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Abstract
To assess how the human exposure to environmental carcinogenic polycyclic aromatic hydrocarbons (PAHs) pollution sources
generated from industrial, traffic and rural settings, we present a probabilistic risk model, appraised with reported empirical data. A
probabilistic risk assessment framework is integrated with the potency equivalence factors (PEFs), age group-specific occupancy
probability and the incremental lifetime cancer risk (ILCR) approaches to quantitatively estimate the exposure risk for three age
groups of adults, children, and infants. The benzo[a]pyrene equivalents based PAH concentrations in rural, traffic, and industrial
areas associated with age group-specific occupancy probability at different environmental settings are used to calculate daily
exposure level through inhalation and dermal contact pathways. Risk analysis indicates that the inhalation-ILCR and dermal
contact-ILCR values for adults follow a lognormal distribution with geometric mean 1.04  10 4 and 3.85  10 5 and geometric
standard deviation 2.10 and 2.75, respectively, indicating high potential cancer risk; whereas for the infants the risk values are less
than 10 6, indicating no significant cancer risk. Sensitivity analysis indicates that the input variables of cancer slope factor and
daily inhalation exposure level have the greater impact than that of body weight on the inhalation-ILCR; whereas for the dermalILCR, particle-bound PAH-to-skin adherence factor and daily dermal exposure level have the significant influence than that of
body weight.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Human cancer causes of skin, lungs, and bladder
have always been associated with polycyclic aromatic
hydrocarbons (PAHs) (Boffetta et al., 1997). The relationship between cancer and the environment is largely
conditioned by investigations involving PAH exposures
(Armstrong et al., 2004). Several individual PAHs such
as benzo[a]pyrene (B[a]P), chrysene, indeno[1,2,3c,d]pyrene, and benzo[b]fluoranthene have produced
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carcinogenic, mutagenic, and genotoxic effects in animal experiments (Thyssen et al., 1981; Deutsch-Wenzel
et al., 1983). Somers et al. (2002, 2004) have also found
out that air pollution enriched with PAHs has been
shown to include heritable (paternal germ-line) mutations in mice.
More recently, PAHs have been associated with
elevated levels of DNA adducts (PAH-DNA adducts)
and P53 mutations in persons who smoke or are exposed to PAH in the workplace and ambient air (Alexandrov et al., 2002; Gaspari et al., 2003). Perera et al.
(2002) has also indicated that airborne PAHs have been
implicated in human reproductive effects, PAH-DNA
adducts in newborns as well as preterm birth and

