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United States Government. Neitherthe United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
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PREFACE 

This report was prepared by staff members of the Health and Safety 
Research Division (HASRD) in support of the Remedial Action Program (RAP) 
for the Oak Ridge Site. Described is a summary of progress achieved from 
October 1986 through September 1987. As additional tasks are completed, it 
is expected that the present report will serve as a functional 
infrastructure for a final ORNL report and journal article on "Evaluation 
of Human Heal th Risks from Mixtures of Hazardous Chemicals and 
Radionuclides." In addition, various subtasks will be submitted for peer 
review and journal publication . 
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EXECUTIVE SUMMARY 

The primary goal of this study is to develop a risk-based common scale 
for consideration of radionuclides.. carcinogenic chemicals, and 
noncarcinogenic chemicals according to the logic illustrated in Fig. 1. 
The common scale is needed as a basis. for management of waste products and 
control of environmental pollutants. Also, prioritization of various 
remedial actions and decisions based on cost vs benefit and acceptable, 
unacceptable, voluntary, and involuntary exposures cannot be made on a 
sound technical basis unless different harmful agents can be compared, with 
a high degree of relative accuracy, on a common scale that either 
explicitly or implicitly indexes potential detriment to human health. 

It is frequently recognized that environmental pollutants comprised of 
mixtures of radionuclides, chemicals classified as carcinogens, and 
chemicals classified as noncarcinogens may act in combination to amplify 
the etiological development of specific pathological diseases. Current risk 
analogies do not have the flexibility to adjust for a unifying hypothesis 
for the potentiating effect from one toxic agent working to amplify the 
preclinical lesions initiated by a different toxic agent. The goal of this 
study, viz. a risk-based common scale, attempts to make a first step 
towards satisfying this complex need. 

The processes by which hazardous insults act in combination to amplify 
or impede disease processes are not adequately understood at this time. 
Specific experimental designs may demonstrate synergism, and other 
experimental designs may demonstrate antagonism of disease processes. Thus, 
analyses of the effects from individual chemicals (or insults) mayor may 
not be useful in assessing the cumulative effect from multiple stressors. 
The method described in this paper serves as a useful "strawman" in that 
the effects of chemicals tested individually may be compared with the 
effects from a complex mixture. These comparisons should provide useful 
insight as to the testing and regulation of complex mixtures. 

Regulatory criteria are highly kinetic in that individual chemicals 
are constantly being reclassified according to "weight of evidence" as to 
whether specific chemicals are. carcinogenic to animals, carcinogenic to 
man, or "potential carcinogens." In addition to reclassification, the 
Environmental Protection Agency (EPA) subjectively defines action levels 
independently for different chemical classes and for different activities. 
For example, an action level of only one additional cancer per million 
persons exposed was promulgated for land disposal considerations, but the 
action level is 10- or 100-fold higher for the contaminants in drinking 
water. 

EPA regulatory science is founded on absolute decision making where 
the magnitude of a particular hazardous agent is analyzed without the 
advantage of relative comparisons with other hazardous agents. Thus, EPA 
has regulated radiochemicals, carcinogenic chemicals, and noncarcinogenic 
chemicals separately and independently, and the Superfund Public Health 
Evaluation Manual declares that "Indicator scores for carcinogens and 
noncarcinogens are not on comparable scales and should never be compared." 

EPA's methodology of promulgating criteria commonly involves selecting 
human or animal test data to be analyzed, investigating the dose response, 
incorporating margins of safety, scaling treatment dose from the test 
species to man, scaling the response from the test species to man, and 
setting an action level for "acceptable risk." 

xi 
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The EPA process typically is based on only one toxicological or 
epidemiological study. If reliable human data are available (as for 
chromium), then EPA models can be realistic. The EPA policy is to err 
towards safety when faced with data gaps. In these situations the EPA 
chooses to use safety factors and extreme conditions instead of relying on 
data-intensive relative comparisons. 

Chemicals such as PCBs are regulated using EPA levels widely believed 
to be safe, but the EPA models that are believed to be highly protective of 
human health become quite unrealistic in the absence of reliable human 
data. Thus ,no relative accuracy is found across criteria for various 
hazardous pollutants, and the ranking of the risks posed by different 
chemicals becomes scrambled. Additional discussion is given .to describe 
why this study selectively chooses limited methods from the EPA regulatory 
models. 

An important subtask of this study is to "sort out" the EPA models 
that are realistic in an absolute sense (they are a subset developed from 
epidemiologically based data) and to mate those models with more accurate 
relative comparisons so that an improved realistic risk-based common scale 
can be defined for those individual chemicals and complex mixtures that 
lack sufficient data for a realistic evaluation of absolute risk. This new 
risk- based scale attempts to preserve the accurate relative ranking of 
individual chemicals, even those chemicals with major data gaps. 

A rapid screening of hazard (RASH) methodology has been developed and 
published (Jones et al. 1985; Jones et al. 1987) for relative comparisons 
of toxicological potency based on in vitro and in vivo test data published 
in the Registry of Toxic Effects of Chemical Substances (RTECS) (Lewis and 
Sweet 1983-1984). The RASH methodology is based on the evidence' that 
exposure to any agent that stimulates compensatory cell proliferation above 
the normal homeostatic level can act to potentiate carcinogenesis in humans 
exposed simultaneously or serially to agents that contribute to toxicity 

. (Jones et al. 1983; Jones 1985). 
Radionuclides have been evaluated and managed according to dosimetry 

and mathematical risk analogies that are developed in adequate detail (ICRP 
1980) so that one significant exposure experience to a human population 
(such as the Japanese atomic bomb survivors) can be evaluated. The 
mathematical models can then be reevaluated for different exposure 
conditions to predict the magnitude of the hazard for a hypothetical human 
population subj ected to an entirely different source of radiation and/or 
treatment schedule. The biophysical and radiobiological models are quite 
realistic in contrast to models for toxic chemicals. For example, 
radiological models consider absorption efficiency factors for various 
compounds and follow the metabolism, distribution, and retention within the 
fluids, organs, and cells of the body. 

Bioassays published in RTECS have not been conducted for 
radionuc1ides; thus, it is obligatory to put the unitless relative potency 
ranking of chemicals derived from the RASH analysis on a realistic risk­
equivalent basis so that radionuclides and chemical hazards can be compared 
directly. The RASH method evaluates all chemicals independent of 
designation by expert committee as to whether weight of evidence indicates 
a chemical is a "carcinogen" or a "noncarcinogen." 

In support of this need, absorption coefficients for the chemicals 
identified as potential pollutants on the ORNL site have been developed 
(see Appendix E), and the bridge or common scale component of this analysis 
is shown in Fig. 1 and labeled as "Standardize models of dose/hazard to 
maximum degree possible." 
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Thirteen radionuclides, eight toxic chemicals, and six, chemical 
carcinogens have been previously identified as potential contaminari.ts at 
various sites associated with ORNL. This reporting considers those 26 
pollutants in the level of detail adequate to illustrate a risk-based 
common scale. 

Because this study is based on a realistic assessment of risk and 
employs actual doses or concentrations in the tissues of the human body, 
results are useful for environmental pathways analyses and soil 
contamination criteria. Thus, an important component of this study is to 
collaborate with other members of the remedial action program (RAP) study 
team. 

At this reporting, all aspects of the risk-based common scale have 
been developed adequately except for the standardization of dose and risk 
module of Fig. 1, evaluation of additional pollutants currently listed in 
the ORNL inventory, and final coordination of intermodule communication of 
tasks described by hoxes in Fig. 1. 

EPA regulatory science is "model intensive" and "data sparse." In 
contrast, the intent of the methodology proposed in this study is to be 
"data intensive" and "model sparse." Because EPA's action levels such as 
10- 5 per person-lifetime are mathematical analogies with implicitly wide 
and chemical-specific margins of safety, it is not known whether "true" 
risk to an exposed population would be in agreement with risk models, near, 
zero, or somewhere between. In addition, some individuals argue 
unrealistically for a risk- free environment. More realistically, most 
individuals recognize a need to balance resources and implicitly accept a 
de minimis policy that ignores insignificant matters. Repeatedly the EPA 
has declared a policy of not regulating an undemonstrated hazard, but it 
continues to use linear extrapolation models to predict risk levels thought 
to derive from near zero-level concentrations. 

To aid in these and similar decisions, it seems desirable to offer an 
alternative to a crudely calculated action level such as 10- 5 per person­
lifetime. Two such alternatives are offered in this report. One 
alternative is to make accurate relative comparisons between toxic 
chemicals in drinking water and the benzo(a)pyrene content of common foods. 
A second standard for comparison is to make accurate relative comparisons 
between toxic chemicals in drinking water and breakdown products such as 
trihalomethanes resulting from water chlorination. Because water 
chlorination clearly benefits human health in contrast to undesirably 
polluted water, a screening decision, or action level, could be set at some 
fraction of the toxicity deriving from chlorination of public drinking 
water. 

This report draws heavily from regulatory sciences, biological test 
results, risk analysis, radiation dosimetry, etc. As a result, this report 
reflects a spectrum of terms drawn from many disciplines. Because some 
readers may be unfamiliar with certain technical terms, a glossary is 
included at the end of this summary. 
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GLOSSARY 

absolute: the traditional method of decision making 
,characterized by reliance upon expert committees 
intensive, data-sparse exposure scenarios bolstered 
factors to evaluate human health effects. 

used 
who 

by 

by the EPA, 
utilize model­

large safety 

absorption coefficient: an efficiency factor used to approximate the 
fraction of the exposure absorbed into the circulating fluids of the 
body. Absorption coefficients are used for ingestion, inhalation, and 
dermal exposures. 

acceptable risk: Mathematical models are used to calculate the potential 
level of damage in a human population. Currently, if less than one 
person is expected to be injured pathologically from a population of 
100,000 or more, this may be taken as an "acceptable" level of risk, 
viz. 10- 5 per person-lifetime. 

animal slopes: The CAG uses a multistage model to 
from dose-response studies. Animal slopes refer 
multistage model at low dose. 

fit experimental data 
to the linearity of the 

ATSDR: Agency for Toxic Substances and Disease Registry. 

bioassay: an in vitro or in vivo test used to measure the effect of a 
chemical or physical agent. 

GAG: The Carcinogen Assessment Group of EPA. ' 

GAG risk coefficient: a constant that, when multiplied by dose, describes a 
level of risk. The CAG publications usually call this value the "animal 
slope" or simply "slope." Units of the slope are typically given in 
(mg/kg/day)-l. 

carcinogenic chemicals: usually a reference to chemicals listed as "known," 
"suspected," and "potential" carcinogens. The carcinogenic chemicals 
are typically those listed by the IARC. 

carcinogenicity: the capacity to cause, enhance, or potentiate cancer. 

carcinoma: a malignant tumor derived from epithelial tissue. 

GERGLA: the Comprehensive Environmental Response, Compensation, and 
Liability Act of 1980. It established the Superfund. 

closure: the operational and legal shutdown of an activity. 

criteria: a legal limit that should not be 'exceeded. In the absence of 
regulatory criteria, an estimate derived by a nonofficial source for 
management and storage of hazardous waste. 

xv 
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data gaps: insufficiencies or inadequacies in toxicological data 
to accurately assess health effects; usually compensated 
incorporation of large safety factors in risk calculations. 

required 
for by 

data intensive: a characteristic of an analysis designed to maximize the 
use of experimental data to evaluate an effect. 

data sparse: the use of a small amount of data and a strong reliance on 
mathematical models to evaluate an effect. 

decision point: a calculated or measured value that changes the course of 
action from what would be taken at a lower value. 

dosimetry: the measurement of dose or dose-related quantities. 

DWPL: Drinking Yater Priority List, as mandated by the 
priority contaminants found in public water 
documented or suspected adverse health impacts. 

SDYA; a list of 
systems that have 

ED10: the estimated dose associated with a lifetime excess cancer risk of 
10%, the reciprocal of which is called the RQ potency factor and is 
used (with weight-of-evidence) in relative ranking of Superfund site 
chemicals. 

EPA Water: this refers to EPA Yater Quality Criteria activities. 

expert committees: multidisciplinary groups of experts charged by an 
authoritative body such as EPA, NIOSH, etc., to evaluate a particular 
hazard or risk. 

Group A: a human carcinogen based upon sufficient epidemiological evidence. 

Group 81: a probable human carcinogen based upon limited epidemiological 
evidence. 

Group B2: a probable human carcinogen based upon sufficient evidence of 
carcinogenicity in animals but inadequate evidence in humans. 

Group C: a possible human carcinogen based upon limited evidence of 
carcinogenicity in animals. 

Group D: not classified because of inadequate evidence of carcinogenicity 
in animals. 

Group E: no evidence of carcinogenicity in humans in at least two adequate 
animal tests or in both epidemiologic and animal studies. 

hazard: a calculation or measurement of potential harm. Does not imply that 
the effect or harm will actually occur; typically an overestimate of 
actual outcome or risk. 

Hazard Ranking System: a screening tool for assigning sites to the National 
Priorities List (NPL) wherein a numerical score is derived to reflect 
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the potential for harm to humans or the environment from migration of 
hazardous substances by groundwater, surface water, or air routes. 

hazardous chemicals: refers, in this report, to all chemicals. Harm can be 
induced by any chemical at some concentration. Even pure oxygen and 
distilled water are toxic at high concentrations. This usage is not 
consistent with EPA's use of the term. 

HRS: see Hazard Ranking System. 

human slopes: a term used by CAG to indicate a linear dose response fitted 
to human data. The multistage model was not used when CAG analyzed 
human data. 

hyperplastic nodule: a precancerous response to tissue trauma characterized 
by cellular proliferation and increase in size and weight of the 
affected organ. 

IARC: International Agency for Research on Cancer. 

infant regulation: a guidance value derived early in the regulatory history 
of a particular chemical. Infant regulations are subject to sudden and 
potentially large changes. 

initiate: to induce a precarcinogenic lesion or condition by administering 
a subeffective dose of a carcinogen. 

interviewing chemical: a term used in a descriptive sense to 
chemical being assayed for toxicology potency. That chemical 
not be produced or used for industrial processes, depending 
toxicity. 

linearized multistage:- see slopes. 

LOAEL: lowest-observed-adverse-effect level 

denote a 
mayor may. 

upon its 

mature regulation: a guidance value derived from a large amount of test 
data or actual human experience. 

maximum tolerated dose (MTD): this is usually taken at two- or four-fold 
less than a dose that produces frank lesions of acute toxicity. The 
magnitude of the MTD is determined by experimental design and duration 
of treatment. 

MCL: maximum contaminant levels; enforceable standards set by the EPA under 
amendments to the SDYA in 1986; should be set as close to the MCLG as 
practically feasible. 

MCLG: maximum contaminant level goal; non-enforceable health goals set at a 
level of no known or anticipated adverse health effects with an 
adequate margin of safety. 
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model intensive: reliance upon mathematical models moreso than upon 
experimental data to evaluate human health effects. 

National Priorities List: a list of sites that qualify for Superfund­
financed remedial action on the basis of their HRS score (above 28.S). 

NOAEL: no-observed-adverse-effect level. 

noncarcinogen: generally, a treatment not expected to cause or potentiate 
carcinogenesis. Thus, the intrinsic characteristics of the treatment, 
the characteristics of the test model, and the conditions o~ exposure 
determine whether a treatment is a carcinogen or a noncarcinogen. 

NPL: see National Priorities List. 

PCBs: polychlorinated biphenyls. 

permissible: an exposure concentration or treatment not expected to cause 
an unacceptable level of hazard of risk. 

potentiate: to enhance a pre-established carcinogenic activity. 

promote: to establish carcinogenesis through chemical or physical means 
applied in conjunction with an initiator. 

RAG: see reference air concentration. 

radiochemical: a toxic chemical that contributes to toxicity predQminantly 
through production of ionizing radiations. 

RASH: the rapid screening of hazard chemical scoring method (Toxicological 
and Industrial Health 1(4), 1985). 

reference air concentration:' for noncarcinogens, a threshold dose below 
which health is protected; derived from oral RfDs. 

reference chemical: a well-studied chemical that serves as a standard for 
comparison with a chemical ab~ut which much less is known. 

reference standard: a term used to imply 
epidemiologically based standard. In this 
the most authoritative standard may be 
experiences that may serve to dampen 
confounding factors. 

the most authoritative 
document it is proposed that 
a composite of risk-based 
the effect of undesirable 

relative: a newer supplemental method of decision making characterized by 
minimized reliance upon mathematical models and more data-intensive 
multipotency comparisons between various biological tests. 

relative potency: the capacity of a chemical to produce a specified effect 
relative to the capacity of a standard chemical to produce the same 
effect. For equal response, relative potency = DsIDT, where DS is the 
dose of the standard chemical and DT is the dose of the test chemical. 
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reportable quantity: an amount of a pollutant such that a spill in excess 
of that amount must be reported to EPA . 

RED: reference dose. 

risk: actual harm to a population in contrast to an estimate of the 
. potential hazard. 

risk-equivalent: the use of a specific level of risk to compare the potency 
of different pollutants. 

/ 

Risk-specific dose: a term used by EPA to designate the permissible 
concentration of a carcinogen. . 

RHCL: recommended maximum contaminant level, renamed maximum contaminant 
level goal (MCLG) under amendments to the SDWA in 1986. 

RP: relative potency. 

RQ: see reportable quantity. 

RSD: see risk specific dose. 

safety factors: factors used to adjust the NOAEL, NOEL, or LOAEL reported 
for small experimental test populations to estimate the comparable 
NOAEL for chronic exposure to larger populations that may contain 
sensitive subgroups in calculations of ADI; generally used to provide a 
measure of protection in compensation for data gaps . 

