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Preface

The United States Navy has been concerned for some time with protecting
its military and civilian personnel from reproductive and developmental hazards
in the workplace. As part of its efforts to reduce or eliminate exposure of Naval
personnel and their families to reproductive and developmental toxicants, the
Navy requested that the National Research Council (NRC) recommend an
approach that can be used to evaluate chemicals and physical agents for their
potential to cause reproductive and developmental toxicity. The NRC assigned
this project to the Committee on Toxicology, which convened the
Subcommittee on Reproductive and Developmental Toxicology, to prepare this
report. In this report, the subcommittee recommends an approach for evaluating
agents for potential reproductive and developmental toxicity and demonstrates
how that approach can be used by the Navy.

Several individuals assisted the subcommittee by providing information on
Naval operations, particularly on the Navy's health hazard evaluation program.
We thank Captain David Macys (Office of Naval Research), Captain Lawrence
Betts (Navy Environmental Health Center), Commander Victoria Cassano
(Navy Environmental Health Center), Captain David Sack (Navy
Environmental Health Center), Captain Kenneth Still (Navy Health Research
Center's Toxicology Detachment), and James Crawl (Navy Environmental
Health Center)
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for their interest and support of this project. We also gratefully acknowledge the
following persons who provided valuable background information to the
subcommittee: Stacy Arnesen (National Library of Medicine), George Daston
(Procter and Gamble Company), James Donald (California Environmental
Protection Agency), Elaine Faustman (University of Washington), Michael
Shelby (National Institute of Environmental Health Sciences), and John Weiner
(University at Buffalo, State of New York). The subcommittee thanks R.
Woodrow Setzer, Jr. (U.S. Environmental Protection Agency) for providing
guidance on statistical methods discussed in this report.

This report has been reviewed in draft form by individuals chosen for their
diverse perspectives and technical expertise, in accordance with procedures
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 for objectivity, evidence, and
responsiveness to the study charge. The review comments and draft manuscript
remain confidential to protect the integrity of the deliberative process. We wish
to thank the following individuals for their review of this report: James Chen
(National Center for Toxicological Research), George Daston (Procter and
Gamble Company), Jerry Heindel (National Institute of Environmental Health
Sciences), Grace Lemasters (University of Cincinnati), and John Young
(National Center for Toxicological Research).

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions or
recommendations, nor did they see the final draft of the report before its release.
The review of this report was overseen by Donald Mattison (March of Dimes
Birth Defects Foundation), appointed by the Commission on Life Sciences, who
was responsible for making certain that an independent examination of this
report was carried out in accordance with institutional procedures and that all
review comments were carefully considered. Responsibility for the final content
of this report rests entirely with the authoring committee and the institution.

We are also grateful for the assistance of NRC staff in the prepara
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tion of this report. The subcommittee acknowledges Kulbir Bakshi, program
director of the Committee on Toxicology and, in particular, Abigail Stack,
project director for this report, without whose leadership and assistance this
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Summary

eproductive disorders and developmental defects (including birth defects)
are significant public health problems, with enormous personal and economic
costs. Reproductive disorders may include altered menstrual and ovarian cycles,
increased time-to-pregnancy, decreased sperm count, reduced libido, and
infertility. Developmental defects may be manifested as prenatal and postnatal
death, structural abnormalities (e.g., neural tube and heart defects), altered
growth (e.g., low birth weight), and functional deficiencies (e.g., mental
retardation). The known causes of reproductive and developmental disorders
include genetic mutations; maternal metabolic imbalances; infection; and
occupational, therapeutic, and environmental exposure to harmful chemical and
physical agents.

Concern regarding reproductive and developmental hazards in the
workplace, including military facilities, has increased significantly in recent
years. In 1997, Congress passed a law, as part of the National Defense
Authorization Act, concerning health care coverage for children with medical
conditions caused by parental exposure to hazardous materials while serving as
members of the Armed Services (Public Law 104-201, Section 704). The law
states, in part, that a plan would be developed for ensuring the provision of
medical care to any natural child of a member of the Armed Forces who has a
congenital defect or catastrophic illness, proven to a reasonable degree of
scientific certainty on the basis of scientific research to have resulted from
exposure

SUMMARY 1

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Evaluating Chemical and Other Agent Exposures for Reproductive and Developmental Toxicity 
http://www.nap.edu/catalog/10007.html

http://www.nap.edu/catalog/10007.html


of the member to a chemical warfare agent or other hazardous material to which
the member was exposed during active military service. The Department of
Defense is required to develop a plan for compliance.

As a part of its efforts to protect military and civilian personnel from
reproductive and developmental hazards in the workplace, the Navy requested
that the National Research Council (NRC) recommend an approach that can be
used to evaluate sources of potential reproductive and developmental toxicity.
The NRC assigned this project to the Committee on Toxicology, which
convened the Subcommittee on Reproductive and Developmental Toxicology.
The subcommittee was assigned the following tasks:

•  Develop a process for assessing the reproductive and developmental
toxicity potential from exposures to chemicals and physical agents.

•  Develop a strategy for dealing with the potential reproductive and
developmental toxicity of exposures to chemicals and physical agents
for which little or no information is available.

•  Conduct pilot evaluations on two chemicals using the process
developed by the subcommittee.

•  Identify reliable sources for assessment of reproductive and
developmental toxicity.

•  Identify areas of needed research.

In this report, the subcommittee recommends an approach to assess
potential reproductive and developmental toxicity from exposures to substances
encountered in workplaces operated by the United States Navy.

CONCLUSIONS AND RECOMMENDATIONS

The subcommittee's major conclusions and recommendations, organized in
response to each of its tasks, are presented below.

Evaluative Process

The subcommittee's recommended approach for evaluating exposures to
chemicals and physical agents for reproductive and develop
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mental toxicity is based on a process published in 1995 by Moore and
colleagues.1 As it is described and expanded on in the subcommittee's report,
the process undertakes a systematic review of data on reproductive and
developmental toxicity in humans and experimental animals, on general
toxicity, and on the conditions of use that result in human exposure. The
toxicity and exposure data are integrated, and the result is an estimate of an
exposure that is unlikely to cause reproductive or developmental toxicity.

The subcommittee recommends against an attempt to classify agents as
“toxic” or “nontoxic.” Instead, the potential toxicity of a substance should be
considered in the context of exposure (e.g., amount, route, timing, and duration
of exposure). The subcommittee recognizes that the Navy might want to use a
screening process in which decisions are made in a dichotomous manner (to use
or not to use a particular agent). Such decisions can be made by considering the
exposure scenario that is anticipated in the workplace. An exposure level of an
agent that is unlikely to be associated with reproductive and developmental
toxicity can be estimated, and if the anticipated workplace exposure is
sufficiently lower than that estimate, the Navy can regard the exposure as
acceptable. If the anticipated human exposure is higher than the estimate, then
the use of the agent under consideration can be regarded as unacceptable and
exposure control measures can be implemented or alternative agents can be
evaluated.

The subcommittee recommends that the evaluative process be
implemented by a team of scientists with training and experience in assessing
agents for their potential to cause reproductive and developmental toxicity.
Such evaluation requires expertise in the intricacies and relationships of the
integrated processes of reproduction and development. Considerable scientific
judgment is needed to interpret data and make informed decisions about the
adequacy of available data sets for estimating the potential reproductive and
developmental toxicity of specific substances under specific conditions of
exposure.

1Moore, J.A., G.P. Daston, E. Faustman, M.S. Golub, W.L. Hart, C. Hughes Jr.,
C.A. Kimmel, J.C. Lamb IV, B.A. Schwetz, and A.R. Scialli. 1995. An
evaluative process for assessing human reproductive and developmental toxicity
of agents. Reprod. Toxicol. 9(1):61-95.
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Assessing the Available Data

When conducting an evaluation of an agent for potential reproductive and
developmental toxicity, the Navy should assess several types of data: human
exposure data, general toxicity data in humans and experimental animals, and
reproductive and developmental toxicity data in humans and experimental
animals. Complete assessments should consider potential adverse effects on the
male and female reproductive systems and on the embryo, fetus, and child.

Human exposure data are evaluated to identify populations that might be
exposed, to identify potential pathways of exposure, and to estimate the range
of exposure so that quantitative estimates of exposure can be made that are
associated with each pattern of use. Exposure conditions that are unique for
reproductive and developmental toxicity should be considered because the
embryo, fetus, neonate, juvenile, young adult, and older adult differ in
susceptibility. Human exposure data are important for accurate evaluation of the
risk potential of an agent, but data of sufficient quality and quantity are often
unavailable.

Chemical data (e.g., physical and chemical properties, structureactivity
relationships, and environmental fate and transport), basic toxicity data, and
pharmacokinetic data (information on absorption, distribution (including
placental and lactational transfer), metabolism, and excretion) should be
reviewed. These data are particularly important because reproductive and
developmental effects are interpreted in the context of general toxicity data in
humans or experimental animals. Pharmacokinetic data for both animals and
humans can be helpful in extrapolating exposure levels from one species to
another.

Reproductive and developmental toxicity data from animal experiments
and human studies should be assessed based on defined criteria. One of the
following judgments can be made: either the toxicity data are sufficient (or
insufficient) to ascribe an adverse effect to a specific agent under specified
conditions, or the data are sufficient (or insufficient) to conclude that there is no
adverse effect. To be characterized as sufficient, the database must include
information on the full range of potential adverse male and female reproductive
effects and developmental effects, and the actual range of conditions of
exposure must be known in sufficient detail to determine whether the dose,
duration,
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route, timing, and other characteristics of exposure pose a substantial
reproductive risk. A designation of sufficient (or insufficient) data is inadequate
by itself to identify a substance as having the potential to cause (or not cause)
reproductive or developmental toxicity; the reproductive and developmental
toxicity information must be integrated with the exposure and general toxicity
information before the evaluative process can be considered complete. The
integration step is described below.

Integration of Toxicity and Exposure Information

The integration step of the evaluation is conducted in three stages. In the
first stage, the evaluators examine the data for relevance to potential human
toxicity. Then, if the data are determined to be relevant to human exposures, a
quantitative assessment is conducted. Finally, the concluding step of the
evaluative process is the integration of toxicity and exposure information to
characterize the risk of potential reproductive and developmental toxicity.

This step involves combining information from the review of animal and
human reproductive and developmental toxicity data with information from the
review of general toxicity, pharmacokinetic, and exposure data. A weight-of-
evidence approach is used to formulate judgments about potential hazards to
humans. Three separate judgments should be developed: one each to address
developmental toxicity, female reproductive toxicity, and male reproductive
toxicity.

Once an assessment has determined that the data indicate human risk
potential for reproductive and developmental toxicity, the next step is to
perform a quantitative evaluation. Dose-response data from human and
experimental animal reproductive and developmental toxicity studies are
reviewed to identify a no-observed-adverse-effect level (NOAEL) or a lowest-
observed-adverse-effect level (LOAEL), and/or to derive a benchmark dose
(BMD). Duration adjustments of the NOAEL, LOAEL, or BMD are often
made, particularly for inhalation exposures when extrapolating to different
exposure scenarios. Such adjustments have not been routinely applied to
developmental toxicity data. The subcommittee recommends that duration
adjustments be considered for both reproductive and developmental toxicity
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assessments. Uncertainty factors (UF) are then applied to the NOAEL, LOAEL,
or BMD to account for various uncertainties in the data. Uncertainty factors for
reproductive and developmental toxicity commonly applied to the NOAEL or
BMD include a 10-fold factor for interspecies variability and a 10-fold factor
for intraspecies variability. If only a LOAEL is available, an additional factor of
up to 10-fold would be applied. The magnitude of the UFs can be adjusted,
depending on the type and quantity of data, including pharmacokinetic and
pharmacodynamic data, available and other modifying factors can be used to
account for other uncertainties (e.g., insufficiencies in the database).

To calculate an unlikely effect level (UEL) for reproductive and
developmental toxicity, the NOAEL, LOAEL, or BMD is divided by the
composite UF. UELs can be calculated for different exposure durations or
adjusted to account for length of exposure. A UEL can be compared with a
human exposure estimate to determine whether the exposure is sufficient to
cause concern. If the UEL is higher than the human exposure estimate, there
will be little or no cause for concern. If the UEL is lower than the human
exposure estimate, then there is a possibility that adverse effects may occur. A
margin of exposure (MOE; the ratio of the NOAEL or BMD to the anticipated
human exposure) also can be calculated. In that case, the higher the ratio, the
greater the numerical distance between the human exposure estimate and the
highest dose that is without adverse effect in the species tested. The choice of
an MOE for regulatory action should be based on the level of confidence in the
underlying data and on judgment about other factors that might influence
human risk, similar to the judgment made in the selection of appropriate UFs. It
would be inappropriate to use a particular MOE as a default action level.

Each evaluation should conclude with a summary of the risk posed by a
substance. The summary can consist of background information on the
chemical and toxicological parameters of the agent; human exposure
information; a summary of the male and female reproductive toxicity data and
the developmental toxicity data; a list of the quantitative values derived from
the data; a description of the default assumptions and UFs used in the process;
the data needs to reduce uncertainty; and a reference section.
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Insufficient Data Sets

In practice, sufficient data are rarely available to inform a judgment about
the potential reproductive or developmental toxicity of an exposure to an agent.
In such cases, steps can be taken to minimize the risk of an adverse effect.
Obviously, the only way to completely eliminate the risk of an adverse effect is
to eliminate exposure to the agent, but that is often not feasible. If use of a given
agent is unavoidable, the risk can be minimized by assuming that susceptibility
to reproductive and developmental toxicity may be greater than susceptibility to
any other known toxicity of the agent and applying additional UFs to reflect the
lack of data. The risk can also be minimized by substituting an agent that is
known not to be associated with substantial reproductive or developmental
toxicity or by limiting the potentially absorbed dose by the use of respirators,
gloves, and protective clothing.

Application of the Evaluative Process

To demonstrate how the subcommittee's recommended evaluative process
can be applied to specific agents, the subcommittee evaluated two compounds
of interest to the Navy: jet propulsion fuel 8 (JP-8) and hydrofluorocarbon
(HFC) 134a. These assessments demonstrate that the subcommittee's
recommended process can be used to evaluate compounds for which varying
amounts of data are available. For example, several reproductive and
developmental toxicity studies have been conducted for HFC 134a; however,
just one developmental toxicity study has been conducted for JP-8. The
subcommittee calculated a UEL based on at least one endpoint for each
compound, accounting for uncertainties due to deficiencies in the database.
Regardless of the quantity of data available, the subcommittee found that
considerable scientific judgment was needed to conduct the evaluations.

Although these assessments are examples of how to use the evaluative
process, they are not complete–largely because the subcommittee was unable to
assess thoroughly the conditions of use that result in human exposure. For
example, JP-8 is a complex chemical mixture and although the subcommittee
did evaluate toxicity data for the fuel, it did
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not evaluate the constituents separately. The Navy should evaluate data on the
individual components of JP-8 because the composition of the fuel mixture can
vary from batch to batch. The subcommittee recommends that the Navy
examine how various environmental conditions (e.g., temperature extremes and
humidity) might affect exposure patterns to HFC 134a and JP-8.

Sources of Information

To assist the Navy in gathering information on chemicals and physical
agents, the subcommittee reviewed many of the information sources available
on reproductive and developmental toxicology. For most exposures, no single
source includes all the information needed for a comprehensive evaluation of
reproductive and developmental toxicology, and it is usually necessary to
review several different sources of information.

The subcommittee reviewed sources of information that are specifically
designed to assess reproductive and developmental toxicity and sources of
information that are not as specific, but often contain some information. The
subcommittee's summaries briefly describe the type of information provided by
each source, the quality-control procedures (e.g., peer review), and how useful
that source is in identifying exposures that pose a risk of reproductive and
developmental toxicity in humans.

Sources specific to reproductive and developmental toxicity include
detailed evaluations on specific agents (e.g., the California Environmental
Protection Agency Hazard Identification Documents on Reproductive and
Developmental Toxicity), informational summaries on specific agents that are
not as comprehensive as the detailed evaluations (e.g., electronic databases such
as REPROTEXT and reference books such as J.L. Schardein's Chemically
Induced Birth Defects), bibliographic sources (e.g., the Developmental and
Reproductive Toxicology Database (DART) maintained by the National Library
of Medicine), and primary data (e.g., the National Toxicology Program
reproductive and developmental toxicology study reports). The subcommittee
believes that DART, which covers the literature on teratology and some aspects
of reproductive and developmental toxicology, is, in particular,
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an essential resource to the Navy because it greatly simplifies the process for
searching for literature in this area. Sources that are not specifically designed to
evaluate reproductive and developmental toxicity, but contain some useful
information on such toxicity (e.g., the Agency for Toxic Substances and
Disease Registry Toxicological Profiles and the Environmental Protection
Agency Integrated Risk Information System) are evaluated as well.

