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ABSTRACf 

Risk assessment is an evolving process, based not only upon toxicology but 
also upon a broad background of knowledge in fields ranging from chemistry 
to physiology and molecular biology and from environmental transport pro­
cesses to applied statistics. Risk assessment procedures must be continually 
updated to reflect advances in these basic sciences. This review addresses 
several areas of risk assessment that are receiving heightened attention, includ­
ing neurotoxicity, immunotoxicity, reproductive and developmental toxicity, 
genotoxicity, carcinogenicity, and toxicokinetics and modeling. Risk assessors 
must work with the scientific community at large to incorporate advances in 
the basic sciences into their extrapolations. A concerted attempt to better define 
the variability and decrease the uncertainty of hazard estimates will result in 
more efficient protection of the public and the environment against toxic 
hazards. 

" 
INTRODUCTION 

Risk assessment of chemicals is defined by the National Academy of Sciences 
(1) as a four-step process that includes hazard identification, dose-response 
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342 FAN, HOWD & DAVIS 

assessment, exposure assessment, and risk characterization. A major objective 
in performing risk assessment of environmental chemicals is to provide a 
reliable basis for making decisions on risk management options. Millions of 
dollars and many lives may depend on such decisions, so they must be made 
carefully. 

Because risk assessment is an evolving art built on sound scientific princi­
ples and judgments, its techniques and methodologies are continually under­
going refinement. The present review provides an update of the status of risk 
assessment, a field sometimes referred to as applied toxicology. Areas under­
going rapid change are emphasized, addressing the biological basis for eval­
uations, current standing and developments in testing and risk assessment 
methodology, and future directions. 

The increasing concern of scientists, regulators, legislators, and the general 
public regarding human exposure to environmental chemicals has made reg­
ulation of these chemicals and risk management a priority. Inherent in the risk 
assessment process is the need to know at what level a chemical presents an 
unacceptable risk; once this level is determined risk may be managed to reduce 
human exposure. Risk management involves making decisions regarding rel­
ative risks, risk-benefit ratios, and the need for emergency actions. To prevent 
potential contamination, laws and regulations are developed as control mech­
anisms. Many of these laws mandate risk assessment for the purpose of reg­
ulating chemicals, requiring establishment of numerical standards for chem­
icals in exposure media (e.g. air, water, soil, food). Laws may specify elements 
such as toxicological endpoints, the assessment approach to be used, the 
acceptable risk levels, or special considerations such as concern for sensitive 
populations. Based on these requirements, risk assessment helps manage oc­
cupational and residential exposures to a variety of chemicals, such as toxic 
gases, solvents, and pesticides. It considers industrial, agricultural, commercial, 
and home uses; accidental chemical spills and leaking waste dumps; safety of 
chemicals legally added to food or introduced into air, drinking water, and 
soil; and many other risks such as exposure to lead in pottery. 

Not all considerations in risk assessment are specified in any one set of laws 
or procedural manuals; many are built upon the training and experience of the 
toxicologists who assess the risk. Thus there may be significant variations in 
the conduct and final results of risk assessments. The complete process requires 
a good understanding of chemical effects and toxicological endpoints (e.g. 
dose response, mechanism of action, pharmacokinetics, threshold vs non­
threshold phenomena), data extrapolation (e.g. from animal experimental data 
to the human situation, intra- and interspecies differences and similarities), 
exposure scenarios (e.g. route, duration, and frequency), availability of an 
adequate toxicity data base (e.g. animal experimental or human epidemiolog­
ical data), and appropriate risk assessment methods and techniques (e.g. math-
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ENVIRONMENTAL RISK ASSESSMENT 343 

ematical or biological models and default assumptions, chemical disposition 
in the environment, and population data). 

In order to eliminate confusion and best utilize existing resources, various 
agencies have begun to harmonize their toxicity and risk assessment ap­
proaches. Ideally, properly conducted assessments generated by one recog­
nized scientific body should be acceptable to all others. Although efforts have 
been initiated toward achieving this goal, considerable discussion and coordi­
nation are anticipated before it can be fully realized. 

The four components of the risk assessment process defined previously are 
carried out roughly in the order given, leading toward a quantitative estimate 
of the relative risk of a chemical exposure under specified conditions. Hazard 
identification involves estimating chemical risks for acute (single dose), sub­
chronic (a few doses), or chronic exposures for each possible toxic endpoint, 
such as liver damage. Risk is generally calculated only for the lowest-dose 
toxic effect for each exposure duration, assuming that if the lowest-dose toxic 
effects are protected against, then all other effects will also be prevented. 

Dose-response assessment with extrapolation to low doses is required be­
cause toxicity tests are generally carried out with much higher doses of chem­
icals than would result from probable environmental exposures. Many different 
techniques and models are used for estimating effects from exposure to various 
levels and across species. Exposure assessment attempts to determine how 
much of a chemical (or of all similar chemicals) is absorbed from all sources. 
If the chemical is a pesticide, exposures might be mediated by food, ground­
water, air (to those in agricultural areas), and through home and occupational 
uses. Risk characterization utilizes these estimates to make critical decisions 
regarding individual and population risks, integrating the previous steps with 
population demographics to describe the potential adverse outcomes and the 
strength of both the evidence and the extrapolations. The resulting character­
izations are used in risk management, to choose appropriate mitigation strat­
egies. 

The many uncertainties in the risk assessment process may result in the 
restriction of chemical usage to unnecessarily low levels-an inefficient use 
of resources. With better knowledge about toxic effects and mechanisms, 
attention and resources can be directed to the most important risks. The need 
for such knowledge, and progress toward its attainment, are discussed in the 
following sections. 

General Toxicity Considerations 

Protecting the public from toxic effects of environmental chemicals primarily 
involves considering the mechanisms of low-Ievel toxicity and likely biological 
effects. Thus such high-concentration effects as sedation from hydrocarbon 
vapors are not usually of concern. Potential cumulative, irreversible effects 
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such as carcinogenesis and neurotoxicity receive the most attention. Develop­
mental effects are also intensively investigated, because a single exposure 
during a sensitive period in gestation can have a lifelong detrimental effect. 
Preventing exposure to mutagens is important for the same reason. Immuno­
toxicity has been receiving increased attention, particularly in response to 
concerns about hypersensitivity. The emphasis in risk assessment on specific 
causes and low-level effects naturally leads to a consideration of more sensitive 
toxicity tests and a desire for better information on toxicity mechanisms, 
physiological variables, and exposures. 

