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Summary 

the combustion of hydmcahn soufces such as fuel or tobacco, usipg relative concentrationssd - -~ 

carcinogenic potencies of various components of such products. The proposed procedures are 

based on a two-stage model of carcinogenesis, which is developed and validated with a variety of 
data in this r epoh  When the *stage model is assumed, it is natural to define the potency of a 
carcinogen, in the absence of a promotional effect, as the increased rate of cellular transitions per 
unit increase in dose delivered at the cellular level. A working hypothesis employed in our analysis 

is that 1) various carcinogenic components in the mixture act via a similar carcinogenic 

mechanism, possibly with different efficiency, and 2) the potency of the combustion product is 
equal to the weighted average of the potencies of each baction in the mixture. This hypothesis is 
referred to as dose-additivity and is recommended in EPA's guidelines for mbtures (EPA 1984). 

When this hypothesis holds, it is meaningful to express the carcinogenic potency of a combustion 

product or quantifiable fraction of such a product in terms of Carcinogenically equivalent units of 
a reference agent that acts via the common mechanism. The relative potency of an agent 

compared to a specified reference agent is defined, in terms of the propused model, as the dose 

Methods are deyeloped €or evaluating the carcinogenic potency of materials resulting from - 4  
-* 1 p - 
? 49 e $  

* 

~- -~ - 

of reference agent that results in the same increase in the cancer rate 8s a single unit of the agertt 

of interest. Estimates of relative potencies can be used to estimate a dose of the reference agent 

carcinogenically equivalent to a unit dose of some other agent of inem such a reference- 
equivalent dnse can then be used to estimate risk based on procedures appropriate for the 

reference agent 

The carcinogenicity of hydmxbon combustion products is widely attriiuted to the 
presence of polycyclic aromatic hyhahms (PAHs). Procedures are developed here €or 

evaluating the carcinogenic potency of hydroahon combustion producls, based on relative 
potencies of the products, quantifiable fractions of the products, or individual PAHs, compared to 

the reference PAH bem[a]pyrene @[alp). B[a)P is used as a reference standard since it occufs 
frequently in combustion products, is highlycarcin- has been tested in avariety of animal 
bioassay systepls, and used as a positive control for other PAHs and mixtures in numerous 

eJrperimentt. 

to-tumor infonnatron, * B[aJP positive oontrok, and vehicle cor~trois h m  multiple gperiments, and 

historical controls. Atso, the undertying model employed is extended to accommodate possible 

estimates and validate procedures w e t  of published experimental data on inductkm of lung 
epidermoid carcinomas by implantation in the lungs of female Osborr#-Mendel rats, collected by 

a single group of investigaton, data on chemical composition of the combustion prod- obtained 

TO t h ~  ofthe relative p~tencye~timates, OW incorporates time- 

saturation of mechams ms coaverting PAHs to their reactive metabolites. Data used to obtain 



-r 

.- 
by the same investigators, and published data on background rates of lung carcinomas in female 

Osborne-Mendel rats. Combustion products considered were diesel engine exhaust, gasoline 
engine exhaust, flue gas condensate from coal-fired furnaces, and sidestream cigarette smoke. In 
addition to these data, published data were considered on tumor responses of mice in skin 
painting experiments. Results obtained from the skin painting experiments were found to be 

discrepant in some ways fiom results based on the rat lung implant system; therefore conclusions 
are based primarily on the latter system, considered to be more directly relevant to human risk 

from inhalation or ingestion of combustion products, 

6 8 I 7 

Relative potency estimates compared to B[a]P are estimated for various individual PAHs, 

hydrocarbon combustion products, and &actions of such combustion products. For hydrocarbon 

combustion products, data were available to test the dose-additivity of Eractions of the product, for 

diesel engine exhaust, gasoline engine exhaust, and flue gas condensate. It was found for these 

products that the assumption of dow-additivity either accurately predicts the carcinogenicity of a 

mixture (hydrophobic fraction of diesel engine exhaust and gasoline enghe exhaust) or over- 

predicts carcinogenicity (flue gas condensate), suggesting that the assumption leads to predictions 
that are acqrate or conservative. Estimates based on the dose-additivity assumption are preferred 

where consistent with the data; this preference maximks the amount of bioassay information '5: 

brought to bear in the estimate of a given relative potency. Suggested relative potencies of 'r 

-- combustion products, and Eractions of these components, compared to B[a]P are summa+i7rrl r 

based on final, preferred modek 
Nine alternatives are compared, for evaluating the relative potency of a hydmcarbn 

combustion product relative to B[a)P, based on estimated relative potencies of fractions or 
component PAHs. These options range &om ex&emeiy conservative (ag. amsidering al l  s o k n t  
extracted components of a combustion product to be as potent as B[a]P) to eJdreme€y permissive 
(considering B(a]P to be the only camhqpk annponcnt). The degree of conservatism of a 

given procedure is estimated as the ratio of the estimated relative potency of the product 
computed according to the procedure of heres& to the relative potency estimated d i r e d y  for the 

product. * 'ty of the eombustioll products considered here was found to be amiutable 

primarily to - thase PAHs with more than three aromatic rings; accordingly, it was found that an 
accurate pmcaium, superior in accuraq to the other procedures considered, involves equating 

thecarcinogenrclty * - o f a  product to the -ty of the PAHs in the product with more that 

3 aromatic rings However, application of this procedure would require a s p b l  animal bioassay 

to evaluate the carchgenici~ of these highly aromatic PAHs in a &em combustion product 

Other alternatives are slightly conservative for the combustion products considered here but do 
not require a special animnl b i v ,  for atample ass- that the d m t y  of the 
combustion product is amiutable entirely to the PAHs with more than 3, aromatic rhp, and that 

7 
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the relative potencies of all such PAHs are equal to the relative'potenty of B[a]P. Appraa tk .  

detected indicator Carcinogenic PAHs, a strategy likely to be considered in regulatory prauice, are 
found to be permissive for the combustion products considered here, whether the potency of 
relatively carcinogenic PAH (B[a]P) is assumed €or each distinct PAH, or s p e d k  estimates are 
used for each PAH. 

'Y ' p: ' < :which involve attniut-ing the carcinogenicity of a combustion product entirely to a handful of - 4  

Certain of the procedures considered involve estimating the relative potency of a mixture 

of agents using a weighted average of the relative potencies of the individual agents. In these 

cases the computation of an upper bound for the relative potency of the mixture is problematic. 

A naive approach to this type of problem, commonly applied in regulatory work, is to estimate a 

bound for function of multiple model parameters by applying the same function to bounds 

estimated for the parameten independenttr, a more exact approach is implemented here based on 
methods of constrained ophization. The naive approach is compared to the more exact 

approach for sidestream cigarette smoke, and found to be very c~o~ervative. 

Relative potency estimates and unit risk estimates for eight PAHs and bur hJldrocarbon 

combustion products are displayed below, computed in accordance with pnxxdures and relative 
potency estimates developed h e .  

IND OJ180 1.081 loJ 3.78~ lo2 8.06 x 10' 

It is believed that these estimateswill be of considerable use in estimating the cancer risk 

due to tydmxubn combustion products and other PAHs mixtures. 

v i i i  
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1. Introduction . 

The cancer risk associated with the combustion products of complex hydrocarbons is a well 
recognized problem. A major portion of such risk is attniutable to the carcinogenic PAHs, of 
which the most intensively studied of the PAHs is Benzo(a1Pyrene (B(a]P). 

In previous, companion reports, cancer dose-response models were obtained for ingested 
and inhaled B[a]P, the most relevant routes of human exposure. Experimental tumorigenicity data 

is not available €or other naturally occurring PAHs administered by these mutes. Considerable 

experimental PAH tumorigenicity data has been generated for other routes of exposure (e.g., lung 

implants, skin painting). Unfortunately, no known method presently exists for adequately equating 
the exposure the animals received by these routes to that anticipated for humans. As a result, it is 

not feasible at this time to obtain hwqan cancer risk estimates for PAHs other than B[a]P directly 

from the animal tumorigenicity data. It is possible to obtaiq relative potenq estimates of the 

PAHs compared to B[a]P from the available experimental data, under the assumption that the 
reactive metabolites of B[a]P and the PAH act via a common general mechanism of action (e.& 
point mutation at the same site). Multiplying the PAH exposure level by its estimated relative 
potency compared to B(a]P gives an estimate of the -[alp equivalent exposure level" (Le, the 

exposure level of B(a]P that would give the same Carcinogenic response as the PAH exposure). 

- e  

m 

These B[a]P equivalent exposure units can then be substituted into a B(a]P ingestion or 
inhalation dose-response model to indirtctfy obtain human cancer risk estimates for the PAHs of -,* 

concern 
In a review of the EPA contract 6&02-4403, several suggestions were made by the review 

panel for ways of improving the methods previously used to estimate relative potencies of PAHs 
compared to B[a]P. These suggestiopS and others supplied by EPA staff arc given below in a 
condensed form. 

Make use of additional available information, such as: 

survival time of exposure p u p s  in bioassayS used, 

B[a]P positive controk in the same type of experimental systems, 

0 

0 

historical controls in'- spedes, and 

vehicle and untreated con- in other studies conducted by the authors of 
the papen used to make the relative potency stimatc~ 

1 
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- Methodological improvements: 

0 use all of the data in a bioassay to estimate the model parameten 
simurtaneousb, 

obtain cokdence bounds on the relative potency estimates using as much 
information as possible, and 

0 

0 use information on chemical composition of complex PAH mixtures and 
relative potency estimates of known carcinogenic PAHs to estimate 
carcinogenic potency of-the mixtures 

Improvements of the mathematical model: 

0 incorporate the information on age-specific rate of tumor appearance into 
the two-stage model and 

modify the two-stage model to account for the potential saturation of 
mechanisms that convert the PAHs to their mutagenic metabolites, 

0 

Model verification task 

0 test the undedying assumption of dose-additivity and 

0 test the proposed method of evaluating the carcinogenicity of a complex 
mixture of PAHs based on the carcinogenicity of constituents of the 

In this report, these suggestions are incorporated into a method for estimating the 

carcinogenic potency of individual carcinogenic PAHs, to the West extent possibk within the 
resource constraints. Ab0 a method is developed For estimating the carcinogenic potency of a 

complex mixture of PAHs, which only*- estimates of the amount and relative potenq o f  a few 

PAHs in the sample. This method is evaluated dircdy by using known estimates of the 
carcinogenic potencies of sidestream cigarette smoke, diesel engine amaust, gasoline engine 
emissions, and cd-6rcd nsidentiai furnace flue gas condensate. 

2 BaChv-d 
One of the main criticisms of the previous attempt to estimate the relative potency of 

=chogmk PAHs (EPA contract 680244(n) is extanme - r r s e o f ~ ~  n o €  

questionable quality. Problems noted in the bioassays previously employed indaxk tumor- 

independent variation of survival among exposure groups, saturation of the carcinogenic effect of 

2 
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dose, outmoded pathological classification, poor experimental design, and inadequate or 
nonexistent controls. 

One method of surmounting these problems is to restrict attention primarily to data 

generated recently by a single group of investigators, who have used a similar experimental 
approach and similar pathological classification. One such body of data has been generated by a 

group of German investigators, who induced lung tumors in rodents using a lung implant system, 

used the same pathologist and statistician, and reported their results in a similar format, in either 

the Journal of the National Cancer Institute or Cancer Letters. These data are discussed in 

greater detail in the following section. 
In using this data, it is assumed that relative potencies of a given PAH in lung tissues are 

similar to relative potencies in target tissues other than the lung. Empirical evidence supporting 

such a conjecture is limited; however, such a conjecture may be reasonable if the mechanism of 

metabolism of the PAHs in a target organ is similar to the mechanism of metabolism in the lung. 

3. Experimental Data Used in Analyse 

The experimental data which is to be used in all subsequent analyses is discussed and 
displayed in this section. parts of this data will be repeated in subsequent sections m order to 

clarify preciseiy what subset of the data has been used for a spezific analysis. Three types of data 
are used in our analyses: 1) bioassay iaformati0n ~ t e d  by t h ~  German group, 2) historical 

control lung tumor data for Osborne-Mendal rats, and 3) chemical data on the amounts of 
selected PAHs in various mixhrrcs, 

9 

3.1 Bioassay Data 

In the previous report (EPA contract 68-02-4403) use was made of a number of test 

systems for obtaining relative pomq atimam These included intraperitoneal injection in 
newborn mice, intrapulmonarg admmstm tion @e., lung implants), initiation-promotion on mow 

skin. complete -is on ~OUSC skin, and subcutaneous mjeaion. In this report we restrjd 

our attention to lung implants and to a much lesser extent corn- carcinogenesis on mouse 
skin. This res- is due to questionable quality of the data insome tcst sjstems, and to 

resource constraints. 