Research Recommendations

The subcommittee recommends that the Navy conduct research to obtain
sufficient data sets on agents in use or considered for use. Specifically, the
Navy should conduct the following tasks:

•  Conduct experimental studies in animals to assess the potential for
agents to cause reproductive and developmental effects on the male
and female reproductive systems and on the embryo, fetus, and child.

•  Fill data gaps that would reduce uncertainties in data sets and, thereby,
eliminate or reduce the need for default uncertainty factors.

•  Conduct toxicity studies on chemical mixtures.
•  Design, implement, and conduct epidemiological studies that focus on

various reproductive and developmental outcomes. Naval ships
provide a unique environment in which to study a well-defined
population–one in which many confounders that affect community or
occupational studies (e.g., life-style factors thought to affect
reproductive health such as alcohol consumption and cigarette
smoking) can be documented.

•  Conduct studies to estimate exposures and, in particular, consider
exposure scenarios that are unique to the Navy's work environment.
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1

Introduction

isorders of human reproduction and development affect a substantial
number of individuals of all ages and have long-standing implications for the
public in terms of both quality of life issues and economic costs. Although
reproductive disorders typically affect younger individuals, they also have
implications for long-term health status. For example, men with impaired
fecundity (the biological capacity for reproduction) could be at increased risk
for testicular cancer (Moller and Skakkebaek 1999) and women with early onset
of menopause could be at increased risk of osteoporosis (Bagur and Mautalen
1992; Ohta et al. 1996).

In assessing reproductive and developmental toxicity, a spectrum of
endpoints in adult men and women, embryos, fetuses, infants, and children need
to be considered. Reproductive outcomes are typically measures related to
fertility (the ability to conceive) and fecundity. Adverse reproductive outcomes
include abnormal male and female hormone profiles, altered menstrual and
ovarian cycles, longer than normal time-to-pregnancy, abnormal semen
characteristics, gynecological and urological disorders, spontaneous abortion,
ectopic pregnancy (i.e., a pregnancy occurring elsewhere than in the uterus),
and premature reproductive senescence. Major manifestations of abnormal
development include pre- and postnatal deaths (e.g., spontaneous abortions, still
births, and infant deaths), birth defects, altered growth,
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and functional deficiency (e.g., neurological, respiratory, and immune
deficiencies) in the offspring (Wilson 1973).

Known causes of reproductive and developmental disorders include
genetic defects; maternal metabolic imbalances; infection; and occupational,
therapeutic, and environmental exposures to chemical and physical agents. This
report primarily addresses reproductive and developmental defects that might
be attributable to chemical and other agent occupational exposures.

The number of individuals affected by reproductive disorders is difficult to
assess, and few population-based data are available for either men or women.
Noticeably absent are data on fecundity and fertility impairments affecting men
and only limited information on male-mediated developmental outcomes exists.
Population-based data for impaired female fertility are available for select
endpoints from the National Surveys of Family Growth (NSFG), which are
conducted periodically and most recently in 1995. Data from the NSFG show
that 6.2 million women (10.2%) between the ages of 15 and 44 in the United
States had impaired fertility in 1995 (Stephen 1996). This number was
estimated to increase to 6.3 million women in 2000 (Stephen and Chondra
1998). Other reproductive disorders in females that impact fecundity include
endometriosis and polycystic ovarian syndrome (PCOS). The prevalence of
endometriosis in women of reproductive age is reported to be 10% (Houston
1984; Olive and Schwartz 1993), and no population-based prevalence data exist
for PCOS.

With respect to developmental outcomes, population-based data are
available regarding the prevalence of birth defects. Approximately 2-3% of
infants are born with major birth defects (Holmes 1997). The full impact of
prenatal testing on the prevalence of birth defects has not been delineated. The
prevalence of birth defects increases (approximately 5%) when all defects (i.e.,
major and minor) are included. However, identifying the prevalence of minor
defects is problematic, given differences in clinical assessment, recognition and
reporting of defects, and variations across state-birth-defects registries in the
recording of minor defects. Other developmental outcomes that need to be
considered in assessing developmental toxicity include fetal and infant growth
and developmental disabilities during infancy and childhood. Boyle et al.
(1994), citing data from the 1988 National
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Health Interview Survey, found that 17% of children in the United States were
reported to have a developmental disability. The prevalence rates for specific
developmental disabilities per thousand 10-year-old children were 10.3 for
mental retardation, 2.0 for cerebral palsy, 1.0 for hearing impairments, and 0.6
for visual impairments. Another study found that about 4% of U.S. children
aged 17 years or younger are reported by their parents to have delays in growth
and development, and that 6.5% of children have learning disabilities (Zill and
Schoenborn 1990).

The causes of many developmental abnormalities are unknown. As an
example, Nelson and Holmes (1989), through a careful evaluation of
approximately 70,000 children and their families, were able to account for 57%
of birth defects: mutations (28%), multifactorial conditions (23%), uterine
factors and twinning (3%), and exposure to chemical and physical agents found
in the environment (3%). Thus, the etiology of at least 43% of all birth defects
could not be determined. Prevention of developmental defects depends on
understanding their causes and is important in reducing the tremendous societal
and financial burden.

Economic costs for adverse reproductive and developmental outcomes are
noteworthy and expected to grow. Annual costs for infertility treatment in the
United States exceed one billion dollars (U.S. Congress 1988). According to the
Centers for Disease Control and Prevention (CDC), the cost to society for
developmental defects is massive (i.e., the lifetime costs for children born
annually with 17 of the most common birth defects and cerebral palsy is over $8
billion (CDC 1995)). However, these abnormalities affect only 22% of children
with birth defects, and the cost estimate does not consider costs associated with
many other developmental disorders. A recent study estimated the total lifetime
costs for persons born in 1996 with mental retardation, autism, or cerebral palsy
to be $47 billion, $4.9 billion, and $12 billion, respectively (Honeycutt et al.
1999).

To reduce the number of reproductive and developmental disorders caused
by exposure to chemical and physical agents, reproductive and developmental
toxicity testing generally is conducted in laboratory animals because at present
no other approach is considered predictive of reproductive and developmental
effects and, also, data in humans
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are often not available. Several regulatory agencies and other organizations
have developed evaluative guidelines and processes for identifying and
assessing reproductive and developmental toxicity (U.S. Environmental
Protection Agency (EPA) 1991, 1996a; European Commission (EC) 1992; J.A.
Moore et al. 1995a; California Environmental Protection Agency 1991). Each
agency or organization has established criteria for evaluating data on the
reproductive and developmental effects of exposures to agents, as summarized
in Table 1-1. The International Programme on Chemical Safety (IPCS) (1994)
identified current differences in risk assessment procedures for reproductive and
developmental toxicity among several countries. IPCS also has proposed ways
to improve the international harmonization of those procedures.

Concern regarding reproductive and developmental hazards in the
workplace, including military facilities, has increased significantly in recent
years. In 1997, Congress passed a law, as part of the National Defense
Authorization Act, concerning health care coverage for children with medical
conditions caused by parental exposure to hazardous materials while serving as
members of the Armed Services (Public Law 104-201, Section 704). The law
states, in part, that a plan would be developed for ensuring the provision of
medical care to any natural child of a member of the Armed Forces who has a
congenital defect or catastrophic illness, proven to a reasonable degree of
scientific certainty on the basis of scientific research to have resulted from
exposure of the member to a chemical warfare agent or other hazardous
material to which the member was exposed during active military service. The
Department of Defense is required to develop a plan for compliance.

With respect to health surveillance for deployed forces, The National
Academies Institute of Medicine recommends the development of strategies for
the protection of reproductive health in men and women and fetal development
and well-being of offspring (IOM 1999). In sum, assessment of reproductive
and developmental toxicity requires consideration of a wide spectrum of
possible endpoints in both men and women and their offspring. Appreciation of
the subtle and methodological nuances underscoring successful human
reproduction need to be appreciated in the systematic evaluation for assessing
reproductive and developmental toxicity.
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SUBCOMMITTEE'S TASK

Every year, the U.S. Navy screens hundreds of chemical substances for
potential toxicity to determine whether they can be used safely in the
workplace. Although the Navy reviews available data on the reproductive and
developmental toxicity potential of those agents, its health hazard evaluation
process is not currently designed to emphasize assessment of reproductive and
developmental effects.

Because the Navy wishes to protect its male and female military and
civilian personnel from reproductive and developmental hazards, it seeks to
incorporate a formalized, state-of-the-art process for identifying hazards in its
current health hazard evaluation process. Therefore, the Navy requested that the
National Research Council (NRC) recommend an approach that can be used to
evaluate agents for potential reproductive and developmental toxicity. The NRC
assigned this project to the Committee on Toxicology, which convened the
Subcommittee on Reproductive and Developmental Toxicology. The
subcommittee was charged with the following tasks:

•  Develop a process for assessing the reproductive and developmental
toxicity potential from exposures to chemicals and physical agents.

•  Develop a strategy for dealing with the potential reproductive and
developmental toxicity of exposures to chemicals and physical agents
for which little or no information is available.

•  Conduct pilot demonstrations on two chemicals using the process
developed by the subcommittee.

•  Identify reliable sources for assessment of reproductive and
developmental toxicity.

•  Identify areas of needed research.

For the purposes of this study, the primary focus is on avoiding
occupational exposures to agents that potentially cause reproductive and
developmental toxicity. Therefore, this report recommends a process that
focuses on evaluating exposures to adult male and female military and civilian
personnel and on predicting the effects of those exposures on those adults and
their children. It does not specifically address direct exposures to children of
military and civilian personnel, including children living on military bases.
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Agents that have the potential to cause reproductive and developmental
toxicity should be substituted with less hazardous materials or surveillance
should be increased in an effort to control exposures. The Subcommittee on
Reproductive and Developmental Toxicology believes it is inadvisable to
designate agents as toxic or nontoxic; rather, the agent and the risk of adverse
reproductive or developmental effects should be considered only in the context
of exposure. Assessment of exposure accounts for both the agent itself and for
the conditions of exposure, including the amount, route, timing, duration, and
pattern of exposure.

The subcommittee recognizes the need for the Navy to use a screening
process in which decisions are made in a dichotomous manner (to use or not to
use a particular agent). Such decisions can be made by considering the exposure
scenario that is anticipated in the workplace. In this report, the subcommittee
describes a process by which an exposure can be estimated that is unlikely to be
associated with reproductive and developmental toxicity. If the Navy workplace
scenario is anticipated to result in human exposures appreciably lower than that
estimate, then for policy decisions, the exposure can be regarded as acceptable.
If the anticipated human exposure is higher than the estimated nontoxic level,
the use of the agent in question can be regarded as unacceptable, and alternative
agents can be evaluated or exposure control measures (e.g., use of masks and
protective clothing) can be used.

Data on the reproductive and developmental effects of the agents of
interest often are sparse. When they are available, the quality of the studies
from which the information is obtained can be highly variable. The quality and
quantity of the data are related to the level of confidence in assessing concern
about exposure to an agent. When adequate data sets are available, there is a
high level of confidence in determining a low (if no significant toxicity is
expected at anticipated exposures) or high (if toxicity is expected at anticipated
exposures) degree of concern. When the data set is inadequate, the level of
confidence in assessing the degree of concern in lessened.

The process described by the subcommittee requires the exercise of
considerable judgment, brought to bear in assessing the adequacy of data for
estimating potential reproductive and developmental toxicity of agents under
specific conditions of exposure. Once there has been a determination of the
exposure at which adverse effects are unlikely,
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judgment is required in the evaluation of other characteristics of the agent or
exposure conditions that might make it advisable to alter the exposure estimate
for a given workplace scenario. Therefore, the subcommittee believes the
process should be implemented by a team of scientists who have training and
experience in assessing reproductive and developmental toxicity.

Reproductive and developmental toxicity often is equated with pregnancy
effects (maternal and developmental effects) of exposures of interest. The
subcommittee believes that pregnancy effects of exposures are important, but
attention also should be directed to the potential for reproductive toxicity in
males and nonpregnant females, and to the potential for paternally mediated
adverse effects of exposures. Although examples of the latter toxicity in humans
are not readily available, several agents have been shown to have such effects in
experimental animals; therefore, it is important to take seriously any data that
suggest a paternally mediated effect. Reproductive systems of elderly adults
also could be susceptible to adverse effects. In such cases, the concern is not
with procreative competence but with biological function maintained by the
gonads (e.g., hormone production) and with reproductive senescence. Any data
that suggest such an effect should be considered. The subcommittee
recommends that an assessment not be considered complete unless it includes
consideration of potential adverse reproductive and developmental
consequences of exposure of both the male and the female. The absence or
inadequacy of data on one or more of the components of reproductive toxicity
(i.e., male reproductive effects, female reproductive effects, or developmental
effects) does not equate with lack of effect.

ORGANIZATION OF THE REPORT

In addition to this Introduction, this report is organized into four chapters.
Chapter 2 and Chapter 3 outline the process the subcommittee recommends for
evaluating the potential reproductive and developmental effects of exposures to
agents. Chapter 2 outlines the principles for evaluating reproductive and
developmental toxicity data. The product of that evaluative process is typically
an exposure level– called the unlikely effect level (UEL)–that is assumed not to
pose
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appreciable risk of reproductive and developmental effects, adjusted for the
exposure scenario of concern. The UEL is similar to the EPA's acute and
chronic Reference Doses (RfD) and the U.S. Food and Drug Administration's
Acceptable Daily Intake (ADI) except that it is specific for reproductive and
developmental effects and is derived specifically for the exposure duration of
concern in humans. Chapter 3 discusses how the UEL is derived in the
evaluative process and how it can be compared with an anticipated human
exposure such as found in the workplace. Chapter 4 sets forth a strategy for
evaluating exposures for which there are few or no data on reproductive or
developmental toxicity. The subcommittee's recommendations are presented in
Chapter 5. This report also contains four appendixes: Appendix A contains
examples of the application of the proposed evaluative process to two specific
chemical agents, Appendix B describes and evaluates various sources of
information on reproductive and developmental toxicity, Appendix C describes
and evaluates human study designs, and Appendix D describes experimental
animal study designs and discusses qualities and limitations for each type of
study.
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2

The Evaluative Process: Part I. Assessing
the Available Data

his chapter and the next are based on a paper, “An evaluative process for
assessing human reproductive and developmental toxicity of agents,” published
in Reproductive Toxicology (Moore et al. 1995a) that calls for the systematic
application of knowledge and judgment to assess agents for reproductive and
developmental toxicity in a practical, open, and informative manner. In
addition, the U.S. Environmental Protection Agency's (EPA) guidelines for
developmental toxicity (1991) and reproductive toxicity (1996a) risk
assessment, and several additional sources reviewed in Chapter 1, were used
extensively. Several principles and objectives that are incorporated in the
evaluative process are described below. The principles and objectives are
followed by details of the evaluative process. The description of the evaluative
process continues in the next chapter. In that chapter, the interpretation of
toxicity data, integration of toxicity and exposure data, and quantitative
assessment steps are covered.

PRINCIPLES AND OBJECTIVES

Use of Data and Judgment

The evaluative process uses both scientific data and scientific judgment.
The data required to identify an agent as toxic should
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adequately demonstrate adverse effect and dose-response relationships for
general toxicological responses and for reproductive and developmental effects.
Furthermore, there is a significant need for data that characterize human
exposure or provide reasonable estimates based on the pattern of use of the
agent. The essence of the evaluative process is that the interpretation of those
data should reflect expert judgment, rather than acquiesce to the passive use of a
repetitive series of default assumptions. A valuable adjunct to the evaluation of
an exposure to an agent is the inclusion of a statement of what is known and the
certainty with which it is known. That should lead to the identification of
critical data needs that might stimulate investigations to yield useful
information that will enhance certainty of judgment and better serve the U.S.
Navy.

Weight of Evidence

With a weight-of-evidence approach that considers both toxicity and
human exposure information, evaluators can determine whether human or
experimental animal data can reasonably be used to predict reproductive or
developmental effects in humans under particular conditions of exposure. The
approach must distinguish those agents for which there is firm evidence about
human risk potential, based on relevant data, from those for which the potential
for human effects is uncertain or unlikely. It will aid in setting priorities and
developing programs to protect personnel from undue exposure to toxic
quantities of agents or from undue costs of unnecessary control measures.

