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Abstract

To assess how the human exposure to airborne carcinogenic polycyclic aromatic hydrocarbons (PAHs) during work-
ing in or visiting a typical Taiwanese temple, we present a probabilistic risk model, appraised with reported empirical
data. Two approaches are applied, one based on animal-derived benzo[a]pyrene (B[a]P) toxic equivalents (B[a]Peq) of
individual PAHs and one is assumed that the potency of PAH mixtures is linked to their B[a]P level. The model integrates
probabilistic exposure profiles of total-PAH and particle-bound PAH levels inside a temple from a published exploratory
study with probabilistic incremental lifetime cancer risk (ILCR) models taking into account inhalation and dermal con-
tact pathways, to quantitatively estimate the exposure risks for three age groups of adult, adolescent, and child. Risk
analysis indicates that 90% probability inhalation ILCRs for three age groups have orders of magnitude around
10�7–10�6; whereas for the dermal contact ILCRs ranging from 10�5 to 10�4, indicating high potential cancer risk.
All 90% probabilities of B[a]P- and B[a]Peq-based total ILCRs are larger than 10�6, indicating unacceptable probability
distributions for three age groups. 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, inhalation rates, and particle-
bound PAH-to-skin adherence factor. We estimate risk-based visiting frequency advice for adult, adolescent, and child
to a temple ranging from 5 to 7, 17 to 23, and 48 to 65 year�1, respectively, based on an average 3 h residence time.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: Temple; Incense; Polycyclic aromatic hydrocarbons; Benzo[a]pyrene; Potency equivalency factor; Probabilistic risk asse-
ssment; Carcinogenicity
1. Introduction

There are tens of thousands of temples throughout
the Taiwan Island in that only approximated 7500 of
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the larger temples are officially registered (http://www.
moi.gov.tw/stat/). It has been estimated that there are
at least 20000–30000 temples with a construction size
larger than or equal to an ordinary household in
Taiwan. On religious dates, most of the larger temples
are crowded with visitors. Burning incense inside the
Buddhism and Taoism temples is an essential ceremo-
nial practice in the Buddhism and Taoism tradition,
ed.
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performed by all worshippers from the pupils to the
elders in that incense burning produces non-stop smoke
during the long, slow, and incomplete combustion pro-
cess. Some people have experienced acute irritation of
the upper respiratory tract or coughing after such expo-
sure (Lung et al., 2003). The public health risk assess-
ment of this religious practice is worthy of attention.

It was found that carcinogenic polycyclic aromatic
hydrocarbons (PAHs) were in the smoke of several
ingredients of joss sticks (Tseng, 1996). Lin et al.
(2002) has also found that the composition of PAHs
emitted from incense burning varies greatly due to differ-
ences in the raw materials used in incense making. Lung
et al. (2003) indicated that contribution of incense burn-
ing to indoor exposure concentrations of particle-bound
PAHs ranged from 88 to 450 ng m�3. Lin et al. (2002)
demonstrated that indoor and outdoor mean total
PAHs in a selected temple were measured to be 6258
and 231 ng m�3, respectively, in that median values for
indoor/outdoor ratios of individual PAHs ranged from
5.7 to 387.9, implying that the temple was a significant
PAH source.

Boffetta et al. (1997) demonstrated that human can-
cer causes of skin, lungs, and bladder have always been
associated with PAHs. Armstrong et al. (2004) pointed
out that the relationship between cancer and the envi-
ronment is largely conditioned by investigations involv-
ing PAH exposures. Several individual PAHs such as
benzo[a]pyrene (B[a]P), chrysene, indeno[1,2,3-c,d]pyr-
ene, and benzo[b]fluoranthene have produced carcino-
genic, mutagenic, and genotoxic effects in animal
experiments (Thyssen et al., 1981; Deutsch-Wenzel
et al., 1983). Somers et al. (2002) have also found out
that air pollution enriched with PAHs has been shown
to induce 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). Li et al. (1996) indi-
cated that PAH-DNA adducts formed by the carcinogen
B[a]P diol epoxide (B[a]PDE) have been linked to an
increased risk of lung cancer. Perera et al. (2002) have
also indicated that airborne PAHs have been implicated
in human reproductive effects, PAH-DNA adducts in
newborns as well as preterm birth and intrauterine
growth restriction. B[a]P has been shown to be carcino-
genic by dermal application (ATSDR, 1990).

