/TC (%)

Summer Bus depot 2 13±1 5±1 27.8±3.2
Truck repair workshop 4 23±4 6±2 20.7±3.7
Underground mining 5 109±74 79±15 42.0±15

Winter Bus depot 4 33±15 19±10 36.5±3.0
Truck repair workshop 3 72±8 36±2 33.3±1.1

Quality control (lg/cm2) Experimental 2 26±3 49±3 –
Mean CEN value – 48±2 –

Literature data
Zaebst et al. (1991) Mechanics (warm) 43.2±7.0 7.1±1.3 14.1±4.9
Zaebst et al. (1991) Mechanics (cold) 70.4±10.3 44.4±6.7 38.7±11.6
Zaebst et al. (1991) Dock workers (warm) 46.7±6.8 27.3±3.4 36.9±9.7
Zaebst et al. (1991) Dock workers (cold) 43.9±8.1 18.5±2.7 29.6±9.5
Cantrell and Watts (1997) Dock workers 49 (38–64)b 23 (19–29) 31.9±15.4
Cantrell and Watts (1997) Dock workers 138 (96–200)b 55 (46–65) 28.5±14.3
Groves and Cain (2000) Bus garage/repairc 90±1.9 31±2.1 25.6±2.6
Groves and Cain (2000) Fork-lift truckc 99±1.9 66±3.3 40.0±3.3
Mattenklott et al. (2002) Bus depot – 25 (100)d 67 (77)
Mattenklott et al. (2002) Mechanics – 24 (58)d 75 (62)

aTotal number of samples analysed
bMean with 95% confidence interval in parentheses
cWithout background correction

dFifty percent of all data being smaller than first value and 95
percentile in parentheses
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volume that was sampled with the high-volume pump
for 2 consecutive days ranged between 1,730 and
2,000 m3 and, for the PM4 pump, ranged between 87
and 100 m3. For the tunnelling conditions, the sampled
volume was smaller, between 2.9 and 10.3 m3, depend-
ing on the mining activities. No high-volume sampling
was achieved in this working environment, due to the
high particle concentration in the air and the risk of filter
clogging. Detection limits presented in Table 5 have
been calculated based on the analyte mass that gives a
mean signal 3r above the mean sample baseline signal (r
corresponds to the standard deviation of the baseline
signal).

Based on these concentrations, the relative contribu-
tion of each compound to the

P
15 PACs, expressed in

percent, has also been calculated (Fig. 3). We carried out
statistical tests on these data mainly to evaluate if dif-
ferences exist in the PAC distribution profile for the
three working environments that were surveyed. The
Wilcoxon signed rank test indicated no difference

(P<0.05) between the carcinogenic PAC profile in the
bus depot and truck repair workshop, either according
to season (summer or winter) or sampling-pump type
(total suspended or respirable particles). All the dis-
tribution values corresponding to this working branch
have thus been grouped and are presented in Fig. 3A.
To test whether the individual PAC median value for the
transport-industry distribution and the underground
mine distribution (Fig. 3B) are different, we used the
Wilcoxon rank sum test. A statistically significant dif-
ference (P<0.05) was observed between these medians
for all the detected PACs, except for dibenz[a,h]-
anthracene (DB[a,h]A), dibenzo[a,l]pyrene (DB[a,l]P),
dibenzo[a,e]pyrene (DB[a,e]P) and dibenzo[a,i]pyr-
ene (DB[a,i]P). The percentages of benz[a]anthracene
(B[a]A) and 5-methyl chrysene (5-MeC) are higher for
the underground mine, whereas the percentages for the
three benzofluoranthenes, B[a]P and indeno[1,2,3-
c,d]pyrene (In[c,d]P) are smaller than for the transport
branch profile.

Assessment of PAC contribution to the total DEP
lung-cancer risk

The PEF scheme, briefly described in the introduction,
has been applied to the obtained PAC concentrations.
One can calculate an individual B[a]Peq by multiplying
each compound concentration with the corresponding
PEF value given in Table 1. Summation of all these
B[a]Peq concentrations (Table 5, ‘‘

P
15 PACeq’’) gives

an evaluation of the carcinogenic potency of all the
quantified PACs and allows us to compare this with the
one due to only B[a]P. Table 5 indicates that if this is
taken into account, these biologically active PAHs in-
crease the B[a]Peq concentration by a mean factor of
5±2.

