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Preface 

 
The U.S. Environmental Protection Agency (EPA) has been given 

authority to regulate a variety of environmental agents that might harm 
public health or the environment.  Toxicity testing in laboratory animals 
provides much of the information used by EPA to assess the hazards and 
risks associated with exposure to environmental agents.  The number of 
regulations, initiatives, and directives that require toxicity testing is 
growing.  Therefore, EPA recognized the need for a comprehensive re-
view of established and emerging toxicity-testing methods and strategies 
and asked the National Research Council (NRC) to conduct such a re-
view and to develop a long-range vision and strategy for toxicity testing. 

In this report, the NRC’s Committee on Toxicity Testing and As-
sessment of Environmental Agents reviews current toxicity-testing 
methods and selected aspects of several reports by EPA and others on the 
topic of toxicity testing and assessment.  A second report will present the 
committee’s long-range vision and strategic plan to advance the practices 
of toxicity testing and human health assessment of environmental con-
taminants. 

This report has been reviewed in draft form by persons chosen for 
their diverse perspectives and technical expertise in accordance with pro-
cedures approved by the NRC’s Report Review Committee. The purpose 
of this independent review is to provide candid and critical comments 
that will assist the institution in making its published report as sound as 
possible and to ensure that the report meets institutional standards of ob-
jectivity, evidence, and responsiveness to the study charge. The review 
comments and draft manuscript remain confidential to protect the integ-
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1 

 
 
 

Summary 

 
In the United States, several federal agencies have been given au-

thority to regulate a variety of environmental agents that might harm 
public health.  Accordingly, the agencies implement regulations that es-
tablish maximum acceptable concentrations of environmental agents in 
drinking water, set permissible limits of exposure of workers, define la-
beling requirements, establish tolerances for pesticides residues on food, 
and set other kinds of limits on the basis of risk assessment. Toxicity 
testing in laboratory animals provides many of the data needed for risk 
assessment, such as information on the possible effects of exposure to a 
substance and the exposure concentrations at which effects might be 
observed. 

New directives and initiatives for toxicity testing in the United 
States and Europe reflect an increased demand for toxicity information to 
provide a rational basis for regulating environmental agents.  At the same 
time, new testing technologies and methods have continued to emerge.  
The U.S. Environmental Protection Agency (EPA) recognized the need 
for a comprehensive review of established and newly developed toxicity-
testing methods and strategies and asked the National Research Council 
(NRC) to conduct an independent review and to develop a long-range 
vision and strategy for toxicity testing.  In response to EPA’s request, the 
NRC convened the Committee on Toxicity Testing and Assessment of 
Environmental Agents. 
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COMMITTEE’S CHARGE AND APPROACH TO ITS CHARGE 
 
The committee was asked to conduct a two-part study to assess and 

advance current approaches to toxicity testing and assessment undertaken 
to meet regulatory data needs.  For the first part of the study, the commit-
tee was asked to review relevant aspects of several reports by EPA and 
others on the topic of toxicity testing and assessment.  For the second 
part, the committee was asked to develop a long-range vision and strate-
gic plan to advance the practices of toxicity testing and human health risk 
assessment of environmental contaminants.  The present report fulfills 
the first part of the two-part study.  The second report is expected to be 
completed by fall 2006.  The committee was asked to focus on human 
toxicology and was not charged with reviewing toxicity testing and 
strategies designed to evaluate ecologic effects of environmental agents. 

The committee heard presentations from representatives of several 
EPA offices, other federal agencies, and a number of organizations at 
public sessions, and it considered numerous documents and resources.  
The committee structured its review by first considering current toxicity-
testing protocols.  Recognizing that human data can be the most relevant 
for human health risk assessment, the committee considered the various 
types of human data available and the impediments that often prevent the 
use of epidemiologic data in regulatory risk assessment. Testing strate-
gies used to rank, screen, or characterize substances were reviewed next.  
Various guidance documents that discuss the use of toxicity data for hu-
man health risk assessment were then considered.  Finally, the committee 
reviewed some near-term improvements in toxicity-testing approaches 
proposed by others and some emerging technologies that may advance 
the field of toxicity testing. 

Most of the documents reviewed by this committee describe initia-
tives or proposals that are still under development.  Some have few de-
tails, and some were available to the committee only as drafts.  There-
fore, the committee focused on major themes rather than details, and it 
reviewed the documents primarily to compare various overall testing 
strategies and to evaluate the potential for the strategies to improve test-
ing of environmental agents.  The committee primarily examined toxic-
ity-testing strategies rather than protocols for individual assays.  Regard-
ing documents that included an array of issues, the committee focused on 
the sections that dealt directly with toxicity testing and strategies and did 
not review sections that discussed risk-assessment approaches and policy 
issues, which were considered outside the scope of the committee’s task. 
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COMMITTEE CONCLUSIONS 
 

Toxicity Testing 
 
The goals of toxicity testing are to identify possible adverse effects 

of exposure to environmental agents, to develop dose-response relation-
ships that can elucidate the severity of effects associated with known  
exposures, and ultimately to predict the effects of exposure of human 
populations.  Over the last several decades, scientists have developed 
consensus testing protocols, which have been designed to minimize vari-
ance and bias, to reduce false-positive and false-negative results, and to 
balance desired information with costs and resources.  Some toxicity 
tests are designed to evaluate general toxicity resulting from exposures of 
various durations—acute, subchronic, and chronic—and others are de-
signed to evaluate specific health effects, including reproductive and de-
velopmental toxicity, neurotoxicity, immunotoxicity, genetic toxicity, 
and carcinogenicity.  Toxicity tests may also be distinguished by their 
objectives—to evaluate final outcomes of a specified exposure duration; 
to characterize the possible modes of action of such outcomes, which can 
depend on exposure route, concentration, and duration; to characterize 
dose-response relationships; or to identify a potential hazard, such as 
carcinogenicity from the results of a genotoxicity assay.   

 
 

Testing Strategies 
 
Testing strategies vary considerably, although they can often be de-

scribed by three basic testing approaches:  battery, tiered, or tailored.  A 
battery is a specific set of toxicity tests applied to all chemicals in a 
group.  Testing batteries are sometimes intended to provide the minimal 
dataset necessary for risk-based screening, regulation, or management.  
In tiered testing, the results of a specific set of toxicity tests and risk-
management needs are used to guide decisions about the nature and ex-
tent of further testing.  A substance is assigned to a category and then 
moves through a series of tests sequentially with the data from each test 
informing the next step in the process.   In tailored testing, information 
on exposure, suspected adverse effects, and mechanism of action is used 
to determine the scope of tests to be conducted on a given chemical or 
class of chemicals.  Characterizing an overall testing strategy as a bat-
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tery, tiered, or tailored approach is often impossible because testing 
strategies are typically combinations of these three basic approaches. 

The toxicity tests and strategies discussed in this report have 
evolved primarily as a means of characterizing potential human health 
hazards and dose-response relationships at least at high doses.  The in-
formation produced is often judged to be sufficient for decision-making.  
For example, test results may provide reasonable assurance that a food 
additive or pesticide can be safely used as proposed.  In contrast, if the 
difference between toxic doses and relevant human exposures is not 
large, further testing may be needed to refine the dose-response relation-
ship at lower doses and to answer questions concerning the mechanism 
of action.  Alternatively, regulatory action may be used to reduce human 
exposures. 

Different testing strategies generally stem from legislative man-
dates or from differences in the practices of individual agencies or pro-
gram offices.  Thus, different strategies have developed to evaluate pesti-
cides and food additives, to screen new industrial chemicals, and to in-
vestigate specific health effects, such as endocrine disruption.  Different 
approaches can result in inconsistent testing strategies among agencies or 
categories of chemicals even if the ultimate regulatory goal is the same.  
The nature and extent of toxicity testing ideally should be guided by the 
regulatory risk-management decisions to be made and the assessments 
needed to support them. 

 
 

Human Data 
 
Human data usually are not a part of toxicity-testing strategies de-

spite the importance of human responses to potentially toxic agents.  Al-
though animal toxicity studies provide relevant information on potential 
adverse health effects of exposure to an agent, interspecies differences 
can cause effects relevant to the human population to be missed.  A fa-
mous example is thalidomide, to which rats are highly resistant but hu-
man fetuses are exquisitely sensitive.  Studying the human population 
also provides an opportunity to evaluate the effects of the full variety of 
agents in the complex contexts of workplaces and daily lives.  Clearly, 
no population data will be available on a chemical newly introduced to 
the marketplace.  Population data will be available only on chemicals 
that have been in production for some time, perhaps several decades.  
Thus, differences in data availability on new versus existing chemicals 
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should be considered in developing the role of human data in any toxic-
ity-testing strategy. 

Human data come primarily from epidemiologic studies, which in-
vestigate the relationship between exposure to a substance and potential 
health effects in a human population.  Such studies have often been criti-
cized because of methodologic limitations that make it difficult to draw 
clear associations between particular exposures and potential health ef-
fects.  Components of epidemiologic studies that have posed problems 
include the assessment of exposure, which often involves only uncertain 
or indirect estimates of human exposure, and evaluation of exposure-
effect relationships, particularly for chemicals for which there is an inde-
terminate and possibly long period between exposure and manifestation 
of effect.  However, emerging technologies and approaches, such as bio-
monitoring and molecular and genetic epidemiology, may overcome 
some of the limitations and will be discussed in greater detail in the 
committee’s second report. 

 
 

Use of Data in Human Health Risk Assessment 
 
Data from animal toxicity testing, human studies, and in vitro 

methods are used in human health risk assessment to identify potential 
hazards, to characterize effects at different exposure levels, to determine 
the probability of adverse effects of given human exposure scenarios, 
and ultimately to establish environmental standards and exposure guid-
ance levels.  Regulatory agencies have developed noncancer and cancer 
risk-assessment guidelines that provide comprehensive guidance on use 
and interpretation of relevant data to set exposure limits to protect public 
health.  In general, the guidelines for assessing hazard and dose-response 
relationships have coevolved with scientific developments and laboratory 
capabilities.  In some respects, the data being generated correlate well 
with guideline requirements.  In other respects, there is a disconnect be-
tween the data needed for risk assessment and the data generated in the 
laboratory or field.  Three examples are provided below. 

Typical cancer guidelines require direct evidence of cancer in ani-
mals or humans to classify a chemical as having carcinogenic potential.   
When such data are not available, the chemical is classified as having, 
for example, “inadequate information to assess carcinogenic potential”; 
cancer risk is not estimated; and the chemical is generally treated as posing 
zero cancer risk.  A system for using indirect evidence, such as structure-
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activity information and mechanistic data, could be developed to guide 
the assessment of chemicals that lack adequate cancer bioassay or epi-
demiologic data.  Similarly, systems and guidance could be created for 
identifying a potential for neurotoxicity, developmental toxicity, and 
other kinds of toxicity on the basis of short-term tests and high-
throughput approaches that use end points that are more specific to proc-
esses that are conserved across species. 

For mutagenic carcinogens or carcinogens of unknown mechanism, 
estimating risk from animal data assumes that each individual faces the 
same risk of cancer at a given dose.  A generic uncertainty factor is used 
in noncancer guidelines to adjust for variability among people.  Testing 
strategies do not reflect a systematic approach for developing data to as-
sess the variability of human responses to chemicals quantitatively.  Such 
data would aid in understanding whether the current procedures for esti-
mating cancer risk are conservative overall or may in some cases under-
state the risk for some segments of the population. 

The generation of data for mode-of-action evaluations (with the ex-
ception of standard genotoxicity testing) and pharmacokinetic modeling 
is typically ad hoc.  The data may be supplied by interested parties or 
otherwise available in the literature but are generally not required by the 
regulatory agencies.  Although the guidelines may provide a loose 
framework for those approaches, they provide little specific guidance on 
data-generation issues.  Optimizing further testing to improve the initial 
characterization of a particular chemical or class of chemicals can be 
highly context-dependent; however, a general framework and further 
guidance on developing a testing strategy to improve specific risk as-
sessments would be useful. 

 
 

Proposals to Improve Toxicity-Testing Strategies 
 
The committee’s review of current toxicity-testing strategies re-

veals a system that is reaching a turning point.  Agencies typically have 
responded to scientific advances and emerging challenges by simply al-
tering individual tests or adding tests to the existing regimens.  That 
patchwork approach has not provided a fully satisfactory solution to the 
fundamental problem, which appears to be a tension among four objec-
tives that are difficult to meet simultaneously:   
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• Depth, providing the most accurate, relevant information pos-
sible for hazard identification and dose-response assessment. 

• Breadth, providing data on the broadest possible universe of 
chemicals, end points, and life stages. 

• Animal welfare, causing the least animal suffering possible 
and using the fewest possible animals. 

• Conservation, minimizing the expenditure of money and time 
on testing and regulatory review.   

 
The committee acknowledges that meeting all four objectives poses a 
substantial challenge. 

Several agencies or organizations have evaluated various toxicity-
testing strategies with the goal of addressing gaps and inefficiencies in 
current approaches.  The following sections highlight the committee’s 
findings on proposals by EPA, the Health and Environmental Sciences 
Institute of the International Life Sciences Institute (ILSI-HESI), the 
European Union (EU), and the National Toxicology Program (NTP).  
More detailed discussion is provided in Chapter 6 of the committee’s 
report. 

 
 

EPA Review 
 
In its 2002 report A Review of the Reference Dose and Reference 

Concentration Processes, EPA reviewed its procedures for deriving ref-
erence values and specifically the adequacy of the toxicity tests to ac-
complish that purpose.  The committee focused its review on Chapter 3 
of the EPA report because that chapter directly addressed toxicity-testing 
approaches.  The committee did not critique the other chapters on risk-
assessment approaches and application of uncertainty factors, which 
were considered outside the scope of the committee’s task.   

EPA’s report raised five major issues:  (1) the presence of data gaps 
in current toxicity-testing approaches, (2) a possible need to refine acute-
toxicity testing protocols to support short-term risk assessments, (3)  
concerns about methods to incorporate pharmacokinetic and pharmaco-
dynamic data into toxicity-testing approaches, (4) questions regarding 
incorporation of data on direct dermal toxicity into reference dose (RfD) 
development, and (5) a need to reconsider current toxicity-testing strate-
gies systematically with an eye to improving efficiency and effectiveness. 
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First, the committee agrees that there are numerous data gaps in life 
stages and specific health effects evaluated in current toxicity-testing 
approaches.  Few data are available to determine the degree to which 
those gaps have practical significance for risk assessment or whether 
they are primarily of theoretical or academic concern.  The committee 
cautions against adding testing requirements only for the sake of theo-
retical thoroughness, because such an approach could result in substantial 
waste of animals and resources with little gain.  However, the extent to 
which the data gaps might have practical consequences for risk assess-
ment should be evaluated, and a reasonable interim approach to address 
this problem should be generated.  Modest changes in existing protocols 
could enhance the array of health effects and life stages evaluated, and 
the resulting findings could trigger more in-depth testing of specific out-
comes and life stages where it is warranted.  The committee notes that 
epidemiologic studies with reliable exposure assessments could shed 
some light on the likelihood that current toxicity tests are missing impor-
tant health effects or are not adequate for evaluating different life stages. 

Second, the committee agrees that the existing protocols for acute 
toxicity testing focus on lethal effects and gross observations and gener-
ally do not provide adequate information for acute and short-term RfDs 
or reference concentrations (RfCs).  Conducting acute protocols that ad-
dress latency, reversibility, and differential susceptibility for all toxicity 
outcomes currently required in subchronic and chronic protocols would 
lead to very complex animal studies.  Before such complex protocols are 
conducted, acute lethality studies, repeated-dose toxicity studies, and 
human data should be evaluated to determine the need for the more com-
plex studies and ultimately to guide the design of these studies. 

Third, the committee agrees that generally little information is 
available on pharmacokinetics, including possible differences across life 
stages.  It is critically important to define the purpose of pharmacokinetic 
studies to avoid the creation of data that are unlikely to be used and 
therefore represent a waste of animals, time, and resources.  Additional 
data should not be routinely required, but the need should be evaluated 
case by case. 

Fourth, the committee finds that the relevant exposure route and 
exposure durations should be considered in developing a testing strategy.  
When dermal exposure is a primary exposure route, there is a general 
need for better data on dermal uptake and absorption.  However, it is im-
portant to consider whether skin is an important route of exposure before 
beginning the process of setting a dermal RfD.  Worker data and clinical 
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reports could be collected more systematically and used preferentially in 
setting dermal reference doses of existing chemicals. 

Finally, the committee agrees that a new strategy is needed to im-
prove efficiency, reduce animal use, increase the number of chemicals 
screened for toxicity, and address some of the data gaps identified.  EPA 
explored alternative testing protocols for acute and chronic toxicity test-
ing to stimulate new ideas.  It did not articulate how such protocols might 
be incorporated into a testing strategy.  The committee supports the no-
tion of expanded tests that combine studies to conserve resources and 
provide more in-depth evaluations of outcomes and life stages.  How-
ever, considerable development and evaluation may be required to ensure 
that tests are feasible and reproducible, do not compromise study sensi-
tivity, produce the desired data, and reduce the use of animals.  Ex-
panded bioassays may ultimately have a role in selectively testing high-
priority chemicals but might not necessarily be amenable to widespread 
application.   

 
 

ILSI-HESI Draft Proposals 
 
The committee reviewed a testing strategy proposed by ILSI-HESI 

and various recommendations contained in its draft reports:  Systemic 
Toxicity White Paper; Life Stages White Paper; and The Acquisition and 
Application of Absorption, Distribution, Metabolism, and Excretion 
(ADME) Data in Agricultural Chemical Safety Assessments.  ILSI-HESI 
proposed substantive modifications of toxicity-testing requirements for 
pesticides and identified some potential omissions and redundancies in 
current pesticide testing.  Recommendations included changing exposure 
durations of required toxicity tests, eliminating some required guideline 
studies, modifying some studies to enhance evaluation of specific health 
effects, and generating chemical-specific pharmacokinetic data to inform 
study design and data interpretation. 

The committee supports the general approach used by ILSI-HESI to 
tailor testing to meet risk-assessment needs.  Specifically, ILSI-HESI 
proposed using exposure considerations (such as the difference between 
doses that produce effects in animals and expected human exposure to 
pesticides) to provide a conceptual framework for guiding the selection 
and extent of testing.  That approach, however, may not be useful for 
chemicals for which the degree and circumstances of human exposure 
are difficult to predict.   
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The committee supports the general ILSI-HESI approach of using 
existing databases to evaluate the importance of specific toxicity tests or 
their contribution to the dataset and endorses further broad retrospective 
reviews.  However, the committee has concerns about the recommended 
elimination of some toxicity tests from first-tier testing.  For example, 
ILSI-HESI proposed removing the rat teratology study and using an ex-
tended one-generation study and a rabbit teratology study to evaluate 
developmental effects. Although the proposed one-generation study sub-
stantially improves postnatal evaluation of many nonreproductive out-
comes, it is unclear whether it would be as sensitive as a rat teratology 
study for prenatal developmental-toxicity outcomes or would adequately 
reveal the potential hazard and trigger a followup study.  Furthermore, 
EPA often bases acute reference values on the rat teratology study. In 
contrast, postnatal effects in a one-generation study are not typically used 
for deriving acute reference values.  The effect of eliminating the rat 
teratology study on hazard identification and on the setting of acute ref-
erence values should be evaluated if the proposal is pursued.   

Overall, the changes proposed by ILSI-HESI may affect the prob-
ability of finding some effects and change the volume of evidence avail-
able to an assessor in judging the presence or importance of an effect.  
Cumulatively, it is unclear how the different aspects of the proposal 
would affect the overall fidelity of the testing process.   The committee 
notes that the ILSI-HESI evaluation may have overlooked redundancy of 
testing as a critical part of the weight-of-evidence approach.  More-
limited testing and less redundancy could mean less confirmatory evi-
dence and greater potential overall for reduced sensitivity of the testing 
strategy.  Making decision-making more conservative, erring in the di-
rection of false-positive results, or using greater uncertainty factors may 
address those issues.  Corresponding adjustments of risk-assessment 
guidelines that emphasize positive results of multiple studies for confir-
matory evidence also may address those issues. 

 
 

REACH Program 
 
The EU is engaged in a bold effort to restructure its approach to 

toxicity testing.  The primary goal of the new approach, known as 
REACH (Registration, Evaluation and Authorisation of Chemicals), is 
outlined in the 2004 EU report The REACH Proposal Process Descrip-
tion.   The goal is to collect data on and regulate about 30,000 chemicals 
produced or imported in excess of 1 metric ton per year on which there 
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are limited toxicity and environmental data.  The new approach is based 
on production or importation volume, which serves as a surrogate of po-
tential human exposure.  It specifies a battery of tests or specific effects 
to be evaluated at each level without being prescriptive about how tests 
will be done.   The committee notes that the approach enhances flexibil-
ity but may make comparison of results difficult.  Also, although tonnage 
may be an initial rough surrogate of potential human exposure, other in-
formation (such as whether the chemical is an intermediate to which hu-
mans are unlikely to be exposed) may also be relevant. 

The committee found that the REACH program focuses more on 
screening large numbers of chemicals than on generating in-depth infor-
mation that is often needed for quantitative risk assessment.  However, 
the REACH program does allow for greater depth of testing to be trig-
gered on the basis of initial results.  The REACH program has the advan-
tage of generating at least some toxicity data on chemicals that are not 
now subject to testing in the United States. 

 
 

NTP Roadmap for the Future 
 
In its 2004 report The NTP Vision for the 21st Century, the NTP 

discussed its goals:  to refine traditional toxicity assays; to develop rapid, 
mechanism-based predictive screens for environmentally induced dis-
eases; and to improve the overall use of NTP toxicity-testing assays for 
public-health decisions.  The NTP also described its current research ini-
tiatives: 

 
• To review and refine toxicity-testing protocols. 
• To incorporate new approaches, such as genomic analyses, 

into toxicity-testing strategies. 
• To improve the use of pharmacokinetic information in toxi-

cologic evaluation. 
• To explore the use of nonmammalian alternatives to toxicity 

testing. 
• To expand the use of imaging technologies for detecting and 

quantifying molecular and cellular lesions and for improving the speed 
and precision of pathology reviews.   

 
The committee found that the NTP’s near-term efforts to refine and 

extend its toxicity tests and to improve the use of pharmacokinetic infor-
mation promise to increase the depth of toxicity information on chemicals
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assayed and to provide greater insight in applying the findings to hu-
mans.  However, as acknowledged by the NTP, the resulting portfolio 
would still be resource-intensive and incapable of addressing large num-
bers of chemicals that require some level of toxicity assessment.  That 
problem emphasizes the importance of the NTP’s long-term goal to de-
velop screening strategies that use nonanimal models.  Such a focus by 
an agency like the NTP is needed if those approaches are to become vi-
able alternatives to traditional toxicity testing in animals.  

 
 

Future Directions 
 
The committee identified several recurring themes and questions in 

the various reports that it was asked to review.  The recurring themes 
included the following: 

 
• The inherent tension between breadth, depth, animal welfare, 

and cost of toxicity testing and the challenge to address any one of these 
issues without worsening another. 

• The importance of distinguishing between testing protocols 
and testing strategies as one considers modifications of current testing 
practices. 

• The need to be cautious in adding testing requirements for the 
sake of theoretical thoroughness. 

• The possible dangers in making tests so efficient, such as by 
eliminating all overlap, that there are no means to verify results. 

• The role of both uniform testing protocols and strategies to 
enhance comparability and chemical-specific tailored testing in deepen-
ing understanding of a particular chemical’s mode of action. 

• The importance of recognizing that toxicity testing for regula-
tory purposes should be conducted primarily to serve the needs of risk 
management. 

 
The recurring questions that arose during the committee’s review 

and its initial observations are provided below.  The questions and obser-
vations will help to frame the discussion for the committee’s second re-
port, which will provide a long-range vision and strategic plan for advanc-
ing the practices of toxicity testing and human health risk assessment. 

Which environmental agents should be tested?   All new and exist-
ing environmental agents should be evaluated; however, the intensity and 
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depth of testing should be based on practical needs, including the use of 
the chemical, the likelihood of human exposure, and the scientific ques-
tions that such testing must answer to support a reasonable science-
policy decision.  Fundamentally, the design and scope of a toxicity-
testing approach need to reflect risk-management needs. 

How should priorities for testing chemicals be set?  Priority-setting 
should be a key component of any testing strategy that is designed to ad-
dress a large number of chemicals, and a well-designed scheme is essen-
tial for systematic testing of industrial chemicals on which there are few 
data.  It makes sense to consider exposure potential in designing test 
strategies. Chemicals to which people are more likely to be exposed or to 
which some populations may receive relatively high exposures―whether 
they are pesticides or industrial chemicals―should undergo more in-
depth testing. This concept is embedded in several existing and proposed 
strategies.  In some strategies, production volume is the primary measure 
of potential human exposure; but production volume alone may not be 
the best surrogate of human exposure. Other important factors to con-
sider are use, exposure patterns, and a chemical’s environmental persis-
tence and bioaccumulation, which is important because of the potential 
for increasing exposure over time and continuing exposure even after use 
has ceased.   

What strategies for toxicity testing are the most useful and effec-
tive?  Current approaches to toxicity testing include testing batteries, 
tiered testing, tailored testing, and a combination of the three.  The com-
mittee finds that there are pros and cons of various approaches but leans 
toward tiered testing with the goal of focusing resources on the evalua-
tion of the more sensitive adverse effects of exposures of greatest con-
cern rather than full characterization of all adverse effects irrespective of 
relevance for risk-assessment needs.  The committee, however, notes that 
tiered-testing approaches should be designed to expedite regulatory deci-
sions and to discourage toxicity testing that is not used to address regula-
tory questions. 

How can toxicity testing generate data that are more useful for hu-
man health risk assessment?  Many have criticized existing approaches 
to toxicity testing on the grounds that the data generated are often not 
ideal for conducting human health risk assessment.  Extrapolations are 
often made with weak scientific justifications, and uncertainty factors are 
used to bridge the gaps.  The current proposals to improve toxicity-
testing strategies, discussed above, are unlikely to solve the fundamental 
problem.  The committee cautions against indiscriminately generating 
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large amounts of data with an eye to creating optimal datasets for charac-
terizing risks posed by single chemicals.  Emerging technologies and 
approaches, such as “-omics” technologies and computational toxicol-
ogy, may help to address the problem. 

How can toxicity testing be applied to a broader universe of chemi-
cals, life stages, and health effects?  There are major gaps in current tox-
icity-testing approaches.  The importance of the gaps is a matter of de-
bate and depends on whether effects of public-health importance are be-
ing missed by current approaches.  However, it is impractical to test 
every chemical for every possible health effect over all life stages.  The 
emphasis should be on chemicals that have the greatest potential for hu-
man exposure.  The emerging technologies may help to screen chemicals 
more rapidly and to indicate a need for further testing.   

How can environmental agents be screened with minimal use of 
animals and efficient expenditure of time and other resources?  One 
strategy that can be applied to reduce animal use is the grouping of 
chemicals of similar structural class and the in-depth testing of only one 
or a few representative chemicals; risk assessments of all chemicals in 
the class would be based on the resulting data. In grouping chemicals, 
known modes of action should be emphasized.  Such strategies should 
address any data needed to support application of study findings to other 
chemicals in the group.  Newer approaches also have great promise.  

How should tests and testing strategies be evaluated?  Testing 
strategies may be evaluated in terms of the value of information they 
provide in light of the four objectives—increasing depth of knowledge 
for more accurate risk assessment; increasing coverage of chemicals, life 
stages, and end points; preserving animal welfare; and minimizing cost.  
In evaluating new tests and testing strategies, there remains the difficult 
question of what is to serve as a “gold standard” for performance.  Sim-
ply comparing the outcomes of new tests with the outcomes of current 
tests may not be the best approach; whether it is will depend on the reli-
ability and relevance of the current tests.  Ideally, regulations and risk-
assessment guidelines will evolve with testing capabilities and scientific 
understanding. That issue will increase in importance with greater use of 
screening approaches (for example, in vitro tests, gene arrays, and mode-
of-action screens) that produce indirect evidence on both cancer and 
noncancer end points.   
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1 
 

Introduction 

 
The purpose of toxicity testing is to generate information about a 

substance’s toxic properties so that the health and environmental risks it 
poses can be adequately evaluated.  Federal agencies use information 
from toxicity testing to establish acceptable concentrations of environ-
mental agents in drinking water, to set permissible exposure limits for 
workers, to establish tolerances for pesticide residues on food, to register 
and re-register pesticides, and ultimately to protect public health and the 
environment.  As reflected in new directives and initiatives for toxicity 
testing in the United States and Europe, the demand for toxicity informa-
tion to provide a rational basis for regulating environmental agents has 
increased.  At the same time, testing technologies and methods have con-
tinued to emerge.  Thus, the U.S. Environmental Protection Agency 
(EPA) recognized the need for a comprehensive review of established 
and emerging toxicity-testing methods and strategies and asked the Na-
tional Research Council (NRC) to conduct such a review and to develop 
a long-range vision and strategy for toxicity testing.  In response to 
EPA’s request, the NRC convened the Committee on Toxicity Testing 
and Assessment of Environmental Agents, which prepared this report.   
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REGULATORY REQUIREMENTS 
 
The U.S. Congress has enacted laws calling for limits on chemical 

exposures that “provide an ample margin of safety to protect public 
health” (Clean Air Act; 42 USC §7412(f) [2003]), “assure protection of 
public health” (Clean Water Act; 33 USC §1312(a) [2003]), provide “a 
reasonable certainty that no harm will result” (Food Quality Protection 
Act; 21 USC §346a(b) [2003]), and “adequately assures, to the extent 
feasible, on the basis of the best available evidence, that no employee 
will suffer material impairment of health or functional capacity” (Occu-
pational Safety and Health Act; 29 USC §655(b) [2003]) (see Table 1-1).  
Federal agencies implement those statutes by promulgating standards or 
adopting guidance levels—such as air-quality criteria, maximum con-
taminant levels for drinking water, pesticide-residue tolerances, and per-
missible exposure limits for workplaces—that limit people’s exposure to 
chemicals.  The standards and guidance levels are often developed 
through human health risk assessment, although other factors—such as 
treatment technology, feasibility, benefits, and costs—may also be con-
sidered.  Toxicity testing in laboratory animals provides much of the in-
formation needed to characterize the nature and extent of the risk so that 
appropriate risk-management action can be taken.   

 
 

TOXICITY TESTING 
 
Many factors are determinants of health, including socioeconomic 

status, birth weight, sex, genetics, diet, pathogens, smoking habits, cul-
tural activities, and the environment.  Exposures to environmental agents 
contribute to the aggregate effects of the other factors, but the nature and 
magnitude of the contribution are often debated.  The results of toxicity 
testing can help to clarify risks to health posed by environmental expo-
sures and provide support for effective risk-management decisions. 

Toxicity-testing requirements to evaluate effects on human health 
often involve studies of whole animals, typically rats, mice, dogs, and 
rabbits, although other species, including humans, can be used.  Expo-
sures can range from short-term (for example, an hour) to long-term (for 
example, 2 years) and be continuous or episodic or consist of a single 
event.  Tests may focus on a particular life stage, sex, or condition of 
exposure.  The effects evaluated can be numerous and can include such 
diverse outcomes as subtle behavioral changes, impairment of reproduc- 
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tion, abnormal development, alterations in gene function, organ toxicity, 
cancer, and death.  New methods that rely on molecular biology, infor-
mation technology, and alternatives to whole-animal testing are emerg-
ing and may provide information that allows better extrapolation of re-
sults in test species to the genetically diverse human population.  Some 
new methods may eventually replace various traditional toxicity tests. 

Federal agencies and international organizations—including EPA, 
the National Toxicology Program (NTP) (Chhabra et al. 1990), the Food 
and Drug Administration (FDA 1997, 2004), and the Organisation for 
Economic Co-operation and Development (OECD 2004, 2005)—have 
developed documents that provide guidance on testing protocols.  Test-
ing guidelines are intended to convey to members of the regulated com-
munity what is expected of them and provide a uniform and sometimes 
flexible approach to toxicity testing that produces comparable results.  
The OECD protocols serve not only as standards but as means to harmo-
nize requirements among regulatory authorities and thus reduce repeti-
tion of studies.  The harmonization efforts should increase efficiency and 
reduce animal use. 

 
 

CHALLENGES TO TOXICITY TESTING AND ASSESSMENT 
 
The continuing challenge is to determine the best methods for ex-

trapolating from the exposure conditions and effects observed in the 
laboratory to those relevant to the human environment.  Toxicity-testing 
data can be used in various ways to aid in that extrapolation.  Pharma-
cokinetic data can provide a better understanding of the qualitative and 
quantitative comparability of the relationship between exposure and dose 
in test species and in humans.  Population-based studies that examine 
effects on exposed humans can provide information that improves ex-
trapolation from laboratory-animal data to humans or in some cases 
eliminates the need to rely on laboratory-animal data altogether.  Studies 
that provide a quantitative understanding of the difference in susceptibil-
ity to a chemical between humans and test species can be used to develop 
an interspecies adjustment factor based on scientific data rather than sci-
ence policy.  Finally, studies that provide an understanding of variations 
in susceptibility to the effects of a substance in different populations or 
life stages can help to identify substances that require special regulatory 
attention to protect sensitive groups and may also identify exposures that 
will have no deleterious effects even in sensitive people.  
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Studies like those discussed have resulted in much-improved hu-
man risk estimation, but substantial challenges remain.  Most toxicity 
tests use exposures that exceed environmental exposures by several or-
ders of magnitude to improve test sensitivity, but high exposures can dis-
tort the specificity of a test and its qualitative and quantitative applicabil-
ity to actual human exposure.  Scientific developments and new test 
methods are needed to address people’s multiple simultaneous chemical 
exposures, their potential interactions, and the many factors that affect 
people’s susceptibility to chemical exposures.  Thus, even extensive test-
ing and an accurate understanding of biologic modes of action cannot 
predict exactly what will happen in a diverse human population under 
environmental conditions of exposure.  Precise descriptions of risk are 
desirable to protect public health, but they remain elusive.  Nevertheless, 
even with these challenges and uncertainties, toxicity-testing data pro-
vide critical information for assessing hazard and risk potential and will 
continue to play a critical role in rational decision-making.  

As noted above, EPA and other federal agencies have statutory re-
sponsibilities for obtaining and evaluating animal and human toxicity 
data for regulatory decision-making purposes.  The numbers of health 
outcomes and questions that must be considered have also grown over 
the years.  EPA and others have responded to the increased need to ad-
dress various outcomes by developing risk-assessment guidelines and 
testing requirements, such as the risk-assessment guidelines for neuro-
toxicity (IPCS 2001; OECD 2004; EPA 1998), guidelines on children’s 
cancer risk (EPA 2005), testing guidelines for developmental neurotoxic-
ity (OECD 2004; EPA 1998) and guidelines for the use of genomics data 
(EPA 2004).   Still, there is a growing recognition that because tradi-
tional toxicity testing approaches are time consuming and resource inten-
sive, a large volume of existing and newly introduced chemicals cannot 
be adequately assessed using current testing practices.  EPA recognized 
the need to review traditional toxicity testing approaches, new data-
generation methods, and testing strategies comprehensively and asked 
NRC to perform such a review.    

 
 

COMMITTEE’S TASK AND APPROACH 
 
The committee members were selected for their expertise in devel-

opmental toxicology, reproductive toxicology, neurotoxicology, immu-
nology, pediatrics and neonatology, epidemiology, biostatistics, in vitro 
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methods and models, molecular biology, pharmacology, physiologically 
based pharmacokinetic and pharmacodynamic models, genetics, toxico-
genomics, cancer hazard assessment, and risk assessment.   

The committee was asked to conduct a two-part study to assess and 
advance current approaches to toxicity testing and assessment undertaken 
to meet regulatory data needs.  For the first part of the study, the commit-
tee was asked to review selected aspects of several relevant reports by 
EPA and others.  Those reports included EPA’s 2002 review of the refer-
ence-dose and reference-concentration processes (EPA 2002), the Inter-
national Life Sciences Institute (ILSI) Health and Environmental Sci-
ences Institute (HESI) work to develop a tiered toxicity-testing approach 
for agricultural-chemical safety evaluations (ILSI-HESI 2004a,b,c), the 
work of the Interagency Coordinating Committee on the Validation of 
Alternative Methods to develop and validate alternatives to animal test-
ing (ICCVAM 1997), pertinent NRC reports, and current work of NRC 
standing committees.  Those reports were to be evaluated for specific 
elements, including analysis of current and anticipated regulatory needs, 
discussion of the current and planned inventory of toxicity-testing and 
assessment schemes and methods, evaluation of potential uses and limi-
tations of new or alternative testing methods and analysis of how they 
might influence or define future testing strategies, and discussion of sci-
entific advances that could affect the nature of information needed to 
assess potential human toxicity more completely.  The present report was 
prepared to fulfill the first part of the study.  

For the second part of the study, the committee was asked to build 
on the work presented in this report and develop a long-range vision and 
strategic plan to advance the practices of toxicity testing and human 
health assessment of environmental contaminants.  The second report is 
expected to be completed by fall 2006. 

To accomplish the task of preparing its first report, the committee 
held four meetings.  The first three, held from June 2004 to November 
2004, included public sessions.  At the public sessions, the committee 
heard presentations from staff of several EPA offices, including repre-
sentatives from the Office of Research and Development, the Office of 
Pesticide Programs, the Office of Children’s Health, the National Health 
and Environmental Effects Research Laboratory, and the National Center 
for Environmental Assessment.  The committee also heard presentations 
from staff of other federal agencies and organizations, including the 
NTP, the FDA Center for Drug Evaluation and Research and Center for 
Food Safety and Applied Nutrition, the European Center for the Valida-
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tion of Alternative Methods, and the ILSI HESI and Risk Sciences Insti-
tute.   The committee considered numerous documents, including those 
mentioned in the statement of task but also others, such as FDA guidance 
on pharmacogenomic-data submissions (FDA 2005) and the NTP Road-
map for the Future (NTP 2004). 

 
 

ORGANIZATION OF THE REPORT 
 
In Chapter 2, the committee presents an overview of consensus-

study protocols focusing primarily on EPA guidelines.  The objective of 
that chapter is not to detail each type of testing protocol but rather to in-
dicate the general types of whole-animal and in vitro toxicity testing now 
in use.  Chapter 3 considers a variety of human-based studies ranging 
from clinical trials to epidemiologic studies.  Challenges that have often 
prevented the use of epidemiologic studies in regulatory risk assessment 
and possible advances and improvements in epidemiology are discussed.  
Chapter 4 examines applications of toxicity tests in testing strategies that 
are used to rank, screen, or characterize chemical toxicity.  Several ex-
amples of testing strategies are presented.  The strategies identified are 
not meant to be exhaustive but to illustrate the array of toxicity tests that 
may be required under different circumstances.  Chapter 5 provides an 
overview of risk-assessment guideline documents that deal with the use 
of toxicity data in human health risk assessment and concludes with ob-
servations regarding strengths and weaknesses of the current system for 
generating toxicologic data to assess environmental risks.  Chapter 6 is 
the committee’s assessment of the various, and often conflicting, de-
mands on the regulatory toxicity-testing framework and a review of near-
term and long-term approaches that hold promise for improving toxicity 
testing.  The chapter includes comments on the portion of the EPA re-
view of its reference-dose and reference-concentration process that is 
relevant to toxicity testing and comments on the proposed ILSI-HESI 
approaches for pesticides, the NTP Roadmap for the Future, and the 
European Union’s program. Chapter 7 discusses alternatives to animal 
testing and a few emerging technologies, such as -omics approaches and 
computational toxicology.   It concludes with a discussion of validation 
to emphasize the importance of evaluating new toxicity-testing methods 
to ensure that the information obtained from them is at least as good as, 
if not better than, conventional mammalian models. 
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2 

 
Animal and In Vitro Toxicity Testing 

 
Animals have been used as sentinels for early detection of potential 

risk to humans or as models to study the causes, pathogenesis, progres-
sion, and treatment of diseases.  The latter use gave rise to the field of 
investigative toxicology, wherein animals are used as surrogates to pre-
dict possible adverse health effects to humans arising from chemical  
exposures.  That approach is challenged by some people for scientific, 
ethical, and philosophic reasons, but the use of animal models to assess 
hazards and risks to humans continues to be the standard for protecting 
human health.  Over the last several decades, scientists have developed 
standardized protocols for testing potentially hazardous chemicals to en-
sure sound scientific methods and generation of high-quality data that are 
critical for assessing human hazards and risks.   

Toxicity testing in animals is conducted to identify possible adverse 
effects resulting from exposure to an agent and to develop dose-response 
relationships that allow evaluation of responses at other exposures.  Tox-
icity tests are designed to minimize variance, bias, and the potential for 
false-positive and false-negative results.  Those goals, however, are 
weighed in light of constraints on costs and other resources.  The types 
and extent of human exposure are important considerations in designing 
toxicity studies for human health risk assessment.  An understanding of 
duration, frequency, intensity, and routes of exposure and an understand-
ing of chemical stability and possible chemical breakdown products are 
helpful in guiding the selection of the dosing regimen, the test medium, 
and the test material.   
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Animal toxicity studies conducted for regulatory submission typi-
cally are conducted in rats, mice, rabbits, and dogs with greater focus on 
rats.  Testing guidelines generally require that common laboratory strains 
be used.  At least three dose groups and a control group usually are re-
quired.  For most toxicity tests, the U.S. Environmental Protection 
Agency (EPA) requires that the highest dose elicit signs of toxicity with-
out compromising survival.  EPA strongly recommends that the lowest 
dose not produce any evidence of toxicity.  The numbers of animals re-
quired are defined in each study protocol and range from five rats per sex 
per dose in 28-day toxicity studies to 10 rats per sex per dose in sub-
chronic studies to 50 rats per sex per dose in carcinogenicity assays.  For 
developmental and reproductive studies, the litter is considered the ex-
perimental unit, and at least 20 litters per dose are required.  The statisti-
cal power of a study is determined by the number of animals used and 
the sensitivity of the end point being evaluated.   

This chapter provides an overview of consensus-study protocols 
developed or codified by several organizations, including EPA and the 
Organisation for Economic Co-operation and Development (OECD).  
EPA specifies the types and extent of toxicity data that it requires to 
make regulatory decisions regarding the risks and benefits associated 
with pesticide products in accordance with the Federal Insecticide, Fun-
gicide, and Rodenticide Act (FIFRA) and the Federal Food, Drug, and 
Cosmetic Act (FFDCA).  The specific data requirements are listed in the 
Code of Federal Regulations (CFR), Title 40, Subpart E, Part 158 
(40CFR158).  EPA also requires testing of industrial chemicals under the 
Toxic Substances Control Act (TSCA).  EPA has harmonized the testing 
protocols that may be used in support of FIFRA registrations and TSCA 
test rules and has harmonized the guidelines with those of OECD.  Ap-
pendix B of this report provides a list of EPA’s harmonized health-
effects test guidelines. 

OECD also develops test guidelines and guidance documents to 
help to characterize potential hazards associated with new and existing 
chemicals.  The OECD document, Guidelines for the Testing of Chemi-
cals (OECD Guidelines), is a collection of the most relevant internation-
ally agreed-on testing methods used by government, industry, and inde-
pendent laboratories (OECD 2004a).  OECD publishes the guidelines to 
relieve some of the burden of chemical testing and assessment in multi-
ple countries.  Appendix B provides a list of OECD’s health-effects test 
guidelines. 
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In addition to its guidelines, OECD publishes a monograph series 
called guidance documents and detailed review documents that provide 
information on available testing methods and on how to use OECD 
guidelines in a testing strategy for classification of specific end points.1 
They also discuss when such testing is useful or necessary, end points of 
concern, approaches for statistical analysis, and limitations of tests.  The 
detailed review documents are prepared when it is necessary to assess the 
state of the art; they reflect a description of scientific progress, an inven-
tory of gaps in the current set of testing guidelines, recommendations of 
guidelines that need updating, and proposals for developing or updating 
guidelines.   

The specific testing requirements developed by EPA and OECD are 
assumed to have a sound scientific foundation and are generally accepted 
by interested stakeholders.  As indicated, this chapter discusses the con-
sensus protocols focusing primarily on EPA guidelines.  It has been or-
ganized to present the more general toxicity tests first and then the tests 
designed to evaluate specific toxicity end points.  Thus, the toxicity tests 
characterized by exposure duration—acute, subchronic, and chronic—are 
reviewed first; these tests are designed to gain an understanding of sys-
temic effects, given various lengths of exposure, and can be used to 
guide human health risk assessment for those exposure durations.  Toxic-
ity tests designed to evaluate specific end points are discussed next and 
include tests for reproductive and developmental toxicity, neurotoxicity, 
immunotoxicity, and genotoxicity.  It is important to note that some spe-
cialized end points are evaluated by various clinical measures or histopa-
thology conducted in the exposure-duration tests.  Results of general tox-
icity tests often indicate a need to conduct more specialized tests.  The 
chapter concludes with a discussion of metabolism and pharmacokinetic 
studies.  The intent of this chapter is to provide an overview of the ra-
tionale for conducting specific toxicity tests, the basic aspects of the 
study protocols, and the possible shortcomings of currently accepted 
tests.   The descriptions are meant not to be exhaustive but simply to pro-
vide a context for evaluating toxicity-testing strategies.  Detailed descrip-
tions of study protocols can be found in the cited references. 

 

                                                           
 1See http://www.oecd.org/document/30/0,2340,en_2649_34377_1916638_1_ 
1_1_1,00.html for a listing of the OECD monographs. 
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TOXICITY TESTING CHARACTERIZED  
BY EXPOSURE DURATION 

 
Acute Toxicity Testing 

 
Acute toxicity tests evaluate the adverse effects of short-term expo-

sure and are considered by EPA to be an “integral step in the assessment 
of [a chemical’s] toxic potential under the regulatory framework of its 
pesticide and toxic substances programs” (EPA 1998a).  To be consid-
ered an acute exposure, dosing may be done once or may be done several 
times within or continuously throughout a 24-hour period, but use of a 
single dose is by far the most common method.  The test animals, typi-
cally rodents (rats or mice) are observed for a period of several days to 2 
weeks after dosing, and observations of deviant behavior, growth, or 
mortality are recorded.  Historically, the primary focus of an acute toxic-
ity test was to determine a chemical’s median lethal dose (LD50), the 
dose that causes death in 50% of the test animals.  Today, acute toxicity 
tests are used also to determine dosing regimens for longer-term toxicity 
tests and to evaluate more fully the effects of acute exposure. 

Acute testing protocols have evolved over the years to conserve 
animal use, to minimize the pain and discomfort of the test animals, and 
to obtain more information on the pathogenesis of toxicity.  If a chemical 
is judged to have low toxicity, a limit test is first conducted.  The limit 
test is a sequential test that uses a maximum of five animals with a start-
ing test dose of 5,000 mg/kg (EPA 1998b).  If three or more animals sur-
vive, the LD50 is considered to be greater than 5,000 mg/kg, and no fur-
ther testing is conducted.  If the substance proves to be more toxic than 
expected (that is, three or more animals die), the primary test recom-
mended by EPA to assess acute oral toxicity is the up-down procedure 
(UDP) (EPA 1998b).  The UDP uses one animal per exposure, and the 
animals are dosed sequentially at 48-hour intervals.  The first animal is 
dosed a step below the best estimate of the LD50.  If the animal survives, 
the second animal receives a dose that is higher by a factor of 3.2; if the 
first animal dies or appears moribund, the second animal receives a dose 
that is lower by a factor of 3.2.  This process continues until death is ob-
served or an upper bound is reached (usually 2,000 or 5,000 mg/kg).  
EPA has developed a software program that incorporates the data ob-
tained from the UDP to calculate the LD50 and the confidence interval. 
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Although the preceding discussion focused on oral exposure, the 
route most relevant to potential human exposure (oral, inhalation, or er-
mal) is typically evaluated.  Acute testing protocols are available for in-
halation and dermal exposure (EPA 1998c,d).  EPA has developed toxic-
ity categories on the basis of LD50 or median lethal concentration (LC50) 
values (see Table 2-1).  OECD (2001a) has a similar ranking system.  
EPA uses the categories to determine precautionary labeling require-
ments, personal protective equipment requirements, and restrictions on 
entry into pesticide-treated areas.   