In the study of problems other than cancer, the goal is to protect an exposed 
human popUlation against any adverse effects by estimating a safe dose level, 
called a reference dose. The highest dose that doesn't cause toxicity (the no 
observed effect level, or NOEL) or, if that is unavailable, the lowest dose 
observed to have a toxic effect (the lowest observed effect level, or LOEL) 
in an animal study is divided by safety or uncertainty factors. In calculating 
the reference dose, cumulative factors of 10 have commonly been used to 
account for uncertainty caused by extrapolation between species, for varia­
tions in sensitivity among humans, for extrapolation from a LOEL to a NOEL 
(when necessary), and for estimating a safe chronic dose when only acute 
or subchronic toxicity levels are known (2). The total uncertainty factor used 
may thus vary from 10 to 10,000, depending on the available data; the most 
common value is 100. Uncertainty factors are used to account for both the 
inherent variability in subject responses (e.g. individual differences in size, 
exposure, metabolic rate, disease states, genetic susceptibility) and uncer­
tainty resulting from undefined toxic effects. The latter include extrapolating 
from effects in rats to effects in humans when the mechanism of toxicity 
has not been identified. Also, a different toxic effect might occur in humans 
than in the tested species. Efforts are in progress to decrease the uncertainty 
both by estimating the variables more accurately and by providing better 
information on the unknown elements. Some uncertainty may remain non­
quantifiable (3-5). 

For cancer risk assessment, dose-response extrapolation is based on the 
assumption that there may be no threshold for the carcinogenic effect. (Dose­
response assessment for noncancer endpoints, on the other hand, generally 
assumes a threshold below which no toxic effects are expected.) The no-thresh­
old assumption for carcinogens generally means that negligible risk levels are 
much lower than if a threshold were assumed. Therefore, soil, air, or water 
contamination is usually regulated at much lower levels for carcinogens than 
for noncarcinogens. 

Because most risk estimates involve application of toxicological data de­
rived in animals to toxicity estimates for humans, the similarities and differ­
ences among species must be considered. Kidney tumors mediated through a 
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chemical agent's effect on a\pha-2-microglobulin in the male rat, for example, 
should not be used to estimate the carcinogenic potential of that agent in 
humans because humans do not have this protein (6). Forestomach tumors 
caused by gavage administration of an irritating chemical such as ethyl acrylate 

(7) also provide dubious data for direct extrapolation to humans, since humans 
do not have the same stomach anatomy and would not be exposed in the same 
way to irritating high concentrations. 

The similarities between the genetics, biochemistry, and physiology of rats, 
mice, and other experimental animals compared to humans are much more 
significant than the differences. Nevertheless, the focus of a considerable 
portion of modem research is on the differences. This is seen, for example, in 

the attempt to document the extent to which simple cross-species extrapolations 

(based, for instance, on body weight or surface area) are appropriate for a 
specific case. By default, the US Environmental Protection Agency (EPA) (8) 
and the California EPA Office of Environmental Health Hazard Assessment 
have estimated effective doses across species on the basis of the ratio of the 
two species' body weights to the 2/3 power, i.e. 

213 Dosehuman = Doserat x (BWhumanIBWrat) . 

The US Food and Drug Adminstration (FDA) has extrapolated across spe­
cies directly by body weight, a process equivalent to using a body-weight ratio 
exponent of 1 rather than 2/3 in the above equation. Using the higher exponent 
yields a higher (less "conservative" or less health-protective) estimated toxic 
dose. The true ratio of comparable doses across species varies fairly widely 
for different chemicals and effects (9). Recent proposals to use an exponent 
of 3/4 by all government agencies are based more on a desire for consensus 
than on biology, although a strong biological argument can be made for this 
value as a default (10). More accurate cross-species extrapolations can often 
be produced using physiologically based pharmacokinetics (PBPK) when a 
specific case is important enough to justify the time and expense required by 
this procedure. 

Merging estimates of relative chemical concentrations across species with 
data on tissue sensitivities to the toxic action would allow more precise 
estimates of toxicity in different species ( 11) .  In vitro tests on both experi­
mental animal and human tissue slices or cells are being developed to provide 
the needed data on tissue effects. However, estimating in vivo toxicity also 
requires estimates of biological variability and uncertainty. The variability 
estimates can be applied to risk assessment using a computer method called 
Monte Carlo or stochastic analysis, which involves repeatedly calculating 
effects using different, statistically chosen sets of values for all the variables 
(12). This can reveal the distribution of potential exposures and effects, 
although lack of relevant data often limits the utility of the technique. For 
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346 FAN. HOWD & DAVIS 

example. one suburban community might be agriculture oriented. while 
another might be dominated by commuters. The risk assessor may not have 
up-to-date information on these populations, including their diets and patterns 
of physical activity. 

A prominent aspect of risk assessment for environmental chemicals is ex­
posure to multiple chemicals. Because of the near-infinite number of potential 
mixtures, it is impossible to experimentally test for all interactions, and relevant 
studies of an effect or interaction are not usually available. For many common 
mixtures [such as polychlorinated biphenyls (PCBs), dioxins, or polyaromatic 
hydrocarbons (PAHs)] good data are available for only a few of the component 
chemicals. Toxicity of the others may be estimated from structure-activity 
relationships (SARs) and more limited studies, such as in vitro screening 
methods. Substantial effort is being devoted to the development of Toxicity 
Equivalent Factors (TEFs) for the chemicals in several common mixtures ( 13, 
14). For this purpose, the chemicals are usually assumed to have additive 
toxicities based on their relative potencies in one or more simple tests. Dioxin 
TEFs, for example, could be based on potency of the chemical binding to liver 
Ah receptor in vitro or its induction in vivo, induction of liver ethoxyresorufin 
O-deethylase. total liver binding of the dioxin in vivo, its effects on liver 
binding of epidermal growth factor. induction of cytochrome P450s, or any 
combination of effects ( 13, 15-18). Accuracy of TEFs is limited because of 
multiple effects (which can vary across species) and because effects may not 
in fact be additive; antagonism. synergism. and nonparallel dose-response 
curves complicate the issue (19). Although TEFs are essentially provisional 
ranking schemes. the vast array of potential mUltiple chemical exposures 
ensures a role for TEFs in risk assessment for the indefinite future. 

NEUROTOXICITY ASSESSMENT 

Neurotoxic effects are prominent after high doses of several persistent envi­
ronmental contaminants. Such effects were observed around Minamata Bay in 
Japan, when people consumed excessive levels of methyl mercury in fish, and 
in Morocco among people who consumed cooking oil contaminated with 
tri-O-cresyl phosphate. However, in most cases, potential human risks must 
be estimated from much lower levels of contaminants, for which the effects 
are much more difficult to estimate (20-22). To address this question in detail, 
it is convenient to divide neurotoxic effects into: (a) acute effects related to 
disruption of neural homeostasis and (b) chronic effects caused by nerve 
damage. Generally, effects of type a are reversible, and effects of type b are 
irreversible, though neither generalization is always true. Effects of both types 
can be mediated either centrally (in the brain and spinal cord) or peripherally 
(in the autonomic and voluntary nerves). 
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ENVIRONMENTAL RISK ASSESSMENT 347 

Comprehensive evaluation of neurological competence is difficult and ex­
pensive. Two-tier testing schemes have therefore been developed in which 
simple preliminary observational tests are followed, when appropriate, by more 
detailed functional tests. Dozens of procedures to analyze various nervous 
system functions have been developed over the last few decades to evaluate 
both acute and chronic effects of chemicals, but no comprehensive test battery 
has emerged as a standard. Information on neurotoxicity for most environmen­
tally significant chemicals is therefore fragmented and difficult to interpret, 
and there are no simple guidelines for use of the data in risk assessment. The 
US EPA has been in the process of formulating neurotoxicity guidelines for 
several years (23-26). Common tests can be classified as observational (rating 
of spontaneous motor activity, rearing, social contact, etc); behavioral (disrup­
tion of trained activities); neurophysiological (measurement of nerve conduc­
tion velocity, evoked potentials, EEG); physiological (measurement of muscle 
strength, temperature regulation, postural control, reflexes); and biochemical 
(measurement of alterations in levels of hormones, enzymes, or other biological 
markers). The fact that some of these tests can be carried out identically in 
experimental animals and humans makes animal data much easier to interpret 
for risk assessment. 