S.-C. Chen, C.-M. Liao / Science of the Total Environment 366 (2006) 112–123

intrauterine growth restriction. Although exposure to
environmental PAHs has been based on the assumption
that inhalation was the primary route (Venkataraman
and Raymond, 1998), dermal contact is increasingly
taken into account (ATSDR, 1990; Tsai et al., 2001).
The risk associated with human exposure to atmospheric PAHs is highest in cities, considering the density of population, increasing vehicular traffic, and
scarce dispersion of the atmospheric pollutants. In Taiwan region, several significant contributor to PAHs
sources had been sampled such as stationary industrial
combustion: steel and iron industries (Yang et al., 2002)
with a mean total-PAHs concentrations measured to be
1020 Ag m 3, traffic vehicles exhaust: motorcycle
(Yang et al., 2005) and highway toll station (Tsai et
al., 2004) with a mean total-PAHs concentrations
ranged from 8280–12300 ng m 3. Fang et al.
(2004a,b,c) indicated that mean total PAHs levels at
industrial, urban, and rural areas in central Taiwan
region ranged from 1232–1650, 700–1740, and 610–
831 ng m 3, respectively.
However, occurrence of PAHs in ambient air causes
particular concern due to the continuous nature of
exposures and the size of populations at risk, especially
in urban, suburban and industrial areas. Therefore, in
light of the mutagenicity, carcinogenicity and ubiquity
of some PAHs in the atmosphere, the setting of air
quality standards and guidelines to limit human exposure should be of primary concern for public health
policy. However, it is complicated to derive scientifically the standards or guidelines based on relatively
limited empirical data, owing to the difficulties in interpreting heterogeneous experimental and epidemiological findings (Tsai et al., 2001).
Currently, no information on the human cancer risk
assessment for specific-age groups related to environmental PAHs pollution sources is available in Taiwan
region. Furthermore, identification of the most dangerous environmental PAHs and their mode of action in
producing specific health effects remain uncertain and
difficult to quantify the exposure risk precisely. To
reduce the potential risk of harmful negative health
consequences and problems, we suggest that risk analyses be taken seriously to characterize the impact of
PAHs in the human environment. Fang et al.
(2004a,b,c) have been reported the relevant measurements of PAHs in industrial, urban, and rural areas and
these measurements were sufficiently to motivate the
most serious kind of concern for personal exposure to
environmental carcinogenic PAHs. We were stimulated
to develop a probabilistic risk assessment framework to
evaluate the carcinogenic risk from personal exposure
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to environmental PAHs in industrial, urban, and rural
areas.
The objective of this study is to develop an integrated environmental exposure risk model that incorporates
inhalation and dermal contact from atmospheric PAHs
existing in industrial, urban, and rural areas in Taiwan
region. The risk model is intended to apply to general
Taiwanese population. A detailed sensitivity and uncertainty analyses are conducted, and the results are used
to identify critical input variables requiring further
study. We employed a quantitative risk assessment
method used for PAHs based on B[a]P equivalent
concentration from animal studies. Several studies
have also documented the impact that the outdoor air
(Ando et al., 1996; Li and Ro, 2000; Naumova et al.,
2002), and more specifically traffic (Kingham et al.,
2000; Fisher et al., 2000), has on the quality of indoor
air. We were extended our risk analysis to include PAH
levels in indoor air in light of these findings.
2. Materials and methods
2.1. Data reanalysis
There is relatively little empirical data in environmental PAHs sources because the experiments are complicated. Accordingly, we must rely on data reanalysis
technique together with whatever empirical data is
available. Here, we adopted three published empirical
data in total PAHs concentrations and particle-bound
PAHs concentrations sampled from industrial, traffic,
and rural areas in Taiwan region.
Fang et al. (2004a) selected two sampling sites
situated at Taichung Industry Park and suburban area
(Tunghai University) in central Taiwan to measure 21
individual PAH concentrations with 48 h consecutive
sampling (n = 23) from August 2002 to July 2003 in
that the meteorological conditions such as temperature,
relative humidity, wind speed, and atmospheric pressure were also monitored. Taichung Industry Park
represents the typical large-scale multiple industry
with more than 800 factories. The sampling site is
located on the roof of a pharmaceutical factory (18 m
in height), situated at the center of Taichung Industry
Park. Suburban area (Tunghai University) is a background site to compare with the neighbor Industrial
Park. The sampling heights were set in the range of
1–1.5 m above ground level to simulate the breathing
zone. The instruments were calibrated using at least five
standard concentrations covering the concentration of
interest for ambient air work. The calibration curve had
significant correlated with the linear regression profile
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(r 2 = 0.998). The average recovery efficiency of PAH
was 86%. The total 21 PAHs concentration at Taichung
Industrial Park and Tunghai university were measured
to be 1560.1 F1429.4 (mean F sd) and 734.1 F 541.0
ng m 3, respectively. Fang et al. (2004b) measured the
PAHs concentration at three sampling sites (n = 12)
situated at Taichung Industry Park, rural area (Tunghai
University), and urban site from August 2002 to December 2002 in that PAH concentration, size distribution, and estimated PAHs dry deposition fluxes and
health risk were also determined. The mean concentrations of total PAHs in ambient air at industrial, urban,
and rural in central Taiwan, Taichung were measured to
be 1652, 1185, and 834.1 ng m 3, respectively.
We have also adopted the data from Tsai et al.
(2004) for PAHs concentrations measured at highway
toll station to account for the traffic pollution sources in
that they collected 48, 35, and 33 personal PAH samples from booth attendants of the dayshift (08:00 AM–
16:00 PM), nightshift (16:00 PM–00:00 AM), and latenight (00:00 AM–08:00 AM), respectively. Their study
showed the average recovery efficiency of PAHs was
85%. The limit of detections of the 21 PAH compounds
were determined based on the analysis of serial dilutions of PAH standards.
A useful for estimation of the health risk posed by
multi-component PAH exposure is based on the use of
the individual compound’s potency equivalency factor
(PEF) relative to B[a]P based on a PEF scheme developed by Collins et al. (1998). In a first step, a B[a]P
equivalent concentration (B[a]Peq) is calculated by the
multiplication of the individual PAH concentration by
its PEF. The carcinogenic potency of all considered
PAHs can then be estimated as the sum of each individual B[a]Peq. Table 1 lists the PAHs and the PEFs
used in the calculation associated with the cancer evidence of individual PAH compound. Nisbet and LaGoy
(1992) and Collins et al. (1998) have summarized the
assumptions underlying the use of the PEF approach to
the calculation of exposure to PAHs.
2.2. Occupancy probability and daily exposure level
Here we define an occupancy probability (OP) to
quantify the likelihood of the time a person spends in a
specific setting (Fig. 1). The OP is a practical assumption according to daily routine activities or daily working logs for ordinary adults, children, and infants. In the
future study, however, the detailed case investigation is
essential to provide the reliable data required.
We assumed that a cohort lived at rural and their
workplace or children’s school nearby an industrial

