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ABSTRACT 

Dv elopnient efforts since the late 1970s have resulted in a generalized method for ranking health hazards. 
This method provides the basis for a &?de range of applicati8ns where decisions are needed for allocating 
resources on the basis of health risk considerations. It has been used for more than a decade to solve real 
problems and it is supported by 23 publications in the open literature. The diversity of this generalized 
methodology allows us to provide support in a great number of problem areas. We give four examples in this 
manuscript: (1) the relative tovicities of petroleum mixtures: (2) a method to derive Emergency Response 
Planning Guides: (3) an estimate of the possible carcinogenic potency of tungsten. an alternative material to 
depleted uranium for heavy armor penetrators. and (4) an approach to low dose extrapolation Our experience 
suggests that many inore applications of the origiiial concept and variations on it can be of utility in military 
situations. Some potentially fruitful areas may be in the: development of a health-risk-ranking system for 
alternative solutions to manufacturing. waste management. and remediation: provision of a basis for 
identifying levels of hazardous agents which are below health concerns. or which should be of concern: 
developinelit of a fiamework for evaluating chemicals and radioactive materials on the same basis. and in the 
development of a battery of 117 V I W O  bioassays which could take the place of long-term nhole animal tests. 

INTRODUCTION 

Imagine that it could be possible to rank the toxic potency of a list of chemicals from least to greatest potency. 
Each chemical would be related to each other by a numerical assignment based on their potency. If one of the 
chemicals in the list were chosen to be the focal point for normalization. each chemical could. in principle, 
be assigned a multiplicative factor relating its potency to the potency of the "reference" chemical. The 
Environmental Protection Agency' recently found it useful to work in the context of this paradiagm in order 
to estimate "toxic equivalency factors" for the class of materials known as dioxins. The many dioxin 
congeners are assigned equivalency factors relating each one to the most highly studied congener. 2,3.7,8- 
TCDD. This same concept can be applied to the liundreds or thousands of chemicals to which humans are now 
exposed. Our developnients in this area preceeded the recently coined term "toxic equiralencj, factor" brit this 
term accurately describes both the concept and the working process which began development in the late 
1970s 
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The initial development of our process began during the era just after the oil crisis of the 1970s when 
the Unitcd States was exploring the production of synthetic fuels from coal. The first use was in the early 
I 080s in  the Environmental Monitoring Plan for the US. Synthetic Fuels Corporation.' I n  this effort. the 
ORNL inifestigators n.ere required to develop a method for identifying which and at what levels prci-iously 
iwegulated substances should be monitored: the genesis of the relative potency methodology allowed these 
questions to be answered. Within a few years after its introduction, the Rapid Assessment of Hazard (RASH) 
niethod was established as being potentially useful in predicting new and/or changing regulatory criteria .3 

Shortlv after work was completed for the synthetic fuel program, the U. S .  Air Force sponsored the 
development of the Hazard Assessment Rating Methodology (HARM) that finally became known as the 
Defense Priority Model for site-specific screening within the Installation Restoration Program."' The human 
health portion of this HARM model was constructed by the ORNL authors around their earlier work on 
relative potency (toxic equivalency factor) methods. Later, in 199 1 ~ the relative potency methodology was 
used to predict the outcome of42 substances which were to undergo long-term cancer studies by the National 
Toxicology Program. This methodology n-as highly successful in its predictions.6 

METHOD 
(SCIENCE-BASED RISK MEASURES) 

Starting with the fact that neither epidemiologically-based nor laboratory-based cancer studies were available 
Cor the complex process chemicals invohzd in the production of synthetic cheinicals in the 1970s. it was 
nccessary to develop a methodolog\. Ibhich could minimize the need for models and ininimiLe the need for 
len&!~ dclibcrative rc\.iew periods Tlic approach. as developed at OWL. is a data-intensive, assumption- 
free approach. This approach anticipates and removes some of the problem of uncertainty and minimizes 
the impact of other problems associated with the historical dose-response extrapolation models. especially 
\\-hen appropriate data are not available. An estimate of the relative potency (RP) of a test chemical "TI' 
coinpared with a reference agent " R l  can be obtained by comparing the doses (D, and DR) required to cause 
the same level of response in a particular biological test model considered to be relevant to the disease of 
interest. This process can also be thought of as producing toxic equivalency factors. An estimate of the 
relative potency is given by: 

RP = (DR/DT). 

