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Exposure-risk relationship for benzo[a]pyrene  

1.  Exposure-risk relationship 

Tolerable risk (4:1000):  700 ng/m3 

Acceptable risk (4:10000 until 2013):  70 ng/m3 

Acceptable risk (4:100000 after 2013; 2018 at the latest):     7 ng/m3  

The risk refers to the total PAH concentration using benzo[a]pyrene (BaP) as expo-
sure marker. 

 

2.  Substance characterization 

Molecular formula:  C20H12 

Structural formula:  

   

  

Molecular weight:  252.3 g/ Mol 

CAS No.:  50-32-8 

Melting point:  178.1 °C 

Boiling point:  496 °C 

Solubility in water:  0.0000038 g/l at 25°C 

Vapour pressure:  7.3 x 10-7 Pa (25 °C) 

Partition coefficient (log PO/W):  6.50 

Conversion factors:  1 ppm =  10.3 mg/m³ 

  1 mg/m³ =   0.0969 ppm 

 

Classification according to  
Regulation (EC) No. 
1272/2008:  
 

Carc. 1B, Muta. 1B, Repr. 1B 
Skin Sens. 1, Aquatic Acute 1 
Aquatic Chronic 1,  
H350, H340, H360FD, H317, H400, 
H410 

Classification according to 
Directive 67/548/EEC: 

Carc. Cat. 2; R45; Muta. Cat. 2; R46;  
Repr. Cat. 2; R60-61; R43 N; R50-53 
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3.  Introduction 

Benzo[a]pyrene (BaP, benzo[pqr]tetraphene, benzo[def]chrysene, 3,4-benzopyrene) 
is part of the large group of polycyclic aromatic hydrocarbons (PAH) and is generated 
together with numerous other representatives of this group of substances in the 
thermal degradation of carbon-containing compounds (pyrolysis) or their incomplete 
combustion. Humans are therefore not exposed to BaP as an individual substance, 
but always in a mixture together with other PAH. At room temperature, BaP itself is a 
stable, highly lipophil solid, which is practically insoluble in water and has a very low 
vapour pressure. The substance is not used in industry, but it occurs in technical 
processes together with other PAH. A high exposure to PAH mixtures containing BaP 
must be expected in the following industrial environments or workplaces: coking, coal 
gasification or liquefaction, aluminium production, iron and steel foundries, manufac-
ture of graphite and coal electrodes, tar distillation and processing, wood impregna-
tion and chimney sweeping.  

In in vitro as well as in vivo studies, BaP proves to be genotoxic with its effect being 
attributable to reactive metabolic products and especially to dihydrodiole epoxides. 
BaP therefore has a primary, indirectly genotoxic potential1. 

The decisive effect for risk assessment purposes is the carcinogenic effect of BaP as 
an individual substance in animal studies as well as its carcinogenic effect in humans 
for PAH mixtures containing BaP. The carcinogenic effect of such PAH mixtures is 
primarily attributed to the polycyclic aromatics with 4 to 7 rings, and BaP - as repre-
sentative of this fraction with relatively high carcinogenicity - is used as exposure 
marker for the assessment of the carcinogenic potency of these complex mixtures. 
This presupposes, however, that these mixtures do not contain any substantial 
amounts of other carcinogenic substances in addition to PAH (such as aromatic 
amines or diesel soot particles). Furthermore, a risk quantification based on the BaP 
content only applies to PAH mixtures of similar composition. As an alternative to a 
quantitative risk assessment based on a single substance acting as an exposure 
marker, an assessment has been repeatedly proposed using equivalence factors for 
various carcinogenic PAH. This approach is not pursued in this context. On the 
contrary, the exposure-risk relationships and the tolerable risks and acceptable risks 
derived from them are related to “total PAH” with a given BaP concentration and a 
given PAH profile (similar to coking plant emissions).  

In the ‘Second Ordinance for the Amendment of the Ordinance on Occupational 
Diseases’ (Zweite Verordnung zur Änderung der Berufskrankheiten-Verordnung) of 
11 June 2009, “Lung cancer caused by polycyclic aromatic hydrocarbons (PAH) 
(Occupational Disease (BK) No. 4113)” was included in the list of recognised occupa-
tional diseases (Federal Gazette (BGBl), 2009), when there is evidence of the impact 
of a cumulative dose of more than 100 ng BaP/(m3 x years).  

A more detailed description of relevant toxicological and epidemiological studies is 
contained in Armstrong et al. (2003, 2004), Greim (2008), HCN (2006), and WHO 
(1998; 2000). The following description focuses on the relevant studies for the deter-
mination of an exposure-risk relationship. 

                                            
1  Differentiation of primary/secondary genotoxicity according to the Guide, Section 2.2. Primary 

genotoxicity: direct DNA interaction by the parent substance (direct) or its metabolites (indirect) 
such as adducts, mutations. Secondary genotoxicity: the initial process does not occur with DNA 
(such as oxidative stress, interference with the mitotic process etc.) (AGS, 2008) 
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4.  Toxicokinetics/metabolism 

Like other PAH, BaP is easily absorbed by inhalation, through the skin and the 
gastrointestinal tract. The Air Quality Guidelines for Europe (WHO, 2000) contain a 
comparison of the half-life of free and particle-bound BaP and other PAH. These half-
lives were obtained using various application pathways and after various initial 
pulmonary doses. This basis is thus not suitable to arrive at valid conclusions con-
cerning the elimination rate for free or particle-bound BaP.  

In case of occupational exposure, dermal absorption may obviously play a consider-
able role. It was found in coking plant workers that 28 to 95% (75% on average) of 
total pyrene absorption - measured as urine excretion of 1-hydroxypyrene - had 
occurred through the skin. In animal studies with male Wistar rats, 50% of the pyrene 
applied to the skin in an acetone solution was excreted with the urine. Other studies 
showed that the dermal absorption route for BaP from high-viscosity oils is lower than 
the BaP absorption from low-viscosity oils (HCN, 2006). In vitro studies of monkey 
skin showed that BaP - just as benzo[a]anthracene, benzo[b]fluoranthene and ben-
zo[k]fluoranthene - does not permeate the skin from the lubricant, but only from 
acetone/artificial sweat, while permeation from both liquids could be proven for other 
PAH (acenaphthene, anthracene, phenanthrene, fluoranthene, naphthalene, pyrene 
and fluorene). The in vitro BaP permeation of human skin was not reduced by using 
skin protection creams; in some cases it even increased (Greim, 2008). 

Irrespective of the place of absorption, absorbed PAH are quickly transported by 
blood and lymph to other tissues and especially to tissues with high lipid content. 
PAH cross the placenta barrier. Tissues with high lipid content may represent a short-
term depot, from which PAH are released again after the exposure has ended, but an 
accumulation in the proper sense does not occur because of the rapid metabolism 
(WHO, 2000). Compared to other organs, the gastrointestinal tract shows a high 
concentration of PAH and PAH metabolites, even though there was no oral route of 
exposure (Greim, 2008). 

The glucuronised or sulphatised phenols and dioles, which are metabolised from BaP 
and other PAH, are excreted with urine and with the bile contained in the faeces. In 
laboratory animals (rats), the excretion as mercapturic acid was also observed, after 
the arenoxides formed in an initial step are conjugated with glutathione (GSH), and 
these GSH conjugates are converted in a later stage. The significance of this meta-
bolic pathway and elimination route for PAH in humans is unknown (Greim, 2008). 

For occupationally exposed workers of a coking plant, a renal PAH elimination with a 
half-life of 6 to 35 hours was found, when it was measured as the excretion of 1-
hydroxypyrene (HCN, 2006); for workers of an aluminium plant, the half-life of PAH 
elimination was 9.8 hours and therefore in the same range (Greim, 2008). 

BaP and other non-substituted PAH are initially metabolised by forming microsomal 
cytochrome-P450-monooxygenases. As many other PAH, BaP enhances its own 
oxidative metabolism by an induction of the respective P450-monooxygenases und 
epoxide-hydrolases. In this process, the induction of the most important enzymes 
(CYPIA1 and A2) is started by binding to a special cytosolic protein, the Ah-receptor, 
(WHO, 2000). The highest biotransformative capacity is found in the liver, followed by 
the lung, the intestinal mucosa, the skin and the kidneys, but the corresponding 
enzymatic systems are found in most cells and tissues of humans and animals. 
Foetal cells can also metabolise PAH, albeit less quickly than the cells of adult tissue 
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(WHO, 1998, 2000). The epoxides formed in the first reactive step form isomers – 
depending on the place of oxidation in the molecule - at different rates, and react 
spontaneously to form phenols or they hydrolyse to dihydrodiols with the help of 
epoxide hydrolases, and they are then oxidised by mono-oxygenases and form 
dihydrodiol-epoxides and their derivatives. The phenolised derivatives may also react 
to form quinones. Resulting from the hydrolysis of the dihydrodiol-epoxides, tetrols 
may also be formed. The hydrolysed compounds are also esterified by glucuronyl-
transferases and sulphate-transferases or transformed with glutathione (see above). 
An oxidative metabolism of BaP-7,8-diole may also occur - at least in vitro -via 
prostaglandin synthase, myeloperoxidase and lipoxygenase, when diol-epoxides and 
tetrols are formed (WHO, 1998). 

The large variety of metabolites is further increased by the occurrence of optical 
isomers. In the case of BaP, the main metabolic pathway runs from the initially 
formed BaP-7,8-dihydrodiol to BaP-7,8-dihydrodiol-9,10-epoxide (BPDE), which has 
four optical isomers. In most tissue, the (+)-anti-BPDE-isomer is primarily formed. 
This reactive metabolite has the strongest tumourigenic effect and also represents 
the isomer, which is most active in forming covalent DNA adducts (WHO, 2000). 
BPDE hydrolysis to tetrolene represents a deactivating reaction. The formation of 
dihydrodiols, phenols and quinones was found in in vitro experiments for all analysed 
human tissue and cell types; in most cells and tissues, these analyses also found 
other metabolites such as tetrols and conjugates. The same metabolites were also 
found in these types of experiments using tissues of animal studies. Degradation by 
opening of the ring system involving a release of carbon dioxide does not play any 
role for higher organisms (WHO, 1998). 