Table 1
Potency equivalency factors (PEF) and molecular weight for individual PAHs relative to B[a]P (Nisbet and LaGoy, 1992) used in this
study
Compound

Molecular weight (g mol 1) PEF

Naphthalene (Nap)
Acenaphthylene (AcPy)
Acenaphthene (AcP)
Fluorene (Flu)
Phenanthrene (PA)
Anthracene (Ant)
Fluoranthene (FL)
Pyrene (Pyr)
Cyclopenta[c,d]pyrene (CYC)
Benzo[a]anthracene (BaA)
Chrysene (CHR)
Benzo[b]fluoranthene (BbF)
Benzo[k]fluoranthene (BkF)
Perylene (PER)
Benz[e]pyrene (BeP)
Benzo[a]pyrene (BaP)
Indeno[1,2,3-c,d]pyrene (IND)
Dibenz[a,h]anthracene (DBA)
Benzo[b]chrycene (BbC)
Benzo[ g,h,i]perylene (BghiP)
Coronene (COR)

128
152
154
165
178
178
202
202
228
228
228
252
252
252
252
252
276
278
278
276
300

a

0.001
0.001
0.001
0.001
0.001
0.01
0.001
0.001
0.1a
0.1
0.01
0.1
0.1
0.001a
0.01a
1
0.1
1a
NA
0.01
0.001a

Value adopted from Malcom and Dobson (1994).

park and they were vulnerably exposed to PAHs pollution from traffic when they went to workplace or
school. We divided a 24-h period into five time intervals as j = 1, 2, 3, 4, and 5 representing the time
periods from 00:00–07:00, 07:00–09:00, 09:00–
17:00, 17:00–19:00, and 19:00–24:00, respectively.
We further denote j = 1 and 5 are the time intervals
spent at rural (home), j = 2 and 4 are the time intervals
spent in commuting, and j = 3 is the time interval and
spent in working or at school (Fig. 1). We assumed
the OP within each period followed a uniform distribution and the summation of the daily basis OP at
24-h for rural, traffic, and industrial settings was
equal to 1.
The indoor PAHs levels in rural (home) can be
estimated by knowing the PAHs concentration in rural
associated with the average indoor / outdoor (I / O) ratio.
Here we adopted an average PAHs I / O ratio of 1.2
measured by Li and Ro (2000) in the rural areas of the
northern Taiwan region. Fig. 1 demonstrates that the
infant OP has the highest value at rural setting, whereas
children have the higher than those of others at traffic
setting. At industry setting, adult has higher OP than
those of others.
The B[a]Peq-based PAH concentration in rural, traffic, and industrial areas associated with age groupspecific OP values at different settings are used to
calculate daily exposure level through inhalation and
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Fig. 1. Human occupancy probability patterns for three age groups of adult, children, and infant at (A) rural, (B) traffic, and (C) industry settings.