Despite the potential importance of PAH exposures
to human health, remarkably little is known about air
levels of PAHs in Taiwanese temples by which a poten-
tial health risk to people working in or visiting the tem-
ples may pose. Lin et al. (2002) have reported the
relevant measurements of PAHs in a selected Taiwanese
temple and these measurements were sufficiently high to
cause concern for personal exposure to carcinogenic
PAHs in temples. We were stimulated to develop a prob-
abilistic risk assessment framework to evaluate the car-
cinogenic risk from personal exposure to PAHs in
temples.

The objectives of this study are twofold: (1) to con-
duct a cancer risk assessment of personal exposure to
PAHs for people working in or visiting the temples,
and (2) to determine risk-based visiting frequency advice
and suggested amount of incense burning of different
types of commonly used incense. In the process, we com-
pared two quantitative risk assessment methods used for
PAH mixtures, one based on B[a]P concentration from
reported data and one based on B[a]P equivalent con-
centration from animal studies. We reanalyze published
data of airborne PAHs measurements in a selected Tai-
wanese temple. Based on these concentration data, we
attempt to calculate the contribution of the analyzed
PAHs to the cancer risks taking into account inhalation
and dermal contact exposure pathways. To determine
overall uncertainty in predicted risks, the uncertainty
resulting from the assessment of exposure is propagated
through the risk characterization process using the
Monte Carlo simulation.
2. Materials and methods

2.1. Reanalysis of reported PAH data

Thanks to the valuable exploratory study of charac-
teristics of indoor/outdoor airborne PAHs of a Taiwan-
ese temple from the previous researchers (Lin et al.,
2002), concentrations of total-PAH, particle-bound
PAH, and individual PAH (particulate + gas phase) have
a well-informed framework. Lin et al. (2002) selected
a Taiwanese temple located in the suburban area of
Tainan city in southern Taiwan as the study site. The
temple is 10 m off the ground and has internal dimen-
sions of 50 m · 20 m · 3.4 m. Sampling was conducted
from 9:00 am to 5:00 pm and from 9:00 am to 9:00 am
the next day, respectively, for three sequential days.
The reported measurements also included the relation-
ship between incense composition and PAH emissions
for three representative types of incense of aloe wood,
Taiwan yellow, and Taiwan black incense that all
burned in the temple on a daily basis. We have also
adopted the researches from Li and Ro (2000) for
PAH concentrations measured in five incense burning
homes and in 14 mixed residential homes (including
one smoking household, five incense burning house-
holds, and eight households without incense burning
or smoking) in Taipei region and a traffic-source data
in Tainan region from Lee et al. (1995) as our major
database for a comparison study.

A useful tool for estimating of the health risk posed
by multi-component PAH exposure is based on the use
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of the individual compound�s potency equivalency factor
(PEF) relative to B[a]P based on a PEF scheme devel-
oped 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 individ-
ual B[a]Peq. Table 1 lists the PAHs and the PEFs used in
the calculation associated with the cancer evidence of
individual PAH compound classified by International
Agency for Research on Cancer (IARC, 1987) and US
EPA (OEHHA, 1993). Nisbet and LaGoy (1992) and
Collins et al. (1998) have summarized the assumptions
underlying the use of the PEF approach to the calcula-
tion of exposure to PAHs.