. .  
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removed by rotary evaporation under reduced pressure. This material was then warmed to 600 C 

and introduced by injection into the left lobe of the hmg of Ncmbutal-an&M animals 

following thorawtomy. Following injection of the test material, the thoracotomy aperture was 

sutured and the skin incision clipped Following injection, the implant hardtned into a pellet from 
which the test material diffused into the surrounding lung tissue No further post-opt ive 

treatment was needed; operative and post~perat iw mortality was leas than 5%. After surgery, 
rats- observed until their natural deaths, which occuned up to 32 months fouoWrng 

implantatioi Moribund animnk were killed. When all animalr wcrc dead, complete autopsies 
were performed. The average sumid time was obtained for eachacposure p u p ,  but 

unfortunately at death arc not available for individual nnimnt 

3.1.1 ~~ Lung Implants - ~ _ _ -  

Three studies conducted by Grimmer et ai. (1% 1987) and Deutsch-Wentel et aL 
(1983a), reported in the Journal of the National Canax Institute, used Osborne-Mendal female 

rats and a lung implant system to study the carcinogeniceffects in lung tissues of gasoline engine 
exhaust condensate, Que gas condensate from coal-fired residential furnaces, and eight frequently 

occurring environmental carcinogenic PAHs, Three additional studies reported in Cancer Letters 

(Deutsch-Weal et aL 1983b, Grimmer et aL 1987b, 1988) concerning nitro-PAHs, diesel engine 

exhaust and sidestream cigarette smoke, respectively, were also based on the lung implant system 

in female Osborne-Mendal rats. In all of these studies B(a]P was emploped as a positive control. 
HowRrer the sidestream cigarette smoke study appears to have used B[a]P controls h m  the 

diesel engine exhaust study rather than matched controls. The information obtained from exposed 

animals in these experiments, relevant to the estimation of the relative potencies for PAHs and 

€ractions of the complex emissions, is displayed in Tables 3.1-3.6. 
A short description of the experimental procedures employed to obtain these data follows. 

Three-month-old inbred Osborne-Mendad female rats were used as test animal in all of the 
experiments. Various amounts of B[a]P or PAH hxctions were dissolved in residuc-Eree acetone 
andwarmed to WC, and a 1:1 mixture of beeswax andTrioctanoinwas added. The acetone was 

a 
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Table 3.1 Rat lung implant 'carcindggenicity data for pure PAHs 6877  
Agent Doe Median *Number of animak with epidermoid 

mg Survival lung carcinomas 
(XI ( t )  /number of animals tested 

Benzo@]Flwmthene 0.10 110 0f35 
0.30 113 1f35 

1 .00 112 9/35 

Benzo[e]Pyrene 0.20 117 

1.00 ' 111 

5.00 104 

0d5 
0/30 

1/35 

Benzo[j]Fluoranthene 0.20 110 

1.00 117 
5.00 89 

v35 

3/35 

18/35 

Indeno -ne 0.16 116 
0.83 109 

4.15 92 

3/35 

811)5 

2 v u  

0.16 114 
0.83 96 

0/35 

3/31 I 

4. IS 98 12/27 

0.16 102 
0.83 88 

v35 

19/35 

B e n z o ~ i F l ~ t h ~  0.16 109 
0.83 114 
4. IS 106 

0b5 

v35 

4/34 

0.10 . 111 
030 77 

4/35 

21/35 

1.00 54 33/35 

- 100 0b5 

5 '  



Table 3.2 Rat implant carcinogenicity data for gasoline engine exhaust condensate 

Agent Dose Median ‘Number of animals 
(XJOO - fraction of total mg survival with epidermoid lung carcinomas 

/number of animals tested condensate (XI (t) 

Original condensate 5.00 105 3/35 

10.00 99 20/35 

PAC-free hction (873) 436 104 3/34 

8.73 108 .. 1/34 
- - 17.45 106 1/35 

PAC with 2 and 3 M p  (9.9) 050 110 

0.99 106 

1.98 111 

PAC with >3 rings (28) 0.14 

0.28 

0.56 

Controls 
Untreated 

Vehick 

0.03 

0.10 

030 

111 

88 

80 

111 

108 

94 

100 . 
108 

on5 

on5 

3/35 

3/35 

15/34 

24/35 

255 

5/35 

25/35 

OB5 . 

om. 



r Table 3 3  Rat lung implant carcinogenicity data for flue gas condensate Erom coal-fired residential 
hrrnaces 

Agent Dose Median *Number of animals with 
mg survival epidermoid lung carcinomas 
( X I  (0 /number of animals tested 

Flue gas condensate 

Original condensate 

PAC-bee (fraction I) 

PACs, 2 and 3 rings (fraction II) 

PAHs and S-PACs, 4-7 rings 
(fraction m) 

Polar P A 0  and higher P m  
(fraction IV) 

Insoluble carbon 

Reconstituted from all hctiom 
(without carbon) 

Controk 
Untreated 

Vehicle 

226 

4.52 

9.04 

1.00 

201 

4.02 

0.56 

1.12 

035 

0.69 

0.94 

4.28 

210 

0.05 

0.10 

0.20 

- 
- 

94 

89 

67 

15/35 

15/35 

24/35 

108 on5 
108 O M  

111 lln 

104 

106 

98 

96 

1/35 

OD5 

9/35 
14/35 

94 18/35 

112 

100 

100 

104 

95. 

105 

100 

OB5 

8/31 

3/35 
5/35 
15/35 

on5 
OD5 

7 



Table 3.4 Rat lung implant carcinogenicity data for diesel engine exhaust condensate 

Agent Dose Median *Number of animals 
mg survival with epidermoid lung carcinomas 
(x) (9 /number of animals tested 

Hydrophilic fraction 

Hydrophobic fraction 

non-aromatics and PAC 2 
and 3 ring 

PAH 4-7 rings 

Polar PAC 

Nitro-PAH 

Reconstituted hydrophobics 

Benzo[a]mne 

Control 

Untreated 
Vehicle 

6.70 

20.00 

19.22 

0.21 

0.29 

0.19 

19.91 

0.03 

0.10 

030 

- 
- 

9l 

99 

103 

102 

97 

106 

93 

97 

98 
69 

110 , 

103 

On5 

5/35 

OD5 

6/35 

On5 

1/35 

7/35 

3/35 
11/35 

.27/35 

On5 

OB5 



Table 3.5 Rat lung implant carcinogenicity data for cigarette sidestream smoke const tuents 

~ ~ ~ ~~~ ~ - ~ 

Agent Dow Median *Number of animals with 
mg survival epidermoid lung carcinomas 
(x) (t) /number of animals tested 

PAH-free material and PAH 2 and 16.00 102 1/35 
3 rings 

PAH 4 and more rings 1.06 105 5/35 
Semivolatiles (gaseous phase) 11.80 104 OB5 

Berm[ a] Pyrene 0.03 93 3/35 

0.10 98 11/35 

030 75 27/35 

Controls 

Untreated - lo2 On5 

Vehicle --- 105 OB5 

Source: Grimmer et aL (1988) 
*Osbome-Mendal female rats 
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Agent Dose Median *Number of animals 
mg survival with epidermoid lung carcinomas 
( X I  ( t )  /number of animals tested 

Benz[c] Acridine 

Dibenz[a,j] Acridine 

Dibenz[a,h] Acridine 

Acridine 

Bent[a]Acridine 

Benu, [a] F'yrene 

Controls 
Untreated 
Vehicle 

0.1 

0.3 

1 .o 

0.1 

0.3 
1 .o 

0.1 

0.3 
1 .o 

0.2 

1 .o 
5.0 

0.2 
1 .o 

,5.0 

0.1 

03 

1 .o 

- 
- 

114 

112 

116 

102 

111 

104 

113 

104 

99 

109 

106 

109 

106 

111 

109 

103 

73 

64 

110 

103 

0b5 

0/35 

0b5 

0n5 

0n5 

0b5 

0b5 

3/35 
9/35 

0b5 

0b5 
0b5 

0b5 

0b5 

. .OD5 

5/35 

24/35 

27/35 

0b5 

0n5 

Source: Deutsch-Wenzel et al(1983b) 
.Osborne-Mendal b a l e  rats 

10 
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3.1.2 Skin Painting 

Considerable additional work on complex mixture of PAH exposure has also been carried 
out by the same group of German investigators using the mouse skin bioassay system (Habs et al. 

1980 and Grimmer et al. 1982, 1983, 1984c, 1985). The information from these experiments may 
be used in the future to develop estimates of the relative potencies of complex mixture fractions, 

which would then be compared to the estimates based on lung implant data. Because of resource 

constraints such an analysis has not been performed. However, skin painting data for pure PAHs, 

found in Habs et al. (1980) and displayed in Table 3.7 is used here to estimate relative potencies 

of several PAHs, and these estimates are compared to results based on lung implant data. 

In the Habs et al. (1980) study, the carcinogenicity of a number of pure PAHs was 
investigated using 10 week old female NMRI mice. Solutions of the PAHs in acetone were 

applied topically to clipped skin twice a week, except that pxonene was applied four times a 

week in order to induce an adequate tumor response. Animals were followed until their deaths or 
until an advanced stage of clearly infiltrative tumor growth could be detected macroscopically, at 

which point they were killed and autopsied. Note that statistics were given on "local tumors". It is 
difficult to determine from the description what types of tumors are included. For p u v  of thir 
analysis, all tumors are assumed to be carcinomas; however, the authors also report that other 

types of tumors were induced by certain compounds, eg., lymphosarcoma and papilloma in 
response to treatment with coronene. 

3.2 Historical Controls 

No tumors were reported in any of the control groups. Therefore, historical control data 
was used to obtain a non-zero estimate of the background lung cancer rate. 'Ibis was done in 
order to obtain a biological meaningful model, and to avoid potential computational problems 

Historical control data for Osborne-Mendal rats, compiled by Goodman et aL (1980), are 
displayed in Tabk 3.8. We note that the rates are not statistically different between male and 
female rak for any type of lung tumor. Therefore, we pool the information for males and females, 
for epidermoid carcinomas (Le, t&c specific tumor type elicited in the bioassays) for potential use 

in our s u b q u e n t  a d y s e s  

- . .  
I , ,  

11 
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Table 3.7 Mouse skin painting carcinogenicity data for pure PAHS . -  

~~ -~ ~ -~ __ 
I 

0 

Agent Dose Number of animals with 
pganimal dosesheek 

tumors/number of animals tested 

Solvent (acetone) 

DMSO 

Benzo (a] Pyrene 

Berm [b] Fluoran thene 

-- 

--- 

1.7 

2 8  

4.6 

3.4 

5.6 

9.2 

3.4 

5.6 

9.2 

3.4 

5.6 

9.2 

3.4 

5.6 

9 2  

1.7 

48 

272 

5.0 

15.0 

- 

-- 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

4 

4 

On5 

1)/36 

8/34 

24/35 

22/36 

2/38 

5/34 

20/37 

1/38 

1/35 

2/38 

1/39 

0/38 

0/38 

1/36 

on5 

OB7 

0/34 

OB5 

3/38 

1/39 

2/40 

12 
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Table 3.8 Historical lung tumor control data €or Osborne-Mendal rats 

Female. Combined Lung tumors Male 

Epidermoid carcinomas 1m5 om0 111945 

Alveolar/bronchiolar adenoma 4m5 2/970 611 945 

Alveolar/bronchiolar carcinoma 3m5 3mO 611 945 

Source: Goodman et al. (1980) 

13 



3.3 Chemical Composition of Selected-PAHs-inXmissmission Samples -- __- - ___ 

the German group is that extensive chemical analysis bas been conducted on the emission samples 

placed in the implants. This allows evaluation of procedures for estimating the potency of a 

sample from the amount and relative potencies of some of its constituents. For each of the four 
complex mixtures the amounts of eleven PAHs are displayed in Table 3.9. Eight of these PAHs 
have lung implant bioassay data available for them. In addition, the amounts of the other three 

PAHs anthracene, fluotanthene, and pyrene are also given. These three PAHs have been heavily 

tested in bioassay systems, and all are classified by the International Agency for the Research of 
Cancer (IARC) as ‘adequately tested with no evidence of carcinogenicity” (IARC 1983). 

Measurements wen not obiained for some of the eleven PAHs in some of the studies, which is 
indicated by a -- in Table 3.9. 

An important advantage that is gained by using the lung implant information obtained by 

4. Mathematical Dose-Response Model Development 

reviewed and a new general dose-response model is developed. The new model has been made 
flexiile enough to accommodate a wide variety of different types of data, including suIvival 

In this section the previous model used for obtaining relative potency estimates is 

. 

information, tumor responses to simultaneous exposure to multiple agents, and simultaneous use 
of information horn different types of bioassay system. The new model can also account for 
tumors generated by an exprimentally-induced irritation effect (Le., an increment in tumor 

response associated with the experimental procedure and independent of the PAH dose), and 
saturation of the mechanisms which converts PAHs to their mutagenic metabolites. 