 

Human biomonitoring of PAH metabolites 

The excretion of PAH metabolites can be used for the biological monitoring of PAH 
exposure. Studies are especially available on the excretion of 1-hydroxypyrene in the 
urine (HCN, 2006). Several studies of occupational environments provided evidence 
for the excretion of this metabolite in urine. In these studies, there was normally a 
good correlation between excretion and parameters for internal exposure such as 
DNA adducts in peripheral lymphocytes, but there was not always a correlation to the 
PAH-concentration in the ambient air. Most probably, this is primarily due to the fact 
that pyrene and other PAH are not only absorbed by inhalation, but also through the 
skin. Furthermore, the 1-hydroxypyrene concentration in the urine might also depend 
on the metabolic activity at the point of entry into the organism (primarily the skin and 
the respiratory tract) and its distribution in the human body (HCN, 2006). In a larger 
study with 170 workers exposed to PAH, genetic polymorphism of the enzymes, 
which are decisive for PAH metabolism, was largely excluded as the most substantial 
explanation for the inter-individual differences in 1-hydroxypyrene excretion, how-
ever. Only three of the 11 polymorphisms tested had any influence on excretion. But 
with factors of 1.4 – 1.6, these differences were very small and thus negligible 
(Greim, 2008). 

More recent studies also used other PAH metabolites for biomonitoring, particularly 
the sum of the 1-, 2-, 3-, 4- and 9-hydroxy-phenanthrenes. In comparison to 1-
hydroxypyrene, the sum of these phenanthrene metabolites is less influenced by 
individually differing smoking and eating habits and is therefore less susceptible to 
errors in the determination of occupational PAH exposure. As it is the case for 1-
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hydroxypyrene, genetic polymorphisms do not seem to have a substantial influence 
on the excretion of these metabolites by occupationally exposed persons.  

Phenanthrene-tetrol has been proposed as another indicator for biomonitoring. As 
the corresponding enzymatic steps in the formation of this metabolite are analogous 
to the metabolism of carcinogenic PAH such as BaP, phenanthrene-tetrol may be a 
surrogate marker for the activation pathway of carcinogenic PAH. Studies with 
occupationally exposed persons have shown that phenanthrene-tetrol is a good 
biomarker for internal PAH exposure. But it has not been sufficiently studied yet, to 
what extent the excretion of phenanthrene-tetrol correlates to the formation of the 
dihydrodiol-epoxides of carcinogenic PAH such as BaP, for example (Greim, 2008).  

Standardised methods for the determination of 3-hydroxy-BaP as a metabolite of a 
carcinogenic PAH have recently been developed, but they have not been introduced 
in routine monitoring at the workplace. Just as the formation of monohydroxide 
derivatives of other PAH, the formation of this metabolite is a sign of a detoxification 
reaction. The excretion of benzo[a]pyrene-tetrol in urine could be used as a bio-
marker for an activating metabolic pathway; this process has not yet been estab-
lished in practice because of analytical difficulties (insufficient sensitivity of previous 
procedures) (Greim, 2008).  

 

5.  Toxicity after repeated exposure  

The most significant endpoint for the effects of PAH mixtures containing BaP is their 
carcinogenicity. Other endpoints have rarely been studied either in humans or in 
laboratory animals. 

 

Observations in humans 

HCN (2006) summarized the findings in epidemiological studies of workers exposed 
to PAH. For workers with PAH exposure from coal processing, there are no data on 
the inhalation pathway with respect to non-carcinogenic systemic effects on the 
cardiovascular system, the gastrointestinal tract, the liver, the skin and on reproduc-
tion. In a study of workers in a rubber plant, an impairment of pulmonary function was 
reported with abnormal x-rays of the chest cavity and coughing, pharyngeal irritation 
and chest pains. The BaP concentration stated in this study was only 0.1 µg/m³. But 
it is not known whether the effects described were caused by PAH or other, simulta-
neously present toxic chemicals or suspended particulate matters (Gupta et al., 
1993). Workers at coking ovens showed a reduced immunoglobulin level in the 
serum and various reduced immune functions, but the biological significance of these 
changes is unclear (Lei, 1993; Szczeklik et al. 1994).  

A new cohort study studied the incidence of lethal ischaemic heart disease in male 
workers employed in asphalt processing (IHK, ICD-9: 410 – 414) (Burstyn et al., 
2005). The 12367 participants came from a total of five countries. The follow-up 
period started (with variations from country to country) in 1953 at the earliest and 
ended no later than in 2000 covering an average period of 17 years. The amount of 
the BaP exposure was examined with database models, the exposure to coal was 
calculated in a semi-quantitative assessment based on company data. The average 
exposure to BAP showed a positive correlation to the mortality induced by ischaemic 
heart disease (significant positive trend across all five exposure categories). For an 
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average BaP concentration ≥ 273 ng/m³ (group with the highest exposure), the RR 
was 1.64 (95 % CI 1.13 – 2.38); in the lower exposure categories, the RR was > 1, 
but the increase was not significant. There were similar results with respect to cumu-
lative BaP exposure and with respect to the exposure to coal tar. Even taking into 
account potential realistic influences resulting from smoking behaviour, it was esti-
mated that the risk of ischaemic heart disease is increased by approx. 20 to 40% in 
the highest exposure category. With respect to other factors (diet, physical activity 
body-mass-index) and the exposure to other noxious agents, especially diesel motor 
emissions and fine dust, there were only insufficient data so that these potential 
factors could not be taken into account in the analysis. 

 

Data from animal studies 

In animal studies too, there are only very few data on non-genotoxic, non-
carcinogenic or non-toxic effects on reproduction after repeated PAH exposure. 
According to the summarised data in HCN (2006), rats and hamsters did not show 
any effects in the respiratory tract, when the animals were exposed to 7.7 mg BaP/m³ 
(2 h/d, 5 d/w, 4 weeks) or 9.8 – 44.8 mg BaP/m³ (4,5 h/d, 5 d/w, 16 weeks). 

Reproductive effects have been more extensively studied in animal studies with PAH 
mixtures or BaP as a single agent, but there are very few inhalation studies (sum-
mary in HCN, 2006 and Greim, 2008, 2001). It was found in studies with mice that 
toxic effects on reproduction or embryotoxic effects of PAH depend on the murine 
genotype and their ability to transform PAH to reactive metabolites. These metabo-
lites may cross the placenta and show adverse effects in the developing foetus. BaP 
and other PAH (benz[a]anthracene, dibenz[a,h]anthracene, naphthalene) reduce 
fertility and have an embryotoxic effect on female mice strains expressing the Ah-
receptor. In mouse tests, BaP induces dominant lethal mutations. Supplementary 
tests indicate that BaP primarily induces unstable chromosome aberrations in sper-
matozoa causing embryolethality; in the same experiment, hereditary translocations 
were not significantly more frequent than in the historic controls (Greim, 2001). From 
a study of young male mice and based on fertility-inhibiting (sperm count, litter size) 
and embryotoxic effects (teratogenicity), researchers derived a NOEL of 150 
mg/kg · d (Greim, 2008). In a newer BaP inhalation study (Ramesh et al., 2008; 
Archibong et al., 2008) on male Fischer rats, the only concentration used was 75 µg 
BaP/m³ (adsorbed to carbon black, 4 h/d, 60 d) and resulted in a 30% reduction of 
testicular weight, reduced sperm motility and a reduced spermatozoa count as well 
as a 2/3 reduction of the plasma testosterone level with a simultaneous increase of 
the luteinising hormone (LH). Other effects were not analysed in this study. In a study 
performed by the same working group (Archibong et al., 2002) involving the inhala-
tion exposure of pregnant Fischer rats (0, 25, 75, 100 µg BaP/m³, adsorbed to carbon 
black, 4 h/d, from day 11 – 20 of gestation), a concentration-dependent reduction of 
the number of living foetuses (78.3 %, 38 %, 33.8 %) was found, when they were 
compared to the control groups (untreated: 98.8 %, carbon black only: 96.7 % living 
foetuses/litter). In comparison to the controls, the progesterone, oestrogen and 
prolactin concentrations in plasma were also lower in the animals exposed to BaP.  
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6.  Genotoxicity 

Benz[a]pyrene and PAH mixtures containing BaP have genotoxic effects both in vitro 
and in vivo. BaP is used as a positive control in standard test procedures to examine 
mutagenic effects. Given the very comprehensive data and the long-standing and 
undisputed genotoxic effect of BaP, this topic will be not be presented in detail here, 
and readers are referred to the detailed reviews (Greim, 2001, 2008; WHO, 1998). 

 

Benzo(a)pyrene 

The following genotoxic effects were found in numerous in vitro studies with BaP: 

- mutations in bacteria, induction of bacteriophages and induced DNA repair, 

- somatic mutations and recombinations in the drosophila melanogaster fruit fly, 

- development of DNA adducts, induced DNA repair, sister chromatid exchanges 
(SCE), chromosome aberrations, point mutations and morphological cell trans-
formation in mammalian cells. 

The following genotoxic effects were observed in vivo in mammalian cells (hepato-
cytes, leucocytes, epithelial cells, fibroblasts, bone marrow cells, embryonic cells, 
sperms):  

- development of DNA adducts, induced DNA strand breakage and repair, SCE, 
chromosome aberrations, micronuclei, somatic mutations of specific gene loci 
(mammalian spot test), sperm anomalies, positive effect in the dominant-lethal 
test. In a more recent study with a transgene mouse strain, the incidence of mu-
tations in pulmonary cells showed a dose-dependent increase when an BaP 
was administered intratracheally (Hashimoto et al., 2005). 

Just as BaP, the following non-heterocyclic polycyclic aromatics showed genotoxic 
effects in most in vitro or in vivo studies of this kind: anthanthrene, ben-
zo[a]anthracene, benzo[b]-, benzo-[j]- and benzo[k]fluoranthene, chrysene, cyclopen-
ta[cd]pyrene, dibenzo[a,h]-anthracene, dibenzo[a,e]- and dibenzo[a,l]pyrene as well 
as indeno[1,2,3-cd]pyrene (Greim, 2008, WHO, 1998). 