SAR: structure activity relation that is an evaluation of a chemical based 
on its chemical structure. 

SARA: Superfund Amendments and Reauthorization Act of 1986, which sets 
schedules to be met in conduct of preliminary assessments and site 
inspections (for data collection) and also mandates improvements to be 
made in the HRS methodology. 

Sax Index: a scheme of rating toxicity on a scale of 0 to 3 that is used in 
combination with a persistence score in evaluating waste 
characteristics in the HRS methodology; chronic toxicity is not 
addressed, which is a weakness in the index. 

SDWA: Safe Drinking Water Act of 1974, which required the EPA to 
national interim primary drinking water regulations applying 
drinking water systems and specifying contaminants that may 
adverse health effects. 

slopes: see animal slopes and human slopes. 

establish 
to public 
have any 

Test chemical: similar to an interviewing chemical except that the emphasis 
is on test results from bioassays instead of on the industrial usage of 
a chemical or chemical process. 
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uncertainty factors: factors 
experimental variability; 
factors. 

that represent measurable estimates of 
sometimes incorrectly referred to as safety 

unit risk estimates: a term used by CAG to indicate a potential excess 
lifetime risk associated with breathing 1 ~g/m3 over a 70-year lifespan 
for a 70-kg person. The quantity is inaccurately named because the 
estimate is for hazard (not risk), and the unit designates 
concentration, not "unit risk." 

weight of evidence: the overall 
potential carcinogenicity of 
through E. 

strength of the data 
an agent, categorized 

indicating the 
into groups A 
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1. GOAL 

The primary goal of this study is to develop a risk-based common scale 
for radionuclides, carcinogenic chemicals, and noncarcinogenic chemicals. 
The common scale is needed as a basis for management of waste products and 
control of environmental pollutants. Also, prioritization of various 
remedial actions and decisions based on acceptable, unacceptable, 
voluntary, and involuntary exposures cannot be made on a sound technical 
basis unless different harmful agents can be compared, with a high degree 
of relative accuracy, on a common scale that either' explicitly or 
implicitly reflects potential detriment to human health. The risk-based 
methodology proposed in this report depends upon the point of fact that 
designation as "noncarcinogen" is tentative, based on the subjective 
decision as to how a particular expert committee evaluates the weight of 
evidence for a particular chemical. Obviously, the weight of evidence 
changes with time. Also, "carcinogenic" or "noncarcinogenic" is a 
classification that depends upon the interaction of a hazardous agent with 
a biological' test model under a particular exposure protocol. Variations in 
the nature of the hazardous agent, the biological traits of the model, or 
the parameters of exposure can shift the classification- -even for widely 
tested and monitored carcinogens. 
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2. INTRODUCTION: NEED FOR AN ANALYSIS OF RELATIVE TOXICITIES 

Historically, radionuclides, carcinogenic chemicals, and toxic 
chemicals have been separated into three conceptually distinct classes. 
According to the Superfund Public Health Evaluation Manual (EPA 540/1-
86/060), "Carcinogens and noncarcinogens are not on comparable scales and 
should never be compared." Thus, haz,ard/risk evaluation and hazard 
management (including regulatory) practices have been implemented that are 
unique to each of the three classes. The distinction between hazard to 
human health and risk of harm to human health is not clear from dictionary 
definitions. Hazard usually implies a chance happening--an accident or a 
possible source of danger where the element of probability is emphasized. 
Risk is possibility of suffering harm or loss--danger or a factor, course, 
or element involving uncertain danger; hazard (Webster's II: New Riverside 
University Dictionary 1984). Although these descriptions seem circuitous, 
with the only obvious distinction being that of "probability" vs 
"possibility," the EPA,has specified that 

"Risk assessment is comprised of the following components: 
hazard identification, dose-response assessment, exposure 
assessment, and risk characterization. . Hazard 
identification is the qualitative risk assessment dealin1. with 
the inherent toxicity of a chemical substance" (SlFR34007). 

The traditional approach to hazard evaluation and management is to 
consider each hazardous chemical or agent individually, without benefit of 
previous evaluations of other toxic agents, and to limit human exposures to 
that insult to levels that are judged or calculated to have an 
insignificant or acceptable impact on human health. Thus, action levels or 
goals have been set independently for each of the three classes of health 
hazard considered here. Selected examples of decision/action levels have 
included: National Primary Drinking Water Regulations for Radionuclides 
(51FR34836) tIde minimis" and "as low as reasonably achievable" (AURA) 
concepts for ionizing radiations; National Interim Primary Drinking Water 
Regulations (40FR59566); the analytical limit of chemical detection in food 
and drug products; and a concentration calculated to cause no more than one 
premature death in a population of 100, 000 persons at lifetime risk from 
environmental contaminants (Sittig 1980). 

Analytical and quantitative chemistry have developed to the point that 
parts per trillion in a liquid sample and even one atom of a contaminant in 
a gas sample may possibly be detected. These levels are in marked contrast 
with the limit of detection at the parts per million level possible when 
the Food and Drug Administration (FDA) policy was initiated (Jackson 1980). 
Then, a contaminant present at concentrations below detectable levels was 
commonly assumed to cause no harm. Now, in addition to more sensitive 
chemistry, there is an increasing concern about the effects of low level 
exposures among the general population. Also, an increasingly huge volume 
of chemical and radioactive wastes is being generated. Thus, we live in a 

IThis ,report cites many EPA communications. For convenience and to 
save space those commmunications published in the Federal Register are 
cited in this format where 34007 is the page number of Federal ter 
Volume 51. 
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sea of low-dose pollutants, and there are inadequate resources to attempt 
cleanup and containment of all sources of pollutants even to the,' parts per 
million level originally used by FDA. Furthermore, to attempt such an 
action would be unbearably expensive and unnecessary for most pollutants. 

It is important to identify and manage the significant problems early 
and to commence containment or remedial action measures at points of 
greatest potential for harm. Such considerations cannot be made accurately 
unless the individual pollutants are considered on a common scale. By this 
process, the effect of the total exposure is estimated, and decisions 
become more realistic. 

Our primary objective, therefore, is to develop mathematical models 
and collect biological test data needed to develop a rationale and a 
methodology for establishing criteria for cleanup or waste management of 
both hazardous chemicals and radioactive materials. Concentrations of 
individual pollutants will be compared ori a risk-equivalent basis. This 
goal reflects many subtasks. Development of a realistic and functional 
common scale depends upon completion of all such tasks. The "common scale" 
or "risk equivalent" basis is discussed in more detail in Sects. 9-11. 
Among several secondary objectives, the most important at this reporting is 
to develop criteria for 13 radionuclides and 14 chemical contaminants that 
have already been identified as having a high potential to be problem 
pollutants at ORNL sites. 

Other important secondary obj ectives include (1) an estimation of 
the safety margin reflected in current EPA regulations for site 
contaminants, (2) the derivation of estimates of EPA regulations 
potentially forthcoming in the next few years and in the longer term for 
postclosure planning, and (3) comparisons of coefficients of risk for those 
site contaminants with coefficients of risk for ubiquitous environmental 
exposures. 

Direct comparisons of toxicological potential between different 
chemical or physical agents can be made with a high degree of relative 
accuracy, even though extrapolations to assess the impact on human health 
are highly uncertain (Ames et al. 1987). Also, in order to help contrast 
widely accepted hazards from other hazards that frequently (and reasonably) 
become unacceptable to a significant fraction of the population, it is 
important to explore the possibility of expressing the toxicity of one 
agent relative to a toxicity standard defined with a reference agent. In 
this report, efforts will be made to compare contaminant levels of 
fugitive emissions in drinking water with contaminant levels resulting from 
water chlorination and with the cooking or growing processes for a few 
commonly consumed foods (Ames et a1. 1987). If pollutant toxicity is far 
below the contamination levels associated with water "purification" and 
cooking, then it would seem that risk levels should be reasonably 
acceptable to most individuals. 
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3. BACKGROUND: EPA RISK ANALYSIS AND RISK MANAGEMENT 

3.1 ABSOLUTE DECISION MAKING FOR MANAGEMENT OF HAZARD/RISK 

Historically, human health hazards derived· from occupational and/or 
environmental exposures have been analyzed and managed individually. 
Basically, the decision-making process has involved: identification of the 
potential hazard; collection of animal toxicological or human health data; 
analysis of the dose-response effect; collection of data on current 
exposures; projection of future human exposures; and addition of margins of 
safety judged to be adequate to span uncertainties in: (1) the dose­
response analys is, (2) proj ected exposure scenarios, and (3) the 
possibility that projected exposures will involve a more sensitive human 
population than the human or animal· population from which the hazard 
evaluation has been derived. Obviously, specific evaluations for 
individual chemicals (or hazardous agents) based on an absolute approach 
will not be accurate in a relative sense (40FR59567) even though the 
evaluations are made according to a common philosophy. A simplified 
schematic of the historical process for hazard evaluation and risk 
management is given in Fig. 1. 

The Safe Drinking Water Act (SDWA), first enacted in 1974 (42USC300f, 
et seq.), required EPA to establish national interim primary drinking water 
regulations for public drinking water systems to regulate "specified 
contaminants which in the judgement of the Administrator, may have any 
adverse effec't on the health of persons" [Section 1401(1)]. The SDWA 
required EPA to establish national primary drinking water regulations that 
include legally.enforceable maximum contaminant levels (MCLs) or treatment 
techniques. In addition, the standards were to be revised based on a 
comprehensive assessment of potential adverse effects to derive recommended 
maximum contaminant levels (RMCLs). RMCLs were to be set "at a level at 
which, in the Administrator's judgement ... no known or anticipated 
adverse effects of the health of persons occur and which allows an adequate 
margin of safety" [Sec'tion 1412(1) (B) 1. RMCLs are not legally enforceable 
but represent health-based goals for regulation. EPA was charged to 
promulgate MCLs (or treatment techniques) for each contaminant for which an 
RMCL was promulgated. An MCL was to be as close to the RMCL as feasible 
[Section l4l2(b)(3)]. As a consequence, EPA promulgated National Interim 
Primary Drinking Water Regulations in 1975, 1976, and 1979. Those 
standards covered 26 pollutants. EPA had wide discretion to select 
substances for regulation and to regulate each substance in an absolute 
sense. 

EPA's drinking water criteria activities have relied on techniques of 
absolute decision making. These evaluations approach chemical carcinogens 
according to analytical models developed by the EPA Carcinogen Assessment 
Group (CAG) (Anderson 1983), noncarcinogens according to traditional 
toxicological methods (Dourson and Stara 1983; Dourson et al. 1985), and 
radionuclides according to methods recommended by the International 
Commission on Radiological Protection (ICRP) in Publication 30. 

The CAG evaluation can be quite realistic (and potentially accurate) 
when based on reliable exposure and epidemiological data. An example of a 
definitive (and probably realistic) evaluation by CAG methods is found in 
the EPA Health Assessment Document on Chromium (EPA-600/8-83-0l4F), which 
is summarized in Appendix A. The Health Assessment Document (EPA 600/8-83-
014F) recognizes the value of the chromium experience in stating that the 
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analysis provides a basis for estimating public health impact including a 
potency evaluation in relation to other carcinogens. This evaluation is in 
marked contrast to analyses for other chemicals based on upper limit 
analysis of risks to test animals. 

The CAG philosophy is to err in favor of safety when human risk 
coefficients are derived from more incomplete data or animal bioassays 
(SlFR34046) . In this situation, the CAG approach is characteristic of a 
"data sparse" and "model intensive" methodology ensured by inflated margins 
of safety. but it does not attempt to emulate the worst case assessment 
(SlFR34053). The CAG philosophy was devised for absolute decision making 
and readily acknowledges a lack of relative accuracy. For example. tables 
of risk coefficients from CAG evaluations note that "not all of the 
carcinogenic potencies presented in this table represent the same degree of 
certainty" (see EPA/600/8-83/0l2FF). 

An example of a CAG evaluation based on very sparse animal data is the 
Drinking Water Criteria Document for Polychlorinated Biphenyls (report no. 
PB86-ll83l2). Permissible concentrations of polychlorinated biphenyls 
(PCBs) in drinking water are based on an upper 95% confidence limit 
analysis of the maximum likelihood evaluation (i.e .• Q*) of the dose­
response of only one rat experiment that comprised only one treated group. 
Obviously, the CAG analysis for PCBs is fraught with potential 
uncertainties. The PCB standard is one that may need numerical adjustment 
for a consistent margin of safety but certainly needs documented (and 
strong) support through a comprehensive relative potency analysis. Thus, 
the PCB risk coefficient can be analyzed by "data intensive" techniques in 
contrast to the existing EPA drinking water standard, which is based on a 
"data sparse" but "model intensive" evaluation. 

For chemical carcinogens, the EPA water criteria actl.vity has 
recommended "acceptable" concentrations for EPA-recognized carcinogens in 
drinking water. These recommendations are referred to as "risk specific 
dose" (RSD) values and are based on a concentration related to a calculated 
risk of 10- 5 per person-lifetime (S2FR21648, 52FR16982). If an acceptable 
risk is taken as 10- 5 per person-lifetime, then from the CAG models 
Risk = Q* x Dose so that Dose = 10,S/Q* where units of Q* are in 
(mg/kg/d)-I. This convention is commonly used to set criteria for 
contaminants in air [i. e., reference air concentrations (RACs) 1, water 
(i.e., RSDs) , or food. 

For noncarcinogenic chemicals, several EPA initiatives have elected to 
use the concept of "Reference Dose" (RfD) , which is based on the assumption 
of a pharmacologically ineffective dose (i.e., a threshold) for each 
chemical (5lFR2l649, 52FR16982). That is, each individual test animal (or 
human) has some threshold below which no effect will occur. Above that 
threshold the individual will respond, and all individuals would be 
predicted to respond when dosed above the threshold of the most resistant 
individual. Reference doses emphasize the use of route-specific, high 
quality, peer-reviewed data of appropriate exposure duration. Such data 
are rarely available--as EPA has found. EPA has specified that reference 
doses cannot be based on in vitro studies or acute studies in animals. The 
RfD concept is based on a no observed adverse effect level (NOAEL) or a low 
observed adverse effects level (LOAEL), reduced by uncertainty/safety and 
modifying factors as described in Appendix B (Dourson and Stara 1983; 
Dourson et al. 1985; Stokinger and Woodward 1958; Jackson 1980; Gaylor 
1983) . The strength of chemical- specific RfDs derives from an EPA peer 
review and validation process. 
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For radionuclides in drinking water. the EPA has relied on the ICRP 
methods (ICRP report 30) to calculate "estimates of health rTsk from 
exposure to radioactive pollutants" (Sullivan et al. 1981). The EPA methods 
and ICRP report 30 are described briefly in Appendices C and D. 

To summarize the background for absolute decision making: although 
sanctioned by EPA and EPA's organized expert committees, no common scale of 
hazard or risk can be extracted from EPA's "absolute" evaluations of 
chemical carcinogens, chemical noncarcinogens, and radionuclides, and EPA's 
Superfund Public Health Evaluation Manual cautions against' "comparable 
scales." 

Each of EPA's rulemakings, as based on absolute decision making, is 
likely to be consistent with "protection of human health" for that 
particular hazardous substance. But, because pollution-stimulated disease 
rates depend upon the total temporal exposure to all toxic insults acting 
simultaneously and sequentially, "protection of human health" cannot be 
effected by careful consideration of only a few substances while ignoring 
hundreds, or thousands, of other substances, which are deferred primarily 
because of "data gaps" or lack of appropriate data required to associate 
disease rates with exposure. 

The inertia of "absolute" decision making is demonstrated by the fact 
that EPA has set standards for only seven air pollutants (since circa 1980) 
because the current law mandates a pollutant-by-pollutant review based on 
extensive proof of health effects. The strict requirement of such data 
means that health protection will occur only as a remedial action or in 
response to "unsafe" exposures. 

The Department of Health and Human Services (DHHS) (1985) has stated 
that "the lack of adequate data for modeling should never be an excuse for 
not taking or for postponing appropriate action to protect public health." 
This recommendation is quite inconsistent with several regulatory decisions 
(e.g., 52FR25721). Additionally, the American Conference of Governmental 
Industrial Hygienists' Threshold Limit Values (ACGIH-TLV) Committee "holds 
to the op1n1on that _ limits based on physical irritation should be 
considered no less binding than those based on physical impairment. There 
is increasing evidence that physical irritation may initiate, promote or 
accelerate physical impairment through interaction with other chemical or 
biologic agents" (ACGIH 1986-1987). 

3.2 RELATIVE DECISION MAKING FOR MANAGEMENT OF HAZARD/RISK 

EPA's approach to regulation has, over the pas t decade, begun to 
evolve from the "absolute" to the "relative" only in response to a number 
of statutory requirements. 

As one example, the Comprehensive Environmental Response, Compensation 
and Liability Act (CERCLA) of 1980, Sections 103(a) and 103(b) , requires 
"persons in charge of vessels of facilities from which hazardous substances 
have been released in quanti ties that are equal to or greater than the 
reportable quantity to notify the National Response Center. . . . Section 
102(a) authoritzes [EPA) to adjust reportable quantities (from statutory or 
previously adjusted values) for hazardous substances and to designate as 
hazardous substances [those which] may present substantial danger to the 
public health or welfare or the environment ll (50FR13456; 5lFR34534; 
52FR8l40) . 