Behavioral and functional tests are often quite sensitive, capable of detecting 
effects of chemicals that would be overlooked using standard pathology mea­
sures. An excellent example of this is the demonstration of persistent cognitive 
defects after chronic low-level lead exposure (27). However, in contrast to 
most structural changes observed in pathology examinations, not every change 
in a measured parameter is toxicologically relevant. As neurotoxicity tests 
become more accepted as standard components of chemical evaluations, the 
controversies regarding interpretation of these data will become more import­
ant. Consider an instance in which animals exhibit a behavioral effect such as 
decreased motor activity during low-level exposure to an organic solvent 
(perhaps at one tenth the level resulting in observable organ damage). Should 
risk assessment consider this an adverse effect? Observation of neurochemical 
changes (i.e. cholinesterase inhibition) in the absence of functional measure­
ments represents a similarly problematic endpoint. In addition, should standard 
uncertainty factors be applied to such effects? 

The risk assessor must determine at what point on the spectrum a transient 
change should be considered an important toxic effect. When a chemical is 
administered in drinking water, for example, should a subsequent decrease in 
an animal's water consumption be attributed to sickness or to bad-tasting 
water? It must be decided whether the LOEL is the threshold for decreased 
water consumption, for decreased weight gain at a higher chemical concentra­
tion, or for "failure to thrive." (Failure to thrive is a severe inhibition of weight 
gain that may be observed at high concentration-an inhibition that is often 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

5.
35

:3
41

-3
68

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



348 FAN, HOWD & DAVIS 

irreversible, persisting even after the chemical has been removed from the 
water.) At present, decreased weight gain when chemicals are administered in 
water is usually not considered a toxic effect unless it is accompanied by 
corroborating signs or confirmed by a similar effect when the chemical is 
administered by another route. The range of effects, from (potentially) incon­
sequential to frank toxicity, will be observed for virtually every other behav­
ioral and functional measure. Risk assessors do not yet interpret such data in 
a consistent way or agree on the uncertainty factor to be used for various 
gradations of effects. 

Neurochemical and biochemical changes that are not clearly secondary to 
pathology are equally problematic for risk assessment. Severe inhibition of 
nerve acetylcholinesterase (AChE) by organophosphate or carbamate pesti­
cides is rapidly fatal; less severe inhibition can chronically impair neurologic 
function (28). Lower pesticide doses cause reversible AChE inhibition that can 
often be detected in blood at doses far lower than those associated with any 
clinical signs or symptoms-although pesticide toxicity studies generally do 
not include functional or behavioral tests. The question for risk assessors is 
whether the AChE inhibition should be deemed to represent a potential for 
harm or whether only frank symptoms should be considered as adverse effects 
(29, 30). In the absence of accurate behavioral, functional tests, regulators may 
insist on preventing any significant AChE inhibition in blood or tissues (31). 

Another controversy in applying animal neurotoxicity test results to risk 
assessment involves interpretation of chronic or persistent effects. In a recent 
case, a herbicide was reported to cause irreversible neuropathy at very low 
levels in rats after lifetime dietary administration. No such effect was observed 
in smaller dog studies after one-year exposures at higher doses. Humans are 
exposed to significant levels of the herbicide for only a few weeks annually, 
during the planting season. Should the intermittent human exposures be reg­
ulated based on the rat or the dog data? Use of the rat data assumes that effects 
on humans would accumulate over a lifetime; application of the dog data, on 
the other hand, assumes that the shorter-term dog study is more relevant 
because these exposures were much longer than any annual human exposure. 
In addition, no neuropathy has been observed in humans, although past expo­
sures were much higher than presently allowed. A public health protective 
approach might be to use the rat data in the risk assessment until or unless it 
can be shown that intermittent exposures will not produce neuropathy. Formal 
guidelines on how to interpret various exposure patterns, considering duration 
and reversibility of effects, have not yet been developed. 

Recently a National Academy of Sciences committee, in evaluating the 
safety of the nation's food supply to infants and children, recommended a 
better evaluation of the neurotoxicity of pesticides (32). Finalization of US 
EPA guidelines for neurotoxicity testing and use of the data in risk assessment 
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ENVIRONMENTAL RISK ASSESSMENT 349 

will help protect against potential neurotoxic effects of environmental chem­
icals. 

IMMUNOTOXICITY ASSESSMENT 

Risk assessment of immunotoxic chemicals is a new and challenging area. 
Reasons for its significance include: recent emphasis on the human health 
implications of the immune system; public awareness that chemicals or bio­
logical agents can alter immune responses, as seen in acquired immune defi­
ciency syndrome (AIDS); the ability of immune function tests to detect changes 
at very low doses; the fact that pesticides, a major class of chemicals, are 
known to modulate immune system response; special vulnerability to immune 
system distress among young, old, pregnant and malnourished individuals; the 
potential for development of hypersensitivity, including multiple chemical 
sensitivity (MCS); and the current lack of regulatory data requirements and 
risk assessment guidance for immunotoxic compounds and effects. Owing to 
such considerations, testing methods and risk assessment guidelines are being 
developed by various organizations. 

Impaired immune response can result in increased susceptibility or de­
creased resistance to bacterial, fungal, and viral infections, and to some forms 
of cancer. The latter phenomenon is well documented in transplant patients, 
in whom prolonged use of immunosuppressive drugs is associated with a high 
incidence of tumors. In immunosuppressed patients with AIDS, too, suscepti­
bility to infections and certain forms of cancer increases as the capacity for 
immune response diminishes. Impaired immune function has also been asso­
ciated with exposure to environmental contaminants, spurring efforts to char­
acterize the nature, magnitude, and health implications of any effects of envi­
ronmental chemicals on the immune system (33). 

That environmental chemicals might affect the human immune system was 
discussed initially in a symposium organized by the US FDA in 1978 (34) and 
was pursued in 1981 by Sharma (35). Considerations of immunotoxicity testing 
and assessment and public health were included in both. A summary of testing 
methodologies and of federal research and regulatory activities in immuno­
toxicity has been provided recently by the US Congress (36). In spite of the 
well-documented immunomodulative effects in animals of chemicals such as 
halogenated aromatic hydrocarbons, metals, solvents, polycyclic aromatics, 
and pesticides, it has been difficult to relate these changes to a definitive health 
risk or disease process (37). Data on occupational exposure to more than 40 
pesticides has suggested a danger of contact dermatitis, although supporting 
evidence is sporadic (38). 