Acute toxicity data have benefits beyond toxicity ranking.  Acute 
studies reveal whether frank toxicity is sudden, delayed, time-limited, or 
continuous.  The time to onset and resolution of toxicity can provide in-
sight into the time course of absorption, distribution, and clearance of a 
toxicant.  Acute toxicity data can provide some idea of relative bioavail-
ability by comparing data on various routes of exposure and can provide 
information on clinical signs potentially relevant for physicians who are 
treating patients and for scientists who are developing hypotheses about 
pathogenesis and target organs affected by acute exposures.  That is es-
pecially important because toxic effects of acute exposure are often dif-
ferent from those of prolonged lower-level exposure.  As discussed in 
greater detail in Chapter 6, acute toxicity tests can be redesigned to pro-
vide additional information on more subtle effects than lethality and 
gross clinical signs.  One particular end point that has received increasing 
attention is cardiovascular toxicity, specifically adverse effects on ion 
channels in the myocardium that lead to abnormalities in the electrocar-
diogram, namely prolongation of the QT interval.  Changes in the QT in-
terval have been linked with cardiac arrhythmia that can progress to 
more serious cardiac events, including failure.  However, the link has not 
yet been proven, and many believe that more research is needed on an al-
ternative indicator of cardiac arrhythmia.  The pharmaceutical industry  
 
 
TABLE 2-1  EPA Acute-Toxicity Categories 
Study Category I Category II Category III Category IV 
Oral LD50 ≤50 mg/kg >50-500 

mg/kg 
>500-5,000 
mg/kg 

>5,000 mg/kg 

Dermal LD50 ≤200 mg/kg >200-2,000 
mg/kg 

>2,000-5,000 
mg/kg 

>5,000 mg/kg 

Inhalation  
(4-h) LC50 

≤0.05 mg/L >0.05-0.5 
mg/L 

>0.5-2 mg/L >2 mg/L 

Source: EPA 1998a. 
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does evaluate effects on cardiovascular function of potential drug candi-
dates as part of its regulatory process; EPA does not have formal guide-
lines for evaluating cardiovascular toxicity. 

Acute toxicity studies are based on the assumption that acute toxic-
ity and lethality in animal models are relevant to humans.  For many 
chemicals, the experience in humans is inadequate to confirm that as-
sumption, but enough examples support it to continue this mode of haz-
ard assessment.  However, dose extrapolations from animals to humans 
are not simple: smaller rodents generally have a far greater rate of me-
tabolism than do humans and therefore clear a chemical more rapidly, 
reducing total exposure relative to dose.  Extrapolations therefore use 
plasma or tissue concentrations, an adjustment or uncertainty factor, or, 
as a surrogate for metabolic rate, doses calculated on the basis of body 
surface area or a quantity equal to body weight raised to the ¾ power.  
Moreover, metabolic and biologic differences sometimes lead to re-
sponses in animals or humans that are absent in the other species, termed 
species specificity.  Knowledge of species differences in toxic responses 
is critical for extrapolating from animal data to human risk.   

The scientific consensus remains that assessment of acute toxicity 
can help scientists to evaluate and manage the risks associated with po-
tential exposure to noxious agents.  Acute toxicity tests provide at least 
one relatively quick and inexpensive tool in testing schemes that screen 
large numbers of chemicals and identify chemicals that warrant further 
toxicity testing. 

  
 

Subchronic or Repeated-Dose Toxicity Testing 
 
Subchronic studies evaluate the adverse effects of continuous or re-

peated exposure over a portion of the average life span of experimental 
animals.  They provide information on target-organ toxicity and bioac-
cumulation potential and are designed to determine no-observed-adverse-
effect levels (NOAELs), which are used to establish standards or guide-
lines for human exposure.  Subchronic studies are not designed to assess 
effects that have a long latency period, such as cancer, but do provide in-
formation that can be used in setting doses for chronic toxicity and car-
cinogenicity studies.   

The exposure durations for subchronic studies are typically 28 or 90 
days (see Appendix B for a list of EPA and OECD guidelines).  Admini-
stration of the chemical (oral, inhalation, or dermal) is usually deter-
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mined by the route of potential or actual human exposure.  Depending on 
exposure duration, animals are often observed for 2 or 4 weeks after the 
end of treatment for reversibility, persistence, or delayed occurrence of 
adverse effects.   

In 90-day studies, 20 rodents (10 of each sex) or eight nonrodents 
(four of each sex) are used for each dose group and the control group.  
Additional animals are included in the control and high-dose groups if 
satellite groups are used to evaluate effects after termination of treat-
ment.  In some cases, the shorter-term studies are conducted with fewer 
animals, such as five rats per sex per dose, and may evaluate fewer 
measures than the 90-day studies. 

Typically, doses in subchronic studies are selected to define a dose-
response relationship.  The lowest dose should produce no adverse ef-
fects, the highest dose should induce toxic effects without compromising 
survival or inducing severe suffering, and the intermediate dose should 
produce a gradation of effects.  A control group is also included.  When a 
dose of 1,000 mg/kg per day in oral or dermal studies or 1 mg/L in inha-
lation studies is not toxic, further dosing above these quantities is not re-
quired.  Oral dosing occurs daily if test material is incorporated in food 
or water or 5 days/week if the test material is administered by gavage 
(the method typically used for rodents) or capsule (typically used for 
dogs).  In inhalation studies, exposure is usually conducted for a period 
of 6 hours/day for 5 or 7 days/week.  Test guidelines require measure-
ment and evaluation of a number of parameters, including clinical signs 
(such as changes in skin, fur, eyes, secretions, gait, posture, and response 
to handling), motor activity, grip strength, sensory reactivity to stimuli, 
body weight, food consumption, clinical pathology (clinical chemistry 
and hematology), and ophthalmology.  At study termination, a gross ne-
cropsy is conducted on all animals, and selected organs are weighed.  A 
full histopathologic analysis is conducted on all animals in the control 
and high-dose groups, on all animals that were killed or died during the 
study, and on all gross lesions.  Target organs are examined in all ani-
mals.  Statistical methods are used to evaluate the data. 

Subchronic studies can provide initial or definitive data for risk-
assessment purposes.  However, the studies are sometimes limited by the 
smaller sample size, which reduces the sensitivity of the study to detect 
adverse effects.  They often provide the basis of dose selections for longer-
term studies, including chronic toxicity and carcinogenicity studies. 
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Chronic Toxicity and Carcinogenicity 
 
The purpose of chronic toxicity testing is to determine the cumula-

tive adverse effects of repeated daily oral, dermal, or inhalation expo-
sures of test animals to various doses of a chemical for at least 12 months 
(EPA 1998e).  The purpose of carcinogenicity testing is to determine the 
cumulative neoplastic effects of repeated daily oral, dermal, or inhalation 
exposures to various doses of test chemicals over most of the life span of 
the test species (EPA 1998f).  EPA provides separate guidelines for 
chronic toxicity and carcinogenicity, but testing is most often combined 
for these two end points (EPA 1998g).   

EPA guidelines (EPA 1998e) for chronic toxicity specify that “test-
ing should be performed with two mammalian species, one a rodent and 
the other a nonrodent.  The rat is the preferred rodent species and the dog 
is the preferred nonrodent species.”  Other species can be used with ade-
quate justification.  Dose selection is generally based on results of a 90-
day study; the highest dose should be the one that causes only mild signs 
of toxicity and does not alter the length of the study.  The intermediate 
dose is chosen to produce a gradation of toxic effects, and the lowest 
dose should produce no evidence of adverse effect and thus should allow 
determination of a NOAEL.  At least three dose groups and a control 
group should be included with 40 rats (20 of each sex) or eight dogs 
(four of each sex) in each group.  EPA guidelines state that body weights 
and food consumption should be measured and that clinical pathology 
(hematology, clinical chemistry, and urinalysis) should be conducted at 
specified intervals during the study.  At the end of the study, all animals 
should be subjected to gross necropsy, weights of major organs should be 
determined, and all gross lesions and tissues and organs of the digestive 
system, nervous system, glandular system, respiratory system, cardiovas-
cular and hematopoietic system, and urogenital system should be pre-
served for histopathologic examination.  Ophthalmologic examinations 
are also recommended.  A full histopathologic analysis should be con-
ducted on all controls and animals in the high-dose group and on gross 
lesions.  If exposure-related changes are detected, the analysis is ex-
tended to all treatment groups (EPA 1998e). 

Carcinogenicity bioassays are conducted with rodents, typically rats 
and mice, for a minimum of 24 months (rats) and 18 months (mice) and 
are designed to provide data for cancer-hazard identification and dose-
response evaluation.  Dose-selection guidelines are similar to those for 
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the chronic toxicity studies; however, group sizes are larger (50 rodents 
of each sex per group), and clinical pathology involves examination of 
blood smears.  At the end of the study, gross necropsy and histopathol-
ogy are extensive because the primary focus is on detecting neoplasms.  
The National Toxicology Program (NTP) has conducted over 600 life-
time cancer bioassays and has been at the forefront of developing defini-
tive guidelines for detecting carcinogenic activity in rodents; the car-
cinogenicity data obtained reside in a public database.   

EPA guidelines for combined chronic toxicity and carcinogenicity 
testing (EPA 1998g) combine testing for chronic toxicity and carcino-
genicity summarized above. In a combined test, the two species  
typically used are rats and mice—rats mainly for dosing by oral and in-
halation routes and mice for the dermal route.  Three dose groups and a 
control group are used, and at least 100 animals (50 of each sex) are used 
for each group.  Additional animals—at least 20 (10 of each sex)—are 
included at each dose and in the control group as satellite groups for de-
termination of chronic toxicity after 12 months; end points similar to 
those described for the chronic toxicity test are used.  The minimal dura-
tion of daily exposure is 2 years for rats and 18 months for mice, and end 
points similar to those described for the carcinogenicity test are exam-
ined at the end of the study. 

Considerable effort is being devoted to developing alternative 
transgenic and knockout animal models for carcinogenicity testing in 
Europe and the United States.  The goal is to develop models that will 
increase the sensitivity of detection of carcinogenic lesions and shorten 
the time for their appearance; the latter would have the effect of conserv-
ing the resources required to test each agent and increase the number of 
agents that can be tested.  Some of the efforts are being coordinated 
through the International Conference on Harmonization (ICH) Expert 
Working Group on Safety.  That group, in collaboration with the Health 
and Environmental Sciences Institute (HESI) of the International Life 
Sciences Institute (ILSI), conducted an evaluation of six animal models 
for their ability to detect the effects of a group of 21 chemicals, which 
included genotoxins and carcinogens.  The results of those efforts were 
discussed at a workshop (Cohen et al. 2001) and presented in a special 
issue of Toxicologic Pathology (Vol.  29, supplement issue, 2001), which 
also presented detailed information on the models.  The conclusion 
drawn from the evaluations was that some of the models might have use 
in hazard identification, providing information similar to that obtained 
from the 2-year combined chronic toxicity and carcinogenicity bioassay, 
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in conjunction with data from other sources in a weight-of-evidence ap-
proach to risk assessment.  Determination of the usefulness of the models 
is still limited by the amount of comparative data available.  Consider-
able effort is being devoted to broadening the comparison of tumor data 
from transgenic mouse strains and strains of mice traditionally used in 
lifetime bioassays.   

 
 

TOXICITY TESTING CHARACTERIZED  
BY SPECIFIC END POINT 

 
Toxicity testing of most chemicals begins with acute testing, pro-

gresses to subchronic testing, and, depending on the results, concludes 
with chronic testing.  Evaluation in those studies may indicate the need 
to obtain more information on specific toxicity end points.  The follow-
ing sections discuss the tests used to evaluate reproductive and develop-
mental toxicity, neurotoxicity, immunotoxicity, and genotoxicity.  In vi-
tro tests for cytotoxicity and other end points are also briefly discussed. 

 
 

Reproductive and Developmental Toxicity 
 
Reproductive and developmental toxicity testing includes a broader 

category of end points than other kinds of toxicity testing because of the 
multiple stages of exposure and the variability of possible effects.  Expo-
sures of sexually mature animals can result in sterility or decreased fertil-
ity by depleting or affecting ova or sperm or by affecting endocrine  
functions of organs involved in reproduction.  If fertilization occurs, ab-
normalities of ova and sperm can result in embryonic death, failure of 
implantation, congenital malformations, embryonic growth retardation, 
genetic disease, or cancer in the offspring.  Exposures during pregnancy 
can result in embryonic or fetal death, congenital malformations, reversi-
ble or irreversible growth retardation, or premature or delayed parturi-
tion; they may also have delayed postnatal effects, such as cancer,  
neurobehavioral effects, growth retardation, and death.  Toxicant expo-
sures of neonatal, immature, or adolescent organisms may result in 
growth retardation or stimulation, endocrine abnormalities, immunologic 
deficits, neurobehavioral effects, cancer, or death.   

The general purpose of reproductive and developmental toxicity as-
says is to evaluate the competence of breeding pairs to produce pheno-
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typically normal offspring.  All or most of the reproductive cycle is 
evaluated.  Four types of reproductive and developmental studies are  
discussed here—screening-level reproductive-toxicity assays, prenatal 
developmental-toxicity and teratology studies, generational tests, and re-
productive assessment with continuous breeding.  These assays are con-
ducted because of their assumed relevance for predicting human hazard 
potential, but the data from such models may or may not be relevant for 
predicting human risk.  Thus, the predictive power of the tests may be 
limited by differences in the underlying biology.  A famous example of 
how species differences can be important is developmental exposure to 
thalidomide, to which rats are highly resistant and humans are exqui-
sitely sensitive.   

The assays described are apical tests—complex experiments that 
measure complicated end points, each of which is an integrated measure 
of multiple facets of the machinery necessary for successful reproduction 
and development.  Apical tests provide little insight into the hundreds of 
molecular events, mechanisms, and targets responsible for toxicant ac-
tion.  Although they are useful for determining whether there is an over-
all effect, the lack of mechanistic insight is an important limitation.  Fu-
ture advances in testing will probably rely on our ability to discern the 
individual biologic underpinnings of toxicity, a complicated task in this 
setting. 

 
 

Screening-Level Reproductive-Toxicity Assays  
 
In these assays, animals are dosed with the test chemical for at least 

2 weeks before mating and then for a maximum of 2 weeks of breeding.  
The females are dosed through gestation, and the test is terminated on 
postnatal day 4.  The measurements made provide insight into gonadal 
function, fertility, pregnancy, parturition, and prenatal and postnatal de-
velopmental toxicity.  OECD testing guidelines (TG) 421 and 422 
(OECD 1995a, 1996) are reproductive and developmental screening 
tests; however, TG 422 (OECD 1996) is a combined repeated-dose toxic-
ity study in combination with the reproductive and developmental 
screening test.  These are screening-level assays used to make decisions 
about the need for further testing as part of the OECD screening informa-
tion dataset (SIDS) program. 
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Prenatal Developmental-Toxicity and Teratology Studies 
 
The prenatal developmental-toxicity study (OECD 2001b) is used 

to examine embryonic and fetal toxicity as a consequence of exposure 
during pregnancy (for example, growth retardation, anatomic variations, 
teratogenicity, and lethality).  Young mature virgin females are artifi-
cially inseminated or mated.  The time of mating is noted, and groups of 
pregnant animals are either untreated or treated with three different doses 
of the test agent.  In OECD TG 414 (OECD 2001b), the treatment is 
given from the time of implantation to scheduled cesarean section.  If 
preliminary studies do not indicate a high potential for preimplantation 
loss, treatment may be extended to include the period from mating to the 
day before the scheduled cesarean section.  The day before expected 
birth, the uterus is removed by cesarean section, and the uterus and fe-
tuses are examined.  If dosing is initiated before or at the time of implan-
tation, preimplantation loss is evaluated. 

 
 

Generational Tests 
 
The prototypical reproductive-toxicity assay is the one-generation 

test (OECD 1983), although this test is not included by EPA in its test 
guidelines.  The test chemical is administered to young adult rats of both 
sexes (generally to breeding pairs) during a prebreeding period covering 
one spermatogenic cycle and the last two stages of oocyte maturation and 
during mating.  Dosing of females continues through pregnancy and 
nursing (3 weeks after birth).  Pups are evaluated from birth through 
weaning, and birthweight, postnatal growth, survival, litter sizes, and sex 
distribution are recorded.  Adult males typically are killed after the mat-
ing period, and sperm production and quality are assessed.  Reproductive 
organs of both sexes of the parental generation are assessed grossly and 
histologically.  The assay includes assessment of gonadal function, es-
trous cycling, mating behavior, fertility, parturition, and lactation in the 
parental animals and prenatal and postnatal development in the offspring.  
The assay has been modified over time, most recently to include end 
points that are sensitive to endocrine-disrupting chemicals. 

The results of the one-generation reproductive-toxicity test in ro-
dents are often used in risk assessment.  In chemical regulation in 
Europe, it is part of a tiered testing system in which a two-generation test 
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may follow the one-generation test.  The two-generation test is most of-
ten triggered when a specified production volume is reached.  The ICH 
has published a guideline on reproductive-toxicity testing of medicinal prod-
ucts.  The guideline describes a flexible design in which a reproduction 
and fertility test comparable with the one-generation reproductive-
toxicity test can be run as a stand-alone assay or as part of the develop-
mental-toxicity and perinatal and postnatal assessment of new drugs.   
Although there are differences from the OECD one-generation protocol, 
the general principle of the test is comparable. 

The design of the two-generation test (OECD 2001c) is in principle 
similar to that of the one-generation test, but the first generation of off-
spring (F1) is followed through sexual maturation and the production of 
a second generation.  The treatment of the parental generation is equiva-
lent to that in the one-generation test.  Data on sperm quality and estrous 
cycling in the offspring are collected, and the offspring are observed for 
developmental milestones, including some behavioral measures and 
histopathologic characteristics of sex organs, brain, and other potential 
target organs.  Direct dosing of the F1 animals begins at weaning and is 
continuous through the end of the test.  On reaching sexual maturity, 
these animals are bred.  The F2 generation is evaluated through weaning.  
The data collected are similar to those in the one-generation study.  The 
two-generation test is considered the appropriate test for reproductive 
toxicity, and the OECD test guideline has recently been updated to re-
flect the scientific state of the art (OECD 2005).  EPA lists only the two-
generation test as its reproductive toxicity assay (EPA 1998h).   

 
 

Reproductive Assessment by Continuous Breeding 
 
The protocol for reproductive assessment by continuous breeding 

has been conducted almost exclusively by the NTP.  Breeding pairs co-
habit for an extended period (14 weeks), during which they are continu-
ously exposed to the test agent.  Each litter produced is examined and 
then discarded.  This study design allows the determination of the maxi-
mal number of litters that can be produced.  If effects on fertility are 
noted, additional study legs can be run to determine which sex is affected 
and to generate hypotheses regarding the mechanism of toxicity.  The 
test can also be extended into a two-generation-like protocol.  The as-
sumptions and uncertainties are similar to those of the one-generation 

Toxicity Testing for Assessment of Environmental Agents: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11523


Animal and In Vitro Toxicity Testing                        39 

test.  This study design has not been required as part of the regulatory as-
sessment process for pesticides, but the data are useful. 

 
 

Neurotoxicity 
 
Neurotoxic effects in animals and humans can be assessed with a 

wide array of methods, including neurochemical, anatomic, physiologic, 
and behavioral.  For example, neurochemical effects of an agent can in-
clude selective effects on synthesis, reuptake, release, or metabolism of 
specific neurotransmitters.  Anatomic changes can include alterations of 
the cell body, the axon, or the myelin sheath of neurons or of the thick-
ness of cell layers in specific brain regions.  At the physiologic level, a 
chemical might reduce the speed of neurotransmission or change the 
thresholds for neural activation.  Behavioral alterations can include 
changes in sensations of sight, hearing, or touch; alterations in simple or 
complex reflexes and motor functions; alterations in cognitive functions, 
such as learning, memory, and attention; and changes in a wide array of 
psychologic and social behaviors (WHO 2001).   

Regulatory agencies consider data from required animal toxicology 
studies and effects reported in the published literature when evaluating 
the neurotoxic potential of chemicals.  This section briefly summarizes 
the types of neurotoxicity evaluations that are conducted in animals and 
recommended in toxicity-test guidelines by EPA and OECD (see Appen-
dix B for a summary of the guidelines).  More comprehensive reviews of 
the available neurotoxicity tests have been published by the National Re-
search Council (NRC 1992), EPA (1998i), the World Health Organiza-
tion (WHO 2001), and OECD (2004c). 

 
 

Neurotoxicity Testing in Standard Toxicity Studies 
 
Neurotoxicity evaluations required by EPA and OECD guidelines 

for standard acute, subchronic, and chronic toxicity tests include detailed 
clinical observations, functional tests, and histopathology.  Detailed 
clinical observations are made outside the home cage, preferably in a 
standard arena, and at similar times on each occasion.  Observations 
should include evaluation of skin and fur, eyes, and mucous membranes; 
respiratory and circulatory effects; autonomic effects, such as salivation; 
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central nervous system effects, including tremors and convulsions; level 
of activity; gait and posture; reactivity to handling or sensory stimuli; al-
tered strength; stereotypies; and bizarre behavior, such as self-mutilation 
and walking backward.  Observations should be detailed and carefully 
recorded, preferably with scoring systems explicitly defined by the labo-
ratory.  Toward the end of the repeated-dose standard adult toxicity stud-
ies, functional tests are required, including an assessment of motor activ-
ity, grip strength, and sensory reactivity to stimuli of different types, such 
as visual, auditory, and proprioceptive stimuli.  Brain weight and histo-
pathologic characteristics are required.  Specifically, multiple sections of 
the brain should be examined (including cerebrum, cerebellum, medulla, 
pons, and pituitary), as should sciatic and tibial nerves close to muscle, 
specimens of three levels of the spinal cord (cervical, midthoracic, and 
lumbar), and eyes, including the retina and optic nerve.  The clinical and 
functional end points mentioned here can be altered by specific and non-
specific effects on the nervous system, especially at maximum tolerated 
doses that can cause substantial systemic toxicity. 

The standard developmental study (EPA 1998j) includes gross 
pathologic assessment of the nervous system.  Two-generation reproduc-
tion studies (EPA 1998h) are used to evaluate clinical signs of toxicity 
and brain weight in offspring.  Those evaluations can provide an initial 
indication of potential neurotoxic effects after postnatal exposures but 
are much more limited than those required in the standard adult toxicity 
studies. 

 
 

Adult Neurotoxicity Studies 
 
OECD TG 424 (OECD 1997) and the EPA neurotoxicity screening 

battery (EPA 1998k) are similar.  Both include detailed clinical observa-
tions or a functional observational battery in the home cage and open 
field; functional tests, including assessments of motor activity, grip 
strength, and reactivity to sensory stimuli; and neuropathologic examina-
tion of perfusion-fixed tissues.  Adult neurotoxicity studies require func-
tional tests and clinical observations similar to those in standard toxicity 
studies but require perfusion-fixed tissues, more frequent measurement 
of functional tests, and observations to be conducted without knowledge 
of treatment level.    

In general, OECD and EPA neurotoxicity tests may be required 
when there are structure-activity concerns or when neurotoxic effects 
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have been revealed in standard toxicity, reproductive, or developmental 
studies.  The OECD neurotoxicity TG recognizes the redundancy of 
standard toxicity studies, and TG 424 encourages flexibility to minimize 
the number of end points that merely duplicate those of standard re-
peated-dose toxicity studies.   

 
 

Developmental Neurotoxicity Studies 
 
The developmental-neurotoxicity study protocol (EPA 1998l) is de-

signed to develop data on the potential functional and morphologic  
hazards to the nervous system in offspring of mothers exposed during 
pregnancy and lactation. OECD (2004b) has developed similar draft 
guidelines for a developmental-neurotoxicity test.  The EPA guidelines 
require that pregnant females be dosed from gestational day (GD) 6 
through postnatal day (PND) 10.  Recently, EPA extended the dosing pe-
riod from GD 6 through PND 21 (that is, until weaning).  Motor activity 
is measured repeatedly on PND 13, 17, 21, and 60.  Auditory-startle ha-
bituation is measured around weaning and on PND 60.  Auditory-startle 
habituation, as conducted in this study, is primarily a measure of reactiv-
ity to repeated loud bursts of noise (for example, 120 dB for 10 msec).  A 
test of learning and memory is also required around weaning and on 
PND 60.  The EPA developmental-neurotoxicity test guidelines (EPA 
1998l) require periodic clinical observations of the dams and pups with 
standardized procedures by trained technicians who are unaware of the 
animals’ treatment.  Interobserver reliability is required if more than one 
observer is used in a given study.  The EPA guidelines (EPA 1998l) re-
quire detailed neuropathologic evaluation, including measurements of 
immersion-fixed brain taken on PND 11.  EPA allows neuropathologic 
evaluation at PND 22 because the exposure period was extended through 
PND 22, but the pups should be perfusion-fixed.  At the termination of 
the study (usually on PND 60), the pups are perfusion-fixed, and the cen-
tral and peripheral nervous systems are evaluated according to the EPA 
neurotoxicity-screening battery guideline with the additional requirement 
of measurements of the brain.   

An important limitation in using the rat model for developmental-
neurotoxicity testing is that there are important species differences in 
brain development relative to birth.  In general, brain development in rats 
from birth to about PND 11 is roughly equivalent to brain development 
in human fetuses during the third trimester of gestation (Rice and Barone 
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2000).  Thus, it could be difficult to experimentally reproduce potential 
environmental exposure to the human fetus in rat developmental-
neurotoxicity studies.  For example, exposure through maternal rat milk 
may be substantially different from human in utero exposures in terms of 
relative amounts of parent compound and metabolite.  But direct dosing 
of pups during early lactation may not necessarily reflect human in utero 
exposure after dietary, dermal, or inhalation exposure to pregnant fe-
males.  Measurement of parent compound and toxic metabolite in milk 
and evalution of biomarkers of exposure or effect after exposure can po-
tentially be used in physiologically based pharmacokinetic and pharma-
codynamic models to characterize dose-response relationships and im-
prove extrapolation of results from animal studies to humans (Dorman et 
al. 2001).  Although studies of lactational or placental transfer could 
prove valuable for interpreting toxicity-study results, such study designs 
are less well established under conditions in which human data will not 
be available, the mode of action is not well characterized, and the toxic 
component has not been identified.  Therefore, an ILSI-HESI committee 
evaluating use of pharmacokinetic and metabolism data for developmen-
tal and developmental-neurotoxicity testing recently concluded that more 
experience is needed on how best to carry out these studies before phar-
macokinetic data on fetus, offspring, and maternal milk are routinely re-
quired (Barton et al. 2005). 

The developmental-neurotoxicity test is one of the most logistically 
difficult EPA-guideline tests to conduct and requires specialized exper-
tise in neurobehavioral testing and morphometric analysis.  Historical 
control data from laboratories conducting EPA developmental-
neurotoxicity guideline studies can be variable, particularly at the earlier 
times of PND 13 and 17 (Raffaele et al. 2003, 2004; Sette et al. 2004).  
Some of the variability could be reduced by improving environmental 
experimental conditions and methods, as discussed by Garman et al. 
(2001) and Cory-Slechta et al. (2001).  However, the variability may also 
be due, in part, to normal variability during a period of rapid develop-
ment, to the practical definition of birth date that could span 23 hours and 
does not take into account gestational age, and to the practical necessity 
of testing large numbers of animals over several hours during the day and 
across multiple days of testing depending on when the pups were born 
(Li 2005).   

Initial analysis of the relative sensitivity of developmental-
neurotoxicity testing compared with other standard end points and stud-
ies indicates that, in general, the developmental-neurotoxicity study is 
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not more sensitive than chronic bioassays and other reproductive-
developmental end points but can provide additional characterization of 
potential neurotoxic effects after developmental exposures (Makris et al. 
1998; EPA 1999; Middaugh et al. 2003). 

 
 

Specialized Studies for Neurotoxicity Testing  
 
EPA has developed six test guidelines for neurotoxicity testing (see 

Appendix B).  The neurotoxicity-screening battery (EPA 1998k) and de-
velopmental-neurotoxicity study (EPA 1998l) were discussed above.  
The delayed-neurotoxicity test is typically required for organophospho-
rus substances and includes behavioral, histopathologic, and neuro-
chemical assessments in the hen (EPA 1998m). The remaining  
guidelines for schedule-controlled operant behavior (EPA 1998n), pe-
ripheral-nerve function (EPA 1998o), and sensory-evoked potential 
(EPA 1998p) are outlined briefly in this section.  A more comprehensive 
review of neurotoxicity end points can be found in EPA’s neurotoxicity 
risk-assessment guidelines (EPA 1998i). 

The test guideline for schedule-controlled operant behavior requires 
that subjects be trained until they display demonstrable stability in per-
formance before exposure.  This guideline is designed to evaluate per-
formance of a learned behavior and not learning or memory itself.  EPA 
states that substances that have been observed to produce neurotoxic 
signs in other toxicity studies (such as central nervous system depression 
or stimulation) and substances that are structurally similar to neurotoxi-
cants that affect performance, learning, or memory may be appropriate to 
evaluate with this test.  Although schedule-controlled operant behavior 
testing may be useful to more fully characterize the potential neurotoxic-
ity of a chemical, it has not been found to be more sensitive than a func-
tional observational battery or an assessment of motor activity in several 
independent laboratories for different classes of chemicals (Moser et al. 
2000). 

The peripheral-nerve test function is used to evaluate peripheral-
nerve conduction velocity and amplitude in anesthetized animals with 
electrophysiologic techniques.  EPA indicates that substances that have 
been shown to produce related effects in other studies (such as neuropa-
thologic changes in peripheral nerves) and substances with a structural 
similarity to those causing peripheral neuropathy may be appropriate to 
evaluate with this test.   
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The test for sensory evoked potentials is also an electrophysiologic 
test that evaluates the effects of chemicals on brain electric potentials af-
ter stimulation of the visual, auditory, or somatosensory system.  The test 
is recommended if there is reason to believe that particular sensory func-
tions are specifically sensitive to the test compound. 

In contrast with EPA, OECD did not develop specific test guide-
lines for more specialized neurotoxicity evaluations.  Instead, OECD  
developed a guidance document for neurotoxicity testing that provides 
general descriptions, references, and commentary for a wide variety of 
behavioral, neurologic, neurochemical, neurophysiologic, and morphol-
ogic techniques (OECD 2004c).  The OECD neurotoxicity guidance 
document emphasizes an “iterative” testing strategy that includes an 
evaluation of the degree of concern about the neurotoxic effects and the 
possible concentrations to which people may be exposed to determine the 
adequacy of the existing data to evaluate potential risk.   

OECD indicates that initial animal data for neurotoxicity assess-
ment are most often provided by standard single-dose (OECD 1981, 
1987, 2001d,e,f) or repeated-dose toxicity studies (OECD 1995b, 1998) 
in which functional histopathologic information is gathered on all major 
organ systems, including the nervous system.  If information indicates 
possible neurotoxic effects, OECD recommends that additional end 
points be included in the initial standard tests to obtain in-depth informa-
tion about specific neurotoxic effects.  However, OECD cautions that the 
decision to add specific end points to the initial study should take into 
consideration the potential for confounding toxicologic effects of the 
higher doses usually required in the initial studies.  For example, exces-
sive systemic toxicity at doses near the maximum tolerated dose can 
cause indirect effects on the nervous system that confound interpretation 
of tests of learning and memory.   

In summary, a tiered or iterative approach to neurotoxicity testing is 
being used by OECD and EPA.  Initial evaluation of the nervous system 
can be obtained with standard toxicity studies, which are typically con-
ducted over a range of doses that include the maximum tolerated dose.  
OECD encourages an iterative approach that includes a determination of 
whether the neurotoxic effects and exposure assessment provide suffi-
cient data for an assessment of risk (OECD 2004c).  The available in-
formation on the test chemical and on structurally related chemicals can 
be used to guide selection of additional neurotoxicity tests. 
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Immunotoxicity 
 
The immune system is responsible for defending the body against 

infection by viruses, bacteria, and other disease-producing microorgan-
isms.  It also plays a role in cancer surveillance, destroying cells that 
have become transformed and might otherwise develop into tumors.  For 
the immune system to recognize the wide array of pathogens that are pre-
sent in the environment, it relies on many cell types that play mutually 
supporting roles in generating an immune response.  Those cells arise 
from stem cells in the bone marrow and thymus and are found through-
out the body in lymphoid tissues and in the blood as white blood cells.  
Because of the complexity of the immune system, assessing the influence 
of chemical exposure is a complicated and difficult task.   

Two main types of immunotoxic responses may result from xeno-
biotic exposure:  immunosuppression (in which one or several specific 
functions of the immune system are inhibited, and the inhibition results 
in increased susceptibility to infections or tumors) and  antigenicity (in 
which the immune system recognizes the xenobiotic as foreign and 
mounts an immune response to it).  Antigenicity is more commonly 
known as allergy, which is often referred to as hypersensitivity even 
though it constitutes a normal immune response to a foreign substance.  
Contact hypersensitivity is a relatively common cutaneous immunotoxic 
response that depends on the sensitization of T lymphocytes and leads to 
the development of inflammatory lesions in the skin on re-exposure to 
the sensitizing chemical.  Alternatively, IgE-antibody-mediated allergic 
responses occur immediately on re-exposure to a sensitizing chemical, 
and symptoms depend on the route of exposure to the xenobiotic.  If the 
exposure occurs by inhalation, asthmatic conditions, such as wheezing or 
pulmonary congestion, may arise; if the exposure is oral, there may be an 
intestinal reaction of diarrhea or vomiting; and systemic effects may in-
clude decrease in blood pressure, vessel leakage, or shock. 

A third, less studied immunotoxic effect of xenobiotic exposure is 
autoimmunity.  In this situation, the xenobiotic may act as a partial anti-
gen (a hapten) and create a new antigen by binding to tissue protein.  If 
the immune system recognizes the new tissue-associated protein as for-
eign, an immune response to the tissue is generated and results in an 
autoimmune response and, if it is persistent, autoimmune disease. 

Potential immunosuppressive effects are often identified during 
subchronic toxicity testing.  Whole and differential blood-cell counts, 
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lymphoid organ weights, and histopathologic examination of the spleen, 
thymus, lymph nodes, and bone marrow can indicate effects on the  
immune system.  However, those end points alone may not always be pre-
dictive of immunotoxicity (Luster et al. 1992, 1993).  Because test ani-
mals are routinely maintained under very clean housing conditions, the 
immune system can essentially be considered to be “resting” unless spe-
cifically challenged with antigen.  Therefore, a specific immune response 
must be induced to assess the ability of a xenobiotic to cause immuno-
suppression.   

The functional immune test recommended by EPA is the in vivo 
antibody response to sheep red blood cells (SRBCs) (EPA 1998q).  The 
test is done in mice and rats unless the pharmacokinetic data are similar 
in both species, in which case either species may be used.  The animals 
are exposed to test and control compounds for at least 28 days and are 
then immunized with SRBCs.  At the end of the exposure period (4-5 
days after SRBC injection), either a plaque-forming cell assay to meas-
ure the number of B cells making anti-SRBC antibody (immunoglobin 
M, IgM) or an enzyme-linked immunosorbent assay (ELISA) to measure 
serum anti-SRBC IgM is performed.  Additional or followup tests may 
include flow cytometry to evaluate subpopulations of T and B cells if 
there is substantial suppression of the anti-SRBC response or a functional 
test for natural killer cells to assess the chemical’s effect on nonspecific 
immunity (EPA 1998q).  The Food and Drug Administration (FDA) also 
recommends the SRBC assay as a test for immunosuppression if phar-
macokinetic studies indicate that an investigational new drug or its me-
tabolites concentrate in immune tissues (FDA 2002). 

Immunotoxicity testing for contact hypersensitivity has been con-
ducted for many years; guinea pigs have been the model of choice.  The 
guinea pig maximization test (GPMT) and the Buehler test (BT) have 
been validated for use in screening for skin sensitizers.  The BT and 
GPMT involve delivery of a test substance or vehicle to the skin of 
guinea pigs either topically (BT) or by intradermal injection with and 
without Freund’s adjuvant (GPMT).  In both tests, skin inflammatory reac-
tions are graded and recorded after challenge doses of the test substance.   

The expense and technical difficulties associated with guinea pig 
tests led to a concerted effort among interested parties to develop and 
validate a mouse model that could replace the guinea pig tests.  The 
mouse local lymph node assay (LLNA) has now obtained regulatory ac-
ceptance for screening for skin sensitizers The LLNA detects prolifera-
tion of lymphocytes in lymph nodes on application of potential skin sen-
sitizers to the ears of mice.  The test affords a quantitative measure of 
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cell proliferation as a function of incorporation of radioisotope into DNA 
of dividing lymphocytes.  The LLNA is considered a refinement of tradi-
tional guinea pig skin sensitization assays because it minimizes pain and 
distress of animals and uses fewer animals (EPA 2003; FDA 2002; NTP 
1999).  Alternatively, the mouse ear swelling test may be used to detect 
moderate to strong sensitizers; if an agent is positive, it may be designated 
a potential sensitizer without further testing in guinea pigs (EPA 2003). 

Tests for immunotoxicity are also outlined in guidelines for micro-
bial-pesticide toxicity studies (EPA 1996).  For those agents, EPA considers 
reporting of observed allergic responses of humans to microbial pest-
control agents (MPCAs) sufficient to address potential health concerns 
about allergy or hypersensitivity.  If there is a potential for a virus-
containing MPCA to cause immunodeficiency in mammals, specific fol-
lowup tests are prescribed case by case.   

   
 

Genotoxicity  
 
Genotoxicity refers to adverse effects on DNA, genes, and chromo-

somes, and genetic toxicology is the branch of toxicology that studies 
those effects.  There is concern about such effects because many human 
diseases are of mutational origin.  Down, Klinefelter, and Turner syn-
dromes are the most frequently encountered chromosomal aberrations in 
humans, and  retinoblastoma (a gene mutation) occurs in one of 20,000 
births (Flamm et al. 1977).  Brusick (2001) provides information on the 
effects of mutagens on the human gene pool.   

The purpose of conducting genotoxicity studies is to identify agents 
that have the potential to alter DNA.  Originally, the focus of genetic 
toxicology was on whether the effects could be transmitted to future gen-
erations.  To evaluate that possibility, methods were developed to deter-
mine the transmissibility of genetic damage to progeny.  Those methods 
used whole animals, primarily rats or mice.  Over the years, the concern 
about what the effects mean for potential carcinogenicity has increased.  
One could argue that most studies as now practiced are directed toward 
evaluating carcinogenic potential (FDA 2000a).  As a result, more in vi-
tro testing for genotoxicity is done.  Animal studies, however, remain a 
part of test guidelines of EPA, FDA, and other government agencies and 
organizations.   

Test methods in genetic toxicology are categorized according to 
their ability to detect gene or point mutations; chromosomal effects, such 
as breaks, gaps, translocations, and aneuploidy (loss or gain of one or 
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more chromosomes); or other DNA damage, as can be indicated by un-
scheduled DNA synthesis (Herbold et al. 2001).  There are over 50 spe-
cific tests of genetic toxicity; they are conducted in bacteria, yeast, fruit 
flies, mammalian cells, and whole animals.  Table 2-2 lists representative 
genotoxicity tests, which include both in vitro and whole-animal tests, 
particularly in the case of chromosomal abnormalities.  Only the tests 
that are used most often for regulatory purposes are discussed here.   
 With the exception of the heritable-translocation assay and the 
dominant-lethal assay, the tests discussed here have a common limita-
tion.  They provide information only on carcinogenic or mutagenic po-
tential (that is, hazard identification) and are less useful for providing 
quantitative information needed for risk assessment.  That glaring defi-
ciency is most apparent when one considers how to assess the risks to 
humans from chemicals that cause gene mutations.  The only assay that 
can be used is the specific locus assay conducted in mice.  However, that 
assay is not typically used, because it is costly and requires the use of 
large numbers of animals. 

 
 

Gene or Point Mutations 
 
A variety of methods that use bacteria or mammalian cells have 

been developed.  Because of costs, few studies are conducted in vivo.  
Most gene-mutation tests involve in vitro single-cell systems, and only in 
vitro tests that are used most frequently are discussed here. 
 Gene mutations are usually single-base or base-pair alterations in 
DNA.  Tests measuring those effects may be subdivided into tests that 
detect reverse or forward mutations.  In general, the most sensitive tests 
for detecting gene mutations are the reverse-mutation methods, such as 
the bacterial reverse-mutation tests that use Salmonella typhimurium and 
Escherichia coli (EPA 1998r).  The sensitivity of those organisms has 
been increased by modifications that allow chemicals to penetrate their 
cell walls more easily or prevent the DNA-repair process.  The modifica-
tions have increased the ability of tests to detect mutagens.  Some scien-
tists view them as less relevant to the human situation and thus not very 
useful for providing quantitative information needed for risk assessment.  
However, these tests are extremely useful for hazard identification, and 
most scientists do not doubt the utility of single-cell gene-mutation sys-
tems for screening chemicals as the first steps in a tiered-testing ap-
proach.  Positive test results are thought to indicate the potential  
muta-genicity of a chemical in both animals and humans.  The S. typhi- 
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TABLE 2-2  Representative Genetic Toxicology Tests 

Point or Gene Mutation      
Chromosomal  
Aberration                  DNA Damage 

Salmonella microsome 
assaya 

Human lymphocyte 
cellse 

E. coli pol A 
(W3110/P3478)i 

E. coli 
WP2uvrApKM101b 

Chinese hamster ovary 
cellsd 

Bacillus subtilis rec 
(H17/M45)i 

Mouse lymphoma 
L5178Yc 

Mouse lymphoma 
L5178Yc 

Rat liver primary cellsj 

Chinese hamster ovary 
cellsd 

Rodent bone marrow 
cellsf 

 

 Dominant-lethal assayg  
 Heritable-translocation 

assayh 

 

aMaron and Ames 1983. 
bEPA 1998r. 
cClive et al. 1979. 
dPreston et al. 1981. 
eDean and Danford 1984. 
 fKilian et al. 1977. 
gGreen et al. 1985. 
hGeneroso et al. 1980. 
iLeifer et al. 1981. 
 jWilliams 1977. 
 
 
murium assay has also been shown to be useful for detecting mutagenic 
carcinogens.   

Other in vitro systems that can be used to detect gene or point mu-
tations are mouse lymphoma, Chinese hamster ovary, and Chinese ham-
ster V79 cells (EPA 1998s).  The mouse lymphoma test is also capable of 
detecting chromosomal aberrations.  With most in vitro methods, meta-
bolic-activation capabilities should be added to allow detection of 
chemicals that require activation to produce mutagenicity.   

 
 

Chromosomal Aberrations 
 
Chromosomal aberrations may be thought of as structural or nu-

merical alterations of chromosomes.  After exposure to a clastogen (an 
agent that causes structural alterations), breaks or gaps in the continuous 
structure of the chromosome can be viewed with a microscope.  Clasto-
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gens are thought to cause major harm to DNA.  Mammalian cells in cul-
ture—such as Chinese hamster fibroblasts, human or animal peripheral 
lymphocytes, and cells from whole animals—can be used (EPA 1998t).  
In animals, structural alterations can be observed in somatic cells, such 
as peripheral blood cells, and in germ (spermatogonial) cells.  The value 
of assessing structural chromosomal damage is in the corroboration of an 
agent as a potential mutagen, that is, producing not only gene mutations 
but also chromosomal alterations.  In addition, results of in vitro testing 
can be verified in vivo with the same end point (chromosomal aberra-
tions), and this is not easily done in the case of gene mutations.  It must 
be recognized, however, that not all chemicals that produce gene muta-
tions produce structural chromosomal alterations (Zeiger 1998), and 
some human carcinogens, such as asbestos (Jaurand 1997), do not pro-
duce gene mutations but do cause chromosomal mutations.   

Another type of structural alteration is formation of micronuclei.  
Micronuclei can be defined as cytoplasmic chromatin-containing bodies 
that are formed when acentric chromosomal fragments or whole chromo-
somes lag during anaphase and fail to become incorporated into daugh-
ter-cell nuclei during cell division (FDA 2000b).  The mammalian red-
blood-cell micronucleus test detects chromosomal fragments in bone 
marrow and other tissues.  It can also detect numerical alterations (ane-
uploidy) (FDA 2000b; Hayashi et al. 2000).   

Chromosomal aberrations in somatic cells have implications for 
carcinogenicity, whereas aberrations in germ cells imply transmission of 
effects to future generations.  A number of whole-animal tests are used to 
detect chromosomal aberrations.  The more prominent are the rat or 
mouse bone marrow cytogenetic assay (EPA 1998u), the rat or mouse 
dominant-lethal test (EPA 1998v), and the mouse heritable-translocation 
test (EPA 1998w).  The dominant-lethal and heritable-translocation tests 
detect only chromosomal abnormalities that are produced in male germ 
cells.  The bone marrow and dominant-lethal tests are usually used in the 
second tier of toxicity testing, and the heritable-translocation test in the 
third tier.   

 
 

DNA Damage 
 
Tests that detect DNA damage do not detect actual mutations.  

They yield indirect evidence of mutagenicity in that they detect an inter-
action with DNA that has affected the repair process.  E. coli and B. sub-
tilis (EPA 1998x) and such mammalian cells as liver cells are usually 
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used.  In bacteria, cell survival differs between a strain that is capable of 
DNA repair and one that is not.  The mutagen should cause more cell 
killing in the strain devoid of repair.  In mammalian cells, a process 
called unscheduled DNA synthesis measures the repair (synthesis) of 
DNA at a period other than the usual S phase of the cell cycle (Herbold 
et al. 2001).  The S phase is the stage of the cell cycle in which normal 
DNA synthesis occurs.  Non-S-phase synthesis is thought to occur when 
the cell is undergoing the excision repair that has been induced by the in-
teraction of a chemical with DNA.  Tritiated thymidine is incorporated 
into the DNA of cells undergoing unscheduled DNA synthesis, and the 
resulting radiolabeled nuclear grains are counted.  A substantial increase 
in the number of grains in the treated cells signifies an effect.  The effect 
is indirect (that is, it does not detect a mutagenic event) and is usually 
viewed as indicating potential mutagenicity in mammalian cells.  The 
method is used primarily as a screening assay at the first level of a tiered 
approach. 

 
 
In Vitro Tests for Cellular Toxicity and Other End Points 

 
Thousands of chemicals are synthesized or brought to market each 

year, and conventional toxicity testing has not kept up with the pace of 
development.  The cost of animal testing is high; it may exceed several 
million dollars per substance.  In addition, there are concerns about ani-
mal welfare because testing uses a large number of animals.  The devel-
opment of in vitro model systems to evaluate the toxicity of chemicals 
and drugs and potentially to reduce overall costs and animal use is re-
ceiving increased attention. 

In vitro model systems, in general, have been used for two primary 
purposes:  to gain a better (perhaps mechanistic) understanding of 
chemical-induced toxicity in animals and possibly humans and to serve 
as rapid screening systems for the toxicologic evaluation of chemicals, 
which may complement in vivo toxicity testing or may replace some in 
vivo models if scientifically validated and accepted by regulatory agen-
cies.  Commonly used in vitro models for assessing chemical toxicity in-
clude perfused organ preparations, isolated tissue preparations, single-
cell suspensions, and cell-culture systems, such as primary cell cultures 
and mammalian cell lines.  Of these in vitro models, cell-culture systems 
have been used more often by investigators because they are reliable, re-
producible, and relatively inexpensive experimental systems to assess 
chemical toxicity at the cellular level.  In vitro tests that assess cellular 
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toxicity may be characterized as tests that measure cellular functions and 
tests that measure cell death.  Functional assays typically measure re-
versible events that reflect a state of impairment or reversible cell injury 
or toxicity, and cell-death assays (often referred to as permeability as-
says) estimate the failure of the permeability barrier of the plasma mem-
brane, which represents irreversible cell injury or loss of cell viability. 