The relative potency framework as utilized at ORNL involves a comparison of dose levels of different agents 
(cliemicals) to give a common outcome in a common experimental protocol. These ratios of dose of reference 
agent to dose of test agent represent a distribution in sensitivity of the varioils test systems. which themselves 
represent a variety of species. strains. dosing methods. time course of dosing etc. Since nearly all of the 
biological test systems are "tuned" to be sensitive to some insult. the test systems should not be thought of as 
being individual surrogates for humans. Rather. they can be thought of as collectively representing the range 
of responses by living organisms. Not having information upon which to determine the underlying 
di5;tribution of responses. the summary measure determined for use in this work is the median.- The summary 
relative potency is then the median of the collection of relative potency ratios. 

For e\ aluation ofthe role of mechanisms. n e  selected 5 2  carcinogens. primarily from the list of carcinogens 
published by the IARC.X Long-term whole-animal data on tumorigenicity and short-term bioassay data were 
obtained from the Registry of Toxic Effects of Chemical  substance^.^ To avoid any potential bias. 6 
chemicals from among the 52 were chosen to serve as reference compounds. These 6 reference compounds 
were chosen to represent different mechanisms of action: Direct acting--Propiolactone: Indirect acting- 



Dimetliylnitros~nine: Epigenetic--Benzei. 2.3.7.8-Tetrachlorodibenzodiosin. Epichloroh!,drin. and metallic 
Cadmium. 

In determining whether or not mechanism of action was important for ranking the long-tcm \\ hole-animal 
tumorigenic studies. 6 rankings ofthe 52 chemicals were performed.' These 6 lists were compared nith one 
another. h\ o-by-two. for consistency using the Speannan Rank Correlation test. All of the 15 pairs I\ hich cyere 
railked had Spearman Rho values of 0 8 or greater and p-values were typically less than 0.000 1 These results 
provide a high degree of confidence that the relative potency framework. as used. can be expected to reliably 
raik toxicologic potency using long-tenn whole animal studies regardless of the mechanism of action of the 
agents being ranked.s 

In an attempt to push the relative potency concept to the limit. it was subsequently evaluated using onl?, short- 
term tests.:" Short-term tests involve bacteria, yeast. inammalian cells, and. sometimes. host animals. Despite 
this diversity> when relative potencies using data from short-tenn tests were evaluated for test chemicals with 
respect to a well studied reference chemical. a distribution of ratios was found siinilar to that for the whole 
animal tuinorigenicit!. data. Using short-tenn data. the 6 reference chemicals were used to rank the 52 
carcinogens. just as before. As might be expected. the range of responses (ratios) nithin the short-Lcnn assays 
was greater than within the whole-animal assays and therefore the median \vas less stable. As a consequence. 
when the 6 rankings of the short-term tests were compared with the 6 rankings of the tumorigenic tests using 
the: Spearman Rank Correlation test. the correlations were lower than before. Correlation values ]\.ere typically 
0.4. and the p-values were higher. typically 0.0 1 to 0.05. Considering the fact that the indi\idual ratios are 
ba:jed on mostly in v i m  assays and that the ratios for a given test and reference chemical often \.an. by factors 
of 1,000.000 or more. the consistency of Spearman's Rho values (which can vary from - I  to + I )  which 
generally varied between 0.35 and 0.6 is remarkable. Only three p-values of the 15 two-by-t\vo pairs were 
geater than 0.05. They were 0.16. 0.08 and 0.06. Again, given the consistency of results and the summary 
statistic (tested against a two-tailed distribution), the strength of the correlation is remarkable. The short-term 
tests measure responses of widely varying biological systems to widely varying endpoints. Because of the 
consistencv in ranking, confidence is gained that this methodology can be employed to rank essentially every 
occupational or environmental agent regardless what mechanisms are acting." 

