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INTRODUCT IO'I 

The evaluation and estimation of potential risks :if huma1 
expos~res to hazardous chemicals such as ;:,olynuclear aromatic 
hydrocarbons (~AHs) can be useful in the setting of permissible 
levels of hazardous chemicals in the workplace and the environ
ment, or in the setting of regulatory priorities. The hazard 
potential can be evaluated by considering all of the parameters 
related to the fate, effects, and dose-response characteristics 
of the hazardous substance in question. Important parameters 
for assessing such hazards are chemical structure; physical
chemical properties; mechanisms of action; chemical, biological, 
and environmental transformation and transport; and toxicity 
iridices. Some of these parameters can be estimated directly 
from experimental data, while others may be estimated indirect
ly through the use of modeling techniques. 

Risk can be conceptualized as a composite function of the 
hazard and exposure potentials. In order to estimate the poten
tial risk of human exposure to a hazardous chemical, exposure 
parameters such as level, duration, frequency, and route are 
needed. Exposure parameters can he derived using monitoring or 
modeling results. The ability of the chemical to induce the 
potential effect (i.e., a "potency" factor) can then be coupled 
to the magnitude of exposure to give an estimate of the poten
tial risk. 

The assessment of human cancer risk is a complicated 
scientific undertaking. It relies heavily upon available data, 

*The views expressed iri this paper are those of the authors and 
not necessarily those of the U.S. Environmental Protection 
Agericy. 
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POTE~TIAL CARCINOGENIC RISKS OF PAHs 

scientific assumptions, and judgments to bridge data yaps. 
illus there is i;reat Jncertainty in every step of the process. 
The extent and the form of a risk assessment al so depenas 
upon the uses for which it is designed. 

This paper presents the general franework of C:Jrrent 
approaches useful in the assessrient of potential care i nogeni c 
risks; problems associated with these approaches with enpnasis 
related to the assessment of specific individual ;)AHs; and, 
finally, alternatives that can be developed as more data yaps 
are filled in the near future, 

EVALUATION OF POTENTIAL CARCINOGE~IC HAZARDS 

Substances suspected of oeini; carcinogenic hazards can be 
evaluated by considering available chemical, oiological, and 
toxicologic data. This process, called hazard identification 
(25), relies heavily on three types of information: (1) epide
miologic and clinical studies of human populations, (2) long
term experimental animal studies, and (3) short-term in vivo 
and in vitro tests, comparative metabolism, pharmacokinetTcs," 
and other biochemical and nechanistic studies, including struc
ture-activity correlations. 

Tne types and volu11e of information available, and their 
cont ri but ion to such assessments, vary from conpound to com
pound. The weignt-of-evidence approach can be used to organize 
this infornation in formulating a .Judgment of the potential 
carcinogenic hazard of the compound at hand (1, 18, 40, 41). 
Tne weight-of-evidence is defined as tne degree of evidence for 
carcinogenicity in numans, and not the relative carcinogenic 
activity or "potency" of the agent. 

Tne most complete form of weight-of-evidence determina
tion is made from a consideration of the validity, quality ana 
relevance of each epidemiologic and long-term animal study, as 
well as all short-term toxicologic, biological, chemical, and 
mechanistic information. 

Epidemiologic Studies 

Epidemiologic studies can, under certain conditions, pro
vide direct evidence of the association of increases in tumor 
incidence in humans with expos:Jre to specific chemicals. Con
sistent results in independent studies, freedom from bias and 
confounding factors, reliable exposure data, sufficient follow
up time, and high levels of statistical significance are impor
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tant factors 'eading to increased corfidence in tre deternina
tion of a causal relationship. 

Lorig-Terl'l Anirral Stucies (Carcir1ogenesis 3ioassays) 

While ~uman data Jrovice :he most direct evidence for the 
ca rci noqPni city of a conpourd, usu a 1'y such data ei trier co not 
exis: or are inadequate. :n tne a!:lsence of hul'lan dat-,, reliance 
is placed on infomatior fron long-term aninal studies in 
assessing the potential carcinoge~ic ris< to humans. It sho~ld 
he noted that information conJi led and evaluated by the '.riter
natioral Agency for ResParch on Cancer (IARC) shows that che~-i
ca1s or gro~ps of cha:iicals that are krowr to be human carci
nogens and ra,,e been tested appropriately, produce cancer ir 
animal_s. ~his certairly supports the use of aninal data as 
i~dicators of potential huma~ carcinogenicity. 

The general factors considered in evaluating the carcino
genicity of chemicals 1JSing anima 1 studies are the inductiM of 
rare tumors, the earlier induction of tumors, and the induction 
of higher incidences of tumors when compared to control aninals. 
Co~fiderce in the results of animal experiments is gained when 
the carcirogenic effects have ~een confirned in repeated exper1
r1ents, and have been observed in different strains or species, 
in d;ffererit dose groups or sexes, or in Tultiple organs or 
tissues, with high degrees of malignancy and dose-related 
trends. 

Srort-Term Tests, Structure-Activit Relationshi s, and Metabo
1c, ar"1acokinetic, and Mee anist1c 

Results from short-term tests, structure-activity analy
ses, and metabolic, pharnacokinetic, and mechariistic studies 
are currertly being used as sup~ortive evidence in ~odi
&yirg ~udgMents based on epidemiologic and long-term animal 
studies. By far the largest volune of infornation recency 
generated is in the area of short-terri tests for 'f,utagenicity. 
~hile the !ARC has not formally i~corporated mutagenesis testirg 
results in its classificatior system, an eva'uation scheme 
for analyzing nutagenicity testing data has been developed (18, 
19), Short-tern in vivo carcinogenesis testing (sometimes 
referred to as "lfimte~oassay") such as si<in-painting expe
riments with mice, and ~ouse-skin initiatior-promotion studies, 
are not given the same status as the conventional carcinogene
sis bioassay. Structure-activity analyses and netabolic, phar
nacoki~etic, and mecharistic studies are evaluated on a case
by-case basis, since their availability is variable. 
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PO~ENTIAL CA~CINOGE~IC RISKS OF PAHs 