As described previously (Table 2-2), cultured human and other 
mammalian cells, such as lymphocytes and fibroblasts, are an integral 
part of EPA test guidelines for the determination of gene mutation, sister-
chromatid exchange, chromosomal aberrations, and unscheduled DNA 
synthesis.  EPA has accepted a battery of in vitro tests to evaluate the 
high-production-volume chemicals.  In that battery, in vivo cytogenetics 
can be replaced by in vitro cytogenetics.  In addition, nonanimal methods 
for assessing cellular toxicity have been used for many years by manu-
facturers to support inhouse decisions about product development before 
conducting conventional animal testing (Bruner et al. 1996).  The rec-
ommendation of nonanimal methods for use in regulatory toxicology has 
occurred case by case since the development of the field of validation 
and the establishment of the Interagency Coordinating Committee on the 
Validation of Alternative Methods (ICCVAM) and its European counter-
part, the European Centre for the Validation of Alternative Methods 
(ECVAM) in the 1990s.  In recent years, ICCVAM and ECVAM have 
validated (or accepted as validated) and recommended for regulatory ac-
ceptance a number of in vitro tests.  As seen in Table 2-3, the validated 
assays have primarily been assays that evaluate cytotoxicity or cell vi-
ability.  The process for validating these methods has established their 
strengths and weaknesses and in some cases limited their applicability to 
specific chemical classes. 

In addition to tests that have been validated and recommended for 
regulatory use, there are many examples in the literature of a wide vari-
ety of mammalian cells that are used to evaluate the toxicity and efficacy 
of chemical agents and to investigate mechanisms of toxicity.  Several 
examples are discussed briefly below. 

The Developmental Therapeutics Program at the National Cancer 
Institute (DTP 2005) developed an in vitro cell-line screen to support its 
drug-discovery program.  The system, designed to screen up to 20,000 
compounds per year for potential anticancer activity, uses 60 human tu-
mor cell lines, representing leukemia, melanoma, and cancers of the  
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lung, colon, brain, ovary, breast, prostate, and kidney.  The aim is to rank 
synthetic compounds or natural-product samples for selective growth in-
hibition or killing of particular tumor cell lines for further evaluation. 
 An engineered cell line, the MCL-5 human lymphoblast line, was 
designed to express five human cytochrome P450s (CYPs) (Crespi et al. 
1991).  The human CYPs incorporated into the MCL-5 cell line are the 
major P450s implicated in creating toxic metabolites and include CYPs 
1A1, 1A2, 3A4, 2A6, and 2E1 and epoxide hydrolase.  The MCL-5 assay 
an differentiate between parent and metabolite toxicity in one assay by 
comparing the concentrations of chemicals that produce 50% inhibition 
of growth (IC50) in the MCL-5 cells with the IC50 values obtained in a 
control cell line cH2, which does not express the P450s. 

Considerable effort has been devoted to the development of human 
skin or surface epithelium equivalents to replace animals in toxicity test-
ing and in mechanism studies (Ponec 2002).  The human tissue equiva-
lents mimic native tissue to a high degree.  They originate in human 
keratinocytes that are cultured on a variety of matrices and can be mixed 
with other cell types found in skin, including dendritic cells, melano-
cytes, and fibroblasts.  Human three-dimensional tissue models for vari-
ous epithelial tissues—including epidermal, corneal, esophageal, oral, 
tracheal and bronchial, ectocervical, and vaginal—have been developed 
and are commercially available.  Those tissue equivalents form a typical 
multilayer epithelium and express markers of epithelial differentiation 
(Ponec 2002).  Two such models are used in corrosivity assays that have 
been validated and approved for regulatory use by ECVAM and 
ICCVAM (see Table 2-3). 

The greatest level of xenobiotic biotransformation is attributed to 
the liver, and considerable effort has been devoted to the development of 
various liver cell and tissue-culture systems for use in studies of xenobi-
otic metabolism and toxicity.  A number of recent reviews (Guillouzo 
1998; Lerche-Langrand and Toutain 2000; de Kanter et al. 2002; Grone-
berg et al. 2002; Gebhardt et al. 2003; Brandon et al. 2003) have covered 
the advantages and limitations of various in vitro liver cell systems, in-
cluding isolated perfused liver, isolated hepatocytes in short-term sus-
pension and primary monolayer culture, various liver cell lines, and liver 
precision-cut slice cultures.  The isolated liver-perfusion system most 
closely resembles the in vivo liver in maintenance of tissue architecture 
and cell-cell interaction.  Its use can reduce but not eliminate animal use.  
Those in vitro systems were initially developed with rodent liver in re-
search laboratories investigating liver biochemistry, mechanisms of 
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hepatocyte growth control, the role of cell-cell interactions, xenobiotic 
phase I and phase II biotransformation processes, and mechanisms of 
toxicity.  They are widely used in drug development, where the objective 
is to obtain information that can be reliably extrapolated to the in vivo 
situation with regard to metabolism, drug-drug interactions, and mecha-
nisms of toxicity.  The increased availability of human liver (liver that is 
not usable for transplantation but is suitable for research studies) has 
provided data directly relevant to human liver biotransformation capacity 
and allowed comparison with data generated with rodent liver.  Other or-
gans and tissues also have biotransformation capacity that may contrib-
ute to tissue-specific toxicity, and the preparation of precision-cut tissue 
slices from various tissues (such as lung, kidney, and intestine) for use in 
studying tissue-specific biotransformation and toxicity has recently been 
reviewed by de Kanter et al. (2002).   

Although in vitro systems are being used to assess the effects of 
chemicals on a number of cell types, only a few of the methods have 
been validated and recommended for acceptance by European and U.S.  
groups for regulatory purposes (see Table 2-3).  Future research should 
be directed toward the refinement of existing methods and the develop-
ment of new alternatives.  As the level of technologic sophistication ad-
vances, an increased understanding of cellular mechanisms of toxicity 
will be achieved.  Although in vitro model systems are now recognized 
as powerful tools in toxicity testing, their full potential remains largely 
undeveloped. 

 
 

MECHANISTIC TESTING: METABOLISM  
AND PHARMACOKINETIC STUDIES2 

 
Metabolism studies are used to identify potential biotransformation 

products after administration of test chemicals to experimental animals 
and to examine the potential for accumulation of compound or metabo-
lites in tissues with repeated dosing.  Pharmacokinetic (PK) studies can 
evaluate the time course of changes in concentrations in the body, persis-
tence of radioactivity after dosing with radiolabeled compounds, or ac-
cumulation with multiple dosing.  The EPA test guidelines for metabo-
lism and pharmacokinetic studies (EPA 1998y) require a suite of studies 

                                                           
 2Together, metabolism and pharmacokinetic studies have traditionally been 
referred to as ADME (absorption, distribution, metabolism, and excretion) studies. 
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to be submitted for review under FIFRA for pesticides.  EPA requires 
development of data on metabolite formation, absorption, distribution, 
biotransformation, and excretion.  The data are intended to aid in under-
standing mechanisms of toxicity and in determining whether animal tox-
icity studies are adequate for testing toxicity concerns associated with 
plant metabolites of the pesticide that might be present on raw agricul-
tural products.  The guidelines discuss two tiers of tests:  a required core 
group of studies (tier 1) and a followup group (tier 2).   

The tier 1 studies are more closely linked to specific requirements 
in the guidelines.  In general, the guidelines expect tier 1 studies to sat-
isfy regulatory requirements for biotransformation and PK data.  Tier 1 
tests use a radiolabeled test chemical to evaluate material balance, iden-
tify metabolites, and assess distribution and persistence of the radiolabel 
in various tissues.  A single low-dose study is necessary with at least four 
young adult male animals, typically rats.  The rationale for selection of 
dose route, specific dose rate, and animal sex needs to be described in the 
final report.  By using radioactivity, the studies assess net behavior of the 
administered radiolabel rather than any specific characteristics of the 
parent chemical or important metabolites.  The metabolism portion re-
quires identification of all metabolites that constitute more than 5% of 
the original dose, from which the study report should propose a sche-
matic of the pathways of metabolism.   

Tier 2 studies should be designed to answer questions about chemi-
cal disposition on the basis of tier 1 results or other toxicity-test results.  
Any tier 2 study would be conducted according to agreement between a 
registrant and EPA, and considerable flexibility is allowable in tier 2 
studies.  Possible tier 2 studies identified in the test guidelines are 
evaluation of the extent of absorption, tissue-distribution time courses, 
plasma kinetics, and enzyme induction.  The latter two still rely on radio-
activity rather than speciation of the label or tracking of the parent 
chemical by chemical-specific analytic methods.  The guidelines for tier 
2 studies encourage physiologically based pharmacokinetic (PBPK) 
modeling and development of data needed for structured PK models.3  
                                                           
 3PK models describe the time course in relation to model parameters that ac-
count for chemical movement and reactions within the body and elimination. In 
PBPK models, time-course behaviors are directly related to blood flows, tissue 
solubility, metabolic constants, and routes and processes of elimination.  PBPK 
models have been developed to facilitate extrapolations required in human 
health risk assessments by predicting tissue doses of toxic compounds under a 
variety of exposure conditions in test animals and people, thereby allowing pre-
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The guidelines also note that PBPK studies with parent chemicals might 
be submitted in lieu of other tier 1 studies if it is determined that PBPK 
studies would satisfy the metabolism and pharmacokinetics guidelines.  
Despite the encouragement, the guidelines do not define the studies re-
quired to generate datasets to support development of PK or PBPK mod-
els for any specific compound or class of compounds (that is, there are 
no formal guidelines for PK or PBPK model development).  Current test 
guidelines for metabolism and PK studies will need to be revised to pro-
duce data more useful for PBPK model development.  For example, the 
collection of data on radioactivity does not characterize the kinetics of 
specific forms of the compound (parent compound and major metabo-
lites), and studies of individual compounds are needed for PBPK model 
development. 

In general, the EPA guideline specifies a minimal dataset without 
providing a strong basis for evaluating alternative test strategies that 
might provide results more pertinent to human health risk assessment.  
The emphasis on measurement of radioactivity without speciation into 
specific compounds limits the value of the kinetic data collected in ac-
cordance with the guideline.  Nevertheless, the studies are useful for as-
sessing biotransformation products, for inferring the role of the parent 
chemical and metabolites in specific toxic responses, and for getting a 
sense of the overall pharmacokinetics of a compound in a test animal. 
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3 

 
Human Data 

 
Human data generally are not a part of toxicity-testing strategies 

despite the importance of human responses to potentially toxic agents.  
Although animal toxicity studies and in vitro studies provide relevant 
information on potential adverse health effects of exposure to an agent, 
they can miss an effect relevant to the human population.  As mentioned 
in Chapter 2, a famous example is thalidomide, to which rats are highly 
resistant but human fetuses are exquisitely sensitive.  Studying the hu-
man population also provides an opportunity to evaluate the effects of 
the full variety of agents in the complex contexts of workplaces and daily 
lives.  The large populations also provide an enormous sample size in 
which rare effects might be detected.  If the human experience is not 
evaluated, animal-to-human extrapolations are tenuous (for example, 
some responses observed in animals may not be relevant to the human 
population).  Human data provide a benchmark for those extrapolations. 

Given the importance of human data, this chapter reviews the vari-
ous types of human data, provides examples of the use of human data in 
regulatory analyses, and considers the challenges to and possible ad-
vances in studies of the human population.  Regarding availability of 
human data, clearly, no population data will be available on a chemical 
newly introduced to the marketplace, although there may be controlled-
exposure data, such as those from a clinical trial conducted on a pharma-
ceutical.  Population data will be available only on chemicals that have 
been in production for some time, perhaps several decades.  Thus, differ-
ences in data availability on new versus existing chemicals should be 
considered in developing the role of human data in any toxicity-testing 
strategy. 
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CLINICAL OR CONTROLLED-EXPOSURE STUDIES 
 
Humans are often intentionally exposed to various agents to evalu-

ate possible health effects.  Most intentional exposures occur during the 
development of potential new medicines and are used to characterize 
their efficacy and safety.  The clinical-trial process is subject to numer-
ous regulations, guidance, monitoring, and reporting obligations that at-
tach primary importance to patient well-being.  Specifically, the trials are 
conducted under multiple federal regulations (21 CFR 21, 50, 54, 312 
[2004]), good-clinical-practice guidelines, and technical requirements 
established by the International Conference on Harmonization (EMEA 
2002).  Such guidelines and regulatory requirements determine regula-
tory oversight processes, trial conduct, ethical review, informed consent, 
monitoring of drug supplies, adverse-event monitoring, and data integrity 
and quality assurance. 

Preclinical safety testing of investigational new drugs must satisfy 
the appropriate regulatory bodies that the first clinical trials in humans 
will pose minimal risk for subjects. The exhaustive nature of the pre-
clinical assessment, which includes high-dose acute and multidose 
chronic studies in animals, means that only a few potential new drugs 
will be deemed sufficiently safe for administration to human volunteers.  
The trial process itself is separated into distinct phases, and the study 
protocol for each phase is subject to review by an institutional review 
board or ethics committee.  The phases of clinical trials are as follows: 

 
• Phase 1.  This stage, typically performed in fewer than 100 

healthy volunteers, is designed to establish dose-range tolerance.  It may 
include a carefully controlled and monitored dose-escalation protocol.  
For some disease indications, such as cancer and HIV, the Food and 
Drug Administration supports an accelerated process in which efficacy 
and tolerance are assessed simultaneously in patients with the disease in 
question. 

• Phase 2.  For most indications, this stage is designed to refine 
dose ranges, establishing efficacy and safety in typically 100-500 se-
lected patients who represent the target population.  Drug tolerance is 
monitored.  Parallel safety studies in animals are also run to characterize 
potential adverse effects that may be a consequence of high-dose or long-
term exposure and to characterize specific end points, such as reproduc-
tive and developmental effects. 
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• Phase 3.  These studies, which are usually multicenter and 
possibly multinational, involve thousands of representative patients and 
enable assessment of the efficacy and safety of the proposed new drug at 
doses characterized in the previous phases.  Successful completion of 
this stage, with demonstrated efficacy and manageable side effects, is 
necessary for approval to market the drug. 

• Phase 4.  Postmarketing surveillance, which may include fur-
ther clinical trials, involves the collection of further data on drug efficacy 
and safety in the broader patient population.  

 
Some environmental agents, such as ozone and perchlorate, have 

been studied with controlled exposures of volunteers.  Those studies 
have provided information on pharmacokinetics and pharmacodynamics 
at environmentally relevant concentrations.  The ethical implications of 
such studies have been raised, and guidance on their conduct and their 
use for regulatory purposes is being debated (NRC 2004a). 

 
 

CASE REPORTS 
 
Many human toxicants were first recognized by astute clinicians 

who reported their suspicions that the occurrence of some rare disease in 
association with an unusual exposure was more than coincidence. Case 
reports include detailed medical information that has been collected on a 
single patient or a series of similar patients.  Clinical information may be 
gathered from private physicians, hospitals, clinics, and ambulatory-care 
facilities to investigate and understand disease etiology.  Some clinical 
information on acute exposures may be obtained from the Toxic Expo-
sure Surveillance System, which contains data on over 36 million human 
poison-exposure cases compiled by the American Association of Poison 
Control Centers (Watson et al. 2004). 

Case reports are particularly useful in investigating exposures on 
which there is little or no reported human toxicity information.  Some of 
the most informative case reports are derived from occupational settings.  
Workers in industrial settings are often the first to show adverse effects 
of an agent because of their high or chronic exposure.  One example is 
the recognition of the causative link between vinyl chloride and hepatic 
angiosarcoma among polyvinyl chloride workers.  Zymbal gland carci-
nomas, nephroblastomas, and hepatic angiosarcomas were observed in 
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rats exposed to vinyl chloride by inhalation in August 1972.  In Decem-
ber 1973, a case of malignant hepatic angiosarcoma in a polyvinyl chlo-
ride production worker was associated with occupational vinyl chloride 
exposure (Creech and Johnson 1974; Maltoni et al. 1981).  Retrospective 
occupational cohort studies later confirmed the connection.  Thus, re-
searchers identified a new cause (exposure to vinyl chloride monomer) of 
a rare disease previously associated only with medical use of Thorotrast 
and occupational exposure to inorganic arsenic (Falk et al. 1981). 

 
 

EPIDEMIOLOGIC STUDIES 
 
Epidemiologic studies typically investigate the relationship between 

exposure to a substance and potential health effects in a human popula-
tion.  There are several study designs and different approaches to orga-
nizing and classifying them.  Table 3-1 provides one perspective on de-
fining epidemiologic study designs and their basic characteristics.  

 
 

TABLE 3-1  Examples of Epidemiologic Study Designs 
Study  
Design Characteristics Comments 
Cohort A study in which the individual is the 

unit of observation. A cohort (large 
group of people) is defined and  
evaluated over a particular period to 
determine the occurrence of a health-
related outcome and its possible  
relationship to a given exposure.  
Prospective cohort studies monitor a 
disease-free population selected at the 
beginning of the study for the  
occurrence of health effects associated 
with a given exposure. Retrospective 
cohort studies evaluate a cohort after 
the outcome has occurred, and  
exposure information is estimated on 
the basis of historical records, subjects’ 
memories, or job descriptions. 

The primary purpose of a 
cohort study is to establish 
the incidence or occurrence 
of new cases of the health 
outcome among the exposed 
and unexposed groups to 
estimate a relative risk  
between two groups. An 
unbiased cohort study can 
reflect the cause-effect  
temporal sequence of events 
with regard to an exposure 
and an outcome.   
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Case-
Control 

A study that involves the recruitment 
of a series of cases with a specific  
disease and a series of disease-free 
controls. Comparisons of exposure to 
the agent of interest are then made 
between the cases and control series.  

Higher exposure to a  
specific agent among the 
cases than among the  
controls suggests that the 
risk of the disease of  
interest may be increased as 
a consequence of exposure. 

Cross-
Sectional 

A study in which disease prevalence 
and exposures are evaluated in a cohort 
at a single time (that is, people are not 
followed over time). 

An important distinction 
between cohort and  
cross-sectional studies is 
that a cohort study selects 
an at-risk population, but a 
cross-sectional study selects 
people who are then  
classified as having or not 
having the disease on the 
basis of information  
collected after selection. 

Ecologic A study that examines exposure and 
risk factors on a group level (generally 
studies of geographically defined 
populations). Cross-sectional ecologic 
studies compare aggregate exposures 
and outcomes in communities in the 
same period. Time-trend ecologic 
studies compare aggregate exposures 
and outcomes in the same community 
over time.  

An association observed 
between two variables on an 
aggregate level does not 
necessarily represent an 
association on an individual 
level (known as the ecologic 
fallacy).  Causation cannot 
be established by such  
studies, but they can supply 
useful supporting  
information. 

 
 
Epidemiologic studies are often referred to as occupational or envi-

ronmental depending on whether the study population is exposed in the 
workplace or through daily living, respectively.  Because of higher expo-
sures in some workplaces relative to the general environment, the occu-
pational setting has provided valuable information on the potential ad-
verse effects of various chemicals.  Although occupational exposure 
monitoring is done primarily for purposes of industrial hygiene and com-
pliance with occupational exposure guidelines, the resulting data are  
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often useful in occupational epidemiologic studies.  Large industries may 
also have disease surveillance programs, which can be used to provide 
health-outcome data for occupational studies.  However, occupational 
data may be biased because of the healthy-worker effect, which is de-
fined as a population bias resulting from reduced recruitment or early 
withdrawal of less-healthy persons from the worker population.  That 
bias diminishes the possibility of observing a significant increase in risk.  
Other factors that may affect the reliability of occupational, as well as 
environmental, studies are poor or no control for confounding factors, 
nonrandom sampling of study subjects, exposure and disease measure-
ment error, and missing data due to subject nonresponse or losses to fol-
lowup.  Regardless of the possible study limitations, occupational and 
environmental epidemiologic studies can provide a systematic evaluation 
of human exposures and possible outcomes, are valuable in the risk-
assessment process, and are relevant in determining the adequacy of 
regulatory standards for chemicals that are already widely used.   

 
 

USE OF HUMAN DATA FOR REGULATORY ANALYSES 
 
Human data have been used to estimate risk and to establish stan-

dards for environmental and occupational exposures.  Table 3-2 provides  
 
 

TABLE 3-2  Examples of Risks or Standards Derived from Human Data 
For Drinking-Water Standards and Advisories 
Arsenic Cancer risks estimated from studies of bladder and other cancers 

in populations consuming arsenic-contaminated water (EPA 
1984; NRC 1999; OEHHA 2004a) 

Benzene Cancer risks estimated from studies of leukemia in workers in the 
Pliofilm industry in the United States and a large cohort of  
workers from various industries in China (EPA 1998; OEHHA 
2001) 

Nitrate Reference levels estimated from studies of infants exposed to 
nitrate at >20 mg of  nitrate-nitrogen per liter in drinking water 
used to prepare their formula (Bosch et al. 1950; Walton 1951) 

Perchlorate Reference levels estimated from controlled-exposure studies of 
inhibition of thyroid iodide uptake in perchlorate-exposed  
humans (OEHHA 2004b; NRC 2005)  
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For Air-Pollutant Standards and Advisories 
Arsenic Cancer risks estimated from studies of lung cancer in workers in 

the smelter and pesticide manufacturing industries (Roth 1958; 
Ott et al. 1974; Tokudome and Kuratsune 1976; Rencher et al. 
1977; Axelson et al. 1978; Mabuchi et al. 1979; Matanoski et al. 
1981; Enterline and Marsh 1982; Lee-Feldstein 1983) 

Benzene Cancer risks estimated from studies of leukemia in workers in the 
Pliofilm industry (Rinsky et al. 1981, 1987) 

Cadmium Cancer risks estimated from studies of lung cancer in workers in 
the cadmium smelter industry (Thun et al. 1985) 

Diesel  
exhaust 

Cancer risks estimated from studies of lung cancer in rail workers 
(Crump 2001; OEHHA/ALA 2001) 

Hexavalent 
chromium  

Cancer risks estimated from studies of lung cancer in workers in 
the chromate production industry (Mancuso and Hueper 1951; 
Mancuso 1975, 1997) 

Ozone Criteria standard derived from controlled human chamber studies 
of lung-function decrements and respiratory symptoms after 
ozone exposure (EPA 2005a) or epidemiologic studies of  
premature mortality, respiratory hospitalization, and asthma  
exacerbation (OEHHA 2004c) 

Particulate 
Matter 

Criteria standard derived from studies of correlations of  
premature mortality and fine-particle exposure in various U.S. 
cities (EPA 2005b) 

Vinyl  
chloride 

Risks estimated from studies of hepatic angiosarcoma and other 
cancers in workers in the U.S. polyvinyl chloride industry (Feron 
et al. 1981) 

For Food Residues 
Aflatoxin Widely recognized as a known human carcinogen on the basis of 

numerous studies of populations in China and Africa consuming 
contaminated foods (IARC 1993; FDA 2003); risks estimated 
from data in studies of Chinese populations controlled for  
confounding by hepatitis infection (Wu-Williams et al. 1992 ) 

Methyl-
mercury 

Reference exposure levels initially established from studies of 
poisoning incident in Iraq where people consumed grain treated 
with organomercurial pesticides and currently established from 
studies of associations of developmental effects and hair  
concentration in populations consuming large amounts of seafood 
(NRC 2000; EPA 2001) 
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examples of the use of human data to set water, air, and food standards or 
advisories.  In March 2004, the Environmental Protection Agency (EPA) 
Risk Assessment Task Force reviewed a sample of EPA’s Integrated 
Risk Information System database to estimate how often human data 
were used in developing reference concentrations (RfCs), reference 
doses (RfDs), or cancer risk assessments (EPA 2004).  Of the 15 RfC 
determinations reviewed, eight included human data, and four of the 
eight used the human data as the principal basis for determining the 
RfCs.  Of the 42 RfD determinations reviewed, nine included human 
data, and five of the nine used the human data as the principal basis to 
derive the RfDs.  Of the 27 classifications of carcinogenicity reviewed, 
10 identified human data, and four of the 10 used the human data to 
make the classification of carcinogenicity.  When human data were 
available but not used as the principal data, a variety of reasons were 
provided, including the questionable relevance of the exposures, concur-
rent exposure to other chemicals, imprecise measurements of exposure 
and duration, inadequate consideration of confounding factors, inade-
quate statistical power, insufficient time after exposure to observe out-
come, and the difficulty of using null results from epidemiologic studies. 

Epidemiologic studies have played a particularly important role in 
the assessment of population health risks associated with air pollutants.  
Two kinds of epidemiologic studies have shown that pollutants in ambi-
ent air are associated with adverse health outcomes (Cohen et al. 2003; 
Samet and Krewski 2005).  Adverse health effects of short-term expo-
sures to air pollutants have been consistently demonstrated in studies that 
relate daily fluctuations in pollutant exposure to hospital admissions, 
mortality (Samet et al. 2000), and perinatal health outcomes (Liu et al. 
2003).  Long-term cohort mortality studies, most notably the Harvard 
six-cities study (Dockery et al. 1993) and the American Cancer Society 
(ACS) study (Pope et al. 1995), have shown that long-term exposure to 
particulate air pollution is associated with increased cardiopulmonary 
and possibly lung-cancer  mortality (Pope et al. 2002).  Recent analyses 
of the ACS cohort conducted by Pope et al. (2003) have suggested that 
cardiovascular mortality associated with particulate air pollution is con-
sistent with pathophysiologic mechanisms of accelerated atherosclerosis.   
That hypothesis is supported by toxicologic data suggesting that particu-
late air pollution may lead to the induction of endothelins and cytokines, 
which may in turn lead to atherosclerosis (NRC 2004b).   
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CHALLENGES TO THE ADVANCEMENT OF EPIDEMIOLOGY 
 
Epidemiologic studies have been widely criticized on the grounds 

that their methodologic limitations make it difficult to draw clear asso-
ciations between exposure and disease. Those limitations have made it 
difficult to use epidemiologic data in regulatory risk assessments.  Three 
of the most common problems are that only uncertain or indirect esti-
mates of human exposure are available; that epidemiologic studies may 
identify associations with chemical classes, such as organophosphate 
pesticides, or with consumer-product categories, such as insecticides, 
rather than specific chemicals; and that the indeterminate and often long 
latency period between exposure and disease creates logistical challenges 
for study design and adds to the uncertainty of results.   Because of the 
complexity of epidemiologic datasets, there is a need to develop and re-
fine statistical methods of analysis to address critical data issues, such as 
random and systematic exposure-measurement error, selection bias, the 
effects of residual confounding and unmeasured covariates, and errors in 
health-outcome ascertainment. 

Good exposure assessment is critical for population-based research 
in environmental health to reduce the likelihood of biased results and to 
provide information that is valid and useful for informing public-health 
decision-making.  Adequate assessment of human exposure to an envi-
ronmental agent includes determining the exposure intensity, frequency, 
and duration.  A good exposure assessment should answer several ques-
tions:  Are people exposed to the environmental agent?  If so, what is the 
statistical distribution of exposures in the population?  How do exposures 
depend on personal characteristics, such as age, place of residence, and 
work in a particular area of a factory?  How have exposures changed 
over time?  Through what pathways are people exposed?  Evaluation of 
exposures of children and evaluation of exposures to mixtures are other 
exposure issues.  Children often have exposure pathways that differ from 
those in adults because of their propensity for hand-to-mouth activities, 
and children may be exposed to a higher dose relative to their body 
weight than adults in the same setting.  Mixtures typically are not ad-
dressed in exposure assessment; when exposures to mixtures are  
measured, incorporation of the results into a risk assessment is often im-
possible because of the lack of information about whether the combined 
exposures act in an additive, less than additive, antagonistic, or synergis-
tic manner.  
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Despite all the complex issues, human studies are needed to deter-
mine actual exposures; laboratory investigations cannot do that.  Most 
epidemiologic studies have estimated human exposure to suspected envi-
ronmental toxicants by collecting questionnaire data on past behavior 
patterns related to exposure.  Some studies have used job title or place of 
residence to categorize the exposure of study subjects.  Those methods 
often result in simplistic exposure categorizations, such as exposed and 
unexposed, which are of limited use in quantitative risk assessment.  Fur-
thermore, the errors in such data can lead to misclassification of expo-
sure, which can increase variances, introduce bias, or both.  Nondifferen-
tial random exposure misclassification will bias studies toward a null 
result, and a study may fail to detect or adequately measure a true asso-
ciation.   In contrast, systematic exposure-measurement error can lead to 
bias toward or away from a null result. 

Exposure assessment has improved in recent years.  Environmental 
monitoring has provided useful data for exposure assessments. For ex-
ample, testing foods and drinking water for contaminants has allowed 
scientists to create reasonable exposure estimates from the test results 
and data on food and water consumption patterns. Exposure modeling 
also has proved helpful in exposure assessment.  Models can be con-
structed to estimate exposures to chemicals in food, water, and air and 
from various household scenarios, such as a toddler playing on a lawn or 
carpet. Exposure models gradually improve as they are tested against 
monitored data and can be useful for generating exposure assessments 
for regulatory risk assessments.  Some models are not publicly available 
for scientific scrutiny and so cannot be assessed for validity.  Such mod-
els should not be used in the development of regulations or advisories 
until they have been shown to be valid and reliable.  The emerging fields 
that hold much promise for improving exposure assessment and other 
issues mentioned are discussed briefly below. 

 
 

CONTRIBUTIONS OF EMERGING  
FIELDS TO EPIDEMIOLOGY 

 
Improving the science of epidemiology so that it can improve the 

effectiveness of toxicity testing of environmental agents should have 
high priority.  New fields are emerging that may help to overcome the 
issues discussed.  Specifically, developments in biomonitoring, molecu-
lar and genetic epidemiology, and environmental health tracking hold 
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great potential for overcoming some of the major historical limitations of 
epidemiology and are discussed in the following sections. 

 
 

Biomonitoring 
 
Biomonitoring is the measurement of biomarkers in blood, urine, 

and tissues.  A biomarker is defined as “any substance, structure or proc-
ess that can be measured in the body or its products and influence or pre-
dict the incidence of outcome or disease” (WHO 2001).  Biomarkers 
should ideally be both specific to a particular environmental agent and 
sufficiently sensitive to reflect the effects of low-level exposure to that 
agent.  The incorporation of biomarkers in epidemiologic research offers 
considerable potential to improve exposure estimates and detection of 
adverse health effects of environmental agents in population-based stud-
ies.   In applying biomarkers of exposure, pharmacokinetic models are 
needed to define the relationship between exposure to a compound and 
the concentration of that compound or its metabolites in body tissues. 

 
 

Biomarkers of Exposure 
 
Biomarkers of exposure—such as lead in blood or deciduous teeth 

and polychlorinated biphenyls in blood or breast milk—have been in 
wide use for many years and have been critical in creating a large and 
robust epidemiologic database on a variety of toxicants.  The Centers for 
Disease Control and Prevention (CDC) National Report on Human Ex-
posure to Environmental Chemicals provides a continuing assessment of 
the U.S. population’s exposure to environmental chemicals based on a 
statistical sample of the general population.  The first report (CDC 2001) 
presented biomonitoring data on 27 chemicals; the second report (CDC 
2003) on 116 chemicals, including the original 27; and the third report 
(CDC 2005) on 149 chemicals, including the 116 from the second report.  
CDC’s work is one example of estimating population exposures with 
biomarkers of exposure.  Examples of innovative uses of biomarkers of 
exposure in population studies include researchers sampling participants 
for residues of relevant contaminants (Nordstrom et al. 2000; Pavuk et al. 
2003).  By decreasing exposure misclassification, the studies have helped 
to overcome one of the major hurdles of epidemiology.  However, bio-
monitoring does not fully overcome dose uncertainty and is applicable 
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mostly to chemicals with long biologic half-lives and to disease end 
points with relatively short latency periods.  Some researchers have suc-
cessfully used biomarkers of exposure for relatively short-lived toxicants 
in prospective cohort studies (Whyatt et al. 2004; Murray et al. 2004).  
Such an approach can allow clearer demarcation of the exposure status of 
members of the cohort, although it does not necessarily allow extrapola-
tion to dose.  

Biomarkers of exposure are critically important for strengthening 
epidemiologic research, but they can be used for other purposes.  Popula-
tion-based exposure surveys can be used to determine the distribution of 
exposure to specific toxicants, to identify groups with high exposures, 
and to track trends.  Such data can be useful in setting priorities when 
there is a need to determine whether exposure is widespread and in the 
risk-assessment process when there is a need to identify highly exposed 
populations. Agencies can also use biomarkers of exposure to track the ef-
fectiveness of regulatory efforts or identify a need for regulatory attention. 

 
 

Biomarkers of Effect 
 
Epidemiologic studies of such outcomes as cancer and chronic dis-

ease are particularly difficult because years or even decades may elapse 
between an exposure and the manifestations of symptomatic disease. In 
some cases, the mechanism of action of an environmental toxicant is suf-
ficiently well understood that biomarkers of effect have been developed 
and used in human health risk assessment.  For example, perchlorate, a 
drinking-water contaminant, is known to inhibit the uptake of iodide by 
the thyroid and thus possibly decrease the production of thyroid hor-
mones. Inhibition of radioiodide uptake measured in a human clinical 
study has been used as a biomarker of effect in risk assessments per-
formed by state environmental agencies and by the National Research 
Council (OEHHA 2004b; NRC 2005).  Markers of airway inflammation 
(such as nitric oxide in exhaled breath; inflammatory cells, cytokines, 
and chemokines in bronchoalveolar-lavage fluid; and RANTES gene 
activation) have been used in studies of the effects of ozone, diesel ex-
haust, and other air pollutants on rodents and humans (Pandya et al. 
2002).  Clinical tests of effect, such as forced expiratory volume in 1 sec 
(FEV1), have been used in risk assessments that have formed the basis of 
regulation of pollutants, including ozone (Gauderman et al. 2000).   
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Some biomarkers appear to be markers of both exposure and effect. 
For example, polycyclic aromatic hydrocarbon (PAH) DNA adducts in 
biologic samples can be used to assess exposure to PAHs, evaluate the 
potential for an early event in a multistep process of carcinogenesis, and 
perhaps even predict cancer risk in some groups (Peluso et al. 2005).  
Such biomarkers might be useful in risk assessment in which prevention 
of an early effect would protect human health.  

 
 

Molecular and Genetic Epidemiology 
 
Molecular epidemiology and genetic epidemiology identify molecu-

lar biomarkers of exposure and effect and incorporate them into study de-
signs to investigate gene-environment interactions and their associations 
with the etiology and distribution of disease.  Studies incorporating bio-
markers have demonstrated that genetic consequences of human expo-
sure are measurable and definable in tissues from exposed people 
(Schroeder et al. 2003; Perera et al. 2005).  For example, spontaneous 
chromosomal aberrations detected in peripheral blood lymphocytes have 
been shown to identify humans at increased cancer risk (Bonassi et al. 
2000; Chien et al. 2004; Shao et al. 2004).  The use of other biomarkers, 
such as DNA adducts and urinary hydroxypyrene, in epidemiologic stud-
ies has shown that exposed groups have considerable increases in DNA-
associated damage or excreted metabolites (Wiencke et al. 1995; Siwin-
ska et al. 2004; Peluso et al. 2005).  Those studies have been useful in 
helping to understand the relative risks associated with different routes of 
exposure (for example, dermal vs inhalation) and in providing evidence 
to support the mechanistic understanding of relationships between expo-
sure, disease, and potential modifiers of absorbed dose (Schurdak and 
Randerath 1989; Turteltaub et al. 1993; McClean et al. 2004).  

Delineation of genetic variation is also proving important in defin-
ing potential differences in susceptibility to environmental toxicants.  
Genetic variation is well known to give rise to heritable disease states, 
and recent work suggests that common normal genetic polymorphisms 
may in some cases be associated with an increase in susceptibility to 
toxicants (Caporaso and Goldstein 1997; Singh 2003).  It is critical to 
remember that once a genetic polymorphism has been identified, it is not 
a simple task to determine its mechanism of action. For example, it is not 
always clear whether a particular variant itself has a biologically distinct 
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action or if it is linked to another variation that is functionally important.  
Phenotypic characterization of genotypic variation is critical to the appli-
cation of such data in population studies. 

 
 

Environmental-Health Tracking 
 
New efforts to collect data relevant to environmental health in hu-

man populations systematically may hold promise for improving the 
quality and quantity of data available for epidemiologic studies. The In-
stitute of Medicine has stated that “every public health agency [should] 
regularly and systematically collect, assemble, analyze, and make avail-
able information on the health of the community, including statistics on 
health status, community health needs, and epidemiologic and other stud-
ies of health problems” (IOM 1988).  

That recommendation has been implemented for some types of dis-
eases but poorly developed for others.  Many infectious diseases, such as 
rabies and influenza, are intensively tracked in the United States to facili-
tate public-health responses.  Birth defects and cancer are tracked in 
some states, and the data are centrally compiled at CDC and the National 
Cancer Institute, respectively.  However, hospital-discharge data and 
medical-billing data, which are sometimes useful for developing disease 
patterns, are not centralized, are of mixed quality, and are not useful for 
many chronic diseases.   

Because most diseases are multifactorial, elucidation of the envi-
ronmental causes of human disease requires data on exposure to envi-
ronmental agents that can be linked to specific adverse health outcomes.  
However, few systems at the state or national level track many of the 
exposures and health effects that may be related to environmental haz-
ards.  The existing tracking systems are usually not compatible with each 
other, and data linkage is extremely difficult.  

Over the last 5 years, there has been an effort to create a nationwide 
environmental public-health tracking (EPHT) program in up to 20 states 
and local regions with a coordinating center at CDC.  The national EPHT 
program was established in 2002 with low funding, and its future is in 
some doubt.  EPHT is defined as the “ongoing collection, integration, 
analysis, and interpretation of data about environmental hazards, expo-
sure to environmental hazards, and human health effects potentially re-
lated to exposure to environmental hazards” (CDC 2004).  An integrated 
EPHT system includes three components: hazard tracking, exposure 
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tracking, and disease tracking. The components are designed to be main-
tained in electronic files that can be linked to facilitate hypothesis gen-
eration and research. 

There are at least four reasons to create an integrated environmental 
health surveillance system: tracking of environmental hazards, expo-
sures, and disease can help to identify areas or groups in which exposure 
to an environmental hazard may be excessive and require reduction; 
trends can help to evaluate the success of environmental-protection and 
public-health measures; linkage of environmental-hazard information 
and disease information can help to generate hypotheses that require in-
vestigation; and a tracking network provides the foundation that re-
searchers need to do scientific studies to identify the causes of disease. 
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4 

 
Strategies for Toxicity Testing 

 
Toxicity-testing strategies designed to generate information on po-

tential hazards or risks posed by environmental agents have evolved in 
response to legislative mandates, scientific developments, and public 
concerns.  Accordingly, testing strategies have been developed or man-
dated to evaluate pesticides, food additives, high-production-volume 
(HPV) industrial chemicals in the United States and the European Union, 
and risks associated with endocrine-disrupting chemicals, developmental 
toxicants, and carcinogens.  The widespread inclusion of genetic-toxicity 
tests in testing schemes followed scientific advancements that led to the 
understanding and general recognition that chemicals could cause muta-
tions and mutations could cause cancer.  Concerns over other specific 
effects have also led to modification and refinement of testing strategies 
so that chemicals posing those hazards would be identified.  For exam-
ple, the thalidomide and diethylstilbestrol disasters emphasized the need 
for testing strategies to assess chemically mediated effects on reproduc-
tion and development.  Furthermore, concerns over the contribution of 
environmental agents to the development of neurobehavioral disorders, 
neurodegenerative diseases, and respiratory disorders have highlighted 
the need for testing strategies to address those possible effects (Peters et 
al. 1999; Gauderman et al. 2000; Schettler 2001).  In addition to identify-
ing hazards, toxicity-testing strategies can be designed to provide a basis 
for dose-response assessment (for establishing exposures expected to 
pose no risk or for estimating the relationship between risk and expo-
sure).  The ideal testing strategies would provide a systematic approach to 
gathering the data necessary for hazard identification and dose-response 
assessment thoroughly, rapidly, at low cost, and with few animals. 
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In this chapter, the committee characterizes testing strategies used 
by federal and international agencies to gather the data used to identify 
and evaluate human health hazards and risks. Several examples of testing 
strategies that are currently used or have been proposed are presented.  
The testing strategies identified are not meant to be exhaustive but to 
illustrate the array of toxicity tests that may be required under different 
circumstances.  Furthermore, presentation of the examples in this chapter 
is not meant to be a committee endorsement of any given strategy.  The 
chapter concludes with committee observations on the current or pro-
posed strategies. 

 
 

TYPES OF TOXICITY-TESTING STRATEGIES 
 
 In practice, testing strategies vary considerably, although they can 

often be described by three basic testing approaches:  battery, tiered, and 
tailored.  A battery is a specific set of toxicity tests applied to all chemi-
cals in a group.  Testing batteries are sometimes intended to provide the 
minimal dataset necessary for risk-informed regulation or risk management.   

In tiered testing, the results of a specific set of toxicity tests and 
risk-management needs are used to guide decisions about the nature and 
extent of further testing.  Often, a substance is first assigned to categories 
(for example, based on structure or exposure) that guide testing se-
quences.  The chemical then moves through a series of tests sequentially 
with the data from each test informing the next step in the process.    

In tailored testing, information on exposure circumstances, sus-
pected adverse effects, and knowledge of mechanism of action is used to 
determine the scope of tests to be conducted on a given chemical or class 
of chemicals. The strategies are thus tailored to the nature of the sub-
stance under consideration, its likely use or the likely exposure to it, and 
the extent of the information available and information needed. Tailored 
testing strategies may start with a flexible test battery and evolve to dif-
ferent tiers or types of testing in an iterative manner based on scientific 
judgment.   

Characterizing an overall testing strategy as a battery, tiered, or tai-
lored approach is often not possible, because testing strategies are typi-
cally combinations of these three basic elements.  The examples that fol-
low illustrate that point and demonstrate that testing strategies differ 
based on the concerns that they were meant to address.  The examples 
address three applications:  testing for registration of pesticides and food 
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additives, screening of large numbers of chemicals to develop basic haz-
ard and risk information, and screening of chemicals for specific effects 
of concern, such as endocrine disruption.  

 
 

TOXICITY-TESTING STRATEGIES  
FOR PESTICIDES AND FOOD ADDITIVES 

 
To protect the food supply, a pesticide cannot be sold or distributed 

in the United States without being licensed by the Environmental Protec-
tion Agency (EPA), and food additives must be formally approved for 
use by the Food and Drug Administration (FDA).  The exceptions are 
food additives that had already been sanctioned as safe when the 1958 
food-additive amendments were adopted or that were generally recog-
nized as safe by FDA.  To provide a basis for evaluating the safety of 
pesticides and food additives, FDA and EPA require a series of tests 
from applicants and petitioners, as discussed in the following sections. 

 
 

Federal Insecticide, Fungicide, and  
Rodenticide Act Testing Program 

 
The EPA Office of Pesticide Programs regulates the use of pesti-

cides under the authority of the Federal Insecticide, Fungicide, and Ro-
denticide Act (FIFRA).  Through FIFRA, EPA mandates a battery of 
toxicity tests of conventional chemical pesticides to assist in determining 
the precautionary language that is required on the label, the type of per-
sonal protective equipment that is required for appliers, and the types of 
uses and use rates to allow.  The tests (Table 4-1) are grouped in five 
main categories: acute tests, subchronic tests, chronic tests, mutagenicity 
tests, and special tests.  Most of the tests are required for pesticides that 
can end up as food residues or potentially have widespread exposure of 
the general population, such as those which have residential use.  For 
other pesticides, only acute and mutagenicity testing may be required.  
Additional studies—for example, dermal penetration, 21-day dermal, 
subchronic dermal, subchronic inhalation, acute and subchronic neuro-
toxicity, acute and subchronic delayed neurotoxicity, and developmental 
neurotoxicity—may be triggered by some special characteristic of a pes-
ticide (such as its chemical class), by potential use and exposure patterns 
(such as residential uses), or by the results of routinely required studies.   
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TABLE 4-1  Battery of Tests Required by EPA for New Pesticide 
Chemicals  

Tests Food Uses 
Nonfood 
Uses 

Acute tests   
Acute oral toxicity—rat R R 
Acute dermal toxicity R R 
Acute inhalation toxicity—rat R R 
Primary eye irritation—rabbit R R 
Primary dermal irritation R R 
Dermal sensitization R R 
Delayed neurotoxicity—hen R R 

Subchronic testing   
90-day feeding studies—rodent and nonrodent R C 
21-day dermal toxicity C C 
90-day dermal toxicity C C 
90-day inhalation—rat C C 
90-day neurotoxicity—hen or mammal C C 

Chronic tests   
Chronic feeding of two species—rodent and 
nonrodent 

R C 

Oncogenicity study of two species—rat and 
mouse preferred 

R C 

Teratogenicity in two species R C 
Reproduction—two-generation R C 

Mutagenicity tests   
Gene mutation R R 
Structural chromosomal aberration R R 
Other genotoxic effects R R 

Special tests   
General metabolism R C 
Dermal penetration C C 
Domestic animal safety C C 

Note:  R = required data; C = conditionally required data on the basis of special 
pesticide characteristics, potential use and exposure patterns, or results of rou-
tinely required studies. 
Source: Adapted from 40 CFR 158.340. 

 
 

EPA has the authority to impose data requirements on pesticides beyond 
what is required routinely if it determines that more data are needed to 
characterize the hazard potential of a particular pesticide, including po-
tential hazards to infants and children.  
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Microbial Pest-Control Agents Testing Program 
 
Microbial pest-control agents (MPCAs) are natural and strain-

improved bacteria, algae, fungi, viruses, and protozoa that act as biologic 
pesticides (40CFR152.20[2002]). MPCAs typically have unique or non-
toxic modes of action and are often naturally occurring. They are most 
appropriately characterized for health and environmental safety with test-
ing schemes that take their unique characteristics into account. Unlike 
chemical pesticides, MPCAs may survive and reproduce in the environ-
ment and may infect or cause disease in other living organisms. Conse-
quently, basic testing protocols are designed specifically to detect any of 
those characteristics. Protocols for further testing emphasize exposure or 
environmental expression in addition to infectivity and pathogenicity. 

Toxicity-testing requirements, as described by EPA (2004), are set 
forth in two tiers (see Table 4-2). Tier I consists of a battery of short-
term tests designed to evaluate toxicity, infectivity, and pathogenicity. 
Tier II is designed to evaluate the particular situation when either toxicity 
or infectivity but not pathogenicity is observed in tier I (EPA 1996). 

 
 

FDA Testing Strategies for Food Additives 
 
FDA provides guidance to industry and the public concerning the 

procedures and methods for assessing the safety of direct and indirect 
food and color additives.  FDA published its guidelines, Toxicological 
Principles for the Safety Assessment of Food Ingredients, also known as 
the Redbook, in 1982 and revised them in 1993, 2000, and 2004.  The 
 

 
TABLE 4-2 Toxicity Tests for Microbial Pest-Control Agents 
Tier I Tier II 
Mammalian toxicity, pathogenicity,  
    infectivity 
Acute oral toxicity, pathogenicity 
Acute dermal toxicity, pathology 
Acute pulmonary toxicity, pathogenicity 
Acute injection toxicity, pathogenicity 
Hypersensitivity incidents 
Cell culture 

Acute toxicology 
Subchronic toxicity, pathogenicity 
Reproductive and fertility effects 

Source: EPA 2004. 
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Redbook contains general guidelines for toxicity studies, including such 
issues as good laboratory practices, test-animal housing and mainte-
nance, species selection, age, diet, observations, clinical tests, and histo-
pathologic examinations.  The Redbook also takes a prescriptive ap-
proach, defining in detail how to test various food ingredients, how the 
agency will review the data, and how decisions will be made.  It stipu-
lates specific study designs, what data to collect and report, and how 
pathologic and statistical analyses should be used in data interpretation.  
Traditional toxicologic methods are emphasized.  FDA states that spon-
sors may use alternatives to methods that are contained in the Redbook 
as long as they satisfy applicable regulations and statutes. 