dermal contact. Daily exposure level for a specific age
group can be calculated as,
"
#


3
5
X
X
1
OTj dIRj ;
EI ¼
OPij d ðai Ci Þd
ð1Þ
24
i¼1
j¼1
where E I is the daily exposure level for inhalation for
age group in three environmental settings (ng day 1),
a i = 1.2 is the average PAHs I / O ratio for rural setting
(i = 1) otherwise a i = 1, OPij is the OP value in the j th
time interval ( j = 1, 2, 3, 4, and 5) in environmental
setting i (i = 1, 2, and 3 represent rural, traffic, and
industrial setting, respectively), C i is the PAHs concentration in environmental setting i (ng m 3), OTj is the
occupancy time for the j th time interval (hr), IRj is the
inhalation rate in the j th time interval (m3 day 1) when
j = 1 and 5 are the resting activity and j = 2, 3, and 4 are
the active activity.
We can also adopt Eq. (1) to calculate the daily
exposure level for dermal contact as
ED ¼

"
3
5
X
X
i¼1

j¼1



1
OTj
OPij d ðai Cd Þd
24

#
;

ð2Þ

where E D is the daily exposure for dermal contact (Ag
g 1) and C d is the particle-bound PAH concentration
(Ag g 1). Here, adult are defined as individuals from
ages 20 to 70 year, children are defined as individuals
from ages 5 to 19 year, whereas infant are defined as
individuals from ages 0 to 1 year.
2.3. Incremental lifetime cancer risk (ILCR) model
A probabilistic risk model integrates the potency
equivalence factors (PEFs), human OP and the ILCR
approach to quantitatively estimate the exposure risk
for three age groups of adult, children, and infant. The
ILCR model for human inhalation is defined as,

 !
BW 1=3
EI d CSFi
dEFdED
70
R¼
 cf ;
ð3Þ
BWdAT
where R is the incremental individual lifetime cancer
risk, E I is the daily exposure level for inhalation (ng
day 1), CSFi is the inhalation carcinogenic slope factor
(mg kg 1 day 1) 1, EF is the exposure frequency (day
year 1), ED is the exposure duration (year), AT is the
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averaging time for carcinogenic (day), BW is the body
weight (kg), and cf is the conversion factor (10 6). We
treated E I , CSFi, EF and BW in Eq. (3) probabilistically.
The ILCR model for dermal contact pathway is
defined as,

 !
BW 1=3
ED d CSFd
ABdSAdEVdAFd dEFdED
70
R¼
BWdAT
 cf ;
ð4Þ

The potency of B[a]P is based on the 95 % upper
confidence limit of the linearized multistage model
(OEHHA, 1993) applied to the incidence of respiratory
tumors after inhalation exposure in hamsters (Thyssen
et al., 1981). Collins et al. (1991) have estimated the
cancer slope factor for B[a]P inhalation exposure based
on three different hamster inhalation rates of 0.037,
0.063, and 0.158 m3 day 1 and resulted in the CSF
values of 6.1, 3.8, and 1.3 (mg kg 1 day 1) 1, respectively. We averaged those three CSF values and logtransformed appropriately to a lognormal distribution
with a geometric mean 3.14 (mg kg 1 day 1) 1 and a
geometric standard deviation 1.80. For exposure to
B[a]P through dermal contact pathway, the potency
of 37.47 (mg kg 1 day 1) 1 based on incidence of
skin tumors in mice (Schmahl et al., 1977) could be
used (Hussain et al., 1998). The cancer slope factors are
normalized to account for extrapolation to a different
body weight from standard of 70 kg.
Table 2 shows the selected types of probability
distribution for random variables including the inhalation risk and dermal contact risk parameters. The SA
describes the amount of skin exposed to the contaminated media. The amount of skin exposed depends
upon the exposure scenarios. The adult in commercial/industrial workplace was assumed to wear a