The release of a reportable quantity (RQ) thus serves merely as a 
trigger to determine whether a spill of a· hazardous substance should be 



8 

reported. To meet the tasks of adjusting RQ values from the statutory 
levels of one pound, the EPA began a large analysis of "relative" 
comparisons for hundreds of hazardous substances. Relative comparisons are 
typically presented in two cosmetically distinct, but functionally 
equivalent, forms: in one form the numerical rating of some characteristic 
of an agent is compared directly with the numerical rating of the same 
characteristic of a standard or reference agent, viz., relative potency for 
chemicals, relative biological effectiveness for ionizing radiations, and 
horsepower for the capacity to work. A second relative comparison is to 
arbitrarily define categorical bounds and sort agents accordingly. This is 
the approach used by the EPA to adjust RQ values. 

To adjust an RQ value from the statutory level of one pound for a 
hazardous substance, six characteristics are considered: aquatic toxicity, 
ignitability, reactivity, acute. toxicity, chronic toxicity, and potential 
to "cause" cancer. An RQ is set for each characteristic and may be 
modified to consider biodegradation, hydrolysis, and photolysis. The RQ 
for a substance is based on the most potent ranking in the six classes of 
consideration. An RQ is then categorically assigned as 1, 10, 100, 1000, 
or 5000 pounds. 

For acute toxicity, the RQ is based on the lowest categorical rating 
from oral, dermal, and inhalation routes of exposure. 

For chronic toxicity, the RQ is based on the categorical comparisons 
of the product of the minimum effective dose ranked on a scale of 1 to 10 
and the severity of the reaction expressed on a scale of 1 to 10. 

For cancer, the RQ is based on the weight-of-evidence and the potency 
as computed by the. CAG models (e.g., EPA-600/8-83-014F). EPA's weight-of­
evidence classification system comprises five groups (51FR2l667). Group A 
indicates proven human carcinogens. Group B indicates probable human 
carcinogens. Group C comprises possible human carcinogens including agents 
with limited evidence of animal carcinogenicity. Group D includes agents 
that cannot be classified because no data or insufficient data are 
available. Group E includes chemicals for which there are adequate 
negative animal bioassays. Because carcinogens differ in weight of 
evidence, the EPA believes that establishment of a single across-the-board 
risk level is not appropriate and has proposed to set a reference risk 
level "For known and probable human carcinogenic agents (Classes A and 
B) . . . at the 10- 5 risk level ... for Class C carcinogens . . . 10- 4 ." 
For Class C carcinogens the RQ is based on NOAEL/1000 (51FR21666). 

EPA's decision to set RQ values according to a risk of 10-4 for 
Class C carcinogens, 10- 5 for Classes A and B carcinogens (51FR2l666), and 
10- 6 for the RCRA land disposal restriction regulations (51FR1603) is very 
subjective and quite inconsistent with recommendations by the DHHS (1985). 

The strengths of the RQ-bas~d toxicity factors derive from EPA's peer 
review of experimental data and the attempt to select data to set the 
lowest value (from six characteristics) for an RQ. The RQs for toxicity 
considerations (acute, chronic, cancer) are based on peer review and are 
not intended to reflect worst-case situations. Obviously, the RQ approach 
is weakened seriously by gaps in needed data, subjectivity in mechanisms 
of evaluation, and instability of the "data sparse" and "model sparse" 
approach. 

Perhaps in response to congressional complaints and public comments or 
to operationally distinguish between "carcinogens" and "potential 
carcinogens," EPA has proposed to modify the methodology for adjusting the 
RQ even though the EPA's Proposed Guidelines for Carcinogen Risk Assessment 
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states explicitly that "It should be emphasized that calculation of 
quantitative estimates of potential cancer risk does not require that an 
agent be a human carcinogen" (49FR227). The proposed rule says, 

The CERCLA methodology is not a risk assessment and it does not 
yield an absolute measure of harm. Rather, the methodology 
simply represents a means of sorting potentially carcinogenic 
substances into categories which may then be equated to RQ 
levels .... 

During the quantitative stage, the Agency uses the available data to 
estimate the dose of a hazardous substance associated with a. lifetime 
increased cancer risk of 10% (ED10)' 

The risk end point (e.g., incidence, mortality, etc.) is poorly 
defined because the data used to make the evaluation may vary from chemical 
to chemical. For example, if animal data are used it is not uncommon to 
combine hyperplastic nodules with liver carcinomas so that the end point 
would in essence be incidence of pathologically abnormal livers. The 
estimated dose is then used to calculate a potency factor (F) where F 
equals l/EDlO (52FR8144). 

One of three categories is assigned based on the magnitude of F. 
Next, the categorical assignment may be increased or decreased one level 
depending upon weight of evidence. This determines the RQ of 1, 10, or 100 
pounds (52FR8l44) for carcinogens in contrast to the five-tiered evaluation 
for noncancer considerations. 

As a second example of relative decision making, CERCLA (42USC960lff) 
requires the development of "methods for discovering and investigating 
facilities at which hazardous substances have been disposed of or otherwise 
come to be located." CERCLA [Section 105(8) (A)] mandates that EPA 
formulate: 

Criteria for determining priorities among releases or threatened 
releases throughout the United States for the purpose of taking 
remedial action and, to the extent practicable taking into 
account the potential urgency of such action, for the purpose of 
taking removal action. Criteria and priorities under this 
paragraph shall be based upon relative risk or danger to public 
health or welfare or the environment, in the judgment of the 
President, taking into account to the extent possible the 
population at risk, the hazard potential of the hazardous 
substances at such facilities, the potential for contamination of 
drinking water supplies, the potential for direct human contact 
[and] the potential for destruction of sensitive 
ecosystems. . 

To meet the requirements of CERCLA, EPA originally used a hazard 
ranking system (HRS) (47FR21330) developed by the Mitre Corporation as a 
means of prioritizing potentially hazardous sites. The HRS method is a 
means of "relative" decision making. The toxicity models used in the HRS 
are based on the Sax index of toxicity. The Sax index for any particular 
chemical is a categorical assignment of 0, 1, 2, or 3, based on acute 
toxicity as judged by the severity of the toxic response and the duration 
of the response. The Sax index does not reflect the dose required to 
induce toxicity. 
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The HRS model has also been criticized because (1) chronic toxicity 
and carcinogenicity to humans were not reflected by the Sax index, 
(2) mutagenic and teratogenic effects were not considered, (3) insufficient 
stratification of hazards resulted because only four categories of toxicity 
were considered, and (4) a particular site was scored based on the one most 
toxic chemical known at that site--even though CERCLA lists 717 hazardous 
substances. The Superfund Amendments and Reauthorization Act (SARA) 
requires that HRS be revised so that "to the maximum extent feasible, [it] 
accurately assesses the relative degree of risk to human health and the 
environment posed by sites and facilities subject to review" [Section 
195(c) (1)] . SARA requires. that revisions to the HRS be promulgated not 
later than April 17, 1988, and enacted and implemented by October 17, 1988. 

Section 110 of SARA amends Section 104 of CERCLA and requires EPA, 
along with the Agency for Toxic Substances and Disease Registry (ATSDR) to 
prepare a list of at least 100 hazardous substances, in order of priority, 
that are most commonly found at sites on the National Priorities List (NPL) 
and that pose the most significant potential threat to human health. The 
first list has been published (S2FR12866). 

A third example of relative decision making is reflected by the 
requirements of the SD'WA as amended in 1986. In that rule RCMLs were 
renamed maximum contaminant level goals (MCLGs), but the definition did not 
change. The amendments require EPA to regulate 83 contaminants in drinking 
water by 1989 (52FR25720). EPA has been given the option to substitute up 
to seven contaminants. Also. the amendments require the EPA to establish a 
drinking water priority list (D'WPL) of contaminants that may have any 
adverse effects on the health of persons and that are known or anticipated 
to occur in public water systems and may therefore require regulation. In 
order to make substitutions, the EPA administrator must determine [after 
notice and opportunity for comment (e.g., 52FR25720) 1 that "regulation of 
the substitutes ... is more likely to be protective of public health 
(taking into account the schedule for regulation)" than regulation of the 
originally listed contaminants that would be removed from the list of 83 
[Section l412(b) (2)] . In selection of the DWPL, EPA must consider, at a 
minimum, substances referred to in Section 101(14) of CERCLA and pesticides 
registered under the Federal Insecticide, Fungicide, and Rodenticide Act 
[Sections 14l2(b)(2)(C)-(D) and l412(b)(3)(A)-(B)]. 

Thus, under the SD'WA the EPA is mandated to consider potential 
pollutants that could easily number into the thousands. . Even facing 
analysis and regulatory problems of such a magnitude, the EPA is reluctant 
to change from its historical background of "absolute" decision making: 

In response' to tasks required by the SD'WA and the DWPL, the EPA 
believed it was not appropriate to use a specific formula to 
apply selection criteria because of the many variables associated 
with contaminants in 'drinking water; however, the Agency 
developed a decision-making "logic train" which incorporates 
selection criteria into a framework on which to make 
determinations .... Given the variability associated with human 
health and exposure aspects of drinking water contaminants and 
the directives of the SD'WA, EPA believes that decision criteria 
must remain flexible, so that a case-by-case decision can be made 
for each contaminant. . . . Essential factors in the analysis 
are: 
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• Are there sufficient health effects data upon which to 
base an MCLG? 

• Are there potential adverse health effects from 
exposure to the contaminant via ingestion? 

• Does the contaminant occur in drinking water? Has the 
contaminant been detected in significant frequencies 
and in a widespread manner? 

• If data are limited on the frequency and nature of 
contamination, is there a significant potential for 
drinking water contamination? (52FR25720). 

The EPA attempts to evaluate each of these four factors in an absolute 
sense. For example, there are large gaps in most health effects data. 
Only a few chemicals are categorized adequately so that an MCLG can be 
based directly on health effects data, because "the health basis ... is 
normally either adequate human data or data from an adequate subchronic or 
chronic toxicity study in an appropriate test animal .... If no such data 
were available and none were expected to be available within the next one 
to two years, the contaminant was also considered as a candidate for 
replacement" (52FR25720). 

Based primarily on data gaps, the EPA has proposed to substitute other 
chemicals in place of aluminum, sodium, dibromomethane, molybdenum, and 
vanadium. 

Even for those chemicals with human or animal data, 'EPA's analysis 
usually depends upon complex mathematical models and mechanistic 
assumptions used as an underpinning for the mathematics. Thus, for almost 
any chemical of concern (e.g., drawn randomly from the CERCLA, SDWA, DWPL, 
or Chemical Abstracts list), the expectation is that "insufficient" data 
will be available in order to implement reasonably accurate "absolute" 
decision-making techniques. In addition, Ames, Magaw and Gold (1987) have 
considered "implications for decision making" as a product of "ranking 
possible carcinogenic hazards. " They concluded that it is not 
scientifically credible to use the results from rodent tests done at the 
maximum tolerated dose to directly estimate human risks at low doses. 

With regard to the second factor, as to whether there are potential 
adverse health effects as a result of ingestion, the answer must be an 
unequivocal "yes" - -for any chemical, including distilled water. Toxicity 
results from "excessive" exposure to any chemical agent. Thus, in essence, 
EPA will be operationally bound to execute SDWA and DWPL mostly through 
considerations of an agent's potential for contamination of drinking water. 

To summarize the background for relative decision making: By legal 
mandate, EPA must use relative methods of decision making for management of 
human health risks. To meet some of these needs, the EPA is considering 
using the toxicity factor data base used to promulgate reportable 
quantities. Each of those applications is likely to be dependent upon the 
strengths and weaknesses of the basic RQ methodology described earlier. 

Even with a congressional mandate to consider hazardous substances in 
a "relative" manner, the EPA has elected to do so with the methods and data 
used for "absolute" decision making. Here also it is accurate to note that 
no common scale of hazard or risk can be extracted from EPA's "relative" 
evaluations of chemical carcinogens, chemical noncarcinogens, and 
radionuclides. 
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4. HAZARD MANAGEMENT VS RISK AVERSION 

Health-effects-based decision making can operationally be separated 
into hazard and risk considerations. In brief, hazard evaluation or 
assessment may involve a rapid evaluation based on experience and/or 
readily available data. The response to the threat of a hazard (or 
management of the hazard) is usually relative in nature (i. e., setting 
priori ties without currently defined regulatory or compliance 
responsibilities), and the magnitude of the management activity usually 
exceeds the magnitude of the evaluation by extremely large factors. In 
contrast, risk analysis has traditionally involved an analysis of potential 
harm based on an exhaustive evaluation of all relevant data and an 
intensive mathematical analysis of those data designed to combine 
biological and physical laws into a calculational analogue model. The 
calculational model can then be evaluated for different input variables 
such as exposure time or intensity of the insulting agent in order to' 
predict a probable outcome for either untested exposure conditions or 
untested human populations hypothesized to be at risk. Frequently, risk 
evaluation is complex and may equal the effort of risk management- -thus, 
the logic for the unbalanced title to this section. The purpose of risk 
evaluation is frequently regulation or "proof" of compliance with official 
regulations or standards. The hazard and risk aspects of ,hea1th-effects­
based decision making are illustrated in Fig. 2. 

As illustrated in Fig. 2 I some may prefer to describe hazard by 
relative comparisons and risk by absolute comparisons. Characteristics of 
each schema are listed. It is readily obvious that some characteristics of 
each logic pathway are more desirable than others. The desirable 
characteristics for rapid screening (or prioritizing chemical exposures) 
are indicated by X's on Fig. 2. 

Listed at the bottom of Fig. 2 are additional characteristics useful 
for setting priorities. Thus, one view of an idealized hazard evaluation 
model would be to maximize incorporation of the desired characteristics and 
to minimize incorporation of the undesired characteristics--as indicated in 
Fig. 2. 

We have attempted to design a rapid hazard evaluation model based on 
vast quantities of relative potency considerations of in vitro and in vivo 
biological test data. As indicated in Fig. 2 ,this has been called the 
Rapid ~creening of Hazard (RASH) method (Jones et al. 1985; Jones et al. 
1987) . 
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HAZARD ... ANALYSIS + MANAGEMENT RISK - ANALYSIS +' MANAGEMENT 

I I I I 
I Setting priorities I Regula tion and 

I (No regulation and I compliance 

I compliance) I (Setting priorities) 

I I 
Relative Decisions Absolute Decisions 

• Acceptable 
• Unacceptable 
• Voluntary 
• Involuntary 
• Individual 
• Population 

I 
I 
I 
I 

Characteristics 

• Data selection 
• Dose-response modeling 
• Scaling of dose to man 
• Safety factors 
• Low dose/risk extrapolations 

I 
I 
I 
I 

Characteristics 

• Slow 
X • Rapid • Data sparse 
X • Model sparse • Model intensive 

• No safety factors • Large safety factors 
X • Relative accuracy • Variable assignment of 
X • Applied by individual safety factors 
X • Cheap • Poor relative accuracy 

I X • Authoritative/legal 
I X • Uses best available dati 
I X • Assures protection of 
I human health 
I • Applied by Expert Committee 
I • Expensive 
I I 
I I 
I I 
I I 
I Additional characteristics needed I 
I for setting priorities I 
I I 
I X • Data intensive I 
I X • Single source for data I 
I X • Minimize subjectivity of I 
I evaluation I 
I X • Constant safety factor I 
I X • Provide estimate of uncertainty I 
I I I 
I I I 
I I I 

I 
I 

Rapid ~creening of Hazard (RASH) model 
planned to emphasize the 

selected characteristics (i.e., X) 
and deemphasize nonselected characteristics 

Fig. 2. Health-effects-based decision making 
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5. RAPID SCREENING OF HAZARD: INTRODUCTION OF RASH 

Characteristics of a "carcinogen" cannot yet be specified in terms of 
chemical structure, molecular interactions, or intrinsic traits of a 
pathological test model. It is not clear that a mechanistic description of 
carcinogenesis is possible because carcinogenesis is a result of a toxic 
agent interacting with a biological system under a specific test protocol. 
The variation of the chemical or physical nature of the test agent, the 
biological code, or parameters of the test protocol can affect the outcome 
of the interaction between insult and target. In 1958, Stokinger and 
Woodward noted "what is or is not a carcinogen for man cannot be presently 
inferred from animal studies. . . . Research should be stimulated in this 
area of cancer research to develop minimal tolerable doses of carcinogenic 
agents for man." Three decades later, the observation is equally true. 

Although detailed understanding of the etiological factors of cancer 
remains obscure, logical associations between macroscopic tissue responses 
and growth of cancer are strongly supported by large numbers of initiation­
promotion studies. Many of these studies have been reviewed (Jones et al. 
1983; Jones 1984; Ames et al. 1987). Those publications can be used to 
support the idea that the frequency of cancer diagnosis appears to be in 
direct proportion to the amount of compensatory cell proliferation required 
to restore tissue homeostasis following toxic and/or hyperplastic wounding 
of biological tissue. Put even more simply, cancer growth from subclinical 
lesions is proportional to wound healing. The hypothesis requires that all 
insults that stimulate compensatory cell proliferation (in mixed-field 
exposures to environmental chemicals) should be evaluated quantitatively as 
a potentiator of carcinogenesis (i.e., a cancer promoter). 