Attention was drawn to the effect of low-level pesticide exposure on the 
immune system when suppression of antibody response was reported in mice 
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administered drinking water containing only 1 ppb of aldicarb (39). Later 
epidemiological studies suggested that low-level chronic ingestion of aldicarb 
in groundwater was associated with altered T cell numbers, including a de­
creased CD4+:CD8+ ratio in otherwise healthy women (40). However, none 
of these changes has been directly associated with a change in health status. 
Other more comprehensive studies in mice did not show immunologic effects 
from aldicarb (41, 42). The current uncertainties in scientific knowledge and 
lack of guidance for interpretation of immunologic data have stimulated re­
search on animal test batteries that can predict immunotoxic effects of chem­
icals in humans. 

The immune system is a complex network of lymphoid organs and cells in 
circulating blood and interstitial tissue spaces that interact to generate the 
immune responses. No single test is adequate to measure the immunologic 
effects of chemicals on these multiple system components. A variety of im­
munological techniques are available to test various parameters of immuno­
logical responsiveness, but few have been used in routine toxicological studies 
and still fewer have been validated for use in risk assessment. A tiered approach 
to assessing the immunotoxicity of chemicals has been used by the National 
Toxicological Program (43), with the mouse as the species of choice. 

The simple tests in Tier 1 include various endpoints involving several cell 
types and serum factors called lymphokines. If these analyses suggest im­
munotoxicity, more comprehensive Tier II tests are conducted to determine 
the extent and possible mechanism of the effects. Tier I includes endpoints 
such as immunopathology (involving analyses of hematology, organ weight, 
cellularity, histopathology), humoral-mediated immunity (analyses of IgM 
antibody production in response to T cell-dependent antigen, mitogen response 
to lipopolysaccharide), cell-mediated immunity [analyses of mitogen response 
to concanavalin A and mixed lymphocyte response (MLR)], and nonspecific 
immunity [analysis of natural killer (NK) cell activity]. Tier II includes im­
munopathology (quantitation of T and B cells), humoral-mediated immunity 
(analysis of IgG antibody response to T-cell dependent and T-cell independent 
antigens), cell-mediated immunity [analyses of cytotoxic T lymphocytes (CTL) 
and delayed hypersensitivity response (DHR)], nonspecific immunity (tests of 
macrophage function), and host resistance to challenge (tests using bacteria, 
virus, parasites and syngeneic tumor cells). 

For environmental chemicals, the respiratory system and skin are the two 
primary routes of exposure and targets of immunotoxicity. The major concerns 
are related to respiratory and skin (contact) sensitization. Contact sensitivity, 
asthma, rhinitis, and urticaria are likely clinical manifestations of allergic 
immunotoxicity. Concern over these effects arose during investigation of the 
health effects of malathion applied aerially against the Mediterranean fruit fly 
in southern California (44). Data from animal sensitization tests (e.g. guinea 
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pig sensitization) as well as human predictive and diagnostic studies (e.g. the 
patch test) exist for many pesticides. The guinea pig sensitization test appears 
to be an appropriate method for predicting contact sensitivity. However, animal 
data may suggest higher incidences of sensitization than are supported by 
human data (38). 

The dose-response relationships for immunologic responses are different 
from those that occur for other toxic endpoints. This is because a high dose 
may induce tolerance whereas a low dose may sensitize (45). Socioeconomic 
factors, nutrition, and age may play roles in the development of immunotoxic­
ity of environmental chemicals. Human data concerning chemically induced 
modulations of immune-response parameters are scarce. Where modulations 
have been observed, the biological significance has often been unclear. Given 
the debate over the functional reserve of the various components of the human 
immune system, current testing has not been able to predict whether suppres­
sion of an immune parameter is likely to damage health. It is not unreasonable, 
however, to suppose that significant immunologic changes in exposed individ­
uals will produce adverse outcomes. This concept is supported by human data 
from individuals with genetic or virus-induced (e.g. AIDS) immunodeficienc­
ies and from those being therapeutically immunosuppressed (e.g. organ trans­
plant recipients). In addition, a good correlation between immune test results 
and altered host resistance has been demonstrated in animal studies (46). 

To date little immunotoxicity information is available for environmental 
chemicals. In the US EPA Integrated Risk Information System (IRIS), which 
provides summary toxicity data on over 200 chemicals, only one chemical has 
a reference dose based on immunotoxicity. The National Academy of Sciences 
(NAS), in its recent study of pesticides in the diets of infants and children, 
recommended immunotoxicity assessment as part of a complete pesticide 
safety evaluation. Regulatory agencies such as the US EPA and the US FDA 
are developing testing guidelines and data requirements for immunotoxicity 
testing. Presently the US FDA is attempting to revise its 1982 guidelines, which 
set forth the criteria used by the agency to judge the safety of food additives, 
to include recommendations for immunotoxicity studies and a strategy for 
assessing immunotoxic potential (47). The US EPA is preparing a requirement 
for an immunotoxicity screen in its pesticide assessment guidelines that would 
provide basic data for risk evaluation and might suggest additional appropriate 
studies (48). The revised guidelines would also require such data to be con­
sidered in human risk characterizations. 

Immunotoxicity tests and evaluation will make an important contribution to 
the overall risk assessment of environmental chemicals. Integration of an 
understanding of the mechanism by which a chemical can alter immune func­
tion at the cellular and molecular levels with a quantitative description of tissue 
dosimetry and epidemiological data would help in the development of biol-
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ogy-based mechanistic models for immunotoxicity; such a model would aid 
human health risk assessment (49). Although formal guidelines for the use of 
immunotoxicity data in risk assessment do not exist, use of immunotoxicity 
testing data has been addressed by Luster et al (46, 50). These authors reported 
that as few as two or three immune system tests are sufficient to predict the 
immunotoxicity of various compounds in rodents. They also discussed the 
significance of changes in immunological test parameters in the context of 
human biological and toxicological dose-response relationships, and the rela­
tionship between changes in selected immune function tests and host resistance 
tests. Thus progress is being made toward gathering the data and developing 
the interpretation methods necessary to assess the immunotoxicity of environ­
mental chemicals. 

REPRODUCTIVE AND DEVELOPMENTAL TOXICITY 
ASSESSMENT 

Although closely related, the toxicologies of reproduction and development 
are distinct disciplines. (The two topics are combined in this section for 
convenience and brevity.) Developmental toxicity is toxicity that adversely 
affects offspring through maternal exposure to toxic agents prior to conception, 
through exposure in utero, or through exposure during the period from birth 
to sexual maturity. Adverse developmental effects include structural ab­
normalities, growth alteration, functional defects, and death (5 1). The most 
common test for developmental toxicity involves exposing females, typically 
rodents and rabbits, to a toxic chemical in the air, water, or diet at various 
stages of pregnancy. By limiting exposure to specific periods of gestation, it 
is possible to define the period of development that is most vulnerable. 