Using a weight-of-evidence approach to communicate a judgment about
human risk, taking into consideration exposure potential, should diminish
reliance on the assumption that reproductive and developmental toxicity
observed in animals predicts similar effects in humans. Because the evaluative
process requires a judgment about human risk potential based on the weight of
the evidence, its approach and its results will be useful to the Navy. That
approach differs from several programs that assess carcinogenic potential,
including the International Agency for Research on Cancer (IARC)
monographs, which invoke “sufficiency of evidence” determinations for
experimental data; the Science Advisory Panel for the California Proposition 65
listing pro
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cess, which follows a similar procedure in its review of carcinogenicity data;
and the report on carcinogens produced by the National Toxicology Program
(NTP), which primarily lists the results of experimental animal studies. IARC
and NTP clearly state that their deliberations do not represent a complete
assessment of human risk potential, but their monographs and lists continue to
be misused for that purpose.

Threshold Assumption

Use of a threshold assumption for low dose-response relationships implies
that there is an exposure level below which an adverse effect is not expected to
occur. The assumption of a threshold has been made historically for the
chemical induction of many types of reproductive and developmental effects as
well as for other noncancer health effects. This is in contrast to the case for
carcinogens which historically have been assumed to have no threshold. Recent
emphasis on using mechanistic or mode-of-action information to improve the
risk assessment process (EPA 1996b) and to harmonize the approaches used for
cancer and other types of health effects (Bogdanffy et al. in press), underscores
the use of mechanistic information in the weight-of-evidence approach for low-
dose extrapolation. For example, some nongenotoxic carcinogens may not have
a linear dose-response relationship at low doses (Andersen et al. 2000), whereas
some agents that produce reproductive and developmental toxicity may act
through a genetic mechanism or an endogenous mechanism that is additive to
background, and therefore be more likely to exhibit a linear dose-response
relationship at low doses (Gaylor et al. 1988). These types of mechanisms tend
to blur the distinction between the default use of a linear low-dose extrapolation
for cancer and a threshold assumption for other health effects which defaults to
the application of uncertainty factors to the no-observed-adverse-effect level
(NOAEL), lowest-observed-adverse-effect level (LOAEL), or benchmark dose.
Consideration of mechanistic information (i.e., toxicokinetic and toxicodynamic
data) should be a major factor in the weight-of-evidence process and in deciding
how to proceed with low-dose extrapolation. In the absence of any mechanistic
or mode-of-action information, the default assumption continues to be a
threshold or low dose nonlinear dose-response relationship for health effects
other than cancer, but this assumption should continue to be
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explored through the development and application of mechanistic data in the
risk assessment process.

Narrative Statement

Communicating the results of a weight-of-evidence evaluation is best
accomplished through a narrative document. A narrative permits expression of
the degree of certainty associated with a judgment about the scientific evidence.
The document must use terms that are meaningful to Navy policy officials or
decision makers, it must define those terms carefully, and it must use them
consistently. The narrative must be clear in explaining the basis of the
judgment, the breadth of expert support, the degree to which the judgment
reflects the actual information, and the assumptions made in the absence of
information.

Certainty

Documents produced under the evaluative process will clearly describe the
level of confidence in the evaluative judgment. The need to invoke a series of
default assumptions will signify progressively greater degrees of uncertainty.
Certainty based on the interpretation of essential data should be distinguished
from “certainty based on defaults,” where default assumptions force evaluators
to designate an agent as having toxic potential. Conservative default
assumptions, based on prudent public health concerns, have a rightful place in
the options available to risk assessors and managers. Such assumptions should
be used only where absolutely necessary, and always openly.

Finally, because the evaluative process adopts an open, candid, narrative
form of communication, it minimizes the dissemination of inappropriate or
simplistic statements that are commonly misused and that are needlessly
alarming.

Use All Relevant, Acceptable Data

Reaching a determination about an agent's potential toxicity to humans is
best done by a consideration of all relevant experimental
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animal and human data. Decisions to use either published or unpublished data
should depend on the quality and completeness of the data set. Unfortunately,
publication in the open scientific literature does not in itself qualify data as
acceptable for evaluation. Many published articles present data in insufficient
detail to allow them to be of use in risk evaluations.

Whether data are judged acceptable from the perspective of sound
scientific design and interpretation will depend heavily on the actual review of
specific studies. Good laboratory practices have been promulgated by the
Organization for Economic Cooperation and Development (OECD 1987), the
U.S. Food and Drug Administration (FDA 1987), and the U.S. Environmental
Protection Agency (EPA 1990). Good laboratory practices can serve as useful
guides for assessing the quality and completeness of reported data. Comparing
the test design and completeness of data reporting to what is outlined in test
guidelines and procedures might be of particular value. Other factors that
should be considered include statistical power, analytical approaches, data
presentation, and consistency with other results.

Qualities and Limitations of Reproductive and
Developmental Toxicity Studies

Developmental toxicity studies typically assess whether structural
abnormalities are associated with administration of an agent to a pregnant
female during major organogenesis in the developing embryo. General
reproductive effects can be assessed through analysis of various types of mating
studies. Reproductive and developmental toxicity studies provide much useful
information on a chemical's potential to cause adverse reproductive and
developmental effects. However, the limitations of each study type should be
recognized. For example, the prenatal developmental toxicity study provides
information on the effects of repeated exposure to an agent during the period of
major organogenesis, but does not follow animals postnatally to evaluate
aspects such as reversibility and repair or organ function. Detailed descriptions
of various study types and their qualities and limitations are presented in
Appendix D.
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Characterizing Data

The evaluative process uses three generic criteria for judging data
insufficient:

•  There are no data.
•  The studies are of limited utility as a result of deficiencies in design. or

execution, or because the data are insufficiently detailed to allow an
independent analysis.

•  The available studies are acceptable, but the data are insufficient to
reach a definitive conclusion because they do not span a sufficient
number of outcomes; the study might, however, offer useful
supplemental information.

Data sets that are insufficient for evaluating reproductive or developmental
toxicity do not arise solely from studies that are unreliable and therefore
unworthy of consideration. Information from in vitro or nontraditional in vivo
studies, for example, frequently provides enough experimental evidence to
corroborate other evidence for an adverse effect. Alone, however, those studies
might not provide enough evidence to be considered sufficient to identify an
adverse effect.

A judgment that data are insufficient to establish an adverse effect does not
mean that they are sufficient to establish lack of an adverse effect. Such a
presumption would be erroneous. Sufficiency is a designation with stringent
criteria. The criteria required for a sufficient data set are discussed later.

Expert Review Team

Evaluations of exposures to agents should involve a group of experts. The
breadth of expertise required is rarely found in one person and group review
ensures that the views held by each member are subjected to the scrutiny and
acceptance of scientific peers. The group should include epidemiologists and
experts in toxicology and
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related areas (e.g., reproductive toxicologists, developmental toxicologists,
developmental neurotoxicologists, risk assessors, biostatisticians), as well as in
human exposure to the chemicals of interest. A rotating core of scientific
members who serve for fixed periods on a series of working groups will
enhance consistency of reviews. This model is in use by the NTP's Center for
the Evaluation of Risks to Human Reproduction, which was established in
1998. Using the evaluative process is resource- and time-intensive and,
therefore, in some cases, the Navy may want to consult existing sources of
information which provide detailed evaluations developed by experts in
reproductive and developmental toxicology. The detailed evaluations that are
available as well as other sources of information are described in Appendix B.

GENERAL DESCRIPTION

The evaluative process recommended by the subcommittee (based on the
process described by Moore et al. 1995a) outlines a systematic, sequenced
procedure for reviewing data on animal and human reproductive and
developmental toxicity, on general toxicological and biological parameters, and
on the conditions of use that result in human exposure. The goal is to determine
whether exposure to an agent could cause reproductive or developmental
toxicity in humans. Expert judgment is applied in a series of steps that reflect
the systematic thought sequences used by most experienced risk assessors. Brief
summaries that describe each step appear below, followed by more detailed
presentations in the rest of this chapter and in Chapter 3.

The section on exposure data discusses the pattern and degree of human
exposure to the agent. It primarily considers occupational exposures and
develops numerical estimates of exposure from what is known about those uses
and exposures.

The section on general toxicological and biological parameters reviews
and summarizes chemical data and basic toxicity information available on the
agent of interest and reviews data on absorption, distribution, metabolism, and
excretion in humans and experimental animals.

The section on developmental and reproductive toxicity reviews data from
human and animal studies. To ensure adequate assessments of both types of
data, experts review each type of data independently and prepare synopses of
individual studies.
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In the step for integration of toxicity and exposure information, the
existing data on human and experimental animal developmental and
reproductive toxicity are evaluated together for evidence of complementarity or
inconsistency. Those evaluations are then assessed in terms of the known data
on basic toxicity and pharmacokinetics. The result is an integrated judgment
about the relevance of all the data for predicting human risk. If the expert
committee members judge that the toxicity data are relevant to humans, the
committee undertakes a quantitative evaluation. Finally, the toxicity and
exposure data are integrated to characterize risk.

When the data reviewed are deficient, the ensuing judgments usually
involve a large degree of uncertainty. The identification of critical data needs 
provides a focus on research that can materially enhance the certainty of future
judgments about the agent's potential risk.

A summary reviews the scientific judgments and conclusions formed in the
steps above and conveys the level of confidence in the judgment. The summary
is written in a narrative style which the subcommittee considers to be the best
way to present such information to Navy environmental health professionals.
The narrative is central to accurate interpretation of the scientific judgments and
conclusions about the exposure of interest. Agents present a reproductive or
developmental risk to human health only under certain conditions. Single-letter
or word designations, such as “positive” or “negative,” or labeling a chemical as
a “reproductive toxicant” cannot effectively communicate that critical fact. Nor
can essential facts about such parameters as frequency, duration, and route of
exposure, susceptible populations, age, and reproductive status be conveyed
without some sense of context. For those reasons, the narrative form is crucial.

The last step is a listing of references for papers and studies of the agent of
interest.

DETAILS OF THE EVALUATIVE PROCESS

The sections below detail the steps of the evaluative process recommended
by the subcommittee. Box 2-1 is a sample table of contents from an evaluation
of lithium (Moore et al. 1995b) using a similar process.
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Exposure Data

Human exposure data are evaluated to achieve three goals:

•  To identify potentially exposed populations.
•  To identify potential pathways of exposure and to describe the

parameters associated with each pattem of use, including route, dose,
duration, frequency, timing, age, and number of people potentially
exposed.

•  To estimate the range of exposure and thus obtain quantitative estimates
of exposures associated with each pattern of use.

Although human exposure data are essential for accurate evaluation of an
agent's risk potential, data of sufficient quality and quantity are frequently
unavailable. Thus, there is uncertainty in the exposure component of the
evaluative process, even as there is in hazard characterization. When toxicity
data indicate the potential for an adverse effect, the need to estimate the nature
of human exposure becomes imperative. In those instances, exposure estimates
can be derived using modeling approaches based on data from other sources,
and one or more default assumptions can be used. The greater the number of
default assumptions employed, the greater the uncertainty about the accuracy of
the expert judgment.

A chemical might have a variety of uses, and the concentration, route, and
frequency of exposure can differ for each use. The physical form of the
chemical and the presence of other agents also might vary with use. Those
factors can dramatically influence both the probability that exposure will lead to
absorption into the body and the rate at which absorption occurs. Some uses
might lead to indirect exposures, perhaps resulting from deliberate, incidental,
or accidental environmental releases of the chemical. Pesticide residues in food
are an example of exposure that arises from a deliberate environmental release.
Incidental or deliberate releases of pesticides, through normal use, might lead to
exposure through drinking water or in respired air. Some exposures are direct:
Examples include consuming a chemical as a drug or using chemicals to mask
odors. Although the frequency and intensity of exposure to an agent are
typically greatest in occupational
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settings, sometimes use of certain products by Navy personnel outside the
workplace can lead to episodes of exposure intensity that approach or exceed
occupational exposures. Examples include the use of cosmetics and
nonprescription drugs; pesticide applications in the home; furniture refinishing;
and home remodeling.

Because it is frequently difficult to establish directly many patterns of
agent use, data on exposure can be estimated by indirect modeling (EPA 1992).
Indirect assessments use available information on concentrations of chemicals
in exposure media, and information about when, where, and how individuals
might have contact with the exposure media. Models and a series of exposure
factors (e.g., agent concentration, contact duration, contact frequency) are then
used to estimate exposure. The models can be deterministic or probabilistic. A
deterministic model provides a point estimate of exposure; a probabilistic model
considers the range of estimates and provides a probability distribution of
exposures. Data sets are rarely complete and, therefore, exposure estimates are
developed using various default assumptions (combined with the modeling
estimates). For example, to estimate the risk posed by pesticides in foods, EPA
initially assumes that residues are at tolerance levels and that 100% of a crop
has been treated (EPA 1999). To maintain occupational exposure limits,
personal exposure monitoring techniques can be used.

Exposure assessments generally focus on a single chemical and a single
route of exposure. However, there have been recent efforts to examine multiple
pathways of exposure. The current approach is to add the single point estimates
for each exposure source to arrive at a sum. Research continues on developing
new data and exposure models for estimating multiple-pathway exposures.

It might not be necessary to review each exposure parameter on a chemical-
and use-specific basis. Exposure paradigms and values that are in regular use in
government agencies or that are recommended by scientific organizations could
be adopted. The American Conference of Government Industrial Hygienists'
(ACGIH) Threshold Limit Values (TLVs) and Biological Exposure Indices
(BEIs) (ACGIH 2000), the U.S. National Institute for Occupational Safety and
Health's (NIOSH) recommended exposure limits (RELs) (NIOSH 2000), and
the U.S. Occupational Safety and Health Administration's (OSHA) permissible
exposure limits (PELs) and short-term exposure limits (STELs) (29
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CFR Part 1910 Subpart Z) provide guidance on controlling workplace
exposures. The specific paradigm and values should be referenced in each
instance. Consistent with the preference to supplant default assumptions with
actual data, the process should make reasonable efforts to ascertain the
availability and quality of such data and explicitly state where the process
makes use of default assumptions or actual data.

Several exposure conditions are unique for reproductive and
developmental toxicity. For example, an adverse effect on reproductive function
could depend on when exposure occurs during male and female development.
Exposure that occurs during prenatal and postnatal development can affect
reproductive function differently than exposure that occurs in adulthood.
Different groups (embryo, fetus, neonate, juvenile, young adult, and older adult)
can vary in susceptibility.

For male and female reproductive toxicity, exposure assessments should
consider the duration and period of exposure during development (prenatal,
prepubescent, and reproductive) and physiological state in females (pregnancy,
lactation, peri- and postmenopausal).

Exposure of the conceptus to a chemical agent depends on maternal
absorption, distribution, metabolism, and placental metabolism and transfer.
Transit time in the conceptus also depends on its ability to metabolize and
excrete the chemical. In a few cases, a chemical agent will have its primary
effect on the maternal system (Daston et al. 1994), and the effect on the
conceptus will not depend on exposure to the agent and its metabolites but on
some factor induced in the mother. Infants can be exposed via breast milk,
especially to metals and fat soluble-agents. There are data that suggest that lead
is mobilized during pregnancy and lactation, along with calcium from bone
stores, and excreted in milk in women during lactation (Silbergeld et al. 1988;
Silbergeld 1991; Gulson et al. 1997). Thus, exposure of the conceptus and child
often will not be the same as for the pregnant or lactating mother, and
measurement of the agent in cord blood and in breast milk could give a better
exposure estimate.

Exposures during pregnancy should be characterized as to the time during
pregnancy, at least during the first, second, or third trimester (although
identification of the week or month is more desirable). Sensitivity to a particular
agent can differ at various times during
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pregnancy, and exposure estimates should be characterized for as many effects
as possible. In addition, exposure to either parent prior to conception should be
considered as a possibility in the production of adverse developmental effects
(Olshan et al. 1994).

Even a single exposure, no matter the duration, might result in
reproductive or developmental toxicity. Agents that show accumulation with
repeated exposures or that have a long half-life will result in greater exposures
over time. The pattern of exposure is extremely important in predicting
outcome, and it is usually difficult to extrapolate results from one pattern to
another unless pharmacokinetic data are available to illuminate the differences.
In the case of intermittent exposures, peak exposures and averages over time
should be considered.

Unique to exposure during development is that there are often latent
effects, except in cases of spontaneous abortion that occur during or shortly
after exposure. For example, effects of exposure during pregnancy might not be
manifested until after birth in the form of structural malformations, impaired
growth, cancer, mental retardation, or other functional defects. In some cases,
the results of exposure might not become apparent until long after the
developmental period, including neurotoxic effects that are not evident until
adulthood or until another factor (e.g., disease, other environmental challenges,
aging) intervenes (Barone 1995).

