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Objective   This study evaluates individual airborne exposure to gaseous and particulate carcinogenic pollutants
in a group of policemen working close to traffic in the center of Grenoble, France.
Methods   Sixty-two personal active air samples were collected during the workshifts of eight policemen in
summer and in winter during the occurrence of the thermal inversion phenomenon. Seventeen stationary air
samples were monitored in the policemen’s work area during the same period with the same sampling devices as
used for the personal samples. The respirable particle concentration was determined using the gravimetric
method. The concentrations of polycyclic aromatic hydrocarbons and aldehydes were measured with high-
performance liquid chromatography with fluorimetric or ultraviolet detection. The benzene-toluene-xylene
levels were determined with gas chromatography with flame ionization detection.
Results   The median concentration of the personal samples for respirable particles was 55.5 µg/m3 in the
summer and 124 µg/m3 in the winter. The corresponding values were 0.10 and 0.28 ng/m3 for benzo(a)pyrene, 14
and 21 µg/m3 for formaldehyde, and 10.5 and 23.5 µg/m3 for benzene. The median personal concentrations were
equal to or higher than the corresponding stationary levels for both seasons. Compared with the concentration of
aldehydes, the concentrations of respirable particles, polycyclic aromatic hydrocarbons, and benzene-toluene-
xylene appeared to show higher individual variability.
Conclusions   The occupational exposure of policemen does not exceed any currently applicable occupational or
medical exposure limits. Individual particulate levels should preferably be monitored in Grenoble in winter to
avoid underestimations.

Key terms   aldehyde, automotive exhaust, environmental pollution, particulate matter, personal sampling,
polycyclic aromatic hydrocarbons, volatile organic compounds.
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Better control of industrial emissions and an increase
in road traffic have placed automotive exhaust as to-
day’s primary source of air pollution in most urban are-
as. It has been estimated that about 60% of the pollu-
tion released into urban areas is produced by diesel and
gasoline engines (1). Vehicles are responsible for gen-
erating a large number of different pollutants present in
the gas and particulate phase, and the main characteris-
tic of diesel exhaust is the release of fine particles at a

rate of about 10 to 20 times higher than that of gaso-
line-fueled vehicles (2).

Environmental studies have shown a correlation be-
tween particulate matter and adverse health effects, in-
cluding the aggravation of illness in people with chron-
ic respiratory disease and a rise in respiratory and car-
diovascular mortality (3–5). However, other aspects of
air pollution, such as carcinogenic effects, should be giv-
en consideration. The International Agency for Research
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on Cancer (IARC) concluded in 1989 that there was lim-
ited evidence of the carcinogenicity of diesel engine
exhaust in humans and inadequate evidence of gasoline
engine exhaust carcinogenicity (6). Some of the recent
meta-analyses of published cohort and case-referent
studies investigate the relationship between occupational
diesel exhaust exposure and lung cancer (7, 8). The
pooled smoking-adjusted relative risk for lung cancer
was on the order of 1.3–1.5, but the extent to which ur-
ban air pollution contributed to this level remains un-
known (9).

In the United States, the Environmental Protection
Agency (EPA) has prioritized the following five carci-
nogenic air pollutants: benzene, formaldehyde, acetal-
dehyde, 1,3-butadiene, and polycyclic aromatic hydro-
carbons (PAH) (10). The World Health Organization
(WHO) has also included these five pollutants in its list
of target atmospheric species (11, 12). Benzene has long
been known to be a human carcinogen, and the strong-
est evidence links it with lymphohematopoietic cancers
(13). Formaldehyde has been classified by IARC as a
probable human carcinogen on the basis of evidence that
excessive exposure is related to nasal and nasal-pharyn-
geal cancer (13). PAH that have been classified as prob-
able or possible carcinogens by IARC (13) and the Eu-
ropean Union (EU) (14) are those that are predominant
in the particulate fraction < 2.5 µm. The lung seems to
be the major target organ of PAH carcinogenicity. An
increased risk is present in most industries, but results
have been more consistent among workers with the most
exposure (15).