where E D is the daily exposure level for dermal contact
(Ag g 1) (particle-bound PAHs concentration), CSFd is
the cancer slope factor for dermal contact (mg kg 1
day 1) 1, AB is the dermal adsorption fraction (dimensionless), SA is the dermal surface area exposed (cm2),
EV is the event frequency (event day 1), AFd is the
particle-to-skin adherence factor (mg cm 2 event 1).
We treated E D, AB, SA, AFd and BW in Eq. (4)
probabilistically. The total incremental lifetime cancer
risk is the sum of risks associated with each exposure
route.
The ILCRs for adults, children, and infants could
be calculated
respectively as follows. P
For adults:
P
19
ILCR¼ 70
R
=51,
for
children:
ILCR¼
i
i¼20
i¼5 Ri =15,
P1
and for infants: ILCR ¼ i¼0 Ri .

Table 2
Risk parameters considered as random variables (lognormal distribution with geometric mean and geometric stand deviation: LN (gm, gsd)) for
different age groups
Definition

units

Infant

Children

Adult

Population parameter
Age
Body weight (BW)a

year
kg

0–1
LN(6.79, 1.27)

5–19
LN(36.24, 1.05)

20–70
LN(59.78, 1.07)

ng day 1
m3 day 1

LN(257, 1.96)
LN(2.75, 1.38)
LN(5.96, 1.49)

LN(1724, 1.83)
LN(7.71, 1.27)
LN(24.87, 1.38)

LN(1687, 1.70)
LN(9.01, 1.26)
LN(32.74, 1.14)

Dermal risk parameter
Daily exposure level (E D)
Dermal adsorption fraction (AB)c
Dermal surface exposure (SA)d
Events frequency (EV)c
Dermal adherence rate (AFd)c

Ag g 1
–
cm2
event year 1
mg cm 2 event 1

LN(4.8  10 4, 1.91)
LN(0.13, 1.26)
LN(719, 1.19)
1
LN(0.04, 3.414)

LN(8.8  10 4, 1.85)
LN(0.13, 1.26)
LN(2196, 1.08)
1
LN(0.04, 3.404)

LN(7.1  10 4, 1.77)
LN(0.13, 1.26)
LN(3067, 1.06)
1
LN(0.02, 2.668)