 

PAH mixtures  

In addition to these individual substances, PAH mixtures from industrial environments 
with PAH exposure also proved to be genotoxic. Organic extracts obtained by solvent 
extraction from the doors of coking ovens and the furnace roof had mutagenic effects 
in bacteria and mammalian cells. In in vitro studies, particulate extracts from these 
areas result in sister chromatid exchange and cell transformations. Furthermore, 
BaP-diol-epoxide-DNA-adducts were found in biological samples of workers in these 
areas. In several studies of workers in coking plants, aluminium smelters and graph-
ite electrode production as well as studies of chimney sweeps, no increased rates 
were found for micronuclei, SCE or chromosome aberrations in lymphocytes. In a 
study of workers in an iron foundry, there was a higher incidence of HPRT mutations 
in lymphocytes, and this correlated with the amount of DNA adducts (WHO, 1998). A 
new study of road workers exposed to bitumen vapours found that SCE was not 
more frequent in the lymphocytes of these workers than in those of the control group, 
but a modified Comet assay found an increased rate of oxidative DNA damage in the 
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workers‘ lymphocytes (Cavallo et al., 2006). In police officers being exposed to high 
urban air pollution (measured as PM2.5 and PM10 concentration), chromosome 
aberrations in lymphocytes detected by FISH (Fluorescent in situ hybridization) , 
were significantly more frequent in a month with a higher particulate PAH exposure 
than in a later month with low PAH exposure; no differences were found in standard 
cytogenetic analysis (Srám et al., 2007). Marczynski et al. (2009) studied 20 coking 
plant workers and 30 persons working in graphite electrode production with PAH 
exposure in comparison to 82 controls. The analysis revealed more DNA strand 
breakages (Comet assay) and 8-hydroxy-2’-desoxyguanosine (8-OHdG; electro-
chemical detector– HPLC/UV) in lymphocytes, and especially so in the cohort ex-
posed in the graphite electrode production. An influence of smoking (correlation to 
the cotinine concentration in urine) could not be shown. There are no exposure data 
mentioned in the published abstract. 

 

BaP metabolites  

BaP and other genotoxic PAH do not show a direct genotoxic effect; these effects 
appear after biotransformation to reactive electrophilic metabolites binding covalently 
to cellular elements such as DNA. Unless the treated cells do not show the neces-
sary enzyme expression for a metabolic activation, a genotoxic effect is observed in 
vitro only in the presence of an exogenous metabolic system (normally S9 mix of 
induced rat liver). 

There are a large number of in vitro and in vivo studies on the significance of various 
BaP metabolites, when the genotoxic and carcinogenic effects of BaP and other PAH 
are analysed (Greim, 2008; WHO, 1998, 2000). Epoxides are significant intermedi-
ates; the genotoxic effect of these intermediates in specific cases depends strongly 
on the position of the reaction in the molecule. In case of BaP, an epoxidation in the 
terminal benzene rings results in products binding to DNA and showing mutagenic 
activity. Microsomal epoxide hydroxylase hydrolyses them into inactive dihydro-diols. 
BaP-4,5-oxide is a reactive electrophilic metabolite with an in vitro mutagenic effect 
on bacteria, but it can be partially deactivated in mammalian cells by microsomal 
epoxide hydroxylases and glutathion transferases. (+)-anti-BaP-7,8-dihydrodiol-9,10-
epoxide was identified as a major ultimate BaP carcinogen which easily induces 
tumours in animal studies. The high genotoxic and carcinogenic activity of this and 
similar compounds is associated with the fact that, as a result of steric hindrances, 
these highly electrophilic compounds can only be hydrolysed to a limited extent or not 
at all by microsomal epoxide hydroxylases (Greim, 2008). 

In the presence of dehydrogenases, dihydrodiols with an appropriate configuration 
may produce catechols (diphenols), which are slightly non-enzymatically oxidized to 
the corresponding quinones. When these quinones are reduced by quinone reduc-
tases, hydroquinones will be generated which are conjugated by sulfotransferases or 
glucuronosyl transferases; semiquinones are also generated which are subject to 
redox cycling and the concomitant formation of reactive oxygen species in the pres-
ence of oxygen. Many of these quinones therefore display in vitro toxicity and geno-
toxicity. In in vivo analyses to study the initiation of papilloma in murine skin, BaP 
quinones only show marginal tumourigenicity, which is probably due to an effective 
reduction followed by conjugation and excretion (Greim, 2008).  

Another metabolic pathway for the production of reactive electrophilic metabolites is 
the single-electron oxidation of PAH to radical cations. They may react with the 
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purine bases in DNA while simultaneously forming unstable adducts, and an apurinic 
DNA site is formed in a split-off of the modified base. Whether these radical cations 
play a major role for genotoxic effects in vivo and for tumourigenesis is not clear: 
these radical cations are formed outside the cellular nucleus and are highly unstable, 
and it may be assumed that they primarily react with adjacent cellular structures. It 
must also be taken into account that DNA depurination also occurs massively and 
spontaneously without any PAH impact and can be repaired efficiently. In case of the 
carcinogenic 7,12-dimethylbenzo[a]anthracene, it could be shown in animal models 
with Knockout mice that the carcinogenic effect of the compound was practically 
eliminated by knocking out the epoxide hydrolase gene Kephx1, which should not 
prevent formation of radicals (Greim, 2008). 

To summarise, these findings show that BaP has a primary, indirectly genotoxic 
potential which is attributable to the formation of electrophilic BaP epoxides and 
especially (+)-anti-BaP-7,8-dihydrodiol-9,10-epoxide.  

 

Polymorphisms 

In a study of 140 workers exposed to PAH and 66 controls, the effect of a UGT1A7 
polymorphism (uridine-diphosphoglucuronosyl-transferase 1A7) was analysed for 
chromosomal defects. There was a significant difference in the incidence of micro-
nuclei for individuals with modifications in the codon 208 Arg of the UGT1A7 gene, 
i.e. a higher incidence in individuals with the *3 allele than in individuals with the *1 
allele (Wang et al., 2009). 

 

7.  Carcinogenicity 

7.1  Data from animal studies 

In numerous animal studies involving various species, BaP and PAH mixtures con-
taining BaP were carcinogenic after oral, dermal, pulmonary (inhalation or intra-
tracheal instillation), subcutaneous and intra-peritoneal administration. These sub-
stances primarily induce local tumours at the point of entry (Greim, 2008; HCN, 
2006). 

 

inhalation  

There are only a few studies including the inhalation exposure of experimental 
animals to PAH mixtures containing BaP. 

In one study (Heinrich et al., 1986), female Wistar rats (108 animals/group) were 
exposed to coking gas containing 0.9 µg/m³ BaP on five days/week for 16 hours over 
an initial period of nine months, and then - after a break of one month - they were 
exposed for 12 months to a mixture of pyrolysed pitch and coking gas (approx. 
90 µg/m³ BaP). The control group was given unpolluted air. The mortality in both 
groups was comparable. But among the treated animals found dead, 12 had devel-
oped lung tumours (primarily squamous cell carcinomas), no such tumours were 
found in the control group. 

In the same study, the same exposure protocol was used to expose female NMRI 
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mice (28 – 31/group). In contrast to the sub-study on rats, the mice were exposed for 
a total of two years, and the BaP concentration in the second exposure segment was 
approx. 60 µg BaP/m³. In the macroscopic analysis, the incidence of lung tumours 
was 79% among the treated animals and thus twice as high as in the control group 
(32 %), and the number of tumours per lung was 10 times higher (7.0 versus 0.7). 
Histological analyses and assessments were not made for other organs. 

In another study (Schulte et al., 1994) two groups of newborn female NMRI/BR mice 
(40/group) were exposed - starting on the first day after birth - for 16 h/d, 5 d/week 
over a period of 44 weeks to a volatile (MMAD 0.55 µm) coal tar pitch aerosol 
(50 µg BaP/m³ or 90 µg BaP/m³), the control group was given filtered indoor air. The 
use of newborn mice instead of animals of a few weeks - which is the general prac-
tice - was justified by the authors with the lower spontaneous lung tumour incidence 
and the higher sensitivity to lung tumour induction. In both treated groups, the num-
ber of lung tumours was significantly higher than in the control group: all animals 
treated with BaP developed adenomas (control: 5), and 10 animals in the low-dose 
group and 33 animals in the high-dose group developed adenocarcinomas (control: 
0); and 10 animals in the high-dose group also developed squamous cell carcino-
mas. 

Heinrich et al. (1994; Table 1) found a clear correlation between the incidence of lung 
tumours and the administered BaP dose. In this study, seven-week old female Wistar 
rats (72/group) were subjected to inhalation exposure for 17 h/d on 5 d/week to an 
aerosol of PAH-rich coal tar/coal tar pitch condensate. The aerosol was produced by 
heating the original material to 750 °C in a nitrogen atmosphere and diluting it subse-
quent with cold clean air (12 °C). This method resulted in an aerosol (MMAD 0.5 µm), 
which contained PAH, but was free of carbon black particles. The aerosol concentra-
tion used in the test was 1.1 mg/m³ for the lower dose and 2.6 mg/m³ for the higher 
dose; the corresponding BaP concentrations were 20 and 46 µg/m³ respectively. In 
addition to BaP, the concentration of numerous other PAH were measured in the 
aerosol and in the gaseous phase (free of BaP). Other gaseous substances (SO2, 
NO2, CO, CO2 and aldehydes) amounted to a total of < 0.1 ppm, total hydrocarbons 
amounted to 2.5 ppm, 85 % of which was methane. 

Table 1:  Lung tumour incidence following inhalation exposure of female Wistar 
rats to a condensed aerosol of coal tar/coal tar pitch* 

BaP 
(µg/m³) 

Exposure 
period 

(months) 

Post-
exposure 

period 
(months) 

Cumulative 
exposure 

(mg BaP/m³ h) 

Average BaP concen-
tration over the entire 

period (µg/m³) 

Lung tumour 
incidence 
(percent)a 

0 0 30 0 0 0 (0) 

20 10 20 71 6.7 3 (4.2) 

20 20 10 142 13.3 24 (33.3) 

46 10 20 158 15.3 28 (38.9) 

46 20 10 321 30.7 70 (97.2) 

*Data from Heinrich et al. (1994), a: no data on level of significance . 

The duration of the test was 30 months for all groups, while for each concentration 
one group being exposed over an initial exposure phase of 10 months, and the other 
was exposed to the PAH mixture for 20 months; for the remaining time the animals 
were given filtered clean air. The control group was also given filtered clean air for 
the entire duration of the test. In the groups exposed to the higher concentration, the 
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mortality increased due to the development of large multiple lung tumours. Lung 
tumours were also found at the lower concentration. These tumours were primarily 
benign and malignant keratinising squamous cell carcinomas; broncho-alveolar 
adenomas and adenocarcinomas were also found. Other organs were not affected. 
The control group did not develop any lung tumours.  