Reproductive toxicity is toxicity that adversely affects any aspect of male 
or female reproductive function. Effects may be observed as changes in repro­
ductive cells or organs, in endocrine functions, or in behavior. Because they 
affect reproductive cells (germ line, meiotic cells, and gametes), genotoxic 
effects may be included in reproductive toxicity. A mutational event in such 
a cell could theoretically be caused by a single molecule. This possibility is 
the basis for assertions that some developmental and reproductive toxins are 
nonthreshold agents. 

Reproductive toxicity can be assayed in a two-generation rodent study. 
Treatment begins with the parental generation and continues throughout the 
development and breeding of the offspring. followed by a second generation 
of offspring. Both generations of offspring are evaluated for the abnormalities 
listed above. For a discussion and comparison of US FDA guidelines with 
those in Europe and Japan, see Ref. 52. Several detailed reviews of the per-
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formance and outcome of reproductive and developmental toxicity assays for 
pesticides and other chemicals are available (53-56). 

It is difficult to overstate the impact on the general public of this area of 
risk assessment. The fear of poisons insidiously released into the environment 
combines with deep feelings about reproduction and love of one's children to 
produce a powerful emotional mix. These feelings, and a mistrust of govern­
ment, can lead to legislation imposing restrictions that may not be scientifically 
valid. California's Proposition 65, "The Safe Drinking Water and Toxic En­
forcement Act of 1986" (California Health and Safety Code, Section 25249.5 
et seq.), was overwhelmingly approved by the voters through the initiative 
process. It has been evaluated at length (57-59). One of its interesting and 
debatable features is the mandatory 1000-fold margin of safety for all devel­
opmental and/or reproductive toxicants. 

Neubert & Kavlock (60) have recently discussed prenatally induced adverse 
health effects. An issue unique to this area of risk assessment is the relevance 
of maternal toxicity to fetal effects. Adverse fetal effects that occur at dose 
levels below those that cause maternal toxicity are clearly of concern. At doses 
associated with maternal toxicity, however, fetal effects may be secondary to 
the maternal toxicity. Disagreement arises over the contribution of maternal 
toxicity to prenatal toxicity when the thresholds overlap. 

Regulators want to assure that sufficiently high doses of the agent in question 
will be tested-that is, doses high enough to cause some maternal toxicity, 
even though the relevance of fetal effects at such high doses is difficult to 
ascertain. Also, regulators want to set protective levels of exposure-they want 
to know whether the customary safety factor of 100 from the maternal or fetal 
NOEL is adequate to protect the developing fetus. Proposition 65 and the 
recent NAS study (32) make the assumption that a lOOO-fold factor may be 
necessary to protect the fetus. Further studies should be directed toward re­
solving this issue. 

Another issue is the use of in vitro techniques for evaluating reproductive 
and developmental toxicity. A recent review of the potential of these tech­
niques concluded that they are useful adjuncts but cannot now and are unlikely 
in the future to be able to supplant in vivo tests (61). 

For both reproductive and developmental toxicity, risk assessors must ex­
trapolate from animals to humans while recognizing that the same effects do 
not necessarily occur in different species. One aspect of this extrapolation 
problem is the interpretation of structural defects in rodent studies. The case 
has been made that such defects have less relevance to humans than dysfunc­
tions, especially of the immune and endocrine systems (60). 

While our understanding of the molecular biology of development has not 
kept pace with that of carcinogenicity, important new insights have been 
reported. Of great interest is the evidence for an overlap in genes important in 
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both development and carcinogenicity. eyelins and cyclin-dependent kinases 
(cdks) are key regulators of cell division during development, just as they are 
in the adult (see the discussion, below, of risk assessment for carcinogenicity). 
Interactions among the cyclins, kinases, and other critical regulatory molecules, 
such as maturation-promoting factor, are currently being elucidated (62, 63). 

Targeted gene replacement, the knockout technique (64), was used to gen· 
erate mice lacking the tumor suppressor gene for the p53 protein (65). Exten­
sive testing indicated that the mice had no DNA for the deleted coding portion 
of the p53 gene, no messenger RNA, and no p53 protein. That these mice are 
able to go through normal development is consistent with a negative function 
of p53 in regulating cell division. The absence of this p53 function does 
manifest itself in the mice, 74% of which developed obvious neoplasms by 
six months of age. 

Modeling techniques that have been applied with great success to other areas 
of toxicology should be brought to bear on reproduction and development 
studies. As these methods mature and are refined, they should greatly improve 
the biological accuracy of developmental and reproductive risk assessment. In 
addition, exploration of the molecular biology of development should allow 
progress far beyond the level of cataloguing structural defects in rodent assays, 
to application of a mechanistic understanding of specific effects of toxicants 
on critical genes, regulatory molecules, and organ systems. 

GENOTOXICITY ASSESSMENT 

Risk assessment for genetic effects is both important and difficult. The outcome 
in some 5-10% of live human births is a significant birth defect (66, 67). It 
has been estimated that among all congenital effects about 20% have environ­
mental causes, 20% have predominantly genetic causes, and 60% result from 
a combination of t�e two. In addition to problems that are severe enough to 
be recognized as birth defects, genetic changes can lead to more subtle results: 
A child may lead a less healthy life, be more susceptible to disease, or have 
a shortened productivity and life span. 

The first difficulty in genetic risk assessment comes at the hazard identifi­
cation step. Any genetic system in any organism can be adapted to screen 
chemicals for genotoxicity. Earlier, effects were usually divided into chromo­
somal mutations and point mutations. Ideally, a point mutation would be 
confined to a single gene, but in practice the definition is an operational one 
that depends on the limits of cytogenetic resolution. Molecular biology can 
now directly measure the interactions between DNA and potential genotoxins. 
Sophisticated techniques, such as transgenic mouse assays (68, 69), can iden­
tify specific gene alterations. Molecular biology has also provided insight into 
the mechanisms of mutation (70-79). 
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A major problem in hazard identification is to determine the relevance to 
human health of the hundreds of available genotoxicity assays. Hereditary 
diseases in humans can result from chromosome alterations, either structural 
or numerical, a variety of changes within structural or regulatory genes, or 
polygenic mutations (80). Genotoxicity at any of these levels should therefore 
be relevant, and different tests have been designed to discern each of these 
effect types. However, the extrapolation required in the case of genotoxins 
may be not merely from rodent to human, but also between organisms as 
phylogenetically distant as bacteria and humans. It is possible to use human 
cells in tissue culture for some endpoints, but such a recourse merely replaces 
the uncertainties of interspecies extrapolation with those of extrapolating from 
an in vitro system to a living organism. 

Risk assessors must also distinguish between somatic cell and reproductive 
cell mutations. The former are of interest with respect to carcinogenesis, while 
the latter may be more relevant to birth defects and effects on the human gene 
pool. Animal assays for germ line mutations are costly and difficult (81, 82), 
while human germ line data are never available (83). Indeed, no agent has yet 
been demonstrated to induce germ line mutations in humans (66, 84). 