The results of the analysis of epidemiologic eviaence and 
evidence from long-term animal studies are combined to deter~ine 
the human carcinogenic hazard potential of the chemical being 
evaluated. Tnis determination 1s modified on the basis of data 
fron short-term tests and other supportive information (18, 41) 

ESTIMATION OF POTENTIAL CARCINOGENIC RISKS 

After qualitative evaluations of the data bearing on a 
chemical's ability to induce a carcinogenic effect, and the 
relevance of such data to humans, it is desirable to estimate the 
mag'lituae of the potential nunan risks. Two additional catego
ries of data are usually needed to µrovide such an estimate: (1) 
dose-response data from which a "potency factor" can be derived; 
(2) information on the number of humans and the types, levels, 
and durations of potential human exposures. The results of 
couµling the µotency factor with the magnitude of exposure will 
provide a numerical estimate of potential human risk. 

This paper is concerned mainly with estimating the carci
nogenic potential of a compound, The evaluation of potential 
human exposures and the estimation of ris1<s based on potential 
exposures will not be considered here, 

Estimating Carcinogenic Potency 

The carcinogenic potency of a compound can be defined as 
the probability of an individual's developing cancer in his or 
ner lifetime following exposure to a unit aose, if the unit 
dose is sufficiently small. 

The carcinogenic potency of a known or suspect carcinogen 
cannot be estimated with accuracy because it is not possible to 
determine the shape of the dose-response curve beyond experi 
mental exposure levels, In the absence of knowledge regarding 
the shape of the dose-response curve, the multistage model is 
used for low-dose extrapolation to provide an upper-bound esti
mate of carcinogenic potency when animal Dioassay data are used, 
The reasons for selecting tne multistage model and using the 
upper-bound estimate are given in the following section. When 
human data are used, the procedure for estimating carcinogenic 
potency, and the accuracy of such estimates, depend on the 
availability and the quality of the data. The data reported in 
an epidemiologic study may range from a simple relative ris~ 
estimate associated with a rough estimation of average exposure 
to a full report on each individual in the cohort, including 
information such as age, cause of death, detailed work history, 

4 �



PU~ENTIAL CARCINOG~NIC RISKS OF PAHs 

smoking habits, and length of exposure. 

Choice of the Extrapolation ~odel 

Because the procedure for estimating risi< fron human data 
varies depending on the avai 1ability ano quality of data, we 
concentrate our discussion on the procedure for estimating car
cinogenic potency where animal bioassay data are used. Several 
cose-response models are available for low-dose extrapolation, 
These include the probit, the multi-hit, the logit, and the 
;;ultistage models. These models are generally statistical in 
character, and are not derived fro~ biological arguments, except 
for the multistage model, which has been used to support the 
sonatic mutation hypothesis of carcinogenesis (3, 42, 43). The 
11a1n difference among these models is the rate at wnich the 
response function, P(d), approacnes P(O) as dose d decreases. 
For instance, the probit :nodel would usually predict a smaller 
risi< at low doses than the nultistage model because of the 
difference of the decreasing rate in the low-dose region. 
However, it should be noted tnat one could always artificially 
make the multistage model have the same or even greater rate of 
decrease as the probit nodel 'rJy transforming the dose rate 
and/or by assuming that sane of the parameters in the ;;ultistage 
model are zero, This, of course, is not reasonable without 
~nowiig, a priori, what the carcinogenic process for the agent 
is. The multistage model is useo for tne extrapolation because 
it is tne most general model, with other models approxi<T1ating 
some form of tne multistage model according to the values of 
the parameters. Although the multistage model appears to be a 
reasoiable (at least the 11ost general) model to use, the point 
estimate generated from tne model is not useo because a ques
tion remains as to the shape of the dose-response curve beyond 
the experimental exposure level. 7herefore, the upper-bound 
estimate of the carcinogenic potency is derived when animal 
bioassay data are used. This upper-bound estimate can be taken 
as a ;:ilausible estimate if the true dose-response curve is 
actually linear at low doses. Upper-bound estimation means 
that the risks are unlikely to be higher but could be lower if 
the compound has a concave dose-response curve or if there is a 
threshold at lower doses. The other reason why the upper-bound 
estimate is used instead of the point estimate is that, in some 
cases, the point estimate is extremely unstable, depending on 
where the lowest experimental dose is, while the upper-bound 
estimate is much more stable. 



PO~ENTIAL CARCINOGENIC RISKS OF JAHs 

THE EVALUATION OF CARCINOGENIC POTENTIAL AND ESTI~ATION �
OF CARCI~OGENIC POTENCIES OF SUM: PAhs �

Epidemiologic Evidence for Carcinogenicity of PAHs 

Hunans are exposed to PAHs in the form of complex mixtures 
rather than sin~le compounds, For this reason, nJman data for 
exposure to specific PAHs are not available. The evaluation of 
human evidence for carcinogenic risks of exposure to PAHs thus 
nust rely largely on experimental evidence from anil'lal studies. 

Where available, human data can be classified as follows, 
using the !ARC criteria (18). Sufficient evidence for carcino
genicity in humans requires the finding of causal association 
bet·.'leen chemical exposure and cancer in humans ori the :iasis of 
analytical epide:niologic studies. Limited evidence indicates 
that a causal relationship 1s credible but triat alternative 
explana:ions cannot be excluded, and inadequate evidence indi
cates that there are few pertinerit data, that the data do not 
show association, or that tne data do not exclude chance, bias, 
or confounding. 

Eviaence from Animal Studies 

Very few long-term animal studies have been conducted on 
PAhs (with the exception of benzo(a)pyrene), Table 1 sul'lma
ri zes the results of the studies i., which PAHs were admi ni 
stered to animals orally. 