In a study with male Syrian golden hamsters (24/group) the animals were exposed to 
BaP (not administered as a component of a PAH mixture) in concentrations of 2.2, 
9.5 and 46.5 mg/m³ for an initial period of 10 weeks and 4.5 h/d, they were then 
exposed for 3 h/d over a total of 109 weeks (Thyssen et al., 1980, 1981). The expo-
sure resulted in a dose-dependent increased tumour incidence in the nasal cavity, 
pharynx, larynx and trachea as well as the oesophagus and forestomach. No tu-
mours were found in the control group. Most tumours developed in the larynx (inci-
dence with increasing dose: 0, 31, 52 %). In contrast to rats and mice used in the 
above-mentioned studies, hamsters did not develop any lung tumours. 

With the exception of these few studies with inhalation exposure, there are a number 
of studies using in intra-tracheal or intra-bronchial administration of BaP as a single 
substance, and these studies were primarily carried out with rats, but also with 
hamsters and mice and in a few cases also with monkeys (summary in Greim, 2008). 
In these studies, BaP always resulted in the development of local tumours in the 
bronchial system or in the lung, hamsters also developed tracheal tumours. 

 

oral  

As single substances, BaP and other PAH primarily induce local tumours in the 
gastrointestinal tract and especially in the forestomach and the stomach, when BaP 
is administered in the diet or dissolved in oil by gavage to mice and rats. But systemic 
tumours were also observed in other organs (lung, blood vessels, mammary gland) 
(Greim, 2008). Following oral administration of coal tar (mixture of several coking 
waste dumps) to female B6C3F1 mice by feed, the animals developed papillomas and 
carcinomas in the forestomach, but also tumours in other organs: adenocarcinomas 
in the small intestine, hepatocellular adenomas and carcinomas, alveolar and bron-
cho-alveolar adenomas and carcinomas as well as haemangiomas and histiocytic 
sarcomas. In another study using female A/J mice, feeding them with gasworks 
residues resulted in lung tumours, but no tumours of the forestomach. Other organs 
were not analysed (HCN, 2006). 

 

dermal 

In most carcinogenicity studies on BaP and other PAH, the laboratory animals - 
generally mice - were exposed by applying the test substance on their skin. With this 
application, BaP and numerous other PAH induce benign and malignant skin tu-
mours at the application site (Greim, 2008). Schneider et al. (2000) and Knafla et al. 
(2006) performed a quantitative cancer risk assessment for BaP on the basis of 
several such studies in mice. 

In addition to single substances, studies were also carried out with condensates 
containing PAH. These condensates came from tobacco smoke, diesel and gasoline 
motor emissiones, carbon black, coal tar, gasworks products and other sources. After 
repeated applications, these mixtures generally induced - mostly benign - skin tu-
mours (HCN, 2006). 
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7.2 Human data 

There are no studies on the carcinogenic effect of BaP as a single substance. But 
there are a large number of epidemiological studies on workers exposed to PAH 
mixtures containing BaP at the workplace. Such exposures are especially found in 
the following workplace environments: coking plants, aluminium smelters, iron and 
steel plants, the production and processing of coal tar, coal tar pitch, creosote, 
mineral oil, soot and carbon black as well as in plants producing refractory materials 
and graphite electrodes (Greim, 2008). At all these workplaces, PAH are not the only 
substances to which the workers are exposed. Among other potential substances are 
agents such as nitro-PAH, aromatic amines, metals, dust and asbestos (HCN, 2006), 
which also include known or suspected human carcinogens. 

In case of exhaust gases of organic materials, the exposure to PAH generally occurs 
via the respiratory tract and through the skin, when solid or liquid coal tar products 
are handled (Greim, 2008). The target organ of PAH after inhalation exposure is 
primarily the lung. The higher lung cancer risk among workers occupationally ex-
posed to PAH has been known for decades. In Germany, lung cancer induced by 
coke oven gases containing PAH is a recognised occupational disease (Greim, 
2008). There are also indications that the inhalation or dermal exposure to PAH at 
the workplace increases the risk of developing carcinomas in other organs; the 
strongest evidence exists for bladder tumours, but also for skin cancer and tumours 
of the larynx, the pharynx and the oral cavity. For other tumours such as renal cell 
carcinoma and tumours in the head and neck, correlations with occupational expo-
sure are possible, but not sufficiently supported (Greim, 2008). 

 

Lung cancer  

Bosetti et al. (2007) reviewed cohort studies of workers exposed to PAH in the 
following industrial sectors: aluminium production, coal gasification, coking plants, 
iron and steel foundries, carbon black and coal electrode production. There were 
more detailed descriptions of studies published between 1997, the last review pro-
duced by the same working group (Bofetta et al., 1997), and 2005. The condensed 
analysis included all studies evaluated in both reviews. In most industrial sectors, the 
reviewers found a significantly higher risk of tumours of the lungs or respiratory tract 
with the relative risk (RR, pooled) showing the highest increase being observed for 
coal gasification workers. For tumours of the bladder or urinary tract, the data base 
was less consistent; significantly higher risks were only observed for workers in 
aluminium production, coal gasification and iron and steel foundries (Table 2). 

The earlier review by Bofetta et al. (1997) had already confirmed that the lungs are 
the main target organ for the carcinogenic effects of PAH and that a higher lung 
cancer risk is documented for most observed sectors or occupations with PAH 
exposure. Furthermore, the authors concluded that there is a higher risk of skin 
cancer with a high dermal exposure. Quantitative cancer risks were not calculated in 
these reviews. 

 

Table 2:  Overall Standardised Mortality Ratio (Overall SMR) and pooled Relative 
Risks (RR) for various tumour locations in case of PAH exposure in vari-
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ous occupations* 

Sector / 
Tumour location 

Number 
of 

studies 
SMR 

Pooled RR  
(95 % C. I.) 

Chi-Square test 
for heterogeneity 

(p-het) 
Aluminium production     

Lung 8 1.01 1.03 (0.95 – 1.11) 0.04 
Respiratory tract 9 1.02 1.03 (0.96 – 1.11) 0.048 

Bladder 8 1.26 1.29 (1.12 – 1.49) 0.31 
Kidney 4 1.12 1.15 (0.93 – 1.42) 0.45 

Coal gasification     
Lung 4 2.14 2.29 (1.98 – 2.64) < 0.0001 

Respiratory tract 5 2.40 2.58 (2.28 – 2.92) < 0.0001 
Bladder 2 2.38 2.39 (1.36 – 4.21) 0.77 

Urinary tract 3 2.99 3.27 (2.06 – 5.19) 0.17 
Coke production     

Lung 10 1.49 1.58 (1.47 – 1.69) < 0.0001 
Iron and steel foundries     

Lung 9 1.39 1.40 (1.32 - 1.49) 0.007 
Respiratory tract 10 1.38 1.40 (1.31 - 1.49) 0.012 

Bladder 7 1.19 1.29 (1.06 – 1.57) < 0.001 
Kidney 4 1.29 1.30 (0.95 – 1.77) 0.91 

Tar distillation     
Lung 3 1.19 1.21 (0.95 – 1.55) 0.30 

Bladder 3 0.82 (insufficient 
number of cases) 

- 

Creosote production      
Lung 2 1.11 1.14 (0.85 – 1.51) 0.14 

Roofing     
Lung 2 1.50 1.51 (1.28 – 1.78) 0.27 

Bladder 2 1.54 1.57 (0.96 – 2.56) 0.50 
Asphalt processing      

Lung 2 1.12 1.14 (1.07 – 1.22) < 0.0001 
Bladder 2 1.12 1.02 (0.85 – 1.23) 0.31 

Carbon black production     
Lung 2 1.21 1.30 (1.06 – 1.59) < 0.0001 

Coal electrode production     
Lung 6 0.96 1.00 (0.82 – 1.23) 0.037 

Respiratory tract 7 0.93 0.96 (0.81 – 1.15) 0.053 
Bladder  4 1.23 1.35 (0.83 – 2.20) 0.22 

Urinary tract 6 1.15 1.29 (0.85 – 1.95) 0.41 
*:  Data from Bosetti et al. (2007). 
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A comprehensive meta-analysis with an assessment of quantitative dose-response 
relationships was carried out by Armstrong et al. (2003; 2004) for the British HSE 
(Health and Safety Executive). The condensed presentation of the main aspects 
regarding the execution of this meta-analysis and its findings can be found in HCN 
(2006). Armstrong et al. (2003, 2004) evaluated all published studies containing an 
analysis of quantitative relationships between occupational PAH exposure on the one 
hand and lung and bladder cancer on the other. Studies were only included in the 
meta-analysis, when they fulfilled the following criteria: 

- Original studies on occupational inhalation exposure; 

- Studies at workplaces where a predominant role of PAH as carcinogens was 
assumed - this meant that studies at workplaces in the rubber industry, with 
diesel soot exposure, in foundries and sometimes in steel plants were excluded; 

- Misclassification of exposure unlikely; 

- Only the most recent of several studies of the same workforce was included. 

Only 36 of 744 analysed studies fulfilled all above-mentioned criteria for the assess-
ment of correlations between PAH exposure and lung cancer. 39 cohorts were 
analysed in these studies (35 cohort studies, a case-control study, three nested case-
control studies from one cohort). The studies dated from the period until 2001, were 
carried out in nine different industrial sectors and covered more than 2,800 cases of 
lung cancer.  

The uniform exposure parameter used was BaP concentration. If such data were not 
mentioned in the original study, and the study contained data on the concentration of 
total PAH, carbon black or BSM (“benzene soluble material”), the BaP concentration 
was estimated using study-specific conversion factors. When there were no meas-
ured exposure data, the average BaP exposure was estimated in cooperation with 
industrial hygienists using a specific occupation-exposure matrix for each sector and 
occupation. Published reviews on BaP exposure at the workplace were also con-
sulted. As far as studies with data on cumulative exposure were concerned, the 
mean cumulative exposure for each group or the median of an interval were used to 
assess the average cumulative BaP exposure. The cumulative exposure in the 
specific group with the highest exposure was in a range between a total of three 
orders of magnitude - from 0.75 to 805 µg/m³ BaP-years (which corresponds to 
concentrations between 0.04 and 40 µg BaP/m³ air). 

When both mortality and morbidity data were available, the mortality data were 
preferred; also data adjusted for smoking behaviour were preferred to non-adjusted 
data. The “unit relative risk” (URR) was calculated for each of the analysed cohorts, 
describing the increase of RR with an increase of cumulative exposure by 100 µg 
BaP/m³ -years (which corresponds to an average concentration of 2.5 µg BaP /m³ for 
an occupation of 40 years). The calculation was performed both with a log-linear 
model and a linear model. 