The logic of the RASH methodology is summarized as follows: The 
etiological molecular processes of late somatic effects such as cancers or 
cardiovascular diseases are much studied but incompletely understood. 
Correspondence between molecular interactions and human diseases has not 
been established; however, there is generally good correlation between DNA 
damage and initiation of primordial carcinogenic lesions. Furthermore, 
there is strong and rapidly increasing evidence that compensatory cellular 
proliferation in response to toxic injury is a direct quantitative measure 
of induced carcinogenic promotion. Significant doses of most chemicals can 
cause irritation, focal necrosis, compensatory cellular proliferation, and 
a general progression of toxic response symptoms ranging from acute 
transitory effects to late (or chronic) somatic effects. Because of these 
factors and because of the general correspondences outlined above, the 
relative potency of a chemical should maintain some degree of consistency 
when measured in various biological models, spanning molecular interactions 
to organ pathological measures, when pharmacological 
toxification/detoxification processes have been taken into account. Of 
course, some variability must occur depending on the pathological effect 
observed, dose level, dose rate, species, strain, age, nutrition, 
environmental conditions, pharmacological rate constants, enzyme inventory, 
membrane permeability, route of chemical intake, chemical carrier or 
aerosol used, pathological protocol of diagnosis, and other factors. These 
and many other processes can induce variability in the potency of one 
particular chemical relative to a reference chemical. In many cases the 
range may be small, but in some cases the range may encompass orders of 
magnitude. Usually in any particular biological study, the level of 
response is highly sensitive to only one or a few of the listed variables. 

15 



16 

Thus, one observes a fairly stable relative potency value instead of a 
potency value that has great variability. However, experimental and 
physical parameters can be adjusted to illustrate the extreme effect. We 
consider the range of uncertainty to be one of the extremely useful 
parameters of human risk associated with a given chemical. The range in 
response derived from variability in relative potency should be useful in 
addressing the range of response in man as estimated from extrapolations of 
test data and also the range of individual sensitivity of animals within a 
given biological test model. The other scoring methods we have reviewed 
have no comparable measure of uncertainty. 

With regard to uncertainties due to model extrapolations, the 
Executive Committee of the DHHS has recommended that model-based estimates 
"should not be considered by themselves without the major uncertainties 
associated with the generation of such estimates being characterized. This 
characterization should be an integral part of the estimation process and 
not just a caveat to the process, which is given little or no 
consideration. Otherwise, quantitative estimates are likely to be accorded 
a degree of scientific precision that may be unwarranted" (DHHS 1985). 

The relative potency approach provides a framework for the use of 
multiple models and data bases to estimate the potential impacts of 
chemicals about which we know little. For example, if sufficient human 
exposure-response data exist, it is possible to make direct estimates of 
health risk in the exposed population. If sufficient human data are not 
available, the relative potency method can be used to consider all relevant 
biological test data as long as the chemical of concern and the reference 
chemical have both been tested in the same biological model (preferably 
under the same experimental conditions). In this framework, we can also 
choose different models of dose response and judge the predictability of 
various subhuman systems as indicators for human health effects. Extensive 
review of the support for this unifying approach to risk analysis has been 
published by Jones et al. (1983, 1985, 1987) and Ames et al. (1987). This 
section presents a brief summary of the RASH method. The discussion may 
seem excessive, but because the RASH method is unique and in marked 
contrast to EPA regulatory methods, the given level of detail may be 
appreciated by some readers . 

. The RASH method attempts to maXlmlze the relative accuracy 'of 
comparisons between the results of various in vitro and in vivo biological 
test models when treated with different chemicals. Thus, the influence or 
effect of safety factors, uncertainty factors, upper confidence bounds, 
modifying factors, etc., is minimized in the RASH analysis. However, each 
chemical, whether classified as a carcinogen or not, is evaluated as 
potentially amplifying the effect of exposure to natural or technologically 
concentrated carcinogens for human exposures to complex mixtures of 
environmental pollutants. Acute toxicity data as measured in various test 
models do not provide information that is directly suited to assessment of 
human health risks. However, the test results can be used to evaluate the 
relative toxicity of a compound and to aid in the determination of 
treatment doses to be used in tumor studies. Thus, doses applied in tumor 
studies are not independent of acute toxicity, and, as a consequence, 
relative potency-based comparisons for tumor studies may resemble relative 
potency estimates based on toxicity for a variety of reasons (Jackson 
1980). These reasons are mentioned frequently in various sections of this 
report. 

l' 
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One basic difference between RASH and the EPA~CAG methods is described 
as follows: A hypothetical dose response for a reference carcinogen is 
illustrated in Fig. 3. In Fig. 3, circles simulate biological test data, 
the function resembles the multistage model used by EPA (Anderson 1983), 
and the dashed curve is the upper 95% confidence limit of the lOW-dose 
slope (Le .• Q*). Q* derives from EPA-CAG models (Anderson 1983). The 
magnitude of the separation between Q*D and R(D) varies from carcinogen to 
carcinogen. Hence, for chemical ranking and/or site prioritization, it is 
expected that· comparisons of R(D) values will be of greater relative 
accuracy than comparisons of Q*D values. Also, prioritizing chemical sites 
or ranking complex mixtures according to 

n 
R Q

l 
I D. x RP. should be strongly preferred over 

i=l 1. 1. 

n * I Q.D. , where 
i=l 1. 1. 

n 
Q* = 0 for all noncarcinogens. In fact, R Q

l 
I D. x RP. conforms with 

i=l 1. 1. 

the harmonic mean analysis proposed by EPA for mixtures of hazardous wastes 
(5lFR5472; Jones et al. 1987) and used extensively by the· ACGIH to 
calculate TLVs for simultaneous exposure to mUltiple agents. 

The strategy of the RASH method in deriving estimates of permissible 
concentrations is to compute relative potency values for each chemical of 
interest. This calculation provides a high degree of relative accuracy so 
that the chemicals can be judged on a common scale (Jackson 1980). 
However, the scale is unitless and does not address absolute decision 
making (i. e., permissible concentrations in environmental media). The 
bridge to this step is achieved by choosing as the reference or standard 
chemical a chemical th.at.has an abundance of test data in various in vitro 
and in vivo test models and that has a human-based risk coefficient or 
dose-response function. Next, each of the various chemicals is computed 
into an equivalent dose, with respect to toxicity, of the reference 
chemical. In this fashion, each chemical being evaluated has relative 
accuracy, yet its risk coefficient (which we derive) or its permissible 
concentration theoretically has roughly the same margin of safety as that 
derived by the standard setting body for the reference chemical. 
Obviously, random errors and unpredictable errors in experimental design 
can vary the magnitude of safety for any interviewing chemical. 
"Interviewing chemical" is used in a descriptive sense to denote a chemical 
being assayed for toxicological potency. That chemical mayor may not be 
produced or used for industrial processes, depending upon its toxicity. The 
logic of RASH-based analysis of toxicological data is shown in Fig. 4. 

The RASH analysis of Registry of Toxic Effects of Chemical Substances 
(RTECS) data is rapid and inexpensive. However, the philosophy of the 
relative potency-based RASH analysis can be hypothesized to lead to 
inconsistent results with those estimates deriving from expert committees 
such as CAG, Water Criteria of EPA, and the ACGIH. Therefore, it is 
desirable to compare RASH-based calculations with those of expert 
committees. 

Obviously. the highest degree of stability between RASH estimates and 
the expert committees would be expected for chemicals that have been used 
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widely and tested in numerous bioassays. A simple comparison for benzene, 
tetrachloroethylene, trichloroethylene, toluene, and vinyl . chloride 
supports this assumption as shown in Table 1. Values in Table 1 illustrate 
"mature" regulations that are unlikely to be changed significantly unless a 
level of risk different from 10- 5 per person-lifetime is taken as a 
decision point. Also, the highest degree of inconsistency between RASH and 
the expert committees would be expected for chemicals that have not been 
suspected as increasing the capacity to amplify cancer frequency and that 
have been used in many industrial applications, without impacting worker 
health. Those chemicals can be previewed by examples of ethyl benzene, 
dichlorobenzenes, pentachlorophenol, phenol, and phthalate esters. Those 
comparisons are shown in Table 2. These and many other chemicals are of 
current concern and the example that CAG reevaluated dichlorobenzene 
(230/0.1, or 1000-fold) lower than previous analyses indicates that 
regulatory decision making based on absolute methods is potentially subject 
to rapid and large revision. 

To date about 300 different substances have been scored by RASH for 
various applications (Jones et al. 1987; Barnthouse et al. 1986; Jones et 
al. 1985; Easterly 1987; Easterly and Glass 1987; Watson et al. 1987) . 

. Thus, it was desirable to test whether RASH-based estimates of the median 
relative potency for the interviewing chemical were consistent with 
relative potency values that ·we derived from ratios of CAG, EPA Water 
Criteria, and ACGIH-TLV values. Those comparisons are summarized in Table 
3 and are shown as bar charts in Fig. 5. From Table 3 and Fig. 5, it seems 
that RASH-based estimates are as consistent with estimates deriving from 
one expert committee as the estimates of one expert committee are· with 
those from a second expert committee. Thus, it seems reasonable to use a 
RASH-based methodology to assess the toxicity of potential ORNL pollutants 
and as the basis of a "common scale" for mixed-waste considerations. 
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Table 1. Examples: Permissible concentrations of well-known chemicals 
in drinking water (mg/L) 

Chemical RASH CAG EPA-water 

Benzene 6 7 15 

Tetrachloroethylene 25 8 2 

Trichloroethylene 38 27 21 

Toluene 8 12 

Vinyl chloride 97 20 520 
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Table 2. Examples: Predictions of future permissible concentrations 
for drinking water (~g/L) 

Chemical Current 
EPA-water 

Ethyl benzene 1100 

Dich1orobenzenes 230 

Pentachlorophenol 140 

Phenol 3400 

Phthalate esters 5000 

Prediction 
RASH 

1 

3 

0,3 

1 

100 

Current 
CAG 

0.1 

~ 
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Table 3. Relative potency values derived from EPA-CAG (1985), ACGIH-TLV's, Criteria Documents, and 
the RASH analysis of the RTECS data base were compared chemical by chemical, one method against 
another. Only individual chemicals w~re considered--chemical classes were excluded from these 
comparisons. The number of chemicals ranges from 24 to 64 because both methods compared must have 
evaluated the same chemical. 

Methods Number of 

compared chemicals 

ACGIH - CAG 24 

RASH - ACGIH 64 

RASH - CAG 33 

Crit. Doc. - CAG 27 

Crit. Doc. - ACGIH 35 

RASH - Crit. Doc. 39 

Inconsistency 
a rate 

0.08 

0.06 

0.12 

0.33 

0.40 

0.46 

Variability 
b factor 

5.1 

O.B 

2.0 

l.5 

4.7 

5.4 

aMethod A different from Method B more than 50-fold. 

Mean 

1 . c 
og-rat~o 

0.88 

-0.02 

-0.73 

l.3 

-l. 3 

0.33 

10% - 90% 
d 

log-range 

-l.4 to 2.7 

-2.7 to 2.4 

-3. B to l. 7 

-2.9 to 4.9 

-B.2 to 4.6 

-6.7 to 5.9 

bComputed according to ~~[(Method A - Method B) **2/(Method A * Method B)]. 

cComputed according to ~ ~ log (Method A/Method B). 

dThe central BO% range of values of log (Method A/Method B) are in this range. 

eLog spread of the 80% range in Column 6. 

Central BO% 
e 

log-spread 

4.1 

5.1 

5.5 

B.O 

l2.B 

12.6 

N 
W 
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RASH & ACGIH ~ N = 64 RASH & ACGIH ,I N = 64 
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Fig. 5. Comparisons of the consistency of how a list of chemicals is 
scored by one ac'tivity relative to a different activity. Scoring 
activities include RASH, ACGIH-TLV. EPA-CAG, and EPA water criteria. 
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6. INITIAL POLLUTANTS SELECTED FOR WATER CRITERIA DEVELOPMENT 

Thirteen radionuc1ides and 14 chemicals have been identified as 
possible ORNL pollutants. As RAP activities continue, it is expected that 
additional pollutants will be identified. Those 27 agents are listed in 
Table 4. Six of the 14 chemicals have been evaluated for potential 
carcinogenicity by the International Agency for Research of Cancer (IARC) 
(1982). The IARC's conclusions are summarized in Table 5. 

The EPA-CAG (1985) has estimated risk coefficients for 54 chemicals. 
Those evaluations include five of the six rARC-c1assified chemicals (lead 
excluded) . CAG evaluations are summarized in Table 6. Table 6 also 
includes CAG evaluations for acrylonitrile, arsenic. benzene. benzidine, 
and ca~ium. These five chemicals are not expected to be problems for ORNL 
but are included in Table 6 because GAG risk c;:oefficients for these 
chemicals are based on actual human data. Risk coefficients for the 49 
other GAG chemicals are based on animal data. 

Only a few chemicals have risk coefficients based on human data. 
These chemicals can serve as' relative "benchmarks" or standards (i. e .• 
through relative potency adjustments) in order to compare chemicals having 
risk coefficients based on animal bioassay data with chemicals having risk 
coefficients based on actual human exposures. Also, relative potency 
provides a bridge to use in vitro or acute response data to derive 
estimates for humans exposed to those chemicals for which we have no human 
or chronic animal data. This relative potency-based comparison is 
necessary in the development of the methodology to establish criteria for 
evaluating toxic chemicals, carcinogenic chemicals, and radiochemica1s on a. 
risk-equivalent basis. 
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Table 4. Pollutants selected for water quality criteria development 

Radionuclides Chemicals 
~ 

3H Barium 
60Co · Chloroform 
90Sr Chromium 
99Tc Cresols 

137Cs 2,4-Dimethylphenol 
154Eu Ethylbenzene 
232Th Lead 
233U Mercury 
235U Methylene chloride 
238U Naphthalene 
239 pu Nickel 
24lAm PCBs 
244Cm Toluene 

Xylenes 
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. Table 5. Potentially "carcinogenic" chemicals classified by the 
International Agency for Research on Cancer (IARC) . 

Chemical Evidence stated by IARCa 

Chloroform Conclusions limited by experimental design 

Chromium and compounds Based on sufficient epidemiological data 

Lead Inadequate data to evaluate role of exposure 

Methylene chloride Inadequate data to evaluate role of exposure 

Nickel Conclusions limited by test models 

PCBs Conclusions limited by experimental design 

a"Weight of the Evidence" is presented as sufficient, limited, 
or inadequate. 



Compound 

Acrylonitrile 

Arsenic 

Benzene 

Benzidine 

Cadmium 

Chloroform 

Chromium VI 

Methylene chloride 

Nickel 

PCBs 
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Table 6. The EPA-CAG-derived risk coefficients for 
several compounds of interesta 

Evidence of b 
carcinogenicity 

Human Animal 

L S 

S I 

S S 

S S 

L S 

I S 

S S 

I L 

L S 

I S 

Risk d 
coefficientC, ,e 

-1 
(mg/kg/day) 

O.24(W) 

lS(H) 

0.029(W) 

234(W) 

6.l(W) 

0.07(0) 

41 (W) 

0.00063(1) 

1.1S(W) 

4.34(0) 

aThis table is an extraction of CAG estimates for chemicals having risk 
coefficients based on some human data and CAG estimates for the ORNL site contaminants 
which are based on animal data. 

bL = limited evidence; S = sufficient evidence; I = inadequate evidence. 

cAnima1 slopes are 95% upper-bound estimates. Human slopes are point estimates 
based on the linear no-threshold model. (W) = human occupational data; (H) = human 
drinking water data; (I) = animal inhalation data; (0) - animal oral data. 

~ot all of the carcinogenic potencies represent the same degree of certainty. 
Details of CAG factors can be found in EPA/600/8-82/00SF or other EPA 600-series 
documents. 

eThe risk is calculated by R - S x D, where R is the increased probability of risk 
per unit lifetime, S is the numerical value shown with units of (mg/kg/day)-l, and D is 
dose in units of (mg/kg/day). 
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7. EXISTING CRITERIA FOR ORNL POLLUTANTS 

Existing criteria derived from various EPA activities are shown 
in Table 7 for the ORNL chemicals. As seen in Table 7, some of the 
estimates for one chemical vary by two or three orders of magnitude. 

This variation is fairly typical of how "mature" regulations for a 
chemical are more protective than initial or "infant" regulations for the 
same chemical. Columns of Table 7 are more or less chronological with 
respect to publication date, but the underlying philosophies (which 
demonstrate mature vs infant regulations) of the various studies are not 
correlated with the dates of publication. Thus, even though infant and 
mature criteria are reflected in values in Table 7, it is difficult for the 
reader to readily view that transition. In 1978, only 25 chemicals were 
considered to be carcinogenic to man, but less than a decade later, Sittig 
(1985) listed 178 chemicals as "suspected," "potential," or "proven" 
carcinogens. Typically, a chemical reclassified from an animal carcinogen 
to a human carcinogen will be regulated ten-fold more strictly. A 
reclassification from a noncarcinogen to a hUman carcinogen would likely be 
regulated 1000-fold more strictly. Reclassification from a noncarcinogen 
to an animal carcinogen could be expected to result in a 100-fold decrease. 
These factors are frequently low and could be ten-fold higher for specific 
chemicals. 

Typically only a small fraction of the universe of toxic chemicals is 
regulated in drinking water supplies. CAG has evaluated 54 chemicals and 

» the Environmental Criteria and Assessment Office (Cincinnati, OH) of .the 
Office of Health and Environmental Assessment has prepared a series of 58 
Health Effects Assessments (HEAs) for the Office of Emergency and Remedial 
Response (EPA/540/S1-86/059). 

Over 700 contaminants have, however, been identified in water. and 
Congress is mandating that many new regulations will be forthcoming (e.g~, 

Congo Record, H2326 May 5, 1986; H2633 and H2637 May 13, 1986; S6285 May 
21, 1986). In addition, the General Accounting Office has charged that 
"EPA does not know whether it is controlling 90 percent of the existing 
hazardous wastes--or 10 percent; likewise, it does not know if it is 
controlling the wastes that are most hazardous" (Toxic Materials News, 
January 21, 1987). 