A general form of this relative potency approach can be based on an indirect set of comparisons using a 
composite of slope factors for the epidemiologically-based studies on beryllium oxide. chromium VI. 
acqlonitrile. nickel subsulfide. coke oven emissions. nickel refinery dust. arsenic. benzene. cadmium. and 
beinzidine. These same materials have extensive animal and cellular data which are used to provide a link with 
the fundamental reference. benzo(a)pyrene. Relative potency methodology, thus provides a link. by means 
of common bioassays. between a test chemical and benzo(a)pyrene. and between benzo(a)pyrene and the 10 
materials listed above. The accuracy of the risk estimate for a test chemical then rests on the accurac!. of the 

hman&*eGn epZlemioiogica1 studies of those ten materials and the available data for the test chemical. 
The ten materials listed above were determined to have a carcinogenic slope factor of 4.7 x RP (mg/kg-d)-' 
where RP is the potency of the test chemical relative to ben~o(a)pyrene.~ Tlius there can be a linkage between 
the epidemiologically-based cancer slope factor aggregated over 10 well studied materials and any material 
for which some bioassay data exists. 

APPLICATIONS 

RELATIVE TOXICITY OF PETROLEUM-BASED PRODUCTS 

During the past two decades, a significant effort in toxicological research on petroleum-based materials has 
been supported by the United States Armed Forces. These studies have investigated effects on biological 



s>T!jtelns from the complexity of the human being to the simplicity of in vztro assays In order to eventually 
predict or characterize the potential human toxicity. detailed mechanistic studies have been pursued for a 
iaiety of biological endpoints including changes in metabolism. growth rates. overt tosicit! neurotoxicity. 
mutagenesis. carcinogenesis. irritation. hematology. behavior. and so on. Results of many studies have been 
uscd to provide exposure guidance to protect against specific occupational hazards or to provide guidance for 
inilit'T specifications designed to miniiiiize specific hazards. >et successful attempts to provide a coniiiion 
toiicological Gamenork for petroleum derived fuels and lubricants are not forthcoming. A major reason for 
this vacant!. is thought to be the wide range of toxicological responses observed in  some mixtures and the lack 
of clear evidence oftoxicity in others. For example. often e\ en large doses of some petroleum dcrii cd fuels. 
approaching a physical maximum. do not result in lethality in animal systems. We applied our methodology 
to a wide range of data types in order to demonstrate the potential usefulness of this approach.' ' Data for the 
iiiistures to be described was derived primarily from U.S. Air Force sponsored work. Summan. relative 
potency measures of the median and iiiterquartile range are presented in Figure 1. 

The petroleum-based inaterials under investigation fall into broad categories. varying from the lighter end of 
a distillate column to the heavier end. Often. additives to the distillate cut are provided to enhance certain 
desired characteristics. For a given supplier. the primary mixture varies as a function or origin of the cntde 
feed stock and. to a lesser degree. operating conditions. Different suppliers also have different additives. 

- Hvdraulic Fluids Hydraulic fluids include synthetic hydrocarbon-based materials and petroleum-based 
materials: both contained tricres!ilphosphate. Because tliese two types were similar in bioassa!. results. they 
were combined. The other hydraulic fluid was a water-glycol based fluid. 

- Gasoline. Stoddard Solvent. Jet Fuels. Kerosene. Diesel Fuel and Lieht Heating Oil These materials all come 
from around the middle distillate cut and just above. Stoddard Solvent. known also as mineral spirits is a 
mixture of straight and branched chain paraffins. napthenes and alkyl aromatic hydrocarbons. Gasoline is 
primarily derived from high distillate fractions which have been reconfigured. Data for leaded and unleaded 
gasoline were combined and represent automotive &el. Data for light fuel oil is from a low-catal!tic cracked 
( 1 O'X,) fraction. Most data found was for marketplace samples. 