In spite of the complexities of hazard identification, regulatory agencies in 
various countries have defined guidelines for genotoxicity testing (85-89). 
Because direct chemical interactions with genes represent nonthreshold phe­
nomena, quantifying the risks in this domain shares pitfalls with carcinogenic­
ity dose-response assessment. The US EPA has developed guidelines for 
mutagenicity risk assessment (85) and in a series of papers has attempted to 
demonstrate appropriate risk assessment procedures, using ethylene oxide as 
an example (83, 90-93). These results were offered in order to stimulate 
discussion and progress in this area, but a consensus on genetic risk assessment 
is not yet in view. 

CARCINOGENICITY ASSESSMENT 

Risk assessments evaluate carcinogenicity differently from other toxic effects, 
which are grouped together as noncarcinogenicity. The primary reason for this 
dichotomy is the treatment of carcinogenicity as having no threshold and all 
other toxicity as having a threshold. The basis for this hypothesis is that 
mutations in a few critical genes can lead to a loss of the regulation of cell 
division. Thus a few molecules of a carcinogen can produce an unregulated 
cell that divides to form a clone and ultimately a tumor composed of unregu­
lated cells. The consequence ofthis assumption is that any dose of a carcinogen, 
no matter how smail, should produce a calculable risk. 

Noncarcinogens may damage or kill cells, but at low enough doses, the cells 
can be repaired or replaced. At doses above a threshold level, enough cells die 
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to cause an observable adverse effect. Risk assessment attempts to identify a 
safe exposure level for noncarcinogenicity below which no significant adverse 
toxicity is anticipated. 

Although the mechanism of carcinogenicity probably does have a nonge­
netic, threshold basis for some chemicals, regulatory agencies currently treat 
all carcinogens as nonthreshold agents (8, 94). Carcinogens dominate the health 
considerations of most risk assessments because of the assumption that they 
have some risk at any level. Genotoxic chemicals should also lack a threshold, 
but because of the difficultes in risk assessment described in the previous 
section, they are not evaluated in the same manner nor with the same concern 
as carcinogens. 

Several schemes are used to classify carcinogens during the hazard identi­
fication stage of risk assessment. These take into account evidence from 
epidemiology, animal studies, structure-activity relationships, and genotoxic­
ity. Animal bioassays for carcinogenicity have been reviewed recently (95), 
including a discussion of the US National Toxicology Program classification 
scheme for evaluating those bioassays. The US EPA carcinogen ranking sys­
tem has been used most often in US risk assessments. Chemicals are divided 
into six groups, beginning with group A, a "known human carcinogen" based 
on sufficient evidence of carcinogenicity in epidemiological studies. Group B 
chemicals are "probably carcinogenic to humans." They are subdivided into 
B 1, indicating limited evidence of carcinogenicity in humans and perhaps some 
evidence from animal studies, and B2, indicating sufficient evidence of carci­
nogenicity in animal studies and inadequate or no evidence in humans. A group 
C chemical is considered a "possible human carcinogen" based on limited 
evidence of carcinogenicity in animals. A group D chemical is one that has 
not been adequately tested, while a group E chemical has been tested and 
appears to be free of carcinogenic effects (8). A similar six-category system 
is used by the International Agency for Research on Cancer (IARC). Other 
classification systems are those of the US Department of Health and Human 
Services, the European Community, and the American National Standards 
Institute. The US EPA is currently proposing to replace its rating system with 
a narrative statement describing the evidence concerning carcinogenicity for 
each chemical. 

Low-dose extrapolation for a quantitative risk assessment is performed 
following the qualitative hazard identification described above. In most cases 
extrapolation is done over several orders of magnitude from dose levels used 
in rodent carcinogenicity assays to dose levels of potential human exposures. 
Mathematical models for low-dose extrapolation include the probit, Weibull, 
and time-to-tumor models. The model adopted by the US EPA and most 
frequently used in the United States is the linearized multistage model (96). 
The equation for this model is 
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where P(d) is the probability or risk of cancer, exp is the natural base e raised 
to the exponent in parentheses, d is the dose, and k, qo, qh .. , qk are parameters. 
For the low-dose range of interest the equation reduces to approximately the 
linear term of the exponent, which is represented by q, (the slope of the 
low-dose, linear portion of the curve) times the dose. Regulatory agencies in 
the United States use the 95th percent upper confidence limit on qh which is  
called the cancer slope factor or ql * (pronounced "q one star"). Cancer risk at 
low doses equals Dose x ql  * ,  and the dose associated with a specific risk (i.e. 
one in one million) equals Risk/q, *. Because the slope factor is an upper-bound 
estimate, calculated risks are also upper-bound estimates and calculated doses 
are lower-bound estimates. 

Several uncertainties plague carcinogen risk assessments that seek to apply 
results from rodent assays to humans. The chemistry of the genetic material 
is the same in rodents and humans, and compounds that interact with rodent 
DNA are surely also able to interact with human DNA. However, absorption, 
metabolism, and excretion of mutagens may be quite different in the two intact 
organisms. Concordance as to carcinogenicity between well-conducted mouse 
and rat carcinogenicity assays using consistent protocols is no greater than 
75% (95, 97, 98), a percentage that presumably reflects a combination of the 
statistical limitations of the bioassays and the biological species differences. 
Prediction of human carcinogenicity from rodent bioassays is unlikely to be 
better. Risk assessment methods currently deal with this problem by asserting 
that in the absence of compelling epidemiologic studies there is no alternative 
to the assumption that a rodent carcinogen is a probable human carcinogen as 
well. 

The low-dose extrapolation method introduces more uncertainty. Carcino­
gens are regulated at risk levels in the range of 1 x 10--4 to 1 X 10-6. Such 
levels are based on rodent studies with about 50 males and 50 females in each 
dose group. Because male and female outcomes are treated separately, the 
limits of resolution for these assays are on the order of a few percent for a 
response. Extrapolation for risk assessment extends two to four orders of 
magnitude beyond this level for effect and corresponding doses, introducing 
tremendous statistical (as well as mechanistic) uncertainty. The issue of dose 
extrapolation across orders of magnitude may apply to risk assessment for 
other toxic endpoints, but it is most cogent for carcinogenicity because of the 
non threshold assumption discussed above. The low-dose extrapolation prob­
lem is complicated by the fact that the linearized multistage model appears to 
respond in a less than ideal manner to changes in the numbers of animals and 
in dose levels. 

The working assumption among regulators that all carcinogens act through 
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nonthreshold mechanisms has been called into question because only a 60% 
concordance was found between rodent carcinogenicity assays and each of 
four different genetic toxicity tests (98). No combination of the four tests had 
a substantially better concordance than the Salmonella (Ames) assay alone. In 
some cases cancer was found in animal bioassays without positive results for 
genetic toxicity; in others, no cancer was found when genetic toxicity tests 
were positive. Cancer in the absence of positive mutation assays might be 
explained by nongenetic mechanisms. The failure of mutagens to act as rodent 
carcinogens is more troublesome. It may be explained by inadequacies in the 
rodent assays and problems with the genotoxicity assays, but it could also call 
into question the mutational basis of carcinogenicity. 