Each evaluation should describe patterns of use, with specific emphasis on
the potential for direct or indirect exposure. Data on real or estimated levels of
exposures should be collected, as should information on population
distributions, intensity, routes, timing, and durations. Other data of value
include industrial hygiene measurements at the point of manufacture, materials
balance (input, products, waste) at the point of production, shipping patterns
and methods of transportation, industrial hygiene measurements at point of use
if relevant, and ambient-air monitoring data. Where there are multiple patterns
of use or routes of exposure, an effort should be made to determine whether
some patterns account for larger exposures than others. The evaluations also
should consider data on environmental fate and transport. Toxic release
inventory data and data residues in food and potable water should be included,
if available. Evaluations of drugs should gather basic dosimetry information,
including a profile of the user population and pharmacokinetic data.
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Valuable general references include the Exposure Factors Handbook (EPA
1997a) and EPA's exposure assessment guidelines (EPA 1992). The Pesticide
Assessment Guidelines, Subdivision U, Applicator Exposure Monitoring (EPA
1987) and the Standard Operating Procedures (SOPs) for Residential Exposure
Assessments (EPA 1997b) should be consulted in the analysis of specific
occupational and residential exposures. Guidance on controlling workplace
exposures to chemicals and physical agents can be obtained from ACGIH's
TLV occupational exposure guidelines and BEIs (ACGIH 2000), the NIOSH
Pocket Guide to Chemical Hazards (NPG) (NIOSH 2000), and the
Occupational Safety and Health Guidelines for Chemical Hazards (29 CFR Part
1910 Subpart Z).

General Toxicological and Biological Parameters

Chemistry

Generic chemical class data are often relevant to assessing potential
toxicity and should be a part of any evaluation. The relevant information
includes structure-activity relationships and physical-chemical properties, such
as melting point, boiling point, solubility, and octanol-water partition
coefficient. Physical-chemical properties affect an agent's absorption, tissue
distribution, biotransformation, and degradation in the body.

Basic Toxicity

Reproductive or developmental toxicity endpoints must be interpreted in
the context of general toxicity that could also occur in the same animals. Toxic
effects reported from other studies can be particularly valuable because
excessive toxicity could significantly confound the interpretation of a
reproductive or developmental toxicity study. Observations from studies of
other toxicity endpoints might either strengthen or weaken the conclusions to be
drawn from a reproductive or developmental study and provide information
about target organs that should be evaluated further in developing animals.

Relevant toxicity data typically originate from acute (single dose)
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or repeated-dose studies of up to 90-days' duration. Protocols for those studies
have been developed by FDA, EPA, OECD and other federal regulatory
agencies. International entities promulgate broadly accepted test guidelines.

Acute Studies

Acute studies, for which the primary endpoint is lethality, are most often
conducted in rats or mice by the oral or inhalation routes, or in rabbits by the
oral or dermal routes of exposure.

Although acute lethality data are not predictive of reproductive or
developmental toxicity, they are useful indicators of divergences in species or
route sensitivity. When there are significant species differences in acute
toxicity, for example, one would also expect differences between species in the
doses that would cause reproductive or developmental toxicity. Doses for such
studies are selected on the basis of general toxicity parameters, such as
mortality, body weight, organ weight, and gross necropsy findings. Typically,
these studies are conducted to determine the lethal dose for 50% of the test
animals (LD50) or some other measure of mortality, and a NOAEL and LOAEL
are not defined. If a NOAEL and LOAEL are defined within the range of doses
tested, species differences in the dose range for testing will be manifested as
species differences in NOAELs and LOAELs. For a thorough review and
discussion of acute toxicity testing, see Gad and Chengelis (1998).

Acute toxicity data also can suggest the extent of absorption through
different routes of exposure. If, for example, systemic toxicity or death can
occur as a result of significant absorption of the chemical through dermal
exposure, it must be assumed that dermal exposure also can cause reproductive
or developmental toxicity.

Repeated-Dose Studies

In repeated-dose studies, animals are exposed for periods that typically
range over 14, 28, 60, or 90 days. Those exposures might occur by oral,
inhalation, or dermal routes. Most commonly, the studies use rats or mice, but
data are sometimes available from studies in
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rabbits (especially for dermal exposure), dogs, or subhuman primates.
Repeated-dose studies identify the organs that are principally affected.

Data also are used to define the slopes of dose-response curves and NOAELs
and LOAELs for the toxic endpoints and to identify sex and species differences
in toxicity at sublethal exposure. Measurements and observations in these
studies include body weight, clinical signs, feed and water consumption, and
parameters of clinical pathology (hematology, clinical chemistry measures of
organ function). At the termination of the study, all animals undergo gross
necropsy examination, and selected organs (usually liver, kidney, brain, gonads,
ovaries, uterus, spleen, thymus) are weighed. Portions of all organs are
preserved for histopathological examination.

Repeated-dose studies can be modified to provide valuable information on
reproductive organs and, to a limited extent, on function. For example,
accessory sex organs and the epididymides can be weighed in males. Sperm can
be examined for concentration, motility, and abnormalities. Spermatid head
counts are a useful measure of sperm production. Proper fixation, embedding,
and staining of testes can permit detection of disrupted spermatogenesis
(Chapin et al. 1985). Monitoring the vaginal cyclicity of females can be a useful
complement to histological or endocrine data.

Changes in the weight or morphology of the reproductive organs must be
interpreted in the context of other systemic or general toxicity. Such effects
must be considered in the overall evaluation of reproductive toxicity, especially
if there is no evidence of other systemic toxicity. The predictive value of these
observations, made in 13-week rodent toxicity studies, as a screening system for
reproductive toxicants has been reviewed by Morrissey et al. (1988a,b).
Reproductive organ weights (testis, epididymis, cauda epididymis) and sperm
motility were the most statistically powerful endpoints evaluated in males.
Female cycle length was of lower predictive value because of variability within
individual animals and among animals.

The dose at which toxicity to adult animals is observed in a reproductive
study should be compared with the doses at which toxicity is observed in other
toxicity studies. Such comparisons can be used to determine whether the
pregnant or lactating female might be more sensitive to an agent than are
nonpregnant or nonlactating females. The sensitivity of the paternal animal, if
exposed, should also be compared.
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Genetic Toxicity

Genetic damage is a possible mechanism, but not the only one, by which
reproductive or developmental toxicity occurs. Although results of genetic
toxicity screens alone should not be used as predictors of reproductive or
developmental toxicity, genotoxicity assays such as the dominant lethal test and
germ cell mutagenicity assay, or heritable translocation data, might provide
supplemental information about reproductive or developmental toxicity.

Pharmacokinetics

Data on the pharmacokinetics of a particular agent, both in the species
tested and in humans, can be a great aid in extrapolating toxic doses between
species. Information on absorption, half-life, steadystate, and distribution with
time of the parent compound and metabolites; placental metabolism and
transfer; number of metabolic pathways; and comparative metabolism could be
useful in predicting the risk of reproductive and developmental toxicity in
humans. Such data also might assist in explaining dose-response curves for
toxicity, developing more accurate comparisons of species sensitivities (Wilson
et al. 1975,1977), determining dosimetry at target sites, and comparing
pharmacokinetic profiles for various dose regimens or routes of exposure.
Substantial advances in the understanding of pharmacokinetics have been made,
but there is still considerable uncertainty about when and how changes in
human pregnancy alter pharmacokinetics (Scialli and Lione 1998). Luecke et al.
(1994) and O'Flaherty et al. (1992) have developed pregnancy physiologically-
based pharmacokinetics (PBPK) models that can be used to examine these
changes.

Pharmacokinetic studies in reproductive and developmental toxicology are
most useful if they are conducted in animals during the stages in which
reproductive and developmental insults occur. The correlation of
pharmacokinetic parameters and reproductive and developmental toxicity data
might enhance our understanding of both the effects observed and of their
predictive value (Kimmel and Young 1983; Hansen et al. 1999).

Assessments of risk for reproductive or developmental toxicity that
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are based on pharmacokinetic data are rarely unequivocal. One possible
exception is the finding of limited or no absorption of a chemical after
accidental or therapeutic exposure. For example, despite the established
teratogenicity of some retiniods (e.g., Accutane) at therapeutic doses, the
acceptability of all transretinoic acid (tretinoin) for dermal application was
based in part on minimal or undetectable changes of the circulating
concentration of endogenous retinoids after such exposure. More commonly,
pharmacokinetic information will provide an improved estimate of internal dose
that can be used for comparison with outcomes to provide a better basis for any
estimate of risk in humans, including that for reproductive and developmental
toxicity.

Because human pharmacokinetic data are often minimal, absorption data
from studies of experimental animals–by any relevant route of exposure–might
assist those who must apply animal toxicity data to risk assessment. Results of a
dermal developmental toxicity study that shows no adverse developmental
effects are potentially misleading if uptake through the skin is not documented.
Such a study would be insufficient for risk assessment, especially if it were
interpreted as a “negative” study (one that showed no adverse effect). In studies
where developmental toxicity is detected, regardless of the route of exposure,
skin absorption data can be used to establish the internal dose in the pregnant
animal for risk extrapolation to human dermal exposure. For a discussion
pertinent both to the development and to the application of pharmacokinetic
data, risk assessors can consult the conclusions of the Workshop on the
Acceptability and Interpretation of Dermal Developmental Toxicity Studies
(Kimmel and Francis 1990).

Effective management of human risk is most likely accomplished through
management of human exposure. Animal toxicity studies typically define a
response as a function of exposure. Common descriptions of exposure
(milligrams per kilogram of body weight, parts per million per hour, milligrams
per cubic meter per hour, and so on) can be a poor surrogate for the
toxicologically important target organ dose of the active metabolite. That is
particularly true for inhalation or dermal exposure. Thus, the extrapolation of
potential human risk from animal toxicity data without further knowledge of
internal dosage will result in uncertainty. When it is established that a chemical
or its metabolite is absorbed into the systemic circulation, the most impor
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tant pharmacokinetic information will be delineation of the active agent, parent
compound, or metabolite. Without this information, the usefulness of other
kinetic data is decreased.

The greater the depth of understanding of toxicity and agent deposition in
animals and humans, the less is the uncertainty that attends extrapolation across
species and routes of exposure. When such pharmacokinetic studies are done,
apparent species differences in susceptibility are often found to result from
differences in absorption, fate, or elimination of the potential toxic agent rather
than to biological differences in susceptibility (Renwick 1993).

Regulatory authorities typically require use of the maximum-tolerated dose
(MTD) concept in nonhuman toxicological studies done in support of product
registration. The use of the MTD serves to maximize response and ensure
detection of all possible toxicities. However, large administered doses required
to reach the MTD might result in saturation of elimination processes and
exaggerated internal concentrations of the test agent. Indeed, pharmacokinetic
studies showed this phenomenon for numerous therapeutic and environmental
agents in the late 1960s and during the 1970s, and led to the simplistic
subdivision of dose-dependent and dose-independent classifications of kinetics.
Administered doses that are high enough to result in dose-independent kinetics
often elicit toxic effects that are not observed at lower doses exhibiting dose-
dependent kinetics (Young and Holson 1978).

It will be helpful to understand whether an agent that causes reproductive
or developmental toxicity acts by exceeding a threshold concentration for a
brief period of time or whether a protracted exposure is required to initiate an
adverse effect. Such information could be helpful in judging the potential
hazards posed by human exposure. For example, valproic-acid-induced
exencephaly in the murine embryo requires that a threshold concentration be
surpassed, but only for a short time. Larger total drug exposure (the area under
the curve [AUC]) via infusion regimes is less active in this regard, indicating
that peak concentration (Cmax) rather than total exposure (AUC) underlies the
ability of this agent to induce a teratogenic response in mice. In contrast,
antiepileptic therapy with valproic acid is used to maintain drug concentrations
in the therapeutic range, so the Cmax in human patients is 6-10-fold less than a
teratogenic concentration in mice (Nau
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1986). A similar inference has been made for caffeine teratogenicity (Sullivan
et al. 1987): A large single dose induced a teratogenic response, but the same
amount given as four equal doses caused no malformations.

Caution in the dogmatic application of such information is necessary
because a single agent can act through both pharmacokinetic exposure patterns.
2-Methoxyacetic acid, the active metabolite of 2-methoxyethanol (ethylene
glycol monomethyl ether)–a chemical found in the environment–is proposed to
induce murine limb malformations according to the AUC (Clarke et al. 1992).
The same laboratory (Terry et al. 1994) demonstrated that, given earlier in
mouse pregnancy, this agent can induce neural tube defects correlated with peak
exposure. Other agents have demonstrated teratogenic activity that relies on the
duration of exposure given a specific dose. For example, the teratogenicity of
all-trans retinoic acid in the rat has been correlated with duration of exposure
(Tzimas et al. 1997). In other cases, outcome has been correlated with both
concentration and duration of exposure (Weller et al. 1999). In that study,
animals exposed to short, high concentrations of ethylene oxide by inhalation
on day 7 of gestation were found to have more adverse developmental effects
than did animals exposed to the same concentration X time multiple but at
longer, lower exposures.

Developmental toxicology studies are traditionally designed to initiate
dosing at the beginning of organogenesis, which could be the wrong approach
for compounds that have a long half-life because steady-state concentration is
reached only after dosing for approximately four half-lives. For example, a
compound with a 24-hour half-life will not reach steady-state concentration
until 4 days of single, daily dose administration. In small animals with a short
gestation, such as mice or rats, the embryo might reach a developmental stage
of decreased sensitivity by the time steady-state concentration is achieved.
Thus, pharmacokinetic information can aid in proper design of new studies or
foster more accurate interpretation of results from studies already conducted.

Interpretation of data from studies in which maternal animals are exposed
during lactation should account for possible interactions of the agent with
maternal behavior, pup suckling behavior, and milk composition. The analysis
should further consider possible direct exposure
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of pups via nursing, dosed feed or water, and exposure to the dam's skin, hair,
or feces (EPA 1991).

In summary, the correct application of pharmacokinetic information in the
judgment of risk requires a broad view of pharmacological and toxicological
principles, and a thorough understanding of reproductive and developmental
biology. In this regard, several general references can aid an assessment team in
making the best use of the available information (Nau 1986; Nau and Scott
1987; Yacobi et al. 1993). Kimmel and Francis (1990) presented a decision-tree
approach for applying pharmacokinetic information for dermal exposures that
should be considered for other routes of administration as well.

Reproductive and Developmental Toxicity

Data for assessing reproductive or developmental toxicity are derived both
from observations of humans and from experimental animal studies. It is
beyond the scope of this document to enumerate the kinds of data that can
permit a complete assessment of reproductive and developmental toxicity that
covers all situations. The definition of a sufficient data set changes as scientific
knowledge accumulates on specific agents and as the understanding of the
predictive capabilities of animal models and other procedures improves.
Appendix C and Appendix D of this document describe studies that commonly
provide such information and offer guidance in their interpretation.

The reproductive and developmental toxicity data component of the
evaluative process determines one or the other of two judgments: first, that the
collective data are sufficient (or insufficient) to ascribe an adverse effect under
specified conditions; and second, that the data are sufficient (or insufficient) to
conclude that there is no adverse effect under specified conditions. To ensure
systematic rigor, the process evaluates the experimental animal data and the
human data independently. Each assessment uses a standard format to
summarize the conditions of the test (species, dose, route, timing, duration) in
which the effect (e.g., decreased sperm count, increased length of estrous cycle,
altered sexual dfferentiation of offspring) was or was not observed.

The independent consideration of animal and human data is an initial, and
incomplete, step. Only when those independent assess
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ments are combined and integrated with analyses from the chemical and
biological data section does the assessment achieve significance for health
characterization purposes. Finally, the quantitative assessment of the dose-
response data and integration of the toxicity and exposure information provides
a characterization of risk. Chapter 3 of this report describes the integrative
process.

Human Data

Given that the goal of the evaluative process is to protect human health,
including reproductive and developmental processes in men and women, human
data are critical.

Human studies include epidemiological investigations, clinical series, and
case reports. Epidemiology is “the study of the distribution and determinants of
health-related states or events in specific populations, and the application of that
study to control of health problems” (Last 1995). Epidemiological studies focus
primarily on human populations, although animals (as in veterinary
epidemiology) or records (as in health services research) can be used as the unit
of analysis. Human data can be found in a variety of sources; however, the
quality of data varies from case reports to thorough epidemiological
investigations.

It is important to note that not all human studies that can be used to
evaluate effects meet the scientific rigor of the epidemiological method, the
characteristic that differentiates an epidemiological study from others conducted
in humans. The essential elements include the following:

1. Formulation of a well-defined research question or study hypothesis
that is suitable for testing.

2. Description of the target or study population or a representative
(probability) sample of it.

3. Implementation of a standardized methodology for data collection
(exposure and outcome or effect modifiers or confounders).