2.2. Human health exposure and risk model

The risk-based approach takes into account the
exposure pathways including inhalation exposure and
dermal contact. Three age groups are considered:
child (1–11 years), adolescent (12–17 years), and adult
Table 1
Cancer evidence and potency equivalency factor (PEF) for PAHs rela

Name with abbreviation Classificati

IARCa

Reference

Benzo[a]pyrene (B[a]P) 2A

PAHs

Acenaphthene (Acp)
Acenaphthylene (AcPy)
Anthracene (Ant) 3
Benzo[a]anthracene (B[a]A) 2A
Benzo[b]chrycene (B[b]C)
Benzo[b]fluoranthene (B[b]FT) 2B
Benzo[k]fluoranthene (B[k]FT) 2B
Benzo[e]pyrene (B[e]P) 3
Benzo[g,h,i]perylene (B[g,h,i]P) 3
Chrysene (CHR) 3
Coronene (COR) 3
Cyclopenta[c,d]pyrene (C[c,d]P) 3
Dibenzo[a,h]anthracene (DB[a,h]A) 2A
Fluoranthene (FL) 3
Fluorene (Flu) 3
Indeno[1,2,3-c,d]pyrene (In[c,d]P)
Naphthalene (Nap) 2B
Perylene (PER) 3
Phenanthrene (PA) 3
Pyrene (Pyr) 3

a Classified by IARC (1987): 2A, probably carcinogenic to human (
to human (sufficient evidence for animal cancer and possible evidence
(inadequate evidence for animal cancer and evidence for mutagenicit

b OEHHA (1993): B2, probably carcinogenic to human (inadequa
cancer); D, not classifiable as to human and animal (inadequate evid

c Value adopted from Malcolm and Dobson (1994).
(18–70 years). The incremental lifetime cancer risk
(ILCR) for incidental inhalation is defined as:

RI ¼
Ca CSFi

BW
70

� �1=3
� �

IRair � EF � ED

BW �AT
� cf ; ð1Þ

where RI is the incremental individual lifetime cancer
risk associated with inhalation, CSFi is the inhala-
tion carcinogenic slope factor (mg kg�1 d�1)�1, IRair

is the inhalation rate (m3 d�1), Ca is the air concentra-
tion of PAHs (ng m�3), EF is the exposure frequency
(d year�1), ED is the exposure duration (year), AT is
the averaging time for carcinogens (d), BW is the body
weight (kg), and cf is the conversion factor (106). We
treated Ca, IRair, CSFi, BW, and EF in Eq. (1)
probabilistically.

The ILCR for dermal contact pathway is defined
as

RD¼
Cpa CSFd

BW
70

� �1=3
� �

AB �SA �EV �AFd �EF �ED

BW �AT
� cf ;

ð2Þ
tive to B[a]P (Nisbet and LaGoy, 1992) used in this study

on PEF

US EPAb

B2 1

0.001
0.001

D 0.01
B2 0.1

NA
B2 0.1
B2 0.1

0.01c

D 0.01
B2 0.01

0.001c

0.1c

B2 1c

D 0.001
D 0.001

0.1
0.001
0.001c

D 0.001
D 0.001

sufficient evidence for human cancer); 2B, possibly carcinogenic
for human cancer); 3, not classifiable as to human and animals

y).
te evidence in human cancer and sufficient evidence in animal
ence in animal cancer).
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where RD is the incremental individual lifetime cancer
risk associated with dermal contact, Cpa is the particle-
bound PAH concentration (lg g�1), CSFd is the carcin-
ogenic slope factor for dermal contact (mg kg�1 d�1)�1,
AB is the dermal adsorption fraction (dimensionless),
SA is the dermal surface area exposed (cm2), EV is the
event frequency (event d�1), and AFd is the particle-to-
skin adherence factor (mg cm�2 event�1). We treated
Cpa, BW, AB, SA, AFd, and EF in Eq. (2) probabilisti-
cally. The total risk is the sum of risks associated with
each exposure route.