Although low when compared with the risk estimates
of specific occupational environments, this cancer risk
estimate is of major public health concern because it
encompasses urban populations working or living close
to traffic zones. In order to assess the health risk linked
to these compounds, it is necessary to acquire data on
personal exposure. Combining air concentrations from
stationary samples, time-activity information, and dis-
persion modeling has been commonly used to assess in-
dividual exposure in environmental studies (16, 17).
However, conducting more accurate exposure assess-
ments for greater epidemiologic data is a major chal-
lenge so that the extent of the increase in mortality risk
due to cancer associated with air pollution can be better
quantified (18). The airborne exposure to carcinogenic
pollutants at the population or individual level is very
difficult to assess, since the potential mechanisms of
lung cancer include the small size and the chemical com-
position of particulate matter, in addition to different
pollutants present in the gas phase (18–20). Unfortunate-
ly, personal exposure studies conducted in a group of
people working close to traffic have generally focused
either on particulate matter (21–23) or on volatile or-
ganic compounds (24–26).

The originality of the current study is the monitor-
ing of individual airborne exposure to both gaseous and
particulate carcinogenic pollutants among policemen
during two seasons. In addition to particulate matter and
volatile organic compounds, which are commonly meas-
ured at fixed monitoring stations in urban areas, we pro-
vided individual data on two groups of organic pollut-
ants, aldehydes and PAH.

Materials and methods

Study population and sampling strategy

The study population was composed of eight nonsmok-
ing policemen working outdoors on foot in the center
of the city of Grenoble (population: 400 000) located in
the southeast of France. Each policeman completed a
daily sampling questionnaire detailing the route covered
during the workday and any possible technical problems
encountered with the air monitoring devices.

Personal air sampling was carried out during the
workshifts from 0900 to 1200 and from 1400 to 1800.
Each policeman wore a filter holder connected to a bat-
tery-operated sampling pump (SKC Ltd, Blandford Fo-
rum, United Kingdom), which was attached to the belt
of the policeman’s uniform. Stationary air samples were
monitored in a busy square located in the center of Gre-
noble in the area where the policemen worked during
the same period and with the same sampling devices as
used for the personal samples. The stationary air moni-
tors were positioned about 20 meters from and 1.50
meters above the roads. The flow rate of each sampling
pump was calibrated using a Gilian debitmeter (Sensi-
dyne Inc, Clearwater, United States) each morning and
each afternoon before use and remeasured after the sam-
pling at 1200 and 1800. When the variation in the sam-
pling rate was greater than 5%, the sample was reject-
ed. All the air sampling and analysis methods were car-
ried out in accordance with French reference methods,
as defined for industrial workplaces, and have been de-
scribed in detail elsewhere (27).

Two sampling periods were selected, one in the sum-
mer and one in the winter. They lasted for four consec-
utive days in June or January, when winter thermal in-
version in the city produced the worst weather condi-
tions for air pollution. The concentrations of PAH, ben-
zene-toluene-xylenes (BTX), aldehydes, and respirable
particles were monitored using individual and area-ac-
tive sampling. Different sampling plans recording the
PAH, BTX and aldehyde concentrations were taken for
the two seasons to capture different types of variability.
The individual spatial variability of the airborne levels
was analyzed in the summer season. Eight personal
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samples and one stationary PAH sample were monitored
the first day of the summer sampling period. Eight indi-
vidual samples and one stationary sample of BTX were
monitored the second day, whereas eight individual sam-
ples and one stationary sample of aldehydes were col-
lected the third day (table 1). Moreover, the variability
of the daily PAH, BTX, and aldehyde levels due to the
thermal inversion setting was studied in the winter sea-
son. These three pollutant groups were monitored eve-
ry day with one personal sample and one stationary sam-
ple. Thus eight personal samples and one stationary sam-
ple were monitored in the summer, whereas four per-
sonal samples and four stationary samples were collect-
ed in the winter season. Because of the poor sensitivity
of the gravimetric method, respirable particles had to be
collected during four consecutive days during the two
seasons. Eight personal samples and one stationary par-
ticle sample were monitored in the summer, whereas
four personal samples and one stationary sample were
collected in the winter. Thus each policeman wore two
sampling devices for the first 3 days of the summer sam-
pling period and only one sampling device for the other
days.