A predicted total lung-cancer risk and PAC lung-
cancer risk among bus-depot workers and mechanics
exposed to DEPs can be calculated by analogy to the
procedure described by Stayner et al. (1998) and Tsai
et al. (2001) and is presented in Table 6. The estimated
contribution of the 15 NTP PACs to the total DEP lung-
cancer risk corresponds to the ratio PAC risk/DEP risk
and is between 3% and 13%. This value indicates that
the PAC concentrations may contribute, in a relatively
small but non-negligible part, to the total lung-cancer
risk attributable to the diesel emissions.

Discussion

The signal of the PAS 2000 direct reading instrument
has been shown to be rather well correlated with the
number of run in–run outs and to the ventilation level in
the bus depot and truck repair workshop. Such an
instrument could be useful for the direct monitoring of
the diesel exhaust level in these working conditions. For
example, the mean signal recorded during summer

Fig. 3A, B Mean PAC profile in the sampled air particles from A
the transport branch (bus depot and truck repair workshop) and B
the underground mining environment
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campaigns is clearly lower than that for winter cam-
paigns. Such qualitative information is in accordance
with the EC and PAC analysis results. If a quantitative
result is needed, one difficulty with such a direct reading
instrument is that a calibration has to be done. Such a
calibration could be based on EC, as Dahmann et al.
(2002) have shown, but an assessment of the robustness
of such a technique has still to be done for occupational
conditions.

This study suggests that the contribution to the total
mass of particles with sizes <1 lm, corresponding to the
accumulation mode of diesel particles, is the highest for
the bus-depot working environment. For the bus depot
and truck repair workshop, approximately half of the
respirable particle fraction may be attributable to diesel
particles, in terms of mass. In terms of number of par-
ticles, this represents a huge number of small particles
compared to the ‘‘large’’ ones. This fact may be relevant
if the overload mechanism of lung macrophages is in-
volved in the impairment process.

The EC concentrations determined in this study are
below the TLV of 100 lg/m3 accepted by the Swiss
National Insurance (Schweizerische Unfallversicherun-
ganstalt (SUVA) 2001). For the transport industry, these
concentrations correspond well with the range given by
numerous authors for different jobs in this branch of
economics (see Table 4). Particularly interesting is the
fact that we found a clear increase in the EC concen-
tration between the warm and cold seasons. The 4- to 6-
times increase observed in this work is very similar to the
value of 6.2, indicated by Zaebst et al. (1991). This could
indicate that diesel exposure increases during cold times,
due to decreasing natural ventilation (door maintained
closed). The door status has also been shown to influ-
ence the EC concentration in the air of railroad main-
tenance shops (Verma et al. 1999). These authors
mention an EC concentration decrease of 1.5–2 times
when doors are opened. The bus depot and truck repair
workshop surveyed in this study are situated in the city
or in the suburbs of Lausanne, respectively. A study
conducted during 1995 and 1996 by the Swiss Forests
and Environmental Agency on EC background values in

different urban centres indicated for Lausanne City a
mean yearly value of 5.4 lg EC/m3 (range 1.0–9.6 lg
EC/m3; Bundesamt für Umwelt, Wald und Landschaft
(BUWAL) 1997). Such a concentration is very similar to
the one measured during summer time in the bus depot
and truck repair workshop. This could indicate that the
EC air content during summer, when doors are largely
opened for hall ventilation, is strongly influenced by the
outdoor air. The ratio EC/TC is strongly influenced, e.g.
by the motor regime, engine maintenance; a value of
>40% is commonly accepted for an occupational
environment where diesel engines are working under
heavy load, whereas a value <20% corresponds to a
light load (Groves and Cain 2000). In this study, all the
samples are expected to derive from lightly loaded en-
gines. The summer EC/TC ratio calculated for the
transport industry situations is statistically lower than
the one for winter time and is between 20% and 30%. As
engine load is expected to be identical all year long, this
difference may indicate that more interfering organic
compounds are present in the hall during summer. The
source of such compounds has to be found in the out-
door air dust and could be pollen, road dust, rubber
abrasion or cellulose particles. In winter, when doors are
closed, this ratio increases, indicating a higher diesel-
related exposure. Very similar results are presented by
Zaebst et al. (1991) for mechanics (see Table 4), con-
firming the potentially higher worker exposure to DEPs
during winter for such jobs.