4. Availability of a well-designed and descriptive analytical plan that
is appropriate given the design, level of measurement, attributes of
variables, and underlying statistical assumptions.

5. Careful interpretation of the data.
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A brief discussion of each feature can be found later in this chapter.
Underlying the epidemiological method are two assumptions: first, that disease
does not occur randomly and, second, that systematic study can identify factors
that cause or can prevent disease (Hennekens and Buring 1987). Those design
features help to ensure the scientific validity of human data, and they
underscore the added strength and utility of epidemiological data that contribute
to assessment of human health risk from toxicological hazards.

Weighing the Evidence

All epidemiological studies should be critically evaluated with respect to
research design (especially in relation to study purposes), methods, analysis,
and interpretation of results. Evaluation requires all aspects of the
epidemiological method to be weighed carefully, as shown in Box 2-2.

Although some researchers advocate ranking studies by design type, this
approach can be overly simplistic because it assumes strict adherence to
methodological rigor. In essence, there is no single way to rank studies; design
and methodology must be considered simultaneously. For example, a cohort
study of limited statistical power should not be weighed more heavily than a
well-conducted case-control study. Critical weighing of the available literature
is necessary.

Selection of an appropriate control group is an important criterion for
assessing case-control studies. The control groups should be similar to the study
group, save for the presence of disease. Controls can be selected from registries,
such as the list of people kept by departments of motor vehicles or voter
registration; or they can be drawn from neighborhoods, hospitals, or lists of
friends and family, depending on the study's hypothesis. Selection of
appropriate controls minimizes selection bias and enhances validity of case-
control studies.

For methodological aspects, greater weight should be assigned to studies
that use an entire population or employ probability sampling techniques to
develop a random sample. Probability samples help ensure the external validity
(generalizability) of study results. There are various types of probability
samples: simple, systematic, stratified, cluster, or multistage random sampling.
The choice of the sample is predicated on the study's purpose.
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Epidemiological studies that collect data from several sources are useful
because their validity and reliability can be further assessed. Such studies
should be given greater weight than those that rely exclusively on self-reported
data. The use of biological markers of exposure, susceptibility, or effect in
disease is another strategy for maximizing the validity of study results.
However, careful interpretation of biomarker data is needed, given our limited
understanding of what the findings might actually mean in terms of human
health.

Selection of a health outcome for study depends in part upon the exposure
of interest and methodological considerations such as the ability to define,
measure, and validate adverse outcomes, especially if self-reported. Operational
definitions for outcomes can be general or specific in nature (e.g., all birth
defects versus spina bifida, respectively), and will affect the type of statistical
analysis which can be performed and the interpretation of results. Statistical
power may be limited if restrictive operational definitions are used for rare
outcomes, or if other important covariates cannot be fully addressed.

Use of a standardized methodology for ascertaining data on exposure,
outcome, or other relevant covariates is an essential feature of an
epidemiological study that enhances the validity of results. All study
participants should be subjected to the same method for collecting data. In-
person interviews are reported to provide the most reliable self-reported
exposure data, followed by telephone or mail survey techniques. Standardized
forms for collecting existing data also should be used.

Epidemiological studies of sufficient size to minimize Type I (alpha) and
II (beta) errors should be weighed more heavily than statistically underpowered
studies. Type I error is the incorrect rejection of the null hypotheses–the
investigator erroneously concludes that an association exists. Alpha levels, by
convention, are typically set at .05, which denotes that a “significant” chance
finding can occur 5% of the time. Type II errors occur when the investigator
fails to reject the null hypothesis when an association does exist. Beta levels, by
convention, are typically set at .20, yielding a study power of 80% –a study
detects a true difference 80% of the time. Ad hoc power calculations can
provide better insight about the sufficiency of the sample for study purposes.
However, many published papers are secondary analyses
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with uncertain statistical power. As such, the absence of an effect needs to be
weighed in relation to the study's statistical power and interpreted accordingly.

The analytical plan of epidemiological studies should use descrip tive and
analytical techniques in describing the sample and results. Descriptive statistics,
such as frequency distributions, cross-tabulations, measures of central tendency,
and variation, can help explain underlying distributions of variables and direct
the assessment of appropriateness of more advanced statistical techniques.
Careful weighing of study findings with respect to the design and methods helps
to ensure the validity of results.

Greater weight should be assigned to epidemiological studies that have
carefully assessed statistical significance. Because a wide variety of statistical
tools are available for testing significance, consideration must to be given to the
design of the study, to the types of data collected, to the sample size, and to the
study purpose. Several textbooks provide diagrams to assist in selecting the
appropriate statistics (e.g., Hennekens et al. 1987). Studies that provide
confidence intervals and not just probability values alone should be assigned
more weight.

The chance of Type I and II errors should be considered. Alternative
explanations for the results should be carefully addressed. Studies that discuss
results in relationship to chance findings, random errors, possible confounders,
or sources of bias should be weighed more heavily than are studies that ignore
or incompletely address those issues.

Case Reports and Clinical Series

Almost all exposures that are currently recognized as having unequivocal
developmental or reproductive toxicity in humans were initially recognized in
case reports and clinical series. This was possible because adverse reproductive
exposures typically produce qualitatively distinct patterns of toxicity. They do
not normally affect all reproductive and developmental outcomes
indiscriminately. This effect is most apparent with developmental toxicity–
exposure to a particular agent during development characteristically causes a
distinctive pattern of congenital anomalies depending on the timing of exposure.
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Clinical series can be compelling when they demonstrate the occurrence of
a highly characteristic pattern of anomalies in children of women who
experienced similar well-defined exposures at similar times in pregnancy. The
association is especially convincing if both the pattern of anomalies and the
exposure are rare in other circumstances. For example, the characteristic
patterns of congenital anomalies produced by excessive maternal exposure to
alcohol, toluene, methylmercury, or polychlorinated biphenyls during
pregnancy led to recognition of the developmental toxicity of exposure to these
substances. The dysmorphic syndromes that occur–fetal alcohol syndrome,
toluene embryopathy, congenital Minimata disease, and congenital rice oil
disease, respectively–are not distinguished by the presence of a single
distinctive feature. In fact, many of the component features are rather common
and can have a variety of causes. When the features occur together, however,
they constitute a distinctive pattern of congenital anomalies that is rare except in
children born to mothers who have been exposed to one of these substances
during pregnancy.

In contrast to well-designed cohort and case-control studies, neither case
reports nor clinical series can provide reliable quantitative estimates of the risk
of adverse outcome in children of women with a toxic exposure during
pregnancy. Case reports and clinical series are useful as a means for generating
hypotheses that can be tested with analytical designs. Adverse reproductive
outcomes are common in the general population–spontaneous abortion occurs
in 15-20 % of recognized pregnancies, and approximately 5% of all children
have serious congenital anomalies or mental retardation that become apparent
within the first year of life. The frequency of learning disabilities and
behavioral disorders in childhood is even greater. Coincidental occurrence of
various exposures in a pregnant woman and miscarriage or congenital anomaly
in the offspring is, therefore, common. Chance associations are even more
likely if one considers the full range of possible adverse reproductive effects
and exposure of either parent for a variable period of time before conception.
The observation of adverse developmental or reproductive outcomes in a few
case reports or clinical series is, therefore, never sufficient by itself to establish
the reproductive toxicity of an exposure in humans.
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Assessing Causality in Human Studies

Careful attention must be given to assessing causality. Causation also can
be ranked in terms of weight of evidence (Jekel et al. 1996). Greater weight is
given to a sufficient cause that, when present, always results in disease. Next, a
necessary cause also precedes disease and, when absent, cannot result in
disease. The third and weakest type of causation is a risk factor that when
present, increases the likelihood of an outcome in exposed versus unexposed
individuals. A risk factor is neither a necessary nor a sufficient cause of death or
adverse health outcome. Most observational studies estimate risk factors in
assessing causality. Necessary and sufficient causes are often useful for the
study of infectious diseases.

If an association is observed between exposure to a specific substance and
a particular adverse outcome, the investigator must determine whether it is a
chance finding or causal in nature. There are several widely recognized criteria
for assessing causality, including temporal relationships, strength of association,
dose-response relationships, replication of findings, biological plausibility,
consideration of alternative explanations, cessation of exposure, and specificity
of association (Gordis 1996). Experimental and observational designs alike can
assess temporal relationships; descriptive studies cannot.

The strength of an association and dose-response relationships are
determined in an observational epidemiological study by assessment of the
relative risk (RR) for cohort studies or odds ratios (ORs) for case-control
studies. RRs or ORs greater than 1.0 denote an increase in risk of disease given
exposure in comparison with the unexposed. Conversely, a RR or OR of less
than 1.0 denotes a reduction in risk of disease given exposure. RRs or ORs
equal to 1.0 denote no effect. Confidence intervals that exclude 1.0 indicate
statistical significance of the risk factor. Multivariate modeling or stratification
procedures can be used in observational studies to assess for confounding,
interaction, or effect modification and, thereby, to help rule out alternative
explanations.

The existing literature is used to assess the remaining criteria for causality:
replication of findings in other populations, biological plausibility to aid in
interpreting risk factors, cessation of exposure, specific
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ity of association, and consistency with other knowledge. In attempting to
assess causality based on the available data, careful consideration must be given
to the direction and strength of statistical estimates across studies that use
various populations and study designs. Formalized approaches currently are
available to weigh empirical findings (e.g., meta-analysis) and should be
considered. The actual interpretation of the empirical evidence must be
tempered by study limitations and attention to methodological rigor. If human
data are considered with animal data, the plausibility of the agent causing an
adverse outcome could be enhanced. See Appendix C for further discussion of
causality.

Evaluating human studies requires careful assessment of all elements of
the epidemiological method. This is not an easy process, and it requires
understanding of research methodology and appreciation of biostatistics.

Experimental Animal Toxicity

Utility and Limitations

The study of chemical exposure in experimental animals is a reasonably
efficient and effective means for ascertaining a chemical's toxic potential in
humans. Investigators have developed a standard series of animal test
procedures that domestic and international regulatory bodies require, for
example, for approval to market drugs, pesticides, and, to a lesser degree, other
industrial and commercial substances. Data showing adverse effects from such
animal reproductive and developmental toxicity studies are assumed to be
predictive of a potential human reproductive or developmental effect, although
the precise manifestations may not be the same. This assumption is based on
comparisons of data from animals and humans for exposures that are known to
cause human reproductive and developmental toxicity (Thomas 1981; Nisbet
and Karch 1983; Kimmel et al. 1984; Hemminki and Vineis 1985; Meistrich
1986; Working 1988; Francis et al. 1990; Newman et al. 1993). Animal models
are available for all known exposures causing reproductive toxicity in humans,
and in many cases the effects in animals are similar, or are of a similar type, as
those
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observed in humans (Kimmel et al. 1984,1990; Schardein 1998). The species
that show strict concordance with human effects vary (Schardein 1998), but this
is likely due to variability in human exposure, the level of exposure, and
differences in pharmacokinetics and pharmacodynamics that are to some extent
chemical-specific.

Despite the proven utility of animal and other laboratory data, several
factors can limit their usefulness. There are close similarities among mammals
in such biological processes as fetal and embryonic development, sperm
production, and ovulation, but distinct differences and variations also exist
among species. Such differences can limit the certainty of predicting that an
effect seen in a laboratory species will occur in humans. It is not uncommon, for
example, for one animal species to exhibit an adverse effect, while a second
species either shows no effect or shows effects only at markedly different doses.
There are practical restraints on the number of animals that can be studied; this
places statistical limits on the certainty of some test results. Poor study design
or laboratory practices also can compromise the data. Thus, because
experimental animal toxicity data can be misinterpreted, it is imperative that the
evaluative process include a review and interpretation of animal data by
scientists with appropriate training and experience. The logic that underpins
their interpretation of data should be stated clearly in the evaluation so that
other experts can understand the basis for the evaluative judgment.

Adverse Effect

In general, three criteria must be met to support a conclusion that animal
data are sufficient to indicate an adverse effect in the species studied under the
conditions specified for the experiment:

•  At least one well-conducted study must show reproductive or
developmental toxicity in a mammalian species. When the study data
are insufficient, improper study design or execution, inadequate doses
or duration of exposure, poor survival, or too few animals to achieve
statistical power are often the cause. At present, no nonmammalian or
in vitro systems are considered to be predictive of human responses,
and are not accepted by
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regulatory agencies for human hazard assessment of reproductive and
developmental toxicity.

Studies might be considered adequately conducted but still insufficient
because the endpoints are not clearly related to an adverse effect. Such data
should still be cited. For example, only one study might be relevant to
reproductive toxicity. That study might have noted a decrease in production of
progesterone by cultured granulosa cells. Although the study is adequate in
every technical respect, the data themselves are insufficient for rendering an
assessment of animal hazard because the relationship of this effect to an adverse
effect in vivo cannot be predicted. In such an instance, the evaluators should
consider more definitive test data as a critical data requirement for predicting
effects on ovarian function and related outcomes in humans.

•  The data must be interpreted as having biological significance. 
Although the evaluative process strongly endorses the application of
appropriate and rigorous statistical methods, it must be clear that, when
a study meets conventional statistical criteria, it also must yield data
that reflect an effect that is both biologically plausible and considered
adverse.

In the occasional instance where there is statistical but not biological
significance, the evaluation must clearly articulate the basis for concluding that
the evidence is insufficient to show an adverse effect, and discuss the
uncertainties associated with the data. A case in point is the evaluation of
HFC-134a exposure in a two-generation study by Alexander et al. (1996) in
which the parental generation was exposed before mating and during pregnancy
and lactation, and F2 offspring were found to have slight but statistically
significant delays in physical and reflex development that were not clearly dose-
related. Because the F2 generation was never exposed to HFC-134a directly or
indirectly and the changes reported represented a one-half to one-day delay and
were not clearly dose-related, these changes were not considered treatment-
related (see Appendix A for further discussion).

•  Dose response. Evidence of a dose-response relationship is an
important criterion in the assessment of a toxic exposure in
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experimental animal studies. However, traditional dose-response
relationships might not always be observed for some endpoints. With
increasing dose, for example, a pregnancy might end in a fetal loss
rather than in birth of live offspring with malformations.

Typically, the demonstration of no adverse effect requires a larger set of
evidence than does the demonstration of an adverse effect. To support a
conclusion that a given exposure does not cause developmental toxicity, the
available studies must be conducted in at least two mammalian species and
must test for a wide variety of pre- and postnatal outcomes (EPA 1991). A
minimum data set for a conclusion of no reproductive toxicity would normally
consist of at least one two-generation reproductive toxicity study.

Additional studies often are warranted, especially when there is prior
knowledge of the general toxicity of a given agent or chemical class, or when
there is knowledge of the pharmacological activity of the agent. Several
examples illustrate cases in which the minimum data set described above should
not be used as the basis for concluding no adverse effect.

•  The absence of a postnatal functional evaluation in the database renders
the developmental toxicity database incomplete without an additional
developmental neurotoxicity study (Moore et al. 1995a; EPA 1998c).

•  A standard reproductive study in rats showing no effect on the ability of
males to impregnate females should not be considered to support a
conclusion that there is no male reproductive toxicity in all species.
Unlike humans, rodents produce sperm in numbers that greatly exceed
the minimum requirements for fertility. A substantial reduction in
sperm production in rodents may not compromise fertility in rodents
while a less severe reduction in human males could cause reduced
fertility.

•  If there are data that suggest that standard experimental animal species
are not appropriate for comparison with humans, data from a less
commonly used species, such as dog or a nonhu
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man primate that is metabolically similar to humans, would be needed
to confirm the lack of reproductive and developmental toxicity.

•  As they are performed today, in vitro studies will not by themselves
provide sufficient evidence of no adverse effect.

•  Studies in two species are often available in which pregnant females
were exposed during pregnancy and killed just before parturition. This
permits full evaluation of adverse effects on mother and fetus. Such
prenatal developmental toxicity studies designed to determine a
substance's potential to cause structural abnormalities, growth deficits,
or death are available in two species for many agents, drugs and
pesticides, in particular. When such studies demonstrate no adverse
effects, one might conclude that the data are sufficient to indicate that
there is little or no risk that the agent might cause developmental
toxicity manifested at birth. However, it is important to recognize the
limitations of these studies and that if dosing stops at the end of major
organogenesis (gestation day 15 in rats and mice, day 19-20 in rabbits),
later fetal exposures might result in further growth retardation and in
other developmental defects (e.g., those occurring in late-developing
reproductive organs such as hypospadias). In addition, there is no
information from such studies on the postnatal effects of prenatal
exposures, including possible neurobehavioral deficits or other
impaired organ system function.