Risk model parameter
Exposure frequency (EF)e
Averaging time (AT)c

day year 1
day

LN(252, 1.01)
25550

LN(252, 1.01)
25550

LN(252, 1.01)
25550

Inhalation risk parameter
Daily exposure level (E I )
Inhalation rate(IRair)b

a
b
c
d
e

Adapted
Adapted
Adapted
Adapted
Adapted

from
from
from
form
from

Resting
Active

Department of Health, ROC (http://www.doh.gov.tw/cht/index.aspx#).
ICRP 66 (ICRP, 1994).
USEPA (2001).
USEPA (1992).
Central Personnel Administration, ROC (http://www.cpa.gov.tw/cpa2004/pfattend/download/EXWT93102901.doc).
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short-sleeved shirt, long pants, and shoes; therefore, the
exposed skin surface is limited to the head, hands, and
forearms. We can calculate the age group SA according
to the recommended value from USEPA (1992).
Recommended dermal absorption fraction from soil
for B[a]P and other PAHs followed a lognormal distribution with a geometric mean 0.13 and geometric
standard deviation 1.26 (USEPA, 2001). An averaging
time of 365 day year 1 for 70 year (i.e., AT = 25,550
day) was used to characterize lifetime exposure for
cancer risk calculation.
2.4. Uncertainty analysis
Uncertainty arises from estimation of both exposure
and effects. Incorporating variability and uncertainty
into risk calculation results a more realistic view
about the real distribution of risk. In order to quantify
this uncertainty and its impact on the estimation of
expected risk, a Monte Carlo simulation was implemented. We performed independent runs at 1000, 4000,
5000, and 10,000 iterations with each parameter sampled independently from the appropriate distribution at
the start to test the convergence and the stability of the
numerical output. The result shows that 5000 iterations
are sufficient to ensure the stability of results. A confidence interval for expected risk was determined on the
basis of the 2.5th and 97.5th quartiles of the simulation
outcomes.
Sensitivity analysis identified the most significant
parameters that were included in the uncertainty and
variability analysis. The sensitivity of each variable
relative to one another was assessed by calculating
rank correlation coefficients between each input and
output during simulations and then estimating each
input contribution to the output variance by squaring
the output variance and normalizing to 100%. The
Monte Carlo simulation and sensitivity analysis were
implemented using Crystal Ball software (Version
2000.2, Decisioneering, Inc., Denver, CO, USA).
3. Results
3.1. Total PAHs concentration for environmental PAHs
pollution sources
The median total PAHs and the median B[a]Peq
concentrations of inhalation exposure at rural, industrial, and traffic settings are estimated to be 645 and
18.7; 1200 and 25.67; and 10611.28 and 158.5 ng
m 3, respectively (Fig. 2A, B), whereas median particle-bound PAHs and median B[a]Peq concentrations

117

for dermal contact exposure are estimated to be
68.48 and 6.20; 107.8 and 5.48; and 1103.97 and
127.84 ng m3, respectively, at rural, industrial and
traffic settings (Fig. 2C, D). Data reanalysis also
demonstrates that B[a]Peq levels in the traffic setting
were much higher than those measured in rural and
industrial settings where B[a]Peq levels were slightly
closed (Fig. 2B, D).
3.2. Daily exposure B[a]Peq concentration
The daily exposure B[a]Peq concentration can be
estimated from Eqs. (1) and (2) associated with age
group-specific OP values at different environmental
settings (Fig. 1) through the potential exposures of
the normal daily activities or working logs. The predicted probability density functions of daily exposure
B[a]Peq concentration based on the inhalation and dermal contact are shown in Fig. 3A, C in that box and
whisker plots are used to represent the uncertainty in
that boxes show 25th and 75th percentiles and whiskers
are 2.5th and 97.5th percentiles (Fig. 3B, D). We practically used the average outdoor particle concentration
of 60.29 Ag m 3 measured from Atmospheric Monitor
Station of Taiwan Environmental Potency Agency
during 2002 to 2003 to carefully convert the PAHs
concentration in unit of ng m 3 (Fig. 2D) to Ag g 1
(Fig. 3C, D).
The median B[a]Peq concentration of inhalation
exposure are estimated to be 1628, 1590, and 252
ng day 1, respectively, whereas the median B[a]Peq
concentration of dermal contact exposure are calculated to be 7.0  10 4, 8.7  10 4, and 4.8  10 4 Ag
g1, respectively, for adults, children, and infants
(Fig. 3B, D). In inhalation exposure, the B[a]Peq
levels for adults and children are nearly closed and
higher than that of infants, whereas in dermal exposure, the B[a]Peq level of children is slightly higher
than that of adults and both are higher than that of
infants (Fig. 3B, D).
3.3. Inhalation, dermal, and total incremental lifetime
cancer risk (ILCR)
According to the daily exposure level of dermal
contact and inhalation exposure, we can estimate the
inhalation and dermal ILCRs (Fig. 4). Fig. 4A1–A3
indicate that the inhalation ILCRs for adults, children,
and infants age group follow lognormal (LN) distributions of LN(1.04  10 4, 2.10), LN(6.47  10 6, 2.21),
and LN(5.50  10 8, 2.36), respectively. Fig. 4B1–B3
indicate that the dermal contact ILCRs for adults, chil-
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Fig. 2. Box and whisker plots of exposure levels of (A) total PAHs and (B) B[a]Peq for inhalation, (C) particle-bound PAHs and (D) B[a]Peq for
dermal at rural, industry, and traffic settings, respectively.