PAHs were the first class of conpounds shown to be carcino
genic in expe~imental animals (17, 19). Althougn numerous 
routes of administration, in several animal species, have ::ieen 
used in the study of :ienzo(a)pyrene, the majority of the animal 
studies on other PAHs have :ieen mouse skin assays. The !ARC 
stated that data fro~ mouse skiri assays may contribJte to 
sufficient evidence of carcinogenicity because certain PAHs 
initially established as carcinogenic by application to mouse 
SKin have been shown to produce malignant tumors at other sites 
following administration via other routes (19). Table 2 gives 
the results of the evaluation of the animal evidence for carci
nogenicity of the 30 non-substituted PAHs evaluated oy the !ARC 
that have been shown to occur in the environment, 

Using IARC criteria (18), animal evidence is classified 
as sufficient when a carcinogenic effect is observed i'l more 
than one strain or species, in more than one experiment, or via 
more thari one route of administration; or in wnich the degree of 
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TABLE 1. �

CARCINOGENICITY OF PAH BY �

PAHa Species �

B[a]P Mouse �

Rat 
(Sprague-Dawley; 
age 105 days) 

Hamster 

Hamster 

DB[a,h]A Mouse 

ORAL ADMINISTRATION. 

Dose 

0.2 mg in poly
ethylene glycol 

2.5 mg per day 

2-5 mg biweekly 

500 ppm 

9-19 mg 
(total dose) 

Route of 
administration 

Intragast ri c 

Oral 

Intragastric 

Dietary 
( 4 days per 
week for up 
to 14 months) 

Dietary 
(5-7 months) 

POTENTIAL CARCINOGENIC RISKS OF PAHs 

Tumorigenic effects 

14 tumors of the forestomach in 
5 animals out of 11 

Papillomas developed in the eso
phagus and forestomach in 3 out 
40 animals 

5 stomach papillomas ~eveloped in 
67 animals treated for 1-5 months; 
7 papillomas and 2 carcinomas in 
18 animals treated for 6-9 months; 
5 papillomas in 8 animals treated 
for 10-11 months 

12 tumors (2 esophagus, 8 fore�
stomach, 2 intestinal) in 8 �
animals �

Forestomach tumors in 7 of 22 sur
vivors after one year; one tumor 
was a carcinoma 

aAbbreviations for PAHs are as follows: B[a]P = Benzo[a]pyrene; DB[a,h]A = Dibenzo[a,h]anthracene; 
H[a]A = Benzo[a]anthracene. 

(continued on the following page) 
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TABLE 1. (continued) 

PAH Species 

DB[a,h]A Mouse 
(cont.) (A backcross) 

Mouse 
(DBA/2) 

Mouse 
(Swiss, 
male) 

Mouse 
(BAU3/c, 
female) 

B[a]A Mouse 

RISKS OF PAHs 

Dose 

0.4 mg per day 

0.76-0.85 mg 
per day 

1. 5 mg in 
polyethylene 
glycol 

15 mg total dose 
in almond oil 

0.5 mg in 
mineral oil 

Route of 
administration 

0 i l emu l s i on 
(drinking water 
replacement) 

Oil emulsion 
(drinking water 
replacement) 

Oral 
(single dose) 

Intragastric 
(twice weekly 
for 15 weeks) 

Stomach tube 
(single dose) 

8 

Tumorigenic effects 

11 papillomas of the forestomach 
in 20 animals within 406 days 

Pulmonary adenomatosis in all 27 
survivors at 200 days; 24 animals 
had alveologenic carcinomas; 16 
had hemangio-endothelimoas; 12 of 
13 females had mammary carcinomas; 
2 pulmonary adenomatoses seen 
among 2~ controls 

Papillomas of the forestomach in 2 
out of 42 animals within 30 weeks 

Mammary carcinomas in 1 out of 20 
intact animals and 13 out of 24 
pseudo-pregnant animals 

No tumors in 13 mice in 16 months 

(continued on the following page) 
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TABLE 1. (continued) 

PAH Species 

B[a ]A Mouse 
(cont. ) 

Mouse 
(l)6AF1/J) 

SOURCE: !ARC Monographs, 

Dose 

0.5 mg in 
mineral oil 

1. 5 mg as a 
3% solution 
in metho
celaerosol Of 

Vol. 3, 1973. 

Route of 
administration 

Stomach tube 
{8 or 16 admi
nistrations 
at 3- to 7-day 
intervals) 

Stomach tube 
{15 ti mes in 
five weeks) 

2 times 
3 days apart 

POTENTIAL CARCINOGENIC RISKS OF PAHs 

Tumorigenic effects 

Papillomas in 2 out of 27 mice; no 
tumors in mineral oil group 

Lung adenomas in 56 of ~9; 
hepatomas in 38 of ~9; 
papillomas of the stomach in 2 

Lung adenomas in 1/ of 20; 
hepatomas in 16 of 20 

Controls: 
Lung adenomas in 10 of ~9; 
hepatomas in 2 of .59 

9 
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TABLE 2, 

L.JEGKEE Of EVIDENCE OF CARCINOGENICITY FOR EXPERIME~TAL Al'ilMALS 
OF NON-SUBSTITUTED PAHs. 