For easz of expression, all of the modeb will be represented in.this report by their 
cumulative hazard function H(st), where x is the exposure level and t is the age of observation. 
The relationship between probability of response (e.&, detection of cancer) and cumulative hazard 
is 

P(rst) = IcxpH(qt). 

The unknown parameters m all the proposed modeis are*estimated by the method of 
maximum likelihood It is assumed that the number of animals with carcinoma at a given exposure 
level is a binomial random variable independent of the number of animals responding at other 

exposure levels. It 6dlows that the likelihood of any set of data is the product of the likelihoods 

14 
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corresponding - _ _ ~  to different exposurelevels.-Tbe-general approach-discwsed b~-Gart et-a1-(-1986- __ - -- ~ 

pg. 125, W o n  iii) is used to obtain maximum likelihood estimates for the unknown parameters 

in the models. The estimation procedures were implemented using the GMF computer program 

developed for EPA 

4.1 Previousty Employed Model 

In the previous "Interim Final Report" for EPA contract 684324403, the rationale €or a 

simple two-stage model was developed and the model was used to estimate relative potencies of 
selected PAHs compared to B[a]P, based on the assumptions that 

0 tumor-independent survival is not exposuredependent, 

0 the critical Carcinogenic PAH metabolites @e& the cell transition rates but not 
the preneoplastic clone growth rate, 

0 the concentration of PAH reactive metabolites in target tissues is proportional to 
the exposure dose, 

the relative change in the transition rate per unit of exposure (Le., the haemental 
change per unit exposure, divided by the background rate) is equal for the two . 
transitions, 

0 the reactive metabolites of different PAHs cause the same mutations, via the same 
general mechanism of action (e.g., point mutation), and 

0 the combined carcinogenic effect of multiple PAHs is dose additive. 

Under these assumptions the cumulative hazard rate at the end of typical Mespan, given 
constant exposure to the jth agent at level 7, has the simple form 

In this model M L approximately the background cancer rate, 5 is the relative cell transition rate 
for the jth PAH, d rn is the number of PAHs under consideratbn. To define R, precisely, let 
T(7) be the transition rate at an exposure to the jth type of PAH, of magnitude 7; then 

T(xj1 -T(  0 )  
Rj x, *T( 0 ) 

16 



6 8 1 1  
The relative potency of the jth PAH compared to B[a)P is here defined as 

where R, is the relative transition rate per unit of exposure to B[a]P. In the previous use of the 

model the parameters Rj were estimated independently using just control data and the jth PAH 
exposure group. The procedure employed to estimate the potencies was not statistically optimaL 

These non-optimal estimates were then used to obtain relative potency estimates by dividing the 

estimated relative transition rate for an agent by the estimated relative transition rate for B[aJP. 

4.2 Model Extensions 
In this report, several of the basic assumptions of the previous model are generalized and 

the model is extended in several other important ways. The model that results can accommodate a 

wider range of experimental data than the previous model, and allows more precise parameter 

estimation by using data from multiple agents and bioassay systems simultaneously. The new 
model allows for differences in survival time between the expowre groups by employing the age- 

dependent form of the two-stage modeL In addition we relax the assumption of equal relative I 

rates for the two assumed transitions. 

* 

* 

-4- 

Under these modified assumptions the cumulative hazard €or exposure to B[a]P at level~x 
*I 

for duration t has the form 

where the parameters are defined bel&. 

A 

G 

is the product of background transition rates 

is the growth rate of the preneoplastic clone 

is the relative transition rate from stem to 

is the relative transition rate from preneoplastic 
to neoplastic cell 

preneoplastic cell 
so 
Sl 

43 Adjustments for Saturation of PAH Metabolism 

In cancer bioassay experiments it is often observed that the tumor response rate flattens 

- 
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.. 
or even decreases at the highest exposure levels._'lhis_phenomena_haJ_been-attnbuth 
factors as: 

- -__- 

1. exposuredependent non-tumor mortality 

2. toxic effects on pre- and neoplastic cells 

3. saturation of absorbed dose 

4. saturation of mechanism that converts an agent to its reactive metabolite 

5. natural consequence of a birth-anddeath model of growth of a preneoplastic clone 
(see Moolgavkar et al. 1990) 

6. population heterogeneity, where most of the individuals in a subpopulation are 
very sensitive and have responded at the higher dose levels 

If any of these effects occur, then neither the two-stage model used here nor the multistage 

model Will adequately describe the dose-response relationship without modi6cation. 

For the PAHs the alteration in the anticipated shape of the doscrespo~ curve at higher 

doses is most likely due to some type of saturation of the metabolic processeo that create the 

active carcinogen. If more information were available about the exBct nature of the saturation 
effeq then the true functional relationship bet wee^ the concentration of delivered active 

metabolite and the administered dose could be used d i r e d y  in the dosGresponse modeL In the 
absence of such information the simplest type of saturation mechanism will be assumed. 

that the agent is metabolized by a saturable mechanism with rate desaibed by the Michaelis- 
Following Rai and Van Rydn (1983; see Gart et aL 1986) wc make the simple assumption , 

Menton equation 

where dD/dt is the rate of production of metabolite (D) from parent (x), Vmrn is the maximum 
rate of pductaon  of metabolite, and is the value of x at which the rate is V& The true 

"effective dose. is regarded as the steady-state concentration of the metabolite D in target tissues, 

here denoted Do, which can be derived in closed form with certain additional simplifying 

assumptiom More &tic (hence more complicated) pharmacokinetic assumptions may require 
a d d i t i d  model development, extensive data on values of pharm8wkhtk parameters (including 

possibly direct experimental measurements), and solution of M e r e m a  equations by n u m d  

18 



procedures. 
We assume that the rate ofT(xJ of the transitions induced by an administered dose 3 €or 

the ith PAH is linear in the effective dose, Le., 

where a is the background transition rate, pi is the increase in transition rate per unit increase in 
effective dose, and Bi and 4 are functions of V,, and & as descn'bed by Gart et al. (1986), with 

subscript i indicating possible dependence on the agent of interest As 3 is made very small, this 

expression becomes approximately 

from which it is clear that the product giBi is appropriately described as the lowdose potency of 
the admintnered dose of the agent (Le., the increase in transition per unit increase in administered 
dose. A final, related definition, is the relative potency of the ith PAH compared to the first PAH 
(here B[a]P) 

'- 

t. 

". 

. d  

4.4 Exposure to Multiple Agents 

Under the assumption of dose additivity the total number of B[a]P equivaleat exposure <* 

units, when exposure is to m agents, has the generalized form 

where the subsaipt j refers to the jth agent. 'The cumulative hazard for such a joint exposure has 
the obvious form 

A 
G 

H(y, t )  -- (l+S,,y) Cl+S,y) [exg(Gt )  -Gt-11 

with y dew as above. 

B 
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4.5 Imtation Effects - __ -- ~~ -~ 

There is evidence for some of the complex combustion product emissions, of what may be 
termed an irritation effect in the induction of epidermoid carcinomas. Such an effect is 
hypothesized to be caused by the interaction of such factors as 

0 mechanical injury associated with the surgical procedure, 

0 immune response to the implant, and 

0 the imtation of leaching materials from the implant 

Assuming that this effect occurs independently of other Carciaogenic effects and induces both 

stage transition rates (Le., the simplest method of incorporating an irritation effect), the 
cumulative hazard function has the form 

where + denotes the magnitude of the irritation effect, which is to be estimated h m  the data. 

In the following sections specific forms of this general model that depend upon the type 

and extent of data available will be employed in a Variety of amlyses 

5. Selection of Positive and Negativc Control Data 
To increase the precision of relative pow estimates for pure PAHs and fractions of 

hydrocarbon combustion products, we want to use as much negative and positive (Le., B[a]P) 

control data as is possible. To justify combining control data between studies it is necessary to 

establish that cancer response rates are not statistically Werent between studies. The positive and 
negative control data h m  the six lung implant studies is taken from Tables 3.1-3.6 and combined 

. to form Table 5.1. 

The skeJcperiment negative control data is clearly Consistent between studies since no 
tumors were observed in the total 419 control animals. The 01419 for the combined negative 
controls is a b  consistent with the historical control rate of l/l945. Therefore, it appears that all 

of the negative control data (ie, sixexperiment and histdrid) can be used in all sukquent  

analyses 
Since SUM times and exposure levels M e r  between experiments for the BjajP positive 

controls, it is not possible to compare the rates diredy. Sacral other potential problems also 
exist in the analysis of the consistency of the response data. Fm survival tima for the coal flue 

20 



6 8 7 1  Tabk 5.1 Negauve amuob aod p t i v e  B(a]P colltrd data for lung unprslni czpcnmeou 

BLaIP , 0.10 111 43s 

030 n 2 ID5 

1 .a 54 33/35 

ma Gssoline convob 

Exhaw vehide 10s O n S  

0.10 10% 5 6 5  

a030 w 253s 
I .  

ma coel Flue Gas coptrd, 

vehide - 100 on5 omdeasatc 

0.10 I(# 5I35 : 

om. 95 15135 

0135 

Matched - 1 IO o m  
BPIP 0.03 97 3/35 

0.10 98 1 Ins 
030 69 27n5 

Vehide 102 0135 

105 0135 

93 3/35 

98 1u35 

030 75 27/35 

0135 

0135 

%aP 0.10 103 SI35 

030 73 2 / 3 5  

1.m 64 nn5 
- .  
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gas and nitro-PAH studies are expressed as mean su~_while_€or_the_other-four-studi the -- - - 

median s u n i d  time is given, Second, either a v i = ~  & event has occumd (Le., the exact cancer 

response rates e r e  obtained €or two studies) or the B[a]P positive controls used in the cigarette 
sidestream smoke study (Grimmer et aL 1988) were actually taken from the diesel engine exhaust 

study (Grimmer et al. 1987b). Thus, whether to include the tumor rates for these two studies once 
or twice in the analysis is not clear. 

A method for testing the consistency of the response is to Fit a single dose-response model 

to the entire data set. The model chosen has the €oUowing simple form €or the cumulative hazard 

H(x,t) = A(1 +S+)(l +SIX)+ 

which results from our general model with the simplifying assumptions: 

1. The product of the background transition A is the same across all six lung implant 
experiments. 

2 'Ihe postulated preneoplastic clone of the epidermoid carcinoma appears to be 
virtually dormant after its initial early appearance. Therefore, we assume that 

[e- ( G t )  -Gt-11 .. 2 
2 

G-0 80 that 
G' 

3. 

4. 

No initation effect is present €or B[a]P (Le., +io). 
Metabolic saturation is not present for B[a]P (it., k - 0) 

It was found that 
0 the model did not adequately desarbe the entire sixexperiment data set, 

0 Permitting positive estimates for and/or It did not makrially improve the fit, 

'Ihettfore, it wes decided to use the thtecexpiment JNCX controls for any experiment an- 
within this p u p  and matched B[a]P controls for the other thne arperimentS. 

22 



. '  

6 8 1 7  
Also it was found that convergence of the numerical estimation algorithm was achieved 

much more easily if it was assumed that So=S,=S Erom the start, an assumption which has some 
biological basis. To check the effect of some of these decisions on the relative potency estimates 
obtained €or a complex mixture, the sensitivity experiment described in the next section was 

conducted 

* 

6. Evaluation of the Sensitivity of Relative Potency Estimates to Selection of Control Data 
and to the Assumption of Equal Cell Transition Rates 

Due to its monotonic dose-response and typical results, the gasoline engine exhaust lung 
implant study (Grimmer et aL 1984a) was chosen to conduct a sensitivity analysis. To investigate 

the effects of alternative definitions of tumors among control animals and alternative transition 

rate assumptions, the following analysis was performed on the data displayed in Table 6.1 

(selected from Tables 3.1-3.3, 3.7). 

the PAC > 3 ring portion of the condensate, were calculated under all eight possible 

combinations of the following alternatives conditions: 

The relative potencies of the entire gasoline engine exhaust condensate (Le., original) and 

:: 

b positive controls: 

(1) matched controls from the B[a]P gasoline engine experiment, or 

(2) B(a]P controls from three experiments: gasoline engine exhaust, coal fired 
flue gas from residential furnaces, and pure PAH experiments 

b historical controls: 

(1) 

(2) 

lung epidermoid carcinomas in male and female Osborne-Menu rats, or 

lung carcinomas in female Osborne-M& rats 

b cdl transition rate assumption: 

(1) 

(2) 

relative transition rates assumed equal (Le., %=SI), or 

relative transition rates not constrained tie., not n- eq~al to sl) 

The modd used was the same as for B[a]P under the assumption that k=O and +=O for 

all agents. Both tk original condensate and the PAC with > 3 ring M o n  were treated lk 
B(a)P for purpascs of this analysis. In a more complete analysis of gasoline engine exhaust 
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Table 6.1 Data used io evaluate the stability of relative potency estimates king &rent assumption and conuol QU 
.-. t% 1 