Meteorological data were obtained from the local
automatic meteorological station. Traffic data and out-
door concentrations of particulate matter smaller than
10 micrometers in aerodynamic diameter (PM10) were
obtained at a fixed monitoring station located on a busy
road in the city center. We gathered information con-
cerning meteorological conditions, traffic density, and
the PM10 concentrations on the sampling days.

Sampling and analyses

Respirable particles. Respirable particles (defined as the
mass of particles that pass through a size selective ori-

fice with a 50% collection efficiency at a cut-off aero-
dynamic diameter of 4 µm) were sampled using a cy-
clone (Arelco, Fontenay sous Bois, France) mounted on
the inlet side of the filter holder. Each filter holder was
loaded with a preweighed quartz fiber filter (Whatman
International Ltd, Maidstone, United Kingdom), and the
pump flow-rate to be drawn through the cyclone was
set at 1.7 l/min. After the sampling, the filter was re-
moved from the holder and reweighed. For each sam-
ple, a control filter was weighed at the same time be-
fore and after the sampling. All the filters were accli-
matized in the weighing room for 24 hours before be-
ing weighed. The change in weight of the controls was
used to correct the mass on the exposed filter. The de-
tection limit was 10 µg/m3 for a 28-hour sampling peri-
od.

Particulate polycyclic aromatic hydrocarbons. Air sam-
ples were collected by trapping the total particulate PAH
in Millipore Teflon filters (Millipore Headquarters, Bed-
ford, United States) placed in a Swinnex polyethylene fil-
ter holder from Millipore, with a 4 mm-diameter inlet air
orifice. The filter flow rate was set at 1 l/min. After the
sampling, the filters were stored at –20°C until the anal-
ysis. Ten milliliters of HPLC (high-performance liquid
chromatography) grade dichloromethane was added to
each filter and placed in a 15-milliliter glass tube. After
ultrasonic extraction for 30 minutes, the filter was re-
moved, and the volume of solvent was reduced to about
1 milliliter using a rotary evaporator at 30°C. The con-
centrated fraction was filtered and then evaporated un-
til almost dry. The residue was dissolved in 300
microliters of acetonitrile (HPLC grade). The analysis
was carried out using a Waters HPLC system (Waters
Corporate Headquarters, Milford, United States), which
consisted of an autosampler (Wisp 700), two gradient
pumps (Waters 501 and 510), a scanning fluorescence

Table 1. Personal and stationary sampling plan. (ALD = aldehyde; RP = respirable particles; BTX = benzene-toluene-xylenes, PAH =
polycyclic aromatic hydrocarbons)