]egree of evidence 
of carcinogenicity 

Chemical for experimental anifTlals 

Anthanthrene LifTli ted 
Antriracene No evidence 
Benz[a]anthracenea Sufficient 
3enzo[b]fluoranthene Sufficient 
Benzo[j]fluoranthene Sufficient 
Benzo[k]fluoranthene Sufficient 
Benzo[ghi]fluoranthene Iriadequate 
i3enzo[a]fluorene Inadequate 
3enzo[b]fluorene Inadequate 
BenzoCc]fluorene Inadequate 
Benzo:ghi]perylene Inadequate 
Benzo[c]phenanthrene ;nade4uate 
Benzo[a]pyrenea Sufficient 
Benzo[e ]pyrene Inadequate 
Ch rysene Limited 
Cyclopental[cd]pyrene LifTlited 
Oibenz[a,c]antnracene Limited 
Oioenz[a,n]anthracenea Sufficient 
DibenzCa,l]anthracene Limited 
Dibenzo[a,eJfluoranthene Limi':.ed 
Oibenzo[a,e~pyrene Sufficient 
Jibenzo[a,h]pyrene Sufficient 
Diberizo[a,i]pyrene Sufficient 
Dibenzo[a,l]pyrene Sufficient 
Fluoranthene No evidence 
Fluorene Inadequate 
lndeno[l,2,3-cd]pyrene Sufficient 
Perylene Inadequate 
Phenanthrene Inadequate 
Pyrene No evidence 

achemicals which also have oral and/or inhalation studies. 

SOURCE: Adapted from IARC Volur1e 33, 1984, 

10 �
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~OTENTIAL CARCINOGE~IC RISKS OF PArls 

tl.mor incidence, site, type or latency-shortening is unusual. 
A limited-evidence classification signifies limitation i'1 the 
quality or reporting of the studies, and a limited number of 
species or strains tested or experiments perfor11ed. Evide'1ce 
is judged to be inadequate when the results of the studies 
cannot be i 1terpreted as showing the presence or absence of a 
carcinogenic effect. A no-evidence category is used for 
cals with no observed carcinogenic effects in several 
studies. 

chemi 
animal 

Evidence from Short-Term Tests 

The extent of short-term tests 0'1 i ndi vi dual PAHs varies 
(19). A summary of the IARC's conclusions is tabulated in 
Table 3. Tne !ARC first proposed a'1d considered the results of 
short-term tests in making an overall evaluation of carcinogenic 
risk of chemicals to humans in 1982 (18). The scheme proposed 
by the IARC is as follows: 

i. Sufficient evidence: When there were a total of at 
least three positive results in at least two of tnree test 
systems measuring DNA damage, 11utagenicity, or chromosal anoma
lies. When two of the positive results were for the sane 
biological endpoint, they riad to be derived from systems of 
different complexity. 

ii. Limited evidence: When there were at least two posi
tive results, either for different endpoints or in systems 
representing two levels of biological complexity. 

111. Inadequate eviderice: When there were too few data 
for .an adequate evaluation, Jr when there were contradictory 
data. 

iv. No evidence: When there were many negative results 
from a variety of short-term tests with different endpoirits, 
and at different levels of biological complexity. If certain 
biological endpoints are not adequately covered, this is indi
cated. 

Overall Evidence for Carcinogenicity 

Table 4 is a summary of the overall evidence for carcinoge
nicity of the 30 non-substituted PAHs, incorporating human, ani
ma 1 and short-term test results. Two categorization schemes 
(18, 41) are used in the evaluation. For the !ARC grouping 
scheme, Group l ( hJman care i no gen) is reserved for compounds 
with sufficient evidence from epidemiologic studies; Group 2 

11 �
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TABLE 3, 

DEGREE OF EVIDENCE IN SHORT-TERM MUTAGENICITY TESTS OF NON-SUB
STITUTED PAHs EVALUATED BY AN IA~C WORKING GROUP I~ FEBRUARY 

Deyree of 
evidence in short

Chemical term mutagenicity tests 

Antnanthrene Inadequate 
Anthracene No evidence 
Benz[a]anthracene Sufficient 
Benzo[b]fluoranthene !nadequate 
Benzo[j]fluoranthene Inadequate 
Benzo[k]fluoranthene Inadequate 
3enzo[ghi]fluoranthene Inadequate 
Benzo[a]fluorene Inadequate 
Benzo[b]fluorene Inadequate 
Benzo[c]fluorene Inadequate 
oenzo[ghi]perylene Inadequate 
Benzo[c]phenanthrene Inadequate 
Benzo[a]pyrene Sufficient 
Benzo[e]pyrene Limited 
Chrysene Limited 
Cyclopenta[cd]pyrene Sufficient 
Dibenz[a,cjanthracene Sufficient 
Dioenz[a,h]anthracene Sufficient 
Di~enz[a,J]a~thracene Inadequate 
Oibenzo[a,e]fluoranthene No data 
Dibenzo[a,e]pyrene Inadequate 
D1benzo[a,h]pyrene Inadequate 
Dibenzo[a,i]pyrene Inadequate 
Dibenzo[a,l]pyrene No data 
Fluoranthene Limited 
Fluorene Inadequate 
lndeno[l,2,3-cd]pyrene Inadequate 
Perylene Inadequate 
Phenanthrene Limited 
Pyrene Limited 

SOURCE: !ARC Monographs, Vol. 32, 1983. 
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POT~NT!AL CARCI~OGEN!C RISKS OF PAHs 

(probable human carcinogen) is subdivided i'lto 2A (at least 
limited buman evidence) and 2d (sufficient evidence from animal 
studies). Group 3 (not classified) includes chemicals wit~ 
li11ited, inadequate, or no evidence in animal studies. 

The proposed EPA grouping scheme for categorizing t~e over
all evidence is si11ilar to the IARC grouping scheme. The pro
posed EPA Group A is equivalent to :A~C Group 1, and EPA Groups 
:31 and 32 are equivalent to !ARC Groups 2A and zg. In the EPA 
scheme, Group C is restricted to chemicals with limited animal 
evidence, Group Dis for chemicals with inadequate human and/or 
animal data, and Group Eis for chemicals with no human and/or 
animal evidence. 

Estimation of Carcinogenic Potency of PAHs 

The first paper on the relative potencies of a series of 
PAHs was published in 1939 (14), In this study, the investi
gator collected the results of mouse-skin carcinogenesis tests 
on PAHs and derived a metnod to compare potencies. The carci
nogenic potency index is commonly referred to as the !ball index 
:percent tumor incidence x 100/mea'l latency period in days). 
The deficiencies of this index are that it does not reflect the 
dosage administered, and it ass~rnes tnat the tumor response is 
linearly related to age, while it is known that L1mor response 
is ex~onentially related to age. 