Other regulatory activities have been summarized in Sect. 3. Thus, it 
is obvious that increasingly lower permissible concentrations are to be 
expected for many chemicals currently regulated. In addition, the number 
of chemicals regulated is likely to increase exponentially. Early in the 
regulatory process, a chemical is likely to be evaluated based on its 
capacity to induce acute symptoms of toxicity. As experience is gained 
with a particular chemical, considerations shift to chronic toxicity and 
late somatic diseases such as cancer. The common use of acute and chronic 
toxicity should be recognized as quite distinct from acute and chronic 
modes of exposure. For example acute exposure can lead to cancer, i . e. , 
chronic toxicity. The transition of regulations through the acute to 
chronic disease concern is analogous to "infant" regulatory criteria (when 
incomplete knowledge of human health effects data is available) as opposed 
to "mature" regulatory criteria based on a long and safe experience with a 
particular chemical. The distinction between infant and mature regulations 
is developed more extensively in Sect. 15. Also, future regulations will at 
some point in time need to rely on the outcome of a predictive battery of 
bioassays (perhaps mutagenesis models) for exposure situations too complex 
to analyze chemical by chemical. 
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Table 7. Sample of permissible water concentration values for selected chemicals 
deriving from various EPA activities. a It may be observed from this tabulation that 
the EPA may recommend different permissible concentrations and/or different acceptable 
levels of risk depending upon the activity of concern. b 

Chemical 

Barium 

Chloroform 

Chromium 

Chromium VI 

~,£,and £ Cresol 

Ethylbenzene 

Lead 

Mercury 

Organic 

Inorganic 

Methylene chloride 

Naphthalene 

PCBs 

Toluene 

Xylene 

Water criteria 
(Sittig 1980) 

(jJg/L) 

2.1 

0.008 

0.008 

1,100 

50 

0.2 

0.2 

0.2 

2 

143 

0.00026 

12.4 

EPA drinking water 
criteria documents 

(jJg/L) 

1,790 

170 

3,400 

5.5 

0.08 

10,100 

2,200 

EPA-CAG 
1985 

(jJg/L) . 

5 

0.008 

550 

0.08 

EPA 40 CFR Part 261 
(51FR21673) 

(jJg/L) 

1,000 

5 

50 

SOc 

2,000 

50 

2 

600 

10,000 

aA wide range for a particular chemical is suggestive that official guidance may 
be in a period of transition. Within a particular row, lower concentrations are 
suggestive of "mature" regulations and higher concentrations are suggestive of "infant" 
regulations. 

bIn this table, chemicals that have not been classified by EPA as carcinogens are 
described by EPA as not contributing to carcinogenic risk below the concentrations 
given in this table (i.e., those chemicals are described as having a pharmacological 
threshold below which detoxification is complete). Values given for carcinogens are 
based on a level of risk of 10- 5 per person-lifetime except that values from 51FR2l673 
are 10-4 for class C carcinogens. 

cEPA 540/1-86/060. 
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8. RELATIVE TOXICITIES OF ORNL POLLUTANTS 

The RASH method is based on deriving an array of relative potency 
values from a broad spectrum of biological test/screening models. The 
number of comparisons produced depends upon the extent that the 
interviewing chemical of interest has been tested and upon the isomorphism 
between the individual tests on the interviewing chemical and individual 
tests on one or more reference chemicals. Rules for matching toxicity 
tests in order to compute a relative potency value have been published at 
length (Jones et al. 1985; Jones et al. 1987) and are not reproduced here. 

There are two basic ways of computing relative potency values. The 
one most commonly used is to compare different doses required to induce the 
same level of effect. The other is to compare different levels of effects 
resulting from equal doses. 

As an example of the method where different doses are required to 
produce the same level of effect, one may find that a dose x (mg/kg) of a 
chemical has produced a particular effect in a particular species and y 
(mg/kg) of B(a)P or some other reference chemical was required to induce an 
equal response in the same species. The potency of the first chemical 
relative to the reference chemical would be y/x. Thus, if the reference 
chemical were considered by some regulatory agency to be acceptable at a 
concentration in water of 1 ~g/L, then the unregulated chemical could be 
limited to (1 g/L)/(y/x). 

Another basic comparison is illustrated when. a dose x (mg/kg) of a 
chemical produced a toxic effect (not cancer--see Jones et al. 1987 for the 
time factors of carcinogenesis) in Tl hours, but x (mg/kg) of B(a)P caused 
the effect in T2 hours--the potency of the interviewing chemical could then 
be taken as Tl/T2 that of B(a)P. Some RASH comparisons will require 
simultaneous application of these basic techniques. Potency comparisons 
are computed in gram-type units because mole or ppm units are not defined 
for complex mixtures. It is important not to compute some relative potency 
values in gram units and others fin molar or ppm units. The scales are 
different depending upon the ratios of the molecular weights. The number 
of successful matches can be increased by using multiple reference or 
standard chemicals, but it is necessary to correct for differences in 
individual potencies between the standards. Thus, one of the reference 
chemicals is taken as the primary standard [B(a)P in this paper] and 
matches with the secondary standards are corrected to the numerical scale 
of the primary standard. 

For previous applications, B(a)P was taken as the standard or 
reference chemical. All other chemicals are ranked relative to B(a)P, even 
when a second standard was used to compare test results. Relative potency 
values less than unity indicate a chemical less toxic than B(a)P. In order 
to use epidemiologically derived standards later in this report, it may be 
necessary to express toxicity relative to some other standard chemical, 
e.g., chromium. The toxicity of the interviewing (Le., test) chemical 
relative to chromium would then be computed according to 

D 
RP ~ 

D test 

DB(a)P 
D test 

DB(a)P -1 

DCr 

where dose ~atios are taken from previously tabulated values. 
Potency factors for site pollutants relative to B(a)P are given in 

Table 8. 
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Table 8. RASH scores for potential ORNL contaminants 

Relative potency from RTECS 
Chemical 

Median LowS Highb 

Barium chloride 0.051 0.026 0.11 
Barium, (II) nitrate (1:2) 0.0086 0.00010 0.028 
Chloroform 0.0050 0.0036 0.0065 
Chromium 3.6 2.0 l3. 
Chromium VI 44. 19. 1900. 
Cresol 0.015 0.0041 0.027 

m-cresol 0.0094 0.00020 0.045 
o-cresol 0.038 0.00037 0.088 
p-cresol 0.020 0.0024 0.081. 

2,4-dimethylphenol 0.0058 0.0020 0.029 
Ethylbenzene 0.0023 0.0016 0.0092' 
Lead 0.092 0.036 0.51 
Mercury, organic 

(aceto)phenyl 0.23 0.00056 0.88 
chloroethyl 0.083 0.030 0.23 
chloro(2-methoxyethyl) 0.083 0.046 0.21 
chloromethyl 0.16 0.11 0.19 
chlorophenyl 0.076 0.032 0.14 
(3-cyanoguanidino)methyl 0.068 0.055 2.5 
diethyl 0.19 
diphenyl 0.067 0.046 0.13 

Mercury, inorganic 
(I) chloride 0.010 0.0044 0.025 
(II) chloride 0.48 0.37 1.1 

/ 
(I) sulfate 0.00041 
(II) sulfate 0.071 0.0067 0.15 

Methylene chloride 0.0022 0.00033 0.012 
Naphthalene 0.0048 0.0019 0.010 
Nickel 0.13 0.026 0.67 
PCBs 0.0033 0.0014 0.0076 
PCBs (tumor data only) 0.041 0.00032 2.3 

. Toluene 0.0038 0.0013 0.0072 
Xylene 0.0035 0.0014 0.0049 

m-xylene 0.0036 0.0012 0.011 
o-xylene 0.0016 0.00096 0.024 
p-xylene 0.0038 0.0012 0.014 

BLower bound of interquartile range. 
bUpper bound of interquartile range. 
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9. RISK-BASED COMMON SCALE FOR CHEMICALS 

An important feature of a realistic risk-based common scale is to 
incorporate all known accurate exposure-response epidemiological data for 
different compounds--including chemicals not on the ORNL site. 
Epidemiologically based risk coefficients would then be adjusted to account 
for the relative potency of that particular chemical if the 
epidemiologically derived risk coefficients were biased towards inflated 
safety margins because of data gaps. If the risk coefficient for human 
health effects due to any specific chemical were known to be quite 
accurate, then all other chemicals could be expressed in terms of an 
equivalent dose of that one standard. Realis tically , it is not known 
whether anyone of the human-based estimates is highly accurate so it is 
important to consider the risk-based common scale to potentially derive 
from a composite standard (e.g., acrylonitrile, arsenic, benzene, 
benzidine, cadmium, chromium, nickel, and tobacco smoke condensate). For 
consistency and realism, it is essential to reanalyze the background 
material and analytical models behind the risk coefficient as listed in 
Table 6. This step corresponds to the II standardize m~dels of dose and 
hazard to maximum degree possible" box in Fig. 1. Those several analyses 
have not been completed to date and a tentative example will be given with 
the CAG risk coefficient for chromium. Thus, the risk-based common scale 
will be rederived based on a larger data base when the risk coefficients 
for the seven other chemicals have been reviewed and the algorithm for 
either the "best" or the "composite" standard has been established. 

The GAG model for chromium is 

Risk = Dose (mg/kg/d) x 41 (mg/kg/d)-l. 

This value is based on inhalation and the dose in mg is actually the amount 
of chromium in inhaled air. Not all of that chromium becomes a body burden 
because the absorption efficiency coefficient is only 0.25 (see Appendix 
A). For a risk level of 10- 5 the dose of chromium would be 

Dose (mg/kg/d) = 10- 5/41 (mg/kg/d) 

= 2.4 x 10- 7 (mg/kg/d). 

The risk equation for a different chemical such as cresol, based on 
inhalation of chromium as an assumed standard, would be derived on the 
equivalent toxic dose logic, i.e., 

Risk Dose (mg/kg/d) x 41 (mg/kg/d) -1 (~B(a) p) (D B(a)p)-l 
Cresol DCr 

From Table 8, DB(a)p/DCresol = 0.015 and DB(a)p/DCr = 3.6 so that the risk 
coefficient for inhalation of cresol (based only on inhalation of chromium 
as a standard) would be: 

Risk Dose (mg/kg/d) x 0.17 (mg/kg/d)-l. 
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The dose of inhaled cresol for a risk level of 10- 5 would then be 

Dose (mg/kg/d) = 10- 5/0.17 (mg/kg/d) 

in the daily volume 
absorption of chromium 
evaluations are given 
nickel, and PCBs. 

= 5.9 x 10- 5 (mg/kg/d) 

of inspired air. Corrections for differential 
and cresol will be shown later. Tentative sample 
in Table 9 for chromium, cresol, ethyl benzene, 

It is important to correct values in Table 9 for absorption via 
inhalation and then to consider differential absorption by oral intake in 
order to derive a permissible concentration in drinking water on a 
consistent risk-equivalent basis. That is done as follows: the 
concentration of chromium in drinking water based on the inhalation risk 
coefficient and a risk level of 10- 5 would be 

10-5 (70 kg) 
( 

d ) «0.25) (10
3 

tL
g

) 
2 L 0.05 1 mg a . 042 }Lg/L. 

For a < different chemical such as cresol, 
concentration in drinking water would then be 

the corresponding 

0.042 }Lg/L [(~B(a)p) ~B~a)PJ. -1] -1 (~: ~5)= 0.50 }Lg/L • 

\icreso1 \ cr) 

:,~; , 

where 0.05 is the oral absorption coefficient for chromium and 1.0 is the 
oral absorption coefficient for cresol. Tentative values are in 
Table 10. 
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Table 9. Tentative risk-based equivalent exposures for chromium, cresol, 
ethyl benzene, nickel, and PCBs. Estimates are based on inhalation of 
chromium. and differential absorption of other compounds is not included. 
This table is an intermediate step to Table 10.\ where differential 
absorption is used to put concentrations on a comparable risk-equivalent 
basis. 

Risk of death Exposure (mg/kgjd) a 

Person- Cr Cresol Ethyl Nickel PCBb PCBc 
lifetime benzene 

10- 6 2.4E-8 5.9E-6 3.8E-5 2.7E-5 2.1E-6 6.7E-7 

10- 5 2.4E-7 5.9E-5 3.8E-4 2.7E-4 2.1E-5 6.7E-6 

10-4 2.4E-6 5.9E-4 3.8E-3 2.7E-3 2.lE-4 6.7E-5 

aNot corrected for differential oral absorption. See text and Table 
10 for corrections .. 

b All classes of test data. 
c Tumor data only. 
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Table 10. Tentative risk coefficients and risk-based drinking water 
concentrations for chromium, cresol, ethyl benzene, nickel, and PCBs. 
Risk levels are 10- 5 (person-lifetime)-l, and differential absorption 
factors are included. The values are "tentative" because chromium was 
arbitrarily selected as the reference standard. Future work will assess 
the accuracy of tne chromium-based standard. 

Chemical Oral absorgtion Risk coefficientb Concentration in 
factor (mg/kg/d)-l water (p.gjL) 

Chromium 0.05 8.4 0.042 

Cresol 1.0 3.5 0.50 

Ethyl benzene 0.90 0.095 3.7 

Nickel 0.05 0.29 1.2 

PCBsc 0.95 0.15 2.4 

PCBsd 0.95 1.8 0.19 

aFrom Appendix E. 

bExposure dose in mg in drinking water per kg body weight per day are 
quantities used to compute risk from these coefficients. 

c All classes of test data. 
d Tumor data only. 



10. RISK-BASED COMMON SCALE FOR RADIONUCLIDES 

Risk coefficients for premature deaths in a cohort population of 
100,000 persons as a function of chronic intake expressed in units of 
picocuries per year of ingestion for potential ORNL radionuclides are given 
in Table 7 of ORNL/TM-7745.· Those values are converted to th~ "risk 
coefficients" given in co1umnm 3 of Table 11 by dividing by 105 in order to 
normalize to per capita risk, and by multiplying by 365 times 2 to convert 
years to liters of drinking water. These risk coefficients are based on a 
linearized dose-response model so that selection of a level of risk, e.g., 
10-5/person-lifetime divided by the risk coefficient (column 3 of Table 11) 
produces a permissible concentration analogous to that used in Sect. 9 for 
chemicals. Columns 4-6 of Table 11 give concentrations in drinking water 
corresponding to risk levels of 10- 6 , 10- 5 , and 10-4 based on consumption 
of 2 L/d. 
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Table 11. Risk coefficients and risk-specific concentrations in drinking water 
(ORNL/TK-7745) 

Deaths in 105 Risk ECi/L for ~Ci/L for ECi/L for 
Nuclide cohorta,b coefficient 10- chance of 10- chance of 10· chance of . 

(pCi/L)-l premature death premature death premature death 

3H l.80E-07 1. 31E-9 7.6E+2 7.6E+3 7.6E+4 

60Co l.24E-OS 9.0SE-8 1.1E+1 1.lE+2 1.1E+3 

90Sr 2.l7E-04 1. S8E-6 6.3E-1 6.3E+0 6.3E+1 
1.46E-OS 1.07E-7 9.3E+0 9.3E+l 9.3E+2 

99Tc 1. 92E-06 1.40E-8 7.1E+l 7.lE+2 7.lE+3 

137Cs 9.22E-OS 6.73E-7 I.SE+O l.SE+I 1.SE+2 

1S4Eu 6.96E-06 S.OSE·S 2.0E+l 2.0E+2 2.0E+3 

232Th 3.9SE-04 2.SSE-6 3.SE-l 3.SE+O 3.SE+1 

233U 1. 2SE-OS 9.34E-S 1.1E+1 1.lE+2 1.1E+3 
5.15E-04 3.76E-6 2.7E-1 2.7E+O 2.7E+I 

235U 1.32E-05 9.64E-S l.OE+1 1.0E+2 1.0E+3 
4.20E-04 3.07E-6 3.3E-l 3.3E+O 3.3E+I 

23SU 1.l6E-05 S.47E-S 1. 2E+1 1.2E+2 1. 2E+3 
4.28E-04 3.12E-6 3.2E-l 3.2E-O 3.2E+2 

239 pu 2.90E-04 2.12E-6 4.7E-I 4.7E+0 4.7E+I 
2.82E-03 2.06E-5 4.9E-2 4.9E-I 4.9E+O 

2.84E-03 2.07E-S 4.SE-2 4.8E-l 4. SE+O 

244Cm 1. 69E-03 1.23E·5 8.1E-2 8.IE-l S.lE+O 

aSecond values for some isotopes are for least-soluble compounds. 

bChronic ingestion of 1.0 pei/year assumed. 
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11. RISK-BASED COMMON SCALE FOR CHEMICALS AND RADIONUCLIDES 

Tentative risk-based drinking water concentrations for chemicals were 
calculated as described in Sect. 9. Concentrations were adjusted for 
differential absorption via the ingestion route. Values are labeled as 
tentative because work on the best reference standard is still ongoing. 
Concentrations are based on 10- 5 increased mortality per person-lifetime 
and should compare directly with concentration values in column 4 of Table 
11 for radionuclides. Sample pollutants are listed in Table 12 for an 
increased risk of 10 - 5 per person-lifetime. Because the choice' of a 
reference standard is still being resolved, only a sample of chemicals are 
listed in Table 12. Both radiological and chemical models are linear, so 
comparisons for different levels of risk can be made as described in the 
heading of Table 12. Work to be completed in the next year will include 
additional tasks to match risk models, life table projections, and organ 
dosimetry between radionuclides and chemicals to the maximum degree 
possible. 
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Table 12. Example concentrations of chemicals and radionuclides 
associated with 10- 5 probability of premature death per person~lifetime. 
Both radiological and chemical models are linear so that direct 
proportionality with dose is implied, i.e., for risk of 10- 6 divide values 
in this table by 10. Cautiously note that values in this table are 
tentative until the analysis of the reference standard has been completed. 