The process of evaluating a direct food additive begins with as-
signment of the additive to one of three concern levels on the basis of 
chemical structure and expected concentrations of the chemical in the 
diet.  Specifically, the additive is first assigned to structure category A, 
B, or C (FDA 1993).  Structure category A includes compounds associ-
ated with low toxic potential or identified as normal cellular constituents, 
such as alkanes, complex carbohydrates, and fatty acids.  Structure cate-
gory B includes compounds associated with noncancer adverse effects in 
animals or humans, such as certain amino acids, carboxylic anhydrides, 
peptides, and proteins.  Structure category C includes compounds associ-
ated with mutagenicity or carcinogenicity, such as benzofurans, epox-
ides, and phenols.  Potential exposure based on dietary concentration 
determines the final concern level.  This process is illustrated in Table 4-
3. Indirect food additives—chemicals that become part of food in trace 
amounts because of packaging, storage, or other handling—are catego-
rized for testing only according to dietary concentration.    

 
 

TABLE 4-3  Concern Levels for Direct Food Additivesa 
Degree of Concern 

      Higher                                                                              Lower 

Concern Level III Concern Level  II Concern Level I 
Structure C 0.25 ppm Structure C 0.0125 ppm        Structure C <0.0125 ppm 
Structure B 0.5 ppm Structure B 0.025 ppm Structure B <0.025 ppm 
Structure A 1.0 ppm Structure A 0.05 ppm Structure A <0.05 
aAll concentrations listed in the table are estimated concentrations in the total 
diet. 
Source:  Adapted from FDA 1997, 2003. 
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As shown in Table 4-4, specific tests are required on the basis of 
concern level for direct food additives or dietary concentration for indi-
rect food additives. For example, a short-term feeding study in rodents 
and short-term tests for carcinogenic potential would be required for di-
rect food additives with the lowest concern (concern level I). For an indi-
rect food additive expected to occur at less than 0.05 ppm in the diet, 
only an acute oral toxicity study in rodents would be required.  The tests 
increase in complexity and duration as the level of concern or dietary 
concentration increases.  As Table 4-4 indicates, some tests are contin-
gent on other test findings, but there is no formal guidance on proceeding 
 

 
TABLE 4-4  Testing Required for Direct and Indirect Food Additives 
Direct Food Additives Toxicity Tests 
Concern Levela

 
I 
II 
 
III 

Testing  
Required 
B, K 
A***, D, E, I, 
J*, K 
A***, D***, F, 
G, H, I, J*, K, 
L** 

Indirect Food Additives 
Dietary  
Concentration 
<0.05 ppm 
>0.05 ppm 
 
>1.0 ppm 

Testing  
Required 
A 
A***, C, I*, 
K**, E, J* 
A***, D***, F, 
G, H, I, J*, K**, 
L** 

* If indicated by available data or
information. 
** Suggested. 
*** If needed as preliminary to 
further study. 

A. Acute oral study—rodent  
B. Short-term feeding study (at least 28 

days)—rodent  
C. Subchronic feeding study (90 days)—

rodent with in utero exposure  
D. Subchronic feeding study (90 days)—

rodent  
E. Subchronic feeding study (90 days)—

nonrodent  
F.  Lifetime feeding study (about 2 years)—

rodent with in utero exposure for car-
cinogenesis and chronic toxicity  

G. Lifetime feeding study (about 2 years)—
rodent for carcinogenesis  

H. Short-term feeding study (at least 1 
year)—nonrodent  

I. Multigeneration reproduction feeding 
study (at least two generations) with 
teratology phase—rodent  

J. Teratology study  
K. Short-term tests for carcinogenic  

potential  
L. Metabolism studies  
 
The Redbook contains references to current
guides on these tests. 

aThe concern level is determined by chemical structure and dietary concentra-
tion (see Table 4-3).  
Source: Adapted from FDA 1997. 
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from one test to another on the basis of negative or positive results.  FDA 
may request studies that go beyond its guidance and does mention epi-
demiologic studies for assessing safety, but it is vague as to when they 
could best be used. 

FDA’s approach to the hazard assessment of drug candidates is 
somewhat different from its approach for food additives.  Although FDA 
expects a package of toxicity studies similar to those required for food 
additives, it is far more willing to modify pharmacologic and toxicologic 
studies so that they answer questions peculiar to the proposed therapeutic 
entity.  Thus, safety assessments of drugs are less prescriptive than those 
of food ingredients.  They lack detail on study designs but focus on the 
principles that need to be addressed. 

 
 

TOXICITY-TESTING STRATEGIES FOR  
SCREENING OF INDUSTRIAL CHEMICALS 

 
In addition to the vast number of chemicals already in commerce, 

many chemicals are introduced each year.  The following describes test-
ing strategies used in the United States and Europe to screen and provide 
the basis for toxicity assessment of new and existing industrial chemicals.   

 
 

The Toxic Substances Control Act and the  
High-Production-Volume Chemical Testing Program 

 
The Toxic Substances Control Act (TSCA) was passed in 1976 and 

gave EPA the authority to collect information and issue regulations on 
new and existing industrial chemical substances.  When EPA began 
evaluating chemicals under TSCA in 1979, about 62,000 chemicals were 
in commerce (GAO 2005).  Today, 82,000 chemicals are in commerce, 
and about 700 chemicals are introduced each year (GAO 2005).   

TSCA does not prescribe or detail a testing strategy to evaluate the 
large volume of existing and new chemicals.  Companies that manufac-
ture or process new chemicals for commercial purposes must submit to 
EPA a premanufacturing notice (PMN), which includes information on 
chemical structure, production process, expected production volume, 
intended uses, possible exposure and release levels, disposal procedures, 
and other data “concerning the chemical’s environmental or health ef-
fects known to or reasonably ascertainable by the chemical company” 
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(GAO 2005).   To register a new chemical, companies are not required to 
conduct any specific toxicity tests, and EPA estimates that only about 
15% of PMNs contain health or safety data (GAO 2005).  EPA typically 
uses models to predict a chemical’s toxicity on the basis of its structure.  
A more detailed review is conducted only on about 20% of the chemicals 
(GAO 2005).  EPA does have the authority to require manufacturers, 
importers, and processors of chemical substances to submit new data on 
existing chemicals, and it can issue a test rule that indicates specific tests 
to be conducted.  However, the process is burdensome, and “EPA has 
used its authority to require testing for fewer than 200 of the 62,000 
chemicals in commerce when EPA began reviewing chemicals under 
TSCA in 1979” (GAO 2005).   

To address the lack of data on existing industrial chemicals, EPA 
implemented a voluntary program in negotiation with the American 
Chemistry Council, the American Petroleum Institute, and Environ-
mental Defense known as the HPV chemical testing program.  The pro-
gram’s purpose is to ensure that basic toxicity data are available on all 
organic, nonpolymeric chemicals produced or used in the United States 
in excess of 1 million pounds per year. EPA focused attention on HPV 
chemicals because it considered such chemicals to have a higher poten-
tial for environmental and workplace exposure than low-production-
volume chemicals (65 Fed. Reg. 81661[2000]).  The HPV testing pro-
gram is intended to support the development of screening-level hazard 
and risk characterizations with a battery of tests for basic toxicity testing 
end points (see Box 4-1).  EPA is implementing the program to be con-
sistent with the HPV program developed by the Organisation for Eco-
nomic Co-operation and Development (OECD) in that it includes the 
 
 

BOX 4-1  Human Health Data to Be Obtained  
with Basic SIDS Testing Battery 

 
• Acute toxicity 
• Repeated-dose toxicity 
• Genetic toxicity in vitro  
          —Point mutation  
         —Chromosomal aberration 
• Genetic toxicity in vivo (provisional) 
• Reproductive toxicity 
• Developmental toxicity and teratogenicity 
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same end points and extent of testing as the OECD screening information 
dataset (SIDS) (65 Fed. Reg. 81686 [2000]).   
 The international community has agreed that SIDS is the minimal 
dataset required to screen HPV chemicals for toxicity (OECD 2004a).  In 
the United States, if SIDS toxicity data are not available or are incom-
plete for a particular chemical, a test plan is proposed and reviewed by 
EPA and other organizations.  Test plans can be designed for categories 
of chemicals that have common physiochemical characteristics, common 
functional groups, and common toxic properties.  Specific tests are con-
ducted according to EPA or comparable OECD test guidelines (65 Fed. 
Reg. 81686 [2000]).  Tests are sponsored by private organizations, and 
the results are made publicly available. EPA (65 Fed. Reg. 81686 [2000]) 
notes that the results of the SIDS testing will support preliminary risk 
assessment, anticipating that for some chemicals of lower concern the 
results will be adequate to evaluate the hazards and risks posed.  The re-
sults may indicate the need for further testing of other chemicals.  Con-
ceptually, the SIDS battery is an initial battery in an overall tiered ap-
proach to testing for hazard and risk assessment. 

Canada has a program similar to the U.S. and OECD HPV testing 
programs (GAO 2005). 

 
 

European Union Testing Strategies 
 
Toxicity testing of environmental agents to inform human health 

risk assessments occurs in the European Union (EU) under Commission 
Directives 93/67/EEC and 98/8/EC and Commission Regulation 1488/ 
94, which direct the risk assessment of new substances, existing sub-
stances, and biocidal products. A human health risk assessment must be 
carried out for all existing substances (substances marketed before Sep-
tember 18, 1981) and for new substances that are identified because of 
their toxic or physiochemical properties and possible human exposure 
via workplace, product consumption, or indirect environmental exposure.  

The EU issued a technical guidance document (TGD) on risk as-
sessment (EC 2003) for use by authorities to help in carrying out toxicity 
testing.  EC (2003) describes a process whereby chemicals in the EU are 
tested according to their annual manufactured quantity; thus, it is a ton-
nage-driven testing program. That strategy is based on the assumption 
that adequate risk assessment of chemicals with low general exposure 
might not require as much toxicity-testing data as risk assessment of sub-
stances with higher exposure. The scheme is intended to assess the risk 

Toxicity Testing for Assessment of Environmental Agents: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11523


102   Toxicity Testing for Assessment of Environmental Agents: Interim Report 

posed to humans by individual substances; additive and synergistic effects 
caused by the combined action of several substances are not considered.  

The TGD details different sets of toxicity tests that are required on 
the basis of the quantity of substance produced per manufacturer per 
year. All substances that are produced at more than 10 kg/manufacturer 
per year must be tested (see Table 4-5). Tests of new substances are to be 
carried out in accordance with EU test guidelines (Annex V to Directive 
67/548) or, if EU guidelines are not available, OECD guidelines. 

 
 

STRATEGIES FOR SCREENING CHEMICALS FOR  
EFFECTS ON SPECIFIC SYSTEMS AND END POINTS 
 
Because of the potential widespread impact of introducing into the 

environment anthropogenic materials that disrupt the endocrine system, 
EPA is developing strategies to screen chemicals for endocrine-
disrupting activity, and OECD has developed a general framework for 
such evaluations.  The National Research Council (NRC) undertook a 
study to clarify how environmental agents may be affecting human de-
velopment and made recommendations for improvements to qualitative 
and quantitative risk assessment.  The EPA and OECD endocrine-
disruptor screening approaches and work of the NRC are provided as 
examples of testing approaches aimed at addressing specific systems and 
end points. 

 
 

Environmental Protection Agency  
Endocrine-Disruptor Testing Strategy 

 
In 1996, EPA formed the Endocrine Disruptor Screening and Test-

ing Advisory Committee (EDSTAC) to advise on the development of a 
program for screening and testing chemicals for endocrine-disrupting 
activity.1  After considering that committee’s advice, EPA (63 Fed. Reg.
                                                           
 1In 1995, EPA, the U.S. Department of the Interior, the U.S. Centers for Dis-
ease Control and Prevention, and the U.S. Congress asked the National Research 
Council (NRC) to conduct an independent evaluation of the potential adverse 
effects of environmental exposure to endocrine disruptors.  The primary focus of 
the report (NRC 1999) was evaluation of potential reproductive, developmental, 
neurologic, immunologic, and carcinogenic effects of suspected endocrine dis-
ruptors.  The report did not provide a specific framework analogous to the work 
of the EDSTAC. 
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42852 [1998]; 63 Fed. Reg. 71542 [1998]) developed its Endocrine Dis-
ruptor Screening Program (EDSP), which recommended screening of 
chemicals that have the potential to disrupt androgen, estrogen, and thy-
roid hormone systems. Both potential human and ecologic effects were 
to be addressed, and nonpesticide chemicals, contaminants, and mixtures 
were to be included in addition to pesticides. EPA developed a tiered 
approach for the EDSP.  Its core elements are priority-setting—tier 1 
screening to identify agents with the potential to alter the estrogen, an-
drogen, or thyroid hormone systems and tier 2 testing to determine 
whether agents identified in tier 1 cause developmental toxicity through 
any of the three systems and, if so, their dose-response relationships. 

Figure 4-1 shows an overview of the EDSP.  The EDSTAC esti-
mated that 87,000 chemical agents in use were candidates for screening 
for endocrine-disrupting activity.  That would overwhelm the resources 
available for screening, so EPA proposed a “compartment-based ap-
proach” in which exposure and effects would be used for setting priori-
ties for initial screening. The initial sort was intended to direct chemicals 
to one of four categories: 

 
• Category 1.  A “hold” category comprising polymers with 

molecular weight greater than 1,000 daltons considered unlikely to cross  

 
 

FIGURE 4-1  Endocrine-disruptor screening program overview.  Source: EPA 2000. 
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cell membranes—estimated to amount to 25,000 of the 87,000 chemical 
agents. 

• Category 2.  Chemicals with insufficient data to undergo tier I 
high-throughput screening that is designed to detect potential hormonal 
or biologic activity (binding to estrogen, androgen, or thyroid hormone 
receptors to elicit a biologic effect, such as transcription activation). 

• Category 3.  Chemicals with existing data sufficient to bypass 
tier 1 screening and proceed directly to tier 2 testing. 

• Category 4.  Chemicals with existing data sufficient to bypass 
both tier 1 and tier 2 testing for direct hazard assessment. 

 
The EDSTAC also recommended that a scheme be developed for 

setting testing priorities among common mixtures.  The EDSTAC recog-
nized the practical impossibility of screening all possible chemical com-
binations but noted that some widely used mixtures, such as pesticide 
formulations and gasoline formulations, are potential candidates for 
testing. 

Table 4-6 shows the tests included in each tier. The tier 1 screening 
battery combines in vitro and in vivo assays meant to detect chemicals 
that affect hormone systems regardless of mode of action; it is intended 
to minimize false negatives and false positives, and it includes several 
 

 
TABLE 4-6  Endocrine-Disruptor Screening Testsa 

Tier 1 Screening Tests 
 In vitro tests 
       Estrogen-receptor binding and transcriptional activation 
       Androgen-receptor binding and transcriptional activation 
       Steroidogenesis assay using minced testis 

 In vivo tests 
       Rodent 3-day uterotrophic assay—subcutaneous administration 
       Rodent 20-day pubertal female assay with thyroid end points 
       Rodent 5- to 7-day Hershberger 
       Frog metamorphosis 
       Fish gonadal recrudescence 
Tier 2 Screening Tests 
 Mammalian reproduction—two-generation reproductive-toxicity bioassay in rat 
 Avian reproduction—two-generation test 
 Fish reproduction—fish life-cycle test 
 Invertebrate reproduction in mysids or daphnia 
 Amphibian development and reproduction 
aAs of September 2005, no tier 1 or tier II tests have been validated (EPA 2005). 

Toxicity Testing for Assessment of Environmental Agents: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11523


Strategies for Toxicity Testing              107 
 

 

taxonomic groups and an array of end points to inform a weight-of-
evidence evaluation.  The in vivo assays are designed as an integral bat-
tery that complements the in vitro assays; they cover a wider array of 
mechanisms of action and incorporate pharmacokinetic determinants of 
mechanism of action. 

Tier 2 testing is designed to determine the likelihood, nature, and 
dose-response relationship of the disruption of hormone systems in hu-
mans, fish, and wildlife. The tests include a wide range of doses adminis-
tered through a relevant route of exposure throughout critical life stages 
and processes. The design of the tests also takes into consideration the 
possibility that the effects of chemical agents may be latent and thus not 
observed until later in life; this would be analogous to the effects of  
diethylstilbestrol.  Thus, the tests were designed to encompass two gen-
erations and to allow determination of effects on fertility, mating, fetal 
development, neonatal growth and development, and transition from ju-
venile to sexual maturity.  

 
 

Organisation for Economic Co-operation and  
Development Endocrine-Disruptor Testing Strategy 

 
OECD has also developed a conceptual framework for testing en-

docrine disruptors. OECD emphasizes that the framework represents a 
toolbox rather than a testing scheme, with levels of tests and assessments 
that correspond to different levels of biologic complexity (see Table 4-7).  
That framework considers all testing data, including in vitro data, struc-
ture-activity relationships, and data that may become available from new 
technologies, such as genomics and proteomics.  The lower levels of the 
testing framework are consistent with the hazard-identification phase of 
the UN Globally Harmonised System, a system for classifying and com-
municating chemical hazards (UN 2003). The testing and data develop-
ment in the higher levels support consideration of dose-response rela-
tionships. The OECD endocrine-disruptor testing framework indicates 
that a chemical can enter at any step on the basis of available data or data 
requirements and leave the testing framework when available data are 
sufficient for an assessment. 

 
 

Developmental-Toxicity Testing 
 
Given the potentially devastating effects of human developmental 

defects, the NRC convened the Committee on Developmental Toxicity to 
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TABLE 4-7  OECD Conceptual Framework for Testing Endocrine  
Disruptors 
Level 1 
Sorting and  
prioritization based 
upon existing  
information 

− Physical chemical properties, e.g., MW, reactivity, 
volatility, biodegradability 
− Human and environmental exposure, e.g., production 
volume, release, use patterns 
− Hazard, e.g., available toxicological data  

Level 2 
In vitro assays  
providing mechanistic 
data 
 

− ER, AR, TR receptor binding affinity 
− Transcriptional activation 
− Aromatase and steroidogenesis in vitro 
− Aryl hydrocarbon receptor recognition/binding 
− QSARs 
− High-throughput prescreens 
− Thyroid function 
− Fish hepatocyte VTG assay 
− Others (as appropriate) 

Level 3 
In vivo assays  
providing data about 
single endocrine 
mechanisms 

− Uterotrophic assay (estrogenic related) 
− Hershberger assay (androgenic related) 
− Non-receptor mediated hormone function 
− Others (e.g., thyroid)  
− Fish VTG (vitellogenin) assay (estrogenic related) 

Level 4 
In vivo assays  
providing data about 
multiple endocrine 
mechanisms 

− Enhanced OECD 407 (end points based on endocrine 
mechanisms) 
− Male and female pubertal assay 
− Intact male assay 
− Fish gonadal histopathology assay 
− Frog metamorphosis assay 

Level 5 
In vivo assays  
providing adverse 
effects data from  
endocrine and other 
mechanisms 
 

− 1-generation assay (TG 415 enhanced)a 

− 2-generation assay (TG 416 enhanced)a 
− Reproductive screening test (TG 421 enhanced)a 
− Combined 28 day/reproduction screening test (TG 
422 enhanced)a 

− Partial and full life cycle assays in fish, birds,  
amphibians and invertebrates (developmental and  
reproduction) 
 
aPotential enhancement will be considered by Valida-
tion Management Group covering mammalian methods 

Note 1:  Entering and exiting at all levels are possible and depend on the nature 
of existing information needs for hazard and risk-assessment purposes. 
Note 2:  In level 5, ecotoxicology should include end points that indicate mecha-
nisms of adverse effects and potential population damage. 
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Note 3:  When a multimodal model covers several of the single-end-point as-
says, that model would replace those single-end-point assays. 
Note 4:  The assessment of each chemical should be case by case, taking into 
account all available information and bearing in mind the function of the frame-
work levels. 
Note 5:  The framework should not be considered as all-inclusive at present. At 
levels 3, 4, and 5, it includes assays that are either available or for which valida-
tion is under way. The latter are provisionally included. Once developed and 
validated, they will be formally added to the framework. 
Note 6:  Level 5 should not be considered as including only definitive tests.  
Tests included at that level are considered to contribute to general hazard and 
risk assessment. 
Abbreviations: AR, androgen-related; ER, estrogen-related; MW, molecular 
weight; OECD, Organisation for Economic Co-operation and Development; 
QSAR, quantitative structure-activity relationship; TG, test guideline; TR, thy-
roid-hormone-related; VTG, vitellogenin. 
Source:  OECD 2004b. 
 
 
evaluate the impact of environmental agents on human development.  
The committee proposed a multidisciplinary, multilevel, interactive ap-
proach to developmental-toxicity testing (NRC 2000, Chapter 8).  The 
basic premise of the approach is that understanding the mechanistic basis 
of extrapolation between test animals (or in vitro assays) and humans 
will give risk assessment greater validity.  The approach is different from 
a tiered-testing approach because testing may be initiated at any level 
and there is no unidirectional triggering of higher-level testing by results 
obtained at a lower level.  

Figure 4-2 illustrates the possible testing scheme proposed by that 
committee.  Testing in model systems is described as taking place on 
four levels. Level 1 includes molecular, biochemical, and cell-based as-
says that have high throughput and are expected to provide structure-
activity information, relative potency of various chemicals tested in the 
same assay, insight into mixtures, and estimates of potency across 
chemical classes and assays.  The proposed assays are designed to test 
chemical-induced alterations in conserved signaling and metabolic path-
ways.  The committee envisioned that the application of the high-
throughput screens could address 100,000 chemicals within 1 year.  
Level 2 proposes the use of nonmammalian animals to evaluate their re-
sponse during developmental exposure.  The fruit fly, nematodes, and 
zebrafish are mentioned as candidate organisms.  Those model organisms 
could be partially “humanized” in their metabolism (that is, genetically 
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FIGURE 4-2  Developmental-toxicity testing approach. 
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modified to express human metabolizing proteins) and sensitized to 
heighten the response of known important developmental pathways.  The 
premise of testing in those models is that for some organs and structures, 
human and model organism differences are not great.  It was estimated 
that 1,000-10,000 of those assays could be conducted each year.  Level 3 
involves testing in mammals, predominantly mice and rats, with the as-
sumption that hundreds of assays could be conducted each year.  The 
information expected to be gained in those animal tests is relative in vivo 
potency, the activity of chemical mixtures, mechanistic information, and 
dose-response relationships.  Level 4 proposes detailed mechanistic 
evaluations of prototype members of families of chemicals whose 
mechanisms of action can be elucidated.  Genetically optimized rodents 
are proposed as the likely test platform for those studies.  The committee 
felt that about 10 such detailed evaluations could be conducted each year. 

The model system and animal results are correlated with informa-
tion gained from the assessment of toxicity, susceptibility, and chemical 
exposures in human populations.  In particular, development of a number 
of databases is proposed, including a database of human developmental 
outcomes, a database of the human genome and genomic polymor-
phisms, a database of human biomarkers, and a database of human gene-
environment interactions. The proposal recognized the challenge of cre-
ating and managing large databases and of linking and interrelating the 
mass of information. 

Another important concept mentioned is the combining of informa-
tion obtained from the model system and animal tests with that accumu-
lated through an improved human surveillance program.  It is less clear 
how the large mass of information generated in the proposed multilevel 
testing scheme is translated in practice into risk assessments.  The com-
mittee’s report is presented at a conceptual level and discusses the poten-
tial for new technical approaches without providing a detailed plan for 
change. The committee’s proposal does not specify how the current test-
ing paradigms and risk-assessment approaches could be modified and 
expanded to incorporate the new science and lead to a new scheme for 
data generation, animal-to-human extrapolation, and risk assessment.  
However, the committee’s report provides a useful framework for think-
ing about how different types and levels of testing and assessment could 
lead to an improved overall approach to chemical-toxicity assessments. 

 
 

Toxicity Testing for Assessment of Environmental Agents: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11523


112   Toxicity Testing for Assessment of Environmental Agents: Interim Report 

COMMITTEE OBSERVATIONS ON  
TOXICITY-TESTING STRATEGIES 

 
In 1984, an NRC committee providing advice to the National Toxi-

cology Program on testing priorities noted that there are far more chemi-
cals in the human environment than can be evaluated for potential toxic-
ity with available resources and methods (NRC 1984).  That committee 
bemoaned the fragmentary information available with which to set pri-
orities.  The same holds true today.  For the roughly 700 new industrial 
chemicals introduced into commerce each year, EPA essentially relies on 
its own structure-activity models to assess potential hazards and on in-
formation on use and estimated production volume contained in PMNs to 
characterize potential exposure.  TSCA authorizes EPA to review exist-
ing chemicals, but toxicity and exposure information on them is typically 
so incomplete that it does not support the review process.  EPA can re-
quire testing if it determines that a chemical meets a specific set of crite-
ria; however, in vitro and whole-animal tests are rarely required.  Thus, 
the basis for establishing priorities and requiring testing for industrial 
chemicals in the United States has not progressed much over the last 20 
years. 

The HPV program, which was a response to the lack of data col-
lected under TSCA, uses a simple criterion to determine whether a 
chemical is to be included in the HPV testing program:  nonpolymeric 
organic chemicals produced in or imported into the United States at a 
volume of 1 million pounds or more during the 1990 reporting year.2  
Similarly, the EU uses production volume to assign priorities and define 
testing requirements.  Unlike the U.S. HPV program, the EU program 
requires a minimum of testing of all chemicals produced at volumes of 
more than 10 kg/manufacturer per year.  The extent of testing required 
increases with production volume; substantially greater testing, including 
carcinogenicity and pharmacokinetic studies, is required for the highest-
production chemicals. For moderate- and high-production-volume 
chemicals, additional tests can be required on the basis of findings in the 
initial test battery and other tests.  That contrasts with the minimal data-
set requested in the U.S. HPV program, although EPA has indicated that 
it intends to use the results of the HPV program to assess further testing 
needs.  For both the U.S. and EU HPV programs, it is unclear how other  
 
                                                           
 2There are exclusion criteria.  For example, a chemical being handled under 
the OECD program is excluded from consideration in the U.S. HPV program.   
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exposure considerations—such as use, environmental persistence, and 
possible chemical breakdown to more active forms—might modify test 
selection and extent of testing and whether they have been sufficiently 
considered.  Those other exposure considerations may lead to a better 
understanding of human exposure potential than production data alone. 

Exposure considerations also dictate the degree of testing of direct 
and indirect food additives and pesticides.  Testing is required for virtu-
ally all pesticides and all food additives that had not been sanctioned  
before the 1958 Food Additives Amendments or were not generally rec-
ognized as safe.  Exposure is qualitatively considered in determining pes-
ticide testing and is based on use.  Potential exposures of the general 
population, especially via food, drive the greatest extent of testing.  For 
indirect and direct food additives, a quantitative assessment of exposure 
(that is, concentration of the additive in the total diet) provides the basis 
of test selection.  For direct food additives, study selection is modified by 
information on chemical structure.  Regardless of the extent to which the 
“bright lines” used for food additives provide adequate protection, the 
overall approach of combining structural alerts with quantitative expo-
sure information is an aspect of test-strategy design to explore for envi-
ronmental agents.  

The testing strategies discussed above generally use traditional, 
standardized toxicology tests. Results of an initial series of mandated 
tests can trigger additional testing to provide broader coverage of end 
points, exposure routes, or life stages or a greater depth of understanding 
of the effects observed.  The tests that are triggered are also standardized 
toxicology studies.   

Information generated by the testing strategies provides a basis for 
hazard identification (that is, assessment of whether a chemical has the 
potential to cause specific adverse responses regardless of exposure con-
text).  The test results indicate the exposures that produce adverse effects 
and thus help to characterize the dose-response relationship at least in the 
range of the experimental data, typically at high doses.  The information 
produced is often sufficient for decision-making.  For example, test re-
sults may indicate that a food additive or pesticide can be safely used as 
proposed.  Given the doses at which toxicity is seen and the range of 
possible human exposures, risks may be so low that there is no need to 
curtail exposure even if one considers possible end points and life stages 
missed by the testing strategy.  In contrast, if the margin between toxic 
doses and relevant human exposures is not large enough, further research 
may be needed to refine the dose-response relationship at lower doses, 
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particularly if some stakeholders find that the chemical is worth trying to 
keep on the market.   

Thus, findings of toxicity studies can provoke a series of voluntary 
studies—often sponsored by industry or regulatory, scientific, or public 
health agencies—that seek to develop a better qualitative and quantita-
tive understanding of dose-response characteristics and therefore a better 
understanding of the relevance of the findings for humans.   The tests can 
be nonstandard and tailored to answer specific questions, such as those 
concerning mechanism of action or species differences in metabolism.  
The selection of tests and lines of inquiry can be ad hoc without a general 
framework for inquiry.  For example, a general framework has not been 
adopted for generating and testing hypotheses and alternatives regarding 
mechanism of toxic action.  Much to the frustration of sponsors, results 
of such testing can be found unacceptable for regulatory applications and 
not usable for refining risk estimates, although in several notable cases 
results have been found to be definitive.  The ad hoc and unsystematic 
approaches for generating data for more detailed risk assessment contrast 
sharply with the mandated strategies for pesticide and food-additive reg-
istration and approval.  

The toxicity tests and strategies discussed here have evolved pri-
marily as a means of characterizing potential human health hazards and 
dose-response relationships at least at high doses. Existing strategies only 
partially recognize the toxicity-testing problems associated with expo-
sure to mixtures and the associated problems in assessing aggregate ex-
posures and cumulative risks. Dioxins, organophosphorus insecticides, 
and environmental estrogens have been tested as mixtures, but most test-
ing continues to focus on individual chemicals.  Different testing ap-
proaches generally stem from legislative mandates or from differences in 
individual agencies or program offices.  Different approaches can result 
in inconsistent testing strategies among agencies or categories of chemi-
cals even if the ultimate regulatory goal is the same.  The differences in 
strategies for testing industrial chemicals by the EU and EPA are an ex-
ample.  The nature and extent of toxicity testing ideally would be guided 
by the regulatory risk-management decisions to be made and the assess-
ments needed to support them. 

NRC and OECD multilevel, multidisciplinary frameworks for 
evaluating developmental toxicants and endocrine disruptors provide 
insights into improving the standard regulatory framework for data gen-
eration and risk assessment.  The general frameworks address key areas 
of uncertainty in cross-species and high-to-low dose extrapolation and 
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suggest approaches for incorporating high-volume screening of chemi-
cals for those end points.  Although considerable resources and commit-
ment would be needed to develop such programs, they hold the promise 
of shifting to an improved system of testing and decision-making.  
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5 

 
Use of Data in Human  

Health Risk Assessment 

 
Data from toxicity testing and epidemiologic studies are used in 

risk assessments and in environmental decision-making to identify poten-
tial hazards, to rank environmental problems, to determine the need for 
further cleanup at a contaminated site, and ultimately to establish envi-
ronmental standards and exposure guidelines.  A conceptual framework 
for risk assessment was proposed by the National Research Council 
(NRC 1983) in Risk Assessment in the Federal Government: Managing 
the Process.  The framework consists of the following four components: 

   
• Hazard identification.  What kind of adverse effects might a 

substance cause?  For example, does developmental toxicity, neurotoxic-
ity, or cancer result from exposure? 

• Dose response.  What is the risk of effects at different expo-
sure levels?  Is there a level below which no effects are observed? 

• Exposure.  How are humans exposed, and at what levels and 
frequencies do exposures occur? 

• Risk characterization.  Given human exposure scenarios, what 
is the probability of adverse effects?  How does risk vary across the 
population? What are the uncertainties in our understanding of the risk or 
safety? 

 
For risk assessment, data from animal studies and, less often, from 

epidemiologic investigations are evaluated to identify the types of ad-
verse effects that may occur.  Dose-response data from such studies are 
also analyzed to predict exposures in humans that should be without risk 
or pose no more than some predetermined level of risk (Lowrence 1976).  
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The U.S. Environmental Protection Agency (EPA) and other institutions 
have issued risk-assessment guidelines1 that outline the array of studies 
used and how they might be interpreted for risk assessment.  The guide-
lines cover specific end points—such as developmental toxicity (EPA 
1991), reproductive toxicity (EPA 1996a), and neurotoxicity (EPA 1995)—
and, more broadly, noncancer dose-response assessments (EPA 2004a).  
Risk-assessment guidelines for carcinogens have also been issued that 
provide detailed guidance on the procedures for assembling evidence and 
evaluating modes of action to identify carcinogens and for conducting 
quantitative dose-response assessments (EPA 1986, 1999, 2005a; IARC 
2005a).  Noncancer and cancer guidelines are fundamentally different in 
that noncancer end points are typically evaluated with diverse studies on 
a wide variety of specific outcomes whereas carcinogenicity is evaluated 
with a specific set of bioassays that focus on the degree to which a 
chemical might increase neoplasia in different organs and cell types in 
the body.  EPA also has published a review to explain its approach to 
risk assessment (EPA 2004b). 

This chapter first outlines risk-assessment guideline documents for 
neurotoxicity, developmental toxicity, and reproductive toxicity.  It then 
discusses generic guidelines for noncancer dose-response assessments, 
including the requirements resulting from the Food Quality Protection 
Act (FQPA).  Cancer risk-assessment guidelines are discussed next.  
Throughout, the chapter notes the use and limitations of toxicologic and 
epidemiologic data typically available for drawing conclusions about 
hazards, dose-response relationships, and risk based on the guidelines.  
The chapter focuses on current institutional practices, emphasizing those 
of EPA to assess environmental agents, and on the types of data gener-
ated through regulatory testing strategies, such as those discussed in 
Chapter 4.  The chapter concludes with observations regarding strengths 
and weaknesses of the current system for generating toxicologic data to 
assess environmental risks. 

 
 
 

                                                           
 1The term risk-assessment guideline is used here instead of inference guide-
line, a term of art defined in NRC (1983) to be the set of principles followed by 
risk assessors in interpreting and reaching judgments based on scientific data.  
Risk-assessment guidelines are different from testing guidelines, which provide 
protocols for specific types of toxicity tests. 
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NONCANCER RISK-ASSESSMENT GUIDANCE  
 

Neurotoxicity  
 
EPA (1998), the International Programme on Chemical Safety 

(IPCS) (2001), and the Organisation for Economic Co-operation and De-
velopment (OECD) (2004) have provided guidance on the use and inter-
pretation of data generated by neurotoxicity tests.  A few of the key prin-
ciples used to evaluate neurotoxicity data for risk-assessment purposes 
are highlighted here to show what the regulatory data needs for toxicity 
testing are and where available data may fall short.   

 
 

Definition of Neurotoxic Effects 
 
EPA, IPCS, and OECD define neurotoxicity as an adverse change 

in the structure or function of the central or peripheral nervous system 
after exposure to a chemical, physical, or biologic agent.  Adverse effects 
include alterations from baseline or normal conditions that diminish an 
organism’s ability to survive, reproduce, or adapt to the environment.  

As discussed in Chapter 2, neurotoxic effects can be functional or 
structural.  Functional effects are neurochemical, neurophysiological, or 
behavioral and include adverse changes in somatic, autonomic, sensory, 
motor, and cognitive function (IPCS 2001).  Structural neurotoxic effects 
are adverse neuroanatomic changes at any level of nervous system or-
ganization. Central nervous system (CNS) neurons generally cannot be 
replaced after damage, so toxic damage to the brain or spinal cord that 
results in neuronal loss is usually permanent.  If axons in peripheral 
nerves are damaged, they can regenerate and reach their original target 
site if the neuronal cell bodies are not damaged.  Axons in the CNS, most 
notably in the spinal cord, may also regenerate but are less likely to reach 
their original targets. 

Neurotoxic effects may be either direct or indirect.  Direct effects 
result when agents or their metabolites act directly on sites in the nervous 
system.  Indirect effects result if agents or metabolites produce their ef-
fects primarily by interacting with sites outside the nervous system—that 
is, the effects are secondary to other systemic toxicity.  To determine 
whether neurotoxic effects are direct or indirect, gross toxicity, losses in 
body weight, and alterations in normal metabolism are evaluated for their 
possible relationship to the observed effects (IPCS 2001).  However, dis-
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tinguishing between direct and indirect effects may be difficult, particu-
larly when the mechanisms of neurotoxicity are not known.  EPA, IPCS, 
and OECD discuss and provide guidance for study interpretation when neu-
rotoxic effects are found at doses that also cause other systemic toxicity.   

 
 

EPA Concern Levels 
 
EPA neurotoxicity risk assessment distinguishes among levels of 

concern on the basis of the magnitude of effect, the duration of exposure, 
and the reversibility of some neurotoxic effects.  In general, there is less 
concern about effects that are rapidly reversible or transitory—
specifically those measured in minutes, hours, or days—and that appear 
to be associated with the pharmacokinetics of the causative agent and its 
presence in the body.  However, EPA and OECD caution that reversible 
effects should not be readily dismissed, because reversible changes that 
occur in the occupational setting or the environment may be of high con-
cern—for example, if a short-acting solvent interferes with operation of 
heavy equipment in an industrial plant.  Also, reversible effects resulting 
from cell death could require activation of repair capacity that decreases 
future potential adaptability.  That is of special concern for the nervous 
system because neurons, unlike other cells, do not repair damage to DNA 
or undergo a continual cycle of programmed cell death and replacement.  
Clear, demonstrable, irreversible change in either the structure or func-
tion of the nervous system causes greater concern.  Evidence of progres-
sive, delayed-onset, residual, or latent effects also generates a high level 
of concern.   

 
 

Assessment of Neurotoxic End Points  
 
EPA’s assessment of commonly measured neurotoxic end points is 

discussed in this section to illustrate some of the approaches used to 
evaluate neurotoxicity data.  Behavioral end points are measured with a 
functional observational battery and motor-activity tests.  Those tests are 
designed to detect and measure major overt behavioral, physiologic, and 
neurologic signs. EPA, IPCS, and OECD guidelines emphasize the im-
portance of evaluating data in terms of patterns of effects rather than as 
isolated independent end points.  There is a potential for false-positive 
statistical findings because of the large number of end points typically 
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evaluated. Thus, the relevance of statistically significant test results 
should be evaluated according to the number of signs affected; the pat-
tern of effects with respect to functional domains (such as neuromuscu-
lar, sensory, and autonomic); the doses at which effects are observed; the 
nature, severity, and persistence of the effects; and their incidence com-
pared with that in control animals.   

If only a few unrelated measures are affected or the effects are un-
related to dose, the results might not indicate a neurotoxic effect (EPA 
1998).  If several neurologic signs are affected, but only at the high dose 
and in conjunction with other overt signs of toxicity, EPA does not con-
sider it to be persuasive evidence of a direct neurotoxic effect.  For ex-
ample, body-weight changes can affect measurements of auditory startle, 
and temperature can affect conduction velocity.  If several related meas-
ures in a battery of tests are affected and the effects appear to be dose-
dependent, the data are considered to be evidence of a direct neurotoxic 
effect, especially in the absence of other systemic toxicity.  However, the 
observation of some specific end points, such as body tremors and con-
vulsions, even of short duration and even if they are the only observable 
changes, may be sufficiently important to raise a high level of concern 
(OECD 2004).   

Tests that measure more complex behaviors—such as tests of 
schedule-controlled operant behaviour, learning, and memory—often 
require that the test animals have adequate motivation or intact sensory 
and motor function.  Improved performance of a complex task does not 
necessarily indicate the absence of neurotoxicity; both increases and de-
creases in neurobehavioral performance may result from deleterious 
chemical interactions with neurons (IPCS 2001).  Thus, EPA does not 
consider an improvement to be adverse or beneficial until it is so demon-
strated by converging evidence.   

Some neurotoxicity-testing protocols suggest using a high dose that 
produces minimal toxicity because behavioral and functional findings 
can be difficult to interpret when substantial systemic toxicity is ob-
served.  In designing studies that include special behavioral, morphol-
ogic, neurochemical, or neurophysiologic measures, OECD recommends 
that careful consideration be given to doses and study conditions that 
minimize confounding effects of generalized systemic toxicity.   

The development of specific and selective biomarkers of neurotox-
icity could theoretically improve assessment of the neurotoxic potential 
of chemicals.  IPCS observed that neurotoxicology lags behind other 
branches of toxicology in the development of such biomarkers. The lack 
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of progress can be attributed partially to the complexity of the nervous 
system, the multiplicity of expressions of neurotoxic effects, and the lim-
ited understanding of the mechanism of action of many neurotoxic agents 
(IPCS 2001).   

 
 

Developmental Neurotoxicity 
 
Although the general principles for evaluating adult neurotoxic end 

points apply to the developing animal, there are issues of particular im-
portance in the evaluation of animal developmental neurotoxicity studies 
that affect risk assessment. The development of the mammalian nervous 
system is a highly complex process with specialized morphologic and 
biochemical patterns of organogenesis that continue as a carefully timed 
multistage process guided by chemical messengers (IPCS 2001). A rela-
tively minor disturbance resulting in a perturbation of the developmental 
interactions between selective cells for a short time may have major ef-
fects on the developing CNS.  In addition, blood-brain barriers that will 
eventually protect much of the adult brain, spinal cord, and peripheral 
nerves are incomplete. As a result, risk assessment of acute and repeated 
exposures to females of childbearing age (13 years old and older) should 
include careful consideration of potential exposure of the fetus and its 
effects on the developing nervous system. Toxicity data can assist in de-
termining whether developmental effects are due primarily to acute or 
repeated exposures in utero or postnatally. 

EPA states that chemical agents that produce developmental neuro-
toxicity at a dose that is not toxic to the maternal animal are of special 
concern, whereas EPA generally discounts developmental neurotoxic 
effects when overt maternal toxicity is moderate or greater.  However, 
EPA cautions that current information is inadequate to assume that de-
velopmental effects at doses that cause minimal maternal toxicity result 
only from maternal toxicity.  Another possibility is that both the mother 
and the developing nervous system are equally sensitive to a given dose.  
More important, EPA notes that “whether developmental effects are sec-
ondary to maternal toxicity or not, the maternal effects may be reversible 
while the effects on the offspring may be permanent” (EPA 1995). 

EPA emphasizes that developmental neurotoxicity should be evalu-
ated in light of other toxicity data, including those on other types of de-
velopmental toxicity.  Methods of and approaches to toxicity testing that 
improve the understanding of the mechanisms of neurotoxicity and of the 

Toxicity Testing for Assessment of Environmental Agents: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11523


124     Toxicity Testing for Assessment of Environmental Agents: Interim Report 

mechanisms by which maternal toxicity and stress can cause structural 
and functional effects on the developing fetus could lead to improved 
risk assessment.  

 
 

Categories and Overall Evaluation of Neurotoxicity Evidence   
 
EPA (1995) guidelines call for summarizing the evidence from the 

neurotoxicity database into categories of “sufficient evidence,” “suffi-
cient human evidence,” “sufficient experimental animal evidence/limited 
human data,” and “insufficient evidence.”  The “sufficient evidence” 
category includes data that collectively provide enough information to 
judge whether a human neurotoxic hazard could exist.  The “sufficient 
experimental animal evidence/limited human data” category is used 
when the evidence is judged to support a conclusion of potential or lack 
of potential neurotoxic hazard.  Strong findings from one guideline study 
are sufficient to establish potential, whereas findings from more than one 
study and in multiple species are needed to establish that neurotoxic po-
tential does not exist.  EPA, IPCS, and OECD emphasize the importance 
of evaluating overall patterns of effects relative to other neurotoxicologic 
measures and systemic toxicity end points to determine level of concern 
and severity of effect and to address possible confounding by systemic 
toxicity.   

OECD (2004) emphasizes an iterative approach to determining 
whether experimental neurotoxicity data are sufficient for risk assess-
ment.  OECD considers initial neurotoxicology testing to be standard 
acute and repeated-dose toxicity studies in which functional or histologic 
information is gathered on all major organ systems, including the nerv-
ous system.  All available data, including human and animal neurotoxi-
cology data on structurally related chemicals, are assessed.  The need for 
additional studies is based on hazard characterization and exposure as-
sessment to determine whether the available data are sufficient to evalu-
ate risk in light of the intended use, foreseeable misuse, and special con-
siderations of exposed populations, such as sex and age.    

 
 

Reproductive and Developmental Toxicity 
 
EPA has developed guidelines for developmental-toxicity risk as-

sessment (1991) and reproductive-toxicity risk assessment (1996a).  As 
discussed in Chapter 2, reproductive and developmental toxicity testing 
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includes a broader category of end points than most kinds of toxicity test-
ing because of the multiple life stages of exposure and the variety of ef-
fects that can result.  Exposure of sexually mature animals before con-
ception can result in infertility and decreased fertility; exposure during 
pregnancy can result in embryonic death, congenital malformations, fetal 
growth retardation, and premature or delayed parturition; and exposure 
of the neonatal, immature, or adolescent organism may result in death, 
growth retardation or stimulation, endocrine abnormalities, immunologic 
deficits, neurobehavioral effects, or cancer. 

In 1991, EPA published Guidelines for Developmental Toxicity 
Risk Assessment (1991), which outlines the principles and methods for 
evaluating exposure data from animal and human studies to characterize 
risks to human development, growth, survival, and function.  The EPA 
document provides guidance on the relationship between maternal and 
developmental toxicity, characterization of the health-related database 
for developmental-toxicity risk assessment, use of the benchmark-dose 
approach in dose-response assessment, and application of the reference-
dose or reference-concentration approach to developmental-toxicity as-
sessment. 

In 1996, EPA published Guidelines for Reproductive Toxicity Risk As-
sessment (1996a).  Those guidelines focus on the reproductive-system func-
tion as related to sexual behavior, fertility, pregnancy outcomes, lactating 
ability, and effects on gametogenesis, gamete maturation and function, 
reproductive organs, and components of the endocrine system that di-
rectly support reproductive functions.  The guidelines concentrate on the 
integrity of the male and female reproductive system necessary to ensure 
successful procreation. They also emphasize the importance of maintain-
ing the integrity of the reproductive system for overall physical and psy-
chological health. 

The guidelines used by EPA, the UN, and OECD are fairly compa-
rable regarding definition and evaluation of end points. However, in the 
European Union (EU), the data are used to classify chemicals into three 
hazard categories:  substances that are known to cause (category 1), 
should be regarded as causing (category 2), or cause concern about 
(category 3) impairment of fertility or developmental toxicity in humans 
(EU 2001).  The UN, in its Global Harmonization System of Classifica-
tion and Labeling of Chemicals (UN 2003), has combined the first two of 
the EU categories and formed two main hazard categories: “known or 
presumed” (category 1) and “suspect” (category 2) human reproductive 
or developmental toxicant (UN 2003).  Category 1 is subdivided into 
categories of known human reproductive or developmental toxicant 
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(1A), indicating evidence primarily from human studies, and presumed 
human reproductive or developmental toxicant (1B), indicating clear 
evidence primarily from animal experiments.  A chemical is in category 
1B if animal studies provide clear evidence of toxicity that is not found 
to be a secondary, nonspecific consequence of other toxic effects.  When 
mechanistic data raise substantial doubt about the relevance of the find-
ings to humans or there is some (but not clear) evidence from animal and 
human studies, a chemical may be placed in category 2.  The EU and UN 
systems generally require direct evidence from animal or human studies 
for a chemical to be placed in known, presumed, or suspect categories. 