Season                      Personal sampling

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 Subject 8

Summer

Day 1 PAH1 & RP1 PAH2 & RP2 PAH3 & RP3 PAH4 & RP4 PAH5 & RP5 PAH6 & RP6 PAH7 & RP7 PAH8 & RP8 PAH9 & RP9

Day 2 BTX1 & RP1 BTX2 & RP2 BTX3 & RP3 BTX4 & RP4 BTX5 & RP5 BTX6 & RP6 BTX7 & RP7 BTX8 & RP8 BTX9 & RP9

Day 3 ALD1 & RP1 ALD2 & RP2 ALD3 & RP3 ALD4 & RP4 ALD5 & RP5 ALD6 & RP6 ALD7 & RP7 ALD8 & RP8 ALD9 & RP9

Day 4 RP1 RP2 RP3 RP4 RP5 RP6 RP7 RP8 RP9

Winter

Day 1 PAH1 BTX1 ALD1 RP1 RP2 RP3 RP4 - PAH5 – BTX5 & ALD5 – RP5

Day 2 PAH2 BTX2 ALD2 RP1 RP2 RP3 RP4 - PAH6 – BTX6 & ALD6 – RP

Day 3 PAH3 BTX3 ALD3 RP1 RP2 RP3 RP4 - PAH7 – BTX7 & ALD7 – RP5

Day 4 PAH4 BTX4 ALD4 RP1 RP2 RP3 RP4 - PAH8 – BTX8 & ALD8 – RP5

Stationary
sampling
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detector (Waters 474) and a HPLC system manager
(Maxima 820). A C18 Supelco (Sigma-Aldrich Chimie,
Lyon, France) reversed phase column (LC-PAH, 250 m ×
3-mm inner diameter) was maintained at 30°C with a
Waters column temperature-control module. The elution
was made with a gradient of acetonitrile and water. The
PAH were identified by means of six pairs of excitation
and emission wavelengths to obtain the best possible
selectivity and sensitivity. A quantitative analysis was
carried out using external standards with a certified Su-
pelco PAH calibration mix. The following nine PAH
were quantified: fluoranthene, pyrene, benzo(a)anthra-
cene, chrysene, benzo(b)fluoranthene, benzo(k)fluor-
anthene, benzo(a)pyrene, dibenzo(a,h)anthracene, and
benzo(ghi)perylene. The detection limit was 0.3 ng/m3

for fluoranthene and pyrene, 0.06 ng/m3 for ben-
zo(a)anthracene and chrysene, 0.2 ng/m3 for benzo(b)-
fluoranthene, 0.02 ng/m3 for benzo(k)fluoranthene,
0.1 ng/m3 for benzo(a)pyrene and dibenzo(a,h)an-
thracene, and 0.4 ng/m3 for benzo(ghi)perylene for an
8-hour sampling period.

Benzene-toluene-xylenes. BTX were collected on Supel-
co adsorbent tubes with 100 and 50 milligrams of acti-
vated coconut charcoal (20/40 mesh) in the front and
backup section, respectively. The flow rate of the sam-
pling pump was calibrated to 100 ml/min. The tubes
were stored at 4°C until the analysis 1 week later. The
BTX were extracted from both charcoal traps using 1
milliliter of carbon disulfide. The analysis was per-
formed using a Hewlett-Packard (Aligent Technologies,
Massy, France) gas chromatograph (5890 series II) with
flame ionization detection and a JW analytical column
(DBwax 60 m × 0.25-mm inner diameter). A tempera-
ture program of 50 to 200°C was used. Blank tubes were
also analyzed, as were compound standard solutions
within the carbon disulfide concentration range of 0.05–
10 µg/ml that was used for the calibration. The detec-
tion limit was higher than 1 µg/m3 for an 8-hour sam-
pling period for the three compounds. Our laboratory
participated in the quality assurance program organized
by the French National Institute for Research and Safe-
ty and was accredited for benzene sampling and analy-
sis by the French Department of Labor.

Aldehydes. Aldehydes were collected with 2,4-dinitro-
phenylhydrazine-coated silica in a 2-milliliter Supelco
cartridge. The sampling flow rate was set at 1 l/min.
After the derivative was extracted using 2.5 milliliters
of acetonitrile, the analysis was carried out using a Wa-
ters liquid chromatograph with ultraviolet detection
(Lambdamax 481) and a Supelco analytical column (Su-
pelcosil LC18; 150 m × 4.6-mm inner diameter). The
elution was made with a gradient of acetonitrile and
water. The detection limits for formaldehyde, acetalde-

hyde, and acroleine were 0.07, 0.06, and 0.008 µg/m3,
respectively, for an 8-hour sampling period.