Agent 

241Am 

244Cm 

60Co 

Chromium 

Cresol 

137Cs 

Ethyl benzene 

l54Eu 

3H 

Nickel 

a PCBs 

b 
PCBs 

232Th 

aBased on all classes of test data. 
b Based on tumor data only. 

Equivalent concentration 

0.48 pCi/L 

0.81 pCi/L 

110 pCi/L 

0.042 pg/L 

0.50 pg/L 

15 pCi/L 

3.7 pg/L 

2.0E+2 

7600 pCi/L 

1. 2 pg/L 

0.19 pg/L 

0.19 pg/L 

3.5 pCi/L 



12. MIXED-WASTE RANKING BASED ON THE COMMON SCALE 

The risk-based common scale described in Sect. 9 for chemicals and 
Sect. 10 for radiochemicals is ideally sui ted to .the Hazard Index 
Methodology for assessing the composite action of mUltiple simultaneous 
pollutants (Walsh et a1. 1978; Rupp et a1. 1978; EPA 540/1-86/060). The 
hazard index concept is based on the simple ratio of exposure (or dose) 
symbolized by E divided by a regulatory or guidance value, symbolized by R, 
in the same units as E. A hazard index value less than unity is taken as 
acceptable. For i simultaneous agents, the individual hazard index ratios 
are summed, viz. 

n 

I Ei/Ri 
i=l 

For multiple pollutants in drinking water, estimates of concentrations 
could be calculated from mathematical models or determined from chemical 
analyses. Values for the denominator in the hazard index ratio could be 
taken directly from Table 12. The larger the magnitude of the composite 
hazard index (i.e., the sum), the higher the potential hazard (EPA 540/1-
86/060). If the cumulative hazard index is near unity based on denominator 
values from Table 12, then a composite risk of the order of 10- 5 would be 
expected. 
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13. RELATIVE COMPARISONS FOR SETTING ACTION LEVELS 

Setting an acceptable level of risk is highly subjective and 
frequently variable (Rodricks et al. 1987; Travis and Munro 1986; Travis et 
al. 1987; SlFR21555; 5lFR1603). What is set as an official level of 
"acceptable" risk to an individual may be considered as officially 
unacceptable to a large population. Some individuals argue unrealistically 
for a risk-free environment. Risk-based action levels may be set 
differently for different industries or for voluntary and involuntary 
exposures (NCRP Report 91). Also, action levels may be balanced against 
cost-benefit considerations. 

It is temptinf to philosophically set some particular action level of 
risk such as 10-. The EPA has traditionally used this process with 
different activities but has used different action levels depending upon 
case-by-case consideration. Because EPA has used "data sparse" and "model 
intensive" analogies of risk, there is no direct link between the risk 
assessment and the actual most realistic level of likely risk or the actual 
exposures commonly acceptable to most individuals. For example, the EPA 
criterion is 0.03 J.Lg/L for polynuclear aromatic hydrocarbons (PAHs) in 
drinking water. According to the Banbury Report on Coffee (MacMahon and 
Sugimura 1983), B(a)P is found in most common foodstuffs. If those foods 
were regulated to the same acceptable body burden as is drinking water, 
then an individual would be permitted to eat only 10 oz of charbroiled 
T-bone every eight months, two slices of bread daily, or 1.5 oz of lettuce 
daily. Thus, the criteria for PAHsin drinking water are "protective of 
human health" but highly unrealistic when compared with other environmental 
and lifestyle exposures. 

Other examples of setting the action levels for interviewing exposures 
include comparisons of the magnitude of the hazard with the potential 
hazard resulting from breakdown products deriving from water chlorination 
or fluoridation. Fluoridation is an attempt to enhance dental health. 
perhaps at the expense of increasing the cumulative insult to the rest of 
the body. This analogy may be explored in future work. 
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14. WATER CHLORINATION AND ACTION LEVELS 

Chlorination of drinking water, introduced in the United States in 
1908, has been called the single most important advance in water treatment 
(NAS 1977). As an adjunct to filtration, chlorination effectively reduces 
the bacterial content of drinking water to safe levels reproducibly and 
inexpensively. Epidemiological evidence demonstrates the efficacy of 
chlorination in reducing dramatically the incidence of diseases such as 
typhoid fever and cholera whose causal agents are transmitted by the water 
route. 

Addition of chlorine to drinking water results in the formation of the 
hydrolysis product HOCl, or hypochlorous acid, according the following 
reaction: 

Cl2 + H20. = HOC1 + H+ + Cl- . 

Hypochlorous acid in turn dissociates or ionizes to release 
hypochlorite ion (OCl-) by the following reaction: 

HOCl = H+ + OCI-

HOCl and OC1-, also called free residual chlorine, exist in equimolar 
concentrations at pH 7.5 and 25°C. At higher pH, OCl- species 
predominates, and at lower values HOCI becomes the major form of chlorine. 

Additionally, chlorination of water may result in the formation of 
oxidation products deriving from chlorine interaction with organic 
constituents that may be present naturally in the water. Humic and fulvic 
acids naturally present in source water may be oxidized and chlorinated to 
yield trihalomethanes (THMs) and other substances of as yet unknown 
identity or potential health risks. One such THM is chloroform, a known 
animal carcinogen. Other products of water chlorination are many and 
varied. If ammonia is present in water undergoing chlorination, 
chloramines are formed by substitution or oxidation reactions, liberating 
such species as NH2Cl (monochloramine), NHCl2 (dichloramine), and NCL3 
(nitrogen trichloride). If bromine is present, the oxidation product HOBr 
(hypobromous acid) may combine with ammonia (if present) to produce 
bromamines. The presence of phenols in source water may result in the 
formation of chlorinated phenols such as 2-chlorophenol, 2,4-
dichlorophenol, and 2,4,6-trichlophenol. Data exist which suggest that 2-
chlorophenol enhances the tumorigenicity of ethylnitrosourea (Exon 1985). 
Other by-products of chlorine interactions with organics in water include 
haloacetonitriles, halogenated ketones and aldehydes, and chlorobenzenes. 
Adverse health effects of these by-products range from hepatic and renal 
toxici ty to mutagenic, clastogenic, and carcinogenic activity. Clearly, 
chlorinat:Lon of drinking water may produce potentially negative health 
effects deriving from halogenation of organics. . 

The use of other disinfectants such as ozone and, particularly, Cl02 
(chlorine dioxide) that can achieve pathogen reduction without the 
concomitant production of trihalomethanes (specifically) has been 
investigated more extensively in recent years. However, chlorination 
remains the accepted method of water treatment in this country, and 
whatever risks are involved have been (thus far) tolerated in the context 
of rendering drinking water "safe" with a reduced ability to transmit 
communicable disease. 
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If chlorination of drinking water, then, constitutes an acceptable 
risk to the majority of the population, perhaps the risk associated with 
chlorination can be viewed as a reference level by which to assess the 
relative hazards of exposure to various other commonly encountered 
pollutants or toxicants. The conceptual difference is that chlorination of 
water brings a dramatic positive effect to human health perhaps at the 
potential effect ~f a small increased risk of chronic or old-age diseases. 
Thus, for environmental pollutants, a reference standard may be defined at 
some fraction of the toxicity reference level associated with chlorination 
of drinking water. Several of these by-products of drinking water 
chlorination have been scored by the RASH analysis (Jones et al. 1987). 
Table 13 lists the relative potencies of some representative by-products of 
drinking water chlorination. 

Based on the frequency of distribution of the halomethanes detected in 
the National Organics Reconnaissance Survey for Halogenated Organics 
(Symons et a1. 1975), the theoretical finished water with the median 
concentration of each compound would contain about 21 pg/L of chloroform, 
6 pg/L of bromodichloromethane, 1.2 p.g/L of chlorodibromomethane, and 
bromoform below the limit of detection of the analytical method used. 
Application of the harmonic mean formula of Finney for estimating additive 
joint toxicity of a mixture (Finney 1952) to the evaluation of the relative 
potency of drinking water as a mixture yields the equation 

RP . 
m~x 

If. • RP. . ~ ~ 
~ 

(Jones et al. 1987). 

The relative potency 
relative potencies inherent 
chlorinated drinking water, 

of a mixture is the sum of 
in the mixture components. 

the fractional 
In the case of 

RPdw Ifi 

21 gg 
9 10 p.g 

+ 

• RP. 
~ 

CHC1
3 

1.2 gg 
9 10 p.g 

(0.005) + 

CIBr
2

CH
3 

0.105 + 0.039 + 0.025 

109 

(0.021) 

.169 

109 
1. 7 x 10- 10 

BrC1 2CH 3- (0.0065) 

This calculation estimates the relative potency of drinking water as a 
function of its content of three trihalomethanes produced directly by the 
chlorination process. At first glance, the magnitude of 10- 10 factor seems 
small, but it should be recognized that this factor is for drinking water 
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Table 13. RASH scores for representative chlorination by-products 
relative to B(a)P used as a standard 

Relative potency 
Chemical 

Median LowS Highb 

Chloroacetic acid 0.15 0.08 0.94 

Dich10racetic acid 0.0058 0.002 0.02 

Trichloracetic acid 0.038 0.068 0.27 

Cyanogen chloride 0.11 0.068 0.27 

Bromodich1oromethane 0.0065 0.001 0.052 

Trichloronitrornethane 0.10 0.025 0.13 
(Chloropicrin) 

Tribromomethane 0.017 0.0035 0.23 
(Bromoform) 

Chloral hydrate 0.01 0.002 0.021 

Dich1oroacetonitrile 18.18 

Bromochloroacetonitrile 12.99 

Chloroform 0.005 0.0036 0.0065 

Dibromoch1oromethane 0.021 0.0071 0.23 

2,4-dich1oropheno1 0.013 0.0059 0.019 

BLower bound of interquarti1e range. 
bUpper bound of interquartile range. 
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instead of a chemical contaminant tested in pure form. Toxicologi.cal 
comparisons require an evaluation of the relative potency and the mass of 
the chemical consumed. Many other halogenated organics detected in finished 
drinking water are known to derive from the chlorination process, but at 
pr,esent the lack of quantitative data does not permit their incorporation 
into the drinking water relative potency estimate. The derived value thus 
represents a conservative estimate of the toxicity of drinking water 
resulting from chlorination (i.e., the toxicity of water is underestimated) 
and subsequent risk estimations evolving from comparisons with drinking 
water as a standard would err on the side of safety <'i. e., toxicity of 
other insults would be overestimated relative to the assessment for 
chlorination contaminants). 

In order to compare the risk of exposure to hazardous chemicals with 
the risk associated with ingestion of chlorinated drinking water, the 
following equation can be used: 

Risk
test 

Concentration/L x RP 
c c 

RP , where RP 
dw dw 

1.7 x 10- 10 
Risk hI" water c or1nat10n 

and concentration/Lc is unitless fractional abundance. Thus, if one knows 
the RASH-derived relative potency of the interviewing chemical and the 
concentration per liter (perhaps derived from a chemical analysis). an 
approximation of its toxicity relative to toxicity deriving from 
chlorination of drinking water can be made. 



15. RELATIVE COMPARISONS TO PREVIEW REGULATORY GUIDANCE 

For waste management it is important to anticipate forthcoming 
regulations within the near term (e.g., within five years) and also for the 
long term for effective postclosure management of hazardous waste sites 
(e.g., 30 years). The relative potency approach is highly useful for both 
purposes. Long-range regulations as predicted by RASH comparisons were 
discussed in Sects. 6 and 8. 

Table 2 illustrates chemicals with "infant" or more immature 
regulatory criteria in that it has traditionally been assumed that these 
chemicals do not interact to potentiate the effect of carcinogens. Long­
range predictions from the RASH analysis are shown for contrast. It is 
interesting to note the transition of estimates for dichlorobenzenes. This 
effect is likely to be seen for hundreds of chemicals within the next 
decade. 

Because of the primary goal of this study, it is necessary to use a 
"risk equivalent" basis to place chemicals and radionuclides on a common 
scale. It was necessary to modify estimates in column three of Table 13 
according to absorption efficiency factors (i.e., absorption coefficients) 
for ingestion. Radiobiological models are based on doses to the 
pathological site at risk. In contrast, most hazard models for chemicals 
are based on concentrations in food, water, or air. Thus, to develop a 
common scale for hazard evaluation it is important to rank an agent by the 
magnitude of the response and the dose or concentration that acted at this 
pathological site. Some chemicals are highly soluble and others are not. 
Thus, absorption coefficients are needed to evaluate the efficiency of 
absorption. 

The ICRP has recommended absorption coefficients for ingestion of 
radionuclides (summarized in Appendix D) but no similar data base was found 
for toxic chemicals. Thus, it was necessary to review biological and 
pharmacological publications. The newly compiled ORNL data base of 
absorption coefficients is summarized in Appendix E and will be submitted 
for journal publication. The data base on absorption coefficients reflects 
much work and is an advancement beyond what is currently used, even by 
expert committees. The absorption coefficients described in Appendix E 
will be expanded to include other ORNL pollutants as they are identified. 
This risk-based common scale and development of risk coefficients for 
currently unregulated chemicals are important to soil and pathway exposure 
studies done in support of RAP projects by other investigators. These 
applications require absorption coefficients for inhalation and ingestion 
as presented in Appendix E. Work described in this report is being 
disseminated into those other activities. 

The magnitudes of initial regulations for previously unregulated 
chemicals have traditionally confused both the regulators and the 
regulated. Historically, each chemical has been evaluated individually and 
a permissible concentration established independently of criterion levels 
set for other chemicals. If the assumption is made that EPA attempts to 
regulate different chemicals and/or different activities to the same level 
of hazard by either explicit or implicit considerations, then the relative 
potency approach of the RASH method permits a rapid and reasonably accurate 
estimate of the magnitude of "infant" regulations for previously 
unregulated chemicals. 

Infant regulations and even more mature criteria are frequently based 
on one biological test (e.g .• see the EPA Health Assessment Document for 
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PCBs) and large safety factors (e.g., see Appendix B) and, therefore, are 
subj ect to potentially large individual variation. It was decided that 
such initial projections for currently unregulated chemicals should be 
based on an ensemble of noncarcinogenic reference chemicals having an 
abundance of in vitro and in vivo test data; the chemicals should have 
experienced significant industrial usage; and the chemicals should have 
"reference dose" values (Le., RfD) as published by the EPA (SlFR21673). 
The RfD values were derived by EPA for what the EPA calls noncarcinogens. 

Barium, cresol, lead, mercury, pentachlorophenol, phenol, and toluene 
were taken as benchmarks of reference RfD values. As seen in Table 14, the 
relative potency from the RASH method was multiplied by the RfD value 
published by EPA in order to compare the relative magnitudes of the 
potential hazard for the seven chemicals. The geometric mean was taken so 
that for any chemical (not currently regulated by RfDs) an estimate of the 
"infant" regulation can be obtained from equation (1) i~ Table 14. 

Estimates derived by this technique are given in column one of 
Table 14. It should be noted that these values compare well with EPA­
derived values given in various columns of Table 7 for noncarcinogenic 
chemicals. 
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Table 14. "Infant" or EPA-RfD-type interim values for any 
chemical (i.e., chemical i). RPi can be derived from the ~fDi 
as shown in this table. These values can be used as short-term 
projections for chemicals not currently regulated by EPA. 

Chemical EPA-RfD RASH-RP Ln 
(mg/L) (RfD'RP) 

Barium 1.0 0.030 -3.5 

Cresol 2.0 0.015 -3.5 

Lead 0.05 0.092 -5.4 

Mercury 0.0002 0.40 _7.1a 

Pentachlorophenol 1.0 0.11 -2.2 

Phenol 4.0 0.027 -2.2 

Toluene 10.0 0.0038 -3.3 

b Mean -3.9 

aBased on this simple relative comparison, it appears that 
the RfDs for mercury and lead are more cautious than RfDs for 
other chemicals in this table. 

b Mean value of (RfD'RP) = exp(-3.9) = 0.02. Hence, 

RfD. = 0.02 mg/L 
1 RP 
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APPENDIX A 

RISK FROM EXPOSURE TO CHROMIUM 

(Adopted from information presented in EPA-600/8-83-0l4F) 

Chromium III is considered to be an essential micronutrient at low 
concentrations because a deficiency causes buildup of glucose in blood. 
Animal studies have demonstrated that chromium-deficient rodents gain less 
weight and have shorter life spans than animals maintained on a chromium­
adequate diet. In humans, symptoms of chromium deficiency consist of 
glucose into.1erance, weight loss, and confusion. However, as with all 
other chemicals, high doses of chromium III are toxic. 

Chromium VI compounds are more readily absorbed through 'skin. gut, 
lung, and biological membranes than are compounds of the trivalent form. 
Chromium VI is irritating and corrosive and is reduced to chromium III by 
cellular activities. 

The CAG accepted the study by Mancusco (1975) as providing limited but 
adequate information for estimating the carcinogenic potency of hexavalent 
chromium. Conditions of the Mancusco study are summarized in Table A.l. 

The CAG analysis assumed that the individual worker exposure schedules 
resulted in equivalent risk as that from a continuous exposure given at a 
time-weighted average or concentration rate over an equal time frame. 

The age-specific incidence was treated as a power ,function of time 
according to the model of Druckrey (1967), and lifetime cancer risk in 
terms of exposure and age took into account competing risks based on the 
probability of surviving to a specific age. 