The PACs identified and quantified in this study in-
volve exclusively PAHs. Whereas three polycyclic aro-
matic nitrogen heterocyclic compounds were considered,
DB[a,j]Acr was never detected and dibenz[a,h]-
acridine (DB[a,h]Acr) and 7H-dibenzo[c,g]carbazole
(DB[c,g]Car) could not be unambiguously identified in
the different samples that were collected. The concen-
tration range determined in this work corresponds to
rather a low PAH occupational exposure, in comparison
with, for example, aluminium production or foundries
(International Programme on Chemical Safety (IPCS)
1998). The B[a]Peq concentrations were always at least
100 times smaller than the Swiss TLV of 2,000 ng/m3

Table 6 Predicted lung-cancer risk attributable to DEPs and the 15 NTP PACs, including an estimation of the genotoxic contribution to
the DEP lung-cancer risk for the transport industry (bus depot and truck repair workshop)

Predicted DEP lung-cancer risk based
on measured EC concentration

Predicted genotoxic lung
cancer risk based on B[a]Peq

Genotoxic risk/DEP risk (%)

Unit risk factor [(lg/m3))1] Unit risk factor [(lg/m3))1]

Rodent 2.8·10)6 Rodent 6.4·10)4

Epidemiology 1.3·10)4 Epidemiology 1.2·10)2

Summer Winter Summer Winter Summer Winter
Mean EC
concentration
(lg/m3)

6 28 Mean B[a]Peq

concentration
(lg/m3)

2.1·10)3 1.6·10)2

DEP lung-cancer
risk

Genotoxic lung-cancer
risk

Rodent 1.7·10)5 7.8·10)5 Rodent 1.3·10)6 1.0·10)5 Rodent 7.6 12.8
Epidemiology 7.8·10)4 3.6·10)3 Epidemiology 2.5·10)5 1.9·10)4 Epidemiology 3.2 5.3
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(SUVA 2001). Surprisingly, reported PAC concentra-
tions are rather limited for occupational environments
where diesel engines are in use and focus mainly on
B[a]P. For this compound, concentration ranged from
0.1 to 14 ng/m3 in a London bus depot (Waller et al.,
1985), 28–35 ng/m3 for a Swedish repair shop (Bjørseth
and Becher 1986) and approximately 4 ng/m3 in a
Swedish industrial garage (Bjørseth and Becher 1986).
Only one reference presents other PAH concentrations,
in a Canadian underground mine, with B[a]A ranging
from 8.9 to 18.5 ng/m3, B[k]FT from 2.6 to 5.4 ng/m3,
B[a]P from 1.2 to 1.9 ng/m3, DB[a,h]A from 1.9 to
3.5 ng/m3, DB[a,e]P from 4.6 to 8.4 ng/m3 and DB[a,i]P
from 0.9 to 1.9 ng/m3 (Cantrell and Watts 1997).
Compared with these data, ours are approximately two
to ten times lower for similar working environments.

The summer concentrations are very similar to the
PAH concentrations determined for an urban air sample
taken along a heavy-traffic road in Lausanne in October
1986 and analysed during this work (data not shown).
This confirms that the summer indoor air is largely
influenced by the contamination level of the outdoor air.
Such an observation has already been reported for B[a]P
concentration in a London bus depot (Waller et al.
1985). The highest PAH exposure is observed during
winter, when doors are closed, as for EC. Due to the
lack of efficient ventilation systems or for economical
reasons, the ventilation is not applied all day long,
resulting in a PAH concentration increase by a factor of
5–10, compared to summer. A contribution from pol-
luted urban air to this increase cannot be ruled out, due
to the fact that a similar concentration increase has also
been observed between summer and winter for urban
PAH concentrations (BUWAL 1994). Concerning min-
ing activities, lower PAH concentrations are observed
during face cleaning, probably due to the involvement of
a smaller number of diesel vehicles with small displace-
ments and confined PAC emission further from the
sampling point.