Data analysis

The statistical analysis was conducted using the SPSS
for WindowsTM statistical software program (SPSS Inc,
Chicago, Illinois, United States). The Mann-Whitney
(U) two-independent-samples nonparametric test was
used for comparing the personal data from the two sea-
sons.

Results

Sampling strategy

The policemen were chosen to wear the sampling de-
vices on the basis of their work schedules. In addition,
the number of policemen who work in town in the win-
ter is lower than in the summer, and the number of per-
sonal samples was limited by this restriction. The activ-
ity patterns of the policemen were comparable for the
two sampling periods. They enforced law and order or
verified parking meters in the city center of Grenoble
(population 400 000) near the square where the station-
ary samples were being collected.

A factor limiting the sample number was the poor
sensitivity of the gravimetric method, which required the
subjects to wear sampling devices for four consecutive
days. This constraint explained the loss of one respira-
ble particle sample in the winter. Moreover, one station-
ary BTX sample and one personal aldehyde sample were
rejected before the analysis due to a variation greater
than 5% in the sampling rate.

Meteorological conditions and traffic density

Hourly temperature means, hourly means of the wind
speed, daily pressure means, and traffic density are pre-
sented for the two sampling periods in table 2. The me-
teorological conditions in the summer were anticyclon-
ic with a tendency towards storms. Temperatures
reached a maximum of 33°C in the early afternoon.
Wind speed was lower in the winter than in the sum-
mer, ranging from 0 to 1.3 m/s and from 0.1 to 3.2 m/s,
respectively. The drop in temperature recorded on the
third day was due to rainfall in the evening of the sec-
ond day. In the winter, the thermal inversion that was
present for almost a week before the sampling period
persisted during the week of testing. There was no wind,
and it was cold in the center of the city. These condi-
tions were favorable for the accumulation of airborne
pollutants close to the ground.
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Traffic density was comparable during the two sam-
pling periods, with a decrease of less than 4% during
the winter. The mean of the number of vehicles per sam-
pling period was 5089 (SD 103) and 4903 (SD 165) dur-
ing the summer and winter, respectively.

Air concentrations

Respirable particles. The respirable particle concentra-
tions determined using personal and stationary sampling
in the two seasons are given in table 3. The personal

Table 2. Meteorological and traffic data and the levels of particulate matter smaller than 10 µm in aerodynamic diameter (PM10) recorded
during the two sampling periods.

Sampling day Hourly mean Hourly mean wind  Daily mean atmospheric Daily mean of the hourly Daily PM10 levels
temperature (°C) speed (m/s) pressure (hPa) a automotive means (N)        (µg/m3)

Summer Winter Summer Summer Winter Winter Summer Winter Summer Winter

Day 1
0900 24 –5 0.1 0
1400 32 6 1.4 0.1 1029 1030 5031 5079 40 77
1800 30 –2 2.4 0.5

Day 2
0900 25 –4 0.1 0
1400 33 8 1.4 0 1029 1030 5022 5009 43 89
1800 28 0 2.4 0.3

Day 3
0900 19 –4 2.5 0
1400 21 9 0.3 0 1028 1028 5035 4645 44 76
1800 23 0 3.2 1.3

Day 4?
0900 20 –3 1.8 0.2
1400 27 4 1.5 0.1 1028 1024 5267 4878 46 98
1800 24 1 2.2 0.7

a The atmospheric pressure data have been adjusted to sea level.

Table 3. Airborne concentrations of the pollutants monitored during the two workshift sampling periods. (ND = not detectable, BaP =
benxo(a)pyrene, PAH = polycyclic aromatic hydrocarbons, PAHc = carcinogenic polycyclic aromatic hydrocarbons, BTX = benzene-
toluene-xylenes)