Numerical coefficients of the risk model were evaluated (based on the 
assumption that the number of lung cancer deaths at a specific age follows 
the Poisson distribution) by the method of maximum likelihood. . 

The CAG risk coefficient is 41 ~mg/kg/d)-l. For a risk level of 10. 5 , 
the permissible dose would be (10- /41) (mg/kg/d) (70 kg) = 0.017 JLg/d 
based on inhalation. If Reference Man (ICRP 23) breathes 20 m3/d, then the 
permissible concentration would be 0.85 ng/m3 . 

If the inhalation absorption coefficient of chromium is taken at 0.25, 
and the oral absorption is 0.05 based on values in Table 1 of Appendix E, 
then the concentration of chromium in drinking water is (0.017 JLg/d) 
(0.25/0.05)/(2 L/d) = 0.042 JLg/L. 
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Table A.l. Chromium risk (Mancusco 1975) 

Exposure period (1931-1937) to 1974 

Follow-up period Until 1974 

Number of subjects 332 white males in chromate plant 

Total number of deaths 35 

Level of exposure 

Duration of exposure 

Level of risk 

Disease occurrence 

Miscellaneous' 

GAG values 

3 <1 to 8 mg/m /year. TWAs of exposure to 
insoluble, soluble, and total chromium per 
cubic meter were calculated for each occupation 
and for each worker in every department 

<43 years 

In 1949 a comprehensive program was begun to 
reduce employee exposure, so level of risk 
decreased accordingly 

Lung cancer 

GAG used only the dose-response data for total 
chromium to estimate carcinogenic potency of 
hexavalent chromium. GAG thought this under­
estimation of the potency of Gr VI was 
compensated for by other factors that 
may overestimate risk 

. -1 
Unit cancer risk 41 (mg/kg/d) 

GAG potency index 4 x 103 



APPENDIX B 

TOXICOLOGICAL SAFETY FACTORS AND PRIORITIZATION OF HAZARDS 

Interoffice Memorandum 

August 14, 1987 

M. D. Morris 

Uncertainty factors vs safety factors for absolute and relative decision 
making. 

Safety factors VB uncertainty factors? In EPA's toxicology program, these 
terms have become interchangeable (Dourson and Stara 1983; Dourson et al. 
1985). But, it may be timely to remember that statis'tical uncertainty 
factors are quite different from the EPA's safety factors. Furthermore, 
safety factors, uncertainty factors, modifying factors, upper 95% maximum 
likelihood estimates, unit risk estimates, Q*, RfD, RSD, and RAC as 
currently defined by the EPA may be used for absolute decision making 
(i. e., finding an acceptable exposure to one particular chemical), but 
because the concepts may reflect large and highly variable safety 
considerations for each chemical, these quantities should not be used to 
rank chemical hazards, or prioritize chemical sites as reflected by 
assessment methodologies such as the Hazard Ranking System (HRS) used by 
EPA to achieve a National Priorities Listing (NPL) for Superfund 
activities. 

Safety factors were devised to estimate a "safe" dose to a hypothesized 
sensitive human subpopulation when some human or animal dose-response data 
are available. Particular chemicals have had very limited testing, and a 
series of simultaneous safety factors and/or modifying factors have been 
used to ensure protection of human health. For such a chemical, the 
"permissible exposure" may be safe by a wide but unknown margin. The 
disadvantage in this absolute decision-making schema is the inconvenience 
and expense of excessive margins of safety and an inaccurate perception of 
actual risk. Safety and/or modifying factors have been proposed for: 

(1) Intraspecific variability--a factor of 10. 
(2) Interspecific variability--a factor of 10. 
(3) Subchronic test data when chronic not avai1able--a factor of 10. 
(4) Use of LOAEL when NOAEL not avai1able--a factor of 1 to 10. 
(5) Test data do not reflect route of exposure for humans--a factor 

of 10. 
(6) Use of acute test data when chronic data not available--a factor 

of 10. 
(7) Qualitative professional judgments regarding scientific 

uncertainties not covered under the standard uncertainty factors, 
such as the completeness of the data base for a particular 
chemical and the number of animals in the key study. These 
considerations are described as a "modifying factor"--a factor of 
1 to 10. 
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Typically EPA has considered factors (1), (2), (3), and (4) to establish 
safety factors of 10, 100, 1000, or 5000 for RfD considerations.· However, 
factor number (7) may be used to decrease the RfD by an additional factor 
of 1 to 10. The modified ADI method described by Mitre (1986) uses safety 
factors that product to 105. 

Although a "possibly safe" dose decreased by safety/modifying factors of 10 
to 105 could produce a "more safe" dose, it appears that the derived values 
impede chemical ranking, site/technology prioritization, and other 
considerations that depend upon reasonably accurate relative comparisons. 
A current example is EPA's congressional mandate to regulate 83 
contaminants in drinking water by 1989. The original selection of the 83 
candidates and EPA's option to substitute seven other chemicals for seven 
of the 83 can be strongly affected by uncertainty and/or safety factors 
(e.g., 52FR25726). . 

The RfD for a particular chemical is computed according to 

RfD NOAEL/(S.F.)/(M.F.) (A) 

where S.F. is a safety factor of 10, 100, 1000, or 5000 from considerations 
(1) through (4) and M.F. is from consideration (7). Assume an example of 
nine chemicals designated A- I. If the NOAEL's for chemicals A- I are 
compared on a common scale (e.g., mg/kg/day), the following hierarchy may 
be observed: 

Scale I 

A B C D E F G H I 

• • • • • • • • • 

NOAEL (mg/kg/day) 

If other considerations such as relative potency at some particular 
response level is used to develop the common scale (e. g., P25, PSO, P7s) 
then some scrambling of Scale I would be expected·-e.g., see Scale II: 

Scale II . 

A C B E D F I G H 

•• • • •• • • • ---- -----

NOAEL (mg/kg/day) 

It is unproved whether techniques reflected in Scale I are more suited to 
risk analysis decisions than techniques reflected in Scale II; but, if 
these methods are used to categorize risks, then similar decisions may 
result (Jones et al. 1987). 

In contrast, if Scale I is modified by Equation (A), then all relative 
accuracy may potentially be lost as illustra~ed by Scale III: 
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Scale III 

I A E D F C B H 

• • • • • • • • --- ------

RfD (mg/L) 

Pleas·e consider the above concerns and the cited references. Then we 
should plan a "shirt sleeve" session to evaluate EPA's use of 
uncertainty/safety factors and whether we should devise a methodology more 
consistent with relative decision making. 

T. J. Jones, 4500S, MS-IOl (4-6257) 

P. J. Walsh, 4500S, MS-124 (4-5845) 

TDJ:dhf 

cc: C. E. Easterly 
C. S. Gist DOE-ORO 
L. R. Glass 
A. R. Hawthorne 

H. W. Hibbitts DOE-ORO 
B. A. Owen 
F. E. Sharples 
J. R. Trabalka 
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APPENDIX C 

REVIEW OF RADRISK MODELS FOR RADIONUCLIDES 

Summary of RADRISK Calculations 

The RADRISK computer code was developed to estimate dose rates and 
subsequent health effects to a group of persons due to inhalation or 
ingestion of a radionuc1ide (Sullivan et a1. 1981). Dosimetry calculations 
(based on ICRP Publication 30) were coupled with a life-table methodology 
for evaluating risk based on occupational exposures (Bunger, Cook and 
Carrick 1981). The dosimetry calculations are used as input data to dose­
response models thought to be representative of how a human population may 
respond to radiation exposure. The dose-response model used by RADRISK is 
summarized briefly as follows. 

The population group at risk in RADRISK is a hypothetical cohort of 
105 persons, born simultaneously, and subjected to the same individual 
competing causes of death throughout life as estimated from the total U.S. 
population. 

Each person was assumed to have lifetime exposure at a constant rate 
to a unit concentration of each radiochemical. Exposure routes included 
inhalation, ingestion, immersion in a cloud, and exposure from soil. For 
water-criteria decisions involving mixed waste, only the fatal cancers 
derived from intake via the ingestion of radiochemica1s will be considered 
in this document. 

In RADRISK, alpha radiation was assumed to be 20-fo1d more toxic than 
low-LET beta or photon radiations, on a unit dose basis. Cancers thought 
to be radiogenic are listed in Table 1 of the Sullivan report. Risk 
coefficients were derived from the 1972 BEIR report. Excess fatal cancers 
were computed from absolute and relative risk models. For both models, 
calculations assumed an initial latency period immediately postexposure. 
Then, two calculations were made. The first assumed a 30-year plateau, and 
the second assumed a lifetime plateau for frank expressions of solid 
cancers- -except a 25-year plateau was used for leukemia in all 
calculations. During this plateau period, risk was assumed to be constant 
per unit time interval. The plateau assumption is somewhat unrealistic but 
is necessitated by the lack of biological data. This assumption would have 
the most profound effect on the days of life lost as computed by RADRISK 
and should have only a secondary effect on fatal cancers. There would be 
some effect on the calculated fatal cancers because the life-table analogy 
for competing risks would continue to reduce the population at risk on an 
annual basis. These calculations for the two different plateau periods 
were averaged to derive a risk coefficient of 200 x 10- 6 fatal cancers per 
person-rad. The organic-specific estimates in Table 1 of Sullivan were 
obtained by allotting the 200 x 10- 6 deaths per person-rad among individual 
anatomical organs at risk (Sullivan et a1. 1981; 51FR34844). Values for 
bone marrow, bone surface, lung, breast, and thyroid were based on UNSCEAR 
(1972, 1977) and BEIR (1972, 1980). Risk coefficients for liver, pancreas, 
stomach, and lower large intestine were derived from UNSCEAR (1977) and 
draft versions of BEIR III (1980). Sullivan et a1. (1981) state that 
estimates in Table 1 of this report may be uncertain by two-fold, but 
probably reflect what is currently known about radiogenic cancers in 
individual organs. 
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Values for lifetime risk resulting from I rad to the liver, pancreas, 
stomach, and lower large intestine were subtracted from the total body risk 
from 1 rad, and the residual risk was split equally among the remaining 
organs listed in Table 1 (Sullivan et al. 1981). 
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APPENDIX D 

REVIEW OF ICRP MODELS FOR RADIONUCLIDES 

General 

ICRP Publication 30, Part I, presents physical, metabolic, and 
dosimetric methods used to derive "Limits for Intakes of Radionuclides by 
Workers." The basic approach is to develop a calculational analogue that 
simulates uptake of individual radionuclides via inhalation and/or 
ingestion. Absorption coefficients are used to specify the fraction of the 
exposure that is transferred from lung or gut to blood. Next, metabolic 
models are used to predict the distribution of the nuclides to individual 
organs, their retention in different organs, and elimination through 
expiration in breath, excretion in urine or feces, etc. A method of 
specific absorbed fractions is used to account for the fractional energy 
balance when a source organ irradiates other organs or itself. The ICRP 

intended that these values will be applied at the doses and dose 
rates of interest . . . using the hypothesis that risks of these 
effects are linearly related to dose equivalent without 
threshold. Therefore, the risks of fatal cancer in an 
individual, group, or population and of hereditary disease in 
their offspring is determined either by the total dose equivalent 
received by individuals, independent of dose-equivalent rate and 
the way dose equivalent is fractionated, or by the collective 
dose equivalent within the group or population 
exposed .... Several organs and tissues will be irradiated 
fo~lowing the entry of a radionuclide into the body . . . must be 
limited so that the resulting total risk of cancer and hereditary 
disease is less than or equal to the risk from irradiating the 
whole body uniformly to the appropriate annual dose-equivalent 
limit . . . data given here are to be used only within the 
framework of its basic recommendations as· described in ICRP 
Publication 26. . The models used. . have been chosen, 
often conservatively, to ensure protection. 
Data . . . should therefore not be used indiscriminately out of 
context, e. g., to estimate the risk of cancer in individual 
cases. 

Dose Equivalent vs Effective Dose 

Dose equivalent is calculated by the product of absorbed dose arid a 
quality factor Q. Q is defined as a continuous function of collision 
stopping power in water. The ICRP and others have traditionally taken 
Q = 1 for beta particles, electron and all electromagnetic radiations 
including gamma radiation, X rays, and bremsstrahlung; Q = 10 for fission 
neutrons and for protons, and Q == 20 for alpha particles, recoil nuclei, 
and fission fragments. 

Dose equivalent is, thus, a purely physically based concept. 
Frequently, Q is confused with the relatively biological effectiveness 
(R1?E) of different radiations. The magnitude of RBE is determined by 
several factors, including the pathological effect of interest, the dose 
level (or response level), the rate at which the dose is delivered, and the 
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radiation that deposits the dose (e.g., photon or proton). Currently, the 
ICRP, NCRP, and others are attempting to reconcile some' of the 
discrepancies between quality factors (Qs) and RBEs. Previously, these 
comparisons have been made for radiation-induced leukemia (Jones 1984), but 
the issue is far from resolution by NCRP or ICRP. The scope of this 
project does not permit a more realistic development for RBE or Q 
considerations in the manner of leukemia (Jones 1984). Thus, in this work, 
radiations of different effectiveness will be considered according to the 
traditional Qs (ICRP 30). At high doses, the magnitudes of the RBE values 
are expected to be approximately near the values of the Q, but it should be 
recognized that the RBE values at levels of population exposure (i.e., very 
low doses) may be as much as four-fold greater than currently used Q values 
(Jones 1984). The RBE concept for ion~z~ng radiations is directly 
analogous to the' relative potency 0; chemicals as discussed in the main 
body of this document. 

Organ Risk Weighting Factors 

For stochastic effects, including cancer, the ICRP proposed to limit 
exposure on the principle that the magnitude of calculated risk should be 
equal whether the whole body is irradiated uniformly or whether there is 
nonuniform radiation. 

The mathematical condition used is EWT. HT = HWb where WT is a 
weighting factor representing the ratio of the stochastic risk resulting 
from Tissue (T) to the total risk if the whole body is irradiated 
uniformly, HT is the dose equivalent to Tissue T, and HWb is the stochastic 
dose-equivalent limit for uniform whole-body irradiation. 

ICRP Publication 26 provides organ risk weighting factors for 
stochastic risks (i.e., cancer and genetic effects) based on mortality data 
published in UNSCEAR (1977). Those values have been used widely and are 
listed in Table D.1. 

Again, it is emphasized that an effect is assumed to occur in linear 
relation to dose equivalent. "Therefore, it is the total dose equivalent 
averaged throughout any organ or tissue, independently of the time over 
which that insult is delivered or the gradient of the dose equivalent over 
the organ at risk" (ICRP 30). 

Recently the EPA has proposed to regulate radionuc1ides in drinking 
water (EPA 1986). In that proposal, EPA used organ risk weighting factors 
that the EPA derived from BEIR III (NAS 1982). Those values are shown in 
Table D.2. 

The logical basis for the weighting factors proposed by EPA has not 
been published, and conceptually the ICRP values are significantly 
different. Those differences include: ICRP 26 factors are based on 
UNSCEAR-77 data and EPA factors are based on BEIR III (BEIR III has been a 
source of maj or controversy, and it is not known if future NAS -BEIR 
estimates will accurately track values in BEIR III); ICRP factors are based 
on mortality, and EPA factors are based on incidence; and ICRP factors 
include genetic deaths (i. e., WT for gonads is 0.25); ICRP factors are 
better documented (ICRP 26) and more widely accepted than the recently 
proposed EPA factors. 

Risk values from ICRP 26 were used to compute anatomical organ risk 
weighting factors for fatal cancers as shown in column two of Table D.3. 
ICRP 26 factors and the proposed EPA factors are also shown for comparison. 
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Tissue 

Gonads 

Breast 
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Table 0.1. Organ risk weighting factors 
recommended by the ICRP for mortality 

from cancer and genetic effects 

W
T 

0.25 

0.15 

Red bone marrow 0.12 

Lung 0.12 

Thyroid 0.03 

Bone surfaces 0.03 

Remainder 0.30 
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Table D.2. Organ risk weighting factors 
used by EPA for cancer incidence data 

from BEIR III 

Organs. Weighting factor 

Red bone marrow 0.16 

Endosteal bone 0.009 

Thyroid 0.099 

Breast 0.13 

Lung 0.21 

Remainder 0.392 



Table D.3. 
ICRP 26 

Tissue 

Gonads 

Breast 

71 

Comparison of organ risk weighting factors derived from 
for cancer mortality with EPA proposed risk factors 

for cancer incidence 
(Our computations are given in parentheses) 

ICRP 26a ICRpb EPAc 

0.25 

0.15 (0.20) 0.13 

Red bone marrow 0.12 (0.16) 0.16 

Lung 0.12 (0.16) 0.21 

Tryroid 0.03 (0.04) 0.099 

Bone surfaces 0.03 (0.40) (0.392) 

based on data in UNSCEAR 1977 and ~alues recommended by ICRP 26 
include fatal. malignant diseases and genetic defects expressed in 
liveborn descendants. 

b ICRP values adjusted to fatal cancers only. 

cBased on cancer incidence data from NAS BEIR III. 
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From Table D. 3, it seems the uncertainty factoJ.:' may be as great as 
four-fold for the most uncertain organ weighting factor (Le., bone 
surfaces) although a factor of two is more common for other tissues. 

Identification of Target Cells for Cancer 

For gastrointestinal tract (GI) cancers, the target cells are assumed 
to be the mucosal layer; for bone cancer, the bone cells within 10 ~m of 
the surface; and for skin cancers, the basal layer of the epidermis at a 
depth of 70 ~m. For other sites, the sensitive cells have not been 
specified. 