 
 

Noncancer Dose-Response Assessment 
 
Risk assessments for end points other than cancer are based on the 

idea that there is a magnitude of exposure—a threshold—at or below 
which effects do not occur and above which they do.  The rationale and 
methods for characterizing noncancer dose-response relationships are 
described in guidance documents by EPA (2004a), IPCS (1999, 2001), 
the National Research Council (NRC 1977, 2001), and other institutions.  
According to the EPA (2005a) cancer risk-assessment guidelines, non-
cancer dose-response methods apply when carcinogens are judged to 
have a threshold mode of action.   

In practice, it has not been possible to define objective criteria for 
establishing thresholds (Daston 1993).  Thresholds may be biologically 
plausible for some end points, but the variation in response of sensitive 
members of the population makes it difficult to determine an absolute 
threshold for the entire population.  Nonlinear, or threshold, mathemati-
cal models are generally not used to describe the relationship between 
risk and dose at low doses quantitatively.  Instead, the dose-response re-
lationship is characterized by values, such as a no-observed-adverse-
effect level (NOAEL) or a benchmark dose (BMD).  NOAELs and 
BMDs can then serve as the basis for identifying a reference dose (RfD), 
a reference concentration (RfC), a tolerable intake, or a guidance value—
exposure levels at or below which significant adverse effects are not 
thought to occur (EPA 2004a; IPCS 1994).  Occasionally, a nonthreshold 
dose-response relationship is judged plausible or likely for a noncancer 
end point, at least at doses to which humans are commonly exposed.  
When that occurs, different assessment approaches may be applied. 

Guidance values, such as RfDs and RfCs, are used by regulatory 
agencies to establish levels of daily exposure below which no adverse 
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effects would be expected to occur even in potentially sensitive individu-
als, such as children.  Examples include maximum contaminant levels for 
drinking-water contaminants, ambient-air quality concentrations of air 
pollutants, acceptable daily intakes of pesticides and other food residues, 
acute-exposure guideline levels for accidental releases, and other advisories.  

 
 

The Reference-Dose Method 
 
The toxicity database on a compound typically includes studies that 

assess a multitude of biologic end points and evaluate its effect on vari-
ous organ systems.  The RfD approach, which is analogous to the ap-
proach used by IPCS for developing tolerable intakes, begins by identify-
ing studies of suitable quality and then selecting the most sensitive study 
from among them.  The key study provides dose-response data on the 
critical effect, which is the most sensitive adverse response that occurs at 
the lowest dose.  The dose-response data are examined to derive or select 
a “point of departure,” which is the starting dose for the calculation of 
the RfD.  The point of departure can be a NOAEL (the highest dose that 
is not significantly different from the control group) or the lowest-
observed-adverse-effect level (LOAEL) (the lowest dose where there is a 
significant increase compared with the control group).  Alternatively, a 
BMD can be derived.  The BMD is the dose that is estimated through 
model-fitting to produce a specified response rate (for example, 1% or 
10%).  The BMD is chosen to be in the lower end of the dose-response 
range for which there are sufficient data.  The point of departure is used 
in conjunction with uncertainty and correction factors (for simplicity, 
denoted UFs) to derive the RfD (IPCS 1994, 1999; EPA 1991, 1995, 
1996a; Dourson 1994).  

UFs are used to account for several specific issues, including inter-
species extrapolation (UFA), human intraspecies variability (UFH), ex-
trapolation between subchronic and chronic exposure durations (UFS), 
extrapolation of a LOAEL to a NOAEL if a LOAEL is used (UFL), and 
concerns about the quality or breadth of the database (UFDB).   

IPCS (1999) assumes factors of 10 for both the interspecies and in-
traspecies UFs and separates them into pharmacokinetic and pharmaco-
dynamic components (Figure 5-1) when there are sufficient data to de-
rive one of the components (Renwick 2000; Renwick and Lazarus 1998).  
For example, the pharmacokinetics of interspecies differences may be 
sufficiently well understood to build and assign parameters to a physio-
logically based pharmacokinetic model.  Model predictions of interspe- 
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FIGURE 5-1  IPCS subdivision of interspecies and intraspecies uncertainty 
factors into pharmacokinetic and pharmacodynamic components. Source: IPCS 
1999.  Reprinted by permission of the International Programme of Chemical 
Safety, copyright 1999. 

 
cies differences may replace the pharmacokinetic component of the in-
terspecies factor.  The remaining uncertainty in interspecies pharmaco-
dynamic differences would be addressed by an interspecies pharmacody-
namic factor adopted by IPCS to be 2.5.  EPA (2002a) has recognized 
the IPCS approach and now uses chemical-specific adjustment factors 
instead of default values when it finds the available data sufficient to de-
rive them.   

Individual UFs—usually with values of 10, 3, or 1—are multiplied 
together to produce an aggregate or composite UF.  When the composite 
UF is large, EPA may judge the data to be insufficient for establishing an 
RfD and refrains from setting one.  The agency has not used a composite 
UF exceeding 3,000 in over a decade, and an EPA technical panel has 
recommended that it become policy not to do so (EPA 2002a).  EPA 
(2002a, 2002b) has reviewed the extent to which the composite UF re-
sults in adequate protection. 

When animal data are used to derive the RfD, the BMD (or the 
NOAEL or LOAEL) is first adjusted to represent a daily continuous ex-
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posure of a human population.  For example, the adjustment factor (ADJ) 
might be 5/7 to adjust a laboratory exposure of 5 days/week to an expo-
sure of 7 days/week.  The resulting value is divided by the composite 
uncertainty, as illustrated in Equation 1.   

 
RfD = [(BMD)(ADJ)]/ UFcomposite]    (1) 

 
 

The Reference-Concentration Method  
 
Guidelines for determining inhalation RfCs have been refined to 

base the derivation on dose delivered to epithelial regions of the respira-
tory tract (EPA 1994).  In a procedure similar to that for RfD derivation, 
the RfC is calculated from a benchmark concentration (BMC) or a no-
observed-adverse-effect concentration.  It is first adjusted to represent a 
daily continuous exposure and then corrected with dosimetric adjustment 
factors (DAFs) to provide a human equivalent benchmark concentration 
(BMC(HEC)).  The DAFs are based on general knowledge of particle and 
regional gas deposition characteristics in the specific regions of the respi-
ratory tract in the test animals and humans.  The BMC(HEC) is estimated 
from the following relationship: 

 
BMC(HEC) = (BMC(Adjusted))(DAF)   (2) 

 
The DAF correction is to estimate an equivalent deposition in the 

human respiratory tract at the animal BMD(Adjusted).  After the “above-the-
line” corrections in Equation 2, UFs are applied.  Because the BMC(HEC) 
includes an adjustment for delivered dose between species, EPA applies 
a UFA of 3.15 rather than 10, where 3.15 is about the square root of 10.  
The UFA is reduced because the correction with the DAF is intended to 
account for species pharmacokinetic differences but does not account for 
pharmacodynamic uncertainties in interspecies extrapolation.   

 
 

Uncertainty Factor for Susceptibility of the Fetus and the Young—
Application of the Food Quality Protection Act 

 
The approach of dividing the dose at which responses are observed 

in animals by some factor or group of factors began in the 1950s when 
FDA used a factor of 100 to determine allowable human daily intakes of 
food additives and other compounds on the basis of animal studies 

Toxicity Testing for Assessment of Environmental Agents: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11523


130     Toxicity Testing for Assessment of Environmental Agents: Interim Report 

(Lehman and Fitzhugh 1954).  In the first application, the adjustments 
were considered to be safety factors.  The major grouping of current UFs 
discussed above was developed in the 1980s as EPA began a process of 
standardizing the risk-assessment approach for end points other than 
cancer (Dourson and Stara 1983; Dourson 1994).  In 1993, NRC ad-
dressed the question of whether the regulatory approaches for controlling 
pesticide residues in foods adequately protected infants and children 
(NRC 1993).  After reflecting on the testing and standard-setting system, 
NRC recommended that a UF of up to 10 be applied when there is evi-
dence of fetal and postnatal developmental toxicity and when data from 
toxicity testing relative to children are incomplete.  Its report stated that 
“the committee wishes to emphasize that this is not a new, additional 
uncertainty factor but, rather, an extended application of an uncertainty 
factor now routinely used by the agencies for a narrower purpose [to ad-
dress fetal developmental toxicity].  In the absence of data to the con-
trary, there should be a presumption of greater toxicity to infants and 
children.”  The FQPA, signed into law in August 1996, directed EPA to 
use an additional 10-fold margin of safety in setting pesticide tolerances 
for infants and children to take into account the potential for prenatal and 
postnatal toxicity and the completeness of the toxicology and exposure 
databases. The law provides for departure from the 10-fold margin when 
reliable evidence shows that a different margin is protective of infants 
and children [Section 408(b)(2)(C)].   

In implementing the FQPA, the EPA Office of Pesticide Programs 
considers the FQPA factor as part of the tolerance evaluation.  The toxi-
cology and exposure data are evaluated, and then it is determined 
whether there are important residual uncertainties regarding potential 
risks to the young.  EPA uses a weight-of-evidence approach to judge the 
degree of concern for potential prenatal and postnatal toxicity to deter-
mine whether the 10-fold margin, referred to by EPA as the 10X factor, 
should be used or a different value should be assigned.  The approach 
considers several factors, including available human and animal data on 
prenatal and postnatal toxicity, the nature of the dose-response relation-
ship, and information on the human relevance of data from animal ex-
periments, such as pharmacokinetics, mechanism of action, and similar-
ity of the biologic response in different species.  Table 5-1 illustrates 
how EPA may weigh those factors in evaluating the necessary FQPA 
margin. 

In practice, EPA’s Office of Pesticide Programs usually has found 
that application of the traditional factors provides adequate protection. 
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TABLE 5-1  EPA’s Weight-of-Evidence Approach for Evaluating  
Degree of Concern for Prenatal and Postnatal Toxicity on the Basis  
of Human and Animal Data 

Degree of Concern

Factor 
Increasing Weight—Higher 
Degree of Concern 

Decreasing Weight—Lower 
Degree of Concern 

Pre- and  
postnatal toxicity 

Effects found in humans  
related to exposure   

Same types of effects seen in 
more then one species 

Effects of a different type  
with greater potential  
consequences in young  
than in adults 

Persistence or relatively 
longer recovery of effects 
in young than in adults 

No adverse human or  
animal effects associated 
with exposure 

Similar response in young 
with relatively shorter  
recovery than in adults 

Dose-response 
relationship 

Effects observed at a lower 
dose in young than in 
adults 

NOAEL not identified  
Poor data on dose-response 

relationship 

Effects at higher dose in 
young than in adults or 
only at high dose in  
presence of severe  
generalized toxicity 

Good data on dose-response 
relationship that allows 
confident identification  
of NOAEL or BMD 

Pharmacokinetics  Metabolic profile indicates 
higher internal dose of  
active moiety in young  
than in adults or in  
humans than in animals  

Metabolic profile indicates 
lower internal dose of  
active moiety in young 
than in adults or in  
humans than in animals 

Mode of action Mode of action supports  
relevance to humans and 
concern for animal findings

Mode of action may lead  
to several adverse  
consequences in offspring 

Evidence indicates that 
mode of action is  
species-specific and thus 
not relevant to humans 

Evidence indicates that  
humans are less sensitive 
than animal model 

Source: Adapted from EPA 2002a. 
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Pesticide Fact Sheets summarizing many pesticide evaluations conducted 
since the passage of the FQPA in 1996 are posted on EPA’s web site.  Of 
the 59 chemicals posted, EPA found it unnecessary to apply an FQPA 
factor—that is, it uses a factor of 1—for all but 11 chemicals.  For five 
pesticides, the agency applied the full FQPA factor of 10 for at least one 
exposure group and exposure circumstance, such as acute dietary expo-
sure of women of childbearing age.  For six pesticides, EPA applied an 
FQPA factor of 3.  In the five cases where the factor of 10 was applied, 
severe developmental toxicity end points, such as multiple malforma-
tions and fetal death, were observed in laboratory animals.  In two cases 
in which an FQPA factor of 1 was applied, a database UF of 10 was 
used.  Both cases were driven by findings from existing studies suggest-
ing effects at lower doses and the need for specific studies to resolve the 
uncertainty (for example, a developmental-immunotoxicology test).   

EPA (2002b) notes that there should be consistency among agency 
programs, including the pesticide program, in deriving RfDs and RfCs 
for the same chemical.  EPA (2002b) found that broad use of the data-
base UF under the FQPA is characteristic of other agency practices and 
provided the following guidance on its use in risk assessments: 

 
The [database] “completeness” inquiry should be a broad 
one that takes into account all data deficiencies. In other 
words, the risk assessor should consider the need for tradi-
tional uncertainty factors not only when there are inadequa-
cies or gaps in currently required studies on pesticides, but 
also when other important data needed to evaluate potential 
risks to children are missing or are inadequate.  

 
EPA (2002b) also noted that all agency programs have traditionally 

considered a group of five studies to be the minimum for deriving a 
“high-confidence” chronic RfD—two chronic oral studies in different 
species, two prenatal-development studies in different species, and a 
multigeneration reproductive-toxicity study in rats.  EPA concluded that 

 
the absence of any of these studies suggests that the existing 
data are not sufficient to address and relieve uncertainties re-
garding the hazards of the chemical and would typically give 
rise to the need for a database uncertainty factor to protect 
the safety of infants and children.  
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In addition to considering any data gaps involving these 
five studies, the risk assessor should as is now standard 
Agency practice evaluate other data gaps, particularly those 
that pertain to evaluating risk to children and other sensitive 
subpopulations.  

 
However, EPA (2002b) continued that when determining the need for a 
database UF, the risk assessor should evaluate how likely the missing or 
inadequate study will substantially change the outcome of the overall risk 
assessment.  EPA (2002a) found that when the traditional UFs are appro-
priately applied, they are usually adequate and that an additional factor, 
such as an FQPA factor, was not needed to address concerns regarding 
prenatal and postnatal toxicity. 

EPA (2002b) is considering new studies and modification of exist-
ing guideline studies to provide a more comprehensive coverage of life 
stages, a more systematic evaluation of pharmacokinetics, and a more 
focused evaluation of structural and functional toxicity in the young.  
Such studies might include pharmacokinetics in fetuses or young ani-
mals, direct dosing of offspring before weaning, enhanced developmen-
tal-neurotoxicity studies, developmental-immunotoxicity studies, and 
enhanced evaluations related to endocrine disruption. 

 
 

CANCER RISK-ASSESSMENT GUIDANCE 
 
Principles for assessing cancer hazards and risks have been in use at 

least since the early 1970s (OTA 1987).  In the early 1980s, NRC rec-
ommended periodic updating of risk-assessment guidelines to keep pace 
with scientific advances and to clarify science policy positions (NRC 
1983).  Several agencies and organizations have developed and imple-
mented guidelines or principles for cancer risk assessment.  EPA (1986, 
1996b, 1999, 2005a) has developed, revised, and conducted peer reviews 
of its cancer risk-assessment guidelines over the years as the scientific 
basis of evaluation has evolved.  The current EPA (2005a) carcinogen 
guidelines emphasize cancer hazard identification and dose-response  
assessment and provide limited guidance for carcinogen exposure as-
sessment and risk characterization.  EPA (2005b) has also published 
supplemental guidelines to describe possible approaches for assessing 
risks resulting from early-in-life exposures to carcinogens. 
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Cancer Hazard Identification 
 
Carcinogen hazard-identification guidelines provide approaches for 

evaluating data to determine a chemical’s cancer-causing potential.  The 
National Toxicology Program (NTP 2005) has general guidance to iden-
tify a chemical “known to cause cancer” or “reasonably anticipated to be 
a human carcinogen.”  The International Agency for Research on Cancer 
(IARC 1999) has developed more detailed guidance to categorize a 
chemical as a known, probable, or possible human carcinogen or as a 
chemical for which inadequate evidence is available or for which evi-
dence suggests lack of carcinogenicity.  Similar classifications have been 
adopted by EPA (2005a) and the Institute of Medicine (IOM 2004).   

Classification systems typically involve two steps.  First, the differ-
ent types of evidence on a chemical are evaluated for sufficiency for es-
tablishing causal relationships between cancer and exposure to the 
chemical.  Second, there is an overall evaluation of the entire body of 
evidence. 

There are three types of evidence.  There is human evidence from 
cancer epidemiology studies; bias, confounding, and chance are critically 
evaluated to determine the extent to which they might explain observed 
relationships.  There is evidence from animal cancer bioassays; finding 
the evidence sufficient to establish causality requires multiple studies 
showing increases in cancers or tumors that can progress to cancer.  And 
there are other relevant data, such as “data on preneoplastic lesions, tu-
mour pathology, genetic and related effects, structure-activity relation-
ships, metabolism and pharmacokinetics, physicochemical parameters 
and analogous biological agents” (IARC 1999).  Data are “considered to 
be especially relevant if they show that the agent in question has caused 
changes in exposed humans that are on the causal pathway to carcino-
genesis” (IARC 1999). 

Table 5-2 shows how the overall evidence from human, animal, and 
other relevant studies may be used by various agencies to reach conclu-
sions about potential carcinogenicity.  Positive categorizations of car-
cinogenicity—such as “known,” “sufficient,” “likely,” and “sugges-
tive”—require, at a minimum, direct observations of cancer in humans or 
laboratory animals.  Rarely, structural analogy to an established carcino-
gen may be used.  IOM has the most stringent criteria and requires epi-
demiologic evidence for drawing any positive conclusions about poten-
tial carcinogenicity; animal evidence and other test information are used 
only to confirm cancer causation once epidemiologic associations have 
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been demonstrated.  IARC and EPA use direct evidence of cancer from 
animal bioassays to determine whether a chemical may or is likely to 
cause cancer.  IARC requires more evidence for a conclusion of probable 
carcinogenicity than EPA needs for a conclusion of likely carcinogenic-
ity.  Multiple studies are usually required to establish a positive categori-
zation.  IARC (2005b), however, is now considering modifying its rules 
of evidence so that “possible carcinogenicity can be assessed solely on 
the basis of strong evidence from mechanistic and other relevant data.” 
Current NTP guidance indicates that an agent can be classified as rea-
sonably expected to be a human carcinogen when there is “convincing 
relevant information that the agent acts through mechanisms indicating it 
would likely cause cancer in humans” (NTP 2005).  In practice, however, 
this criterion has not been used in the absence of direct evidence of car-
cinogenicity of a chemical or a closely related structural analogue. 

The hazard-identification guidelines of IARC and EPA discuss in 
detail how some design features of the bioassay may influence infer-
ences.  EPA’s guidelines (2005a) note that study findings can be com-
promised by dose selection.  High doses that cause excessive toxicity 
complicate the interpretation of tumor observations.  Doses that are set 
too low render a study insensitive.  Too few doses or too few animals at 
each dose limit the dose-response characterization.  Guidelines also dis-
cuss study quality, reporting, and interpretation with regard to statistical 
and biologic significance, use of historical and concurrent control ani-
mals, and tumor type and progression.   

In the IARC, EPA, and NTP guidance, indirect evidence is used to 
affect the categorization that would otherwise be based on the direct evi-
dence alone.  Indirect evidence from genotoxicity assays, comparative 
human and animal metabolism and receptor profiles, and structure-
activity, biomarker, and other studies may increase the confidence that 
cancer findings in animals are relevant or irrelevant to humans.  Such 
data have been used to classify some chemicals (for example, dioxin and 
ethylene oxide) as carcinogenic to humans in the absence of definitive 
epidemiologic data.  A potential for carcinogenicity should not be based 
on indirect evidence in the absence of direct findings of cancer in animal 
or human studies. 

 
 

Cancer Dose-Response Assessment 
 
In the EPA (2005a) guidelines, mode-of-action data guide the dose-

response assessment. A two-step process is used: the first step involves 
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the determination of mode of action for each tumor finding, and that dic-
tates the approach for the dose-response analysis, which may be a linear 
analysis that presumes a linear dose-response relationship, a nonlinear 
analysis that reflects the assumption of a threshold, or both.  When there 
is strong evidence of genotoxicity from multiple test systems, a linear 
relationship is assumed.  A nonlinear mode of action is determined from 
data usually at the cellular, tissue, organ, and organism level that together 
indicate that exposures at some dose would be without cancer effect.  
The guidelines provide general criteria for the evaluation of data in as-
sessing the mode of action.   

In a linear analysis, mathematical models are fitted to dose-
response data to estimate a benchmark dose.  The BMD is a dose that 
causes a specified fraction of subjects to develop tumors.  The BMD is 
then used to infer lower risk-specific doses.  In a threshold, nonlinear 
analysis, the standard approach used for setting an RfD for noncancer 
end points, as discussed above, is used.   

The EPA (2005a) guidelines provide for the application of a bio-
logically based model for agents on which quantitative data relate spe-
cific key events in the cancer process to neoplasia.  A large amount of 
data is required to support biologically based modeling.  Standards and 
guidance for data generation are not available, nor is specific guidance 
available for the use of such data in dose-response evaluation.  

The EPA guidelines note the importance of considering potentially 
susceptible populations, such as children and other “subpopulations of 
individuals who are particularly vulnerable to the effects of an agent be-
cause of pharmacokinetic or metabolic differences (genetically or envi-
ronmentally determined)” (Bois et al. 1995).  In practice, few assess-
ments quantitatively characterize human variability in cancer risk.  There 
is a large degree of heterogeneity among humans compared with the rela-
tive homogeneity of bioassay animals used as the basis for many cancer 
dose-response characterizations.   

There is no systematic approach for identifying sensitive popula-
tions in conducting cancer risk assessment.  Human and animal studies 
indicate that the young can be (but are not always) more sensitive than 
adults.  EPA has developed guidance for assessing the contribution of 
early life exposures to lifetime cancer risk (EPA 2005b).   

The EPA guidelines discuss in many places the issue of cross-
species site concordance—that is, whether the specific tumors observed 
in an animal bioassay should also be assumed to occur in humans.  EPA 
(2005a) states that 
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site concordance of tumor effects between animals and hu-
mans should be considered in each case. Thus far, there is 
evidence that growth control mechanisms at the level of the 
cell are homologous among mammals, but there is no evi-
dence that these mechanisms are site concordant.  Moreover, 
agents observed to produce tumors in both humans and ani-
mals have produced tumors either at the same (e.g., vinyl 
chloride) or different sites (e.g., benzene) (NRC, 1994). 
Hence, site concordance is not assumed between animals and 
humans. On the other hand, certain processes with conse-
quences for particular tissue sites (e.g., disruption of thyroid 
function) may lead to an anticipation of site concordance.  

 
Although that is EPA’s stated position, in many dose-response 

analyses that use pharmacokinetic information, site concordance has 
been assumed.  There is no clear guidance on when it is appropriate to 
assume it. 

 
 

COMMITTEE OBSERVATIONS CONCERNING TOXICITY 
DATA AVAILABLE FOR RISK ASSESSMENT 

 
Guidelines for assessing hazards and dose-response relationships 

from toxicologic and epidemiologic data have coevolved with scientific 
developments and laboratory capabilities.  In some respects, the human 
and animal data being generated as described in Chapters 2 and 3 mesh 
well with the evidence requirements.  In other respects, there is a discon-
nect between the data needed for evaluating risk and the data generated 
in the laboratory or field.  The following discussion presents the commit-
tee observations on data availability and needs for risk assessment. 

 
 

Coverage of End Points 
 
For widely used drugs, food additives, and pesticides, there is a rea-

sonably good basis for risk-based decision-making.  That is not the case 
for industrial chemicals, partly because there is no mandatory testing of 
industrial chemicals; and the rules of evidence applied in assessing the 
hazards and risks they pose do not always relate well to the test data be-
ing generated.  For example, although adequate cancer bioassay and epi-
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demiologic data are not available on many chemicals, short-term test 
data and structural alerts are.  Indeed, in some testing strategies, carcino-
gen bioassays are not performed or infrequently performed, and genotox-
icity data are generated to provide presumptive evidence of carcinogenic-
ity.  Under EPA and IARC carcinogen guidelines, direct evidence of 
cancer in animals or humans is required if a chemical is to be identified 
as having carcinogenic potential.  In practice, when such data are not 
available, the chemical is classified as having, for example, “inadequate 
information to assess carcinogenic potential”; cancer risk is not esti-
mated; and the chemical is generally treated as posing zero cancer risk.  
A system for using indirect evidence from emerging test strategies and 
genotoxicity batteries could be developed to guide the assessment of 
chemicals that lack adequate cancer bioassay or epidemiologic data.  
Similarly, systems and guidance could be created for identifying a poten-
tial for neurotoxicity, developmental toxicity, and other toxicities on the 
basis of short-term tests and high-throughput approaches using end 
points that are more specific to the relevant toxicologic processes that are 
conserved across species.  

 
 

Coverage of Life Stages 
 
Most toxicologic tests do not provide sufficient information to as-

sess health risks associated with exposures at different life stages, includ-
ing pregnancy, infancy, childhood, and old age.  To characterize health 
effects of exposures at different life stages fully, more elaborate study 
designs would be needed. The extent to which existing risk-assessment 
procedures for establishing guidance levels may adequately address 
health protection in relation to exposures at different life stages is an is-
sue of current scientific inquiry and discussion. 

 
 

Development of Epidemiologic Evidence 
 
High-quality human evidence is given the most weight in hazard 

identification.  Existing regulatory programs and data-generation re-
quirements do not encourage the development of epidemiologic data, but 
they could.  Followup studies long enough to identify carcinogenic haz-
ards are not now required after the introduction of pharmaceuticals, pes-
ticides, or other chemicals. 
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Use of Standardized Toxicity Tests 
 
Standardization of animal toxicity tests (for example, standardized 

as to species and strain) provides stability and predictability in testing 
and regulatory processes but appears in some cases to work against the 
development of findings of greatest relevance to humans.  The finding of 
lack of relevance of results does not usually prompt explorations with 
alternative animal models that may be more relevant.  When specific 
animal findings are not relevant to humans, the lack of additional testing 
in a more appropriate species biases the process toward the creation of 
false negatives.  However, adherence to the standard study-design fea-
tures and the current testing guidelines generally does produce data that 
are valuable for hazard identification.  The high doses used in the toxic-
ity tests limit their applicability for characterizing risks at the low doses 
typical of environmental exposures, but accurate characterizations at the 
low doses would require impracticably large numbers of animals.   

The issue of indirect, systemic toxicity resulting from high-dose 
testing and the challenges it poses for interpreting findings of cancer, 
reproductive toxicity, developmental toxicity, and neurotoxicity is dis-
cussed in risk-assessment guidelines for these end points.  For example, 
neurotoxicity testing currently relies on apical tests that have a strong 
emphasis on behavioral end points that can be confounded by other sys-
temic toxicity, such as can be seen at or above the maximum tolerated 
dose or indicated by moderate maternal toxicity.  The development of 
specific and selective biomarkers of toxicity could theoretically improve 
assessment of such effects when they occur in the presence of systemic 
toxicity.   

 
 

Default Dose-Response Assessments 
 
Regardless of the specific noncancer end point, the dose-response 

relationship is typically characterized with the use of reference doses and 
reference concentrations.  The starting point for analysis is the selection 
of the point of departure—a NOAEL, LOAEL, or BMD.  Use of toxicity 
data for establishing a point of departure is often not taken into account 
in designing experiments. Attention to the number of animals, magnitude 
of dose, number of dose groups, and dose spacing can lead to NOAELs 
that fall closer to the actual no-effect levels or more reliable estimates of 
the BMD.  For noncancer end points, a reference level is derived from a 

Toxicity Testing for Assessment of Environmental Agents: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11523


Use of Data in Human Health Risk Assessment            143 

BMD, LOAEL, or NOAEL for the most sensitive adverse end point and 
specified uncertainty and adjustment factors; and, unless scientific in-
formation indicates that it is inappropriate, the same process is applied 
for carcinogens that are judged to act through a nonmutagenic mecha-
nism. The uncertainty and adjustment factors reflect a variety of consid-
erations, including human heterogeneity, interspecies differences, and 
completeness of the available data.  Some time has passed since the cur-
rently used values were adopted.  Comprehensive testing and data-
collection strategies are needed to re-evaluate those factors or alterna-
tives to their use, such as probabilistic risk assessment for noncancer end 
points; a general framework for evaluating factors used for developmen-
tal-toxicity assessment has been described (NRC 2000). 

For mutagenic carcinogens or carcinogens of unknown mechanism, 
a linear no-threshold dose-response model is used by EPA for low-dose 
extrapolation. Risk-assessment guidelines for assessing the dose-
response relationship of mutagenic carcinogens from animal data assume 
that each individual faces the same risk of cancer at a given dose.  Non-
cancer guidance applies a generic default factor to adjust for variability.  
Testing strategies do not reflect a systematic approach for developing 
data to assess the variability of human responses to chemicals quantita-
tively.  Such data would aid in understanding whether the current default 
procedures for estimating cancer risk are conservative overall or may in 
some cases understate the risk for some segments of the population. 

 
 

Data and Framework for Nondefault Assessment 
 
For most environmental agents of concern, the initial default as-

sessment of risk involves extrapolation of findings from studies in very 
small homogeneous animal populations that are exposed for a portion of 
their lifespan at doses typically considerably higher than environmental 
levels to large heterogeneous human populations.  The extrapolations 
have the potential to overestimate or underestimate risk; when the differ-
ence between expected human exposure and effect level is relatively 
small or the costs of indicated exposure reductions are high, additional 
study may be undertaken either by regulatory authorities or by affected 
industries.   

With the exception of standard genotoxicity testing, the generation 
of data for mode-of-action evaluations, pharmacokinetic modeling, and 
other nondefault approaches is typically ad hoc.  The data may be sup-
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plied by interested parties or otherwise available in the literature but are 
not required by the agencies.  Although the guidelines may provide a 
loose framework for nondefault approaches, they provide little guidance 
on data-generation issues, such as hypothesis-testing of modes of action 
and plausible competing hypotheses.  Guidance is also limited or non-
existent for developing other information useful for nondefault analyses, 
including data for models for assessing human variability, age depend-
ence, site concordance, and high- to low-dose and cross-species differ-
ences in pharmacokinetics.   

Optimizing further testing to improve the initial characterization of 
a particular chemical or class of chemicals can be highly context-
dependent.  Nonetheless, a general framework and further guidance on 
developing a testing strategy to improve specific risk assessments would 
be useful.  In the process for setting national ambient air quality stan-
dards (NAAQS) for criteria air pollutants, data generation, assessment, 
and standard-setting itself are components of an iterative and cyclic 
process.  As EPA is adopting the new standard, the stage is set for further 
study and generation of information to improve assessment in the next 
round of standard-setting.  Formal reviews, such as NRC (2004), can be 
part of the process that leads to coherent and effective testing strategies. 
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6 

 
New Approaches 

 
The committee’s review of current toxicity-testing strategies re-

vealed a system that is approaching a turning point.  Most toxicity-testing 
frameworks were developed decades ago and may not adequately reflect 
today’s science, let alone the emerging challenges and new approaches 
of the future.  Agencies have responded by altering individual tests and 
by adding tests to the existing regimens to incorporate end points and 
mechanistic evaluations newly recognized to be of potential importance. 
Those patches have not provided a fully satisfactory solution of the fun-
damental problem.  

The core of the problem appears to be tension among four objec-
tives of regulatory testing schemes that are difficult to meet simultane-
ously:  depth, providing the most accurate, relevant information possible 
for hazard identification and dose-response assessment; breadth, provid-
ing data on the broadest possible universe of chemicals, end points, and 
life stages; animal welfare, causing the least animal suffering possible 
and using the fewest possible animals; and conservation, minimizing the 
expenditure of money and time on testing and regulatory review (see 
Figure 6-1).  The committee initially noted that decreasing animal use 
and decreasing costs may pull the testing programs in similar directions, 
such as toward the use of in vitro methods.  However, those two objec-
tives may not always be aligned; initial efforts to reduce animal suffering 
and animal use may increase costs in some situations.  Thus, approaches 
designed to move toxicity testing toward one of the objectives frequently 
move it away from one or more of the others.  The Environmental Pro-
tection Agency (EPA) and other agencies that perform or require toxicity 
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FIGURE 6-1  The four objectives of toxicity testing.  
 
 

testing are constantly being challenged to meet all four objectives and are 
often caught between competing priorities.  

Setting priorities among the competing objectives is more than a 
scientific issue. Individuals and organizations can have different, some-
times strongly held beliefs about which of the four is most important, and 
trying to satisfy the objectives has driven different efforts to reform tox-
icity testing.  For example, legislation requiring creation of an endocrine-
disruptor screening program was driven by an effort to increase breadth, 
whereas the Interagency Coordinating Committee on the Validation of 
Alternative Methods (ICCVAM) was created in an effort to conserve 
animals.  Rather than attempting to set priorities among the objectives, 
this committee recognized that all four are important. The committee 
acknowledges, however, that embracing all four poses a difficult chal-
lenge.  This chapter and the next review some selected approaches that 
may ultimately help to move toxicity testing toward one or more of the 
objectives. 

In this chapter, the committee summarizes and comments on some 
strategies proposed by others for near-term improvements in existing 
toxicity-testing approaches, including the EPA review of toxicity data 
available for establishing reference doses (RfDs) and reference concen-

Broadest coverage of 
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Lowest cost; 
least time 

Detailed mechanistic and 
dose information for human 
health risk assessment 

Fewest animals;  
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trations (RfCs), the International Life Sciences Institute (ILSI) Health 
and Environmental Sciences Institute (HESI) draft reports proposing 
modifications of EPA’s approach for pesticide testing, the National 
Toxicology Program (NTP) Roadmap for the Future, and the European 
Union (EU) strategy in the proposed REACH (Registration, Evaluation 
and Authorisation of Chemicals) testing scheme for existing industrial 
chemicals.  

 
 

APPROACHES FOR IMPROVING EXISTING  
TOXICITY-TESTING STRATEGIES 

 
Toxicity-testing guidelines and strategies described in the previous 

chapters are the results of the gradual evolution of testing requirements 
and risk-assessment approaches that took place as the field of toxicology 
advanced.  However, agencies have struggled to incorporate recent scien-
tific and technologic advances in toxicology, basic human biology, mo-
lecular biology, pharmacokinetics, dose-response modeling, imaging, 
computation, and other relevant fields, so many of the current require-
ments are still based on approaches that originated more than 40 years 
ago.  In addition, more sophisticated exposure assessments have identi-
fied different durations and routes of exposure for various populations, 
such as residential exposures of toddlers, that require more toxicology 
data for risk assessment.   

Proposed strategies for improving toxicity testing can be difficult to 
compare directly.  Some strategies aim at meeting regulatory mandates 
and therefore focus on specific needs. For example, the ILSI-HESI 
documents described below focus on toxicity-testing strategies for pesti-
cides, whereas the REACH program attempts to address the numerous 
industrial chemicals that have been inadequately studied. The different 
purposes of those testing strategies contribute to major differences be-
tween them.  However, there can also be important differences between 
testing strategies and approaches of initiatives and proposals that try to 
fulfill the same risk-management needs.  

The committee elected to focus primarily on the major aspects of 
the reports reviewed, rather than critiquing the details.  Most of the re-
viewed reports describe initiatives or proposals that are still under devel-
opment, some of which are sometimes presented with few details; some 
reports were available to the committee only as drafts.  The committee 
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reviewed the documents primarily in an effort to compare various testing 
strategies proposed and to evaluate their potential to move toward the 
overall objectives of broadening coverage, increasing depth, addressing 
animal-welfare issues, and conserving resources.  In general, the commit-
tee did not engage in detailed assessments of individual bioassays, al-
though a few observations related to the alternatives presented by EPA 
for discussion are included. 

 
 

Environmental Protection Agency Review  
of Data Needs for Risk Assessment 

 
A Review of the Reference Dose and Reference Concentration 

Processes (EPA 2002), written by the EPA Risk Assessment Forum’s 
RfD/RfC Technical Panel, provides recommendations for improvements 
in deriving RfDs and RfCs (see Chapter 5 of the present report for a dis-
cussion of RfD and RfC derivation).  The committee focused on aspects 
of the EPA document related to toxicity testing, particularly its Chapter 
3, which reviews the adequacy of tests in EPA guidelines (EPA 2005) for 
deriving RfDs and RfCs for chronic, acute, and other less-than-lifetime 
exposures.  

EPA reviewed information generated from currently required acute, 
short-term, chronic, and specialized toxicity studies.  It then identified 
data gaps with regard to the assessment of life stages, end points, route 
and duration of exposure, and latency of response and made recommen-
dations to fill the gaps.  Options for alternative testing systems were also 
presented.  EPA (2002) was careful to point out that  

 
the intent of this review is not to suggest that additional test-
ing be conducted for each and every chemical in order to fill 
in the information gaps identified for those organ systems 
evaluated. Nor is it suggested that the alternative testing pro-
tocols discussed in this chapter be conducted for every 
chemical or become part of current toxicology testing re-
quirements or that these alternative protocols are the only 
options available. Rather, it is the goal of this document to 
provide a basis for the development of innovative alternative 
testing approaches and the use of such data in risk assessment.   
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Specifically, EPA made a number of observations about the genera-
tion of toxicity data under the test guidelines for exposures at different 
life stages.  Most of the standard adult toxicity-testing guidelines for 
acute, subchronic, chronic, and carcinogenicity testing were not designed 
to evaluate different life stages, and that has led to substantial gaps (see 
Figure 6-2). Acute and short-term testing is done only in prenatally ex-
posed animals and in young adults, not in postweaning young animals or 
aged animals.  In addition, only a few toxicologic end points are evalu-
ated in the EPA-required acute toxicity (lethality) studies.  EPA dis-
cusses how data typically collected in subchronic studies—such as hema-
tologic, clinical, and histologic data—could augment acute studies so 
that acute RfDs could be developed on the basis of end points other than 
lethality. 

Subchronic and chronic toxicity studies are conducted in young 
adult animals, and exposure in the rodent chronic–carcinogenicity studies 
continues to the age of 2 years, considered by EPA to be into old age.   
 

 

 
 

FIGURE 6-2  Guideline study designs used to derive the oral reference dose.  
Life stages during which exposure occurs (gray), times at which observations 
are made, and end points evaluated are indicated.  Source:  EPA 2002. 
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No subchronic or chronic toxicity studies include exposures beginning in 
the prenatal period, in the early postnatal period (before weaning), or in 
animals younger than 6-8 weeks old.  Tests for reproductive effects pro-
vide data on subchronic exposures of animals that are exposed from be-
fore birth up to mating of the F1 males and females and through preg-
nancy of the F1 young adult females.  No subchronic-toxicity evaluations 
are conducted in aged animals.   

EPA emphasized the need to collect pharmacokinetic data that 
would help define the internal dose of the active agent to the target site.  
That information could be used to improve study design, study interpre-
tation, dose scaling, and route extrapolation.  EPA also notes that there 
are no guideline protocols for pharmacokinetic evaluations related to ex-
posures and outcomes during infant development or later in old age.  The 
pharmacokinetic and pharmacodynamic datasets are described as useful 
in determining the interspecies and intraspecies uncertainty factors and in 
calculating human equivalent exposure concentrations and doses. 

As a result of its review, EPA identified several important gaps in 
the current toxicity-testing framework and concluded that there was 
minimal evaluation of the following: aged animals in general, but espe-
cially after early exposures; some systems and end points (for example, 
cardiovascular and immunologic) in terms of both structure and function; 
latency and reversibility; effects of acute and short-term exposure, which 
are needed to determine acute and short-term RfDs and RfCs; pharma-
cokinetics; and portal-of-entry effects, especially for substantial dermal 
exposure.   

EPA’s recommendations address two main objectives for testing 
strategies—evaluating a broader array of end points and life stages and 
increasing information on mechanism or mode of action to improve the 
human relevance of risk assessment—and include the following: 

 
• Develop a strategy for alternative approaches to toxicity test-

ing, with guidance on how and when to use existing and newly recom-
mended guidelines. 

• Develop guidelines or guideline study protocols that will  
provide more systematic information on pharmacokinetics and pharma-
codynamics (that is, mechanism or mode of action), which includes in-
formation at different life stages. 

• Develop protocols for acute and short-term studies that pro-
vide more comprehensive data for setting reference values. 
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• Modify existing guideline study protocols to provide more 
comprehensive coverage of life stages for both exposure and outcomes. 

• Collect more information on less-than-lifetime exposures to 
evaluate latency and reversibility of effect. 

• Develop guidelines or guideline study protocols to assess im-
munotoxicity, carcinogenicity, and cardiovascular toxicity at different 
life stages. 

• Explore the feasibility of setting dermal reference values for 
direct toxicity, including sensitization, at the portal of entry. 

 
EPA explored, but did not endorse, different testing protocols for 

acute, subchronic, and chronic toxicity testing to address gaps pertaining 
to life stage, duration of exposure, and latency.  Specifically, EPA de-
scribed an alternative acute-toxicity testing protocol and two alternative 
chronic toxicity-testing protocols.  The purpose of the alternative acute-
toxicity testing protocol is to provide hazard and dose-response informa-
tion after a single acute exposure.  That protocol uses a control group and 
at least three dose groups with 10 animals per sex per group.  Clinical 
signs of toxicity are recorded daily, and food consumption and body 
weights are recorded on days 1-4, 8, and 14.  Five animals per sex per 
group are killed 3 days after dosing, and the remaining animals are killed 
2 weeks after dosing.  At both times, urinalysis and hematologic and 
clinical-chemistry analyses are conducted to address potential reversibil-
ity and latency of effects within 14 days of dosing.  In addition, the ani-
mals are necropsied, organ weights are recorded, and the organs are ex-
amined histologically.  On the basis of other toxicologic data, this study 
may be conducted with animals at different life stages and include other 
end points. 

EPA described two chronic protocols with continuous exposure 
through all life stages.  The first is essentially the in utero carcinogenicity 
evaluation used by the Food and Drug Administration (FDA) for food 
additives but with yearly interim kills and study termination when the 
animals reach the age of 3 years rather than 2 years.  It involves exposure 
before mating and then continuous exposure of offspring.  In addition to 
routine clinical pathology and histopathologic evaluations, unspecified 
neurotoxicity and immunotoxicity testing would be conducted yearly.  
The second protocol is a unified screening study that has at least four 
segments: a two-generation reproduction and fertility study, an expanded 
chronic–carcinogenicity study (Figure 6-3), a developmental-toxicity  
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FIGURE 6-3  Expanded chronic-carcinogenicity study.  Source: EPA 2002. 
 
 

study, a developmental-neurotoxicity study, and an optional continuous-
breeding study. 

EPA identified important challenges to the chronic protocols, in-
cluding the total number of animals needed and the feasibility of con-
ducting studies as complex and large as the two chronic studies without 
increasing experimental error.  EPA presented the chronic protocols “to 
demonstrate the advantages (and disadvantages) of exploring nontradi-
tional testing paradigms” and noted that using them in a regulatory setting 
would require thorough discussion between EPA and registrant scientists.  

 
 

Committee’s Evaluation of Environmental Protection  
Agency Review of Data Needs for Risk Assessment 

 
Overall, the committee agrees with EPA’s analysis and conclusions 

regarding data gaps.  For the most part, EPA’s recommendations, if im-
plemented, would improve RfD and RfC development.  They encourage 
the development of innovative toxicity-testing protocols, and following 
EPA’s recommendations for any one chemical would enhance the depth 
of information on pharmacokinetics, life stages, and end points available 
for hazard identification and dose-response assessment. However, such 
an intensive toxicity-testing approach would probably be applied to only 
a small fraction of chemicals in commerce, would increase the number of 
animals used to study one chemical, and might even reduce the numbers 
of chemicals tested.  The EPA analysis and recommendations do not ad-
dress the overall goals of increasing the breadth of coverage of chemi-
cals, conserving animals, and reducing costs and other expenditures.  
Ultimately, the EPA recommendations need to be evaluated within a lar- 
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ger strategy that considers the uses of toxicity testing for purposes other 
than to support quantitative risk assessments (for example, chemical-
class testing to guide broader screening and coverage).   

EPA also made recommendations for research on uncertainty fac-
tors used in dose-response assessment.  The committee agrees with 
EPA’s conclusion that it is important to research the basis of uncertainty 
factors.  For example, research on the intraspecies uncertainty factor is 
needed to evaluate whether it adequately addresses the full range of vari-
ability of response due to different life stages, genetic susceptibility, and 
other factors.  However, the committee is reserving its detailed com-
ments on the issues surrounding uncertainty factors for its second report. 

Specifically, the committee identified five major issues raised in the 
EPA review that require evaluation and comment: (1) the presence of 
data gaps in current toxicity-testing approaches, (2) a possible need to 
refine acute-toxicity testing protocols to support short-term risk assess-
ments, (3) concerns about methods to incorporate pharmacokinetic and 
pharmacodynamic data into toxicity-testing approaches, (4) questions 
regarding incorporation of data on direct dermal toxicity into RfD devel-
opment, and (5) a need to reconsider current toxicity-testing strategies 
systematically with an eye to improving efficiency and effectiveness. In 
addition to comment on those major issues, the committee offers some 
general observations on the acute and chronic toxicity-testing protocols 
that are explored in Section 3.3 of the EPA report as alternatives to 
guideline studies.   

 
 

Presence of Data Gaps 
 
The committee agrees with EPA that there are numerous data gaps 

in life stages and end points covered in current testing approaches and in 
functional assessments of some organ systems.  However, there are in-
sufficient data to determine the degree to which those data gaps have 
practical significance in risk assessment or whether they are primarily of 
theoretical or academic concern. Depending on how the data are used in 
risk assessment, some of the data gaps may have little effect on the final 
outcome, whereas others may be very important. The committee cautions 
against adding testing requirements only for the sake of thoroughness, 
because such an approach can result in a substantial waste of animals and 
resources with little gain. The challenge is to try to cover a broader range 
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of end points and life stages with improved sensitivity to subtle or func-
tional effects without indiscriminately expanding current toxicity-testing 
approaches.  

The committee favors a two-pronged approach in the near term. 
Such an approach includes relatively modest enhancements of current 
protocols designed to improve screening for a somewhat wider array of 
end points in a somewhat broader array of life stages. Such enhanced 
protocols could trigger more in-depth testing. Adequate second-tier 
evaluation of such end points as immunotoxicity and cardiovascular tox-
icity may require the creation of new test guidelines with indications of 
what would trigger such testing. Research is needed to determine the 
practical effect of filling or not filling some of the data gaps.  In the 
meantime, it is presumed that current uncertainty and adjustment factors 
applied by EPA to derive reference values are sufficiently large, although 
that conclusion has not yet been established.  The magnitude of uncer-
tainty factors used in deriving reference values can be reassessed once 
the enhanced protocols are developed, implemented, and validated and 
a comprehensive review of outcomes is conducted for a set of test 
chemicals. 

It is also important to look beyond animal toxicity data for help in 
resolving some of the questions.   Epidemiologic studies with reliable 
exposure assessment can shed some light on the likelihood that current 
toxicity-testing data are missing important end points or are insuffi-
ciently sensitive to be applied to life stages not studied. For example, the 
prospective National Children’s Study1 or other prospective cohort stud-
ies that include children and the elderly may be helpful in ascertaining 
differences in susceptibility. Studies of workers who handle various 
agents can be of great help in assessing effects on the immune system, 
cardiovascular system, and functional end points that are not now well 
assessed with animal studies.  However, human data will be available on 
only chemicals that are already in use and, because of problems with ex-
posure assessment and other difficulties in epidemiologic studies, can be 
collected only on a small subset of existing chemicals.   In addition, legal 
and ethical issues limit the design of human studies that can be con-
ducted and integrated into toxicity-testing strategies. 