A significantly higher contribution of B[a]A and 5–
MeC to the 15 PAC profile is observed for the under-
ground mining environment than for the transport
industry. As light intensity is lower in tunnel mining
than in other studied job situations, photo-oxidation
could be a possible factor affecting this distribution.
Indeed, B[a]A presents the lowest photo-oxidation
half-live, compared with B[a]P, benzo[b]fluoranthene
(B[b]FT) or benzo[k]fluoranthene (B[k]FT) when ad-
sorbed on soot or silica (IPCS 1998; Vu Duc and Huynh
1991). Differences in fuel composition or engine char-
acteristics can also be involved (Yang et al. 1998).

This study clearly indicates that it is important for
one to take into account PAHs other than B[a]P alone
when carcinogenic risk is being evaluated. If the PEFs of
the 15 NTP PACs are considered, a 5-times higher
B[a]Peq concentration is calculated. This increase can be
considered as a lower factor, as other recognised car-
cinogenic PACs (nitro-PAHs, oxy-PACs, and so on)
have not been considered in this study. Even if the

concentrations of the most carcinogenic six-ring PAHs
such as DB[a,l]P, DB[a,i]P or DB[a,h]P are about ten-
times lower than B[a]P, this low concentration is com-
pensated by their higher biological activity and leads to
a significant increase in the expected mixture potency. It
has to be mentioned that the dibenzopyrene concentra-
tions indicated in this study may be overestimated, due
to the presence of possible interfering isomers with the
same molecular weight of 302 (naphthofluoranthenes
and benzofluoranthenes, naphthopyrene and benzoper-
ylenes). Such compounds have been detected in different
matrices, and overlapping with isomers has been proved,
based on UV and Shpolskii fluorescence (Wise et al.
1988). From a toxicological point of view, and for PAC
risk assessment, these high-molecular-weight PAHs are
thus important to be considered. This tendency for
higher-molecular-weight PACs to be considered is
illustrated by the fact that two recent papers propose,
among others to take DB[a,l]P as an indicator for
environmental monitoring (Boström et al. 2002; Jacob
and Seidel 2002).

Based on the simplistic risk calculation presented in
Table 6, two points have to be stressed. First, the DEP
lung-cancer risk obtained for the two transport work-
places studied is highest during winter time and reaches a
magnitude that is similar to the significant risk level (not
acceptable level), set at 10)3 (Tsai et al. 2001). This
indicates that working conditions should be improved,
mainly by the ventilation being increased during that
time. Secondly, we estimate that the genotoxic risk of the
15 NTP PACs may contribute to a non-negligible part
(3–13%) of the total lung-cancer risk attributable to
DEPs. These conclusions are valid only for the work-
places studied. Such a calculation contains a great part of
uncertainty, and this contribution should be considered
as being indicative for the magnitude. The difficulties
with this exercise begin with the PEF definition and their
determination. For example, the choice of B[a]P as the
reference compound to develop the PEF is presently
questioned (Goldstein 2001). Due to the limited number
of dose–response data on carcinogenicity, and depending
on the exposure route (intratracheal administration, in-
trapulmonary injection, and so on), different PEFs can
be obtained. For example, the PEF value used in this
study for DB[a,l]P is 10, as given by Collins et al. (1998).
This value may underestimate the relevance of this
compound, because other authors claim a PEF value of
100 (Jacob and Seidel, 2002). The second main uncer-
tainty is related to the unit risk factor calculated and
presented in Table 2. These factors are based mainly on
animals that have been exposed to high doses of DEPs.
Extrapolation to low doses and the transferring of results
from test animals to humans is not evident at all. This is
illustrated by the fact that rodent-derived risk factors are
approximately two orders of magnitude lower than epi-
demiologically derived risk factors. Another uncertainty
is due to the fact that these risk factors have been cor-
rected to take into account the reduced exposure time
in occupational situations compared to lifetime. With
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regard to DEP risk, it has also been corrected to be ex-
pressed as a function of EC concentration. Finally, it has
also to be remembered that the B[a]Peq concentrations
used for this calculation represent an external exposure
estimation of carcinogenic compounds and not the
effective active concentration at the lung level.
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