Summer Winter

Personal sampling Stationary Personal sampling Stationary sampling
sampling

N Median Mean SD Range N Mean N Median Mean SD Range N Median Mean SD Range

Respirable 8 55.5 58.1 23.6 33–97 1 25 3 124 123 6.2 115–130 1 124
particles (µg/m3)
BaP (ng/m3) 8 0.10 0.18 0.19   ND–0.52 1 0.03 4 0.28 1.44 2.10 0.13–5.08 4 0.14 1.25 2.00   ND–4.71
PAHc a (ng/m3) 8 0.50 0.86 0.73   0.2–2.11 1 0.37 4 1.19 6.52 10.75 0.49–22.62 4 1.56 7.2 12.2 0.06–25.42
PAH (ng/m3) 8 3.89 4.17 2.4 1.75–8.11 1 2.19 4 13.14 27.31 27.1 8.88–74.1 4 12.26 26.53 29.05 5.01–76.58
Benzene (µg/m3) 8 10.5 12.6 5.2      7–24 1 9.5 4 23.5 23.7 5.8    18–30 3 17 16.7 1.2    15–18
Toluene (µg/m3) 8 34 40.6 20.6    18–89 1 24.5 4 94.5 94.5 24.5    69–120 3 52 53 4.6    48–59
Xylene (µg/m3) 8 26.5 35.4 22.1    20–91 1 19.5 4 74 72.3 16.1    52–89 3 39 37.7 6.6    29–45
BTX (µg/m3) 8 71.5 88.6 47.1    47–204 1 53.5 4 192 190.5 46.2  139–239 3 108 107 12.3    92–12
Formaldehyde 8 14 14.6 2.4    11–19 1 8 3 21 22.7 3.9    19–28 4 17.5 17 1.2    15–18
(µg/m3)
Acetaldehyde 8 9.5 9.25 1.64      6–12 1 4 3 17 18.7 3.9    15–24 4 10.5 10.2 0.8      9–11
(µg/m3)
Aldehydes 8 23.7 24 3.8    17–29 1 12 3 38 41.3 7.7    34–52 4 28 27.3 2.1    24–29
(µg/m3)

a PAHc  include benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene.
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concentrations monitored in the summer varied by a fac-
tor of 1 to 3, and they were always higher than the sta-
tionary levels. The personal samples collected in the
winter were in the same range as the stationary levels,
but they were significantly higher than the personal lev-
els measured during the summer (P<0.05). The same
differences were found between the two seasons for the
stationary respirable particle levels, and for the PM10

levels recorded by a fixed ambient air monitoring
station located in the city center (table 2).

Particulate polycyclic aromatic hydrocarbons. The par-
ticulate PAH concentrations that were monitored using
personal and stationary sampling are presented in table
3 for both seasons. The sum of the carcinogenic PAH,
classified into “group 2” by the European Union, in-
cludes benzo(a)anthracene, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(a)pyrene, chrysene, and
dibenzo(a,h)anthracene. The personal carcinogenic PAH
concentrations varied by a factor of 1 to 10 in the sum-
mer, when the benzo(a)pyrene levels were not detecta-
ble up to 0.52 ng/m3. The personal median concentra-
tions were comparable to the stationary levels for the
two seasons. While the personal PAH levels monitored
in the winter were significantly higher than those meas-
ured during the summer (P<0.05), the observed differ-
ences between the personal benzo(a)pyrene and carci-
nogenic PAH levels did not reach a statistically signifi-
cant level. Pyrene and fluoranthene represented 70% of
the total particulate PAH in the summer and 80% in the
winter. Whereas the relative abundance of pyrene de-
creased significantly by 15% in the summer (P<0.05),
that of all the other PAH increased.

Benzene-toluene-xylenes. The BTX concentrations mon-
itored using personal and stationary sampling are pre-
sented for the two seasons in table 3. The benzene con-
centrations of the personal samples varied by a factor
of 1 to 3 in the summer, when their median concentra-
tion was comparable to the stationary level. The person-
al concentrations were significantly lower than those
measured during the winter (P<0.05). Benzene repre-
sented around 13% of the total BTX for both seasons.