Similarly, the absence of adverse effects in a two-generation reproductive
study would not preclude the possibility of significant reproductive toxicity that
is not manifested as a fertility problem, unless more detailed sperm evaluations,
estrous cycling, ovarian histology, and endocrine function were included.
Detailed description of animal testing protocols, and their qualifications and
limitations are discussed in Appendix D.
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3

The Evaluative Process: Part II.
Integration of Toxicity and Exposure

Information

he integration step of the evaluative process is conducted in three stages. In
the first stage, the evaluators examine the data for relevance to potential human
toxicity. Then, if the data are determined to be relevant to human exposures, a
quantitative assessment is conducted. Finally, the concluding step of the
evaluative process is the integration of toxicity and exposure information to
characterize the risk of potential reproductive and developmental toxicity. A
narrative summary communicates to Navy environmental health practitioners
the scientific judgment on a chemical's risk for reproductive and developmental
toxicity.

INTERPRETATION OF TOXICITY DATA

The interpretive section of the evaluative process considers all relevant
information in the course of reaching a judgment about whether an exposure has
the potential to cause developmental or reproductive toxicity in humans. In
most cases, animal data are considered relevant indicators of human risk, unless
there is modifying information that suggests otherwise. The most common
reason for
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concluding that no hazard exists for humans is the availability of sufficient
experimental data that reveal no adverse effects in animal studies. Some
experimental data might demonstrate toxicity of limited relevance to humans
because of species differences in metabolism or sensitivity, lack of probable
human exposure, or human evidence of no effect. Animal data in which no
adverse effects are observed do not always preclude human effects, nor do
adverse effects in animals inevitably predict human toxicity.

The evaluative process requires an integrated consideration of a variety of
data. Integration involves combining the summary statements formulated during
the review of animal and human reproductive and developmental toxicity data
and considering them in the context of systemic toxicity parameters and
pharmacokinetic data. A weight-of-evidence approach is then used to formulate
judgments about the potential for human hazard. In this process, the evaluators
develop separate statements to address developmental toxicity, female
reproductive toxicity, and male reproductive toxicity. In each case, the basis for
the judgment is articulated and makes particular note of such critical factors as
replication of effect across species, exposure routes, dose-response parameters,
relationship of effective dose to doses that cause other forms of toxicity, and
comparative metabolic data.

To achieve a degree of consistency in the interpretation of experimental
animal data, this report uses “relevance” terms:

•  Irrelevant means that pharmacokinetic or mechanistic features of the
experimental animal model are known in detail and are demonstrably
inconsistent with human exposure or response.

•  Relevant identifies a data set in an experimental animal species for
which pharmacokinetic and mechanism information is adequate to
demonstrate a particular similarity to humans.

•  Assumed relevant indicates there is no modifying supplemental
information.

For many agents, there is no detailed understanding of absorption,
distribution, biotransformation, or excretion in experimental animals or humans.
In these cases, studies of the most sensitive experimental animal species are
assumed to be relevant, and would thus drive the judgment of potential risk to
humans.
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Where possible, an evaluation should use pharmacokinetic data, including
metabolic and mechanism-of-action information, to determine the relevance of
experimental data to humans. Should the available data for a particular species
demonstrate a pharmacokinetic pattern similar to that found in humans, the data
from that species will be considered relevant. But if, for example, an agent
given to an experimental animal requires biotransformation to produce toxicity,
and if humans are known to be incapable of that biotransformation pathway,
then toxicity data from that experimental animal species would be considered
irrelevant to humans.

Toxicity always depends on exposure conditions, such as route of
administration, timing and duration of administration, and dose. The
conservative default assumption is that, without data to the contrary, treatment
of an experimental animal by any route is assumed relevant to human exposure
by any route. That default assumption can be dropped when adequate modifying
information is available. If, for example, an experimental animal study uses oral
dosing, and humans are known not to absorb the agent by the oral route, then
the experimental data are irrelevant for human oral exposure (but not
necessarily for other routes of human exposure). In another example, if
experimental animals are exposed to an agent via the oral route and adverse
effects are observed, but exposure to humans is topical and the agent is not
absorbed through the skin, then the experimental data are irrelevant to humans.

The use of a template (Box 3-1) for summarizing the available data is
advised as a guide for ensuring consistency in the characterization of
reproductive and developmental hazards.

Default Assumptions To Be Considered in Assessing
Reproductive and Developmental Toxicity Risk

Certainty of judgment about toxicity is in large part proportional to the
quality and amount of chemical-specific data. In many instances, the desired
data are not available; in such circumstances, it has been traditional to adopt
default assumptions and proceed with the assessment. Default assumptions
should incorporate all available information to reduce the level of uncertainty as
much as possible. It
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might be necessary to choose from a range of reasonably plausible default
values, such as the volume of inhaled air for the sedentary individual, the
worker who performs physically demanding tasks, or the active jogger or
marathon runner. In such instances, the common practice is to choose
assumptions that would estimate the upper range of exposure in individuals who
constitute the exposed population. In cases in which there is little or no
information available, the assumption selected might deliberately represent a
worst-case value. In every case, default assumptions should be used sparingly
and openly, with full disclosure of the degree of certainty. The general default
assumptions proposed for use in this evaluative process are summarized below.

BOX 3-1 TEMPLATE FOR SUMMARIZING REPRODUCTIVE
AND DEVELOPMENTAL TOXICITY USING THE EVALUATIVE

PROCESS

There is [sufficient, insufficient] evidence in [humans and/or animals]
that [chemical/agent] [does or does not] cause [reproductive toxicity in
males/females, developmental toxicity] when exposure is [route, dose
range, timing, duration]. Relationship to adult toxicity stated. The data are
[relevant, assumed relevant, irrelevant] to consideration of human risk.

Absorption

Rates of absorption and elimination are assumed by default to be
comparable among species. If experimental animal absorption has been
determined but human absorption is unknown, human absorp
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tion is assumed to be the same as that in the species with the highest degree of
absorption.

When quantitative absorption data for a route of exposure indicate
differences between humans and the relevant test species, the no-observed-
adverse-effect level (NOAEL) might need to be adjusted proportionately.

Cross-Species Extrapolation

When assessing manifestations of toxicity, evaluators might base their
conclusions about relevance on the mechanism that produces a toxicological
effect; however, a basic default assumption is that any manifestation of
reproductive or developmental toxicity is relevant to humans unless the
mechanism by which it occurs is impossible in humans. For example, if a toxic
effect occurs in animals through an inhibition of folic acid synthesis, that effect
would not be considered relevant for humans because humans do not synthesize
folic acid. It is unusual, however, to have such detailed knowledge about
mechanisms of toxicity from experimental animal studies.

It should be noted that the particular effect produced in an experimental
animal study does not generally have a bearing on determinations of relevance.
If an agent causes tail defects in the offspring of treated mice, for example, this
effect is not automatically considered irrelevant to humans simply because
humans do not have tails. Instead, the assumption is that the mouse study
demonstrated that the chemical substance interfered with vertebral development
and therefore has relevance for vertebral or other features of human
development.

Where there are experimental data from more than one species, the default
assumption is that humans are at least as sensitive as the most sensitive animal
species. If the data indicate, however, that some particular species is a more
relevant surrogate for humans, either because of physiological similarity at the
site of action or because of the pharmacokinetic parameters associated with the
substance under review, such information will preempt that general assumption.

In the absence of data, activation and detoxification pathways in
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animals and humans are assumed by default to be qualitatively and
quantitatively similar.

Adjustments of NOAELs from inhalation exposure studies to a human
equivalent concentration, based on adjustments for minute volume, respiratory
rate, and other factors, are appropriate for reproductive and developmental
toxicity (EPA 1994). Toxicity data are scaled directly from experimental
animals to humans on the basis of minute volume per kilogram of body weight
for inhaled materials and by weight (or volume) of the dose per body weight or
surface area for other routes of exposure. The first priority is to use the internal
dose at the target site, if available.

Exposure Duration

Evaluators must assume that a single exposure at a critical time in
development or in the reproductive cycle might produce an adverse effect; that
is, repeated exposure is not necessary for reproductive or developmental
toxicity. The fact that toxicity might be cumulative with repeated exposure is
another important consideration. In most cases, the data available for
reproductive and developmental toxicity risk assessment are from studies that
use repeated exposures. The NOAELs and lowest-observed-adverse-effect
levels (LOAELs) for reproductive and developmental effects are, however,
usually based on a daily dose (e.g., milligrams per kilogram body weight per
day (mg/kg/d)). When extrapolating duration data from animals to humans, it is
important to consider not only the percentage of the life span during which
exposure occurs, but also physiological (including developmental) time of the
life span. Rodent development is much more rapid than in humans and maturity
at birth differs considerably in rodent species and humans. For example, the
duration of exposure in a prenatal developmental toxicity study that extends
from gestation day 6 to gestation day 15 in rats might be expressed as
equivalent to exposure from approximately 1 week to 8 weeks gestation in
humans. Developmental stage also varies among organ systems for
experimental animals and humans, both pre- and postnatally; therefore, relative
developmental stage must be considered for the organ system(s) of
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concern. For example, nervous system development at birth in humans is
approximately equivalent to that 5 days postnatally in rat pups, while
respiratory and cardiovascular function are more similar at birth due to the
demands of the ex utero environment.

Windows of Vulnerability

The concept of windows of vulnerability for developmental toxicity is
generally known and accepted (Wilson 1973; Moore 1988). For example,
thalidomide causes abnormal ear development, autism, duplication of thumbs,
and heart and renal defects after exposure on gestation days 20-24 in humans;
shortened or missing limbs after exposure on gestation days 24-33; and rectal
stenosis and triphalangism of the thumbs on gestation days 35-46 (Schardein
2000; Strömland et al. 1994; Miller and Strömland 1999 ). Screening studies in
animal models usually involve treatment throughout organogenesis and, in
some cases, throughout fetal and early postnatal life, so that critical periods of
vulnerability can not always be discerned. When effects are seen, additional
follow-up studies may be conducted to more clearly delineate the time period
during development when the effects are produced. For example, exposure of
humans to angiotensin converting enzyme (ACE) inhibitors results in
oligohydramnios, renal pathology, fetal growth restriction, hypoplastic
ossification of the skull, and, possibly, patent ductus arteriosus–unexpected
findings based on the standard animal testing studies. When follow-up studies
were conducted, it was shown that these effects resulted from exposure during
the second and third trimester in humans, equivalent to the late fetal and early
neonatal stages in rodents (Barr 1997). Screening studies conducted in animals
using repeated exposures throughout organogenesis may also be followed up
with more discrete exposures to determine critical windows. For example, the
finding that boric acid caused a number of skeletal alterations in studies in rats,
mice, and rabbits with exposure throughout organogenesis (Heindel et al. 1994;
Price et al. 1996), was followed up with studies by Narotsky et al. (1998) that
show the specific times for the induction of skeletal alterations at different sites
in the axial skeleton. Information on critical
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windows of exposure for several organ systems has recently been summarized
(Selevan et al. 2000).

Additivity

Exposure by multiple routes is assumed to be additive. The default
assumption is that simultaneous exposure to multiple agents having the same
site or mode of action results in additive effects. Thus, for example, estimates of
the developmental toxicity of chlorinated dibenzodioxins and dibenzofurans
should consider the use of toxic equivalency factors (Safe 1993), provided the
quantitative value assigned to each congener is relevant to the toxic effect under
consideration.

QUANTITATIVE EVALUATION

Once an assessment has determined that the data indicate human risk
potential, the next step is to perform a quantitative evaluation. Here, dose-
response data from human and animal reproductive and developmental toxicity
studies are analyzed to select LOAELs and NOAELs or to calculate a BMD.
The assessment should use quantitative human dose-response data if the data
span a sufficient range of exposure. Because data on human dose-response
relationships are rarely available, the dose-response evaluation is usually based
on an assessment of data from tests performed in experimental animals.

Box 3-2 defines terms commonly used in quantitative evaluations.

Identification of the NOAEL and LOAEL

The dose-response evaluation defines the range of doses that produce
reproductive and developmental toxicity, the routes of exposure, the timing and
duration of exposure, the species specificity of effects, and any pharmacokinetic
or other considerations that might influence comparison with human exposure.
Much of the focus is on identification of the adverse effect observed at the
LOAEL and the NOAEL for the study.
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BOX 3-2. DEFINITIONS

No-observed-adverse-effect level (NOAEL). The NOAEL is the
highest dose at which there is no biologically significant increase in the
frequency of an adverse reproductive or developmental effect when
compared with an appropriate control group. Biological significance is
based on expert judgment and consideration of statistical analyses.

Lowest-observed-adverse-effect level (LOAEL). The LOAEL is the
lowest dose at which there is a biologically significant increase in the
frequency of adverse developmental or reproductive effects when
compared with the appropriate control group. Biological significance is
based on expert judgment and consideration of statistical analyses.

Uncertainty factors (UF). A UF is a value applied to a NOAEL to
account for variability in response across species and among humans. It
usually is a factor of 10 for each area of variability (uncertainty), although
each factor might be reduced or enlarged according to the quality and
amount of data. Additional factors may be applied to account for
uncertainty due to missing or inadequate data. A factor of 10 is also
commonly applied when the data identify only a LOAEL instead of a
NOAEL.

Unlikely-effect level (UEL). This is an estimate of the daily exposure
of a human population that is assumed to be without appreciable risk of
causing reproductive or developmental effects. The duration can vary,
depending on the human exposure scenario of interest.

Margin of exposure (MOE). The MOE expresses the magnitude of
difference between a level of anticipated human exposure and the highest
level at which there is no significant increase in the frequency of an
adverse effect (NOAEL). The MOE is the ratio of the NOAEL for a specific
toxic effect to the estimated human exposure.

Benchmark dose (BMD). The BMD is used as an alternative to the
NOAEL for reference dose calculations. The dose response is modeled
and the lower confidence bound for a dose at a specified response level is
calculated. For a further description, see the section on BMD calculation.

Human equivalent concentration (HEC). The HEC is used to
describe the dose of an agent to which humans are exposed through
inhalation. The HEC is the estimated concentration that is equivalent to
that used in an experimental animal species. The HEC is estimated using
adjustment factors that account for such species-dosimetric differences as
ventilatory parameters and lung surface areas, as well as factors related
to the gas, aerosol, or particulate nature of the agent.
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Determination of the NOAEL is based in part on the statistical evaluation
of the data from relevant studies. The statistical procedures used should reflect
both the design of the experiment and structure of the data (for example, a
blocked experiment in which the observed individuals are fetuses, but exposed
individuals are their dams), and the type of data (dichotomous, categorical, or
continuous). An overall evaluation of the statistical significance of treatment
effect should be carried out first, ideally using a trend test such as Williams's
Test (1971, 1972) or the NOSTASOT (no statistical significance of trend)
procedure (Tukey et al. 1985), because such tests tend to be more powerful than
analysis of variance (ANOVA)-like tests when the alternative to the null
hypothesis (of no treatment effect) is a monotonically increasing or decreasing
response. In the presence of a significant overall treatment effect, a NOAEL is
determined to be the highest dose level at which there are no significantly
different responses from the control group. This can be determined using
sequential trend tests, sequentially dropping the highest dose in the remaining
set of doses until there is no significant trend, as in the NOSTASOT procedure
(Tukey et al. 1985; Faustman et al. 1994), or Williams's test (Williams
1971,1972), or by conducting pairwise tests that appropriately control the
overall Type I error, such as Dunnett's test for independent, continuous data
(Dunnett 1955, 1964). It should be recognized that the power of reproductive
and developmental toxicity studies to detect effects with typically 20 animals
per dose group varies for endpoints within and between studies. For example,
the likelihood of detecting significant changes in continuous endpoints such as
fetal weight is much greater than the likelihood of detecting significant changes
in malformations (Nelson and Holson 1978). It is beyond the scope of this
document to discuss statistical methods for evaluation of data in detail. Study
types can be of varied design, thereby influencing statistical approaches for
evaluation. Statistical methods for a variety of toxicology study designs are
available (Gad 1998).