The ILCRs for adult, adolescent, and child are calcu-
lated respectively as: For adult: ILCR ¼

P70
i¼18Ri=53, for

adolescent: ILCR ¼
P17

i¼12Ri=6, and for child:
ILCR ¼

P11
i¼1Ri=11. An averaging time of 365 d year�1

for 70 year (i.e., AT = 25550 d) was used to characterize
lifetime exposure for cancer risk calculation. 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 d�1 and resulted in the CSF values of
6.1, 3.8, and 1.3 (mg kg�1 d�1)�1, respectively. We aver-
aged those three CSF values and log-transformed appro-
priately to a lognormal distribution with a geometric
mean 3.14 (mg kg�1 d�1)�1 and a geometric standard
deviation 1.80. For exposure to B[a]P by dermal contact
pathway, the potency of 37.47 (mg kg�1 d�1)�1 based on
incidence of skin tumors in mice (Schmahl et al., 1977)
can be used (Hussain et al., 1998). The cancer slope fac-
tors are normalized to account for extrapolation to a dif-
ferent body weight from standard of 70 kg (Eqs. (1) and
(2)). The acceptable risk distribution was assigned by
constraints on percentiles. The lower end of the range
of acceptable risk distribution is defined by a single con-
Table 2
Exposure parameters considered as random variables (lognormal dis
LN(gm,gsd)) for different age groups for temple residential setting

Exposure variable Unit Lognorm

Child, 1

Body weight (BW)a kg LN(23.0
Inhalation rate (IRair)

b m3 d�1 LN(14.1
Exposure frequency (EF)c d year�1 LN(7.71
Dermal surface exposure (SA)d cm2 LN(2792
Dermal adherence rate (AFd)e mg cm�2 event�1 LN(0.04
Dermal adsorption fraction (AB)e Dimensionless LN(0.13

a Adapted from Department of Health, ROC (http://www.doh.gov
b Adapted from ICRP 66 (ICRP, 1994).
c Adapted from Ministry of Interior, ROC (2004).
d Adapted from USEPA (1987).
e Adapted from USEPA (2001).
straint on the 95th percentile of risk distribution that
must be equal or lower than 10�6 for carcinogens.

2.3. Input probability distributions

Current literature was reviewed to develop probabil-
ity distributions for the random variables appearing in
the risk models adopted. Exposure parameters have been
considered random except exposure duration. Table 2
shows the selected type of probability distribution for
random variables.

Having no site-specific data on population body
weight, a second-order distribution was chosen for this
parameter with the population age distribution in the
Taiwan region used to estimate the population body
weight and a lognormal distribution adopted whose
parameters are expressed as a function of age separately
for man and women (Burmaster and Crouch, 1997).
Probability distributions chosen for the inhalation rate
and for the skin surface area are based on the body
weight distribution probability. Skin surface area is esti-
mated by the relationship SA = a Æ BWb where a and b

are constants estimated by Burmaster (1998). The PAHs
inhalation rate is given by the product of body weight
and the weight specific inhalation rate used that is given
in the ICRP66 (ICRP, 1994). In this probabilistic expo-
sure assessment, only independent or correctly corre-
lated random variables are considered.

2.4. Uncertainty analysis

To quantify this uncertainty and its impact on the
estimation of expected risk, a Monte Carlo simulation
was implemented. To test the convergence and the sta-
bility of the numerical output, we performed indepen-
dent runs at 1000, 4000, 5000, and 10000 iterations
with each parameter sampled independently from the
appropriate distribution at the start of each replicate.
tribution with geometric mean and geometric stand deviation:

al distribution

–11 year Adolescent, 12–17 year Adult, 18–70 year

3,1.01) LN(52.23,1.04) LN(59.25,1.05)
0,1.72) LN(32.13,1.04) LN(32.73,1.14)
,1.56) LN(7.71,1.56) LN(7.71,1.56)
.53,1.01) LN(4902.56,1.02) LN(5333.33,1.03)
,3.41) LN(0.04,3.41) LN(0.02,2.67)
,1.26) LN(0.13,1.26) LN(0.13,1.26)

.tw/cht/index.aspx#).