- ^  Dose Median R animnk on test observed # 
epidermoid 
~~~~~~ 

(mg) Survival (OsbornGMendal 

; h % Y  
Agent 

~ ~~ 

~ - -~ femak r a t s -  
0 i 

Historical Controls 0.00 

Gasoline Engine Exhaust 
Condensate Study 

Original condensate 5.00 

10.00 

PACwith >3 rings 0.14 

0.2% 

0.56 

Untreated controls 0.00 

Vehicle controls 0.00 

Coal-Erred Residential Furnaoe 
Flue Gas Condensate Study 

Untreated controls 

Vehicle controls 

Pure P A M  

0.10 

030 

1.00 

0.00 

0.00 

0.03 

a 10 
030 

0.00 

0.00 

0.05 

0.10 

0.20 

104 

10s 

99 

111 

88 

80 

104 

118 

111 

n 
54 

108. 

100 

111 

108 

94 

100 

100 

100 

1W 

95 

1945' 1 

35 3'  

35 20 

3s . 3 .  

34 15 

35 .'24 

35 0 

35 . O  

35 4 

3s 21 

3s 33 

34 

35 

35 2 

35 5 

35 25 

35 0 

35 0 

5 . 35 3 

35 5 

35 15 

*males and femaks combined 
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fractions in a following section, use will be made of the entire data obtained in the Grim 

(1984a) study. 

The relative potency estimates and some of their 95% upper and lower CODfidence bounds 
under the eight alternatives are displayed in Table 6.2. W e  note that none of the alternative 
assumptions have a very pronounced effect on the relative potency estimates. For the entire 
condensate samples, the ratio for the highest to lowest estimate qmong the eight conditioos is 
only 1.053, while it is an even smaller ratio, 1.049, for the PAC > 3 ring portion samples. The 

biological variability, although small as measured by the confidence intervals, appears to 
contribute much more sigmkantly to total uncertainty regarding the relative potency estimates 

than the alternative assumptions. Thus, our previous use of the 3-experiment positive B[a]P 

controls, historical controls for both sexes combined, and assumption of equal relative transition 

rates appear reasonable a d  will be qnhued in subsequent ady8es. 

7. Relative Potency Estimates for Single PAHs and Nitro-PAHs 

In this SectiOn a dose-response model for PAHs and nitro-PAHs is developed that uses all 

of the data in an experiment in the estimation of relative potencia Confidence bounds are 
obtained for the estimates and comparisons made with previous estimates 

7.1 Model for Pure PAHs 

It is obvious that the most general model for the accumulated pure PAH data in the lung ' 
implant system, shown in Table 7.1 (obtained from information found m Tables 3.1-33, and 3.7), 
would contain a large number of unknown parameters This is illustrated in Display 1 where we 
note that 31 parameters would have to be estimated usixig only 36 data points, in order to use the 

full model 

NPiaY 1 

Gcocral model: Total possible parameters for data reported in Tabk 7.1 

A 

G 

separate for each q r i m e n t  

separate for each experiment 

for each of eight agents 2 ~ 8 = 1 6 v a l U e s  

7values 

zvalIlc!S 

31 Parameters 

454 
Qj 

%sr 
for sewen agents Q1 = 1 for B[a)P 

constant across all agents and experiments 

36 Separate Expenmental Groups 
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-. 6 8 7 1  
Table 7.1 Data &.to evaluate the stability of relative potency estimates for pure PAHs 

Agent Dose :Median # animals on test Observed # 
(mg) survival (Osborne-Mendal epidermoid 

female rats) carcinomas 

Historical Controls 0.00 104 1945. 1 

Gasoline Engine Exhaust 
Condensate Study 

Untreated controls 0.00 104 35 0 

Vehicle controls . 0.00 118 35 0 

0.10 

0.30 

1.00 

111 

77 

54 

35 

35 

35 

4 

21 

33 
Y 

Coal-Fud Residential Furnace 
Flue Gas Condensate Study 

Untreated controls 0.00 108 34 0 

Vehicle controls 0.00 100 35 

0.03 

0.10 

030 

111 

108 

5M 

35 

35 

35 

2 

5 

25 

Pure PAHs 

Untreated amtrob 0.00 100 ‘35 0 

Vehicle m b  0.00 100 35 0 

0.05 

0.10 

0.20 

35 

35 
35 

100 

104 

95 

3 

. 5  

15 
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Agent Dose Medim # animals on test Observed # 
(mg) survival (Osborne-Mendal epidermoid 

female rats) carcinomas 

Benzo[b]F!uotan thene 

Benzo(e1 Pyrene 

Benzo[j]Ruoranthene 

Benzo B]lnuoranthene 

Indeno Pyreme 

Anthanthrene 

0.10 

030 

1 .OO 

0.20 

1.00 

5.00 

0.20 

1.00 

5.00 

0.16 

0.83 

4.15 

0.16 

0.83 

4.15 

0.16 

0.83 

0.16 

0.83 

4.15 

110 

113 

112 

117 

111 

104 

110 

117 

89 

114 

95 
98 

116 

109 

92 

102 

88 

109 
114 

106 

35 

35 

35 

35 

30 

35 

35 

35 

35 

35 

31 

27 

35 

35 

35 

35 

35 

35 . 

35 

34 

0 

1 

9 

0 

0 

1 

1 

3 

18 

0 

3 

12 

3 

8 

21 

1 

19 

0 
1 

4 

*males and females combined 
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It is well known that such over-parameterized modek tend to be difEicult to fit and to result in 
relatively imprecise predictions. A more prudent approach is to start with a simpler model and 

only add additional parameters if they significantly improve the model fit. The following 
simplifymg assumptions provide a reasonable starting point €or a manageable model: 

Tbe product of the background transition A is the same across all 
three lung implant experiments reported in the JNCI. 

1. 

2. The postulated clone of epidermoid carcinoma precursor cells 
appears to be virtually dormant after its initial early appearance. 
Therefore, we assume that 

[exp(Gt)-Gt-ll t' 
G' 2 G-0 SO that 

3. The relative transition rates between stages are equal, Le., 
sQ=s,=s. 

4. No irritation effect is present for the pure PAHs, ic, +=O for all 
agents. 

5. Metabolic saturation is not present for any of the pure PAHs, ic, 
k-0 for all agents. 

Exposure to different PAHs is dose9dditiVe. 6. 

The cumulative hazard function under this set of simplifying assumptions has the form 

is the B[a]P eplJiFlalent exposure €or up to m agents. 

potency estincsOer (Le., Q{s) arc displayed in Table 72 ("case 13. We note that the x2 goodness- 

of-fit test resub is a pvalue of 0.0034, which suggests that the model does not adequately . 

d-i  the ot&d tumor data. However, a closer inspection of the discrepancies between 
o b s e d  ami thc predicted values suggest that the significance of the x2 test is largely due to the 

sin& agent a pyrene (IND). This is verified by removing the IND information from the 

This rmrW ir fitted to the entire data in Table 7.1 and the resulting lowdose relative 
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data set and refitting the model. The results are shown as Case 2 in Table 7.2 We note that the 

relative potency estimate for the remaining agents are little affected by removal of the data for 
IND, but the goodaess-of-fit is excellent with a p-value of 0.7%. 

. 

Alternatively, we could obtain a relative potency estimate for IND at each of the three 

different exposure levels. This results in the values shown as Case 3 in Table 7.2. Tbe estimates of 

the relative potency for the agents other than IND are essentially the same as for Case 2, as is 
the result of the x2 test, since using three parameters to estimate the effect for IND at three 

levels results in an exact fit of the IND data. We note that the dose-spedic relative potency 

estimates for IND decline as exposure increases, which suggests that saturation of IND 
metabolism is occumng at higher doses. To account for this possibility it is assumed that k>O for 
IND and the model is refitted and the results shown as Case 4. We propose that the parameter 

estimates for Case 4 should be regarded as the "best" est+t& which can be derived solely from 
the data in Table 7.1. Again, the estimates for agents other than IND shown in Case 4 in Table 

7.2 are little changed from the estimates of Case 1 in Table 7.2 However, the value for IND is 
increased by a factor of approximately 3.6 because of the greater relative potency of IND at the 

lower exposure levels, where reaction be t i c s  are essentially lstader.  Predicted and observed 

tumor rates are compared in Table 73 for the four cases, where Case 2 is the same as Case 3, 

except that the data for IND is removed, 

- 

Upper and lower 95% confidence bounds for the potency of each agents are calculated 
(Table 7.4) by taking the largest and smallest potency value of the individual agent that results in 
a log-liketihood, over parameters other than the potency of interested that is precisely . .  
1.35 (Le., xZlp.&) smaller than the log-likelihood m a x i m i d  over all parameten. These results z 

indicate that except for B[e]P and IND the estimates are very precise. Even for these two agents 
the upper bounds are oniy about twice the maximum likelihood estimates. However, the lower 
bound for B[e]P is very low because the increase in the tumor rates in the B[e]PeJrposed group 
compared to the rata among controls is very small. 

relatively-aude appnxch used in the previously report, which relied to some m t  upon the 

intuition of tbe primary imnestigator. Such a comparison is shown in Table 75. We note the 
excellent agreement between the old and new methods, which is almost ernban-&@ close 

&nsidering the orders of magnitude greater computational effort required to obtain the new 
estimates. In addition, the relative potency estimates and their confidence bounds derived Erom 

It is o f  #ar# interest to compare the potency obtained by this analysis with results of the 
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Table 7.4 Relative potency estimates obtained from the combined analysis of th~l-mg-implant 
st u d i e s s d - € G & ~ ~ o l s  

Compound 95% lower bound Maximum likelihood 95% upper bound 
estimate 

Benu>[b]Fluoranthene (B(b]F) 0.0886 0.1228 0.16 16 

Benzo[e]Pyrene (B[e]P) 0.001 1 0.0070 0.0151 

0.0641 Benzo[j]Fluoranthene (B(j]F') 0.0420 0.0523 

Bento@c]Fluoranthene (B[k]F) 0.0409 0.0532 0.0672 

Anthanthrene (ANT) 0.2521 03160 0.3887 

Indene( 1,2,3Cd)Fyrene (IND) 0.1609 0278Q 0.5132 

Benzo[ghi]Perylene (B[ghilP) 0.0128 0.0212 0.03 10 

J 

I 
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Table 7.5 Comparison of PAH relative potency estimates obtained in different studies 6 8 7 7 

Agent study. 95% lok.er M&Ul 95% upper 
b O U a d  likelihood bound 

estimate 

BPIF DW-83 0.04 0.11 0.74 

R 0.089 0.123 0.162 
CEOH 

P-EPA 

0.036 

0.140 

B[eIP DW-83 
R 

P-EPA 

O.Oo0 

0.001 

0.003 

0.007 

0.004 

0.020 

0.015 

BUlF DW-83 
R 

CEOH 
P-EPA 

0.005 

0.042 

0.03 0.24 

0.052 0.064 

0.076 

0.053 

DW-83 
R 

P-EPA 

0.005 

0.041 

0.03 

0.053 

0.066 

0.24 

0.067 

IND DW-83 0.01 

0.161 

0.08 057 

R 
CEOH 

0278 

0.006 

0.513 

P-EPA 0.232 

ANT DW-83 0.02 0.19 1.32 

R 0252 0316 0.389 

P-EPA 0.320 

BrPhilP DWS3 0.00 0.01 0.06 

R 0.013 om1 0.031 

P-EPA 0.022 

ODW-83 - Deutsch-Wenzel(1983a); R - Present rcpors CEOH - Rugen et aL (1989); P-EPA - 
Previous EPA report contract by 68-02-4403. 
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the probit model by Deutsch-Wenzel et al. (1983a) and a linear model used by Rugen ~ et aL 
(1989) which employed old mouse skin painting experiments conducted by Wynder and Hoffman 
(1959, 1961) are also given for comparison. We note that for the Deutsch-Weazel et al. (1983a) 

approach the maximum likelihood estimates are similar but the confidence bounds are much 

smaller for the new estimates, which use all the PAH data simultaneously, and make use of 
additional positive B[a]P controls. The Rugen et aL (1989) estimate are based upon both 

questionable data selection and analytical approach and tend to be considerably lower, except for 
BUlF. 

--__ - - 

7.2 Model and Relative Potency Estimates for Nitro-PAH 

Parameters estimated using the data for nitro-PAHs (Table 3.6) are displayed in Table 7.6, 

along with results of a chi-square test and the maximized @&of the loglikelihood. These 
estimates are based on the model derived in Section 7.1 for pure PAHs, with saturation constants 
(9) and irritation effects (q) assumed to equal zero for each nitro-PAH tested. In addition to the 
data displayed in Table 3.6, the historical control group was incorporated into the analysis. For 

the data from the nitro-PAH experiment, positive responses were obtained only usiss 
diknz[a,j]aaidine (DBaJAC). For this PAH a positive dose-response relationship is obserred in 
the experimental data. Consequently, the estimated relative potency is positive for DBa,jAC and 

zero for all other nitro-PAHs. 

The model fits the total data set very poorly (p = O.ooOl), but fits very well when the 
high-dose B[a]P control group (receiving 1 mg) is r e m d  h m  the analysis (p = 1). This is 
consistent with the observation that, with all data included in the adysis, the three B[a]P groups 
contriiute a value of 46.1 to the total chi-square of 48.4. Parameters estimated with and without 

the high-B(a]P group included are displayed in TabIe 7.6. The effect of removing the high-B[a]P 
group on the values of the estimates is to approximately doubk the estimate of S (the potency of 
B[a]P) and apptoldmatcly halve the relative potenq estimate for DBa,jAC. 

We are mt c o m t  of the explanation for the'poor fit of the model associated with the 

results for the B(ap group. Possibly the approach used hge for incorporating sucvival effects, Le. 

assuming that the age of death of each animal in a group i equal to the mean age of death for 
the group, is simply too crude when average animal survival time is markdly reduced by 
exposure. Fitting a saturation constant k for B[aJP (see Section 7.1) rcsuitS in a model that fits 
adequately (p = OB), but not nearly as well as the model with the high-B(a]P group removed: 
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Table 7.6 Parameter estimatks*and model fit evaluation for nitro-PAHs with and without 1 mg 
B[a]P group included - 

6 8 7 7  
Estimates of model DarameterS A S. and k 

Using all data Excluding using ali data 
1 mg W I P  Pup kzO for B[a)P 

A 5.77 x 104 3.61 x 10s 3.61 x los 

S 108.6 239.3 328.8 

k 0 (fied) 0 (fixed) 2088 
Relative Potency Estimates 