- Heaw Fuel Oil. Diesel Fuel Marine. Lube Oil and Motor Oil Tliese materials are all derived from a relatively 
higher boiling &action. Heavy fuel oil and diesel fuel marine are similar except that diesei fuel marine must 
be clear and bright. Lube oils included paraffinic and napthenic oils. As data resulting from toxicologic tests 
was not significantly different among these oils, they were combined. Of the four samples of heavy fuel oil, 
the most toxic one was chosen (it also had the highest sulfur content). 

EMERGENCY RESPONSE PLANNING GUIDES (ERPGs) 

Sometimes it is necessap to identify an appropriate exposure level for an acute situation such as in planning 
foir emergencies. The American Industrial Hygiene Association (AIHA) has been developing such guides. 
known as ERPGs." These are being adopted by many organizations. but not all cliemicals have been 
evaluated. We have applied the relative potency methodology for a subset of the chemicals for which there 
exist ERPG values. Results are presented in Figure 2. From this figure. it can be seen that a reliable slope is 
developed between the AIHA derived ERPG values and the relative potency values that we derived. This 
provides adequate confidence that screening levels for additional chemicals may be derived using the relative 
potency methodology (for data that may only include in vitro bioassays if necessary). 
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Figure 1. Toxicological potency of selected petroleum mixtures relative to benzo(a)pyrene 
derived using the relative potency methodology. 
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- Figure 2. Inverse of relative potency plotted against the Emergency Response Planning Guide #2. 
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ALTERNATIVE MATERIALS FOR HEAVY ARMOR PENETRATORS 

Several organizations within the DoD have an interest in learning whether or not there is a more 
environmentally benign material suitable for heavy armor penetrators than depleted uranium (DU). One of 
the more promising candidates is tungsten or a tungsten alloy. A major interest in the candidate materials is 
their potential to cause serious health inipacts to soldiers deploying the weapons or to private citizens who live 
in the viciiiio. of where the penetrators are produced. used in practice. or disposed of. I n  iii\restigating some 
of these questions for a U.S. ,?mlly sponsor. we found that there were no cancer studies in  humans upon which 
to base a traditional analysis. Because there are no human studies clarifl ing the question ol'\vhether or not 



tungsten is a carcinogen. and 110 laboratory animal studies of cancer upon u liicli to draw. a non-classical 
approach was developed. The question to be asked had to be modified from “is tungsten a carcinogen?” to 
“if tungsten is found to be a carcinogen, what would be its potency?” Our experience in analJ-zing diverse 
forins of data was a key characteristic that allowed us to develop an answer to tlie question. 

The sparse amount of data on tungsten was assembled and evaluated using five different reference 
compounds.” Multiple reference compounds were necessary because it would have been inipossible to use 
the majority of tungsten data with a single reference material because the overlap between any one reference 
compound and the tungsten data was not very great. Figure 3 contains plots of tungsten data coinpared with 
each of the five reference agents and then a combined plot for which all coniparisons are iionnalized to the 
standard reference agent. benzo(a)pyrene which is defined to have a potency of 1.0. On the basis of the very 
sparse data. evidence from the combined figure suggests that tlie potency of tungsten. if detennined to be a 
carcinogen. would be in the neighborhood of 0.04 relative to benzo(a)pyrene. This calculation of potency is 
based on a preliminary analysis. but it does provide important evidence and points tlie direction for important 
next steps in the evaluation program. 
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Figure 3. Relative comparisons between tungsten and five reference compounds. Contained in this 
figure are all the data identified on tungsten which could be relevant to the cancer endpoint, i.e. in vitro 
and in vivo. 