dren, and infants age group have LN distributions of
LN(3.85  10 5, 2.75), LN(5.16  10 6, 3.33), and
LN(9.90  10 8, 4.83), respectively.
For adults and children age groups, inhalation ILCR
values are higher than that of dermal contact, whereas
for infants age group, dermal contact ILCR value is
higher than that of inhalation. Percentile predictions of
total ILCR personal exposure of three age groups could
be determined from cumulative density functions (cdfs)
corresponding to pdfs shown in Fig. 4C1, D1, and E1.
The total ILCR that combines dermal contact and inhalation exposure pathways are estimated to be

LN(1.66  10 4, 1.89), LN(1.44  10 5, 2.13), and
LN(2.10  10 7, 2.93), for adults, children, and infants,
respectively.
Under most regulatory program, an ILCR between
10 6 and 10 4 indicates potential risk. Our results
indicate that the 97.5% probability inhalation and
dermal contact ILCRs for adults and children exposed
to PAH have orders of magnitude around 10 5 and
10 4, indicating high potential carcinogenic risk (Fig.
4A1, A2, B1, B2). All 97.5% probabilities of
B[a]Peq-based total ILCRs (TILCRs) are large than
10 6, indicating unacceptable probability distributions
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Fig. 3. Predicted probability density functions of B[a]Peq concentration (A, C) and the box and whisker plots (B, D) describing the three age groups
for inhalation and dermal exposure to environmental PAHs sources, respectively.

for three age groups (Fig. 4C2, D2, E2). For adult
personal exposure to carcinogenic PAH, 97.5% probability TILCR (5.89  10 4) is much fall outside the
range of 10 6–10 4, indicating high potential health
risk; whereas for children and infants age groups,
97.5% probability TILCRs range from 10 6–10 5
(children: 7.05  10 5 and infant: 2.41  10 6), respectively (Fig. 4C2, D2, E2). The infants and children have the lower values of AFd, ED and BW than
those of adults (Table 2) that may provide an explanation for the infants and children who are at low
risks.

3.4. Sensitivity analysis
We conducted a quantitative sensitivity analysis to
evaluate the variability and uncertainty of parameters in
the exposure pathway that contributed most significantly to the risk estimates. The results of the sensitivity
analyses on inhalation and dermal contact risk models
are shown in the form of tornado plots illustrating the
Spearman rank order correlation coefficients (Fig. 5).
For inhalation exposure, the inhalation cancer slope
factors (CSFi) and daily inhalation exposure level (E I )
are the most influential variables for all three age
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Fig. 4. Box and whisker plots for (A1) adult, (A2) children, and (A3) infant of inhalation incremental lifetime cancer risk and for (B1) adult, (B2)
children, and (B3) infant of dermal contact incremental lifetime cancer risk. Predicted probability density functions of total incremental lifetime
cancer risk for (C1) adult, (D1) children, and (E1) infant and the box and whisker plots (C2, D2, and E2) are also shown.
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Fig. 5. Sensitivity analysis for (A) inhalation incremental lifetime cancer risk model and (B) dermal contact incremental lifetime cancer risk model
for three age groups.

groups, which average contributions to output variance
are 67%, 69% and 69%, respectively, for adults, children, and infants. For dermal exposure to particlebound PAH, the particle-to-skin adherence factor
(AFd) and daily dermal exposure level (E D) is the
most influential variable for all three age groups,
which the contributions to output variance range from
59–76% and 46–56%, respectively (Fig. 5).
4. Discussion
The study of human exposure to environmental PAH
pollution sources identified the age-specific potential
cancer risks. Recognition of the importance of inhalation cancer slope factor and particle-bound PAH-to-skin
adherence factor in PAH exposure led to the efforts to
estimate the significance of inhalation and dermal
ILCRs. Sensitivity analysis indicates that to increase
the accuracy of the results efforts should focus on a
better definition of probability distributions for inhalation cancer slope factor and particle-bound PAH-to-skin