(Upper b o u w  
BcAC 0 0 0 

(0.031293) 

DBaj AC 

DBa.hAC 

AC 

BaAC 

0 0 0 
(0.034952) 

0.23 1339 0.134471 0.097787 

0 0 0 

(0.179227) 

5 
( O . ~ W s )  

0 0 0 
fO.007217) + 

~~ 

Model Fit Summarv 

x2 4836 3 s  
~ 

9270 

Degrees of Freedom 18 17 17 

p-ValUe O.OOOl33 0.W65 0.931417 '* 

Log-likelibood - 1 1 1.45 -9438. -9737 

*III order for this value to be comparable with the log-likelihoods for the other rnodel~, a d u e  of 
-18.81 has been added This is the maximum iog-liktlihood attainable for the group removed, 
given the response rate in that group of 27/35 animals. 
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the maximi& log-likelihood with the high-B[a)P group remwed and-k zO,_is.subsutially-lwga 
than the value with the high-B[a]P group included and k i 0, after correcting €or the effect of 
using a smaller data set. For the model with saturable B[a]P metabolism, the estimated relative 
potency of DBaJAC was 0.098 which is similar to the estimate with non-saturable metabolism and 

the high-B[a]P group removed (0.13). 

Based on the these results, we consider the best estimate of the relative potency of 

- - ~ ________- - - -  

DBa,jAC to be 0.1345, which is the result based on the model with k = 0, with the high-B[a]P 

group removed. For the other nitro-PAHs considered here, we consider the best estimates of 

relative potencies to be zero, which is the maximum-likelihood estimate €or each of these agents, 

based on the data considered here. Corresponding to the preferred set of relative potency 

estimates, 95% upper bounds have been computed and are displayed in Table 7.6. It will often 
happen, for an agent with a very small positive relative potency, that the estimated relative 

potency will be zero. For risk assessment contests involving complex mixtures of agents, we 

believe thab considering the magnitudes of various uncertainties, treating the leastcarcinogenic 

agents as nonarcinogenic is ordinarily a sufliciently precise appsoach. lhis conclusion is based 

partly on our favorable experience in predicting the carcinogenic potency of a complex mixture 

from the potencies of its components, as described in Section 9. 

8. The Use of Merent Types of Experiments to Make Joint Relative Potency Estimates 
Sections 5-7 demonstrate our approach toward the derivation of comparative potency 

estimates from a single experimental system, the induction of tumors by implantation of 
carcinogenesic material in the rat lung. In this section, we demonstrate how a similar approach 
may be used to efficientty integrate infomation fimn two different experimental systems (ie., the 

rat lung implant system and a skin painting system in mice) to obtain combined relative potency 

estimates 

To use data h m  M't sex-species-strain Combinations simultaneously to obtain 

relative potency e t c s ,  we assume that the paramaem A and G in our general model depend 
upon the tumor typeand the spec& bioassay animal used (ie., background tumor rates Mer  
among 
regarded as constant (Le., across =-species, strains, and routes o f  exposure). Howewer, if the 
metabolic pathway is different h an organ (cg., mammary tumors), this information should be 
taken into consideration. The parameters k j  (saturation) and 4 (itation), may in some cases be 

speck, and straias). The dative potency parauteten Qi! j=l&,m, should be 



independent of sex and strain or even species but would a m  be specitic to organ and exposure 

route. 

To illustrate the use of two different experiments employed jointly to estimate relative 
potency, we will combine the information found in the Deutsch-Wenzel et a1 (1983a) and Habs 
et ai. (1980) studies. There are a number of problems associated with using the Hats et al. (1980) 

data to estimate relative potencies. The more serious are: 

cases, this may not be true, 
b the type of tumors were assumed to be carcinomas of uniform origin; in some 

b average sunrival was not given even though dosedependent survival is apparent, 

a experimental conditions €or coronene (COR) were different than those for the 
positive control B(a]P, 

0 the limited tumor responses observed with exposures to Bw]F and IND were not 
exposuredependent and, along with the Bu]F and COR response, suggest a non- 
exposuredependent irritation factor, 

.. : *- b the highest dose of B(a]P resulted in a depression of the tumor response, and 

a no tumors were observed in the controls. 
In spite of these potentially serious limitations, a rigorous a M i s  was performed on the data 
after the following adjustments were made: 

b COR was omitted from the analysis since its protocol was inconsistent with the 
positive control B[a)P, c 

A 

b B[k]F and IND were omitted from the analysis due to absence of a positive dose- 
response (Le., IND is assumed to h e  zero potency in mouse skin systems), 

the high dose of B[a]P was not used because of differential sumhi, 

b the survival rates of the rest of the exposure groups were assumed to be equal, and 

the acetone and DMSO vehicle control groups were combined and the zero 
obsaved tesponse rates in the controls were replaced with an ad-hoc assumption 
o f 0 2 5  tumor in this combined group, to insure a linear texm €or the dqse- 
response function. It can be shown that the d t s  are relatively insensitive to the 
vahrc assum& with virtualty identical results obtained if as an alternative 0.125 or 
05 is the assumed number of tumors in the control group. 

The same dase-response model was used as in pmious analyses but with the simplifyiDg 
assumptiom that $ - 0 and +j = 0 €or ail compounds in.each test system This results in a 
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where pj  and 9 are the relative potency compared to B[a)P and exposure level for the jth PAH, 
respectively (ie., pj=Qj sink kj=O). 

A slightly condensed form of the basic model was used for the Habs et aL (1980) data set, 
for which sutvival data was not available. For the Habs data it k assumed that tumor independent 

mortality is not exposuredependent. Under this assumption the cumulative hazard can be 

approximated with the collapsed form 

where 

k a composite parameter that is approximately equal to the background tumor rate at the end of 
the average duration denoted as to. The submipt s denotes that the parameters are for the 
female NMRI mouse skin. As before, the cumulative hazard for lung carciaomas in female 
Osborne-Mendal rats is exptessed as 

where the subsaipt indiclrt# that the parameter refers to lung tissue. A common feature of the 

two modeks ir tBe dative pow parameters pl, p2-.,par which arc ass- to be constant 

across test sptaar In the present anaiysisonly one PAH is given in each exposure group so that 

for the jth PAB the total B[a)p cquimknt exposure b simpiyy = p f i  The IND data was omitted 

from this analysk so that &simpler model form could be use!d. It can be shown that the 
inclusion of IND exposures does not alter any of the parameter estimates if the appropriate 

adjustments are made to account for metabolic saturation. 
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The two simpie models were fitted simultan~usly to the combined data sets shown in 

Table 8.1. The potencies for the two agents evaluated in both experiments, B[b]F and BIj]F, must 

be similar for the two routes of exposure (i.e., skin painting and lung implant) in order for a valid 
fit to be obtained. A summary of the results of fitting the model is shown in Table 8.2 We note 

that in spite of the use of eight different agents, different species and organs affected, and marked 
differences in survival between the groups, only eleven parameters needed to be estimated to 
obtain a good fit to the data (x2,=23.56 and p=O.487). We also note the rather narrow 

confidence bounds on the estimates. To evaluate the effect of using only a single type of bioassay, 

the two types of experiments were used independently to obtain relative potency estimates. 

Results for the agents common to both studies (Le., B[j]F and B[b]F) are compared for the 

individual and combined studies in Table 8.3. 

This analysis shows that €or at least two agent, BIj]F &d B[b]F, comparable results can be 
obtained in skin painting and lung implant bioassay systems. On the other hand, if IND and B[k]F 
were as potent in the skin painting system as in the lung implant system, wc would have expected 
to see a large number of skin tumors associated with the levels of exposures administered. In 
reality no response was observed for IND or B@]F even at the highest skin exposures, indicating 
the possibility of a tissue-spec& PAH metabolic interaction. This suggests that route of exposure 

should be considered critically in evaluating the relative potency estimates. 

-> 

9. Estimation of Relative Potencies of Hydrocahn Combustion Produ& and Their 
Fractions 

In this section estimates are obtained €or relative potencies compared to B[a]P of four 
hydrocarbon combastion products and their fractions. These include gasoline engine exhaust 
condensate+ diesel engine exhaust, coal-fied residential furnace flue gas condensate, and 

sidestream cigarenc smoke. lEese estimates are, in addition to their intrinsic interest, useful in 
other wags. In partiarlar, the estimates provide methods for (1) testing the assumption of dose- 

a d d i ~ t y ,  and (2) evaluating methods for estimating the relative potcuq of a complex combustion 

prodm &un the relative amounts of selected PAHS components. 
In this e the relative potency of each combustion product and their fractions are 

obtained The -tion of dose-additivity is also tested. In the following section nine potential 
m%hod~ arc cvahmed for estimating the relative potency of a complex mixture using chemical 
and biological 
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Table 8.1 Data from Deutsch-Wenzel et aL (1983) and Habs et aL (198)) used to estimate 
~ 

__-- 
. ---potency-o€-purc-PAHs 

> i 

Material Dose Median . fanimalswith 
Survival carcinomas/#animak 

(ma (P@=Wb t 

Benzo[a]wene 0.10 

030 

1.00 

1.70 

2.80 

111 

77 

54 

4/35 

21/35 

33/35 

8/34 

24/35 

Bern [b] Fluor an thene 

Benu, [j]Fluoran t hene 

0.10 

030 

1.00 

0.20 

1.00 

. 5.00 

0.20 

1.00 

5.00 

0.16 

0.83 
4.15 

6.80 

1120 

1- 

6ao 
11a 

1- 

110 

113 

112 

117 

111 

104 

110 

117 

89 

114 

95 

98 

005 

1/35 

9/35 

2/38 

5/34 

2W7 

1/35 

on0 

1/35 . 

1/35 

3/35 

18/35 

V38 

ms 
y38 

OB5 

3/31 

12t27 



Table 81 continued 

~~ ~ 

Material Dose Medie # animals with 

(mela (P@=kIb t 
survival carcinomas/# animals 

An than t hrene 

Benzo[ghi]Perylene 

Cyclopen tadieno [cd] Pyrene 

Controls 

Untreateda 

Vehiclea 

Solvent acetoneb 

DMSO~ 

HiStoridC 

0.16 
0.83 

0.16 

0.83 

4.15 

102 

88 

109 

114 

106 

100 
100 

104 

1/35 

19/35 

OD5 

1/35 

4/34 

O B 4  

OMS 

3/35 

On5 

OB5 

OB5 

OB5 

111945 

aSource: Deutscb-wenzel et a~ (1983) 
bsoutce: Habs et aL (1980) in bold 
Csource: Goodman et a~ (ISSO) 

.-**..; ,.*. 
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separated into the four mutually exclusive fractions (non-aromatics + PAC 2 and 3 
rings, PAH 4-7 rings, polar PAC, nitro-PAH); and 

0 each of the four fractions tested separately, 

0 the four fractions were reconstituted and tested jointly. 

Under the assumptions that doses are additive and that the emissions separation system does not 
change the potencies of the resulting fractions, it is possible to predict the response rates due to 

the total hydrophobic M o n  and the total reconstituted hydrophobic M o n  from the'potency 

estimates of the individual fractions. To do so, estimates are required for emission hction 
potencies rela& to B[qP potency. Under the dose-additic;ity model, with equal relative transition 
rates, the cumulative hazard for a joint exposure to m agents has the form: 

with 

where pj is the relative potency of the jth hction with respect to B(a)P, 9 is the ejrposure level 

for the jth fraction, and y is the total B[a]P equivalent exposure for a mixture made up of m 
emission fractions (the relath potency of B[a]P itself is one by definition). The terms 4, A, S, 
and t are as previously defined Using the data in Tabk 9.1, the maximum likelihood estimates for 
the unknown parameters are obtained under various assumptions and displayed in Table 9.2 

for estimating model parameters arc shown in Table 9.2. 

denoted Case 1 to Csse 3. These approaches result in mutually consistent results. In the first case 

the tumor ra ta  obscnd in the p u p s  exposed to the hydrophobic hcticm and the reconstituted 

hydrophobic fraEtion were not used to estimate model parametezn We atkmpt to predict the 
tumor rates in these groups h m  the model obtained,by assumingthat 

Three di5cnt 

the part of the hydrophobic fraction that was lost in the separation is mu- 
carcinog& and 

the fractions of the c o m p l a  emission mirrture arc dosc-additive 
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Substituting the pataa#ter estimates obtained for A and S shown aJ Case 1 in Table 9 2  

into the cum- hazard €unction yields the' result: 

H&t) = 5.1372 x los (1 + 265.0ly)%' 

where y is the B[a]P equivalent exposure units and t is the median survival time. Based on the 

d e s c r i i  assumptions, the exposure units shown in Table 9.1, and the estimated relative 

potencies displayed as Case 1 in Table 9.2, the number of B[a)P equivalent e;xposure units in 
either the total or reconstituted hydrophobic hc t ion  is estimated to be 

y = p2 + pa ~ 2 4  = 0.21 0.31908 + 0.19 0.12088 = 0.09 

where the subscripts refer to the notation in the first column of Table 9.2 Substituting the B[a]P 
equivalent exposure unit estimate and the median survival into the cumulative hazard function 
and making the indicated transformations results in the predicted number of carcinomas displayed 

in Table 93. The x2 goodness-of-fit test comparing predicted and OM tumor counts indicates 