The agreement between genotoxicity and carcinogenicity assays can be 
improved by considering such other factors as structure-activity relationships 
and formation of reactive metabolites or covalent adducts. The following 
section describes current research on oncogenes, tumor suppressor genes, and 
repair genes that demonstrates without question the importance of mutation in 
carcinogenesis. However, it is clear that a variety of nongenetic mechanisms 
can also lead to cancer (for a review, see 99). In short, it is valid to treat some 
carcinogens as nonthreshold but others as threshold agents. 

Cancer Molecular Biology: Oncogenes, Suppressor Genes, 
and Repair Genes 

Recent advances in the molecular biology of carcinogenesis have so far influ­
enced risk assessment very little. The discovery of oncogene-carrying tumor 
viruses was soon followed by the demonstration that such viral. cancer-induc­
ing genes were aberrant forms of normal cellular genes that carried out a variety 
of cell-regulatory functions. Subsequently, tumor cells were found to contain 
regulatory-gene alterations associated either with abnormal stimulation of cell 
division (oncogenes) or with loss of inhibition of division (tumor suppressor 
genes). In most cases these alterations do not appear to be virus derived. Many 
tumor cells exhibit multiple genetic changes. More than 1 00 oncogenes have 
been described ( 100). The most common of these, the ras mutation, is found 
in 10- 15% of solid tumors. Mutant oncogenes are characteristically dominant 
over the wild-type allele, indicating that the mutant gene's functions overcome 
potential interference from the normal gene or its products. 

Altered tumor suppressor genes are also common. Mutant forms of the p53 
protein gene are best known ( 101), found in about 50% of human cancers. On 
the basis of the number of familial cancer genes known, Knudson ( 102) has 
estimated that there may be about 50 such tumor suppressor genes in humans. 

Tumor suppressor mutant alleles are recessive to their wild-type alleles, 
indicating that cancer results from the absence of a normal (suppressive) 
product. Thus, in the human hereditary propensity for retinal cancers known 
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as retinoblastoma, a defective tumor suppressor allele is inherited from either 
parent. A mutation in the remaining wild-type, functional allele in a single cell 
(sometimes referred to as loss of heterozygosity or LOH) can result in the 
disease. Nonfamilial or sporadic cases result from the unlikely mutation of the 
gene on both chromosomes in the same cell. 

Research on oncogenes and tumor suppressor genes is now coming together 
with knowledge about the cell cycle and its regulatory genes. Cell division is  
carefully regulated, involving both genes that bring about the next stage and 
genes able to block progression (63, 103-106). Cyclins are important proteins 
in this regulation, acting through a group of kinases called cyclin-dependent 
kinases (cdks) (107, 108). The p53 tumor suppressor gene appears to block 
cell division by activating a gene whose protein product binds to a cyclin and 
cyclin-dependent kinase complex and prevents the kinase activity (109, 110). 

A useful system has been developed in the teleost Xiphophorus to allow 
genetic and molecular manipulation of an oncogene and a tumor suppressor 
gene that interact in melanoma formation (111). Cyclin D 1 has been shown 
to be an oncogene (112). Kamb et al recently reported a gene called Multiple 
Tumor Suppressor 1 (MTSl) that may be even more common in tumor cells 
than the p53 mutant (100). MTSI encodes an inhibitor (pI6) of cyclin-depen­
dent kinase 4. Thus MTSI is a tumor suppressor gene directly involved in the 
cell-cycle machinery. 

The emerging picture is that oncogenes normally function to promote cell 
division whereas mutant oncogenes stimulate inappropriate cell division. Tum­
or suppressor genes normally block cell division, either because it is inappro­
priate or because there is a defect in the genetic material. The study of cell­
cycle mutants has demonstrated two important checkpoints (106). Cells are 
blocked prior to DNA synthesis if abnormalities in the genetic material are 
detected. and they are blocked prior to mitosis until synthesis has been com­
pleted. The p53 gene appears to be critical in this process; a mutation allows 
aberrant cells to proceed through the cell cycle. 

A third class of genes involved in human carcinogenesis are the DNA repair 
genes (113-117). Mutations of either of two genes involved in DNA base 
mismatch repair are found in 30% of sporadic colon cancer cases and 90% of 
cases of hereditary nonpolyposis colon cancer, a common (1/200 people) 
genetic disease. 

Elucidation of the molecular biology of cancer offers several implications 
for risk assessment. First, although it does not preclude nongenetic means for 
some carcinogens (99), it provides irrefutable grounds for the mutational basis 
of chemical carcinogenesis. Second, it provides strong evidence for a multistep 
process of carcinogenesis. No single mutation in an oncogene, tumor suppres­
sor gene, or DNA repair gene is found in a majority of tumors. Several different 
combinations of mutations may lead to carcinogenesis, perhaps with different 
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pathways for different tumor types (118). Third, it provides a better under­
standing of sensitive subpopulations and of inter species differences. Hereditary 
retinoblastoma and other familial cancer propensities, associated with hetero­
zygosity for a tumor suppressor gene, provide extreme examples of sensitive 
subpopulations. Other susceptibilities may be much subtler. Fourth, informa­
tion is emerging on carcinogenesis pathways in assorted tissues and organs. 
Tumor types show quite different mutation frequencies for various genes. 
For example, about 75% of melanomas (but no colon tumors and no neuro­
blastomas) have some form of MTSI mutation ( 100). The p53 mutations also 
differ in human cancers of various tissues (119). Fifth, specific toxins can be 
associated with particular mutations in critical cancer genes. For example, a 
strong geographical correlation has been shown between exposure to aflatoxin 

. B and a nucleotide substitution in codon 249 of the p53 gene in hepatocellular 
carcinomas (120). The challenge for risk assessment is to use such new infor­
mation to improve regulatory guidelines and actions. 

TOXICOKINETICS AND MODELING 

Predicting toxicity in humans by extrapolating to much lower human doses 
from animal studies using high-level acute, subacute, and chronic exposures, 
often with different routes of administration, yields very uncertain results. 
Large uncertainty factors have consequently been employed. However, if the 
mechanisms of action of a chemical and its disposition in the body are well 
understood, the animal data may be incorporated into a comprehensive model 
extrapolable to humans. Such a model could correct for species differences in 
pattern of toxic effects, total daily dose, dose rate, concentration x time pa­
rameters necessary to produce toxicity, variation in biological repair mecha­
nisms, and physiological differences. 

A first consideration is that the various dosing methods are not equivalent. 
Administration of chemicals in a bolus (such as oral gavage) may produce 
results different from those of slow dosing (exposure in feed, drinking water, 
or by inhalation over several hours). If the effect is acutely concentration 
dependent (either at the site of administration or in a sensitive tissue), the 
dosing method will greatly influence toxicity. Rat forestomach tumors devel­
oped following gavage exposure to ethyl acrylate (7) appear to be a good 
example. However, if the effect in question is related to accumulation of a 
chemical (such as neurotoxicity from methyl mercury exposure), then acute 
dose rate is irrelevant. 