 

                                                           
 1The National Children's Study can be found at http://nationalchildrensstudy. 
gov/. 
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Refinement of Acute-Toxicity Testing Protocols 
 
The committee agrees with EPA that the current protocols for acute 

toxicity testing focus on lethal effects and gross observations and gener-
ally do not provide adequate information for acute and short-term RfDs 
and RfCs. EPA has identified a regulatory need for improved data for 
setting acute RfDs and RfCs, and such data are within reach of current 
toxicity-testing approaches.  Improved acute-toxicity assessment may be 
particularly important in situations where there is high worker exposure 
and for the development of acute-exposure guideline levels (AEGLs) 
used to design emergency response plans for accidental releases of 
chemicals.  However, conducting acute protocols that address latency, 
reversibility, and differential susceptibility for all toxicity end points cur-
rently required in subchronic and chronic protocols (such as hematology, 
clinical chemistry, pathology, functional tests, and detailed clinical ob-
servations) will lead to very complex animal studies.  Before such com-
plex protocols are conducted, acute LD50 studies, repeated-dose toxicity 
studies, and human data should be evaluated to determine the need for 
these studies and ultimately to guide the design of such studies. 

 
 

Pharmacokinetics2 and Pharmacodynamics 
 
The committee agrees with EPA that generally little information is 

available on pharmacokinetics, including possible differences across life 
stages. Although there is a need to develop more information on pharma-
cokinetics and pharmacodynamics, it is critical to define the purpose of 
such studies to avoid the creation of data that are unlikely to be used and 
that constitute a waste of animals, time, and resources.  Data on absorp-
tion, distribution, metabolism, and excretion (ADME) should be used in 
guiding toxicity testing, including identifying the most relevant routes of 
exposure. Beyond the ADME studies, additional data should not be re-
quired routinely but instead case by case.  It is important to use caution 
in drawing major conclusions on the basis of relatively few pharmacoki-
netic and pharmacodynamic data.  For example, such data may not al-
ways be sufficiently explanatory to support major conclusions about 
                                                           
 2Pharmacokinetics as used in this chapter encompasses both the quantitative 
and qualitative aspects of absorption, distribution, biotransformation, and excre-
tion of chemicals. 
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concordance or extrapolations to other routes of exposure. It is often 
tempting to assume that one mode of action that has a strong hypothetical 
basis supported by some data fully explains the toxicity of a given 
chemical. However, many chemicals have multiple modes of action, and 
these can depend on exposure route, concentration, and duration.  Fur-
thermore, there can be competing plausible hypotheses that may not have 
been considered or subjected to study. 

 
 

Dermal Portal of Entry 
 
The committee considered EPA’s conclusion that there is a need to 

improve the assessment of portal-of-entry effects, especially on the skin, 
in the risk-assessment process. EPA emphasized dermal effects because 
oral and inhalation effects are already recognized as important routes of 
exposure and require specific test data for risk assessments in, for exam-
ple, its pesticide testing programs.  Current protocols for dermal expo-
sure, when they are applied, do evaluate dermal toxicity, including sensi-
tization, but the overall assessment of systemic and portal-of-entry  
effects after dermal exposure is limited.  The committee agrees with EPA 
that there is a general need for better dermal-uptake data and for a better 
understanding of uptake after injury to the skin.  However, it is important 
to consider whether skin is an important route of exposure before trigger-
ing an effort to set a dermal RfD. Again, human data can be useful in 
assessing the effects of dermal exposure.  Worker data and clinical re-
ports have been among the main sources for identifying dermal irritants 
and sensitizers.  Such data could be collected more systematically and 
used preferentially in setting dermal RfDs for existing chemicals. In ad-
dition, there should be a more systematic effort to gather postmarketing 
data on chemicals to ascertain, for example, whether dermal toxicity is 
reported.  

 
 

Toxicity-Testing Strategy 
 
The first recommendation of Chapter 3 of the EPA review is that 

EPA “develop a strategy for alternative approaches to toxicity testing, 
with guidance on how and when to use existing and newly recommended 
guidelines” (EPA 2002).  The committee agrees that such a new strategy 
is needed to improve efficiency, reduce animal use, increase the number 
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of chemicals that are screened for toxicity, and address some of the data 
gaps noted above. Such an improved strategy could include setting pri-
orities for screening and testing of agents and incorporating such factors 
as use, exposure, pharmacokinetic data, and new screening tools. The 
committee’s second report will be designed to help to create just such a 
new strategy. 

 
 

Specific Testing Protocols 
 
EPA explored alternative testing protocols for acute and chronic 

toxicity testing.  In making the following comments on those protocols, 
the committee recognizes that EPA offered them primarily to stimulate 
new ideas.  In addition, the committee recognizes the difficulty of evalu-
ating specific protocols out of the context of the overall testing strategy. 

 
 

Acute-Toxicity Testing Protocol 
 
EPA proposes an alternative acute-toxicity testing protocol that 

provides more-comprehensive toxicity data for derivation of the acute 
RfD than its current acute-toxicity test guidelines (EPA 1998a,b,c) that 
provide data to calculate acute LD50s and LC50s and to select doses for 
use in other studies.  Taken in isolation, the alternative toxicity study 
may not fully address all the important data gaps raised by EPA in its 
analysis of acute toxicity tests, such as reversibility, latency, and end-
point assessment in detail and at different life stages. The animal group 
size of five is small for conducting hematology, clinical chemistry, and 
pathology evaluations, and this limits the capacity to detect effects, par-
ticularly subtle ones.  For example, statistical significance of dichoto-
mous findings of effects in a group of 10 animals requires that 40% of 
the animals be affected if the effect rarely occurs in treated animals; 
greater proportions are required for more common effects or smaller 
groups.  Even so, compared with the current acute toxicity tests, the pro-
tocol is relatively resource-intensive with respect to animal use and 
histopathologic examination.   

Designing comprehensive acute toxicity testing could be guided by 
existing data, including data from repeated-dose studies. For example, 
acute risk assessment could first be conducted on the basis of short-term 
repeated-dose studies and developmental-toxicity studies. When human 
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exposures are well understood, the margin of exposure could be exam-
ined.  If the margin of exposure is too small, sensitive acute toxicity stud-
ies could be designed and performed to focus on the more sensitive end 
points of concern.  Indicators of acute toxicity could also be added to 
repeated-dose studies, such as an early assessment of hematology and 
clinical-chemistry end points and more frequent clinical observations on 
the first few days of repeated-dose oral, inhalation, or dermal toxicity 
studies.  The limitations of adding early assessments to repeated-dose 
studies are that not all acute end points may be identified and the dose-
response relationships may not be adequately characterized, especially 
those which might result from higher concentrations that cannot be used 
in longer-term repeated-dose toxicity studies.   

 
 

Alternative Chronic Testing Protocols 
 
EPA also presented two chronic protocols that address continuous 

exposure through all life stages as alternatives to current test procedures.  
The chronic–carcinogenicity study would evaluate the potentially in-
creased sensitivity of both developing and aging animals to chronic and 
carcinogenic effects of chemicals.  It would be relevant to chemicals to 
which there may be substantial chronic exposure of the general popula-
tion or of workers.  Studies of that type have already been conducted by 
industry and contract laboratories.  

According to current combined chronic–carcinogenicity test guide-
lines (EPA 1998d), 50 rats per sex per dose are required, for a total of 
400 animals.  The expanded study specifies 25 rats per sex per dose for 
each annual interim kill, for a minimum of 500 animals. In practice, 
more animals may be necessary to account for the possibility of de-
creased survival. EPA addressed the issue of increased animal use, in 
part, by suggesting fewer animals per segment (for example, 20 per sex 
per group) or only one interim kill (for example, at 1.5 years). EPA ac-
knowledged that reducing the number of animals to 20 per sex per group 
decreases the statistical power to detect tumors but did not suggest fur-
ther study changes to resolve the issue satisfactorily.  

Another challenging aspect of the study is setting the doses to pro-
duce sufficient toxicity while yielding an adequate survival rate by the 
age of 3 years. Setting doses too low results in a study that is not suffi-
ciently sensitive to detect an effect; setting doses too high can increase 
mortality, leaving the group size reduced and thereby compromising the 
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statistical power to detect effects.  Also, the feasibility of conducting a 
study of a specified duration will depend on the survival characteristics 
of the strain chosen, which can range from less than 2 years to 4 years for 
different rat strains.  Instead of selecting a predetermined termination 
time, the study could end when some prespecified fraction of control or 
treated animals is surviving (for example, 20%).  

Another limitation of the expanded chronic–carcinogenicity study 
is that it may not provide an adequate basis for quantifying increased 
susceptibility to carcinogenicity at different life stages.  That information 
is important for risk evaluations if people are exposed at different doses 
at a given age (for example, while breast-feeding and while being bottle-
fed).  For those reasons, alternative study designs should be considered, 
such as designs that include dose groups that are exposed briefly and fol-
lowed for long periods. As alluded to by EPA, the study design makes 
difficult or impossible the assessment of whether toxicity is due to re-
peated chronic exposures or to shorter-term prenatal exposures.   

Although the chronic–carcinogenicity study is a challenging study 
design, the committee supports the development of bioassays that ad-
dress differential sensitivity to a chemical’s immunologic, neurologic, 
and cancer effects during different life stages.  However, this study is 
limited in that it may be more difficult to attribute effects to any one life 
stage (that is, prenatal development period, the postnatal period before 
weaning, adolescence, and old age) and would not be useful for shorter-
term risk assessment for different populations.   

EPA presented the Unified Screening Study to stimulate ideas on 
how studies could be combined to limit animal use while expanding the 
toxicity evaluation across multiple generations to study all life stages and 
transgenerational effects.  Further development will require considerable 
resources and expertise in the fields addressed by the different arms of 
the study.  It would require development and pilot experimentation by 
such a group as the NTP before such a proposal could be implemented.  
The committee’s review below highlights a few important issues that 
may arise from conducting such a study. 

The Unified Screening Study attempts to economize animal use in a 
multigeneration study so that fewer naïve animals would be used than if 
all the studies that would potentially be replaced by it were done sepa-
rately.  Substantially more animals would be needed than are now re-
quired in a two-generation study to ensure that sufficient numbers of 
animals were available for both the chronic study and the reproduction 
study and to guarantee survival of enough animals to the age of 3 years. 
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EPA (2002) states that animals “assigned to the chronic/carcin-
ogenicity segment should be genetically diverse within each dose group 
and should … not be siblings.”  For that segment, only one male and one 
female from each litter could be used to meet the need for 100 males and 
females per dose group.  Thus, at least 100 litters per dose group would 
be needed. That is 5 times the number of litters required by the standard 
reproduction study (EPA 1998e) and would make such an experiment 
difficult to conduct.  Further evaluation is needed regarding the impor-
tance of the requirement of genetic diversity in the cancer-bioassay seg-
ment of an expanded study like this one. 

As with the expanded chronic–carcinogenicity study described 
above, a major challenge is dose selection. It is compounded by the fact 
that there are many arms to the study.  Because many more animals per 
litter would be assigned to either the chronic study or the reproduction 
study, there is less room for error in setting doses.  EPA (2002) states 
that “although it is assumed that treatment levels and route of administra-
tion will remain constant across all study segments, this approach to 
dose-setting and route selection may not always be optimal for every 
phase.”  That may be especially true for dietary exposures in which 
chemical exposure of pups around the time of weaning can be much 
higher than exposure of adults and result in unacceptable toxicity in 
pups.   Insufficient animals would then be available for both the two-
generation reproduction study and the chronic–carcinogenicity study.  
Selection of dose is difficult for each of the studies when considered 
separately and will be exceedingly difficult for such a complex study.  
Setting doses either too high or too low could lead to repeat studies or 
addition of dose groups.  Keeping doses the same in the different arms 
would generally mean lowering them to preclude toxicity in the most 
sensitive study arms, and that would reduce study sensitivity overall and 
decrease one’s ability to characterize the dose-response relationship.  

As noted by EPA, another challenge in the development of the Uni-
fied Screening Study is the selection of strain.  Sprague-Dawley and 
Wistar rats (outbred strains) are typically used in toxicity studies, includ-
ing those of developmental toxicity, reproductive toxicity, and develop-
mental neurotoxicity.  Inbred Fischer 344 rats are often used in standard 
chronic–carcinogenicity studies.  Thus, the Unified Screening Study 
would at a minimum require a change in the standard strain used (that is, 
for either carcinogenicity or reproductive and developmental-toxicity end 
points).  EPA noted that changing the strain used in any type of study 
would compromise the use of historical data.  Furthermore, a sensitive 
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strain to detect carcinogenicity (NTP 1984, 2005) may not be the optimal 
strain for developmental and reproduction studies or the optimal strain 
for longevity.   The NTP is reviewing the issue of strains used in chronic 
testing, and results of this effort should be useful to EPA as it considers 
alternative test protocols (NTP 2005).  

The idea of obtaining animals for the developmental-neurotoxicity 
segment from the reproduction and fertility study segment’s second gen-
eration (F2) is more complex than is presented by EPA.  The major diffi-
culty in the developmental-neurotoxicity segment is the need to maintain 
tight control of mating to manage logistically the multiple behavioral 
testing required during lactation and immediately after weaning.  Lack of 
tight control over mating can easily cause behavioral testing for one time 
(for example, postnatal day 13) to spread out over many days and over-
lap into other testing periods, resulting in increased variability of the 
data.  Such a study can be conducted, but it is not optimal for develop-
mental neurotoxicity.  

A protocol of the magnitude and complexity of the Unified Screen-
ing Study would require substantial development and evaluation before it 
could be implemented as a test requirement.  EPA does not indicate ex-
actly how the protocol would be applied.  Some committee members 
found that routine use of the study as a first-tier screening test would be 
problematic for both scientific and practical reasons.  They believed that 
potential disadvantages of the study outweigh its advantages, especially 
because it appears to preclude the use of toxicity results from one study 
to trigger or prevent additional evaluation in other studies in that all stud-
ies would be conducted simultaneously.  Other members of the commit-
tee found that the study protocol could function as a component in a  
toxicity-testing strategy as applied to either selected chemicals with 
widespread human exposure or chemicals with initial indications of de-
velopmental toxicity.  Some segments of the study could be applied in a 
tiered fashion, in which selected end points could be examined in fol-
lowup studies if triggered by observations in earlier segments. 
 In addition to the scientific and strategic concerns, there are practi-
cal concerns that the studies are extremely resource-intensive and complex. 
The separate components are temporally tied to each other intimately, 
thereby decreasing flexibility of study starts in any laboratory that might  
be capable of conducting all arms of the experiment. Furthermore, few 
laboratories have the capability (for example, trained personnel and ap-
propriate computer systems) to conduct multigeneration, developmental-
neurotoxicity, and immunotoxicity evaluations. Hence, widespread re-
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placement of current approaches by the Unified Screening Study could 
reduce the number of chemicals evaluated during the development of 
laboratory capacity.   

In conclusion, EPA has explored alternative testing protocols but 
does not articulate how they would be incorporated into a testing strat-
egy.  The committee supports the notion of expanded tests that combine 
studies to limit animal use and provide more in-depth evaluations of end 
points and life stages.  However, considerable development and evalua-
tion may be required to ensure that tests are feasible, do not compromise 
study sensitivity, produce the desired data, and reduce the use of animals.  
The committee also points out that subchronic and chronic studies might 
be expanded to obtain better data for establishing acute reference values.   
The expanded bioassays may ultimately have a role as part of a broader 
testing strategy applied selectively to high-priority chemicals, but such 
approaches may not be amenable to widespread application.  

 
 

International Life Sciences Institute Draft Proposals3 
 
ILSI-HESI developed three draft white papers (ILSI-HESI 

2004a,b,c) proposing a tiered-testing scheme that includes several tests 
that are currently part of EPA’s testing scheme for pesticides but also 
deletes some that are required.  Modified protocols for some EPA guide-
line toxicity tests are also included.  ILSI-HESI focused on EPA toxicity-
testing approaches for pesticides, but in principle the approaches could 
apply to other compounds that are subject to toxicity testing.  

One ILSI-HESI paper focuses on assessing systemic toxicity in 
young adult animals.  For the purposes of the project, ILSI-HESI (2004a) 
defines systemic toxicity as “the potential adverse effects of agricultural 
chemicals on ‘young adults.’ ”  The evaluation of effects of chemicals on 
different life stages—including reproduction, development, adolescence, 
and old age—is presented in a second paper. The third paper focuses on 
the acquisition and application of pharmacokinetic data in agricultural-
chemical safety assessments.  The overall testing scheme incorporating 
the three aspects is outlined in the second draft paper, on life stages.  
                                                           
 3A number of details in the ILSI-HESI draft white papers require careful 
scrutiny before implementation (for example, reduction of premating period to 
less than half the spermatogenic cycle in the extended one-generation study). 
The committee did not review proposed study protocols in detail, and its lack of 
comment should not be taken as agreement. 
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The discussion of the testing scheme below focuses on the general 
concepts and approaches rather than the technical details of the draft papers. 

 
 

Systemic-Toxicity Testing 
 
ILSI-HESI proposes a tiered approach to systemic-toxicity testing 

that considers the use profile, the resulting exposure, and the toxicologic 
profile of the pesticide in identifying test requirements (ILSI-HESI 
2004a). The goal is to improve the adequacy of the dataset for the variety 
of risk assessments required while reducing test artifacts and the number 
of animals used in testing and increasing the efficiency and accuracy of 
the safety-assessment process.  The overall process used by ILSI-HESI 
included (1) identifying exposure durations that are important for pesti-
cide risk assessment, (2) evaluating a database of EPA guideline test re-
sults on representative pesticides to determine the necessity of particular 
tests by evaluating how EPA used test results in setting the RfD, (3) de-
veloping or modifying toxicity tests to address risk-assessment needs, 
and (4) developing a flexible tiered-testing scheme that would be guided by 
pharmacokinetic data and the known toxicologic profile of the chemical.   

Originally, the assessment of agricultural chemicals focused on 
continuous dietary exposure; that led to an emphasis on lifetime expo-
sures and acute accidental exposures.  Today, EPA conducts risk assess-
ments to evaluate a variety of agricultural and residential pesticide  
exposures of different durations and at different life stages.  ILSI-HESI 
identified the following human exposure durations for which risk as-
sessments may be required: 1 day, 2-28 days, 1-6 months, greater than 60 
months, and intermittent.  ILSI-HESI compared those durations with cur-
rent toxicity-testing requirements and concluded that the tests did not 
meet all the needs of risk assessors. 

ILSI-HESI evaluated the toxicology database of results of sub-
chronic and chronic pesticide studies to examine which studies were used 
most often in deriving the RfD or in classifying carcinogenicity.  The 
analysis was used to differentiate between study types that should be re-
tained or developed further for future use and types that should not.  Of 
the hundreds of pesticides in the EPA database, data on 65 pesticides 
representing different classes were entered into a toxicity database de-
veloped specifically for the ILSI-HESI evaluation.  Of the 65 pesticides 
selected, data on 28 were sufficiently robust to allow the kinds of com-
parisons that ILSI-HESI intended to make.  Results of subchronic and 
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chronic studies were compared to examine the relative sensitivity of dif-
ferent test species and different exposure durations: 90-day studies in rats 
versus dogs, 90-day versus 1-year studies in dogs, 90-day versus 2-year 
studies in rats, 2-year rat versus 1-year dog studies, and rat versus dog 
studies as the basis of the chronic RfD. The effect of mouse carcino-
genicity studies on cancer-hazard determinations, but not dose-response 
assessment, was also assessed.  

For the dataset of 28 chemicals, the chronic RfD was based half the 
time on the rat and the other half on the dog.  Significant quantitative 
differences were noted; most often, the dog was more sensitive in the 90-
day study.  It was concluded that both species should be used in pesticide 
testing.  In the rat, the no-observed-adverse-effect levels (NOAELs) in 2-
year studies were often lower (by more than a factor of 2) than those in 
the 90-day studies; in the dog, that was also the case for the 1-year versus 
90-day study but somewhat less in frequency and magnitude.  On the 
basis of those data, ILSI-HESI concluded that the 1-year chronic dog 
study did not affect the RfD assessment in an important way.  Finally, 
the mouse carcinogenicity study was proposed for elimination because it 
was found to add little to the findings of the rat carcinogenicity study.4  

After considering possible test redundancies and risk-assessment 
needs, ILSI-HESI selected core tests for initial toxicity evaluation.  For 
assessing short-term exposures, a new 28-day rat study with recovery 
period and a modified 90-day dog study were proposed. ILSI-HESI pro-
posed that single-exposure acute studies be performed if the NOAELs from 
those studies were too close to the predicted single-day human exposures. 

The results of the 90-day dog and 28-day rat studies are compared, 
and the more sensitive species is taken as the more relevant unless com-
pelling scientific data indicate otherwise.  If the rat is considered the 
relevant species, the new 28-day rat study is used to assess the effects of 
human exposures of less than 6 months, and a 1-year rat study for expo-
sures of more than 6 months.  The 1-year rat study would be conducted 
as part of an expanded 2-year carcinogenicity assay; an interim kill 
would occur at 1 year.  If the dog is found more relevant, the 90-day dog 
study would be used to evaluate effect of human exposures over 2 days 
                                                           
 4One important inconsistency between the draft papers is that the life-stages 
paper appears to eliminate carcinogenicity testing, but the systemic-toxicity pa-
per includes the rat carcinogenicity test in the first tier (see Figures 6-4 and 6-5). 
That may have been an oversight in the draft life-stages paper.  (Since comple-
tion of this interim report, the life-stages figure in the final paper [Cooper et al. 
2006] was revised and now includes carcinogenicity testing in the first tier.) 
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and up to 6 months; for exposures beyond 6 months, the 1-year rat or 90-
day dog study would be used.  A 24-month carcinogenicity study would 
also be available.  The 28-day rat or 90-day dog studies would be consid-
ered the most relevant for human effects of exposures of less than 6 
months.  Performance of the longer-term or acute studies would be con-
tingent on predicted human exposure scenarios. Figure 6-4 shows the 
tiered-testing strategy proposed by ILSI-HESI.  

The pivotal studies of the testing strategy are the 28-day rat study 
and the 90-day dog study.  In addition to a 14-day recovery group, the rat 
study would include satellite groups for neurotoxicity and immunotoxic-
ity evaluations as indicators of specific effects to trigger additional spe-
cialized studies.  If the indicators were affected in that study, second-tier 
specialized testing would be performed to investigate indicated end 
points further or to characterize mode of action.  Tissues would be exam-
ined as specified in the EPA guidelines for the oral 90-day rat study 
(EPA 1998f). The 90-day dog study would extend the existing guideline 
study to include cardiac and pulmonary evaluations and would include 
 

FIGURE 6-4  ILSI-HESI draft proposed tiered approach for systemic-toxicity 
evaluation. Source: ILSI-HESI 2004a. Reprinted with permission. This figure 
appears  in the final paper of Doe et al. (2006) in Critical Reviews in Toxicology; 
copyright 2006, Taylor & Francis Group, LLC. 

Step 1: Consider existing data, acute tox, genetic tox 
Step 2: Rat 28 Day study 
Step 3: Dog 90 Day study 
Step 4: Select “relevant” species 

Step 5: 
• 1 day RfD from 1 exposure rat  
• 2-28 days RfD from 28 day rat 
• 1-6 months RfD from 28 day rat 
• Over 6 months RfD from 1yr rat 
• Carcinogenicity from 24 month rat 

Step 5: 
• 1 day RfD from 1 exposure dog 
• 2-28 day RfD from 90 day dog 
• 1-6 months RfD from 90 day  
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blood draws for pharmacokinetic analyses.  Treatment-group size would 
be increased in the dog study from four to six animals.  

The ILSI-HESI tiered-testing strategy assumes that genotoxic 
chemicals would not be developed as pesticides and emphasizes the use 
of pharmacokinetic data from basic ADME studies to support the design 
of toxicity studies (for example, using those data to determine the highest 
dose to test and the duration of the recovery period).  ILSI-HESI also 
acknowledges the potential future use of novel high-throughput screens 
that can predict potential adverse effects of concern and thereby indicate 
relevant end points to incorporate into the tier I studies.  The new tech-
nologies would be derived from in vitro screening, computational biol-
ogy, molecular biology, and systems biology.  ILSI-HESI envisions that 
high-throughput screening could potentially include in vivo and in vitro 
biologic systems in which the active ingredient is tested, RNA or protein 
isolated from the cell culture or target tissues is analyzed, and genomic 
or proteomic assays are used to identify markers of toxicity that suggest 
the potential for particular adverse health effects.  

 
 

Life Stages 
 
ILSI-HESI proposes a tiered-testing approach for “assessing the po-

tential adverse effects of agricultural chemicals on preconception, em-
bryo/fetal and newborn/pre-weaning life stages and on adults of all ages, 
including the young and aged” (ILSI-HESI 2004b).   

The centerpiece of the proposed life-stages paradigm (Figure 6-5) is 
a new testing protocol for an F1 extended one-generation study.  In that 
study, mature parental males are treated for 4 weeks and parental females 
for 2 weeks before mating. Treatment is continued for males and females 
during mating, for females during gestation and lactation, and for males 
until it is confirmed as not needed for a second mating.  Selected F1 pups 
(three males and three females per litter) are treated continuously until 
postnatal day 70 and are given a much more comprehensive histopa-
thologic evaluation at postnatal days 21 and 70 than is now required in 
the multigeneration study (EPA 1998e).  Developmental-neurotoxicity 
assessments (motor activity, functional observational battery, and neuropa-
thology), developmental-immunotoxicity assessments (antibody plaque-
forming cell response), and additional toxicity assessments based on the 
results of a 28-day systemic-toxicity test also would be conducted.  

The proposed life-stages tier 1 would include a rabbit developmen-
tal-toxicity study and the extended one-generation rat reproduction study. 
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FIGURE 6-5  ILSI-HESI draft proposed tiered life-stages testing scheme for 
pesticides. Source: ILSI-HESI 2004b. Reprinted with permission. This figure 
has been modified and  appears  in the final paper of  Cooper et al. (2006) in 
Critical Reviews in Toxicology; copyright 2006, Taylor & Francis Group, LLC. 

 
The first tier incorporates a number of features from the current EPA 
reproduction and developmental test guideline studies, such as evaluation 
of comprehensive reproductive and developmental end points. It also 
includes end points and evaluations not required by EPA guidelines, such 
as more comprehensive postnatal histopathologic evaluation; neurologic, 
immunologic, and endocrine end points after exposure during gestation 
and lactation; and pharmacokinetic observations at key stages of gesta-
tion and lactation.  

EPA now requires a two-generation rat reproduction study and de-
velopmental-toxicity studies in two species.  The ILSI-HESI draft paper 
discusses the potential concerns regarding removal of the second-
generation part of the multigeneration study and the rat developmental-
toxicity study.  ILSI-HESI concluded, on the basis of an unpublished 
EPA evaluation of the existing pesticide database, that the second gen-
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eration had relatively minor effects on risk assessment.  It hypothesized 
that rat developmental toxicity may be adequately addressed with the 
extended one-generation rat study. Additional developmental-toxicity or 
multigeneration studies in the second tier could be triggered if the margin 
of exposure were not sufficiently large (for example, less than 300), if 
there were a substantial difference between the rat and rabbit NOAELs, 
or if there were effects in rabbit fetuses of a type unlikely to be detected 
postnatally in rat pups.  In addition, extension of the one-generation 
study into a multigeneration study would be triggered on the basis of po-
tential concerns about possible effects on reproduction, such as altera-
tions in anogenital distance, timings of vaginal opening or preputial sepa-
ration, or altered estrous cycles.  

The ILSI-HESI approach was designed to reduce the number of 
animals used, the cost, and the time involved in testing while improving 
the data on several specific end points available for risk assessment. The 
proposed tiered approach also incorporated an evaluation of margin of 
exposure with hazard and dose-response assessment to determine 
whether additional testing would be needed.  Finally, the ILSI-HESI 
draft paper concluded that the intraspecies uncertainty factor of 10 was 
sufficient to address risks to the elderly on the basis of few toxicity data 
on aged rats and human data.  ILSI-HESI argued that pharmacokinetic 
differences due primarily to reduced renal function are what drive sus-
ceptibility.  Relevant triggers for further unspecified animal studies in 
aging animals include effects on renal function, the immune system, the 
nervous system, the cardiovascular system, and the liver.  The proposal 
did not specify how and when additional tests would be triggered. 

 
 

Pharmacokinetics 
 
The ILSI-HESI report The Acquisition and Application of Absorp-

tion, Distribution, Metabolism and Excretion (ADME) Data in Agricul-
tural Chemical Safety Assessment contains recommendations for generat-
ing and using pharmacokinetic information in risk assessment (ILSI-HESI 
2004c).   It suggests a tiered approach that consists of basic, intermediate, 
and advanced studies:  basic studies to support dose selection and evalua-
tion of half-life; intermediate studies to guide study interpretation and to 
provide information on absorbed dose, tissue persistence, and tissue ac-
cumulation; and advanced studies to aid in understanding of mode of 
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action and to support extrapolations across routes of exposure and among 
species.   

ILSI-HESI argues that it is important to base the dose, route, and 
species used in toxicity testing on an understanding of a compound’s be-
havior—such as saturation of absorption, elimination pathways, and 
metabolic profiles—pover a range of doses.  The proposed basic tier in-
cludes studies to collect blood time-course data after single oral and in-
travenous exposure and other pharmacokinetic studies to establish the 
extent and rate of absorption, bioavailability, general distribution of the 
chemical, extent of metabolism, routes and rates of excretion, half-life, 
tissue persistence, and clearance.  The proposed second tier includes rou-
tine metabolite identification and pharmacokinetic sampling during tox-
icity studies and studies of tissue distribution, serum protein binding, and 
in vitro metabolism in rodents and other species.  If first-tier findings 
indicate biliary elimination or enterohepatic recirculation, followup stud-
ies in the second tier would be conducted. The third tier could include 
studies aimed at better understanding of route-specific pharmacokinetic 
differences and further studies to support the application of physiologi-
cally based pharmacokinetic (PBPK) models in risk assessment. 

 
 

Committee’s Evaluation of International  
Life Sciences Institute Draft Proposals 

 
Through a tiered-testing scheme, ILSI-HESI proposes substantive 

modifications of EPA’s toxicity-testing approach for pesticides.  In de-
veloping its proposal, ILSI-HESI identified some potential omissions and 
redundancies and possible improvements in existing tests. Recommenda-
tions include changing required toxicity-testing durations, removing 
some currently required guideline studies, modifying other studies to 
increase end-point coverage, triggering specialized studies on the basis of 
findings in the core set of toxicity tests, and generating chemical-specific 
pharmacokinetic data to inform study design and data interpretation. 
Several recommendations address the goals of conserving animals and 
other resources and increasing the depth of some particular areas, such as 
neurotoxicity. The new study designs would result in coverage of a 
broader array of end points, improved sensitivity to subtle or functional 
effects, and information on reversibility and latency after 28-day expo-
sures.  However, more rigorous evaluation is needed to determine 
whether the expanded designs compensate for the elimination of particu-
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lar studies, and some important data gaps with regard to life stages were 
not adequately discussed. 

Several studies that are required in EPA pesticide testing are not in-
cluded in the first tier of the ILSI-HESI proposal:  the rat teratology, 1-
year dog, mouse carcinogenicity, and two-generation reproduction and 
fertility studies.  The following discussion provides committee comments 
on the removal of those studies and highlights the committee’s concerns. 

As pointed out by ILSI-HESI, no single species has been shown to 
be the most predictive of human teratogenicity.  ILSI-HESI proposes 
removing the rat teratology study and using the extended one-generation 
study and rabbit teratology study to evaluate developmental effects. Al-
though the proposed one-generation study substantially improves postna-
tal evaluation of many nonreproductive end points after in utero and 
postnatal exposures, it is unclear whether the proposed study would be as 
sensitive as a rat teratology study for prenatal developmental-toxicity end 
points or would adequately reveal the potential hazard and trigger a fol-
lowup study.  Furthermore, EPA often bases acute reference values on 
the rat teratology study. In contrast, postnatal effects in a one-generation 
study are not typically used for deriving acute reference values.  The ef-
fect of eliminating the rat teratology study on hazard identification and 
setting of the acute reference value should be evaluated if the proposal is 
pursued. Careful validation using known development toxicants is 
needed. 

On the other hand, the proposed extended 28-day rat study, with 
improvements as discussed above, should provide a better means of as-
sessing short-term exposures than the 90-day rat study and the existing 
acute toxicity studies used to establish LD50s. The 28-day rat study is 
also being proposed to assess risks posed by human exposures as long as 
6 months. The extent to which the 28-day study improves on the 90-day 
rat study for exposures longer than 1 month is unclear, and further effort 
to assess this issue is needed.  In a similar vein, the extended 90-day dog 
study with its improved evaluation of critical end points provides a better 
subchronic dataset than the current guideline 90-day dog study but does 
not offer substantial advantages over the current study regarding expo-
sure-duration data gaps. Because the 90-day dog study and the 28-day rat 
study are proposed to provide core data for assessing human exposures 
of up to 6 months, further assessment of their use for long-term human 
exposures is needed; this is critical for the dog study because in cases 
where the rat is not a good model the 90-day dog study potentially could 
serve as the basis of the RfD for lifetime human exposure. 
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The proposal to eliminate the chronic 1-year dog study and the 
mouse carcinogenicity study is based in part on a review of a dataset on 
only 28 pesticides. The committee agrees with the overall approach of 
reviewing the redundancy and importance of tests with retrospective 
analyses of pesticide-study findings, but it finds that the review in the 
proposal is too limited to support firm conclusions.  For example, for the 
21 cases in which comparisons could be made, there were eight cases 
(38%) in which the NOAEL from the 1-year dog study was less by more 
than a factor of 2 than that from the 90-day dog study.  Although some of 
the differences may be due to dose spacing in the studies, the differences 
indicate the ambiguous nature of the comparison and the need for a lar-
ger, systematic evaluation. Similarly, the carcinogenicity comparison 
was based on only 23 chemicals for which rat and mouse carcinogenicity 
studies were conducted―five showing tumors only in the rat, four only 
in the mouse (three in liver), six in both species, and eight without tu-
mors―again too few comparisons to support firm conclusions.  Quanti-
tative comparisons of dose-response characteristics on the basis of the 
benchmark dose or cancer potency were not made.  Thus, the retrospec-
tive review was not sufficiently extensive or rigorous to support study 
removal. 

Nonetheless, the committee strongly supports the general approach 
used by ILSI-HESI of evaluating existing databases in considering test-
ing strategies, and it recommends a further review based on a larger, 
more robust dataset.  A database of test results from guideline and spe-
cial studies of the numerous pesticides in the EPA database could be 
used to evaluate the redundancies and gaps in pesticide testing further.  
Shorter-term studies, such as 28-day studies (for example, OECD Test 
Guideline 407), should be evaluated in addition to 90-day and  
carcinogenicity studies.  It would also be informative in assessing study 
sensitivity to compare benchmark doses in addition to NOAELs and 
lowest-observed-adverse-effect levels (LOAELs).   When comparisons 
of relative sensitivity across species are made, those evaluations should 
consider what the most appropriate dose scale (for example, mg/kg3/4 per 
day vs mg/kg per day) should be.  Ideally, such evaluations would be 
conducted blind, without knowledge of the particular pesticide being re-
viewed.  The committee endorses further broad retrospective reviews 
extending beyond the pesticide database to evaluate study reproducibility 
and predictability among and between in vivo and in vitro findings.  In 
conducting and assessing retrospective analyses, it should be recognized 
that the power of human studies is often too low to be of value for 
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evaluations of predictability and study validation.  Ultimately, reviews 
should consider how regulatory decision-making might change with the 
elimination of some test protocols and the role that test redundancy plays 
in safety assessments.  

The EPA (1998g) approach in its guidelines for pharmacokinetic 
testing of pesticides is tiered and focuses on the generation of data to aid 
in interpreting toxicity tests and risk-assessment applications.   The ILSI-
HESI proposal also is tiered and focuses on generation of similar data, 
but it emphasizes the generation of pharmacokinetic data to aid in dose 
selection and other aspects of study design, which is also an important 
objective.   The ILSI-HESI proposed first tier is similar to EPA’s first 
tier, which provides a minimal dataset from standard chemical disposi-
tion ADME studies.  EPA’s second-tier testing is to address specific 
questions of importance for risk assessment that arise from the toxicol-
ogy database on the chemical and the tier 1 testing.  It can include data 
generation for PBPK modeling. EPA’s second-tier testing requirements 
are not fixed and can be developed through cooperative agreements with 
industry.  Unlike EPA’s, the ILSI-HESI second tier includes routine me-
tabolite identification and pharmacokinetic sampling during some toxic-
ity tests.   To ensure study relevance, both EPA and ILSI-HESI schemes 
emphasize an iterative process of data collection and use of data analysis 
in designing pharmacokinetic studies for specific compounds; no single 
prescribed series of studies is likely to provide necessary and adequate 
pharmacokinetic datasets on every compound.   

The possibility of increases in susceptibility to cancer at particular 
life stages was acknowledged.  The ILSI-HESI proposal assumes that 
genotoxic chemicals will not be developed as pesticides and that the end 
points added in the one-generation study will provide adequate indication 
of toxicity and carcinogenicity to trigger necessary testing involving 
perinatal exposure; however, ILSI-HESI did not identify the indicators 
that might trigger a perinatal carcinogenicity study.  Some nonmutagenic 
compounds, such as estrogen-receptor agonist and antagonists, may elicit 
effects in critical windows of susceptibility, and the possibility of tier 2 
testing was raised if concerns were triggered by mode-of-action informa-
tion, but no specific proposals were made.  Similarly, no specificity was 
given regarding when to follow up on possible enhanced sensitivity in 
aging animals. 

The tailoring of the testing regime to meet risk-assessment needs is 
a strength of the ILSI-HESI proposal.  Exposure considerations, such as 
the margin of exposure between doses that produce effects in animals 
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and expected human exposures to pesticides, also provide a conceptual 
framework for guiding the selection and extent of testing.  The ILSI-
HESI proposal to trigger further testing when the margin of exposure 
falls below some threshold value is a reasonable approach to limiting 
testing to issues of public-health importance.  Still, although using expo-
sure to guide selection of studies may work well for chemicals to which 
exposure can be relatively well defined, it may not work as well for in-
dustrial chemicals, because the degree and circumstances of human ex-
posures can be difficult to predict or adequately assess.  

To conclude, the proposed changes in the scheme for pesticide test-
ing may affect the probability of finding some effects and change the 
volume of evidence available to an assessor in judging the presence or 
importance of an effect.  The changes include eliminating the second 
species in teratogenicity and carcinogenicity testing, using the 90-day 
dog study as an indicator of chronic toxicity, and altering dose selection.  
Cumulatively, it is unclear how the different aspects of the proposal 
would affect the overall fidelity of the testing process.  Thus, another 
important issue for evaluation is the overall effect of the changes on the 
sensitivity and reliability of the testing process.  The committee notes 
that redundancy of testing is a critical part of the weight-of-evidence ap-
proach that may have been overlooked in the ILSI-HESI evaluation.  
More-limited testing and less redundancy could mean less confirmatory 
evidence and greater potential overall for reduced sensitivity of the test-
ing strategy.  Making decision-making more conservative, erring in the 
direction of false positives, or using greater uncertainty factors may ad-
dress those issues, as would corresponding adjustments of risk-
assessment guidance documents that emphasize positive results of multi-
ple studies for confirmatory evidence.   

 
 

REACH Program 
 
The European Union’s REACH program was adopted by the Euro-

pean Commission on October 29, 2003.  Its primary goal is to obtain data 
on and appropriately regulate some 30,000 chemicals that are produced 
or imported in excess of 1 metric ton per year and on which there is little 
toxicity and environmental information.  In eliminating the practical dis-
tinction between “new” and “old” chemicals, it differs from the toxicity 
testing and risk assessment of chemicals under the U.S. Toxic Substances 
Control Act. 
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TABLE 6-1  REACH Testing Strategy 

Test 
1 metric ton 
or more 

10 metric 
tons or 
more 

100 metric 
tons or 
more 

1,000   
metric tons 
or more 

Skin irritation or skin  
corrosion 

Ra Ra Ra Ra 

In vivo skin irritation NR Ra Ra Ra 
Eye irritation Ra Ra Ra Ra 
In vivo eye irritation NR Ra Ra Ra 
Skin sensitization Ra Ra Ra Ra 
In vitro gene mutation in 

bacteria 
R R R R 

In vitro cytogenicity in 
mammalian cells 

Rb Ra Ra Ra 

In vitro gene mutation in 
mammalian cells 

Rb Rc Rc Rc 

In vivo mutagenicity Pa Pa Pa Pa 
Acute toxicity by oral 

route 
NR Ra Ra Ra 

Acute toxicity by inhala-
tion 

NR Ra Ra Ra 

Acute toxicity by dermal 
route 

NR Ra Ra Ra 

Repeated-dose toxicity NR NR NR Pb 
Short-term repeated-dose 

toxicity (28 days) 
NR Ra Ra Ra 

(Continued) 
 
 

 The REACH program has four major components (EU 2004).  
First, a registration process requires manufacturers and importers of 
chemicals to obtain relevant information on their substances and to use 
the data to manage chemicals more safely. Second, unnecessary testing is 
avoided by having government regulators evaluate industry testing pro-
posals and check compliance with registration requirements; evaluation 
also enables agencies to investigate chemicals that potentially pose risks.  
Third, substances with properties of very high concern will be subject to 
authorization; applicants will have to demonstrate that risks are ade-
quately controlled, and uses of high-risk substances may be authorized if 
socioeconomic benefits outweigh the risks and there are no suitable al 
ternative substances or technologies.  Fourth, reducing testing in verte-
brate animals is encouraged, and toxicity testing is subject to data-
sharing. The committee focuses its evaluation on the overall toxicity- 
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TABLE 6-1  (Continued) 

Test 
1 metric ton 
or more 

10 metric 
tons or 
more 

100 metric 
tons or 
more 

1,000   
metric tons 
or more 

Subchronic toxicity (90 
days) 

NR Pb Pb Pb 

Long-term repeated-dose 
toxicity 

NR NR NR Pb 

Reproductive toxicity NR Ra Pb Pb 
Screening for reproductive 

and developmental  
toxicity 

NR Ra Ra Ra 

Developmental toxicity  NR Ra Ra Ra 
Two-generation  

reproductive toxicity  
if 28-day or 90-day  
exposure indicates  
adverse effects on  
reproductive organs or 
tissues 

NR Pb Pb Ra 

Two-generation  
reproductive toxicity 

NR NR NR Pb 

Pharmacokinetics NR R R R 
Carcinogenicity NR NR NR Pb 
Abbreviations: NR, not required; R, required; Ra, required with possible excep-
tion; Rb, required if test 6 positive; Rc, required if test 6 and 7 negative; Pa, pro-
posed if test 6 or 7 or 8 positive; Pb, proposed if appropriate. 
 

 
testing strategy and is not commenting on the legal and regulatory proce-
dural implementation of the legislation.   

The legislation, if enacted, will require that all chemicals used in 
commerce at over 1 metric ton per year have basic toxicity and risk in-
formation generated within an 11-year period and that chemicals of very 
high concern be treated like drugs—only uses approved by government 
authorities would be permitted.  The toxicity testing that would be re-
quired is outlined in Table 6-1. The exposure route is generally specified 
to be the one most relevant for potential human exposure. 

Toxicity testing to be conducted is based primarily on the quantity 
of chemical manufactured or imported, with cutoffs at 1, 10, 100, and 
1,000 metric tons.  Toxicity-testing requirements for chemicals manufac-
tured in quantities of 1-10 metric tons per year include only skin irrita- 
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tion or corrosion and sensitization, eye irritation, and several in vitro 
gene-mutation and cytogenicity studies. Positive results may trigger a 
hazard classification or additional testing.  More substantial toxicity test-
ing is required for substances manufactured or imported in quantities of 
10 metric tons per year or more.  Those chemicals must have a chemical 
safety assessment (CSA) as part of a registration dossier. In the CSA, the 
derivation of the hazard classification must be documented with the as-
sessment of persistence, bioaccumulation, and toxicity (PBT) and the 
assessment of whether the substance is very persistent and very bioac-
cumulative (vPvB).  The CSA also includes the derived no-effect levels 
and predicted no-effect concentrations. 

The European Centre for the Validation of Alternative Methods 
(ECVAM) is involved in facilitating the implementation of the REACH 
program, which calls for the use of alternative testing strategies where 
feasible. ECVAM is directly targeting the animal tests to be replaced.  
For example, the REACH legislation calls for data on acute lethal toxic-
ity of chemicals.  ECVAM is validating a five-tier testing strategy that 
would reduce the number of animals being used for acute lethality.  
Stage 1 involves a quantitative structure-activity relationship (QSAR) 
model, stage 2 a basal cytotoxicity test (such as the 3T3 neutral red up-
take test),  stage 3 a computer model and a biotransformation test for me-
tabolism, and stage 4 a cell-specific toxicity test and a prediction model.  
In each of the four stages, a finding of “very toxic” would indicate that 
no further testing is done.  A fifth stage—in vivo testing—may be 
needed when the previous stage indicates the absence of significant acute 
lethal potential that should be confirmed. 

 
 

Committee Comments on REACH Program 
 
The REACH program is designed primarily to broaden coverage by 

ensuring that all chemicals that are manufactured in or imported into the 
EU will undergo at least some evaluation. In this strategy, tonnage cut-
offs are used as rough surrogates for potential human exposure to the 
chemical agents, thereby triggering different levels of toxicologic scru-
tiny. Tonnage may be an initial rough surrogate, but additional informa-
tion regarding potential for human exposure (for example, whether the 
chemical is an intermediate that has very low exposure) may also be 
helpful in guiding toxicity testing.  Furthermore, classification of chemi-
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cals according to their PBT and vPvB may be a useful and simple ad-
junct to priority-setting and hazard assessment. 

The committee made several general observations about the 
REACH program.  First, REACH specifies categories of tests or end 
points that require evaluation at each level without being prescriptive 
about how the test will be done. Such an approach enhances flexibility 
but potentially affects comparability of results and indicates the need for 
the tests to be validated against each other.  Second, as discussed above, 
the process is iterative with an evaluation step by government agencies 
and a data-sharing requirement to try to ensure that unnecessary or re-
dundant animal testing is not performed.  That step reflects an effort to 
decrease animal use in toxicity testing.  Third, the REACH program fo-
cuses more on screening a large number of chemicals than on attaining 
the depth that is often needed for quantitative dose-response assessment.  
However, the REACH program does allow for greater depth of testing to 
be triggered on the basis of initial results.  Lastly, the REACH program 
is more directly comparable with the voluntary U.S. high-production-
volume screening program than with the proposals for improvements in 
the EPA RfD-RfC review or the ILSI-HESI proposals.  REACH has the 
advantage of generating at least some toxicity data on chemicals that in 
the United States are not subject to testing requirements.  

 
 

National Toxicology Program: Roadmap for the Future 
 
Since its inception in 1979, the NTP has provided data for identify-

ing the health hazards posed by environmental agents, and the data have 
been used extensively by regulatory agencies in risk assessment.  The 
NTP’s recently released Roadmap for the Future (NTP 2004) has empha-
sized several ways in which it expects to make substantial progress in the 
next few years.  First, the NTP envisions that studies of gene and protein 
expression and of metabolic profiling in tissues of exposed animals will 
help to characterize responses to environmental agents and therefore lead 
to a better understanding of the mechanisms by which such agents alter 
disease incidence and progression.  Second, the NTP is exploring the use 
of nonmammalian in vivo assays in toxicity testing.  For example, one 
project, which is expected to be completed in 2007, involves the poten-
tial use of Caenorhabditis elegans as a screen for developmental, neu-
rologic, and behavioral toxicity.  Finally, increasing emphasis will be 
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placed on developing alternative assays in which critical molecular and 
biologic events that occur early in the causation of adverse effects can 
be targeted, quantified, and placed within the toxicity-testing frame-
work.  The systems developed may help in setting priorities among 
substances for further study or in refining biologically based dose-
response (BBDR) models.   