http://www.doh.gov.tw/cht/index.aspx#
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Largely because of limitations in the data used to derive
model parameters, inputs were assumed to be indepen-
dent. The result shows that 5000 iterations are sufficient
Fig. 1. Box and whisker plots of (A) B[a]P- and B[a]Peq-based conce
indoor/outdoor of temple, urban area, and traffic-source, (C) particle-
traffic-source, (D) B[a]P- and B[a]Peq-based concentrations in incense
concentrations for three representative types of incense of Taiwan ye
to ensure the stability of results. Sensitivity analysis
identified the most significant parameters that were
included in the uncertainty and variability analysis.
ntrations in indoor/outdoor of temple, (B) total-PAH levels in
bound PAH level in indoor/outdoor of temple, urban area, and

burning and mixed homes, and (E) B[a]P- and B[a]Peq-based
llow, Taiwan black, and aloe wood.
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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 normaliz-
ing to 100%. The Monte Carlo simulation and sensitivity
analysis were implemented using Crystal Ball software
(Version 2000.2, Decisioneering, Inc., Denver, CO,
USA).
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Fig. 2. Predicted probability density functions of B[a]P- and
B[a]Peq-based inhalation and dermal contact incremental life-
time cancer risks for three age groups in (A, B, C, D) temple
and in (E, F) incense burning homes.
3. Results and discussion

The median B[a]P- and B[a]Peq-based concentrations
in temple are 101.8 and 153.61; and 10.22 and 14.31
ng m�3 in indoor and outdoor, respectively (Fig. 1A),
whereas the median particle-bound PAH concentrations
are determined to be 478.4 and 232.47 ng m�3 for indoor
and outdoor, respectively (Fig. 1C). The median B[a]P-
and B[a]Peq-based concentrations for three types incense
are estimated to be 9.47 and 22.35; 159.9 and 419.23;
and 15.67 and 29.17 ng g�1, respectively, for Taiwan yel-
low, Taiwan black, and aloe wood (Fig. 1E). Our anal-
ysis also demonstrates that B[a]P levels inside the temple
were much higher than those measured inside residential
homes in Taipei (Fig. 1A and D), whereas the total-PAH
and particle-bound PAH levels were close to that mea-
sured at traffic-source and local urban area, respectively
(Fig. 1B and C).

Probabilistic simulations of the risk models produced
skewed probability density functions (pdfs) of predicted
inhalation and dermal contact ILCRs (geometric stan-
dard deviations of lognormal distribution range from
2.5 to 3.33) (Fig. 2). Percentile predictions of ILCR per-
sonal exposure of three age groups could be determined
from cumulative density functions (cdfs) corresponding
to pdfs shown in Fig. 2. Under most regulatory pro-
gram, an ILCR between 10�6 and 10�4 indicates poten-
tial risk, whereas ILCR larger than 10�4 indicates high
potential health risk. Our results indicate that the 90%
probability inhalation ILCRs for three age groups
exposed to PAH inside the temple (Fig. 2A and B) and
incense burning homes (Fig. 2E and F) have orders of
magnitude around 10�7 and 10�6, respectively; whereas
the dermal contact ILCRs for child, adolescent, and
adult in the temple range from 10�5 to 10�4; indicating
high potential carcinogenic risk (Fig. 2C and D).

All 90% probabilities of B[a]P- and B[a]Peq-based
total ILCRs (TILCRs) are large than 10�6, indicat-
ing unacceptable probability distributions for three age
groups (Fig. 3). For adult personal exposure to carcino-
genic PAH in the temple, 90% probability TILCR
(1.11 · 10�4–1.37 · 10�4) is much greater than the range
of 10�6–10�4, indicating high potential health risk;
whereas for adolescent and child age groups, 90% prob-
ability TILCRs range from 6.13 · 10�5 to 7.28 · 10�5
and 2.44 · 10�5 to 3.03 · 10�5, respectively (Fig. 3A),
indicating potential health risk. Our risk analysis dem-
onstrates that B[a]Peq-based approach predicted higher
risks than that by B[a]P-based approach. The B[a]Peq-
based approach, however, 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 the temple environ-
ment reported in this study.
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and (B) estimated suggested amount of incense consumption for
three types of incense of Taiwan yellow, Taiwan black, and aloe
wood.
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A sensitivity analysis was performed to determine
which pdfs have the greatest effect on 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. 4). For inhalation exposure,
the inhalation cancer slope factor (CSFi) and exposure
frequency (EF) are the most influential variables for
adult (70% and 55%, respectively) and adolescent (65%
and 48%, respectively), whereas for child the most sensi-
tive variables are CSFi and air inhalation rate (IRair)
(60% and 55%, respectively). For dermal exposure to
particle-bound PAH, the particle-to-skin adherence fac-
tor (AFd) is the most influential variable for all three age
groups (60–87%) (Fig. 4). 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, inhalation rates, and
particle-bound PAH-to-skin adherence factor. Given
the scarcity of temple data, most of the probability dis-
tributions were based on US EPA data, and this may be
a limitation to the validity of the case presented.