Inhalation and ingestion are important routes of numan ex
posure to PArls, It is desira::ile to estimate potency factors 
for these routes of exposure. For benzo[a]pyrene, because data 
are available from inhalation and oral routes of administration, 
potency estimates can be derived by means of the data in Tables 
5 and 6. 

Using data from Table 5 and the linearized multistage model 
(1), the carcinogenic potency of B[a]P by oral exposure is esti
-nated to be qt = 11/(my/ky/day). The value q! is the 95% 
upper confidence limit of the linear component ql in the multi
stage model 

Under the multistage model, the cancer risk p(d) at a con
stant exposure d can be calculated by p(d) = q1 x d when d 1s 
sufficiently small and when ql ;, 0, However, the maximum 
likelihood estimate (MLE) for the linear component q1 is very 
unstable and may be estimated to be zero even if the true dose
response model contains both non-zero linear and higher order 
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TABLE 5, 

B[a]? POTENCY BY O~AL ROUTE: INCIDENCE RATE OF STOMACH 
PAPILLOMA/CARCINOMA8 

Dose Dose Incidence rate of 
{ppm in diet) (mg/kg/day) stomacn papilloma/carcinoma 

0 0,00 0/289 
1 0.13 0/ 25 �

10 l.3U 0/24 �
JU 3.9D D/37 �
40 5.2U 1/40 �
45 5.85 4/40 �

aThis table contains only those groups that are co~parable with 
respect to age at exposure, number of days exposed, and age 
k i 11 ed • 

SOURCE: Neal and Rigdon, 1967. 

TABLE 6. 

B[a]P POTENCY BY INHALATION: INCIDENCE RATE OF RESPIRATORY 
TRACT TUMORS IN SYRIAN GOLOEN HAMSTER. 

Dose Incide'lce �
(f'lg/113) rates �

0 0/27 �
2.2 0/27 �
9.5 9/26 �

46.5a 13/ 25 �

aBecause of the higher mortality rate in the highest dose 
group, the data from this group is excluded;., the calcu
lation of potency. 

SOURCE: Thyssen et al., 1981. 
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POTENTIAL CARCINOGENIC RISKS OF PAHs 

polynomial terms, This can easily be seen by observing that 
two resporise models (one containing 01ly a quadratic term and 
the other containing both linear and quadratic terms) can 
adequately fi~ a set of experi11ental tumor incidence data. 
This is because the dose-response model is dominated hy higher 
order polynomial terms at the high-dose range, as in the expe
rimental data. However, a dose-response model that contains a 
linear component predicts significantly larger risk, at low 
doses, than does a 11ode l without a linear component. .I,i nee 
the upper confidence limit for the linear cor:iponent, q1,.. is 
always positive and its estimate is "robust," the value q1 is 
used to represent the care i riogeni c potency of a compound. At 
low doses, the risk is calculated by qf x d. 

Using data from Ta)le 6 and the linearized 11ultistage 
model (1), the carcinogenic potency o7 B[a]P by inhalation

3exposure is estimated to be qy = 4 x 10- /(ug/m :. 

The carcinogenic potency of otner PAHs can be estimated by 
reference to the potency of benzo[a]pyrene as a function of the 
relative potency index using mouse-skin painting data. The 
potency of PAH1 can be expressed as the following equations: 

( 1) � potency PAH1 (oral) = potency PAHJ (skin) potency of 
potency B[a P (skin) x 8[a]P (oral) 

( 2) potency PAH1 (inhala-) = potency PAH~ (skin) potency of 
tion � potency B[a P (skin) x B[a]P (inha

lation) 

Listed below are seven ?Arls for which � sufficient informa
tion is available to apply this approach. The results are 
presented in Tables 7 and 8, 

Carcinogenicity 
evidence from 

PAH (abbreviation) animal stuai es 

1. Benzo[a]anthracene (B[a]A) Sufficient 
2. Benzo[a]pyrene (B[a]P) Sufficient 
3. Chrysene Limited 
4, Benzo[k]fluoranthene (B[k]F) Sufficient 
5, Dibenzo[a,h]anthrancene (DBCa,h]A) Sufficient 
6. Indeno[l,2,3-c,d]pyrene (I:1,2,3-c,d]P) Sufficient 
7. Benzo[b]fluoranthene (B[)]F) Sufficient 
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--- ----------

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

l'llTrNll/11 (l\llCINOl;fNI( Rl';KS or l'llils 

TAlli [ /. 

INOIC£5 USED fO RANK 7 l'Alt5. 

* 
PAIis Q1 � rn10 and 'l'i'l, r .I.. q• ""Io dnrl 'l'>'f. (.I., Rl'f Prenc,,,

I 
-------- -------- - ---------------- -- - ---------- ------ - --- . 

R[a lP 4/0 2. 98 X )0- J 152.4() 9, :n X I0- 4 ( 44) 
(8.67 X )0-4, 5.98 X JO-]) (6.54 X 10-'1, 1.?l X 1()-.l) 

R[aP 435 � 1.4) X 10-) 67 .62 1.71 X 10-] ( 41,) 
(3.68 X I0- 4 , 1.43 X 10-3) (8.'il x 10-4, ?.',Ix 10-JJ 

------·----------- -- -- -- - 

B[d JP N.II. N.A. 7ll.83 � 1.43 X 10-2 ('i) 
(4,24 X )q-3, 2.44 X )0-2) 

. -� --

Dill a ,hjA 799.62 � 6.H x 10- 4 292.81 6, 16 X lll-4 ( 4(,) 
( :l.24 X 10- 4 , 9.44 X 10-1 ) (J.28 X 10-4, 'l.04 X IQ-~) 

No po1nt e,t. ( ,i,; J 
Blk lF N.A. N.A. 0.30 (0.3'>, none) 

B[h JF :l5.64 � 5,0 X 10-3 11. $7 1.29 X 1()-2 ( 4fi) 
(7.7!') X \()-3, 7.75 X l(J-3) (8.',4 l( 10-J, 1.13 X )()-?) 