LOW-DOSE EXTRAPOLATION 

A Eourth example of the types of problems that can be addressed by the general approach which we have 
developed is that of extrapolation of health risk data to situations in which the exposure of interest is well 



below die exposure situation of the main body of data. Usually the risk measures. sometimes known as slope 
factors. are derived from either human epidemiological data of workplace exposures or from aniiiial data in 
cancer studies. Both of these situations result in rather high exposures relative to the situation of interest in 
eni,iroimiental matters. The question is how to best use these data taken at tlie relativel!. high exposure level: 
cuirrentl!~. simple linear estrapolation from the high-dose points is the method of clioicc Based on our 
historical development. we have identified an improved approach. This proccss has not been deireloped to 
the point of application but we believe that all of tlie important conceptual foundation elements are present. 

One of the driving forces for this low-dose approach is derived from tlie need to have the risks from a given 
level of exposure more accurate than we believe is presently available. With respect to cleanup levels in the 
environment. the cleanup standards imposed on industry are largely based on animal studies whose link to 
human health is the subject of debate. Modern research in molecular biology, genetics and DNA 
daniage/repair mechanisms provides an opportunity to put the risk to humans and ecological svstems on a 
rational defensible. scientific basis. If clean-up standards are much lower than the threshold at which human 
and ecological safety is at risk. then the cost to the DoD and other government agencies (the tax payers) can 
be needlessly high. 

Our approach to low-dose extrapolation is improved by its focus on fundamental research topics such as 
molecular biology, genetics. cytokine production. and DNA damagehepair mechanisms to name a few. In 
addition to the break with the tradition of a nearly exclusive use of high dose animal carcinogenesis 
experiments. out approach is based on an encompassing parallel process so that the predictions of risk will 
be stable and not depend on single attributes like linear extrapolation from one or a few high-dose data points 
from carcinogenesis experiments. as is customary in tlie presently accepted approaches to low-dose 
extrapolation. 

Three separate considerations are critical to address issues of low-dose risk: (1) tlie risk coefficients for most 
carcinogenic substances are reasonably valid for exposures that do not require low-dose extrapolation: (2) the 
toxic equivalent factor (our relative potency) concept as promulgated by the EPA for congeners of PCBs, 
dioxins and fbrans represents a generalizable process for defining exposure-rate effectiveness factors and dose- 
magnitude efficiency ad-justments, and (3) the precise and accurate laboratory data on several biological 
structure levels can be analyzed in terms of frequency distributions. Table 1 provides a prototype of an 
approach to implement these ideas. In the conceptual approach, the biomarkers in the table are used to ,  
"translate" the data fiom higher dose animal and human data to the regime of lower dose. The concept of "data 
tra.nslation" here is similar to the "translation" methods developed and validated in the relative potency 
methodology described earlier. The difference is that, in our previous work, the bioassay data was used to 
translate information on one chemical to equivalent information on another chemical. I n  the low-dose 
extrapolation concept, the process would be one of translating human and animal response at a given dose to 
lower doses by using bioassay data on the same chemicals but at lower exposure levels. 



Table 1. Illustration of how data-base analysis of biomarkers can be used to develop non-linear models 
of risk for human exposures. Squares indicate that data may be available. Blanks indicate no data, zero, 
or below Limit of detection. P = modeled prediction from analysis of data on biomarkers A through N; 
subscripts on D indicate dose/exposure level. 

Dose Biohlk BioMk BioMk . . . BioMk Response Response P = Model 
"A" "B" "C" IINII (Animals) (Humans) (Humans) 

CONCLUSIONS 

It should be apparant that the four examples of how the ORNL toolbox can be used are only a limited picture 
of the applications possible. We believe that the general concept of relative potency or to use the EPA term, 
toxic equivalent factor, can be used in even more diverse settings than we have presented. In addition to the 
biological endpoints discussed as examples in this manuscript: the concept may be used in evaluating the 
potential effects of chemical agents on cardiovascular disease, on neurotoxicity, on reproductive toxicity, and 
the list goes on. 

Of particular importance to the DoD may be the potential for this general concept to be used in the evaluation 
of mixtures of materials and new materials. Because it is possible to develop a small battery of in vitro 
bioassays to evaluate relative potencies, mixtures and new materials may be screened relatively easily. 
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