The meta-analysis was performed according to tested procedures and considered 
both variation of accuracy in determining URR in the different studies and random 
effects. The individual studies were appropriately weighted for the calculation of the 
average URR; a regression analysis was also made to detect cohort and exposure 
characteristics contributing to the variability range of URRs. 

The URR calculated with the log-linear model ranged from 0 to more than 1000. 
There were considerable differences in the accuracy which could be attained in the 
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assessment of these risks (standard deviations from 0.02 to more than 1000). These 
differences were primarily caused by the exposure ranges in the studies. In many 
studies (especially from carbon black production and power plants), the exposure 
was low and the exposure ranges were therefore small; this resulted in an inaccuracy 
of the estimated URR and the corresponding large confidence intervals. Further 
variability in the accuracy of the assessment is caused by various cohort sizes and 
the length of the follow-up. 

 

Table 3:  URR (“Unit Relative Risks”, calculated with the log-linear model) for lung 
cancer in various industrial sectors or occupations with PAH exposure * 

Group 
Number 

of 
studies 

Average URR* 
(95 % C. I.) 

Test for 
heterogeneity 

(p-het) 
All cohorts  39 1.20 (1.11 – 1.29) 0.007 
According to sector / PAH source /occupation    

Coking plant 10 1.17 (1.12 – 1.22)  
Gasworks 4 1.15 (1.11 – 1.20)  

Aluminium production 8 1.16 (1.05 – 1.28)  
Summary of the three above sectors 22 1.17 (1.12 – 1.22) > 0.20 

Coal anodes 4 4.30 (0.81 – 22.79)  

Asphalt2 3 17.50 (4.21 – 72.78)  

Tar distillation 3 12.28 (0.48 – 314.4)  
Chimney sweeps 2 16.24 (1.64 – 160.7)  

Power plant 3 < 1000 (0 - > 1000)  
Carbon black production 2 0 (0 – 1000)  

Quantitative exposure data in the original study    
BaP 10 1.29 (1.11 – 1.49)  

Proxya 6 1.16 (1.11 – 1.21)  
None 23 1.17 (1.03 – 1.33)  

Exclusion of less accurate estimates 
only URR with SEb < 10

only URR with SE < 1

 
31 
19 

 
1.20 (1.11 – 1.30) 
1.18 (1.12 – 1.23) 

 
0.002 
0.19 

Smoking behaviour  
adjusted 

non-adjusted

 
35 
4 

 
1.16 (1.11 – 1.21) 
1.31 (1.16 – 1.48) 

 

*:  URR = Relative risk in relation to a cumulative exposure of 100 µg BaP· (m³ · years)-1; data from Armstrong 
et al. (2003, 2004). 

a: Calculated BaP concentration derived from concentration data for PAH, carbon black or BSM;  
b:  SE: Standard error  

 

The overall consideration of all cohorts from all industrial sectors resulted in a signifi-
cantly increased risk of lung cancer (Table 3). In a more detailed analysis with a 
breakdown into industrial sectors or occupations, it was found, however, that the risk 
assessments in the specific areas differ very widely and must therefore be consid-
ered specifically for each area. The authors mention as possible explanation for this 
heterogeneity that - apart from biasing due to inaccurate exposure assessments - the 
PAH mixtures in the individual sectors had different compositions and, as a result, 
their effects would probably be different. The URR calculated for coking plants, 
gasworks and aluminium production were practically identical; the overall conclusion 

                                            
2  The risk mentioned far asphalt was included in the source with the stated level, but this amount 

cannot be confirmed.  
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was a significantly higher URR of 1.17 (95 % CI 1.12 – 1.22). For the other industrial 
sectors and occupations covered, the calculated URR are associated with considera-
bly higher uncertainties resulting from the lower number of studies and cases; this is 
also expressed in the range of the confidence interval, and these URR do not appear 
to be sufficient for a reliable quantitative risk assessment. 

Within the individual industrial sectors, there was no significant heterogeneity of the 
URR, and the same is true for the study design, the consideration of smoking as a 
confounder or the source of exposure data . The authors also did not find any indica-
tion that the calculated URR for BaP might have been biased as a result of a co-
exposure to potentially carcinogenic dust. 

Armstrong et al. (2003, 2004) also analysed whether the determined risks had been 
influenced by the fact that extrapolations from very high exposures had to be per-
formed in some cases. To ascertain this fact, the analysis was repeated while exclud-
ing groups with different high exposure levels (Table 4). 

Table 4:  URR (“Unit Relative Risks”) for lung cancer in various industries or 
occupations with PAH exposure excluding high-exposure cohorts* 

All industries 
Coking plant, gasworks,  
aluminium production Exclusion 

of exposure 
levels No. of 

studies 
URR 

(95 % C. I.) 
p-valuea No. of 

studies 
URR 

(95 % C. I.) 
p-valuea 

none (all 
studies) 

39 1.20 (1.11 – 1.29) < 0.001 22 1.17 (1.12 – 1.22) > 0.20 

> 80 µg/m³ 34 3.46 (2.03 – 5.90) < 0.001 17 1.88 (1.22 – 2.91) 0.02 
> 40 µg/m³ 30 6.49 (1.99 – 21.12) < 0.001 14 2.42 (0.56 – 10.40) 0.01 
> 20 µg/m³ 21 4.54 (1.26 – 16.30) > 0.20 7 1.87 (0.24 – 14.22) > 0.20 
*:  URR = Relative risk related to a cumulative exposure of 100 µg BaP· (m³ · years)-1; data from Armstrong et 

al. (2003, 2004). a: Test for heterogeneity of the URR. 

 

When groups with high exposures are excluded from the analysis, the mean URR 
calculated from the remaining studies will increase. The authors attributed this partly 
to the fact that these industries with lower exposures are now given greater weight, 
but they also point out that this effect also appears, when only the “coking plant, 
gasworks, aluminium production” group is considered. This could be a sign for the 
steeper slope of the dose-response relationship with lower exposures. But all these 
partial analyses, excluding the highly inaccurate analysis, when all studies 
> 20 µg/m³ were excluded, revealed a significant heterogeneity between the studies 
so that these conclusions must be interpreted with caution. 

The analysis with a linear model provided very similar results to those performed with 
the log-linear model with the individual URR in cohorts with lower exposures being 
slightly lower and the results for cohorts with high exposures being slightly higher 
than in the log-linear model. The mean URR was practically identical at 1.19. 

Another follow-up to the cohort study was performed by Armstrong und Gibbs (2009) 
with 15703 men and 728 women participating, who had worked in the aluminium 
industry in Quebec between 1950 and 1999. With 677 cases of lung cancer, the risk 
correlated to the cumulative PAH exposure (measured as BaP). Assuming a linear 
dose-response relationship, the relative risk was 1.35 (95% C.I. 1.22-1.51) for 100 µg 
BaP/m³-years. In comparison to lower exposures, the risk increase was lower in case 
of higher exposures. Insofar, the authors believe that a supra-linear dose-response 
curve (best modelling with “cubic spline – 2 knot“) would provide an even better 
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illustration of this correlation. 

 

Cancer of the bladder  

In their meta-analysis, Armstrong et al. (2003, 2004) also studied the relationship 
between occupational PAH exposure and cancer of the bladder. 27 studies were 
included in the meta-analysis; the data base was generally poorer, and the average 
number of cases was considerably lower than for lung cancer. After an overall as-
sessment of all studies, the log-linear model showed a significantly higher URR of 
1.33 (95 % C.I. 1.16 – 1.52), i.e. at approximately the same level as for lung cancer 
and without indications of systematic heterogeneous effects. The overall results and 
the significance depended to a large extent on two major studies from the aluminium 
industry. Without these studies, there was no clear evidence for a correlation be-
tween the incidence of bladder cancer and PAH exposure in coking plants or other 
industrial sectors. The power of the studies in the aluminium industry is restricted by 
the low number of cases, however. An analysis of the results with the linear model 
showed significant heterogeneity between the studies, and the average URR did not 
increase significantly. 

In the above-mentioned meta-analysis by Bosetti et al. (2007) and when compared to 
the data base for lung cancer, the data for carcinomas of the bladder or the urinary 
tract were less consistent, even though aluminium production and coal gasification as 
well as iron and steel foundries again showed higher risks. 

Greim et al. (2008) summarised further studies on the relationship between PAH 
exposure and cancer of the bladder. A meta-analysis of 40 cohort studies of workers 
in iron smelters also revealed a slightly higher risk of bladder cancer (RR 1.11, 95 % 
C.I. 1.05 – 1.17) (Gaertner und Theriault, 2002). In the cohort study of road workers, 
the cumulative PAH exposure did not correlate to a higher incidence of bladder 
cancer, while the risk at higher concentrations doubled in comparison to the lower 
ones.  

Other indications for a correlation between occupational PAH exposure and cancer of 
the bladder are derived from case-control studies. In the studies, the occupational 
PAH exposure is assessed using job-exposure matrices. Both a major German multi-
centric study (OR: 1.6, 95 % CI 1.1 – 2.3) (Pannett et al., 1985) and a summary 
assessment of European case-control studies (including the German study, OR: 
1.23, 95 % CI 1.07 – 1.40) (Kogevinas et al., 2003) found significantly higher risks of 
urothelium or bladder carcinoma in case of high PAH exposures. But aromatic 
amines, which also include some potent bladder carcinogens, were not considered in 
the matrices. Also a Canadian study revealed a higher risk of bladder carcinoma for 
workers in nonferrous ore smelters; but this study did not include any quantitative 
assessment of PAH exposure (Band et al., 2005). 

 

Skin cancer 

The development of malignant skin tumours as a result of the local impact of PAH 
mixtures or substances contaminated with PAH such as non-water-soluble lubricants 
and oils has been known for a long time. Because of the problems in quantifying 
dermal exposure, insufficient documentation of the frequently non-lethal skin tumours 
in cancer registers and the substantial role of frequent confounders (skin type, 
exposure to UV-light), there are no quantitative cancer risk assessments for this 
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tumour location. 

 

Renal cancer  

Several cohort and case-control studies showed minor or insignificantly increased 
risks for renal tumours in connection with occupational PAH exposure. On the whole, 
the epidemiological data alone are not convincing, and the kidneys are not consid-
ered as a proven target organ in case of occupational PAH exposure (Greim, 2008). 