(hrysenp o. r,3 � 0.35 0.88 0.21 ( 4',) 
(0.23, 0.47) (0.11, O. JI) 

Rld]A N.A. N.A. fl. ?8 0./3 ( 5) 
(0. 34, I. 12) (0,34, I.I?) 

I[ 1,2,3,-c,djl' N.A N.A. I. In 0. 15 ( ,,,, ) 
(0.08, 0.22) (o. on , o . n) 

llrma r~. <;: I. Q• 
1 i, thr ·yt,1, upper ronf11h•nu• I imit for· thr I inrar r.omponrnt in d 11111lt i,t,1~r mnrlrl ,inrl 

ffl1u i, thP rlosr l<'vel corrr,ponrlinq to t.hP IOt inr.remPnldl tumor rP\pnn\1• whPn time-to
t.wn<•r rldla ar·f' 11srd. the v,1111<', of qt anrl Pd111 drl' sioni l<1rly df'finPd �whPn inr.idpncr• dat.d 
,1re 11,l'rl. 

(. � N.fl. · Not ilvili l<1hlc, •3. � ';inr.P lhpr·f' i, only onr do,<' ,,r,111p fnr Chry,f'nf', t) 1 i, cal,11lated hy 11<.irtq ~,1pl,i11-MC'iPr· 
,11rvivill ;111aly~i, .ind lhP ,i-.s11mplion lh,it th<' <Onlrol ,,roup ha, ii 1c111 rP,pnn,P . 
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POTENTIAL CARCI~OGENIC RISKS OF PAHs 

TABLE 8. 

RELATIVcPOTENCY IN REFERENCE TO B[a]P AND 95% CONFIDENCE LIMIT 

tlasect on O! tlased on ED10 (or ed10) 
(or 4!) B[a]P compound and 95% 

Con;iounds compound/B[a]P confidence limits 

DB[a,h]A 0.69 2.26 
(0.56, 5.36) 

B[b]F 0.08 0.29 
(0.07, 0.65) 

Chrysene 1.22 X 10-3 4.09 X 10-3 
(1.06 X l0-3, 7.12 X 10-3) 

I[l,2,3-c,d]P 1, 71 X 10-2 1.14 X 10-2 
(5.09 X l0-3, 2,63 X 10-2) 

B[a]A 1.34 X 10-2 1.96 X 10-L 
(5.48 X lQ-3, 4.96 X 10-2) 

B[k]F 4.44 X 10-3 � rion e 
none 

Rena rk s : 

1. � When available, a* 1 and are preferred to q* 1 andED 10 � ed 10
in deriving the relative potency, 

2. � The confidence limits of the ratio are constructed using 
Geary's theorem. 
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POTENTIAL CARCINOGENIC RISKS OF PAHs 

The appropriateness of this approacn, however, is uncer
tain at the present time. Further investigation and analysis 
using information fron mechanistic, pharmacokinetic, and macro
molecular binding studies may provide additional insight for the 
estimation of oral and inhalation potencies using s~in-painting 
carcinogenicity data. 

LIMITATIONS OF CURRENT ASSESS~ENT APPROACHES 
AND POTENTIAL ALTER~ATIVES 

While there is gerieral agreement withiri t'le scientific 
comriu'lity about the general approach ( 15, 16, 29) that should 
~e used in carciriogen risk assessment, judgments and assump
tions made to fill data gaps are often controversial. With 
the advancement of research, tne scientific data base will grow 
and the uncertainties involved in risk assessment will be 
reduced. Ideally, testing data based on the knowledge of the 
mechaiism of carcinogenesis would increase the certainty of the 
results in assessing human risks. However, our current under
standing of the mechanism of carcinogenesis is very limited. 
Major advancements have been made in the understanding of the 
initiation steps of carcinogenesis, but events related to 
promotion and progression to tumor formation are largely uriex
plored, Thus, assessments of carcinogenic risks to humans are 
based on observational and correlative data and plausible 
assumptions arid judgrients. The following sections summarize 
sone of the li1iitations of current assessment approaches and 
present a forward look at potential alternatives. 

Evaluation of Potential Carcinogenic Hazards 

(1) Epidemiologic studies. While epidemiologic studies can 
provide direct evidence for carcinogeriicity i'1 humans, the 
following limitations are inherent in such studies: 

a) � They are expensive and time-consuming. 
b) � Their sensitivity may be limited because of small num

bers of persons exposed, 
c) � Individuals in such studies have often been exposed to 

several carcinogenic compounds. 
d) � The duration of follow-up may not he sufficiently long 

for cancer manifestation. 
e) � Such studies provide associative evidence only, and 

usually provide limited information on exposure for 
specific agents. 

19 �



~UIENTIAL CARCINOGENIC RISKS OF PAHs 

(2) Rodent Long-Term Carcinogenesis Bioassays, Although at 
present the carcinogenesis bioassay is the most reliable method 
for carcinogen identification, the bioassay presents certain 
limitations in assessing human carcinogenicity. 

a) � Besides being expensive, the standard bioassay (24) 
of a single compound requires about 600 rodents and 
takes two years for the experiment and at least an 
additional year for pathology, statistical analysis, 
and preparation of the report. 

J) � Such studies provide data only at two dose levels and 
a control level. 

c) � Because of tne inherent insensitivity of these studies, 
they often involve ~igh doses which are Jsually several 
orders of magnitude above potential human exposures. 
Thus, they do not provide linearity and threshold in
formation on dose-response behavior at low doses. 

d) � Negative results in such studies are difficult to in
terpret because only small numbers (50) of anima~s are 
tested per dose, and the species tested are usually 
only rats and nice. 