The NOAEL and LOAEL are constrained by the exposure concentrations
used in a given experiment. For example, consider the case in which the
administered doses used in an experiment were 1, 10, 100, and 1,000 mg/kg/d
and the highest dose at which no increase in adverse effect (the NOAEL) was
seen was 10/mg/kg/d. The exposure concentration at which no toxicity would
have occurred might have been at any dose between 10 mg/kg/d and just below
100 mg/kg/d,
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but the NOAEL would still be 10 mg/kg/d, because no other doses between 10
and 100 mg/kg/d were tested. The NOAEL approach also neglects the shape of
the dose-response curve and ignores information about responses that were
obtained at higher doses (Figure 3-1), because only the dose at the NOAEL is
used. Finally, the NOAEL is dependent on the statistical power of the study, so
that using larger numbers of animals might have allowed for an effect to be
detected at 10 mg/kg/d, leading to a lower NOAEL.

Calculation of the Benchmark Dose

Because the literature describes several limitations in the use of NOAELs
(Gaylor 1983; Crump 1984; Kimmel and Gaylor 1988), the evaluative process
considers other methods for expressing quantitative dose-response evaluations.
In particular, the BMD approach originally proposed by Crump (1984) is used
to model data in the observed range. That approach was recently endorsed for
use in quantitative risk assessment for developmental toxicity and other
noncancer health effects (Barnes et al. 1995). The BMD can be useful for
interpreting dose-response relationships because it accounts for all the data and,
unlike the determination of the NOAEL or LOAEL, is not limited to the doses
used in the experiment. The BMD approach is especially helpful when a
NOAEL is not available because it makes the use of a default uncertainty factor
for LOAEL to NOAEL extrapolation unnecessary.

The BMD is a model-derived estimate of a particular level of response
above background for dichotomous endpoints that is near the lower limit of the
range of experimentally detectable effects, the benchmark response (BMR; e.g.,
5% or 10%). To obtain the BMD, one begins by modeling the data in the
observed range, resulting in a curve that, for dichotomous data, gives the
probability of response for the experimental dose corresponding to the BMR.
The BMDL is the lower confidence limit on that dose and is the value used for
calculating reference levels.1 Figure 3-2 illustrates the relationship between the
dose-response model, the BMD and the BMDL for a BMR of 10% above
background for a dichotomous endpoint.

1The convention of using BMDL as the lower confidence limit follows the
terminology proposed in the paper by Crump (1995); this has also been adopted
for use in the EPA BMDS software, since it refers explicitly to the lower
confidence limit value.
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FIGURE 3-1 Sample dose-response curves. In each case, the NOAEL is 10 mg/
kg/d and the LOAEL is 100 mg/kg/d, assuming that the increase above control
at these exposures is significant.

Using the BMD approach, one can calculate a value for each effect of an
agent for which sufficient data are available. A level between the
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BMD01 and the BMD10 usually corresponds to the lowest level of observed risk
that can be estimated for dichotomous endpoints without extrapolating to lower
levels. The articles by Allen et al. (1994a,b) and an EPA background document
(1995) provide a broader discussion of these issues. The U.S. Environmental
Protection Agency (EPA) has free software for modeling the BMD and BMDL
(http://www.epa.gov/ncea/bmds.htm).

FIGURE 3-2 Illustration of the BMD. LED10 = BMDL10, lower confidence
limit on the dose resulting in a 10% response; ED10 = BMD10, best estimate of
the dose at a 10% level of response derived from the model. Source: Adapted
from Moore et al. (1995a).

For continuous data, there are several options for deriving the BMR: (1)
the degree of change considered adverse for that effect is used as the BMR and
the data are modeled as continuous data; (2) if individual data are available and
there is an accepted level of change considered adverse, the data can be
“dichotomized” (number above or below the cutoff value, perhaps based on
some quantile of the distribution), and modeled as for dichotomous data; or (3)
in the absence of any knowledge of what to consider adverse, a standard can be
applied (e.g., one standard deviation of the control mean), and data handled as
in 1 or 2 above for the degree of change. An alternative to modeling continuous
data directly is to use the so-called “hybrid” approach, such as that described by
Gaylor and Slikker (1990), Kodell et al. (1995),

THE EVALUATIVE PROCESS: PART II. INTEGRATION OF TOXICITY AND
EXPOSURE INFORMATION

69

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Evaluating Chemical and Other Agent Exposures for Reproductive and Developmental Toxicity 
http://www.nap.edu/catalog/10007.html

http://www.nap.edu/catalog/10007.html


and Crump (1995). This approach fits continuous data using continuous models,
then presuming a distribution of the data, a BMD and BMDL can be calculated
in terms of the fraction affected, resulting in a probability (risk) of an individual
being affected as for dichotomous responses.

Duration Adjustment

Adjustments are often made in the NOAEL or BMD to account for the
exposure scenario of concern. In the case of inhalation exposure, for example, if
a study involved exposure to 500 parts per million (ppm) for 6 hours per day (h/
d), and there are no modifying pharmacokinetic data, the adjusted NOAEL or
BMD for a continuous exposure would be calculated by multiplying by 6/24,
yielding 125 ppm. Adjustment to account for the duration of exposure has not
been applied routinely in assessments of developmental toxicity; such an
adjustment is made in the case of assessments for reproductive toxicity. The
Subcommittee on Reproductive and Developmental Toxicology recommends
that exposure duration should be considered in developmental and reproductive
toxicity assessments alike. The reason for this recommendation is that adjusting
for duration of exposure is likely to be more conservative with repeated
exposures than with single exposures, even for developmental toxicity data
(Weller et al. 1999). In the case of occupational exposure during a 6-8 h
workday, this adjustment could be unnecessary. However, if pharmacokinetic
data indicate accumulation with repeated exposure, an adjustment would be
appropriate.

Pharmacokinetic information that relates blood concentration to toxic
response is critical in defining such dose-response relationships, but information
on peak blood concentrations or blood concentrations over time (area under the
curve (AUC)) is seldom available. One agent for which such information has
been published is 2-methoxyacetic acid (2-MAA), the active metabolite of 2-
methoxyethanol. Terry et al. (1994) showed that peak concentration was related
to neural tube defects observed after exposure in mice on gestation day 8,
whereas area under the curve was shown to be related to limb defects after
exposure to 2-MAA on gestation day 11 (Clarke et al. 1992), suggesting that the
time of exposure and pattern of development of the susceptible organ
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may be as important as the dose metric. Kimmel and Young (1983) showed that
a combination of peak exposure and area under the curve for a single dose of
salicylic acid was important in defining the dose-response relationship for
malformations and other effects. Less has been done to examine the relationship
with longer-term, repeated dosing. Pharmacokinetic data may be used to adjust
exposure concentrations for such agents. As more pharmacokinetic information
becomes available, it is important to minimize the dependence on default
assumptions and to encourage the use of pharmacokinetic data to determine the
appropriate dosimeters to use in adjusting exposure levels and determining
internal dose.

Uncertainty Factors

Factors to account for various uncertainties are applied to the NOAEL,
LOAEL, or BMD to derive a UEL. The total size of the uncertainty factor (UF)
varies, accounting for assumed or known interspecies differences, variability
within humans, quality and quantity of the data, consistency, slope of the dose-
response curve, background incidence of the effects, and pharmacokinetic data.
The relevance of the species, type of effect, dose, route, timing, and duration of
exposure are additional factors that might influence its size. A discussion of
UFs is provided in several papers (e.g., Lewis et al. 1990; Renwick 1991,1998;
Dourson et al. 1996; Renwick and Lazarus 1998).

UFs for reproductive and developmental toxicity applied to the NOAEL
often include 10-fold factors for interspecies and intraspecies variation.
Additional factors might be applied to account for other uncertainties or for
additional information that might exist in a database. For example, in
circumstances in which only a LOAEL is available, it might be necessary to use
an additional UF uncertainty factor of up to 10, depending on the sensitivity of
the endpoints evaluated, the adequacy of the tested dose, or general confidence
in the LOAEL. An additional uncertainty factor of 3-10 has been used by EPA
(1996a) to account for database deficiencies, particularly the lack of
reproductive and developmental toxicity studies.

The experience gained from assessing the data-rich chemicals lithium and
boric acid using the evaluative process described by J.A.
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Moore et al. (1995b, 1997) showed that the expert review groups did not
routinely apply factors of 10 for interspecies and 10 for intraspecies variability
to the NOAEL. In each case, interspecies and intraspecies factors were reduced
by half a log (J.A. Moore et al. 1995b, 1997); knowledge of pharmacokinetics
was useful in reducing uncertainty in the data for predicting human risk.

Calculation of the Unlikely Effect Level

The UEL for reproductive and developmental toxicity is derived by
applying uncertainty factors to the NOAEL, LOAEL, or BMDL. To calculate
the UEL, the selected UF is divided into the NOAEL, LOAEL, or BMDL for
the critical effect in the most appropriate or sensitive mammalian species. This
approach is similar to the one used to derive the acute and chronic reference
doses (RfD) or Acceptable Daily Intake (ADI) except that it is specific for
reproductive and developmental effects and is derived specifically for the
exposure duration of concern in the human. The evaluative process uses the
UEL both to avoid the connotation that it is the RfD or reference concentration
(RfC) value derived by EPA or the ADI derived for food additives by the Food
and Drug Administration, both of which consider all types of noncancer toxicity
data. Other approaches for more quantitative dose-response evaluations can be
used when sufficient data are available. When more extensive data are available
(for example, on pharmacokinetics, mechanisms, or biological markers of
exposure and effect), one might use more sophisticated quantitative modeling
approaches (e.g., a physiologically based pharmacokinetic or pharmacodynamic
model) to estimate low levels of risk. Unfortunately, the data sets required for
such modeling are rare.

Calculation of the Margin of Exposure (MOE)

The MOE is the ratio of the NOAEL or BMDL to the anticipated human
exposure. The higher the ratio, the greater the numerical distance between the
human exposure estimate and the dose that is at the lower end of the range of
concern from animal studies. The ade
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quacy of the MOE should be evaluated on the same basis as for the UEL. For
example, if the NOAEL in a rat developmental toxicology study is 10 mg/kg/d
and the human exposure anticipated is 0.1 mg/kg/d, the MOE is 100. The
adequacy of the MOE should consider interspecies and intraspecies variability
and any other uncertainties accounted for in the UFs applied to derive the UEL.
If the MOE is less than the total UF applied in calculating the UEL and is
judged to be inadequate, then exposure must be reduced either by applying
controls or by removing the exposure.

Because human exposure might differ in different settings, there can be
different MOEs for different circumstances. For example, the MOE for an
occupational setting might differ from the MOE for environmental exposure.
An MOE of 100 is equivalent to exposure at the UEL if the UEL is adjusted by
2 orders of magnitude for uncertainty factors that represent interspecies and
intraspecies variability. It should be emphasized, though, that the use of those
factors is based on judgment rather than on the default assumption that they are
appropriate in all instances. In some cases, a small MOE can be considered
protective of health. For example, the lithium assessment conducted using a
similar evaluative process (J.A. Moore et al. 1995b) resulted in MOEs of
11-108 for exposures other than the therapeutic use of lithium. Because the size
of the total UF applied to the NOAEL was 10, these MOEs were judged to be
protective.

Some regulatory agencies use the MOE as an action level. Which MOE is
selected is a matter of policy rather than science. For example, California's
Proposition 65 relies on an MOE of 1,000 to select exposures to a particular
agent for regulatory action. The institution of action based on any given MOE
does not mean that toxicity will occur at a lower MOE, only that the chosen
MOE is believed to be protective. The subcommittee recommends against using
a particular value as an action level because it is arbitrary and does not take into
account the complexity and uncertainties inherent in such assessment processes
or the variability in differing exposure situations.

As in the case for the choice of UFs and modifying factors in the
calculation of an UEL, the choice of an MOE for regulatory action can be based
on the level of confidence in the underlying data and on judgment about other
factors that might influence risk.
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Assessing a Degree of Concern

EPA (1991, 1996a) and the International Programme on Chemical Safety
(IPCS 1995) have proposed approaches for characterizing the database
concerning potential reproductive and developmental toxicity and provided a
basis for how to assess the degree of concern. In its developmental toxicity
(EPA 1991) and reproductive toxicity (EPA 1996a) risk-assessment guidelines,
EPA uses a weight-of-evidence approach to determine whether a substance
poses a risk to humans based on an overall evaluation of reproductive and
developmental toxicity and exposure data.

Some aspects of degree of concern currently can be considered in a
quantitative evaluation. For example, EPA considers human and animal data in
the process of calculating the RfD, and these data are used as the critical effect
when they indicate that developmental effects are the most sensitive endpoints.
When a complete database is not available, a database UF is recommended to
account for inadequate or missing data. The dose-response nature of the data is
considered to an extent in the RfD process, especially when the BMD approach
is used to model data and to estimate a low level of response; however, there is
no approach for including concerns about the slope of the dose-response curve.
Because concerns about the slope of the dose-response curve are related to
some extent to human exposure estimates, this issue must be considered in risk
characterization. (If the MOE is small and the slope of the dose-response curve
is very steep, there could be residual uncertainties that must be dealt with to
account for the concern that even a small increase in exposure could result in a
marked increase in response.) On the other hand, a very shallow slope could be
a concern even with a large MOE, because definition of the “true” biological
threshold will be more difficult and an additional factor might be needed to
ensure that the RfD is below that threshold.

As an example, consider two compounds that are candidates for use in an
occupational setting. Both compounds have an MOE of 100, but one is an
alkylating agent with a steep dose-response curve. Although the MOEs are the
same in this setting, it is reasonable to select the compound that is not an
alkylating agent because it is associated with concern at a higher dose. The
NOAEL approach does not allow for considerations of variability in the data,
but use of the lower confidence limit on dose in the BMD approach does
account for vari
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ability in the animal or human data on which it is based, even though it does not
account for all intraspecies variability.

Both the interspecies and intraspecies UFs include consideration of
potential toxicokinetic and toxicodynamic similarities and differences among
species and within humans, and those factors can be adjusted when data are
available to account more appropriately for similarities and differences among
species and within human subpopulations, including different age groups. For
example, if it is assumed that a portion of interspecies and intraspecies
variability is the result of differences in kinetics, information about the kinetics
of a substance in the experimental animal model and in humans might indicate
less uncertainty about the extrapolation of effect levels. When there is less
uncertainty, lower UFs can be considered. An example of an evaluation in
which lower UFs were used is the evaluation of lithium by Moore et al.
(1995b). Lower UFs were used because the risk assessment was performed
using achieved serum concentrations, rather than administered doses, obviating
the influence of absorption and distribution differences among and within
species, and because biotransformation of lithium does not occur. Although
various means of accounting for degree of concern are described here, there is
no formal process for doing so, and this issue should be further considered for
the appropriate calculation of the UEL.

Although it is tempting to use default values for UFs or MOEs in the
regulation of human exposures, the importance of professional judgment in
evaluating the data set for a given substance makes it advisable to avoid
inflexible approaches to regulating exposures. Consideration of the reliability of
the reproductive and developmental data set and of non-reproductive toxicity
data can be an important part of the evaluative process. The inclusion of all
available information in the evaluation and the use of scientific judgment are
recommended as most likely to lead to the most informed estimate of the risk of
anticipated human exposure.

Application of Reproductive and Developmental Toxicity
Data to Various Exposure Scenarios

Although the product of the evaluative process is an effect level that can be
manipulated in different ways to estimate the risk posed by
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human exposures, considerable judgment is necessary in the evaluation of the
confidence with which the estimation can be performed. There are instances in
which the quality of a data set is sufficient to permit the determination of a
NOAEL or BMD, but characteristics of the data set detract from the certainty
that the NOAEL or BMD will give rise to an appropriate UEL or MOE. A
difference between the dosing schedule and route of exposure used in an
experimental study and the anticipated human dose and route of exposure are
examples of factors that might undermine confidence in the predictive value of
the experimental data. Even when the dose and route of exposure are the same
as the anticipated human dose and route of exposure, the exposure pattern might
be sufficiently different to decrease confidence in extrapolation from the data.

The data available on reproductive and developmental toxicity usually
come from studies using repeated dosing regimens that can be characterized as
short-term or subchronic exposures. For example, in the prenatal developmental
toxicity study, dosing covers a period of development equivalent to the first and
part of the second trimester of human gestation. In the developmental
neurotoxicity study, the dosing period is both prenatal and early postnatal to
cover most of nervous system development. In the two-generation reproduction
study, animals are exposed continuously through both generations. The
NOAELs and BMDs for all developmental toxicity studies should be compared
with all other toxicity data so that, in the cases where the NOAEL or BMD for
developmental toxicity is lower than the NOAEL or BMD for chronic toxicity,
they can be used as the basis for the UEL and be protective of children's health.