Aldehydes. The aldehyde concentrations monitored us-
ing personal and stationary sampling are presented in
table 3 for both seasons. The formaldehyde and acetal-
dehyde concentrations varied in the personal samples by
a factor of 1 to 2 in the summer. Their median concen-
trations were higher than those of the corresponding sta-
tionary levels. The concentrations of the personal sam-
ples were significantly lower than those measured dur-
ing the winter for the two compounds (P<0.05). The
median concentrations of formaldehyde and acetalde-
hyde in the personal and stationary samples were com-

parable. The relative abundance of formaldehyde was
around 60% of the total aldehydes and was comparable
between the two seasons.

Discussion

Conducting a study on individual exposure levels in a
professional environment using active air sampling is
always difficult, time consuming, and expensive, and
these factors explain the small sample size of this type
of study (21, 22), in comparison with the large number
of environmental studies estimating personal exposure
from measurements made by central fixed site monitors
(16, 17). The policemen included in our study can be
considered representative of the many urban workers
(postal workers, newspaper vendors, and the like) ex-
posed to traffic at work, but extrapolation to the total
daily exposure of city dwellers, who spend only 6% of
their time outdoors (17), is more difficult (26, 28).

The respirable particle levels of the policemen in our
study are comparable for the winter season with those
of traffic wardens working in Aberdeen (22). However,
a comparison of the measurements reported in different
studies should be done with caution since samples may
be collected using different sampling devices and for
different sampling periods (29). Thus higher particulate
concentrations (mean 440 µg/m3) were reported for traf-
fic policemen when total dust was collected (24). On the
other hand, lower personal levels (mean 40 µg/m3) were
found for postal workers and gardeners in the winter
season when the samples were monitored using a PM2.5

sampling filter holder (21). In addition, if a finer parti-
cle fraction is to be trapped, allowance must be made
for the fact that personal levels are monitored over 24
hours, whereas the samples from our study were collect-
ed only during one workshift. Our personal levels agree
with the respirable particulate air concentrations meas-
ured in major European cities (50–100 µg/m3) (11), par-
ticularly in Paris (75–150 µg/m3) (30), where they are
2.5 to 5 times the Swedish urban background level (29).
Diesel exhaust contributes heavily to ambient air parti-
cles in France, where the diesel share of the automotive
market is 45% (31). These particulate levels are some-
what lower than the corresponding values for occupa-
tional groups directly exposed to diesel exhaust emis-
sions, such as railroad, bus, and truck drivers (1).

The benzo(a)pyrene exposure of policemen in Gre-
noble was comparable with that of nonsmoking police-
men working in Teplice in the winter season (21). How-
ever, higher levels were reported when smokers were
included in the study population (21, 23). Although the
polyethylene filter holders used in our study are less
electrostatic than the polystyrene closed-face Millipore
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cassette generally used in France, loss of dust on the in-
ternal walls of the sampling devices may lead to an un-
derestimation of occupational exposure levels (32, 33).
All the personal benzo(a)pyrene concentrations meas-
ured in the urban area were significantly lower than the
French recommended occupational exposure limit of
150 ng/m3. These concentrations are in accordance with
the ambient air levels recorded in Europe during recent
years, which ranged from 0.1 to 20 ng/m3 (34, 35). Air
temperature plays an important role, modulating partic-
ulate pollutant air levels and the composition of the or-
ganic matter adsorbed on air particles (36). The shift of
this distribution towards the particulate phase at low
temperatures is one of the explanations for the increase
in the relative abundance found for pyrene during the
winter season (37, 38).