(3) Short-Term Mutagenesis Tests. The use of these tests to 
predict animal and human response relies heavily upon our 
knowledge about the mechanisms of carcinogenesis, which is very 
incomplete at this time. 

a) � ."1utagenes is testing is based on the observation that 
many carcinogens either directly or indirectly gene
rate electrophilic metabolites that bind to DNA. Thus, 
one of the weaknesses of the test system is the re
quirement of an activation system, which contributes 
to the variability of test results, depending on the 
source of the activation factor. 

b) � Since no single test will detect all potential carci
nogens, it is necessary to develop an appropriate bat
tery of short-term tests based on the predictive values 
of specific tests with specific classes of compounds, 

c) � Short-term tests for the study of agents which affect 
the carcinogenesis process by mechanisms other than 
genotoxicity are not available. 

d) � The carcinogenesis process progresses in multiple 
stages. Short-ter~ mutagenicity tests, with the excep
tion of cell transformation assays, detect only initi
ation activities. 
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Exposure Evaluations 

The-exposures measured by selective nonitoring measure
ments or estimated through modeling nay not correlate well 
with actual experience in larger populations. There is uncer
tainty in monitored levels of chemicals at trace levels in the 
workplace or environment. In addi:ion, high-risk populations 
are usually not identified. '1onitored data generally tend to 
be crude estimates relying on modeling in which assumptions have 
to be made. 

Tne relationship of exposure level to biological dose de
pends on information such as absorption and excretion; environ
mental transformation; bioaccumulation, and thus bio-magnifi
cation via the food chain; frequency, duration, intensity 
route differences; and chemical interactions. Such data 
usually unavailable in exposure evaluations. 

and 
are 

Estimation of Carcinogenic Risks 

The major limitation in the estimation of potential carci
nogenic risks to humans is the lack of a mechanistic understand
ing of the process of carcinogenesis, and tne paucity of scien
tific data that can he used in quantitative evaluation. Triis 
limitation contributes to the nigh degree of uncertainty asso
ciated with the estimation of potential human carcinogenic 
risks. 

Some of the key contrioutors to the uncertainty of risk 
estimates are: uncertainty of low-dose behavior because the 
snape of the dose-response curve is unknown; uncertainty abou~ 
the relevance of availaole biological data with respect to 
humans; uncertainty of species differences in sensitivity to 
carcinogens; and uncertainty about the relationship between 
exposure level and biological effective dose. 

Limitations of Current Approaches to the Estimation of the Car
cinogenic Risks of PAHs 

As stated above, in estimating carc"inogenic risks, heavy 
reliance is placed on human epidemiologic studies and the re
sults of long-term animal carcinogenesis testing. Since, in the 
case of specific PAHs, human data are not available, reliance 
must be placed on long-term animal studies. However, of the 30 
nonsubstituted PAHs evaluated, only benzo[a]pyrene, benz[a]an
threne and dibenzo[a,h]anthracene have been tested by the oral 
or respiratory route. Benzo[a]pyrene, because it has received 
trie most thorough study, has frequently been used as a surrogate 
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PAH in the estimation of carcirogenic risks of mixtures contain
ing DAf4s. This approach 'las added Jncertainty in that '.lther 
PAr!s can be either more or 1 ess potert than benzo[a]pyrene. 
Jricertainties also exist with relation :o trie potentia 1 che~,i
cal, hioche'rical, a11d toxicologic interactio11s among co•:ipo11ents 
i'l ':he mixture. 

The 'rajor routes of hunan exposure to PAr!s are via the gas
trointestinal tract and trie respiratory tract (26). However, 
animal experine'ltS have been :ierforned with skin-painting and 
S 1Jbcutaneo~s injection as routes of administntion. The vali
dity of P.xtrapolating from orie route of administration to 
another is uncertain. The relative potency approach prese11ted 
in this pa:::ier seems reasonable, particularly for ranking the 
hazards of the c1ifferent PAHs. Its applicability to settirig 
pernissih~P. ex~osure levPls, however, is highly uncertain. 

A Forward Look at Potential Alternatives 

The nagnitude of the i imitations and uncertainties rela
ting to the form of the dose-response curve can be easily seen 
in refP.rence to the inability of the 'ED01" Di oassay experiment 
witri 2-AAF to resolve these problems. The current approach 
enphasi zes the use of animal bioassay data; short-term test 
results take a supportive role. 

However, short-tern in vitro biochemical and toxicologic 
studies could provide iriformation about ll'echanisms of act,o", 
metabolic pathways, nacromolecular (D~A, RNA, and protein) ad
dt..ct fonnation, DNA repair, and cell proliferation. Sone of 
trese studies can be performed at dose :evels much closer to 
poteritia' 1-iuman exposures, and all can be performed in shorter 
tine periods than the conventional carcinogenesis bioassay. 
Additional research should be performed to determine if short
tern tests are viable alternatives. 

(1) ~uta9enesi s Tests. :he attractiveness of ~ vitro tests 
as potential alternatives ~or 1ong-ter~ carcinogenesis tests is 
demonstrated by the proliferation of the mutagenesis test. Th~ 
genetic toxicology (Gene-Tex) program of EPA has conducted panel 
reviews of the validity of the different test systems. The re
sults are published in several volumes of ''Mutation Research," 
The International Corrrnission for Protection Against Environmer
tal Mutagens and Carcinogens (21) has reviewed the potential of 
using mutageresis as an indicator of carcinogenesis. Recently, 
tre National Toxicology Program convened an ad-hoc panel to 
review their testing procedure, iricluding the potential uses of 
the different short-tern nutagenesis tests and "1acrorno1ecular 
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binding studies (27). Bartsch, Tornatis, ano Malaveille (4) 
reviewed the literature and qualitatively and quantitatively 
cornpared-mutagenic and carcinogenic activities of chemicals. It 
could be concluded that currently rnutagenesis tests are appro
priate both for screening chemicals under development and for 
screening existing chemicals for further testing. They could be 
used in biological monitoring of exposure to mutagenic carciino
gens. Qualitatively, carcinogenesis and rnutagenesis seemed to 
correlate well for a few PAHs (anthracene, benz[a]a'lthracene, 
oenzo[a]pyrene, dioenzo[a,h]anthracene) that are adequately stu
died in Doth systems. Further research is needed to fi 11 data 
gaps before potential quantitative relationships can be esta
blished. The lack of quantitative correlation can be illus
trated by the results of the two PAH studies that are reviewed 
Del ow. 