that their is no evidence to reject the hypothesis of dose-additivity (Le., x2* = 3375, p - 0.18). 

The dkqancm observed in Table 93 suggest .that, to the degree that the data does not fit the 

model, it may overpredict risk. We need to emphasize that the expected number of tumors in the 

two expc3surc groups, displayed in Table 93 were estimated without using the actual observed 
number of tumors in any manner. 

hydrophilic bctbns), combined under the assumption of dose-additivity, using all the data 

available, both for mixhrres and individual PAHs. To do so we expms the B[aJP equivalent 

exposure wits for the two fractions as sums of the fractional concentrations o f  component PAHs, 

weighted by 
Taking this appoach w z  obtain the parameter estimates denoted as Case 2 in Table 9 2  The 
relatirepoteacvezstimm for the complete mixture and hydrophobic M o n  are a%tained from 

linear 
estimate o f  the compktt mixture (p=O.oozS) calculated in this manner will be used m subsequent 

=ab- 

It is possible to estimate the relative potency of the total emissionS (Le., hydrophobic and 

unknown relative potency values, to be estimated fitom the data 

ot the hctional concentrations as indicated in Table 9.4. 'Ihe potency . .  

I 

49 



.. T. ..- ._ ... ... . 



. 

UI * 
0 
0 
0 
8 

QI 
r( 

0 
Y 
Q) 
QD 
0 
cy 
r( 

* 
m 
0 
0 
0 
8 

. .  . -  

a (Y a 



_ _  T 0 - m - a - m  hr-the ~ & t y - ~ - ~ - p a r a m e t e n - r e s u l t i n g  h - m - n  h-w--  - ~ 

counts a 90% uddenie intenral for the relative potency of the hydrophobic fmction is 
computed. "'his is achieved by hding the extreme values of relative potencies subject to the 

constraint that the deviation of the fit of the model from the €it of the best-fitting model, as 
measured by the log-likelihood criterion is equal to 135 = ~ * ~ , ~ . 9 5 / t  Because the relative potency 

of the fraction is a linear combination of the actual model parameters, i.e., relative potencies of 
individual PAHs weighted by corresponding concentrations, Lagrange methods of co~t ra ind  

optimization were used to compute the bounds. The limits computed were 0 . m  and 0.0049, 

which are quite naxrow for values based on biological responses. How uell the predictions of the 

model developed in Case 2 conform to the actual values is illustrated in the last column of Table 

9.1. We note the excellent fit as indicated by the standard X* gwdnesmf-fit test (x29=3.818, 
p=O.923). - 

estimates is to estimate a relative potency for each fraction or combination of hctions d i n s t y  
from the bioassay data without any assumptions of cbeadditivity, and compare the values 

obtained to the estimates obtained in Cases 1 and 2 If the model is reasonably accwak, thgl the 

An alternative, sub- method €or assessing the biological variability of the pow 

discrepaucies among estimates b m  the Merent cases results primady from variation among 

groups of animals exposed at the same magnitude. Results of this approach, denoted as Case 3, 
are displayed in Tabk 92. We note that the estimates form 2 and 3 arc rcasonablyclose. 
Howevn, in order for the potencp of the hydrophobic reconstituted 

than that of the original W o n ,  as is suggested by the results for Case 3, it is necesuq to 

assume that the small fraction lost in the reconstituted sample would have had au inhibitory effect 

on cancer p o w .  A mare plausible explanation, that is consistent with the obsmmd data, is that 

the di&rences are due to random biological variation in the bioassayresuha 

pow to be larger 

92 Gasoline bgine Exhaust Condensate 

in thegasolinea@ae&amtcondensateexperiment by thesame methods appliaitodiesd 

engine cxtms~ ~stimates of tbe re)ative potencies for different fractions of k l i n e  engine 
exhaust w n d e m  obtairrnlbythethree methodsdkaKsedin the previous- aredaived 

It is also possibletoestimate relative potencies and test the asumptm of- - 'ty 

from the data shown in Table 95 and displayed in Tabk 9.6. 
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6 8 7 1  
The estimated relative potency of the entire condensate (p=0.02171) h r n  Table 9.6, 

Case 2, will be used in all subsequent analyses. A test of dose-additivity is obtained from Case 1 in 
Table 9.6 (i.e., results, which do not use the original condensate total in the parameter 
estimation). Proceeding as in the previous section, an estimate of the B[a]P equivalent exposure 

units is: 

y = 0.50 0.02876 + 0.14 0.67040 = 0.10824 

for the 5 mg exposure group and 2 x 0.10824 = 0.21648 for the 10 mg exposure group. Using 
these values and the parameter estimates shown as Case 1 in Table 9.6 results in the predicted 

cases displayed in Table 9.7.' We note that the discrepancies between the observed and predicted 

numbers of carcinomas, assuming dose-additivity, are within the limits of normal biological 
variability, as indicated by the standard x2 goo$essof-fit test (Le., x22 = 3.115, p = 0.212). 

Again, it needs to be emphasized that the data for groups exposed to the original condensate 
were not used in any manner to obtain the parameter estimates, and as a result provide a 
completely independent test of the additivity assumption. 

9.3 Coal-Fied Residential Furnace Flue Gas Condensate 
The data used to obtain the relative potency estimates for coal-hd gas condensate is 

displayed in Table 9.8. The same model as was employed with diesel engine exhaust is also used. 
In this case all of the data was used to estimate the potency parameters independently without 
the dose-additivity assumption. The goodness-of-fit of the model and the relative potency 
estimates are also displayed in Table 9.8. We note that the model is cohsistent with the observed 

data at the p>O.1 1-L However, almost half (k., 13.87 out of 2939) of the value of the x2 
statistic is contained in the low exposure total condensate group. 

A test of the dose-additbity assumption can be derived in the following manner. The 
parameter esimms A=7382xl@ and S=135.1 obtained in the fit define the cumulative hazard 

H(y,t) = 7.382~10~ *.(1+135.1y)v 

where y is the B[a]P equivaient number of gposure units Under the duse-additnity assumptho, 
the value for y for the origmal condensate and the reconstituted W o n  is obtained from the 
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Table 9.7 Test of dose-additivity for gasoline &&e exhaust fractions 

Exposure of # animals on # cardnomas 
total condensate test 

observed predictedajsuming 
dose-additivity 

5 mg 35 . 3 6.23 

10 w 35 20 16.93 

x2 = 3.115 
p = 0.212 
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Table 9.8 Rat lung implant carcinogenicity data for flue gas condensate €rom coal-fired residential furnaces 

Agent 

Observed Predicted 

Flue gas condensate 
Original condensate . 

PAC-free (fkaction I) 

PACs, 2 and 3 rings (fraction II) 

PAHs and S-PA- 4-7 rings 
(fraction III) 

Polar PACs and higher PAHs 
(fraction IV) 

Insoluble carbon 

Reconstituted horn a fractions 
(without carbon) 

Controls 
Historical 

Untreated 
Vehicle 

.. 

0.05417 

0.00790 

0.02443 

037934 

0.25413 

0.0 

0.06735 

1 .o 

2.26 

4.52 

9.04 

1 .oo 
201 

4.02 

O S +  

1.12 

0.35 

0.69 

0.94@ 

4.28 

210 

0.05 

0.10 

0.20 

- 
- 
- 

94 

89 

67 

108 

108 

111 

104 

106 

98 

96 

94 

112 

100 

100 

104 

95 

104 

105 

100 

15/35 

15/35 

24/35 

Of35 

O B 4  

1/27 

1/35 

On5 

9/35 

14/35 

18/35 

OB5 

8/31 

3/35 

5/35 

15/35 

1 

OB5 

005 

6.36 

17.25 

27.15 

0.13 

0.29 

0.68 

0.03 

8.00 

1.52 

5.42 

14.26 

135 

0.03 

0.03 
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3 relative potency estimates and exposure levels of the individual in _ _ _  
~ 

the foliowing manner 

y = 1x0.00790+(0.56/2)~0.02443 +0.35xO.37934+ (0.94/4)xO.25413 = 0.233. 

The resulting B[a]P equivalent exposures are shown in Table 9.9. In conjunction with the survival 

times these exposures are used to estimate the cumulative hazard. The corresponding expected 

numbers of tumors are compared to the observed number in Table 9.9. We note that the true 

rates are sigmfkantty overpredicted using the dose-additive model and therefore we infer that 

assuming such a model would be conservative for predicting risks h m  exposure to coal flue gas 

emissions. 

9.4 Estimation of Relative Potency of Sidestream Cigarette Smoke Constituents 
The data that is used to estimate the relative potency of sidestream cigarette constituents 

is displayed in Table 35 with the addition of historical controls. In this analysis ody the 

experiment matched B[a]P positive controls are employed rather than the "threeexperiment" 
B[a]P positive controls. Tbe rationale for this choice is the obsemtion that the relative potencies 
€or the B[a]P groups are statistically significantly diflerent 

The standard model with +=O and k=O €or all constituents was used in the artaljsis. Due 
to the limited available data no other modei is possible. Tbe relative! potency estimates €or the 

fractions of sidestream smoke are displayed in Table 9.10. 

Unfortunately, the carcinogenicity of the entire emission mixture was not dmctly 

evaluated in this experiment. Howlever, under the assumption of dosc-additivity an estimate of the 

relative potenq of the entire sample is simply the mncentratioa-weighted average of the relative 
potencies. Using this approach we obtain the estimate 

nLPi++Pa+qPi I 16X*O. oo158+1.O6X*O , 0 5 8 3 3  oo302 
O' xt***x, 16+1.06+11.8 

which shall be llsed in our subsequent 

fractions d total emission are obtained m two d i k e n t  ways. An upper bound is obtained 
directly for the relative potency p as de- above. This is denoted as the 95% joint upper 

To illustrate several points the upper bound relative potency estimates €or the individual 

0 
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Table 9.9 Predicted number of tumors in rats exposed to the complete and reconstituted coal 
flue gas condensate under the assumption of dose-additivity 

Agent Dose B[a]P Survival Number Observed Predicted 
mg equivalent time exposed tumors uader 
( X I  mg 69 t assumption of 

dose -addi t ivi ty 

Total (original) 2.26 0.233 94 35 15 16.78 

4.52 0.466 89 35 15 31.80 
condensate 

9.04 0.932 67 35 24 34.83 

Reconstituted 2 10 0.233 100 31 8 16.78 

. r  

c , .. . . . .  . 



. ^  
_ _  Table 9.10 Relative-potency-estimate-of-sidestream-cigarettesmoke constitunti-- -- 

Material j Dose Fraction of Maximum 95% Joint 95% Upper 
(5) sample Likelihood Upper Bound 

(fj) Relative Bounds Individual 
Potency Gj’) Relative 

Estimates Potency ( p j j  

, 

(Pi) 

PAH-free 1 16.00 0.55440 0.00158 0.00250 0.00332 
PAH 2,3 Mgs 

PAH 4 and 2 1.06 0.03673 0.02533 0.07289 0.08523 
more rings 

Semivolatiles 3 11.80 0.40887 0.00000 0.00145 0.00252 
(gaseous 
Phase) 

Weighted 28.86 1.00000 0.oOUn 0.00466 0 . 0  
total 



. .  . . ,. e , .  . 
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bound 'Ihe contn'bution to this upper bound of the individual upper bound hction are also 

displayed in Tabk 9.1O:'Zh~95% upper bdund obtained in this manner is less that 50% greater 

than the maximum l i k e h i d  estimate indicating greater precision than might have been 
anticipated considering the rather limited data An alternative much simpler computation 

approach is to obtain the 95% upper bound on the relative potencies of each fraction separately 

and then combine the results. This is the same type of approach that is often done for multiple 

agent joint exposures. As shown in Table 9.10, under the title 95% upper bound of individual 

relative potency, estimates obtained in this manner give an overly conservative upper bound for 

the total. This upper bound is almost twice the maximum likelihood estimate. 

. 

9.5 Summary of Relative Potency Estimates 
For the convenience in future references we summ@& the information on the relative 

potency estimates of hydrocarbon combustion product emissions and their kbns in Table 9.11. 

Also shown in the table are the 95% upper bound estimates for the relative potencies. Tbis 
information will be used in various ways in the next section. 

i?T 
10. Evaluation of Potential Methods for Estimating Cancer Potency of Complex Hydrocsboa 

Combustion Products from their Chemical Composihn 
A number of approaches can be used to 'estimate the relative potency OC a complex 

hydrocarbon cumbustion products from some information about its chemical composition. The 
extremes in thk regard range from assuming that the entire emission is as potent as B[a]P, (the 

highly consenmk approach traditionally used by EPA) to assuming that all of the carcinogenicity 
is due to B[a]P (highly permissive, many other hewn and unknown carcinogens caa be bund in 
the emissions), Between these extremes are a number of other possibilities that can be based on 
the relative potenq estimates and tested using the hydrowbon combustion product bioassay 

information. Tbe options for estimating total carcinogenicity of a mixture that will be evaluated in 
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Table 9.1 1 Surnmary of relative potency estimates €or cornbustioa products of hydrocarboas . 

. -  Hj;d&rkbk Definition of emission Relative potency 
combustion product - 

__ M&uu-- - -95% upper----- 
. likelihood bound 

estimate' 

Sidestream Cigarette Smoke PAH-free material and PAH 2,3 rings 0.00158 0.00332 
PAH 2 4 ring 0.05833 0.08523 
Semivolatiles (gaseous phase) 0.0 0.00252 

Total (0.00302) 

Diesel Engine Exhaust Fraction I 

Fraction 11: 

Fraction IIa: 

Fraction IIb: 

Fraction IIc: 
Polar PAC 

Fraction IId: 
Nitro-PAH 

Hydrophilic fraction 

Hydrophobic fraction 

PAC2 +3rings 

PAH 4-7 Mgs 

0.0 

0.0031 1 

0.0 

(0.0038) 

031908 
(028214) 

0.0 

0.12088 
(0.08833) 

0.00455 

0.00454 

0.00149 

0.45338 

0.10521 

0.25381 

Reconstituted hydrophobics: O.Oo406 0.00564 
. Fractions IIa, b, c, d ( 0 . ~ )  