 

Cancer of the larynx, pharynx and oral cavity  

According to Greim (2008), older observations from the 1930s already report frequent 
cancers of the larynx with occupational PAH exposure. But there are very few epide-
miological studies which explored relative risks for cancer locations in the larynx as 
well as the pharyngeal and oral cavities. A special problem for studies of this tumour 
location is the consideration of smoking and alcohol consumption as confounders. It 
is estimated that approximately 3/4 of all tumours affecting the mucosa in the head 
and neck area are attributable to the combined effects of smoking and alcohol. A new 
case-control study (Becher et al., 2005) carried out in Germany with 257 patients with 
laryngeal carcinoma and 769 controls from the general population revealed - when 
adjusted for smoking behaviour and alcohol consumption - a higher risk of carcino-
mas of the larynx (OR: 5.2, 95 % CI C.6 – 17.1) in connection with occupational PAH 
exposure (assessment with job-exposure matrices and surveys for specific sub-
stances indicating a PAH exposure) and a significant correlation to the length of 
exposure. The highest risk (OR: 6.4, 95 % CI 2.4 – 17.3) was found for road workers. 

Evidence of a correlation between PAH exposure and the development of tumours in 
the area of the larynx, pharynx and oral cavity is also derived from considerations 
concerning the art of effects of PAH (development of local tumours at the point of 
entry in the case of lung tumours and skin tumours). By way of summary, we may 
suspect a causal influence of occupational PAH exposure, but it cannot be supported 
by sound epidemiological data at this time. 

 

Other tumour locations  

It is suspected that PAH can also initiate tumours in other epithelial tissues and 
especially in the gastrointestinal tract. At present, there is no sound evidence of a 
causal relationship, however (Greim, 2008). 

 

Summary 

The epidemiological findings support a clear correlation between the occupational 
exposure to BaP or PAH and the incidence of lung cancer. For this tumour location, 
there are numerous studies permitting us to derive a quantitative dose-response 
relationship for inhalation PAH exposure (Table 3). In this context, the risk assess-
ments vary between the industrial sectors studied, and this is also attributed to the 
fact that the PAH mixtures in the specific sectors differ in their composition and thus 
also in their carcinogenic potency. The epidemiological data also support a correla-
tion to the development of tumours of the bladder, and it is also possible to develop 
quantitative dose-response relationships for inhalation exposure, but they are not as 
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sound as for lung tumours. For skin tumours, a correlation to the local effect of PAH 
mixtures is known, but there are no quantitative cancer-risk assessments which could 
be derived from epidemiological studies. According to a newer study by Friesen et al. 
(2009), a significant trend was also found for a correlation between gastric cancer 
and cumulative BaP exposure in case of occupational exposures in Australia, but 
because of the low number of cases these findings still need to be confirmed. 

 

8.  Predominant mode of action of carcinogenicity  

Benzo[a]pyrene and some other PAH showed genotoxic effects both in vitro and in 
vivo. These substances are not themselves genotoxic, but they are activated by 
biotransformation and form electrophilic metabolites binding to DNA and induce 
genotoxic effects. All genotoxicity findings allow us to conclude that BaP or PAH 
mixtures containing BaP have a primary indirect genotoxic potential. The genotoxic 
action of BaP and other defined PAH is the subject of numerous studies. There are 
few studies, but the genotoxicity of PAH mixtures containing BaP is nonetheless 
undisputed.  

In accordance with the Guide (see Chapter 5.1, Paras. (1) and (3)), the risk quantifi-
cation is performed by linear extrapolation. But a repeated follow-up study by Arm-
strong and Gibbs (2009) suggests that, for exposure levels above approx. 25 µg/m³-
years, there is possibly a considerably flatter exposure-risk relationship than for lower 
concentrations (cf. the data shown in Table 4). This indicates a possible underestima-
tion of the risk, when this approach is adopted.  

 

9.  Derivation of exposure-risk relationships  

9.1  Cancer locations with human relevance and quantifiable cancer 
incidences  

Epidemiological studies of workers showed a correlation between the exposure to 
PAH mixtures containing BaP and the incidence of lung, bladder and skin tumours. 
The most comprehensive data are available for lung tumours after occupational 
exposure. For this tumour location, a quantitative dose-response assessment is 
available on the basis of a meta-analysis, and this may be used to quantify the risk. 

In animal studies, condensed aerosols made from coal tar/coal tar pitch, coke oven 
gas and PAH mixtures containing BaP cause lung tumours in rats and mice, when 
they are subjected to inhalation exposure. The data of Heinrich et al. (1994) can be 
used for a quantitative cancer-risk assessment. In this study, the inhalation exposure 
of female Wistar rats resulted in a dose-dependent development of lung tumours.  

Following inhalation exposure, such tumours were also found in mice (Schulte et al., 
1994). But in this study, newborn animals were exposed from the first day of their 
lives and thus in a very early phase of life, when the sensitivity to carcinogens is 
probably higher than for animals, which are usually studied at an age of a few weeks. 
In this study, all animals developed (as yet benign) tumours even in the lowest dose 
group so that it is impossible to derive a dose-response relationship. This is the 
reason why the data from Schulte et al. (1994) have not been used for a quantitative 
risk assessment. 
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9.2  Exposure-risk relationship in case of carcinogenic effects  

Lung tumours after occupational exposure to PAH mixtures containing BaP 

The meta-analysis of Armstrong et al. (2003, 2004) arrived at a URR (Unit Relative 
Risk) of 1.20 (95 % CI 1.11 – 1.29) for all industries or occupations studied. Broken 
down into industrial sectors or occupations, there were differences in the risk level 
which are - at least partly - attributable to the fact that the PAH mixtures may have 
different compositions in specific industries and may therefore have different effects. 
The URR determined for coking plants, gasworks and aluminium production are 
practically identical; for the overall assessment, a significantly increased URR of 1.17 
(95 % CI 1.12 – 1.22) was determined at these workplaces, and it is in line with the 
overall risk of 1.20, when the uncertainties of such assessments are taken into 
account.  

The risk is slightly higher in the analysis of a repeated follow-up to the above-
mentioned cohort study (Armstrong und Gibbs 2009); but the estimated order of 
magnitude is confirmed. It is therefore possible to use the overall risk in Armstrong et 
al. (2003, 2004) for risk quantification purposes. The point of departure for deriving 
the exposure-risk relationship therefore is a URR (“unit relative risk”) of 1.20. This 
URR specifies the increase of the RR, when the cumulative exposure increases by 
100 µg/m³ BaP-years (corresponding to an average BaP concentration of 2.5 µg/m³ 
and 40 years of occupation). 

The URR was calculated with the log-linear model. 

Therefore: URRX = [URR100](x/100)  

X: cumulative exposure to BaP in the ambient workplace air (µg/(m³ · years)) 

100: 100 µg/m³ · 40 years (cumulative exposure to BaP, for which the URR100 is 
stated), 

URR100: Unit Relative Risk at a cumulative exposure to 100 µg BaP/m³ years =  
2.5 µg BaP/m³ with a 40-year period of exposure  

URRx: Unit Relative Risk at a cumulative exposure of X µg BaP/(m³ · years). 

When deriving the exposure-risk relationship, it is necessary to transform the URR 
(i.e. a relative risk) into an absolute risk (excess risk). For this calculation, the tumour 
location providing the basis for the calculation of relative risk or - here – URR is 
required - in this case lung cancer - and so are data on the mortality of the general 
population in the particular country, for whose workers the exposure-risk relationship 
is to be calculated3. 

As the background risk for lung cancer in males is higher than in females, the as-
sessment is based on the data for the male population. Pursuant to the health report-
ing of the Federal government (Federal Statistical Office, 2009) a total of 391139 
deaths were reported for all males living in Germany in 2007, of which 29121 deaths 
were attributable to lung cancer (ICD10 C34: “Malignant neoplasm of bronchus and 

                                            
3  This also means that different risk figures are calculated for countries with differing lung cancer 

rates. For the Netherlands , where the mortality rate due to lung cancer is higher than in Ger-
many, a rate of 4 to 1000 (tolerable risk) is already found for an average BaP concentration of 
550 ng/m³. 
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lung”). This corresponds to 7.4% of all deaths among males or 18.61 cases among 
250 deaths.4  

According to the Guide, the tolerable risk is 4:1000, which corresponds to 1:250. As a 
result it is necessary to determine the URR leading to one additional death caused by 
lung cancer among a total of 250 deaths: 

URRx = (18.61 + 1) : 18.61 = 1.0537. It follows that 

1.0537 = 1.20x/100  

x = 28.7 µg/(m³ · 40 years) 

x = 720 ng/m³ as the average BaP concentration for an overall occupational pe-
riod of 40 years.5 

For the acceptable risk of 4:10000, the corresponding figure is 

URRx = (186.1 + 1) : 186.1 = 1.0054. It follows that 

1.054 = 1.20x/100  

x = 2.94 µg/m³ 40 years 

x = 73 ng/m³ as the average BaP concentration for an overall occupational pe-
riod of 40 years. 

For the acceptable risk of 4:100000 the corresponding figure is 

URRx = (1861 + 1) : 1861 = 1.00054. It follows that 

1.054 = 1.20x/100  

x = 0.29 µg/m³ 40 years 

x = 7.4 ng/m³ as the average BaP concentration for an overall occupational pe-
riod of 40 years. 

Without breaking down the mortality data according to gender, the corresponding 
assessment contains the following data: Pursuant to the health reporting of the 
Federal government (Federal Statistical Office, 2009) a total of 827155 deaths were 
recorded among persons living in Germany in 2007, of which 41495 cases were 
attributable to lung cancer (ICD10 C34: “Malignant neoplasm of bronchus and lung”). 
This corresponds to 5.0 % of all deaths or 12.54 cases among 250 deaths. 

The associated risk figures are as follows: 

Tolerable risk at 4:1000  

URRx = (12.54 + 1) : 12.54 = 1.0797, which corresponds to a cumulative expo-
sure of  

42.1 µg/m³ 40 years or an average concentration of 1052 ng/m³ for an overall occu-
pational period of 40 years. 

For the acceptable risk of 4:10000, this results in a cumulative exposure of 

                                            
4  According to the Guide, tumour incidence would have to be considered instead of mortality. 

Pursuant to the data of Morr and Seeger (1998), only 8% of the total patient cohort suffering from 
bronchial carcinoma will survive the first five years after diagnosis. In case of lung tumours or, 
bronchial tumours, respectively, and because of the poor prognosis of these tumours, it is there-
fore possible to assume an approximate identity of incidence and mortality.  