In the Roadmap, NTP efforts are directed toward three main 
goals:  refinement of traditional toxicology assays; development of 
rapid, mechanism-based predictive screens for environmentally in-
duced diseases; and improvement in the overall utility of NTP toxicity-
testing assays for public-health decisions.  Those goals and the NTP’s 
plan to train scientists conducting NTP studies in the practice of hu-
mane science indicate the NTP’s commitment to reducing the pain and 
distress of animals and to decreasing the number of animals used in 
toxicity testing.  The Roadmap describes the following current NTP 
research initiatives: 

 
• Review existing protocols for carcinogenicity, reproductive 

toxicity, developmental toxicity, and immunotoxicity and make appro-
priate changes in the protocols to increase efficiency and to improve 
the quality of data generated.  For example, the NTP has initiated a 
review of its cancer bioassay and is using public scientific workshops 
as one mechanism to receive input.  The first workshop is focusing on 
stocks and strains used in the rodent cancer bioassay to seek scientific 
input on whether they should be continued or replaced or multiple 
strains should be used.  Future workshops will address other cancer-
bioassay design issues.  Reviews of noncancer assays—such as devel-
opmental toxicity, immunotoxicity, and neurotoxicity studies—are ex-
pected within the next 3 years.  

• Devise a strategy for routine incorporation of genomic 
analysis into current toxicity studies within the next year.  The goal is 
to provide mechanistic information for improved understanding of tox-
icity.  Resulting data on the identification of mechanistic targets would 
be used in the overall toxicity evaluation and in the development of 
high-throughput systems.  The NTP expects such data also to permit 
the application of toxicity findings on a chemical to other chemicals 
that act by the same mechanisms.  Data collection for some genomic 
analyses is already under way. 

• Improve the use of pharmacokinetic information in toxi-
cologic evaluations made by the NTP.  The effort seeks to strengthen 
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NTP work in pharmacokinetics by establishing a minimal pharmacoki-
netic dataset on agents evaluated by the NTP, developing and validat-
ing PBPK models for agents of concern, building a multidisciplinary 
capacity within the NTP to do the work, and developing training and 
user-friendly tools.   

• Continue to explore nonmammalian in vivo alternatives to 
toxicity testing as tools for medium-throughput screening (MTS) of 
specific toxicity end points. 

• Expand the use of imaging technologies for detecting and 
quantifying molecular and cellular lesions and for improving the speed 
and precision of pathology reviews.  This approach could increase the 
statistical power of NTP studies and reduce the number of animals 
used in the cancer bioassay and other studies.  In the near term, the 
NTP plans to capture digital images from all pathology slides from the 
cancer bioassay routinely and to develop new image-analyzing tech-
niques to guide the review and evaluation of lesions.  A long-term goal 
is to provide a digital archive of such images from NTP studies that is 
accessible via the NTP’s website. 

 
Most of the above actions are intended to refine and increase the 

efficiency of the NTP’s toxicity-testing strategy and study portfolio.  
The NTP Roadmap notes, however, the time-consuming and resource-
intensive nature of traditional toxicity testing and the consequently 
large volume of newly introduced and existing chemicals in commerce 
that have been inadequately assessed for toxicity. The Roadmap out-
lines the NTP’s long-range research strategy to develop rapid screening 
systems for providing toxicity information on large numbers of chemi-
cals.  The NTP plans to develop further MTS systems, such as in vivo 
nonmammalian systems, including C. elegans.  High-throughput 
screening (HTS) may enable the evaluation of thousands of agents rap-
idly with in vitro biologic systems and robotics technology.  The 
NTP’s emphasis is on cellular targets known to influence disease or 
data interpretation.  The NTP expects initially to target genotoxicity, 
cytotoxicity, cell proliferation, apoptosis, and some receptor-mediated 
activities and to run all relevant agents previously tested by the NTP 
through HTS with a set of other identified chemicals.  

The databases created with the HTS and MTS can be used to de-
termine the predictive value of the higher-throughput screens.  In the 
short term, the NTP expects HTS to help to set priorities among agents 
for more extensive testing.  In the longer term, the NTP hopes that such 

Toxicity Testing for Assessment of Environmental Agents: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11523


184 Toxicity Testing for Assessment of Environmental Agents: Interim Report 

screens will become sufficiently developed and validated to be usable 
more directly in public-health decision-making. The NTP has staged its 
work in this field in phases, as outlined in Box 6-1. 

 
 

Committee Evaluation of the NTP Roadmap 
 
The NTP Roadmap is designed both to refine existing toxicity-

testing approaches and to develop new approaches for eventual incor-
poration into toxicity testing. Although the NTP strategy has been pre-
sented publicly in bold brushstrokes rather than in detail, the general 
approaches are of great interest. The NTP’s near-term efforts to refine 
and extend its toxicity tests and to improve the generation and use of 
pharmacokinetic and mechanistic data promise to increase the depth of  
toxicity information on chemicals assayed and to provide greater in-
sight in applying test findings to humans. Furthermore, the NTP’s 
stated objective of reducing animal use and increasing efficiency may 
be partly realized.  However, as acknowledged by the NTP, the result- 
 

 
BOX 6-1  Roadmap Activities: High-Throughput Screening (HTS) 
 
Short-Term Activities 
• Catalog available assays 
• Convene working groups to provide advice on selection of assays 
• Develop assays 
• Identify initial set of chemicals for testing 
 
Medium-Term Activities 
• Continue assay development 
• Validate individual assays 
• Develop methods for analysis of data 
• Develop HTS database 
• Review effectiveness 
 
Long-Term Activities 
• Develop mechanisms to make chemical sets and tissue banks 

available for external researchers 
• Evaluate HTS data for predictability of toxicity 
• Develop a communication plan  
• Review effectiveness 
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ing test portfolio would still be resource-intensive and incapable of 
addressing large numbers of chemicals that require some level of toxic-
ity assessment.  In the relative near term, the alternative—in vivo non-
mammalian MTS—holds promise for improvements in cost, animal 
use, resources, and throughput, but it generally received little attention 
in the Roadmap. The extent of the NTP MTS effort is unclear.  The 
NTP’s development of such systems to the point where they may be 
used in public-health decision-making (for example, NTP identifica-
tions of chemicals as reproductive toxicants) would be a major ad-
vance.  In the long term, HTS has the potential to increase the breadth 
of chemical assessment substantially while preserving the goal of limit-
ing animal testing. Development of improved biomarkers of effect with 
new -omics approaches would contribute to all four goals of increasing 
breadth, increasing depth (if biomarkers provide valid mechanistic in-
formation), conserving animals, and reducing costs. A specific focus 
on developing nonanimal models by an agency, such as the NTP, is 
needed if such approaches are to become a useful alternative to tradi-
tional toxicity testing in animals.  

 
 

COMMITTEE EVALUATION OF SUGGESTED 
IMPROVEMENTS IN TESTING STRATEGIES 

 
Several government agencies and nongovernment organizations 

have recognized important gaps and inefficiencies in toxicity testing.  
EPA, ILSI-HESI, the NTP, and the EU have assessed or undertaken 
initiatives to build on and improve testing strategies. There is much to 
learn from their varied assessments and strategies.   

EPA evaluated its testing requirements for pesticides and toxic 
substances in the context of establishing RfDs and RfCs, found sub-
stantial data gaps in life stages studied and end points assessed, and 
made recommendations for improvements in the near term by using 
existing toxicity-testing methods and techniques.  ILSI-HESI convened 
a panel of scientists to evaluate EPA’s approaches to toxicity testing 
for pesticides and developed its own set of recommendations. EPA 
made ambitious recommendations that would increase the breadth of 
toxicity testing in two key ways: coverage of different life stages and 
improved coverage of different end points, such as cardiovascular ef-
fects and immunotoxicity. In doing so, EPA explored alternative test 
protocols that would increase the complexity of some tests but ulti-
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mately conserve animal use while increasing critical toxicity informa-
tion.  ILSI-HESI emphasized potential test redundancies and test 
elimination.  It recommended eliminating the mouse carcinogenicity 
study and 1-year dog study and making the rat acute toxicity study op-
tional, thereby reducing animal use, the robustness of the database, and 
the potential to confirm findings.  It also included proposals to increase 
the breadth of testing by modifying tests to evaluate more end points.  
It did not propose specific protocols to address effects of exposures in 
the elderly, although it did suggest that special studies could be trig-
gered by findings in first-tier studies in young adult animals. Both EPA 
and ILSI-HESI recommended increased efforts to generate pharma-
cokinetic data, a practice already in place at the NTP, which increases 
the depth of available toxicity data.  Both proposals also suggested re-
ductions in group sizes in toxicity testing.  Although in some cases the 
evaluation of end point or life stage may be more detailed, the small 
group size (for example, 20 vs 50 in the unified study and six vs eight 
dogs in the systemic-toxicity evaluations) can significantly reduce the 
statistical power of a study to detect effects. 

The EU is engaged in a bold effort to restructure its approach to 
toxicity testing to screen the backlog of tens of thousands of industrial 
chemicals that have not been adequately assessed.  It has taken the ap-
proach of attempting to broaden the screening of chemicals maximally 
while minimizing animal use in existing protocols. It is unclear 
whether the EU approach will provide adequate depth of information 
for dose-response assessment, especially with respect to the breadth of 
coverage of relevant end points and life stages. The approach to obtain-
ing test data for detailed risk assessment is still under development, 
although for some chemicals (pesticides) schemes similar to those used 
in the United States are in place.   It is therefore difficult to compare 
the REACH approach directly with the EPA and ILSI-HESI ap-
proaches because they are designed primarily to focus on different sub-
sets of chemicals (tens of thousands of existing industrial chemicals vs 
hundreds of pesticides). The REACH approach includes greater depth 
of information and coverage of end points and life stages than the cur-
rent EPA approach to testing of existing or new industrial chemicals 
under the Toxic Substances Control Act.  

The NTP has not proposed specific changes in toxicity tests but 
has initiated a process, involving scientific workshops and public input, 
that could in the near term lead to fundamental changes in the design 
and conduct of the bioassays of cancer, reproductive and developmen-
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tal toxicity, and other end points.  The NTP is beginning by evaluating 
and considering changes in cancer-bioassay design.  Also in the near 
term, the NTP seeks to improve testing by capitalizing on recent ad-
vances in imaging technologies, devising strategies for routine incorpo-
ration of toxicogenomic analyses, further developing nonmammalian 
test systems, and using transgenic animals. This effort goes considera-
bly beyond the proposals and recommendations of ILSI-HESI and 
EPA. That is in part understandable in that some of the NTP effort in-
volves technology transfer and the development and validation of new 
approaches; the changes are not yet sufficiently well defined to be in-
corporated into mandated test requirements, such as the EPA pesticide 
test guidelines.  However, specific study designs and protocols should 
be given consideration for such purposes as they emerge from the NTP 
program.  The NTP also is taking a longer view through its initiative to 
develop rapid screening systems for providing toxicity information on 
large numbers of chemicals.   

The NTP approach is the only one that incorporates strategies that 
have potential for satisfying all four key goals of increasing breadth 
and depth and decreasing animal use and costs. Yet the NTP HTS of 
large numbers of chemicals relies in the long term on the development 
of new methods that are as yet unproved and will have to be evaluated. 
The NTP HTS approach is many years away from being practical for 
adoption in testing requirements by a regulatory agency, such as EPA. 
In the meantime, some of the near-term initiatives at the NTP, as well 
as strategies proposed in the EPA review and perhaps in the ILSI-HESI 
papers and in the REACH proposal, may be of use for improving cur-
rent regulatory toxicity testing.  

The committee identified several recurring themes and questions 
in the various reports that it was asked to review:  

 
• Which environmental agents should be tested?   All new 

and existing environmental agents should be evaluated; however, the 
intensity and depth of testing should be decided according to practical 
needs, including the use of the chemical, the likelihood of human ex-
posure, and the scientific questions that such testing must answer to 
support a reasonable science-policy decision.  Fundamentally, the de-
sign and scope of a toxicity-testing approach needs to reflect risk-
management needs.  Regulatory agencies are pursuing different testing 
strategies depending on whether their goal is generating detailed data 
for optimal dose-response assessment of pesticides or screening exist-
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ing industrial chemicals. Hence, neither the EPA testing recommenda-
tions in its RfD-RfC review nor the EU REACH program is “correct” 
or “incorrect,” because they are designed for different purposes. 

• How should priorities for testing chemicals be set?  Prior-
ity-setting should be a key component of any testing strategy that is 
designed to address a large number of chemicals, and a well-designed 
scheme is essential for systematic testing of industrial chemicals on 
which there are few data.  It makes sense to consider exposure poten-
tial in designing test strategies. Chemicals to which people are more 
likely to be exposed or to which some populations may receive rela-
tively high exposures—whether they are pesticides or industrial chemi-
cals—should undergo more in-depth testing. This concept is embedded 
in several existing and proposed strategies.  In some strategies, produc-
tion volume is the primary measure of potential human exposure. But 
production volume alone may not be the best surrogate of human expo-
sure. Other important factors to consider are use, exposure patterns, 
and a chemical’s environmental persistence and bioaccumulation, 
which is important because of the potential for increasing exposure 
over time and continuing exposure even after use has ceased.  Indica-
tors of potential toxicity from existing toxicity data or structural ana-
logues and computational approaches, such as structure-activity rela-
tionships, may help to refine priorities further.  In addition, there has 
been some investigation of high-throughput in vitro methods as a pos-
sible priority-setting tool.  The committee will discuss possible prior-
ity-setting approaches in greater depth in its second report. 

• What strategies for toxicity testing are the most useful and 
effective?  Existing test strategies include test batteries, tiered-testing 
strategies, tailored approaches, and strategies that combine various ap-
proaches. The committee finds that there are pros and cons of various 
approaches but leans toward tiered testing with the goal of focusing 
resources on the evaluation of the more sensitive adverse effects of 
exposures of greatest concern rather than full characterization of all 
adverse effects irrespective of relevance for risk-assessment needs.  A 
tiered-testing approach would require that EPA have clear regulatory 
authority to require additional testing of pesticides or industrial chemi-
cals beyond the first tier when it is indicated. Such a strategy would 
also require a priori stopping rules to prevent all chemicals from going 
through all tiers. For example, some observers have expressed the con-
cern that some potentially “positive” result may often pop up in tiered 
testing and trigger the next tier of testing of nearly all chemicals, which 
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would erase the benefit of tiering. Other observers have expressed the 
concern that in tiered strategies, strong positive results may simply 
trigger moving to ever-higher and more time-consuming tiers of testing 
while delaying risk-management action based on the findings. Both 
concerns are related to the need to have clear rules that move environ-
mental agents out of the tiered-testing strategy into either a “stop” 
category or a preliminary risk-management category. One important 
point regarding the rules is that one should determine whether addi-
tional testing is likely to make a difference in human risk assessment.  
For example, the margin of exposure may be sufficiently large that fur-
ther testing is not needed to make a decision or the end point in ques-
tion is unlikely to be more sensitive than other end points of concern, 
in which case no further testing regarding that end point would be 
needed. 

• How can toxicity testing generate data that are more useful 
for human-relevant dose-response assessment?  Many observers have 
criticized existing approaches to toxicity testing on the grounds that it 
is difficult to use their results in risk assessment. In particular, ob-
served results are often difficult to extrapolate with confidence to hu-
mans at environmentally relevant doses. As a result, such extrapola-
tions are often made with little scientific justification, and conventional 
uncertainty factors are used to bridge the gaps.  

Current approaches to toxicity testing could be enhanced in some 
cases by the use of pharmacokinetic data from basic ADME studies to 
derive dose information before embarking on toxicity testing and by 
the judicious use of some pharmacokinetic data to aid in extrapolation. 
In addition, adding lower doses to some protocols could help with ob-
taining more environmentally relevant information, although to main-
tain adequate statistical power increased group size at lower doses may 
be needed, with attendant increases in cost.  Using benchmark dose 
extrapolations in place of NOAELs is another strategy that has been 
shown to be useful in maximizing the use of the existing dataset. How-
ever, the current menu of approaches to toxicity testing is unlikely to 
solve the fundamental problem. The committee cautions against indis-
criminately generating large amounts of data on single chemicals in an 
effort to generate the optimal dose-response dataset. Such an approach 
entails the substantial use of animals and often comes at the expense of 
broader screening that may also be useful. Newer approaches to toxic-
ity testing may help to address this problem and will be discussed in 
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the committee’s second report. In the interim, uncertainty factors must 
still be used to address scientific uncertainties. 

• How can toxicity testing be applied to a broader universe of 
chemicals, life stages, and end points?  It is clear that there are major 
gaps in current toxicity-testing approaches. The real importance of the 
gaps is a matter of debate and depends on whether effects of public-
health importance are being missed by current approaches. Histori-
cally, an important end point or life-stage susceptibility has in many 
cases been missed in initial toxicity testing.  However, it is neither 
practical nor desirable to attempt to test every chemical (or mixture) 
against every end point during a wide range of life stages. The commit-
tee recommends toxicity screening of every agent to which there is a 
strong potential for human exposure. A well-designed tiered strategy 
could help to set priorities among environmental agents for screening 
and could identify end points or mechanisms of action that would trig-
ger more in-depth testing for various end points or in various life 
stages. Newer methods of screening that incorporate such tools as  
-omics or computational toxicology may help to screen more chemicals 
rapidly and trigger appropriate further testing where necessary. Those 
approaches are discussed briefly in Chapter 7 of this report and will be 
discussed in more depth in the committee’s second report. 

• How can environmental agents be screened with the mini-
mal use of animals and minimal expenditure of time and other re-
sources?  One strategy that is useful to reduce animal use is the group-
ing of chemicals of similar structural class and the in-depth testing of 
only one or a few representative chemicals; risk assessments of all 
chemicals in the class would then be based on the resulting data. In 
grouping chemicals, known modes of action (for example, nicotinic 
agonists) should be emphasized.  Such strategies should address any 
data needed to support application of study findings on the representa-
tive chemicals to other chemicals in the group.  Newer approaches also 
have great promise.  Chapter 7 discusses current developments in re-
duction, refinement, and replacement of animals in toxicity testing and 
newer technologies that hold promise for greatly reducing the reliance 
on animal testing.  

• How should tests and testing strategies be evaluated?  An 
important consideration in evaluating test strategies is the risk-
management context in which they are being applied.  For example, 
intensive study of untested industrial chemicals is of little use if it 
means that few chemicals can be addressed. However, further explora-
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tory and intensive study of a relatively well-tested chemical can be of 
great value if costs of controlling exposure are high, there is wide-
spread and relatively high exposure, and study is likely to refine the 
risk assessment substantially.  Test strategies may be evaluated in 
terms of the value of information they provide in light of the cost of the 
testing and the animal resources expended. That should be kept in 
mind in considering testing strategies in terms of the four testing objec-
tives—increasing depth of knowledge for more accurate risk assess-
ment; increasing coverage of chemicals, life stages, and end points; 
preserving animal welfare; and minimizing cost. 

In evaluating new tests and test strategies, there remains the diffi-
cult question of what is to serve as a “gold standard” for performance.   
Simply comparing the outcomes of new tests with the outcomes of cur-
rent tests may not be the best approach; whether it is will depend on 
the reliability and relevance of the current tests.  Another consideration 
is how test results will be used in the assessment.  Even if a test strat-
egy provides robust and informative data, the risk assessor may be un-
able, because of legal constraints or risk-assessment guidelines, to use 
the data.  Ideally, regulations and risk-assessment guidelines will 
evolve with testing capabilities and scientific understanding. That issue 
will increase in importance with greater use of screening approaches 
that produce indirect evidence (in vitro tests, gene arrays, and mode-of-
action screens), for both cancer and noncancer end points.  
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7 

 
Alternative Approaches and  

Emerging Technologies 

 
There is a coordinated international effort to develop alternatives to 

animals for toxicity testing of environmental agents.  Numerous methods 
have already been developed and validated to reduce, replace, or refine 
animal testing, and many more are under development in the United 
States and Europe. The effort to reduce animal use has generated some 
additional benefits.  For example, some nonanimal methods provide use-
ful mechanistic information that can offer insight into the likely human 
relevance of observed findings or may offer the ability to predict patterns 
of toxicity.  Furthermore, some approaches that use alternative non-
mammalian species allow testing of much larger numbers of organisms, 
thereby increasing statistical power for evaluating dose-response rela-
tionships at the low end of the curve.   

 This chapter reviews approaches specifically focused on alterna-
tives to animal testing that reduce, replace, or refine animal use.  The 
second part discusses some new toxicity-testing approaches (-omics 
technologies and computational toxicology) that may have longer-term 
potential for achieving greater depth, breadth, animal welfare, and con-
servation in toxicity testing.  The chapter concludes with a discussion of 
validation to emphasize the importance of evaluating new toxicity-testing 
methods to ensure that the information obtained from them is at least as 
good as, if not better than, conventional mammalian models.  Validation, 
as defined in this chapter, is a formal process that grew out of the experi-
ence of the European Centre for the Validation of Alternative Methods 
(ECVAM), the Interagency Coordinating Committee on the Validation 
of Alternative Methods (ICCVAM), and others in evaluating the per- 
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formance of new tests.  The important point for this report is that valida-
tion is now seen as a formal, although flexible, process that new tests 
must satisfy to be accepted by regulators.  The details of validation exer-
cises may vary as one shifts from in vitro and in vivo tests to -omics and 
computational toxicology techniques. 

 
 

ALTERNATIVES TO CURRENT  
ANIMAL-TESTING APPROACHES 

 
One of the tensions in designing new chemical-testing strategies is 

between reducing animal use and suffering and regulatory needs for 
more information on a wider array of chemicals or more detailed infor-
mation on a smaller group of chemicals.  Russell and Burch (1992) pro-
vided a framework for addressing that tension.  They proposed that sci-
entists pursue techniques and approaches that follow the Three Rs, 
namely, methods that can replace or reduce animal use in specific proce-
dures or refine animal use to eliminate or decrease animal suffering.  Re-
placement, reduction, and refinement have also come to be known as 
alternative methods.    

First proposed in 1959, the Three Rs approach (3Rs) advanced in 
the 1980s when cosmetics and consumer-product companies began to 
invest millions of dollars in alternative methods in response to consumer 
pressure (Stephens et al. 2001).  During that same decade, national gov-
ernments incorporated the Three Rs approach into their animal-
protection legislation and in some cases began to fund research on and 
development of alternatives, academic centers devoted to the alternatives 
began to be established, the field of in vitro toxicology blossomed, and 
companies began to market alternative test kits.  In the 1990s, govern-
ment centers devoted to the validation and regulatory acceptance of al-
ternative methods were established in Europe and the United States, al-
ternative tests began to be formally approved and accepted by regulatory 
agencies, and the triennial World Congresses on Alternatives were inau-
gurated.  There is evidence that, owing in part to the implementation of 
Three Rs approaches, use of laboratory animals in research and testing in 
the United States decreased by about 30%1 in the decade after the estab-
                                                      
 1Estimate based on comparison of average number of Animal Welfare Act 
(AWA)-covered animals used per year in 1994-2003 and average number of 
AWA-covered animals used per year in 1984-1993. Source: Animal Welfare 
Reports, USDA/APHIS. 
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lishment of ICCVAM in 1997, which marked the beginning of wide-
spread efforts to implement the Three Rs. In the 21st century, as accep-
tance and implementation of the Three Rs approach continue to spread, a 
major challenge in advancing the approach is to harness the potential of new 
technologies, including -omics, to replace, reduce, and refine animal use. 

The following sections explore in more detail the refinement, re-
duction, and replacement alternatives.  The replacement of commonly 
used laboratory animals with less sentient animal species is addressed 
specifically.   

 
 

Refinement Alternatives 
 
Refinement alternatives are changes in existing practices that either 

decrease animal pain and distress or increase animal welfare.  Refine-
ments are best practices, namely, ways of carrying out animal-based pro-
cedures and practices that ensure the best practical outcomes with respect 
to both animal welfare and science.  The principle of refinement can be 
applied to any aspect of laboratory care and use—including anesthesia, 
analgesia, supportive veterinary care, and euthanasia—and to the more 
general aspects of animal transport, handling, housing, environmental 
enrichment, and personnel training (Morton 1995).  Refinement ap-
proaches of particular relevance to toxicity testing include best practices 
in dose administration, dose-volume limits, and humane end points 
(Hendriksen and Morton 1999; ILAR 2000; OECD 2000; Diehl et al. 
2001; Stephens et al. 2002).  Humane end points in an animal experiment 
are early indicators of pain, distress, or death and, once validated, can be 
used to terminate an experiment early to preclude or lessen animal suf-
fering without compromising study objectives (Stokes 2000).  The appli-
cation of humane end points is often associated with frequent monitoring 
of animals and scoring of their clinical signs.  Scoring systems are an 
important tool for evaluating the efficacy of proposed refinements.  

In toxicology, refinements include not only modifications of exist-
ing tests but also new animal-based tests that result in less pain or  
distress than conventional procedures or in no pain or distress.  For ex-
ample, historically the guinea pig maximization test (GPMT) was the 
conventional assay for acute contact dermatitis (ACD).  A new proce-
dure, the local lymph node assay (LLNA), assesses ACD by examining 
local lymph node proliferation instead of the ensuing clinically evident 
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allergic reaction.  The animals, in this case mice, are euthanized before 
experiencing the discomfort of ACD.  The LLNA can be considered an 
elaboration of the humane-end-point approach, which was made possible 
by knowledge of the mechanism of ACD.  The LLNA has been accepted 
by EPA, the Food and Drug Administration (FDA), and the Occupational 
Safety and Health Administration (OSHA) as a refinement alternative to 
the GPMT for assessing ACD (NTP 1999). 

Refinements in toxicology obviously benefit the animals involved 
in testing, but they can also be advantageous from scientific and societal 
viewpoints.  Pain or distress stemming from poor technique can cloud 
study outcomes (Morton et al. 2001).  Refined approaches, such as the 
use of humane end points, can lead to earlier completion of testing.  
Scoring of clinical signs can reveal toxicologic outcomes that might have 
been overlooked if death were the only outcome noted.  Finally, imple-
menting refinement can improve the morale of laboratory personnel and 
help to satisfy mandates in humane legislation, such as the U.S. Animal 
Welfare Act, with its emphasis on minimizing pain and distress.   

 
 

Reduction Alternatives 
 
Reduction alternatives are methods that use fewer animals than 

conventional procedures but yield comparable levels of information.  
They can include methods that use the same number of animals but yield 
more information so that fewer animals are needed to complete a given 
project or test (Balls et al. 1995).  One of the most dramatic illustrations 
of reduction is the acute systemic toxicity-testing guidelines of the Or-
ganisation for Economic Co-operation and Development (OECD), which 
apply primarily to industrial chemicals.  The number of animals used in 
OECD’s Test Guideline 401 for the LD50 test dropped from 100 to 25 
when the guideline—adopted in 1981—was modified in 1987.  OECD 
also adopted three new guidelines in the 1990s that reflected additional 
reduction approaches that typically use under 10 animals per test.  The 
new alternatives—the up-and-down procedure, the fixed-dose procedure, 
and the acute-toxic-class method—led OECD to drop Guideline 401 al-
together from its guidelines in 2002 (OECD 2002a).   

One straightforward way to explore reduction approaches for a 
given animal test is through retrospective analyses of test data on indi-
vidual animals.  If N is the number of animals conventionally used in a 
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test, do (N − 1) animals typically yield the same conclusion?  Do (N – 2) 
animals yield the same conclusion?  That approach has been applied to 
the Draize eye-irritancy test to reduce the conventional number of ani-
mals used per test from six to three (see EPA 1998). 

A rigorous application of experimental design and statistical ap-
proaches is one of the best ways to pursue reduction in animal numbers 
(Festing et al. 1998; Vaughan 2004).  Statistical aids can yield precise 
estimates of the number of animals needed to test a hypothesis.  Block 
designs can lead to reduction in animal numbers.  And using animals that 
have genetically defined backgrounds can limit statistical variance and 
thereby achieve a given level of statistical power with fewer animals 
(Russell and Burch 1992; Festing 1999). 

Animal reduction can also be achieved by applying adaptive Bayes-
ian statistical techniques to study design.  Such approaches have been 
used in clinical trials for evaluating new drugs and have resulted in re-
duced numbers of subjects and early termination in specific arms of 
clinical trials, reducing ineffective treatments and life-threatening side 
effects and improving survival (Berry et al. 2002; Giles et al. 2003).  The 
same techniques could be adapted to reduce the numbers of animals used 
in toxicity testing. 

Various noninvasive imaging techniques can be used to track the 
progression of toxic effects or disease in a cohort of animals, eliminating 
the need for interim killing of animals at selected times.  To date, those 
techniques, such as biophotonic imaging (Contag et al. 1996), have been 
implemented primarily in biomedical research, as opposed to toxicity 
testing.  If applied to regulatory toxicity testing, they could not only re-
duce animal numbers in some tests but facilitate the refinement of tests 
by allowing the monitoring of animals over time to gauge how close they 
are getting to specified humane end points, such as tumor size. 

Animal use can also be limited by careful design of testing 
schemes.  For example, EPA modified the testing scheme in its high-
production-volume (HPV) chemical testing program after pressure from 
animal protectionists.  The agency called on program participants to take 
a number of steps intended to reduce animal use, including grouping 
chemicals into appropriate categories and testing only representative 
chemicals from a category, avoiding some types of testing of closed-
system intermediates, and encouraging a thoughtful, qualitative analysis 
rather than a rote checklist approach (see EPA 1999).  Reducing animal 
numbers in toxicity tests not only subjects fewer animals to potential suf-
fering but has the potential to lower the cost of testing.   
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Replacement Alternatives 
 
Replacement alternatives use nonanimal approaches in lieu of ani-

mal-based methods.  In toxicology, such nonanimal approaches include 
physiochemical measures, quantitative structure-activity relationship 
(QSAR) models, and other methods.  Replacement might include substi-
tuting invertebrates in testing typically done with vertebrates, for exam-
ple, the use of Caenorhabditis elegans in chronic toxicity testing.  It 
might also include substituting primary culture of tissues or cells, such as 
neuromuscular preparations, for whole animals; however, such cultures 
entail animal use to harvest the tissues that will be cultured and therefore 
do not truly replace animal use. 

Some nonanimal methods can serve as screens to limit the number 
of chemicals that move on to later stages of testing.  For example, a sim-
ple pH determination can characterize a chemical as highly acidic or al-
kaline and so almost certainly an eye irritant, thus obviating a Draize 
eye-irritancy test in rabbits (see OECD 2002b).  Such a screen can be 
labeled a “partial replacement” to distinguish it from a nonanimal meth-
od that serves as the definitive test, a “full replacement.”  Full replace-
ments clearly are more satisfactory from a humane perspective, but par-
tial replacements do limit animal use and suffering in toxicity tests. 

Replacement approaches have been successfully implemented over 
the last several decades for a variety of applications, including culturing 
viruses, assaying vitamins, diagnosing pregnancy, and preparing mono-
clonal antibodies (Stephens 1989).  In toxicology, in vitro tests have 
shown great potential as replacement alternatives.  The Ames mutagene-
sis test, developed in 1971, was the first in vitro test used in regulatory 
toxicology.  In vitro tests and other nonanimal methods have since been 
accepted in regulatory toxicology case by case after the development of 
the field of validation and the establishment of ICCVAM and ECVAM 
in the 1990s.   In recent years, ICCVAM, ECVAM, and OECD have 
validated or accepted as validated a number of in vitro tests (see Chapter 
2, Table 2-3), including the 3T3 neutral red update phototoxicity test, a 
skin-absorption assay, cytotoxicity assays for acute systemic toxicity, 
and skin-corrosivity assays, such as the transcutaneous electrical resis-
tance assay, the Corrositex assay, and the Episkin and Epiderm assays 
(ICCVAM 2004; ECVAM 2005).  Their validations have established the 
strengths and weaknesses of the assays and in some cases limited their 
applicability to particular chemical classes or levels within tiered testing 
strategies.   
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Overall, nonanimal approaches offer several potential advantages 
over classical animal-based tests.  First, they can be less time-consuming 
and more humane.  Second, they can be more mechanistically relevant to 
human toxicity when they are selected or tailored to reflect a specific 
biochemical pathway or a chemical receptor that does not occur in a 
given animal model.  Third, they can allow for higher throughput.  Be-
cause of the technical advantages, such approaches are being evaluated 
for large-scale testing programs, including HPV chemical testing and 
endocrine-disruptor testing.  As the large-scale testing programs are de-
veloped and implemented, nonanimal methods are being incorporated as 
screens into tier-testing approaches with animal testing being reserved 
primarily for the highest tiers.  Efforts to develop a full array of nonani-
mal methods to address all end points in some testing programs are under 
way (Worth and Balls 2002).  That approach would rely on mechanisti-
cally based assays and, where appropriate, incorporate metabolic activa-
tion.  Such an approach to toxicity-testing programs might be able to 
eliminate the need for extrapolation from animals to humans in some 
cases and to aid in identifying hazards to potentially sensitive human 
populations.  

 
 

Use of Alternative Species 
 
Nonmammalian vertebrates, such as fish, are being used increas-

ingly in human health effects testing.  To the extent that such species are 
less sentient than mammals, their use constitutes an example of refine-
ment.  Some nonmammalian species have a high degree of structural and 
physiologic similarity to higher vertebrates, enhancing the likelihood that 
similar toxicities would be produced.  In addition, nonmammalian 
species have shorter developmental periods and shorter overall life spans, 
which are useful characteristics for simulating effects of chronic 
exposure.  And they usually require simpler, less expensive laboratory 
maintenance than mammals.  

The effectiveness of alternative models is well illustrated by 
historically prominent studies that used rainbow trout as a model for car-
cinogenicity and mechanistic cancer research. Trout have been shown to 
share many mechanisms of carcinogenesis with mammals, such as 
pathways of metabolic activation and production of mutagenic DNA 
adducts.  Recently, the low cost and ease of maintenance of trout were taken 
advantage of to carry out the largest dose-response study of chemical-
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induced carcinogenesis ever conducted (William et al. 2003).  The goal 
of this project, which used 42,000 trout, was to identify the dose at which 
one additional cancer in 103 animals occurred, an order-of-magnitude 
increase in sensitivity over the largest mouse study, which used 24,000 
mice (Gaylor 1980).  The dose-response data deviated significantly from 
linearity, although a threshold dose could not be statistically established.  
Studies that use large numbers of animals and thereby have increased 
sensitivity would have profound implications for modeling human health 
risk assessment if the animal models used were found to be relevant to 
humans.   

Another fish model that is gaining increased attention from toxicol-
ogy researchers is the zebrafish (Sumanas and Lin 2004).  Zebrafish have 
many features that make them highly desirable as a laboratory model, 
including small size, high fecundity, and rapid development.  The em-
bryos are transparent, and this allows visualization of fundamental  
developmental processes with a simple dissecting microscope.  A genera-
tion time of only 3 months makes genetic screening practical.  Further-
more, a variety of diseases have been successfully modeled in zebrafish 
via simple genetic alterations or mutations.  Much of the zebrafish ge-
nome has been sequenced, and at least two zebrafish oligonucleotide mi-
croarrays are available, each containing over 14,000 unique sequences.  
Transgenic zebrafish that express green fluorescent protein (GFP) under 
the control of various tissue-specific promoters have also been developed.   

From a toxicology perspective, zebrafish have been shown to ex-
press the aryl hydrocarbon receptor (AhR) and the AhR nuclear translo-
cator (ARNT), two proteins that are responsible for initiating the toxic 
effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and structurally 
related halogenated aromatic hydrocarbons in mammals (Andreason et 
al. 2002).  Zebrafish respond to TCDD with induction of cytochrome 
P4501A, a key gene controlled by TCDD-activated AhR in all species 
examined (Andreason et al. 2002).  Scientists at the National Toxicology 
Program (NTP) are evaluating zebrafish to determine their usefulness in 
screening chemicals for potential toxicity and carcinogenicity. Because 
of their genetic uniformity and low rates of spontaneous tumor, the use 
of zebrafish minimizes the experimental variability normally associated 
with other alternative animal species.  

Although nonmammalian models show great promise at both ends 
of the toxicity-testing spectrum (screening and mechanistic studies), 
there are obvious limitations on the use and applicability of such non-
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mammalian species in some aspects of toxicity testing.  Metabolic 
differences may be greater between nonmammalian species and humans 
than between humans and other mammals, so the use of such data for 
human health risk assessment may be more tenuous.  Substantial 
anatomic and physiologic differences between mammals and other 
species will also prevent their application to assessment of some toxic 
end points.   

 
 

EMERGING TECHNOLOGIES 
 
Novel -omics technologies and computational toxicology may one 

day contribute to resolution of much of the current tension around the 
objectives of toxicity testing.  The new fields are developing rapidly, and 
their integration into traditional testing strategies is being investigated.  
This section provides an overview of the tools, techniques, and science 
that show promise for advancing toxicity testing and risk assessment.   

 
 

Genetics 
 
Individuals differ in their responses to environmental toxicants, and 

that variability can be attributed to many factors.  One possible factor is 
the variation in the human genome.  Each person’s genome is different, 
and the differences are thought to influence a person’s response and sus-
ceptibility to a chemical exposure.  The Human Genome Project at the 
National Institutes of Health has greatly facilitated the search for suscep-
tibility genes—genes that influence a person’s response to a stimulus or 
probability of developing a particular disease.  In the last decade, re-
searchers have been successful in identifying genes for diseases, such as 
cystic fibrosis, that are due to mutations in single genes.  The effect of 
such a mutation is large and therefore relatively easy to identify.  Identi-
fying the susceptibility genes for complex human traits has been more 
challenging, but recent molecular and statistical advances stimulated by 
the Human Genome Project have led to the identification of susceptibil-
ity genes for several complex human diseases, such as asthma and 
Crohn’s disease.  Those advances have also led to identification of ge-
netic variations that make some people more and other people less sus-
ceptible to environmental toxicants.   
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Several key developments in addition to the Human Genome Pro-
ject have advanced the field of genetics.  First is the characterization of 
DNA-sequence polymorphisms, particularly the single-nucleotide poly-
morphisms (SNPs).2  Three entities—the SNP Consortium (TSC), the 
International HapMap Project, and the National Institute of Environ-
mental Health Sciences (NIEHS) Environmental Genome Project 
(EGP)—have identified and characterized millions of SNPs.  Specifi-
cally, they have provided positional information and allele frequencies 
and have developed assays for genotyping them.  The SNPs identified by 
TSC and the HapMap Project are distributed across the entire genome 
and were not selected specifically for their functional significance.  The 
SNPs identified by the EGP reside in environmentally responsive genes, 
such as genes involved with the cell cycle, DNA repair, and metabolism.  
The work of all three entities has provided a well-characterized set of 
SNPs that can be used as genetic “landmarks” to localize genes that in-
fluence one’s susceptibility to disease and sensitivity to toxicants. 

The second advance is the development of technologies for high-
throughput genotyping.  Although millions of polymorphisms have been 
identified, genotyping them for routine analysis has been an expensive, 
labor-intensive task.  Until recently, genotyping was performed marker 
by marker; thus, the throughput was low and the cost high.  Several re-
cent developments allow thousands of markers to be genotyped in paral-
lel.  Large numbers of genotypes can be generated from DNA samples 
from many individuals.  That advance is particularly important because 
the effect of each sequence variation is likely to be small, and these small 
effects would be very difficult to detect without a sample of adequate 
size.   

The third advance is the improvement of phenotyping methods.  A 
phenotype is the biochemical, physiological, or physical characteristics 
of an individual as determined by his or her genetic background and the 
environment.  Defining phenotypes and collecting material for study of-
ten present challenges.  To determine the genetic basis of a phenotype, 
one must study how the phenotype is passed along in families; therefore, 
phenotypic measurements and DNA from family members are often 
needed for analysis.  However, in trying to define a phenotype that would 
indicate susceptibility to an environmental toxicant, it is difficult or im-
possible, to identify family members who have been exposed to the same 
                                                      
 2Variations in DNA sequence that occur in more than 1% of the population 
are considered polymorphisms, and SNPs are polymorphisms that differ by one 
nucleotide. 
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agents under similar circumstances.  To circumvent that problem, cell 
cultures from family members are exposed to environmental agents.  The 
agent and dose are controlled, and a large amount of family material can 
be evaluated.  Those studies have demonstrated that gene expression and 
phenotypes, such as cellular functions, can be accurately measured in 
cultured cells (Schork et al. 2002; Yan et al. 2002; Lo et al. 2003).  In 
addition, the phenotypes identified in cultured cells are amenable to ge-
netic analysis (Schadt et al. 2003; Greenwood et al. 2004; Morley et al. 
2004).  In recent studies, cells from members of large three-generation 
families were exposed to chemotherapeutic agents, such as cisplatin (Do-
lan et al. 2004), 5-fluorouracil, and docetaxel (Watters et al. 2004), and 
the genes that influence chemotherapy toxicity were identified (Dolan et 
al. 2004; Watters et al. 2004).  Improvements in phenotyping methods 
are important for elucidating the genetics of chemical response and 
measuring the consequences of genetic variation. 

 
 

Genomics 
 
The human genome has been estimated to consist of about 25,000 

genes.  The gene-expression pattern varies from cell to cell and deter-
mines the identity of each cell.  Cells induce or repress particular genes 
in response to environmental stimuli.  Changes in gene expression help 
the cells to adapt to the “new” environment or repair damage resulting 
from the stimuli.  One can identify genes that change in response to  
exposure by comparing the expression level of genes at baseline to the 
expression level in response to stimuli.  With such technologies as mi-
croarrays, the expression levels of tens of thousands of genes can be 
measured accurately and efficiently.  Those genes may serve as bio-
markers of exposure and also aid in understanding the mechanism of ac-
tion of the stimuli and the cellular pathways involved in the response.     

Several groups, such as ILSI-HESI, have initiated projects to inves-
tigate the use of genomic data in risk assessment (Pennie et al. 2004; 
Hood 2004).  Other organizations have initiated programs to investigate 
the use of genomic and other -omic technologies in toxicology.  For ex-
ample, the NRC Standing Committee on Emerging Issues and Data on 
Environmental Contaminants, which was convened at the request of 
NIEHS, currently is focused on toxicogenomics and its applications in 
environmental and pharmaceutical safety assessment, risk communica-
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tion, and public policy.3  The standing committee is not tasked with de-
veloping a consensus report but has convened workshops on a variety of 
topics, including use of bioinformatics to manage toxicogenomics infor-
mation across laboratories; identification of critical knowledge gaps in 
cancer risk assessment and potential application of toxicogenomics tech-
nologies to address those gaps; identification of methods for communi-
cating toxicogenomics information with the public and other nonexpert 
audiences; application of toxicogenomics to cross-species extrapolation 
to determine whether the effects of chemicals in animals can be used to 
predict human responses; and investigation of strategies to overcome 
obstacles to sharing toxicogenomics data.   

Genomic experiments have been performed to answer questions in 
toxicology and include the following studies: 

 
• Studies of transcriptional changes in cells exposed to a par-

ticular agent, such as the exposure of mouse hepatoma cells to chromium 
(Wei et al. 2004), the exposure of the liver of transgenic mice that have 
constitutively active dioxin-AhR to N-nitrosodiethylamine (Moennikes et 
al. 2004), exposure of MCF-7 cells to estrogen (Terasaka et al. 2004), 
and exposure of human keratinocytes to inorganic arsenic (Rea et al. 
2003). 

• Studies of dose-response assessment, such as those to evaluate 
dose-dependent expression changes in kidney HEK293 cells exposed to 
arsenite (Zheng et al. 2003). 

• Studies of the extent of individual variation in response to ex-
posure, such as those  to determine susceptibility genes for resistance to 
dichlorodiphenyltrichloroethane (DDT) in Drosophila (Daborn et al. 
2002; Pedra et al. 2004). 

 
Most of the published studies focus on identifying the transcrip-

tional changes associated with exposure.  However, studies need to ex-
amine mechanisms of action of toxicants and determine general and toxi-
cant-specific cellular responses.  Furthermore, studies need to include 
sufficiently large samples, assess dose-response relationships, character-
ize the temporal nature of gene expression in relation to the relevant end 
point, and, to the extent possible, examine an appropriate variety of tis-

                                                      
 3Toxicogenomics uses genomic and other -omic technologies to study the 
genetic response to environmental pollutants or toxicants and ultimately to iden-
tify environmental agents that could cause adverse effects. 
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sues from different organisms.  To identify susceptible populations and 
the potential hazards of chemicals with genomic technologies, large 
amounts of information must be accumulated and compared.  Common 
microarray techniques and databases are being developed to make data 
storage and analysis feasible on a large number of experiments.  Mini-
mum Information About a Microarray Experiment for Toxicogenomics 
(MIAME/TOX) (EBI 2005) is a standard for microarray experiments; it 
is based on a particular microarray model and data-exchange format, and 
it allows integration of data from other sources, such as clinical data and 
data from histopathologic studies.  That standard is intended to address at 
least some of the difficulties that arise in comparison of datasets that 
have been acquired with different technologies, compiled at different 
times, or generated from different laboratories and should facilitate the 
construction of databases with broader utility, such as those being devel-
oped by the National Center for Toxicogenomics. 

Although genomics technologies, such as transcript profiling, have 
considerable potential in both predictive and mechanistic toxicology, 
their appropriate application to a risk-benefit analysis of novel chemical 
entities requires an understanding of the utility of the resulting data and, 
ideally, regulatory guidance or policy regarding their use.  Recognizing 
the potential of genomics approaches, a number of regulatory agencies, 
including FDA and EPA, have issued draft guidance on the integration of 
these approaches into established risk-assessment schemes.  For exam-
ple, in 2005, FDA released final guidance on pharmacogenomics-data 
submission (FDA 2005) that recognizes the research applications of ge-
nomics, such as priority-setting among chemicals in a chemical class and 
selection of compounds for further development.  Submission of ge-
nomic data is not required except when “known” or “probable” valid 
biomarkers of effect are recognized.  In the absence of those biomarkers, 
data are required only for submission in an investigational new drug or 
new drug application filing if they are being used to support a safety ar-
gument (for example, the relevance of an effect in humans vs animal 
species), as a component in clinical trial design (for example, as a 
method to stratify patients or to monitor patients during the trial), or to 
clarify a labeling issue.  FDA is also seeking voluntary submission of ge-
nomic data to increase its experience in handling and interpreting the data.  

In a similar vein, EPA (2002) issued a brief interim policy state-
ment on genomics technology that recognizes that genomics data would 
most likely be used as supportive or research data—that is, potentially 
used in ranking chemicals for further testing or in supporting regulatory 
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action.  In March 2004, EPA reviewed the potential role of genomics 
technologies across a broad array of issues related to toxicity testing, risk 
assessment, and regulation of chemicals in the environment (EPA 2004).  
The review was the product of the EPA Genomics Task Force, formed at 
the request of the EPA Science Policy Council.   

The task force recognized that standardization of experimental de-
sign and the emergence of data-quality standards may be necessary for 
the use of the data in regulatory policy and processes.  It identified four 
elements of regulation in which genomics activities are likely to influ-
ence regulatory practice, policy, or review:  priority-setting among con-
taminants and contaminated sites, monitoring, reporting provisions, and 
enhanced risk assessment.  Many research needs and activities were  
recognized—for example, linking the Office of Research and Develop-
ment’s Computational Toxicology Research Program to genomics activi-
ties, developing an analytical framework and acceptance criteria for  
genomics data, and developing internal expertise and methods to evalu-
ate such data at EPA.  Throughout the review, EPA recognized the role 
of the emerging technologies in informing the risk-assessment process 
and in potentially increasing the scientific rigor of the regulatory process. 