~~~ ~~ ~~ 

Gasoline Engine Exhaust original condensate 

F ~ ~ c ~ ~ o I x  PAC 2-3 

Fraction: PAC > 3 

~ ~ _ _ _  

O.or#)o 0.2673 
(0.02171) 

0 . m  0.04569 

0.67027 0.78708 
(0.67382) 

(0.02924) 

Coal Rue Gas Condeasate Or igd  condensate 

Fraction I: 
PAGfrec 

Fraction Ik 

FractionIE 
PAC's 2-3 h g  

PAHs & S-PACs 4-7 rings 

0.06295 

O.Oo790 0.01715 

0.02443 0.05770 

037934 0.46184 

Fraction N: 0.25413 031498 

Reconstituted without carbon 0.06735 0.09046 

Polar PACs & higher PAHs 

- 
values m parentheses artestrmatedw% assumption of ~ d o 6 c 4 d i  ti%* 
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Option Explanation 

1 

2 

3 

The entire emission sample is as potent as B[a]P. 

The entire emission sample is as potent as the PAHs with more than 3 
rings. 
The entire emission sample is as potent as the sub-sample made up of 
the eight PAHs €or which we have derived relative potency estimates. 

4 The emission sample is as potent as the sub-sample with the eight PAHs 
plus the three PAHs in the IARC category "adequately tested with no 
evidence of carcinogenicity". 

5 

6 

The entire sample potency is due to the PAHs with more than 3 rings, 
which are all assumed to be as potent as B[a)P. 

The entire sample potency is due to the PAHs with more than 3 rings. 

7 The entire sample potency is due to the eight carcinogenic PAHs which 
are all assumed to be as potent as B[a)P. 

8 

9 
The entire sample potency is due to the eight carcinogenic PAHs. 

The entire sample potency is due to B[a]P. 

Of these options only numbers (2) and (6) require the use of bioassay information for the 
mixture of concern to obtain potency estimates. The other seven options make use of only the 
relative amount of PAHs in a sample and our previously derived relative potency estimates for the 
eight carcinogenic PAHs. 

To evaluate the different options, ue compare them to the results obtained h m  the 
direct bioassay information, Three methods are used to obtain relative potency estimates for the 
entire samples using the bioassay information. They arc: 

Method 1: This approach usedd of the available bioassay data but did not assume 
dose-additivity. As a result, nearly all of the information about the relative 
potency is based on exposure to the total condensate. 

Method 2 An of the available bioassay information is used and a functional 
dependenclr between the exposure groups established by assuming dose- 
additivity. If the resulting model adequately fits the data this should be the 
most accuatc method of estimating relative poteq. 

Thc same data was used as for Method 1, but the relative potency 
estimates for the individual fractions werc combined under the assumption 
of dose-additivity. This method would be appropriate if at high ~posures 
due to toxicity, saturation of target dose, or other facton, dose-additivity 
was not operative. In this casu the relative potencg would be relevant for 8 

low but not high exposure situations. 

. 

Method 3: 

63 
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Estimates obtained by ~ - _ _  these three~methods~are~~played-in-Tabk-lO.l~~-~at table- - - -- - - -- ~ 

situations where data is not available to make an estimate are indicated by a -. Also, where a 

method has been show to be inconsistent with the data, this is indicated by a *. We note that 

very similar results are obtained by each approach, however Method 2 is to be preferred if dose- 
additivity is not rejected. The preferred estimates are shown in Table 10.1 in bold and given as 
the best direct bioassay estimate in Table 10.2. 

The manner in which estimates were obtained is explained briefly in Display 10.1 and the 

numerical results given in Table 10.2 and in Figure 1. More details of how Options 3 and 4 were 

employed is given in Tables 103-10.6 and Option 6 in Table 10.7. 

Display 10.1 

Description of Simple Methods Used to Estimate Relative Potencies 
of Complex Combustion Product Emissions 

Option Method used to calculate relative potenq 

1 assumed equal to one 

2 

3 

4 

5 

6 

estimated from bioassay data of PAHs with more than 3 

weighted average o f  relative potenq of eight 

weighted average of relative potency of eight 
carcinogenic and three noncarciaogenic PAHs 

fraction of PAHs with more than 3 rings in entire 
sample 
dative potency of PAHs with mote than 3 rings times 
fraction of PAHs with more than 3 
sample 

hP 

carcinogenic PAHS 

in entire 

7 

8 

9 

fraction of eight carcinogenic PAHS in entire sample 

weighted relithe pomlq eight carciuogenic PAHs times 
fraction of entire sample made up of the clght 

fraction of B[a]P in entire sample 
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Table 10.1 Relative potency estimates €or entire sample obtained by three methods 
- 

Source of emissions Based on Based on all data and Based on dose- 
dose-additivty additivity of 

exposures (Method 2) fractional parts 
(Method 1) (Method 3) 

total condensate 

a 0.0966 Flue gas from coal- 0.0542 
fired residential 
furnaces 

Diesel engine exhaust 

Total - 0.0028 0.0034 

Hydrophobic fkactioa 0.003 1 0.0038 0.0045 
Gasoline engine 
exhaust 

0.0220 0.0217 0.0216 

Sidestream cigarette - - 0.oOiu) 
smoke 

i 

model does not fit data, suppresion of additivity effect present 
- bioassay information required to make estimate is not available 

. .  
C .  
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Figuse 1. Comparison of methods for estimating the potency of a rnixturc for four 
hydroahon combustion products 
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58111 We note that as anticipated, assuming the entire emission is as potent as B(a]P 

considerably overestimates the true potency in each case!. The most accurate approach by far, of 
the nine investigated, is to mume that the carcinogenicity in the entire sample is due to the PAH 
fraction consisting of compounds with more than 3 M g s  (the exact type of fraction is specified 

more accurately in Table 10.7). Such an approach would only slightly underestimate the true 

relative potency. Unfortunately, in most situations the relative potencies for the required PAHs 

with more than 3 rings would not be known. If only the total amount of PAHs with more than 3 

rings were available Option 5 could be employed. Lacking a way of fractioning a sample so that 
the amount of PAHs with more than 3 rings could be estimated, Option 4 could be employed. In 

that case, chemical analysis of the amount of eleven PAHs present in the sample is all that would 

be required. 

It is also clear that, except in the case of diesel engine exhaust, B[a]P accounts for only a 
small portion of the total carcinogenicity of the sample. Even the total of the eight known 
carcinogenic PAHs (Le., option 7) contributes only a minor portion of the total Carcinogenic 
effect. As a result, it would not appear to be very prudent to use such indicator type approaches 
to estimate cancer risk due to complex mixtures. 

11. Discussion 
Virtually the entire human population is exposed to some extent to complex mixtures of 

hydmarbon combustion byproduck ExpoJure to humam can result ham a variety of different 
industrial and nonindustrial sources. Industrial sources include cokeing operations from steel mills 

and aluminum reduction plants; generation of power by cornbustion of coal, oil, gas, or garbage; 

Synthetic fuel production; and dump sites of defunct coal-togas or oil-@gas conversion plants. 

&ntexk where wMindustrial exposures occuf include barbeam ' g meat or consumption of 
barbeared meat, V u r e  to exhaust born diesel and gasoline engines; exposure to emissions 

from home oil, ~IB, or coal furnaces, fireplaces, and wood-burning stoves; and exposure to 

enviroanaeatal brrhrrm smohe. 

The cm5mgcnicity of hpdrocarbon combustion products is believed to be attriiutable 

1-b to thc plera~x of po~pcgclic aromatic -ns (PAHS), ami the carcinogenicity of the 

PAHs ir m turn largely attriiutable to those P A H ~  with chemical struchrres including more that 
three ammatic ring. This suggests that approximate approaches for evaluating the carcinogenicity 

of 
o c c u r m t h c s t ~ .  

axnbustion products may be based on the carcinogenic potencies of PAHs that 
# 
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be used to estimate the cancer risk associated with exposure to hydrocarbon combustion products. 
These include 1) a direcr uppmch of basing the dose-response model for an emission s o w  on 
epidemiological data directly relating human cancer incidence to the emission of interest [ag. 
coke oven emissions (EPA 1984); sidestream cigarette smoke (EPA, 1990)], 2) A generally 

conservative regdurory uppnnzch of assuming that all emissions are as potent as B[a]P, or else that 

all PAHs are as potent as B(a]P and that the carcinogenicity of the sample is attriiutable entirely 

to PAHs, and 3) a relazivepotency approach which iwOIves obtaining a relative carcinogenic 

potency for a hydrocarbon combustion product by cornparing the agent to a standard or reference 
agent, usually in an animal bioassay: this relative potency is then multiplied by the exposure level 
for the emission of concern to obtain an exposure measurement in units of carcinogeaiCayt 
equivalent exposure units of the reference agent. Such a referenceequivalent dose can be used 
to estimate risk based on a dose-response model for the reference agent (ag. Albert et aL, 1983). 

Each of these approaches has strengths and weaknesses. The methods and potency estimates 

obtained in this report may be used for evaluating and improving the quality of risk estimates 

based on any of these approaches. 

. 

Superficially it may appear that the direct approach should be preferred whenever 

appropriate data are available. The obvious reason is that both the disease endpoint (human 

cancer incidence) and the e~~posure variable (human exposure) are d h d y  related to the cancer 

risk of concern. However the validity of such an approach may be reduced by such factors as: 

1. Exposure histones in epidemiological cohorts may be very complex and dif6cuIt to 
quantiQ accurately, in regards to both level and timing 

2 Unit risk estimates may be extremely sensitive to the accuracy of information on 
prevalence of cigmtte smoking in the cohort; . 