5  log 1.0537 = 0.02272; log 1.2 = 0.07918; 0.02272/0.07918 =0.2869; 0.2869x100 = 28.69 ~28.7  
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4.4 µg/m³ 40 years or an average concentration of 109 ng/m³ for an overall occupa-
tional period of 40 years; for the acceptable risk of 4:100000 the resulting cumulative 
exposure is 0.44 µg/m³ 40 years or an average concentration of 109 ng/m³ for an 
overall occupational period of 40 years. 

 

Lung tumours in female Wistar rats following inhalation exposure to con-
densed coal tar/coal tar pitch aerosol  

As described in Chapter 8, a linear extrapolation is performed for these tumours. 
Average exposure concentrations for the entire period of the study (30 months) were 
used for benchmark calculation. 

BMD10: 6.48 µg/m³ (cf. the calculation in the Annex) 

In this study, the animals were exposed for 17 h/d, 5 d/week. When converted to a 
continuous exposure, this results in a BMD10 of 3.3 µg/m³. 

For comparative purposes, these data are compared to T25 values and the ED10 
values obtained by linear conversion. 

The animals were studied from the age of 7 weeks to the end of the post-observation 
period, i.e. for a period of 30 months so that no adjustment of the experimental period 
to lifetime is required. The average exposure in the lowest exposure group was 
6.7 µg/m³. 

Tumour incidence control:  0/72 

  6.7 µg/m³: 3/72 (= 0.042) 

T25 = (6.7 µg/m³ x 0.25) : (0.042-0) = 39.9 µg/m³ (T10: 16 µg/m³). 

Converted to continuous exposure, this corresponds to an ED10 value of 8.1 µg/m³ 

The data by Heinrich et al. (1994) do not indicate whether the tumour incidence for 
this exposure was already significantly higher when compared to the control group. 
When we assume that this is only the case for the next higher average exposure 
concentration of 13.3 µg/m³, the calculated result is: 

Tumour incidence control:  0/72 

 13.3 µg/m³: 24/72 (= 0.33) 

T25 = (13.3 µg/m³ x 0.25) : (0.33-0) = 10.1 µg/m³ (T10: 4.0 µg/m³). 

Converted to continuous exposure, this corresponds to an ED10 value of 2.0 µg/m³. 

 

Conversion to human equivalent concentrations at the workplace  

The conversion of the BMD10 values in animal studies to exposures at the workplace 
is done with standard assumptions and a pro-rata consideration of daily, weekly, 
annual and lifetime working hours in comparison to overall lifetime (24 h/8 h, 7 d/5 d, 
52 weeks/48 weeks, 75 years/40 years); the overall conversion factors from continu-
ous exposure to occupational exposure are 8.5. This results in an equivalent BMD10 
value for humans at the workplace with a concentration of 28 µg/m³, which was 
calculated on the basis of a BMD10 of 3.3 µg/m³ (continuous exposure). 

 

Comparative compilation and conversion to human equivalent concentrations 
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at the workplace  

The risk assessment based on epidemiological studies at workplaces with PAH 
exposure (coking plants, gasworks and aluminium production) results in a tolerable 
risk of 700 ng/m³. In a very good alignment with this value, the benchmark BMD10 of 
28 µg/m³, which is based on experimental animal data with inhalation exposure to 
condensed coal tar/coal tar pitch aerosol results in a similar tolerable risk of 1116 
ng/m³. 

 

9.3  Exposure-risk relationship / risk quantification and OELs of other 
organisations 

A compilation of the quantified risks determined by other organisations for PAH 
mixtures containing BaP is contained in EPHC (2003) as well as Schneider et al. 
(2002) and WHO (1998): 

- Using a linear model without a threshold value, Gibbs et al. (1997) assessed the 
lifetime risk (ULR, Unit Lifetime Risk) for lung cancer among cohorts of 100000 
persons with a continuous exposure of 1 ng BaP/m³ over a period of 50 years. 
This assessment also included eight occupational studies, which were also 
considered by Armstrong et al. (2003, 2004), as well as a study carried out in 
China with domestic PAH exposure to coal smoke. Armstrong et al. (2003) con-
verted the ULR for continuous exposure reported by Gibbs (1997) into URR un-
der occupational conditions so that they could compare them to their own 
assessments. Armstrong et al. (2003) used the conversion factors reported by 
Gibbs et al. (1997) for their own conversions to transform ULR data into work-
place URR: 50 years of exposure, 23 m³/d inhalation rate vs. 10 m³/d during 
working hours, 230 working days of the 365 days per year, lifetime lung cancer 
risk of 9 %. The calculated URR are in a range from 1.02 – 1.58 and thus show 
a good alignment with the URR calculated by Armstrong et al. (2003, 2004) (cf. 
Table 3). 

- US EPA (1984)/WHO (1987, 2000): Unit Risk 8.7 · 10-2 per µg BaP/m³. The 
US Environmental Protection Agency (EPA) calculated a unit risk of 6.2 · 10-4 
per µg/m³ for benzene soluble organic compounds being extracted from the par-
ticulate fraction of coking plant emissions. The basis for the calculations was 
tumours of the respiratory tract among workers of a coking plant (Allegheny 
county coking plant worker cohort) (Mazumdar et al., 1975; Land, 1976, Con-
stantino et al., 1995). The calculation was made with a linearised multistage 
model. The EPA determines the geometrical mean of the 95% upper limit in the 
risk assessment, while considering four latency periods. The WHO assumed 
that BaP accounts for 0.71 % of the benzene-soluble fraction and calculated the 
above-mentioned unit risk. According to the conversions performed by Arm-
strong et al. (2003), this unit risk corresponds to a URR (RR for 
100 µg BaP/m³ · years) of approx. 1.53. 
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- The Medical Expert Advisory Council, Occupational Diseases Section 
(Ärztlicher Sachverständigenbeirat, Sektion Berufskrankheiten (1998)) per-
formed a double-dose assessment for lung cancer and concluded that there is 
reason to fear a doubling of the risk (RR=2) in case of 100 µg BaP /m³ x years 
of occupational exposure. The Council based itself on the studies by Costantino 
(1995), Armstrong (1994) and Spinelli (1991). As a matter of fact, the relative 
risk was approx. 2 (doubling), when the maximum exposure was used instead 
of the average exposure (Armstrong et al., 2004). In Costantino’s study, the 
maximum exposure was 805.4 µg/m³-years, in Armstrong's study it was 413.1 
µg/m³-years and 251.1 µg/m³-years in Spinelli‘s. When an exposure of 100 µg 
BaP /m³ x years was instead used as a basis, the average risk in these three 
studies also amounted to approx. 1.2  (i.e. 20% more than in the population 
used for comparative purposes). In so far, the assessment in the Announce-
ment on Occupational Diseases (Bekanntmachung zu Berufskrankheiten) of 
1998 is not correct.  

- Länder Committee on Immission Control (Länderausschuss für Immis-
sionsschutz, LAI) (1992): unit risk of 7 · 10-2 per µg BaP/m³. This assess-
ment also used the data on the tumour incidence in the respiratory tract in the 
above-mentioned cohort and particularly analysed the sub-cohort of workers 
with an exposure of more than five years. The exposure assessment used data 
on individual BaP concentrations from German and Norwegian coking plants. A 
unit risk (best estimate) of 5 · 10-2 per µg/m³ was calculated by linear extrapola-
tion and a continuous environmental exposure over 50 years. When this value 
was averaged with the value estimated by the WHO, the resulting unit risk was 
7 · 10-2 per µg BaP/m³. The conversion along the principles adopted by Arm-
strong et al. (2003) results in a URR of 1.42. 

- Based on the cohort study by Constantino et al. (1995), Roller et al. (2006) 
derived a specific workplace risk (absolute excess risk) of 0.8 – 1.3 · 10-² per 
µg BaP/m³ for coking plant workers with a 35-year workplace exposure and the 
assumption of a baseline risk of lung cancer amounting to 5 – 8 %. When it is 
converted to a continuous lifetime exposure, this value corresponds to a unit 
risk range of 5 – 8 · 10-² per µg BaP/m³, which includes the value estimated by 
the LAI and is very close to the unit risk determined by the WHO. 

- Roller et al. (2006) also performed a risk assessment for Wistar rats on the 
basis of the inhalation study by Heinrich et al. (1991, 1994, cf. Table 1). But 
they also used the findings after an exposure period of 10 months and did not 
include the 20-month findings for the reason that “this exposure period corre-
sponds more closely to the standard working life of humans than the 20-month 
period” (Roller et al., 2006). When converting the 17-hour exposure in the ani-
mal experiment to the standard eight-hour working day and following the fitting 
of the multistage model by a quadratic model, the result is an ED10 value of 48 
µg/m³ on the basis of the tumour incidence for female rats.  

- European Commission (2001), Position Paper by the Working Group on 
Polycyclic Aromatic Hydrocarbons: the Working Group recommended referring 
to the risks derived by the WHO (1987) to assess the PAH risks in the ambient 
air (see above). In this Position Paper, other risk assessments are also men-
tioned: a unit risk of 9 · 10-2 per µg BaP/m³ derived from the data for workers in 
aluminium production with this unit risk being practically identical to the above-
mentioned unit risk derived for coking plant workers, and a slightly higher unit 
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risk of 10 · 10-2 per µg BaP/m³, which was recommended by the Dutch RIVM as 
“best estimate“ based on a review of numerous studies. 

- CEPA (Californian EPA) (1999): unit risk for BaP: 1.1 · 10-3 per µg/m³. This 
unit risk calculated with the linearised multistage model is based on data from a 
BaP inhalation study in hamsters. The point of departure was the incidence of 
laryngeal tumours, the most frequently tumour location found in the study; no 
lung tumours were found in the animals exposed to BaP for this study, a con-
version to a URR for a comparison with the Armstrong data does not appear to 
be meaningful because of the differences in tumour location and incidence. 

- ECHA, 2009. There is a SVHC Support Document by the European Chemicals 
Agency ECHA for “Coal Tar Pitch, high temperature” from 2009. It is based on a 
“Transitional Dossier” of 2008, which had been prepared by the Netherlands. 
This is again in line with the EU “Risk Assessment Report”. In this assessment, 
the estimate made by Armstrong (2003, 2004) is named as the most appropri-
ate risk quantification, and this estimate is used as a reference for the lung can-
cer risk in the risk assessment (page 16, Section 4.2). The assessment is 
therefore in line with the approach adopted here. The previous version (HCN, 
2006) was taken into account as a key assessment in the present exposure-risk 
relationship. 