Risk assessors must often decide whether to use the data from bolus-dose 
studies for estimating human risks from long-term, low-level environmental 
exposures. Any decision to discount toxic effects observed only after gavage 
dosing requires a high degree of confidence in the quality of the various studies 
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and an understanding of mechanisms and pharmacodynamics. Partly because 
it is difficult to relate effects seen after gavage dosing to the patterns of human 
exposures, gavage dosing is no longer recommended for most cancer studies. 
Exposures to chemicals in feed or drinking water or by inhalation are more 
relevant to the usual patterns of environmental exposure. 

In the case of long-term toxic effects, toxicity may be associated either with 
accumulation of a chemical or its metabolite, or with accumulation of damage 
from repeated acute toxic effects (such as alcohol-induced cirrhosis of the 
liver). In order to distinguish between these alternative etiologies investigators 
attempt to determine whether the daily chemical dose causes acute adverse 
effects on the organ system, whether the chronic symptoms are related to total 
dose irrespective of daily dose rate, and of course whether any chemical 
products accumulate in the body. Chronic toxicity models are of little value 
unless it is known whether the rate-limiting factor is the rate of tissue repair 
or the rate of chemical elimination. 

Information on reactivity and disposition pathways of a chemical is also 
essential in evaluating its potential toxic effects. If it is known, for example, 
that a highly reactive intermediate is formed (as for methylene chloride; 1 2 1 ), 
then there is a greater potential for carcinogenic effects of the chemical. In 
vitro studies to identify reactive intermediates and other metabolites, and to 
determine the potential for the formation of protein and DNA adducts, are 
extremely useful (though it is never easy to apply these data directly to risk 
assessment). If it is discovered that the chemical is metabolized in the liver by 
cytochrome P450s, many further factors are worth considering: Induction of 
the cytochrome P450 may occur, and liver weight may increase after subchro­
nic administration of the chemical. Turnover of thyroid hormones (metabolized 
by cytochrome P450s) may increase, and in chronic studies such an increase 
might be accompanied by thyroid hyperplasia and a higher incidence of thyroid 
tumors (99). 

Induction of metabolic enzymes may result in either decreased toxicity of 
a chemical or increased toxicity, depending on whether the toxic effects are 
caused by a precursor or a product of the reaction. Manipulation of the me­
tabolism of chemicals by administration of liver enzyme inhibitors and induc­
ers has commonly been used in determining the toxic species. 

When basic questions about chemical properties, effects, and biological 
mechanisms are answered, computer modeling of the in vivo uptake and 
disposition may be appropriate. Physicochemically based exposure models, 
biologically based dose-response (BBDR) models, and physiologically based 
pharmacokinetic (PBPK) models are increasingly being applied to risk assess­
ment of environmental chemicals. The exposure and BBDR models use infor­
mation on chemical properties [vapor pressure, octanol-water partition co­
efficient (Kow), etc] and specific effects (such as enzyme or receptor affinities 
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or reaction rates) to help predict in vivo responses (122-125). PBPK models 
utilize mathematical modeling of organ systems and chemical reaction rates 
to describe the disposition of chemicals in the body ( 16, 126-129). The major 
premise of these techniques is that a good understanding of chemical proper­
ties, toxic mechanisms, and body compartments (as demonstrated by matching 
predictions with experimental observations) allows extrapolation to other 
chemicals and conditions for which there are few or no data. 

These techniques are just beginning to be accepted for use in risk assessment. 
Recent evaluations of the use of benchmark dose models to estimate cholin­
esterase inhibitor toxicity represent one example of how BBDR modeling may 
help improve the accuracy of risk assessments (31). PBPK has so far been 
applied mostly to low-molecular-weight organic solvents, including several 
chemicals that are significant environmental contaminants. However, because 
of the many additional uncertainties, use of PBPK models has often had little 
effect on the potency estimates ( 126, 127). Monte Carlo methods to incorporate 
explicit measurements of the uncertainties and the distribution of predicted 
exposures and effects into risk assessments can provide useful perspectives 
(12). As risk assessors become more acquainted with the concepts and gain 
more experience with their application to environmentally relevant chemicals, 
these mathematical modeling techniques should contribute significantly to 
regulatory decision-making. 

SUMMARY AND DISCUSSION 

To ensure appropriate use of resources for public health and environmental 
protection, risk assessment must continue to pursue vital data and improve its 
methods. Coordination of research is needed both to fill data gaps on important 
environmental contaminants and to improve exposure assessment. Finalization 
of guidelines for neurotoxicity and immunological testing, and application of 
these methods to suspect chemicals, are essential. Risk assessors must then 
determine how best to utilize the data obtained from these newer procedures. 
When tests are more sensitive, less severe effects can be documented at lower 
exposure levels, which wilI help to clarify the low-dose extrapolation issue 
discussed above. 

Improved in vitro testing procedures continue to provide more detailed 
information on toxicity mechanisms. This information must be incorporated 
into risk assessment through increased use of mechanistic, biologically based 
toxicodynamic models. Computerized modeling methods will be invaluable to 
integrate the wealth of new information being generated. Within the next few 
years, risk assessors will be attempting to quantify the risks from combined 
exposures to chemicals with similar effects. When better information is avail­
able on the potential sensitivities of various subpopulations (infants, children, 
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the elderly), it will be possible to document the extent to which current 
practices protect the entire public. In order to estimate risks from exposure to 
pesticides, for instance, we need better infonnation on the dietary patterns of 
these and other subpopulations (e.g. vegetarians, ethnic and religious groups) 
(32). 

Multimedium exposure assessments need to be improved with better data 
on concentrations of chemicals in food, water, air, and soil, and on the param­
eters of combined exposures (Le. water consumption, soil ingestion, and dennal 
exposure to soil among children who play outdoors in hot, dry climates). Monte 
Carlo or other stochastic techniques should be examined further as a means to 
estimate the distributions of these exposures and of the resulting cancer and 
noncancer risks. Such methods will greatly improve not only the overall 
accuracy of risk estimates but also our ability to relate (excess) risks to specific 
parameters and chemicals. An important goal will be to identify and minimize 
the components of uncertainty that result from deficiencies in measurement as 
opposed to actual variability. 

Better prediction of the toxic effects of both existing and future chemicals 
should greatly increase the social benefits of toxicology and risk assessment 
by enabling regulators to focus ameliorative efforts on the most important 
risks. The challenge for risk assessors is to develop enough of a global view 
to be able to apply their greater predictive power wisely. in the service of 
public needs and goals. Current efforts to involve the public in the ranking of 
risks and to assess the social consequences of regulatory decisions about toxic 
substances ( 130) are a valuable step in that direction. 

Any Annual Review chapter, as well as any article cited in an Annual Review chapter, 
may be purchased from the Annual Reviews Preprints and Reprints service. 

1-800-347-8007; 415-259-5017; email: arpr@cIass.org 
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