The CSF values (upper 95% CI estimate of initial
dose–response curve) for continuous inhalation expo-
sure to B[a]P obtained from several datasets (respiratory
tract tumors in hamsters and gastric tumors in mice)
by Collins et al. (1991) range between 1.3 and 16.9
(mg kg�1 d�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., sur-
face area scaling factor). Ingestion exposure data were
used for inhalation exposure assessment by considering
the intake dose with route-to-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-
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.

We calculated a risk-based visiting frequency advice
(year�1) and a suggested amount of incense burning asso-
ciated to unit occupied volume of temple based on a max-
imum acceptable individual lifetime risk level of 10�6.
Our results indicate that the B[a]Peq- and B[a]P-based
90% probability visiting frequency for adult, adolescent,
and child to a temple range from 5 to 7, 17 to 23, and 48
to 65 year�1, respectively, based on an average 3 h resi-
dence time (Fig. 5A). The estimated suggested 90% prob-
ability incense burning amount for three representative
incense types of Taiwan yellow, Taiwan black, and aloe
wood range from 16.80 to 42.84, 0.86 to 2.32, and 12.63
to 24.08 g m�3, respectively, based on B[a]Peq- and
B[a]P-based calculation (Fig. 5B). The ILCR models
associated to a unit airborne PAH concentration
(1 ng m�3) or a unit particle-bound PAH concentration
(1 lg g�1) inside the temple can be used to calculate the
probabilistic unit exposure frequency based on a maxi-
mum allowable risk of 10�6 (Table 3). Therefore, the
expected exposure frequency advice for a specific-age
group is equal to the probabilistic unit suggested exposure
frequency listed in Table 3 divided by the measured air-
borne PAH concentrations inside the temple concerned.

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 antagonis-
tic effects. The choice of B[a]P as the reference com-
pound to develop the PEF is presently questioned



Table 3
Calculated probabilistic maximum allowable unit exposure frequency distribution for inhalation (d year�1 Æ ng m�3) and for dermal
contact (d year�1 Æ lg g�1) for three age groups for visiting a typical temple

Exposure route Probabilistic unit exposure frequency

Child, 1–11 year Adolescent, 12–17 year Adult, 18–70 year

Inhalation LN(3456.95,2.23)a LN(1114.85,2.04) LN(401.37,1.85)
Dermal contact LN(283.15,3.44) LN(99.54,3.44) LN(43.59,2.49)

a Lognormal distribution with a geometric mean and a geometric standard deviation.
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(Goldstein, 2001). Due to the limited number of dose–
response data on carcinogenicity, and depending on
the exposure route (intratracheal administration, intra-
pulmonary injection, and so on), different PEFs can be
obtained. For example, the PEF value used in this study
for DB[a,h]A is 1.0, as given by Malcolm 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 remem-
bered that the B[a]Peq concentrations used for this calcu-
lation represent an external exposure estimation of
carcinogenic compounds and not the effective active
concentration at the lung level.

The case of the temple site is one of the first in Tai-
wan where a probabilistic analysis has been applied to
personal exposure to carcinogenic PAHs. The regulatory
agency in charge of public health protection should be
aware that the deterministic risk analysis conceals issues
relative to the probabilistic concept of risk. In fact,
through requiring more resources and skills, a Monte
Carlo exposure analysis carried out was very informa-
tive since it revealed the degree of conservatism and took
into account the reliability of results.
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