The exposure levels of municipal policemen in the
city of Grenoble are half that of other policemen work-
ing in the center of Paris or in large Italian cities, wheth-
er it be for benzene, toluene, or xylenes (24, 25, 39).
The inclusion of smokers in these studies may partially
explain the difference. Indeed, whereas the exposure of
nonsmokers to benzene is mainly linked to vehicles,
90% of that of smokers comes from cigarettes (28). Fur-
thermore, the differences in meteorological conditions,
sampling and analytical procedures, and, above all, traf-
fic density between cities contribute to these pollution
levels. Thus the atmospheric concentrations measured
in Paris (benzene 10–37 µg/m3) are higher than those
found in English, American or Scandinavian cities (28,
40–42). In a recent study, lower personal levels (mean
9.3 µg/m3) than those found in our study were reported
for traffic policemen working in Rome (26). The authors
explained this drop in urban benzene pollution, com-
pared with that found in earlier studies, by the reduc-
tion of the benzene content of gasoline.

The levels of exposure to aldehydes and, above all,
formaldehyde of the municipal policemen working in
the city center of Grenoble are among the highest found
in European cities, even other French cities. Indeed, the
mean concentrations of outdoor formaldehyde have, in
general, been observed to be in the range of 1–20 µg/m3

(34). The high levels in Grenoble can possibly be ex-
plained by the fact that all of the city buses run on bio-
fuel. Numerous studies have indicated a rise in alde-
hydes in the exhaust gases of vehicles that run on bio-
fuel, whether it be diesters or alcoholic compounds (16,
43). These compounds are not routinely measured in ur-
ban air, and thus few data exist on the ambient concen-
tration of aldehydes. Formaldehyde is the compound
found in the highest concentrations, followed by acetal-
dehyde, and the concentrations of acroleine are very
low. This aldehyde profile is traditionally found in stud-
ies in which formaldehyde represents over 50% of all
aldehydes emitted in exhaust gases (16, 34). When per-

sonal levels are monitored with passive samplers over
24 hours, the formaldehyde concentrations are compa-
rable with those of our study because the contribution
from the outdoor environment is very low in compari-
son with that from indoor exposure, as the sources of
these compounds are primarily found in the habitat (44).
However, because of the problem of contamination, pas-
sive samplers need further study evaluating their use in
monitoring low levels of aldehyde in the environment (45).

Although the number of data was limited, the per-
sonal levels were inclined to be higher than concentra-
tions determined from stationary samples. This tenden-
cy has already been reported by large-scale studies (21,
22, 28, 38, 46). Furthermore, the airborne pollutant lev-
els monitored in the summer were lower than those
found in the winter, although the activity patterns of po-
licemen are similar for both seasons. These differences,
which have been reported each year by the Grenoble air
pollution monitoring network for particulate pollutants,
cannot be explained by the variations in traffic density,
but, rather, by factors linked to meteorological condi-
tions (16, 38). Thermal inversion, which produces the
worst weather conditions for air pollution, is a common
situation found in the winter since Grenoble is a city
located in a valley basin surrounded by three mountain
massifs measuring between 2000 and 3000 meters high.
These results illustrate the difficulty to assess individu-
al exposure to carcinogenic pollutants. In addition to the
particles and organic compounds measured in our study,
some carcinogenic metals present in the environment
(such as arsenic and cadmium) should be monitored to
assess exposure to carcinogenic pollutants. In order to
take all air pollutants, as well as all the defense mecha-
nisms of each person into account, recent studies have
used biological monitoring measuring covalent reaction
products of the carcinogen with DNA (deoxyribonucle-
ic acid) or cytogenetic effects. Although high levels of
DNA adducts or cytogenetic effects have been detected
among policemen working in urban areas (21, 47), these
results have not been found in other studies (23). The
wide range of individual exposure found in our study
suggests that at least some of the variation between per-
sons observed in biomarker studies may be due to vari-
ations in human exposure rather than to genetic or met-
abolic differences alone.

Despite the limitations and the difficulties discussed,
airborne monitoring remains the only method that ena-
bles primary sources of pollutant emission to be high-
lighted, and therefore, with respect to prevention, it
should be given priority. Monitoring individual exposure
is important not only for the collection of information
concerning the actual distribution of individual exposure
within a population group, but also for the formulation
and validation of environmental exposure models de-
fined by equations.
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