 

9.4  Conclusion 

Following from the above, the risk figures (additional nominal risk of being diagnosed 
with cancer in case of inhalation exposure for the entire working life) are: 

Risk Concentration [BaP] BaP for overall PAH 

“Point of Departure”  
(Basis: epidemiological data; Armstrong et al., 
2003, 2004 without extrapolation): unit relative 
risk for lung cancer at 100 µg/m3· years 
1.2 (20% increase compared to non-exposed 
persons) 

100 µg/m3 ·  years (cumulative exposure, 
corresponding to 2.5 µg/m³ for a total working 
life of 40 years) 

4:1000 (tolerable risk) 700 ng/m3  

4:10000 (acceptable risk until 2013) 70 ng/m3  

4:100000 (acceptable risk after 2013, 2018 at the 
latest) 

7 ng/m3  

 

The risk assessment using a linear model contains uncertainties, as there might be a 
supra-linear relationship (Armstrong und Gibbs, 2009) so that exposures of more 
than 25 µg/m³-BaP-year might have resulted in an excessively low “point of depar-
ture”, when they were linearised. Consequently and given the selected approach, an 
underestimation of the risk cannot be excluded (Mirabelli, 2009); but, because of its 
broad database, the quantification using data of the meta-analysis of Armstrong et al. 
(2004) is retained for the time being.  

A quantitative assessment of the non-carcinogenic effects of BaP or PAH is fraught 
with considerable uncertainties due to the insufficient data base. The effects in the 
respiratory tract of workers in a rubber factory described in a study (Gupta et al., 
1993) for a BaP concentration of only 0.1 µg/m³ at the workplace cannot be attributed 
to PAH exposure with sufficient certainty. In case of asphalt processing workers, new 
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studies found higher mortality risks for ischaemic heart disease in conjunction with a 
higher BaP exposure at the workplace (Burstyn et al., 2005). The estimated average 
BaP exposures in these groups with differing exposure levels were between 68 and 
> 273 ng/m³ with the groups below 273 ng/m³ showing a moderate, but non-
significant increase of the relative risk (RR up to 1.33). These data might indicate that 
non-carcinogenic systemic effects of BaP or PAH mixtures cannot be excluded, even 
when the tolerable risk is not exceeded. Additional studies would be necessary for a 
further assessment. 

The same is true with respect to toxic effects on reproduction: animal studies using 
male rats and an inhalation exposure to 75 µg/m³ (4 h/d, 60 d) induced testicular 
effects, damaged sperm and effects in the plasma levels of sex hormones (Ramesh 
et al., 2008; Archibong et al., 2008); in pregnant female rats, 28 µg/m³ (4 h/d, 10 d) 
also caused effects in plasma levels of sex hormones and a reduced number of living 
foetuses per litter at the end of gestation (Archibong et al., 2002). There are no valid 
data available for such effects following a PAH exposure of humans at the workplace.  

It must be noted that a relevant percutaneous intake of BaP and other PAK may 
occur. 

The excretion of hydroxylised PAH metabolites, primarily 1-hydroxypyrene or total 
hydroxyphenanthrenes in the urine may be used to monitor PAH exposure at the 
workplace. It should be noted that they reflect the overall body burden via all expo-
sure pathways and not only the intake by inhalation.  

When interpreting the data on the excretion of 1-hydroxypyrene in the urine as a 
biomarker for exposure, it must be taken into account that 1-hydroxypyrene is a 
metabolite of the non-carcinogenic pyrene, while for an assessment of PAH exposure 
the carcinogenic representatives of this class of substances such as BaP are primar-
ily interesting. Nonetheless, the excretion of 1-hydroxypyrene in the urine is generally 
used as a sensitive and specific parameter for the PAH exposure of the human body 
(Greim, 2008). 
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Annex: Detailed calculations and detailed tables  

 

Benchmark calculations with the US EPA software BMDS 2.0 

Inhalation study with rats (Heinrich et al., 1994) 

a)  Calculation with cumulative doses  

====================================================================  

      Multistage Model. (Version: 3.0;  Date: 05/16/2008)  

     Input Data File: C:\USEPA\BMDS2\Temp\tmp223.(d)   

     Gnuplot Plotting File:  C:\USEPA\BMDS2\Temp\tmp223.plt 

  Tue Apr 21 15:04:38 2009 

 ====================================================================  

 BMDS Model Run  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

  

   The form of the probability function is:  

   P[response] = background + (1-background)*[1-EXP( 

                 -beta1*dose^1-beta2*dose^2)] 

   The parameter betas are restricted to be positive 

   Dependent variable = Anzahl_Tumouren 

   Independent variable = DOSE 

 

 Total number of observations = 5 

 Total number of records with missing values = 0 

 Total number of parameters in model = 3 

 Total number of specified parameters = 0 

 Degree of polynomial = 2 

 

 Maximum number of iterations = 250 

 Relative Function Convergence has been set to: 1e-008 

 Parameter Convergence has been set to: 1e-008 

 

                  Default Initial Parameter Values   

                     Background =            0 

                        Beta(1) =            0 

                        Beta(2) = 3.60145e-005 

 

           Asymptotic Correlation Matrix of Parameter Estimates 

           ( *** The model parameter(s)  -Background    -Beta(1)    

                 have been estimated at a boundary point, or have been specified by 

the user, 

                 and do not appear in the correlation matrix ) 

 

                Beta(2) 

   Beta(2)            1 
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                                 Parameter Estimates 

                                                         95.0% Wald Confidence 

Interval 

       Variable         Estimate        Std. Err.     Lower Conf. Limit   Upper 

Conf. Limit 

     Background                0            *                *                  * 

        Beta(1)                0            *                *                  * 

        Beta(2)     2.28296e-005            *                *                  * 

 

* - Indicates that this value is not calculated. 

 

                        Analysis of Deviance Table 

       Model      Log(likelihood)  # Param's  Deviance  Test d.f.   P-value 

     Full model        -115.553         5 

   Fitted model         -120.75         1        10.394      4         0.03429 

  Reduced model        -232.456         1       233.806      4         <.0001 

           AIC:         243.499 

 

                                  Goodness  of  Fit  

                                                                 Scaled 

     Dose     Est._Prob.    Expected    Observed     Size       Residual 

  ------------------------------------------------------------------------ 

    0.0000     0.0000         0.000     0.000          72        0.000 

   71.0000     0.1087         7.827     3.000          72       -1.828 

  142.0000     0.3689        26.563    24.000          72       -0.626 

  158.0000     0.4344        31.279    28.000          72       -0.780 

  321.0000     0.9049        65.150    70.000          72        1.948 

 

 Chi^2 = 8.13      d.f. = 4        P-value = 0.0868 

 

   Benchmark Dose Computation 

Specified effect =            0.1 

Risk Type        =      Extra risk  

Confidence level =           0.95 

             BMD =        67.9344 

            BMDL =        61.6071 

            BMDU =        73.8958 

Taken together, (61.6071, 73.8958) is a 90     % two-sided confidence 

interval for the BMD 
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Inhalation study with rats (Heinrich et al., 1994) 
b) Calculation with average concentrations  

 ====================================================================  

      Multistage Model. (Version: 3.0;  Date: 05/16/2008)  

     Input Data File: C:\USEPA\BMDS2\Temp\tmp222.(d)   

     Gnuplot Plotting File:  C:\USEPA\BMDS2\Temp\tmp222.plt 

 Tue Apr 21 15:01:41 2009 

 ====================================================================  

 BMDS Model Run  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

    The form of the probability function is:  

   P[response] = background + (1-background)*[1-EXP( 

                 -beta1*dose^1-beta2*dose^2)] 

   The parameter betas are restricted to be positive 

   Dependent variable = Anzahl_Tumouren 

   Independent variable = DOSE 

 

 Total number of observations = 5 

 Total number of records with missing values = 0 

 Total number of parameters in model = 3 

 Total number of specified parameters = 0 

 Degree of polynomial = 2 

 

 Maximum number of iterations = 250 

 Relative Function Convergence has been set to: 1e-008 

 Parameter Convergence has been set to: 1e-008 

 

                  Default Initial Parameter Values   

                     Background =            0 

                        Beta(1) =            0 

                        Beta(2) =   0.00393144 

 

           Asymptotic Correlation Matrix of Parameter Estimates 

           ( *** The model parameter(s)  -Background    -Beta(1)    

                 have been estimated at a boundary point, or have been specified by 

the user, 

                 and do not appear in the correlation matrix ) 

                Beta(2) 

   Beta(2)            1 

 

                                 Parameter Estimates 

                                                         95.0% Wald Confidence 

Interval 

       Variable         Estimate        Std. Err.     Lower Conf. Limit   Upper 

Conf. Limit 

     Background                0            *                *                  * 

        Beta(1)                0            *                *                  * 

        Beta(2)       0.00250904            *                *                  * 

* - Indicates that this value is not calculated. 
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                        Analysis of Deviance Table 

 

       Model      Log(likelihood)  # Param's  Deviance  Test d.f.   P-value 

     Full model        -115.553         5 

   Fitted model        -120.621         1       10.1359      4          0.0382 

  Reduced model        -232.456         1       233.806      4         <.0001 

           AIC:         243.241 

 

                                  Goodness  of  Fit  

                                                                 Scaled 

     Dose     Est._Prob.    Expected    Observed     Size       Residual 

  ------------------------------------------------------------------------ 

    0.0000     0.0000         0.000     0.000          72        0.000 

    6.7000     0.1065         7.669     3.000          72       -1.784 

   13.3000     0.3584        25.806    24.000          72       -0.444 

   15.3000     0.4442        31.982    28.000          72       -0.945 

   30.7000     0.9060        65.234    70.000          72        1.925 

 

 Chi^2 = 7.98      d.f. = 4        P-value = 0.0924 

 

   Benchmark Dose Computation 

Specified effect =            0.1 

Risk Type        =      Extra risk  

 

Confidence level =           0.95 

             BMD =        6.48015 

            BMDL =        5.86948 

            BMDU =         7.0494 

 

Taken together, (5.86948, 7.0494) is a 90     % two-sided confidence 

interval for the BMD 

 