Combs et al. (7) measured tne liver microsome-mediated 
mutagenicity of 35 PAHs which are derivatives of cyclopentaphen
anthrene and chrysene, using Aroclor-pretreated rats and S. 
typhimurium TAlOO strain. The results were compared with car
cinogenicity expressed as !ball indices, using results from 
skin-painting experiments in mice. The authors reported little 
quantitative correspondence between mutagenic activity and car
cinogenic potency. However, Huberman and Sachs (13) found that 
the carcinogenicity of 10 PAHs paral led .their rnutagenicity, 
measured as e-azaqu~nine or ouabain resistance, in cell-media
ted mutagenicity assays on Chinese hamster V79 cells co-culti
vated with lethally irradiated rat embryo cells for metabolic 
activation. 

(2) Pha rmacol< i net i cs and Metabo 1 ism. Pha rmacok i net i c studies 
(both experimental and computational) and ~11etaD0lism studies 
;:irovide parameters for deriving a human biological effective 
dose from exposure data. These studies can De performed at 
lower doses and more dose levels and dose-rate schedules than 
the carcinogenesis bioassay, and can provide important insights 
about dose-response behavior at low exposure levels in humans. 
In 1980, Anderson et al. (2), published a general scheme for 
the incorporation of pharmacokinetics in low-dose risk estima
tion for chemcial carcinogenesis. However, adequate data for 
quantitative analysis are usually unavailable. Recently, Ram
sey and Anderson (34) developed physiologically based pharmaco
i<inetic models. These models may have promise for estimating 
human tissue dose. 

Metabolic studies on PAHs are numerous. E.C. Miller (23) 
first reported evidence of metabolic activation of PAHs in 1951. 
Sne found covalent binding.of metabolites of benzo[a]pyrene when 
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that substance was ap;:,l ied to mouse skin. Since then, many 
investigations of PAH netabo'.ites, :iarticularly metabolites o" 
benzo[a]pyrene, and their ability to bind DNA, RNA, and protein, 
have been reported. Cooper et al. (9) have extensively re
viewed tne -:ie:abol isn and activation of benzo[a]pyrene. Other 
reviews also contain sections on the netabolisfTl of :>AHs (8, 26, 
33, 36). A reaci ng of these reviews wi 11 show the complexity 
of the metaho1!c processes involved in the activation of a PAH 
to its ultinate carcinogenic intermediate. Because of this 
complexity, mathematical nodeling studies of PAH metabolites as 
a functior of exposure levels are not availablP.. With the 
physiologically based model developed by Anderson ard Ramsey 
(34) and Hoel et al. (11), it may be useful to re-review the 
metabolic and pharfTlacokinetic studies on berzo[a]pyrene and 
investigate the feasibility of such modeling. 

(3) Macrorrolecular Binding. Macronolec:.ilar birding, particu
larly to DNA, as a quantitative indicator in the process of 
chenical carcinogenesis, has been nost extensively reviewed by 
Lutz (22). 

Carcinogen netabolite n~A binding provides the most direct 
neasure of the biological effective dose. Carcinogen-DNA adduct 
can be an effective biological nonitoring tool for human expo
sure. Factors limiting such use are the small quantity of DNA 
present in cells and uncertainty as to the appropriate tissue 
or body +-luid to be used for nonitoring. An additional 1imita
tion is that this measure is or.ly useful for studying carcino
gens that act through a genotoxic mechanism. 

The importance of DNA binding for assessing the carcino
genicity of PAHs to mouse skin was suggested by Broo~s and Law
ley in l96C. (6). They found a correlation between the carcino
genicity of several PAHs to nouse skin and the covalent binding 
of these hydrocarbons on mouse skin D~;A. This finding is 
supported by the results of Goshmand and Heidelberger (10) wit~ 
10 PAHs on DNA binding and carcinogenesis in mouse skin, Since 
then, numerous studies have demonstrated benzo[a]pyrene metabo
lite-ONA adduct formation in different in vitro animal and human 
systems (for review see Conney [8J, Cooper [9], Perera [30J, and 
Selkirk [1 ]J). 

Analytical techniques are available to quantify benzo[a]py
rene metabolite-DNA adducts by intnunologic methods (12, 31, 32). 
~onoclonal antibodies were developed to benzo[a]pyrene diol
epoxi de-nNA adducts (33). The use of these antibodies and imriu
noassays makes possible the detection of femtomole levels of 
carcinogen in ~g quantities of DNA (i.e., l adduct/106 nucleo
~ides) (12, 35). 
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At this level of sensitivity, human tissue or body fluids can be 
monitored for exposure. 

In sunmary, while molecular biochemical studies cannot 
currently replace conventional toxicologic testing, they provide 
information that can be used for be~ter es~inates of biological 
effective dose and dose-res;,onse cnaracteristics at low levels 
of exposure, and for improvement in interspecies scaling. 

In spite of these improvements, it would be unrealistic to 
expect the development of a complete set of risk assessnent in
formation for all chemicals in the near future. What is possi
ble is the development of com;,lete sets of information for 
specific exposures that are well studied in both humans and 
animals. These examples could be used to derive a more realis
tic set of qJantitative parameters for chemicals predicted to 
have similar carcinogenic mechanisms. aenzo[a]pyrene should be 
a good nodel compound for developing a set of parameters for the 
assessment of other carcinogenic PAHs. 
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