 
 

Proteomics 
 
Characterizing the protein components of a biologic system and 

elucidating their functions are key factors in understanding the toxicity 
that may result from biochemical-pathway disruptions or malfunctions 
due to environmental exposures.  Proteomic technologies, such as two-
dimensional gel electrophoresis and mass spectrometry, provide avenues 
for measuring protein-expression changes in response to exposure, iden-
tifying the proteins, and characterizing protein modifications, function, 
and activity (Bandara and Kennedy 2002; Kennedy 2002).   Microarray 
technologies can also be applied to the study of proteins, but they are still 
in the early development stages. 

Many of the proteome investigations address issues in toxicology. 
The most common form of analysis is differential proteome profiling, 
which determines the relative expression levels of proteins within a sys-
tem and may also give information on secondary modifications, such as 
phosphorylation. The following are examples of proteome profiling  
experiments: 
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• Studies that identify protein patterns associated with toxicity, 
such as acetaminophen-induced toxicity (Fountoulakis et al. 2000), 
azoxymethane-induced colon tumors (Chaurand et al. 2001), cardiotoxic-
ity (Petricoin et al. 2004), and drug-induced steatosis in liver (Meneses-
Lorente et al. 2004).  Those studies have also examined dose-response 
relationships. 

• Studies that identify protein biomarkers of effect, such as 
biomarkers of liver toxicity (Gao et al. 2004) and biomarkers of com-
pound-induced skeletal muscle toxicity (Dare et al. 2002). 

• Studies that provide insights into toxicity mechanisms, such as 
those of biliary canalicular membrane injury (Jones et al. 2003). 

• Studies that investigate species differences by proteome char-
acterization of organs and organelles, such as liver proteins in rats (Foun-
toulakis and Suter 2002) and proteins in liver mitochondrial inner mem-
branes in mice (Da Cruz et al. 2003). 

 
Proteome characterization—determination of the composition of 

the proteins in a specific system—is a first step in understanding mecha-
nisms of action and the biochemical processes behind induced toxicities.  
Characterizing the protein differences between species may assist in un-
derstanding the differences in species’ responses to toxicants. Other pro-
teomic analyses include profiling of protein isoforms and modifications, 
investigation of protein-protein interactions, and characterization of pro-
tein-binding sites related to toxic events (Leonoudakis et al. 2004; Nisar 
et al. 2004). 

Major challenges in proteomics include determining the most ap-
propriate technology to use, processing and interpreting the experimental 
data, and placing the findings in the correct biologic context. New tech-
nologies for differential-expression analysis continue to emerge rapidly, 
and many are in the validation phase (Zhu et al. 2003).  However, diffi-
culties arise when one tries to compare datasets that have been acquired 
with different technologies, compiled at different times, or generated 
from different laboratories.  Those variations can produce datasets that 
may or may not lead to the same conclusion (Baggerly et al. 2004). Inte-
grating other types of experimental data, such as genomics datasets, pro-
vides additional value and may aid in interpretation (Heijne et al. 2003; 
Ruepp et al. 2002). 

Characterizing various proteomes and using the findings to identify 
and understand toxicologic events is an enormous undertaking. The Hu-
man Proteome Organization (HUPO) was formed in 2001 and has mem-
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bers in various government, industry, and academic organizations 
(Omenn 2004).  One of HUPO’s goals is to compare the various tech-
nologies that can be used to profile proteomes.  There are also plans to 
develop a comprehensive characterization of the proteins found in human 
serum and plasma, to evaluate differences within the human population, 
and to create a global knowledge base and data repository.  Concerted 
efforts, such as HUPO, will expedite our understanding of the proteome, 
and similar efforts will be needed to answer toxicity-related questions.  

 
 

Metabonomics 
 
Metabonomics is defined as the study of metabolic responses to 

drugs, environmental agents, and diseases and involves the quantitative 
measurement of changes in metabolites in living systems in response to 
internal or external stimuli or as a consequence of genetic change 
(Nicholson et al. 2002).  The term is often used interchangeably with 
metabolomics, which is related more specifically to the analysis of all 
metabolites in a biologic sample. Metabonomics is a logical extension of 
the more established fields of genetics, genomics, and proteomics and is 
increasingly used as a research tool to characterize chemical-induced 
changes in physiological processes.  

The technique normally involves the processing of biologic flu-
ids—such as urine, plasma, and cerebral spinal fluid—or other tissue 
preparations followed by analysis with high-resolution nuclear magnetic 
resonance spectra to identify the metabolites present. As in genomics and 
proteomics, a large amount of data is generated, and sophisticated com-
putational methods are needed to reduce the “noise” and identify the im-
portant changes (Forster et al. 2002).  Combining data from multiple  
-omics sources can give a more holistic understanding of mechanistic 
toxicology. Mechanistic understanding of even relatively well-
characterized agents can be increased by such a combinatorial approach, 
as recently demonstrated in studies on acetaminophen, which have char-
acterized both genomic and metabonomic end points (Coen et al. 2004).  

Many researchers believe that metabonomics can be used in the 
commercial sector to characterize potential adverse drug effects 
(Nicolson et al. 2002; Robosky et al. 2002) and as a complementary ap-
proach to other -omics technologies in toxicology research (Reo 2002).  
The pharmaceutical sector has partnered with academia in the Consor-
tium for Metabonomic Toxicology to define appropriate methods and to 
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generate metabolic “fingerprints” of potential use in preclinical screening 
of candidate drugs (Lindon et al. 2004).  Metabonomics may also be used 
to characterize the effect of environmental stressors in wildlife popula-
tions by identifying and characterizing metabolic biomarkers as an indi-
cation of organism health.  For example, metabonomics has been used to 
study the “withering syndrome” in shellfish (Viant et al. 2003).  The 
risks and benefits related to novel or engineered food products or mix-
tures, such as “nutriceuticals,” may also be clarified by metabolic as-
sessment of possible consumers or appropriate model systems (German 
et al. 2003).  

 
 

Computational Toxicology 
 
Computational toxicology, as defined by EPA (EPA 2003), is the 

application of mathematical and computer models to predict the effect of 
an environmental agent and elucidate the cascade of events that result in 
an adverse response.  It uses technologies developed in computational 
chemistry (computer-assisted simulation of molecular systems), molecu-
lar biology (characterization of genetics, protein synthesis, and molecular 
events involved in biologic response to an agent), bioinformatics (com-
puter-assisted collection, organization, and analysis of large datasets of 
biologic information), and systems biology (mathematical modeling of 
biologic systems and phenomena). The goals of using computational 
toxicology are to set priorities among chemicals on the basis of screening 
and testing data and to develop predictive models for quantitative risk 
assessment.  Computational toxicology, like the other nonanimal ap-
proaches to toxicology previously discussed, holds the potential to lessen 
the tension between the four major objectives of regulatory testing 
schemes—breadth, depth, animal welfare, and conservation.  Although 
computational-modeling approaches have the clear advantages of being 
rapid and of potentially reducing animal testing, the success and valida-
tion of any given computational approach clearly depend on the end 
point being modeled—is the end point amenable to a computational ap-
proach?—and on the quality, volume, and chemical diversity contained 
in the dataset used to generate the model. Some of the computational 
toxicology products available today are proprietary.  To be valuable for 
risk assessment, the computational approaches must be validated, ade-
quately explained, and made accessible to peer review.  Models that are 
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not accessible for review may be useful for many scientific purposes but 
are not appropriate for regulatory use. 

This section first discusses several well-defined modeling activities 
that have emerged, including structure-activity-relationship (SAR) mod-
els, physiologically based pharmacokinetic (PBPK) models, and biologi-
cally based dose-response (BBDR) models.  It then discusses emerging 
computational modeling activities, including computational models that 
predict metabolic fate and three-dimensional models that predict protein-
ligand interactions.  Finally, it discusses the integration of the various 
technologies. 

 
 

Structure-Activity Relationships 
 
The fundamental premise of SAR analyses is that molecular struc-

ture determines chemical and physical properties, which determine bio-
logic and toxicologic responses.  SAR analyses attempt to answer the 
questions, What constitutes a class of molecules that are active? What 
determines relative activity? What distinguishes these from inactive 
classes? (McKinney et al. 2000).  The analyses can be qualitative or 
quantitative.  Generally, SAR analyses are qualitative analyses that pre-
dict biologic activity on an ordinal or categorical scale, whereas quantita-
tive SAR (QSAR) analyses use statistical methods to correlate structural 
descriptors with biologic responses and predict biologic activity on an 
interval or continuous scale. 

SAR and QSAR techniques have been applied to a wide variety of 
toxicologic end points.  They have been used to predict LD50 values, 
maximum tolerated doses, Salmonella typhimurium (Ames) assay results, 
carcinogenic potential, and developmental-toxicity effects.  SAR ap-
proaches also are used by EPA to screen new industrial chemicals under 
the Toxic Substances Control Act (TSCA) program.  However, some 
toxicologic end points—such as carcinogenicity, reproductive effects, 
and hepatotoxicity—are mechanistically ill-defined at the molecular 
level and this leads to added complexity when one tries to build predic-
tive models for these end points.  

Numerous SAR and QSAR modeling packages are commercially 
available.  They are in two main categories: knowledge-based ap-
proaches and statistically based systems.  Knowledge-based systems, 
such as DEREK, use rules about generalized relationships between struc- 
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ture and biologic activity that are derived from human expert opinion and 
interpretation of toxicologic data to predict the potential toxicity of novel 
chemicals (LHASA Ltd. 2005a).  Statistically based systems use calcu-
lated measures, structural connectivity, and various statistical methods to 
derive mathematical relationships for a training set of noncongeneric 
compounds.  Examples of the latter approach are MultiCASE (Multi-
CASE 2005) and MDL QSAR (Elsevier MDL 2005). 

 
 

Physiologically Based Pharmacokinetic Models 
 
PBPK models predict distribution of chemicals throughout the body 

and describe the interactions of chemicals with biologic targets.  For ex-
ample, PBPK models might help to predict rates of appearance of me-
tabolites or reaction products in target tissues or cellular consequences of 
interactions, such as mutation or impaired proliferation.  PBPK models 
offer great promise for extrapolating tissue doses and responses from 
high dose to low dose and for extrapolating from test animals to humans 
and from one exposure route to another.  Over the past 25 years, these 
models have been developed for a broad array of environmental com-
pounds and drugs and have found diverse applications in reducing uncer-
tainties in chemical risk assessments (Reddy et al. 2005).  Specifically, 
PBPK models have helped to define areas of uncertainty and variability 
in risk assessment and to show explicitly how variability and uncertainty 
influence toxicity testing and data interpretation.  A variety of software 
tools are now available to support PBPK modeling, including analytic 
approaches for sensitivity and variability analyses and for Markov-chain 
Monte Carlo optimization techniques.  Some have the expectation today 
that PBPK models should be available for dose-response assessment and 
exposure analysis of all important environmental chemicals. 

Another use of PBPK models is human exposure surveillance 
monitoring.  Concentrations of a variety of exogenous chemicals in hu-
man tissues, blood, and excreta are often measured (CDC 2005).  PBPK 
models can be used in a form of reverse dosimetry to reconstruct the in-
tensity of exposure required to give specific concentrations in tissues, 
blood, or excreta of exposed humans.  The combination of PBPK analy-
sis with biomonitoring results promises to provide improved measure-
ment of human exposure, which can lead to more precise estimates of 
risks in exposed human populations. 
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Biologically Based Dose-Response Models  
 
PBPK models can describe the relationship of dose with an initial 

biologic response, but BBDR models describe the progression from the 
initial biologic response through the biologic events leading to alteration 
of tissue function and disease.  They predict the dose-response relation-
ship on the basis of principles of biology, pharmacokinetics, and chemis-
try.  Development of BBDR models requires collection of specific 
mechanistic data and their organization through quantitative, iterative 
modeling of biologic processes.  The datasets involved in BBDR model 
construction, particularly those for toxicologic evaluations, will rely in-
creasingly on high-throughput, high-content genomic data to assess cell 
signaling pathways perturbed by exposure to chemicals and the concen-
tration at which the perturbations become large enough to alter specific 
biologic processes.   

One use emphasized in EPA’s computational-toxicology frame-
work is characterizing pathways of toxicity (EPA 2003).  The key aspect 
is identifying the initial biologic alteration that leads to the observed ad-
verse effect.  For example, a group of structurally similar chemicals may 
interact with a specific nuclear receptor and cause a cascade of events, 
which may be species-specific or tissue-specific but lead to a similar  
adverse response.  Identifying the initial biologic interaction that precipi-
tates the observed adverse effect creates a foundation on which to de-
velop generic BBDR models, that is, BBDR models for classes of com-
pounds.  

The main goal in developing BBDR models is to use the validated 
models to refine low-dose and interspecies extrapolation.  Such applica-
tion would require careful analysis of variability, sensitivity, and robust-
ness of various model structures.  BBDR models also may be used to 
improve the experimental design of toxicology studies so that data needs 
for risk assessment are fulfilled.  

 
 

Computational Approaches to Predicting Metabolic Fate 
 
Predicting metabolic fate is important in determining the risks asso-

ciated with environmental exposure to chemicals.  In some cases, for ex-
ample, the parent compounds are benign but are metabolized to reactive 
intermediates that form protein or DNA adducts that elicit a toxicologic  
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response.  Therefore, identifying the potential metabolites and likely 
clearance routes is critical for a complete hazard and risk assessment.  

Numerous metabolic-fate computational models have been re-
ported, and several are commercially available.  Examples of products 
are METEOR (LHASA Ltd. 2005b), Meta (MultiCASE Inc. 2005), 
MetaDrug (GeneGo Inc. 2005), and, more recently, MetaSite (Molecular 
Discovery Ltd. 2005).  METEOR, Meta, and MetaDrug use a rule-based 
approach to biotransformation in that they recognize structural motifs 
that are susceptible to metabolism and use “weighting” algorithms to 
determine the most likely metabolic products.  Those systems have fo-
cused on a general mammalian model but in some cases have been able 
to generate species-specific predictions where knowledge is available.  
MetaDrug and MetaSite can predict the most likely sites of metabolism 
and the responsible P450 enzyme. The predictions rely on three-
dimensional models of the individual cytochrome active sites.  However, 
the products are based largely on three-dimensional structure models that 
have been extrapolated from crystallography data from microbial or 
other nonhuman P450 enzymes and suffer from the limitations of three-
dimensional modeling described below.   

 
 

Three-Dimensional Modeling of Chemical-Target Interactions 
 
Three-dimensional modeling of a protein-ligand interaction raises 

the possibility of assessing structures on the basis of a computed ligand 
docking score (see Jones et al. 1997; Abagayan and Totrov 2001).  Many 
docking software products and scoring algorithms have been developed 
and are commercially available through organizations, such as the Cam-
bridge Crystallographic Data Center (CCDC 2005; Tripos 2005; Accel-
rys 2005; Schrödinger 2005).  Those methods often assume a flexible 
ligand but a rigid binding site; they also assume that a single binding site 
is responsible for the inhibition or activation of the protein function.  
Such assumptions may not hold true for “promiscuous” receptors, such 
as the estrogen receptor, that have broad substrate specificity and multi-
ple potential binding ligands.  Recent developments in software and ad-
vances in computing power have enabled some companies to develop 
potential solutions to the difficult and computationally expensive prob-
lem of dealing with those receptors. 

The major limitation in hazard prediction is a general lack of 
knowledge about protein-ligand interactions mechanistically involved in 
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observed toxicity.  Accordingly, most of the focus has been placed on 
proteins that have been identified as potentially important in toxicology, 
namely the P450 family of cytochromes, which is thought to be primarily 
responsible for most drug metabolism,4 and the human ether-a-go-go 
(hERG) potassium channel, which is thought to play a role in cardiac QT 
prolongation considered by several regulatory bodies, including FDA, to 
be a surrogate indicator of potential drug-induced cardiac arrhythmia.5 

No x-ray crystal structures for the human variants of the cyto-
chrome P450 proteins are in the public domain.  Therefore, most efforts 
have focused on homology models constructed from bacterial or other 
mammalian protein structures.  However, some commercial vendors 
claim to have human x-ray structures available for use with drug-design 
models (Astex Technology 2005).  Successful use of three-dimensional 
modeling techniques, other than that discussed above, has not been 
widely published.  The value of these approaches in predictive toxicol-
ogy remains to be determined. 

 
 

Future Uses of Computational Toxicology 
 
Clearly, the computational approaches discussed here represent a 

set of related scientific disciplines that continue to mature. Their place-
ment in a testing strategy will depend on what questions they can ad-
dress.  For example, regulatory scientists, such as Richard (1998), have 
commented that the opportunities offered by SAR approaches are most 
likely to be in hazard identification; this reflects the current inability of 
these systems (or any other system) to rule out hazard definitively.  Nev-
ertheless, it seems clear that these evolving computational tools have an 
opportunity to contribute substantially to the early stages of a more holis-
tic toxicity-testing strategy.  Inevitably, the value of a specific approach 
will be somewhat context-sensitive and will depend on the robustness of 
the model and on the quality of the underlying data that support it. 

There are opportunities to link PBPK models with SAR ap-
proaches.  PBPK models require a variety of input parameters, including 
partition coefficients, metabolic parameters, and rates of metabolism of 
test compounds.  A long-term goal has been to use SAR approaches to 
provide those input parameters and produce generic PBPK models for 
                                                      
 4For examples of computational modeling of P450s, see Ekins et al. 2001; de 
Groot et al. 1999; Payne et al. 1999. 
 5For computational-modeling examples, see Aronov and Goldman 2004. 
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classes of chemicals that vary quantitatively with their structures and 
with the associated inputs.  Continuing improvements in computational 
methods, especially with regard to predicting metabolic rates and sites of 
metabolism on complex molecules, could make the technologies feasible 
in the relatively near future.  It may eventually be possible to link SAR, 
PBPK, and BBDR models to predict dose-response behaviors for the per-
turbations of cellular signaling networks by exogenous compounds and 
to provide estimates of risk to exposed humans. 

 
 

VALIDATION 
 
New or revised toxicity-testing methods for regulatory toxicology 

are developed for a number of reasons, such as to increase chemical 
throughput, to provide more detailed information about individual 
chemicals, to reduce animal use and suffering, and to decrease costs as-
sociated with testing.  A new or revised method may satisfy one or more 
of those objectives, indicating that they are not necessarily in conflict.  
Regardless of the rationale for developing a new method, any such 
method should be evaluated objectively—that is, validated—to deter-
mine whether it fulfills its intended purpose.   

The need for formal principles of validation in toxicity testing be-
came evident in the middle to late 1980s when various in vitro tests were 
developed as potential alternatives to established in vivo tests.  The ques-
tion arose as to how the new tests should be objectively assessed to de-
termine whether they were as good as or better than the existing animal 
tests in predicting toxicity.  Scientists and regulators recognized that 
formal validation principles would facilitate the implementation of new 
testing methods that could replace, reduce, or refine animal use and of 
any methods that involved new and improved technologies or helped to 
address new regulatory needs.  Such validation principles would also 
help to ensure that the assessment of new methods was conducted in a 
scientifically sound and high-quality manner. 

As a result of several workshop reports that discussed the concep-
tual and practical aspects of validation (Balls et al. 1990, 1995; OECD 
1996), key terms were defined.  Validation of a test method is a process 
by which the reliability and relevance of the method for a specific pur-
pose are established (Balls et al. 1990). The reliability of a test method is 
the extent of reproducibility of results within and between laboratories 
over time when the test is performed using the same protocol.  Relevance 
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is related to the scientific basis of the test system and to its predictive 
capability.  Predictions are sometimes made with the help of a model, 
which translates the results from the test system into a prediction of tox-
icity.  Test methods should be both reliable and relevant, and their limita-
tions duly noted.  Because in vivo mammalian models are currently as-
sumed to have some relevance to humans, they are generally used as the 
standard against which alternative models are validated.  In the valida-
tion of new in vivo mammalian assays, there has been some confusion 
about how relevance should be assessed.  In such cases, validation is di-
rected primarily at determining reproducibility, although relevance re-
mains an important consideration. 

Validation is one of several phases in the evolution of a test method 
from conception to application.  The phases are test development, 
prevalidation or test optimization, formal validation, independent as-
sessment, and regulatory acceptance. Validation is often a time-
consuming and expensive process.  Consequently, a prevalidation or op-
timization phase is considered necessary to ensure that a method is ready 
to enter the validation process.  Prevalidation addresses, at least in a pre-
liminary way, many of the issues addressed later in the validation phase, 
especially the availability of an optimized protocol. 

In the validation of new in vivo mammalian bioassays, the ade-
quacy of the test method’s end points to evaluate the biologic effect of 
interest in the species of interest may be difficult to determine.  Ideally, 
the results of the in vivo mammalian bioassay should be compared with 
results of human studies.  However, it is often difficult to validate a 
mammalian bioassay against health effects in humans because of the lack 
of high-quality data in humans and ethical constraints in conducting hu-
man clinical studies.  Therefore, the validation principles discussed be-
low are more easily applied to the validation of nonmammalian assays. 

ECVAM was established in 1992 to coordinate validation activities 
in the European Union, and its U.S. counterpart, ICCVAM, was estab-
lished in 1994.  ECVAM has been more active in coordinating validation 
exercises, whereas ICCVAM has focused more on assessing the valida-
tion status of methods submitted for consideration.  Both ECVAM and 
ICCVAM follow the validation principles developed at an OECD work-
shop in 1996 (OECD 1996).  The principles are intended to apply to the 
validation of new or updated in vivo or in vitro test methods for hazard 
assessment. They address such issues as the scientific and regulatory ra-
tionale for the proposed test method, the adequacy of the test method’s 
end points to evaluate the biologic effect of interest in the species of in-
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terest, the availability of a detailed, formal protocol for the test method, 
the reproducibility of the test within and among laboratories, the per-
formance of the test method relative to the performance of the test it is 
designed to replace (if appropriate), the availability of the supporting 
data for review, and the adherence to good laboratory practices.  The in-
ternational consistency with the validation process is important because 
validation studies, which can be resource-intensive, expensive, and time-
consuming, do not need to be repeated simply to satisfy differing interna-
tional requirements. 

ICCVAM and ECVAM have been increasingly collaborative on 
projects to improve their collective efficiency.  However, they face sev-
eral challenges in validating toxicologic methods, including those that 
can replace, reduce, and refine existing animal-based tests.  The chal-
lenges are as follows: 

 
• The expense, time, and resources entailed by some validation 

efforts are impediments to more rapid progress.  ICCVAM should strive 
for ways to overcome the logistical constraints without compromising 
the scientific integrity of the process.  ECVAM’s “modular” approach to 
validation may be helpful in this regard.  The modular approach decoup-
les the stepwise process and emphasizes the data needed to address vari-
ous principles of validation, such as within- and between-laboratory vari-
ability.  The data needs are regarded as discrete modules, each of which 
can be satisfied with a distinct set of data, some of which may be derived 
from pre-existing data.  Although new data may be needed, the number 
of laboratories required may be smaller than in a standard validation ex-
ercise (Hartung et al. 2004). 

• Many validation efforts compare a new test method undergo-
ing validation with an existing animal-based test for the same end point.  
Such comparisons necessarily require comprehensive data not only on 
the new method but also on the existing method—the reference test.  Ex-
perience has shown that the data from such reference tests are limited in 
availability.  Test results, if published at all, are often provided in sum-
mary form, whereas ICCVAM typically needs individual animal data.    
The challenge to ICCVAM is to work with industry and others to assem-
ble as complete a set of high-quality animal data as possible.  Such ef-
forts, when successful, would preclude the need to conduct further ani-
mal testing to generate new data.  

• Ideally, human data should serve as the standard against 
which to evaluate the performance of new tests.  In the absence of such 
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human data, ICCVAM and similar entities consider the existing test to be 
the default standard and judge the new test against it.  A challenge arises 
when the reference tests, typically animal-based, have considerable vari-
ability across laboratories.  Such variability makes it difficult to show 
correlations between the results of the new test method and those of the 
reference test.  One way to address this challenge is to make greater ef-
forts to collect available human data as the true standard for comparison.  
In the absence of such data, however, approaches need to be developed 
to account for the inherent variability in some animal tests when con-
ducting validation assessments.  

• New test methods are not always stand-alone substitutes for 
existing test methods.  New test methods that prove to be inadequate in 
head-to-head comparisons with existing test methods might pass muster 
when combined with complementary approaches into tiered or battery 
approaches.   Consequently, ICCVAM might benefit from providing 
greater guidance on developing and validating such approaches, rather 
than relying on one-for-one correspondence between the new and exist-
ing test methods. 

• Another challenge facing ICCVAM is helping to ensure a 
steady flow of new test methods into its validation pipeline.  Without 
such candidate methods, ICCVAM would have nothing to validate or 
assess.  ICCVAM or its parent agency should consider funding research 
to identify biomarkers or mechanisms of toxicity that could be incorpo-
rated into test methods and channeled into the ICCVAM pipeline for 
validation. 

 
Meeting the challenges discussed above would enable ICCVAM to be 
more productive and efficient in assessing new test methods for their 
suitability for regulatory toxicology. 

In addition to its guidance on validation principles, ICCVAM and 
the NTP Interagency Center for the Evaluation of Alternative Toxico-
logical Methods (NICEATM) have issued practical guidance on submit-
ting validation data for assessment and nominating promising test meth-
ods for further development or validation (ICCVAM/NICEATM 2004).  
Several new or revised tests have gone through the ICCVAM process 
and have been assessed according to its validation and regulatory accep-
tance criteria.  For example, in 1998, after a submission by industry rep-
resentatives, ICCVAM established an independent peer-review panel to 
review the validation status of the local lymph node assay (LLNA), a 
reduction and refinement alternative to the guinea pig maximization test 
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(GPMT) test for allergic contact dermatitis.  The panel judged the LLNA 
to be an adequate substitute for the GPMT according to the ICCVAM 
validation criteria.  ICCVAM forwarded the results of the review to rele-
vant federal agencies, which accepted the LLNA as a validated test for 
allergic contact dermatitis. 

The ICCVAM-NICEATM validation and submission criteria are 
intended to help industry and the federal government to update and en-
hance the inventory of chemical testing methods.  New or revised meth-
ods can be reviewed by ICCVAM and NICEATM, and the resulting rec-
ommendations can be sent to individual agencies for their consideration.  
Thus, the guidelines can help stakeholders to meet the challenges posed 
by new testing programs or needs.  For example, EPA has contracted 
with ICCVAM and NICEATM to validate receptor-binding assays for its 
endocrine-disruptor program, and it is using ICCVAM and NICEATM 
criteria to validate some animal-based tests for the program.  It should be 
emphasized that the formal validation process applies to methods in-
tended for immediate regulatory testing.  It is not intended for methods 
that, for example, are used only inhouse in industry or are purely investi-
gational or newly emerging. 
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ceptibility to Environmental Factors: A Priority Assessment. He is a past 
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mission, she served as director of the toxicology and risk assessment 
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Vivian G. Cheung is associate professor in the Department of Pediatrics 
and Genetics at the University of Pennsylvania School of Medicine and a 
member of the Cell and Molecular Biology and Genomics and Computa-
tional Biology Graduate Groups. Her primary research interests include 
human genome variation, DNA damage repair, and the use of genome-
wide approaches to study the genetic basis of human phenotypes and 
traits. Her research techniques include genomic-mismatch scanning, se-
quence-mismatch detection, physical mapping, molecular fingerprinting, 
DNA microarrays, fluorescent image analysis, and developing genome 
databases. She earned her MD from Tufts University.  

 
Sidney Green, Jr., is graduate professor of pharmacology at Howard 
University College of Medicine. Dr. Green’s research interests include 
tissue culture, scientific and policy issues associated with alternatives, 
use of animals in toxicology, and mutagenic assay systems. He has 
served on the editorial boards of several scientific journals, and he is a 
fellow of the Academy of Toxicological Sciences. Dr. Green is a mem-
ber of the NRC Committee on Toxicology and has served on several 
NRC panels, including the Subcommittee on Acute Exposure Guideline 
Levels, the Subcommittee on the Toxicity of Diisopropyl Methylphos-
phonate, and the Subcommittee on Iodotrifluoromethane. He received his 
PhD in biochemical pharmacology from Howard University. 

 
Karl T. Kelsey is professor of cancer biology and environmental health 
in the Departments of Genetics and Complex Diseases and Environ-
mental Health at the Harvard School of Public Health. Dr. Kelsey’s re-
search interests are in occupational and environmental disease, including 
susceptibility to disease, with emphasis on gene-environment interactions 
in the production of chronic disease, and the determinants of somatic 
gene inactivation in lung and upper airway cancers. He has been at the 
Harvard School of Public Health since 1987. Dr. Kelsey has served on 
numerous NRC committees, including the Committee on Copper in 
Drinking Water, the Committee to Review the Health Consequences of 
Service During the Persian Gulf War, and the Committee on the Health 
Effects of Mustard Gas and Lewisite. Dr. Kelsey received his MD from 
the University of Minnesota and an MOH from Harvard University. 

 
Nancy I. Kerkvliet is a professor in the Department of Environmental 
and Molecular Toxicology at Oregon State University (OSU). Dr. 
Kerkvliet also serves as the Associate Director of the Environmental 
Health Sciences Center at OSU as well as Director of the Flow Cytome-
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try and Cell Sorting Facilities Core. Her research interests include the use 
of animal models to understand how chemicals alter immune function, 
particularly the mechanisms of action of polychlorinated dibenzo-p-
dioxins and other aryl hydrocarbon receptor (AhR) ligands. Transgenic 
and gene-deletion approaches are being used, as well as genomics, to 
address mechanisms of AhR-mediated immunotoxicity. She is also ac-
tive in public outreach education programs in toxicology and risk com-
munication. Dr. Kerkvliet is a current member of the IOM Committee to 
Review the Health Effects in Vietnam Veterans of Exposure to Herbi-
cides and is a past member of the NRC’s Committee on Toxicology. She 
has also served as a Councilor for the Society of Toxicology. She earned 
her PhD degree in interdisciplinary biological sciences and toxicology 
from OSU.  

 
Abby A. Li recently joined Exponent as a managing scientist/ 
toxicologist in the Health Risk and Food and Chemical Practices. Her 
fields of research include toxicology, neurotoxicology, developmental 
neurotoxicology, psychopharmacology, risk assessment, and pesticide 
regulation. Previously, Dr. Li was a senior science fellow and a global 
regulatory science manager at Monsanto, providing expertise in toxicol-
ogy and risk assessment to address regulatory scientific issues in differ-
ent world areas.  For more than 10 years, she led the neurotoxicology 
group at Monsanto’s Environmental Health Laboratory, where she con-
ducted pharmacokinetic, toxicology, and neurotoxicology studies of in-
dustrial chemicals, agricultural products, and pharmaceuticals. Dr. Li 
served on the U.S. expert teams to the Organisation for Economic Coop-
eration and Development (OECD) for the development of international 
test guidelines for adult and developmental neurotoxicology and as chair 
of neurotoxicology expert groups for industry trade organizations (the 
American Chemistry Council’s long-range research program and the 
American Industrial Health Council) addressing scientific regulatory is-
sues in neurotoxicology. Dr. Li was a member of the EPA’s Science Ad-
visory Board’s Environmental Health Committee for 6 years, reviewing 
the lead rule, 1,3-butadiene risk assessment, trichloroethylene risk as-
sessment, cancer guidelines, the IRIS database, development of acute 
reference exposure, methods for derivation of inhalation reference con-
centrations, and indoor air toxics priority-ranking.  She is a member of 
the International Life Science Institute Agricultural Chemical Safety As-
sessment panel involved in redesign of safety assessment of pesticides. 
She received her PhD in pharmacology and physiology from the Univer-
sity of Chicago. 
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George Lucier is a consultant in toxicology. He is a senior adjunct sci-
entist for Environmental Defense, an adviser to the NIEHS and the Na-
tional Toxicology Program (NTP), and a member of the EPA’s Science 
Advisory Board.  He retired from NIEHS in 2000 where he was director 
of the Environmental Toxicology Program, associate director of the 
NTP, and head of a research group in molecular epidemiology and do-
simetry. In his NTP role, Dr Lucier was responsible for coordinating 
toxicologic research and testing across federal agencies including EPA, 
the FDA and the NIOSH. His research focused on the use of basic biol-
ogy to reduce uncertainty in human risk assessments and to improve the 
tools used in exposure assessment. Dr Lucier was editor of Environmental 
Health Perspectives for 28 years and is still a consulting editor. He re-
ceived his PhD from the University of Maryland School of Agriculture. 

 
Lawrence McCray is a research affiliate with the Massachusetts Insti-
tute of Technology (MIT), where he leads a project on the use of knowl-
edge in decision-making and participates in other research on organiza-
tional performance and behavior in risk management. Dr. McCray was a 
staff director and a senior manager at the National Research Council, 
where he led many studies on U.S. science and technology policy pro-
grams, including the seminal study Risk Assessment in the Federal Gov-
ernment: Managing the Process, the so-called Red Book. Dr. McCray 
also served as head of the EPA Regulatory Reform Unit and a program 
director on regulatory reform in the Executive Office of the President. He 
earned a PhD in science and public policy from MIT and an MBA from 
Union College.  

 
Otto Meyer is head of the Section of Biology, Department of Toxicol-
ogy and Risk Assessment, Danish Institute for Food and Veterinary Re-
search. The section has overall responsibility for in vivo testing in the 
department, including repeated dose-toxicity studies, carcinogenicity 
studies, reproductive-toxicity studies, and neurotoxicity studies. He is the 
specialized expert to the European Economic Community on classifica-
tion and labeling of dangerous substances with carcinogenic, mutagenic, 
or teratogenic properties and national coordinator of the Test Guideline 
Programme (human health) of the OECD. Concerning the latter com-
mitment, Dr. Meyer is a member of the group preparing an OECD guid-
ance document on reproductive toxicity and assessment. During the last 
5 years, he has served as a member of the European Union Scientific 
Committee on Plant Protection Products (now named the Panel of Plant 
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Health), Plant Protection and their Residues under the European Food 
Safety Authority. Dr. Meyer earned a DVM from the Royal Veterinary 
and Agricultural University in Copenhagen.  
 
D. Reid Patterson retired in 2003 after almost 20 years of responsibility 
for the toxicity and safety assessment of the diverse portfolio of pharma-
ceutical, diagnostic, and hospital products for Abbott Laboratories; he is 
now a private consultant. During his tenure, he led the research efforts in 
toxicology, pathology, laboratory animal medicine, metabolism, pharma-
cokinetics, and analytic chemistry in an effort to characterize product 
hazards. Environmental toxicity was a greater focus during his earlier 
years in the petrochemical industry (Shell) and the contract laboratory 
business (Hazleton). Dr. Patterson is a veterinarian with residency train-
ing in laboratory animal medicine, and he received his PhD in compara-
tive pathology from the University of Missouri. He is board-certified in 
laboratory animal medicine, veterinary pathology,  and general toxicol-
ogy, and he is a fellow of the Academy of Toxicological Sciences and 
the International Academy of Toxicologic Pathology. 

 
William Pennie is director of molecular and investigative toxicology 
with Pfizer Inc. Dr. Pennie’s research interests began with the molecular 
biology of the estrogen receptor, particularly differential transcriptional 
regulation by estrogen-receptor subtypes. More recently, his interests 
have included global receptor biology, improving the predictivity of in-
vestigative techniques used at early stages of product development, the 
technology and application of custom microarray toxicogenomics plat-
forms, and the application of state-of-the-art molecular profiling tech-
niques to research and investigative toxicology. He chairs the Interna-
tional Life Sciences Institute/Health and Environmental Sciences Insti-
tute (ILSI/HESI) Committee on the Application of Genomics to Mecha-
nism-Based Risk Assessment. Dr. Pennie received his PhD from the 
Beatson Institute for Cancer Research at the University of Glasgow, 
Scotland. 

 
Robert A. Scala is former senior scientific adviser at Exxon Biomedical 
Sciences Inc. He is also an adjunct professor of toxicology at Rutgers 
University. He is well known for his work on the toxicity of gasoline 
components and chemical mixtures. He is a past president of the Society 
of Toxicology and the American Board of Toxicology. He has published 
in chronic toxicity testing and evaluation of alternative test protocols and 
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data. Dr. Scala has served on several NRC committees including the 
Committee on Environmental Justice: Research, Education, and Health 
Policy Needs, the Committee on Lead Toxicity, and the Committee on 
Methods for In Vivo Toxicity Testing of Complex Mixtures from the 
Environment. Dr. Scala earned his PhD in physiology from the Univer-
sity of Rochester School of Medicine and Dentistry.  

 
Gina M. Solomon is a senior scientist at the Natural Resources Defense 
Council (NRDC) and an assistant clinical professor of medicine at the 
University of California, San Francisco (UCSF), where she is also the 
Associate Director of the UCSF Pediatric Environmental Health Spe-
cialty Unit. Her work has included research on asthma, pesticides, and 
environmental and occupational threats to reproductive health and child 
development. Dr. Solomon serves on the EPA Science Advisory Board 
Drinking Water Committee and previously served on the Endocrine Dis-
ruptor Screening and Testing Advisory Committee. Dr. Solomon re-
ceived her MD from Yale University and underwent her postgraduate 
training in medicine and public health at Harvard University.  

 
Martin Stephens is vice president of the Animal Research Issues Sec-
tion of the Humane Society of the United States. Dr. Stephens serves as 
coordinator of the International Council for Animal Protection at the 
OECD. He also serves on the Scientific Advisory Committee on Alterna-
tive Toxicological Methods for the National Toxicology Program Inter-
agency Center for the Evaluation of Alternative Toxicological Methods 
and on the Scientific Advisory Panel of the Institute for In Vitro Sci-
ences. Dr. Stephens has extensive experience in animal protection and in 
vitro testing sciences. He earned a PhD in biology from the University of 
Chicago. 

 
James Yager is professor of toxicology in the Department of Environ-
mental Health Sciences, director of the NIEHS Training Program in En-
vironmental Health Sciences, and senior associate dean for academic 
affairs at the Johns Hopkins University Bloomberg School of Public 
Health. Dr. Yager is a member and a past president of the carcinogenesis 
specialty section of the Society of Toxicology. His research focuses on 
the role of catechol metabolites of endogenous, synthetic, and environ-
mental estrogens and polymorphisms in genes involved in estrogen me-
tabolism as risk factors in the development of cancer of the breast and 
liver. Dr. Yager earned his PhD from the University of Connecticut. 

Toxicity Testing for Assessment of Environmental Agents: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11523


Appendix A                         239 

Lauren Zeise is chief of the Reproductive and Cancer Hazard Assess-
ment Branch of the California Environmental Protection Agency. She 
received her PhD from Harvard University. Dr. Zeise’s research focuses 
on modeling human interindividual variability and risk. She has served 
on advisory boards of the U.S. EPA, the World Health Organization, the 
Office of Technology and Assessment, and the NIEHS.  She has also 
served on several NRC committees, including the Committee on Risk 
Characterization, the Committee on Comparative Toxicology of Natu-
rally Occurring Carcinogens, the Committee on Copper in Drinking Wa-
ter, and the Committee to Review EPA’s Research Grants Program. Dr. 
Zeise is a member of the Board on Environmental Studies and Toxicol-
ogy and of the Institute of Medicine’s Health Promotion and Disease 
Prevention Board. 
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Appendix B 

 
Testing Protocols 

 
OPPTS HARMONIZED TESTING GUIDELINES1 

 
Series 870 Health Effects 

 
870.1000 Acute toxicity testing-background 
870.1100 Acute oral toxicity 
870.1200 Acute dermal toxicity 
870.1300 Acute inhalation toxicity  
870.2400 Acute eye irritation  
870.2500 Acute dermal irritation 
870.2600 Skin sensitization 
870.3050 Repeated dose 28-day oral toxicity study in rodents 
870.3100 90-Day oral toxicity in rodents  
870.3150 90-Day oral toxicity in nonrodent  
870.3200 21/28-Day dermal toxicity  
870.3250 90-Day dermal toxicity  
870.3465 90-Day inhalation toxicity  
870.3550 Reproduction/developmental toxicity screening test  
870.3650 Combined repeated dose toxicity study with the reproduction/ 

developmental toxicity screening test  
870.3700 Prenatal developmental toxicity study  
 
 
                                                 
 1The EPA OPPTS Harmonized Guidelines can be found online at                          
http://www.epa.gov/opptsfrs/home/guidelin.htm.   
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870.3800 Reproduction and fertility effects  
870.4100 Chronic toxicity  
870.4200 Carcinogenicity  
870.4300 Combined chronic toxicity/carcinogenicity  
870.5100 Bacterial reverse mutation test  
870.5140 Gene mutation in Aspergillus nidulans  
870.5195 Mouse biochemical specific locus test 
870.5200 Mouse visible specific locus test  
870.5250 Gene mutation in Neurospora crassa  
870.5275 Sex-linked recessive lethal test in Drosophila melanogaster  
870.5300 In vitro mammalian cell gene mutation test  
870.5375 In vitro mammalian chromosome aberration test  
870.5380 Mammalian spermatogonial chromosomal aberration test  
870.5385 Mammalian bone marrow chromosomal aberration test  
870.5395 Mammalian erythrocyte micronucleus test  
870.5450 Rodent dominant lethal assay  
870.5460 Rodent heritable translocation assays  
870.5500 Bacterial DNA damage or repair tests  
870.5550 Unscheduled DNA synthesis in mammalian cells in culture 
870.5575 Mitotic gene conversion in Saccharomyces cerevisiae  
870.5900 In vitro sister chromatid exchange assay  
870.5915 In vivo sister chromatid exchange assay  
870.6100 Acute and 28-day delayed neurotoxicity of organophosphorus 

substances  
870.6200 Neurotoxicity screening battery  
870.6300 Developmental neurotoxicity study  
870.6500 Schedule-controlled operant behavior  
870.6850 Peripheral nerve function  
870.6855 Neurophysiology Sensory evoked potentials  
870.7200 Companion animal safety  
870.7485 Metabolism and pharmacokinetics  
870.7600 Dermal penetration  
870.7800 Immunotoxicity  
870.8355 Combined Chronic Toxicity/Carcinogenicity Testing of  
                Respirable Fibrous Particles 
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OECD TESTING GUIDELINES 
 

Series 4: Health Effects 
 

401 Acute Oral Toxicity (Deleted Guideline, date of deletion: 20th De-
cember 2002)  

402 Acute Dermal Toxicity (Updated Guideline, adopted 24th February 
1987)  

403 Acute Inhalation Toxicity (Original Guideline, adopted 12th May 
1981)  

404 Acute Dermal Irritation/Corrosion (Updated Guideline, adopted 24th 
April 2002)  

405 Acute Eye Irritation/Corrosion (Updated Guideline, adopted 24th 
April 2002)  

406 Skin Sensitisation (Updated Guideline, adopted 17th July 1992)  
407 Repeated Dose 28-day Oral Toxicity Study in Rodents (Updated 

Guideline, adopted 27th July 1995) 
408 Repeated Dose 90-Day Oral Toxicity Study in Rodents (Updated   

Guideline, adopted 21st September 1998) 
409 Repeated Dose 90-Day Oral Toxicity Study in Non-Rodents (Up-

dated Guideline, adopted 21st September 1998) 
410 Repeated Dose Dermal Toxicity: 21/28-day Study (Original Guide-

line, adopted 12th May 1981) 
411 Subchronic Dermal Toxicity: 90-day Study (Original Guideline, 

adopted 12th May 1981) 
412 Repeated Dose Inhalation Toxicity: 28-day or 14-day Study (Origi-

nal Guideline, adopted 12th May 1981) 
413 Subchronic Inhalation Toxicity: 90-day Study (Original Guideline, 

adopted 12th May 1981) 
414 Prenatal Developmental Toxicity Study (Updated Guideline, adopted 

22nd January 2001) 
415 One-Generation Reproduction Toxicity Study (Original Guideline, 

adopted 26th May 1983) 
416 Two-Generation Reproduction Toxicity Study (Updated Guideline, 

adopted 22nd January 2001) 
417 Toxicokinetics (Updated Guideline, adopted 4th April 1984) 
418 Delayed Neurotoxicity of Organophosphorus Substances Following 

Acute Exposure (Updated Guideline, adopted 27th July 1995) 
419 Delayed Neurotoxicity of Organophosphorus Substances: 28-day 

Repeated Dose Study (Updated Guideline, adopted 27th July 1995) 
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420 Acute Oral Toxicity - Fixed Dose Method (Updated Guideline, 
adopted 20th December 2001) 

421 Reproduction/Developmental Toxicity Screening Test (Original 
Guideline, adopted 27th July 1995) 

422 Combined Repeated Dose Toxicity Study with the Reproduction/ 
Developmental Toxicity Screening Test (Original Guideline, 
adopted 22nd March 1996) 

423 Acute Oral toxicity - Acute Toxic Class Method (Updated Guide-
line, adopted 20th December 2001) 

424 Neurotoxicity Study in Rodents (Original Guideline, adopted 21st 
July 1997) 

425 Acute Oral Toxicity: Up-and-Down Procedure (Updated Guideline, 
adopted 20th December 2001) 

427 Skin Absorption: In Vivo Method (Original Guideline, adopted 13th 
April 2004) 

428 Skin Absorption: In Vitro Method (Original Guideline, adopted 13th 
April 2004) 

429 Skin Sensitisation: Local Lymph Node Assay (Updated Guideline, 
adopted 24th April 2002) 

430 In Vitro Skin Corrosion: Transcutaneous Electrical Resistance Test 
(TER) (Original Guideline, adopted 13th April 2004) 

431 In Vitro Skin Corrosion: Human Skin Model Test (Original Guide-
line, adopted 13th April 2004) 

432 In Vitro 3T3 NRU Phototoxicity Test (Original Guideline, adopted 
13th April 2004)  

451 Carcinogenicity Studies (Original Guideline, adopted 12th May 
1981) 

452 Chronic Toxicity Studies (Original Guideline, adopted 12th May 
1981) 

453 Combined Chronic Toxicity/Carcinogenicity Studies (Original 
Guideline, adopted 12th May 1981) 

471 Bacterial Reverse Mutation Test (Updated Guideline, adopted 21st 
July 1997) 

473 In vitro Mammalian Chromosomal Aberration Test (Updated Guide-
line, adopted 21st July 1997) 

474 Mammalian Erythrocyte Micronucleus Test (Updated Guideline, 
adopted 21st July 1997) 

475 Mammalian Bone Marrow Chromosomal Aberration Test (Updated 
Guideline, adopted 21st July 1997) 

Toxicity Testing for Assessment of Environmental Agents: Interim Report

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11523


244               Appendix B 

476 In vitro Mammalian Cell Gene Mutation Test (Updated Guideline, 
adopted 21st July 1997) 

477 Genetic Toxicology: Sex-Linked Recessive Lethal Test in Droso-
phila melanogaster (Updated Guideline, adopted 4th April 1984) 

478 Genetic Toxicology: Rodent Dominant Lethal Test (Updated Guide-
line, adopted 4th April 1984) 

479 Genetic Toxicology: In vitro Sister Chromatid Exchange Assay in 
Mammalian Cells (Original Guideline, adopted 23rd October 1986) 

480 Genetic Toxicology: Saccharomyces cerevisiae, Gene Mutation As-
say (Original Guideline, adopted 23rd October 1986) 

481 Genetic Toxicology: Saacharomyces cerevisiae, Miotic Recombina-
tion Assay (Original Guideline, adopted 23rd October 1986) 

482 Genetic Toxicology: DNA Damage and Repair, Unscheduled DNA 
Synthesis in Mammalian Cells in vitro (Original Guideline, adopted 
23rd October 1986) 

483 Mammalian Spermatogonial Chromosome Aberration Test (Original 
Guideline, adopted 21st July 1997) 

484 Genetic Toxicology: Mouse Spot Test (Original Guideline, adopted 
23rd October 1986) 

485 Genetic Toxicology: Mouse Heritable Translocation Assay (Original 
Guideline, adopted 23rd October 1986) 

486 Unscheduled DNA Synthesis (UDS) Test with Mammalian Liver 
Cells in vivo (Original Guideline, adopted 21st July 1997) 
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