adherence factor. Given the scarcity of data, most of the
probability distributions were based on US EPA data,
and this may be a limit to the validity of the case
presented.
The CSF values (upper 95% CI estimate of initial
dose–response curve) for continuous inhalation exposure to B[a]P obtained from several data sets (respiratory tract tumors in hamsters and gastric tumors in
mice) by Collins et al. (1991) range between 1.3–16.9
(mg kg 1 day 1) 1 of B[a]P. The differences are due
in part to the different treatment procedures and to
assumptions adopted on animal physiological parameters (e.g., surface area scaling factor). Ingestion exposure data were used for inhalation exposure
assessment by considering the intake dose with routeto-route extrapolation.
It must also be noted that uncertainties are inherent
in quantitative risk assessment because of assumptions
required to extrapolate from one species to another,
from high to low situations and because of the statistical
modeling techniques required to fit data points. Extrap-
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olation to low doses and the transferring of results from
test animals to humans is not evident at all. Therefore,
rodent-derived risk factors may have different orders of
magnitude comparing with empirical data derived risk
estimates.
Tsai et al. (2001) conducted a health risk assessment for palletizing and packaging workers exposed to
PAHs in a carbon black manufacturing industry, indicating B[a]Peq-based lifetime lung cancer risks estimated for both exposure groups were 4.35  10 2 and
5.42  10 2, respectively. For dermal exposure,
B[a]Peq-based lifetime skin cancer risks for both exposure groups were estimated to be 1.13  10 3 and
1.56  10 3, respectively. Vyskocil et al. (2004)
assessed the lung cancer in six localities with aluminum smelting activities exposed to PAHs, indicating
the upper bound B[a]Peq-based lifetime cancer risk
estimates ranged from 0.94 – 4.7  10 5. Our risk
analysis indicates that average upper bound B[a]Peqbased inhalation ILCR for three age groups was 1.59 
10 4 (3.10  10 7–4.46  10 4), whereas for dermal
ILCR was 1.19  10 4 (2.19  10 6–2.99  10 4).
The B[a]Peq-based approach is necessarily limited
to a few PAHs that have monitored in ambient air and
dose not account for the toxicity of all PAHs to which
the general population is exposed. Moreover, the additivity assumption of this approach is quite uncertain
and may lead to inaccurate assessments. Despite this
limitation, this approach has the merit of taking into
account the actual PAH profiles encountered in environmental settings reported in this study.
The carcinogenic risk assessment of PAH remains
difficult, particularly due to the very high number of
these compounds (in the hundreds) present in mixtures
to which the general population may be exposed, as well
as due to the possible contemporary presence of other
risk factors and to possible synergistic and/or antagonistic effects. Due to the limited number of dose-response data on carcinogenicity, and depending on the
exposure route (intratracheal administration, intrapulmonary injection, and so on), different PEFs can be
obtained (Goldstein, 2001). For example, the PEF
value used in this study for DB[a,h]A is 1.0, as given
by Malcom and Dobson (1994). This value may underestimate the relevance of this compound, because other
authors claim a PEF of 5.0 (Nisbet and LaGoy, 1992). 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.
There are a number of areas in which further research
could reduce the uncertainties and limit the variabilities

in this study. Among these are three areas that offer an
opportunity for the most useful research. First, there is a
need to conduct a more extensive characterization of the
distribution of exposures within given population
groups. This would require the collection of more detailed information on the characterization of occupation
probabilities, PAH uptake in the lung and skin, and daily
working logs. It would be useful to characterize better the
distribution of exposures by age of individuals exposed.
Second, there is a need for global sensitivity analysis
using the Monte Carlo simulation model with the more
detailed data sets as inputs. The ranges and distributions
of parameters can then be combined by use of the Monte
Carlo simulation model to produce a response surface.
Relationships between the input ranges and model output should then be assessed with stepwise regression in
order to identify the relationship between output variability and input uncertainties and variabilities. Finally,
on the basis of the results of the sensitivity analysis,
research should be directed to those parameters that, if
better characterized, could most effectively reduce variability in the results.
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