The actual proliferating stem cells of the gut and the skin have been 
identified with reasonable accuracy. Also, bone cells derive from 
hematopoietically active marrow and migrate to bone surface. There is some 
uncertainty as to when dose can be effectively delivered, i.e., whether the 
lesions that initiate bone sarcomas actually derive from endosteal cells on 
the bone surface, from marrow cells within a few cell diameters of the bone 
surface ,or from both sources. The marrow cells differentiate to become 
endosteal cells and regenerate bone tissue. Thus, the target cells cannot 
be identified by theoretical considerations, and one would need complex 
experimental studies to clarify this issue. Most likely, this source of 
uncertainty is small and different variables work simultaneously. Some 
factors, such as the identity of the target cells, could work to decrease 
dose, but some radiations, for example, tend to give up energy more rapidly 
at the end of their track length. 

The net effect from identification of target cells is impossible to 
assess at this time, but this application is for intake from drinking 
water. Hence, the uncertainty in dose and risk models is likely to be 
small compared with other sources of variability in radiation and chemical 
dose and risk models. For convenience, we pick this source of uncertainty 
to be about two from considerations based on ingestion. 

Dose Assessment to Target Cells 

Some sources of uncertainty were discussed and estimated in the 
preceding section on "Identification of Target Cells for Cancer." In 
addition, there is some variability from radioactive decay models, the use 
of continuous slowing down models for energy deposition along the path of a 
charged particle, and some "straggling" in direction, especially for low­
mass particles such as electrons and betas. 

As stated by ICRP 30, reduced effectiveness from nonuniform doses 
(e. g., "hot particles") has been demonstrated at high doses and high dose 
rates. However, at low doses and lower dose rates a localized particle 
could greatly enhance focal proliferation and, thus, could actually be more 
effecttve as a local proliferative stimulus to a daughter colony deriving 
from a "cancer transformed" cell than if the equivalent dose were delivered 
to the entire organ and its stimulus were averaged over "untransformed" 
cells. 

The ICRP describes variability in the absorbed fraction quantity as 
being in the range of 1.5x to 2x for dose. Thus, overall variability due 
to dose assignment is likely to be near 2x. 
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Dosimetric Model for the Gut 

The GI tract model of the ICRP consists of serial transfers through 
the stomach, the small intestine, the upper large intestine, and the lower 
large intestine. The small intestine may transfer to body fluids. The 
lower large intestine eliminates wastes through excretions. Each of the 
four sections of the gut is assumed to be governed by first-order kinetics. 
Values of GI absorption coefficients, expressed in terms of percentage 
transfer are given in Table D. 4 for radiochemica1s of interest. 
Radioactive daughters produced in the gut are assumed to have the same 
transfer coefficient as the appropriate stable isotope. When the value is 
100%, all absorption takes place in the stomach. Individual members of a 
human population may have markedly different absorption characteristics due 
to physiological and lifestyle factors. Those variations plus the 
uncertainties in, Table D.5 suggest that the overall variability is unlikely 
to be less than a factor of ten. This estimate is for an incomplete 
listing of the factors contributing to statistical uncertainty. A more 
complete listing would likely suggest a potential uncertainty of no less 
than 20-fo1d. This estimate is strikingly larger than the value of four or 
five published by EPA (51FR34844). 

I'~ 
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Table D.4. Absorption coefficients for ingestion of radiochemicals 
from IeRP Publication 30 

Radionuclide 

Tritiated water 

Cobalt 

Strontium 

Cesium 

Thorium 

Uranium 

Plutonium 

Americium 

Curium 

Technetium 

Europium 

Oral Range 
absorption (%) (%) Comments 

100 

30 

5 

30 
1 

100 

0.02 

5 

0.2 

0.001 
0.01 

0.05 

0.05 

so 

0.10 

20-50 

0.01-0.06 

0.5-5 

<1 

Assumed to be completely and 
instantaneously absorbed; mixes 
rapidly with total body water 

Organically complexed compounds 
and most inorganic compounds 

Oxides and hydroxides and 
inorganic compounds ingested in 
tracer quantities 

Soluble salts 
SrTi0

3 
Most compounds are rapidly and 

almost completely absorbed 

0.5 to 1% for 232-Th(N01 )4 for rat; 
0.01-0.06% for 234Th(S04)2 mock 
radium dial paint 

Water-soluble inorganic compounds 
of hexavalent; uranyl nitrate 
hexahydrate in man 

For relatively insoluble compounds 
(e.g., UF4 , U02 , and U30S) in 
which U is tetravalent 

Oxides and hydroxides 
All other commonly occurring 

compounds (much higher absorption 
has been reported for citrates, 
hexavalent compounds, and othe"r 
inorganic complexes) 

0.01-0.14 Studies in rats (greater 
absorption might be expected 
for complexed forms) 

0.003-0.07 Studies in rats (greater 
absorption might be expected 
for complexed forms) 

50-90 Pertechnetate in man - 95%, but 
subject to erratic absorption with 
marked variability; technetium 
chloride in rats - 50%) 

0.02-0.3 Europium chloride in rats 
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Table D.S. Potential uncertainty factors for risk 
from ingestion of radionuclides 

Condition contributing to uncertainty 

Assignment of organ risk weight factors 

Q vs RBE at population doses 

Identification of target cells 

Dose assessment to target cells 

Absorption coefficients and human variability 

Dose-rate effect on disease (NCRP Report 64) 

Potential 
. d a magm.tu e 

+2X 

-4X 

+2X 

+2X 

+lOX 

+5X 

aFactors assigned as negative would imply that actual 
risk could be higher than model estimates. The converse 
would be expected for factors assigned positive values. 
Random uncertainty is suggested by ±. 
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ABSTRACT 

Knowledge of the absorption efficiency of a chemical via a particular 
route of exposure is valuable in estimating the risk from exposure to 
potentially hazardous chemicals. Efficiency of absorption is expressed as 
an absorption coefficient and generally varies with the route of exposure. 
Estimates of the oral and inhalation absorption coefficients for 21 
chemicals are presented. The literature citations pertinent to the 
derivation of ,each estimate are given, as are comments on the rationale for 
choosing each estimate. 
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Accurate assessment of the health effects of environmental and/or 
occupational exposure to potentially hazardous chemicals necessarily 
employs estimates of the magnitude of exposure to the chemical of interest. 
Typically, the calculated dose is modified by various conversion factors to 
reflect the duration of exposure, degree of uncertainty associated with 
certain extrapolatio~s, or efficiency of absorption of the chemical by 
specific routes of exposure (commonly ingestion, inhalation, and dermal). 
The latter factors are termed absorption coefficients and express the 
fractional or percentage uptake of the chemical into the blood of the 
exposed individual. 

Absorption coefficients are currently used by various occupational 
health researchers in derivation of estimates of risk. The drinking water 
criteria documents produced by the EPA contain absorption coefficients in 
calculations of acceptable daily intake (ADI) and health advisory (RA) 
indices. ICRP Publication 30 (Limits for Intakes of Radionuclides by 
Workers) uses absorption coefficients in calculating risks of exposure to 
radionuclides. Apart from these sources, however, general availability of 
absorption coefficients, as such, is limited; however, their future 
utilization is likely to increase in the context of more vigorous 
regulatory activity. This manuscript is offered in an attempt to improve 
access by health effects researchers to absorption coefficients for 21 
chemicals for both oral and inhalation routes of exposure. 

The absorption coefficients presented here are the product of 
extensive investigation of the biological, toxicological, and 
pharmacological literature. Three data bases--TOXLINE, the Hazardous 
Substance Data Base (HSDB), and the Chemical Information Service (CIS)-­
were consulted, as well as various EPA, ICRP, and National Institute of 
Occupational Safety and Health (NIOSH) publications, reference texts, 
serials, and some 175 articles from 25 journals. 

It is acknowledged that absorption efficiency is influenced by age, 
species, dietary and metabolic status, exposure duration, and other 
situational considerations (Klaassen 1980). The estimates given here, 
however, are intended to reflect absorption in general by the average human 
adult. Additionally, wherever possible, data from human studies received 
greater consideration than animal data in derivation of the values. 

Table E.l contains oral and inhalation absorption coefficient 
estimates for 21 chemicals. The range of values discovered in the 
literature is given where appropriate. The references given for each 
chemical specify the literature evaluated in derivation of the estimates. 
Following the table are comments on the rationale for choosing each value. 

r 
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Table E.l. Absorption coefficient estimates derived from the literature cited 

Absorption coefficient 
Chemical References 

Oral (range) Inhalation (range) 

Barium 0.10 (0.01-0.85) 0.75 (0.10-0.75) 1,2,3,4 

Benzene 1.00 (0.40-1.00) 0.47 (0.28-0.60) 4,5,6,7,8,52,69 

Benzo(a)pyrene 0.50 (0.43-0.58), 0.29 9,10 

Chlorine 1.00 (0.90-1.00) l.00 68,73 

Chloroform 1.00 (0.50-1.00) 0.63 (0.50-0.77) 11,12,53 

Cre'sol l.00 l.00 13 

Chromium II I 0.01 (0.005-0.18) 0.10 (0.05-0.10) 14,15,16,54,69,74,82 

Chromium VI 0.05 (0.02-0.10) 0.25 (0.10-0.75) 15,17,18 

Dimethylnitrosamine 0.98 46,47 

Ethylbenzene 0.90 (0.72-0.92) 0.64 19,55,62 00 

Fluoride 1.00 (0.80-1.00) l.00 4,51,75 

Lead 0.10 (0.01-0.65) 0.50 (0.20-0.62) 21,22,23,24,25,26,27,70,76,80,81,90 

Mercury, elemental 0.0001 (0.0001-0.045) 0.75 (0.50-1.00) 28,29,30,31,77,78,83,88 

Mercury, inorganic 0.15 (0.02-0.15) 0.02 (0.00-0.85) 32,33,34,71,77,78,83,88,89 
\ 

Mercury, organic 0.95 (0.40-1.00) l.00 28,34,35,36,37,77,78,83,88,89 

Methylene chloride l.00 0.50 (0.50-0.75) 38,56,63 

Naphthalene l.00 9 

Nickel 0.05 (0.01-0.10) 0.75 (0.70-0.75) 13,20,57,64,72,84,85 

PCBs 0.95 39,48,49,50,58,59,65 

Toluene 1.00 (0.74-1.00) 0.50 (0.37-0.70) 8,19,40,42,43,44,60,79,86,87 

Xylene l.00 0.64 (0.54-0.68) 41,42,45,61,66 
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COMMENTS ON THE RATIONALE FOR CHOOSING THE ESTIMATES 

Oral: Although oral absorption of barium varies widely according to age, 
dietary factors, etc. (EPA 1985), the value chosen reflects the EPA 
drinking water criteria document value for adult absorption (0.07-0.20) 
modified by the ICRP 23 and ICRP 30 values (0.01-0.15 and 0.10, 
respectively). No definitive study of barium absorption in humans has been 
done (EPA 1985). 

Inhalation: The value chosen for inhalation absorption is supported by 
valid animal experimental data (Cuddihy 1974) and agrees with the majority 
of values found in the scientific literature. 

Benzene 

'Ora1: The oral absorption value chosen is derived from valid animal 
experimental data (oral intubation of rabbits with radiolabe1ed benzene) 
(Parke 1953). All of the dose was either metabolized or exhaled unchanged, 
implying virtually complete absorption by this route. 

Inhalation: The inhalation value is derived from several human studies of 
uptake and excretion (Nomiyana 1974, Hunter 1966, Srbova 1950) and is 
supported by general agreement of literature values. 

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

Oral: Quantitative absorption data for orally administered B(a)P is 
scarce, but fecal recovery data (Chang 1943) suggest -50% oral absorption. 

Inhalation: 
literature. 
adsorption, 
exposure to 

Chlorine 

Data specific to inhalation of B(a)J were not located in the 
The value presented here is based upon particle size, 

and respiratory deposition models (Natusch 1974) that address 
B(a)P as a product of high-temperature combustion. 

Oral: The oral absorption value is based upon ICRP 23 and ICRP 30 
references to a human study of excretion of orally administered chlorine 
(Burrill 1945). Other data derived from appropriate studies were not 
located in the literature. 

Inhalation: The inhalation value is derived from ICRP 30. Other suitable 
data were not located. 

Chloroform 

Oral: The oral absorption value is based upon valid human experimental 
data from a study of orally administered radio1abeled chloroform (Fry 
1972). Virtually all of the dose was accounted for in expired air as 
either the C02 metabolite or unchanged chloroform. 
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Inhalation: The inhalation absorption value was derived from appropriate 
human experimental data (Lehmann 1910). 

Cresol 

Specific quantitative data on oral and inhalation absorption of cresol in 
humans were not found in the literature. The values chosen reflect the 
similarity of cresol to phenol, as noted in the NIOSH 78-133 criteria 
document. 

Chromium III 

Oral: An exact value for oral absorption of chromium cannot be given (NAS 
1974). The value chosen is representative of the range of values specified 
in the majority of literature quotations and seems appropriate here. The 
low value reflects the relative insolubility of trivalent chromium and its 
inability to cross biological membranes. 

Inhalation: The inhalation value is chosen on the basis of experimental 
data referred to in ICRP 30. Absorption of inhaled trivalent chromium is a 
function of particle size and solubility of retained chromium (EPA 1984). 

Chromium VI 

Oral: The oral absorption estimate is representative of the range of 
values discovered in the literature. That this value is somewhat higher 
than the corresponding chromium III value is due to the increased 
solubility of chromium VI and its ability to cross biological membranes 
(EPA 1985). The value chosen is supported by valid human experimental data 
(Donaldson 1966), 

Inhalation: The value chosen is based upon inference from valid animal 
experimental data (Baetjer 1959) specifying at least 25% distribution of 
dose to blood and tissue following intratracheal administration. 

Dimethylnitrosamine' 

Oral: This value was derived from valid animal experimental data from 
excretion studies of radiolabeled dimethylnitrosamine (DMNA) in rats (Gomez 
1977) and unlabeled DMNA in mice (Magee 1956), 

Inhalation: Appropriate inhalation data were not discovered in the 
scientific literature. 

Ethylbenzene 

Oral: The oral absorption value is based upon excretion studies of orally 
administered ethylbenzene in rats (El Masry 1956). No suitable human data 
were discovered in the literature . 

Inhalation: The inhalation value derives from valid human experimental 
data referenced in the EPA health advisory and drinking water criteria 
document (Bardodej 1970). Other human inhalation absorption data were not 
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located in the literature. 

Fluoride 

The oral and inhalation values were chosen due to general agreement of 
literature values and are based upon valid human experimental data (WHO 
1970). 

Lead 

The oral and inhalation values given are representative of the ranges of 
values described in the literature and are based on appropriate human data 
(Rabinowitz 1974, 1977; Kehoe 1960). 

Mercury--elemental 

Oral: The value given here reflects the general agreement of low values 
quoted in the scientific literature. 

Inhalation: The inhalation value is based upon valid human experimental 
data (Kudsk 1965) and agrees with most estimates in the literature of 
inhalation absorption of mercury vapor. 

Mercury--inorganic salts 

Oral: The value chosen derives from valid human and animal experimental 
data (Rahola 1971, Miettinen 1971) and is supported by general agreement of 
literature values. 

Inhalation: Few values for inhalation absorption of inorganic mercury 
salts were located in the literature. The estimate here seems to be 
appropriate given the available data. 

Mercury--organic 

The great preponderance of animal and human data suggest the virtually 
complete absorption of organic mercury by both oral and inhalation routes 
of exposure (Junghans 1983, Clarkson 1972, ICRP 1980). 

Methylene chloride 

Oral: The oral absorption value is based upon the only appropriate 
estimate found in the literature (McKenna 1981). 

Inhalation: This value was chosen due to general agreement of the 
literature values located (Astrand 1975; rARC 1982; NRC 1978). 

<Naphthalene 

Oral: The oral value is an estimate based upon fecal recovery data 
suggesting the nearly complete oral absorption of naphthalene (Chang 1943). 
Other appropriate studies were not located in the literature. 
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Nickel 

Oral: The oral absorption value was chosen due to the general agreement of 
literature values and is supported by valid human and animal experimental 
data (EPA 1985, ICRP 1975) . 

Inhalation: 
1982, NAS 

The few estimates of inhalation absorption of nickel (IARC 
1975) were in general agreement and form the basis of the value 

presented here. 

Polychlorinated biphenyls (PCBs) 

Oral: The oral absorption value derives from valid animal experimental 
data (Allen 1974, Albro 1972) and agrees with the majority of literature 
values located. 

Inhalation: No specific references to inhalation absorption of PCBs were 
located in the literature. 

Toluene 

Oral: Rabbit studies (Smith 1954, El Masry 1956) indicate that up to 80% 
of an oral dose of toluene can be accounted for as eliminated metabolites, 
with the remainder of the dose exhaled unchanged. As discussed in the EPA 
criteria document (EPA 1985), these data imply greater than 99% absorption 
from the gastrointestinal tract. Thus, the value given here seems to be a 
reasonable estimate. 

Inhalation: The inhalation absorption value given here is representative 
of the ranges and values discovered in the literature and is based upon 
appropriate human and animal experimental data (EPA 1985, Nomiyama 1978). 

Xylen~--meta-, ortho-, and para- isomers 

Oral: The oral absorption value is derived by inference from limited 
excretion data (Bray 1949) specifying 85 to 90% recovery of an oral dose as 
urinary metabolites, with pulmonary excretion accounting for the remainder 
of the dose. 

Inhalation: The inhalation value is based upon the majority of human and 
experimental data suggesting 64% absorption of inhaled xylene (EPA 1985, 
Sedivec 1976) . 
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