3. prowtnrs in extrapolating results from an epidemiological cohort to other 
populations may result from Merences in the composition of the emissions, 
differrrrces in the demographic composition of the populations, and di&erem;es in 
twf== mute 

Many exampks may be given of the third type of problem (noncomparability of the 

context of an epidemiological study with a risk-assessment context), relevant to risk assessment for 
hydrocarbon combmion products. Emissions may differ qualitatively between an industrial 

worksplace where occupational exposures occuf, and the community m u n d i n g  an industrial 
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source, because of use of pollution control equipment (e.g. scrubbers) and photodegredation of 
the emissions. Use of epi&miological data on efferr, of smoking to d i i  assess risks from 
environmental tobacco smoke (primanly sidestream smoke) is complicated by many factors. Fresh 

sidestream and mainstream cigarette smoke differ in various ways (NRC 1986 especially Tables 2- 

1 and 2-2) and smokers may differ physiologically from nonsmokers &use of chronic effects of 
smoking. Epidemiological data on the carcinogenic effects of coke oven emissions are based on 
healthy, black males engaged in strenuous labor (EPA, 19841, who may be a poor surrogate €or 
the general population without appropriate adjustments. 

The regulatory approach has often been criticized as being overly conservative. Such 

critism is most likely valid when all of the PAHs (eg., benzene soluble organics) or the total 

emisions is considered to be as potent as B[a)P (see Table 10.1). However, the evidence from the 

lung implant studies strongly suggests that the use of PAH “indicator” carcinogens, all considered 

as potent as B[a]P, could seriously underestimate the true risk (see Table 10.2, option #8). This is 
probably because many of the greater than 3 ring PAHs that are unknown or are unstudied in 

&genic bioassays are in fact carcinogenic. This reasonable conjecture calls into question the 

common practice of basing risk estimates from complex mixtures on the potencies of indicator 

carcinogens. i 

For airborne hydrocarbon combustion products and perhaps PAHs in the groundwater, a 
more fruitful approach would appear to be estimating the concentration of greater than 3 ring 

PAHs in the air or water and assuming that all of them to be as potent as B[a]P (see Table 10.2, 

option #5). ’Ihis has the advantage of being conservative but apparently not unduly so, and much 
less expensive than obtaining measurements for multiple indicator chemicals. Of course if bioassay 
estimates of the total solvent emactable emissions is available €or the greater than 3 ring PAHs, 
such estimates usually would be prefered, How~m, this assumes that the samples bioassayed were 

representative of the entire emissions over a reasonable time frame from the source of concern. 
The relative potenq approach of AIbert et aL (1983) depends upon having a relative 

potency estimate of an emission source compared to a suitable standad (cg., perhaps coke oven 
emissions) and a dosGresponse model for the standard. Problem with this approach are: 

1. Epickdological data for the suggested standards, coke oven emissions, cigarette 
snob condensate, and roofing tar fumes, are out of date, because of new data 
and methodological approaches for obtaining potenq estimates. 

. .  : .- . .., 
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2 Relative potency estimates would ----- have to be based on a &ubk-uansformation-- -- 
(e&vti%Cji3fakmn emissions compared to B[a)P then in a separate system 
potenq of sow of concern compared to B[a]P. 

- 

3. Estimates of relative potencies are in mouse skin rather than lung tissue, the actual 
site of concern for inhaled emissions. 

4. The models and methods previously used to obtain the relative potency estimates 
using the mouse skin tumor responses are of questionable validity. 

It is clear that each of the three approaches has potential major problems associated with it. Ihus, 

careful consideration of the shortcomings of the approach chosen €or a risk -is in a given 

circumstance needs to be conducted before any analysis is based on the approach. 

are estimated by multiplying the unit risk for inhalation and ingestion for B[aJP obtained in the 

companion documents times the maximum likelihood eswte of the relative potenq for the 
individual PAHs compared to B[a]P, displayed in Table 7.4. This results in the Unit risk estimates 
for the individual PAHs shown in Table 11.1. Also displayed in Table 11.1 are unit risks €or 

emission sources, with relative potency estimates taken from Tabel 10.1. 

In some circumstances the unit risk €or a single carcinogenic PAH may be required. These 

*. 

12 Further Research Needs (In preparation) 
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Table 11.1 Unit risk estimates €or selected PAHs and hydrocarbon combustion product mixtures 

A s a t  Relative Unit risk from inhalation Unit risk from 

~ 

WIP 1.0 3.89 136 x 10'' 29ox 104 

BPIF 0.1228 4.178 x 104 1.67 x 1V2 3.56 x 10-1 

WIF 0.0070 272 9.52 x lo4 203 x 1C2 

BliF 0.0523 203 x lo4 7.11 x l W 3  1.51 x 10' 

BPIF 0.0532 207 x lo4 7.23 10-3 1.54 x lo" 

IND . 0.2780 1.08 10-5 3.78 x 10-2 8.06 x 1@1 

ANT 0.3160 1.23 x 10-5 4.29x 10-2 9.16 x l@* 

fluegasfromcual 0.0542 211 x l@ 737 10-3 157 x 1O-' 
firedfurnace 

diesel engine 0.0028 1.09 3.81 x 104 812 1c3 
exhaust 

gasoline em* 0.0217 844 295 1v3 629 x 10-* 
exhala 

sidestream O.OO30 1.17 x lo-' 4.08x la4 870 
Cigarcttesmk 

I 

77 

. .  , 
' . ,e . i. 



. * .  

Albert, R€, Lewtas, J., Nesnow, S., Thorslund, T., Anderson, E 1983. Comparative potency 
method for cancer risk assessment : Application to diesel particulate emissions. J Risk Anal 101- 
107. 

Deutsch-Wenzel, RP., Brune, H., Grimmer, G., Dettbam, G., Misfeld, J. 1983a Experimental 
studies in rat lungs on the carcinogenicity and dose-response relationships of eight frequently 
occurring environmental polycyclic aromatic hydrocarbons. J Natl Cancer Inst 71539-544. 

Deutsch-Wenzel, RP., Brune, H., Grimmer, G. 1983b. Experimental studies on the 
carcinogenicity of five nitrogen containing polycyclic aromatic compounds directly injected into rat 
lungs. Cancer Letters 209-101. 

Gart, JJ., Wki, D, Lee, P.N., Tarone, RE, Wahrendo& J. 1986. Statistical Methods in 
Cancer Research. International Agency for Research on Cancer. JARC Scientific Publications 
# 79, Seaion iii, pg. 112 

Goodman, D.G., Ward, J.M., Squire, RA, Paxton, Mg., Reichadt, W.D., Chu, KC, Linhart, 
M.S. 1980. Neoplastic and nonneoplastic lesions in aging Osbornc-Meadel rats. Taxicol Appl 
Pharmacal 55A33-447. 

Grimmer, G, Dettbarn, G., Brune, H., Deutsch-Wenzcl, R., Misfled, J. 1982 Quantification of 
the carcinogenic effect of polycyclic aromatic hydrocarbons in used engine oii by topical 
application onto the skin of mice. Int Arch Occup Ewiron Health 5095-100. 

Grimmer, G., Brune, €L, Deutsch-Wcnzcl, R., Naujack, KW., Misfeld, J, T i  J. 1983. On the 
contribution of polycyclic aromatic hydrocarbons to the cmhgenk impact of automobile exhaust 
condensate evaluated by local a p p l i d o n  onto mow skin. Cancer Letters 21:1(#-113. 

Grimmer, G., Bane, H., DeuW-Weuzcl, R., Dettbam, G., Misfeld, J. 1984a. Contribution of 
potrcyclic aromatic hydrocarboas to the carcinogenic impact of gasoline engine exhaust 
condensate evaluated by implantation into the 1- o f  rak J Nati Cancer Iust 72933-739. 

Grimmer, G, B w  H., Deutsch-W-l, R., httb- G., Mideld, J. I*. contribution of 
polyqdic aromatic hydmabm and polar polycydic aromatic c o ~ u n d s  to the aucimgenic 
impact of h e  gas amdensate from coal-fired residential furnaces evaluated by implantation into 
the 1- of rats J Nati Cancer Ipst 78935-942 

78 



6 8 7 7 '  
Grimmer, G., Brunt, H., Deutsch-Weozel, R., Dettbarn, G., Misfeld, J, Asel, U, T i  J. 1984c. 
The contriiution of polycyclic aromatic hydrocarbon tiactions with different boiling ranges to the 
carcinogenic impact of emission condensate from coal-Eked residential furnaces evaluated by 
topical application ta the skin of mice. Cancer Letters 2&203-211. 

Grimmer, G., Bnmne, H., Deutsch-Wenzel, R., Dettbarn, G., Misfeld, J. 1987a Contribution of 
polycyclic aromatic hydrocarbons and polar polycyclic aromatic compounds to the wcinogenic 
impact of flue gas condensate from coal-fired residential furnaces evaluated by implantation into 
the rat lung. J Natl Cancer lnst 78935-942 

Grimmer, G., Bnme, H., Deutsch-Wenzel, R, Dettbarn, G., Jacob, J., Naujack, KW, Mohr, U., 
Emst, H. 1987b. Contriiution of polycyclic aromatic hydroarbom and nitroderivatives to the 
carcinogenic impact of diesel engine exhaust condensate evaluated by implantation into the lung 
of rats. Cancer Letters 32173-180. 

Grimmer, G., Brune, H., Dettbarn, G., Naujack KW., Mob, U., Wenzel-Hartung, R 1988. . 
contribution of polyqclic aromatic compounds to the carcinogenicity of sidestream smoke of 
cigarettes evaluated by implantation into the lung of rats. Cancer Letters 433173-177. 

Hats, M., Schmahl, D, Misfcld, J. 1980. Local Wcinogenicity of some environmentally relevant 
polycyclic aromatic hydmcarbns aftcr lifelong topical application to mouse skin. Arch 
Geschwulstforsch 50.26274. 

International Agency for the Research on Cancer (IARC). 1983. IARC Monographs on the 
Evaluation of the Carciaogenic Risk of Chemicals to Humans. Polynuclear Aromatic Compounds, 
Part 1, Chemical, Emrironmental, and Experimental Data Volume 32 Lyon, Francc 

National Research Council (NAS). 1986. Environmental Tobacco Smoke: Measuring Exposures 
and Assessing Health Ekts .  National Academy Pres, Washington, D.C 

Rai K. and Van Rph,  J. 1983. A Dose-re~popse Model Incorporating Michaelis-Menton 
Kinetics (Technical Report ED), Division of Biostatistics, New York, Columbia University. 

Rugen, PJ., Stern, CD., Lamm, S.H. 1989. Comparative carcinogenicity of the PAHs as a basis 
for acceptable acpoaure levels (AEIs) in dringing water. Regul Tolricol Pharmacal 9273-283. 

U.S. Environmeatal Protection Agency (EPA). 1984. Carcinogenic Assessment of Coke Oven 
Emissions. Final Report, EPA40Ob-82-003F. o f f i c e  of Health and Environmental Assessment, 
Washington, D.C 

U.S. Environmeatrl protection ' AgenCJlEPA). 1990. 

Wynder, E L and Hof€man, 0. 1959. The carcinogenicity of benzrofl~~ranthenea Canccr 
12: 1 194- 1 199. 

Wynder, E L and Hoffmnn. D. 1961. The carcinogenicity of diinzo[a,l]pyrenc Nanrre 
192m92-1m. 

79 



Y 

__ 
T 

a 
+ 
3 tk 
a3 
k 

7eproduced by NTlS 
Jational Technical Information Service 
J. S. Department of Commerce 
jpringfield, VA 221 67 

rhis report was printed specifically for your 
xder from our collection of more than 2 million 
:ethnical reports. 

or economy and efficiency, NTlS does not maintain stock of its vast 
:ollection of technical reports. Rather, most documents are printed for 
!ach order. Your copy is the best possible reproduction available from . 
)ur master archive. If you have any questions concerning this document 
)r any order you placed with NTIS, please call our Customer Services 
Iepartment a t  (703)487-4660. 

ilways think of M I S  when you want 
Access to the  technical, scientific, and engineering results generated 

)y the ongoing multibillion dollar R&D program of the U.S. Government. 
R&D results from Japan, W e s t  Germany, Great Britain, and m e  20 

Ither countries, most of it reported in English. 

W S  also operates two centers that can provide you with valuable 
nformation: 
m The Federal Computer Products Center - offers software and 
jatafiles produced by Federal agencies. 
m The Center for the Utilization of Federal Technology - gives you 
access to the best of Federal technologies and laboratory resources. 

For more information about NTIS, send for our FREE M I S  products 
and Services Catalog which describes how you can access this U.S. and 
Foreign Government technology. Call (703)487-4650 or send this 
sheet to NTlS, U.S. Department of Commerce, Springfield, VA 22 1 6 1. 
Ask for catalog, PR-827. 

Name 
Address 

Telephone 

- Your Source to US. and Foreign Government 
Research and Technology. 