Although there are no developmental studies in which an acute (single)
dosing regimen is used to meet regulatory requirements, a central premise in
developmental toxicology is that adverse developmental outcomes can result
from a single pre- or postnatal exposure. An experimental animal study that
uses once-daily gavage might not produce the same exposure profile as human
dietary exposure to an agricultural chemical, for example. Although it has been
customary to use effect levels from experimental studies without regard to
differences in dosing profiles, supplemental information about the activity of a
substance might suggest that dosing profile differences should be considered.
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If, for example, it is clear that a substance produces toxicity by reaching a
peak concentration in the plasma, a single-dose gavage study will be more
likely to reach that peak than will administration in the diet. A NOAEL from a
single-dose gavage study might be regarded with a different level of confidence
under those conditions than would a NOAEL from a dietary study. Data are
available to show that most of the types of developmental endpoints from
studies used to evaluate pre- and postnatal toxicity (prenatal developmental
toxicity, developmental neurotoxicity, two-generation reproduction studies) can
result from single exposures. It is recognized that some outcomes might result
only from repeated exposure to a given substance and the degree of reversibility
of the effect might depend on the duration of exposure. For example, plasma
concentrations of agents that induce their own metabolism are lower after a few
days of exposure than on the first day of dosing. Thus, a single exposure on a
critical day might be of concern. However, some agents might require repeated
exposures to reach steady-state plasma concentrations. Therefore, a
singleexposure study would underestimate the toxicity of repeated exposures.
Determining whether a particular developmental outcome results from a single
acute exposure or from repeated exposures requires additional studies that are
not often available. Information on toxicokinetics or mechanisms of action
might be helpful in interpreting the data but, again, such information is not
typically available. As a default, data from all studies that evaluate reproductive
and developmental toxicity should be considered in determining UELs for
acute, short-term, and longer-term exposure scenarios.

Most developmental toxicity studies (of all types) are conducted using the
oral route of exposure. In some cases, dermal exposure is used and, rarely,
inhalation exposure. Route-to-route extrapolation is sometimes done to allow
consideration of developmental toxicity data. Pharmacokinetic data on different
routes of exposure can be extremely useful in the extrapolation of data between
routes.

Critical Data Needs

A primary objective of the evaluative process is to use data to formulate
and express judgments about reproductive and developmen
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tal risk potential for humans. Flawed or nonexistent data compromise the
certainty of scientific judgment. Although guidance or regulations promulgated
by government agencies serve definite needs, they are somewhat rigid. For the
evaluative process that is proposed here, it seems best to determine the
adequacy of the database in a case-specific manner.

It is better to ascertain toxicity and estimate dosimetry using a species in
which the metabolism pathway for that agent parallels that of humans than it is
to try to assess toxicity and dosimetry in two randomly selected species in
which metabolism of the substance is either unknown or is dissimilar to that of
humans. For example, methanol, which is acutely toxic to humans and
nonhuman primates, is metabolized via a folate-dependent pathway. However,
rodents use a different folate-dependent pathway, and the rate at which rodents
detoxify formate (a metabolite of methanol and the agent that causes toxicity to
humans exposed to high doses) is more rapid than that in primates. That
increased rate can be attributed to higher levels of hepatic tetrahydrofolate, the
enzyme responsible for the oxidation of formate (Tephly and McMartin 1984;
Johlin et al. 1987; Medinsky and Dorman 1995). Therefore, rodent species
would not be the best to use for extrapolating acute, high-dose methanol
toxicity in humans. On the other hand, for human exposures to methanol at
concentrations below the threshold for formate accumulation, rodent models
can be useful because they provide the advantage of allowing dose-response
studies in which the animals do not experience formate build-up (Rogers et al.
1993).

During the review of existing information, evaluators might identify some
data as insufficient for judging human risks, either because the data do not exist
or because they are compromised in some way for risk assessment. In another
chemical evaluation, data might be judged sufficient to determine human risk
potential, but in the judgment of the evaluators there might be large degrees of
uncertainty because of reliance on default assumptions or because of the
inherent uncertainty in some of the data that are central to the evaluation. In
each instance, evaluators will cite specific data needs if they determine that the
data will materially improve the certainty of an existing judgment about human
risk.
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SUMMARY

The selection of the term “summary,” instead of “risk characterization,” to
describe the concluding step in the evaluative process is deliberate. The
evaluative process described here focuses on reproductive and developmental
effects; it does not account for all the effects that should be included in a risk
characterization. Moreover, a lack of detailed exposure information will be
common in this type of evaluative process but is necessary for a risk
characterization.

In this case, the summary communicates to Navy environmental health
practitioners scientific judgment on chemical risk for reproductive and
developmental toxicity. The degree of certainty of the judgment must be
expressed in terms that are meaningful to those with a general science
background in toxicology and risk assessment. The key to achieving that goal is
candor in explaining the basis of the judgment, its breadth of support, and,
especially, the degree to which the judgment reflects actual information,
confident extensions from closely related data, or the invoking of assumptions
when no information is available.

The summary is written from statements developed in the integrated
evaluation and quantitative assessment steps of the evaluative process. The
summary will review the following elements:

•  Background. This section provides a brief, readable review of the
general chemical, toxicological, and biological characteristics of the
substance.

•  Human exposure. This section gives a clear statement of the conditions
of use or ambient concentrations that might produce different doses,
routes, or frequencies of human exposure. It describes how different
patterns of use produce differences in the magnitude of exposure.

•  Toxicology. Summaries of developmental toxicity, and of male and
female reproductive toxicity, appear in this section. The discussion
also contains statements about the sufficiency and relevance of the data.

•  Quantitative evaluation. This section lists the quantitative values
derived in the evaluative process and states the degree to
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which the values are derived from actual data or reflect the use of
default assumptions.

•  Certainty of judgment and data needs. The use of default assumptions,
while often necessary, represents a tangible expression of uncertainty.
To clarify that point, this section discusses the magnitude of an
assumption's influence on the judgments made in the evaluation.
Where the effect is large and the uncertainty great, the evaluators
might sometimes defer a judgment. Where a default assumption has a
major effect on the evaluative judgment, the evaluative summary
clearly defines the kind of data needed to supplant the default and
identities that as a critical data need.

Only some aspects of the assessment might involve uncertainty of
judgment. For example, although there might be great certainty that the
data qualitatively predict human health risk potential, the nature and
degree of exposure might be poorly understood. In that case, the
evaluative summary will clearly state that there is reasonable certainty
of human risk potential and explain why the quantitative uncertainty
(missing, inadequate exposure data) leads to the use of a conservative
default assumption that is likely to overestimate the degree of exposure
and risk.

•  References. In any evaluation of this nature, a bibliography is
imperative. All literature reviewed should appear in a reference list. A
separate listing of references reviewed but not used in the evaluation
also should appear in the document.
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4

Incomplete or Insufficient Data Sets

he evaluative process described in Chapter 2 and Chapter 3 and illustrated
in Appendix A for 1,1,1,2-tetrafluoroethane (HFC-134a) and jet fuel JP-8
permits classification of exposure to a substance with respect to its reproductive
and developmental toxicity if sufficient scientific data are available. The
database required in each instance to permit confident classification must
adequately characterize the full range of reproductive and developmental
toxicity in humans and evaluate the associated hazards. In addition, the actual
range of conditions of exposure must be known in sufficient detail to determine
whether the dose, duration, timing, route, and other characteristics of exposure
pose a substantial reproductive risk. In practice, such a complete database is
rarely available. As will be apparent in Appendix A, the databases for JP-8 and
HFC-134a are sufficient only in some aspects. This chapter discusses a
common-sense approach to minimizing the risk when there are insufficient data
available regarding a particular exposure to permit confident determination of
the associated reproductive and developmental toxicity. This is a further
application of the approach explained in Chapter 2 and Chapter 3 for
interpreting toxicity data. The rationale is to avoid circumstances that create a
high degree of concern.

PRINCIPLES TO MINIMIZE RISK

The principles used to minimize risk are the same whether or not the risk
can be fully characterized. The principles also are the same
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whether the risk under consideration is one related to developmental toxicity,
reproductive toxicity, or another type of toxicity (e.g., pulmonary, neurological,
renal).

The toxicity produced by a particular exposure depends on a variety of
factors, including the following:

•  The chemical and toxicological nature of the agent itself.
•  The agent's physical properties (e.g., solubility, volatility).
•  The conditions of exposure (e.g., dose, duration, frequency, timing,

route).
•  The use of safety measures that reduce actual exposure (e.g., gloves,

masks, and ventilation).
•  The agent's pharmacokinetics of absorption, metabolism, distribution,

and excretion, all of which are subject to individual variability.
•  The pharmacodynamics (target organ, site of action, receptor

interactions) that determine the agent's mechanism of action.
•  Concomitant exposures to other chemical or physical agents that affect

the factors listed above or the agent's toxic activity.
•  Biological characteristics of the exposed individual (e.g., pregnancy,

age, nutritional status, genetic susceptibility).

The only way to eliminate completely the possibility of toxic effects
associated with exposure to an agent is to eliminate all exposures. When use of
the agent is necessary, minimizing the exposure will minimize risk.

The guidelines below are for exposures that have not been adequately
characterized with respect to reproductive and developmental toxicity, but for
which there may be other data on toxicity, as listed above.

•  Use expert judgment to evaluate the available toxicity data.
•  Assume that susceptibility to reproductive or developmental toxicity

may be greater than susceptibility to any known toxicity of the agent,
and apply additional uncertainty factors to reflect the lack of data.

•  Substitute exposure to an agent that is known not to be associated with
substantial risk for causing reproductive and developmental toxicity
for an agent associated with unknown risk.
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•  If use of a given agent is unavoidable, the risk should be minimized by
limiting the potentially absorbed dose.

PRACTICAL APPLICATION

When the reproductive and developmental risks of a particular exposure
cannot be fully characterized, a conservative approach is to assume that such
risks exist with exposure conditions below those that produce toxicity for the
most sensitive system known for the agent. Toxicity to the “most sensitive
system” is that produced by exposure to the agent at the lowest effective dose in
any relevant species studied.

The confidence with which one can apply this assumption to a particular
exposure that has not been adequately studied depends on the amount of
relevant information about the exposure in general. The less that is known, the
greater the uncertainty, and the greater the degree of concern. This means there
must be an inverse relationship between the quality of the information regarding
reproductive and developmental toxicity and the size of the uncertainty factor
required beyond the exposure limit, based on other kinds of toxicity. In general,
however, the uncertainty factor should produce an exposure limit that is lower
than that based on known toxicity of other kinds when the database for
reproductive and developmental toxicity is inadequate.

No chemical substance should be misused or abused. Whenever possible,
an exposure that is known not to be associated with substantial reproductive or
developmental toxicity should be substituted for an exposure associated with
unknown risks. The decision to substitute one exposure for another or to
eliminate a particular exposure altogether is always complicated. The factors to
consider include physical and chemical characteristics such as molecular
weight, volatility and vapor pressure, and the octanol-water partition coefficient
(Kow). For example, if a chemical is a polymer with a molecular weight high
enough that it is unlikely to be absorbed or distributed, it may be excluded from
concern. Additional factors include other kinds of toxicity, ease and safety of
storage, availability, and cost. Although reproductive and developmental
toxicity can never be the only issues considered in such decisions, they must
never be ignored.

Reproductive and developmental toxicity are less likely to be associated
with exposures that minimize absorption of the agent than
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with greater exposures. Exposures associated with an unknown risk of
reproductive and developmental toxicity should be as brief and as infrequent as
possible. The amount of the agent used should be restricted and the method of
use should be designed to reduce possible absorption. In addition, reasonable
safety procedures and engineering safeguards should limit the exposure.
Volatile materials should be used with adequate ventilation, if possible, and
with appropriate masks or respirators when adequate ventilation is not possible.
Proper gloves and protective garments should be used when handling materials
that might be absorbed through the skin. Appropriate washing procedures
should be used, and eating, drinking, and smoking should be prohibited in
circumstances that might permit inadvertent ingestion of the agent.

REDUCING UNCERTAINTY

The approach described in this chapter results in limitations that would be
unnecessary if the exposure under consideration were known to be safe. The
most effective way to reduce uncertainty is to develop data to characterize the
toxicity of the agents the Navy must use. Applying additional uncertainty
factors to exposure limits can lead to unnecessarily conservative limits, which
can lead the Navy to curtail the use of agents that may have been acceptable if
adequate data were available. Such circumstances may increase costs.
Obtaining a sufficient data set on the safety of a particular exposure might,
therefore, provide substantial savings without increasing the risk of
reproductive or developmental toxicity.

Application of this approach will highlight those substances for which
obtaining a more complete data set is a high priority. The Subcommittee on
Reproductive and Developmental Toxicology recommends that the Navy
commission or undertake the studies necessary to obtain additional information
on agents in use or intended for use for which there is little or no information as
an important means of reducing both uncertainty and expense.

The subcommittee also recommends developing improved exposure
assessments unique to the Navy environment and pertinent to exposures that are
particularly important to assessing reproductive and
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developmental toxicity. Those include exposures to males and females alike in
various occupational situations and accounting for such factors as body size, the
differences in the nature of the work and the workplace, and other factors that
affect exposure, as well as the potential for contamination of the home
environment secondary to workplace exposures.
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5

Recommendations

Chapter 2, Chapter 3, and Chapter 4 of this report describe the process
recommended by the Subcommittee on Reproductive and Developmental
Toxicology for evaluating exposures to agents for reproductive and
developmental toxicity. Appendix A illustrates how that process can be used.
This chapter contains a discussion of several general recommendations and
areas of research that the subcommittee believes would improve the Navy's
ability to evaluate exposures to agents.

GENERAL RECOMMENDATIONS

•  Agents should not be classified simply as toxic or nontoxic to
reproduction and development; rather, potential risks should always
be considered in the context of exposure.

The risk of adverse reproductive or developmental effects from exposure
to a given substance should be considered only in the context of the exposure
situation. In this way, both the agent itself and the conditions of exposure,
including the dose, route, timing, and duration of exposure are considered,
rather than “labeling” an agent either as “toxic” or as “safe.”

The subcommittee acknowledges that the Navy might need to use a
screening process in which decisions are made in a dichotomous
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manner (to use or not to use a particular agent). Such decisions can be made by
considering the exposure scenario that is anticipated in the workplace. The
evaluative process describes an approach by which an exposure level that is
unlikely to be associated with reproductive and developmental toxicity (the
unlikely effect level; UEL) can be estimated. If the workplace scenario is
anticipated to result in human exposures sufficiently lower than that estimate,
then for policy decisions, the exposure can be regarded as acceptable. If the
anticipated human exposure is higher than the estimated UEL, the use of the
agent in question can be regarded as unacceptable, and alternative agents can be
evaluated or exposure control measures can be put into place.

•  The evaluative process should be implemented by a team of scientists
with training and experience in assessing reproductive and
developmental toxicity.

The process described by the subcommittee requires expertise in the
intricacies and relationships of several integrated processes involved in
reproduction and development and the exercise of considerable judgment based
on the body of scientific knowledge in these areas. That judgment is brought to
bear in interpreting data and making decisions concerning the adequacy of
available data sets for estimating the potential reproductive and developmental
toxicity of agents under specific conditions of exposure. In addition, once there
has been a determination of the exposure at which adverse effects are unlikely,
judgment is required in the evaluation of other characteristics of the agent or
exposure conditions that might make it advisable to alter the estimate for a
given workplace scenario.

•  In cases in which the data set is incomplete or insufficient, evaluators
should assume that susceptibility to reproductive or developmental
toxicity may be greater than susceptibility to any known toxicity of the
agent, and apply additional uncertainty factors to reflect the degree of
uncertainty attributable to missing data.

When the reproductive and developmental risks of a particular exposure
cannot be fully characterized, a conservative approach is to assume that such
risks exist with exposure conditions below those that produce toxicity for the
most sensitive system known for the agent.
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The most sensitive system is the kind of toxicity produced by exposure to the
agent at the lowest effective dose in any relevant species studied.

The confidence with which one can apply this assumption to a particular
exposure that has not been adequately studied depends on the amount of
relevant information available about the exposure in general. The less that is
known, the greater the uncertainty, and the greater the degree of concern. When
the database for reproductive and developmental toxicity is inadequate, the total
uncertainty factor applied should result in an exposure limit that is lower than
that based on known toxicity of other kinds.

•  An exposure to an agent that is known not to be associated with
substantial reproductive or developmental toxicity should be
substituted for an exposure to an agent associated with unknown risks.

The decision to substitute one agent for another or to eliminate a particular
agent altogether always involves many factors, including other kinds of toxicity,
ease and safety of storage, availability, and cost. Although reproductive and
developmental toxicity can never be the only issue considered in such decisions,
it must never be ignored.

•  When use of an agent with demonstrated toxicity is necessary, minimize
the potential risk by limiting the potentially absorbed dose.

Reproductive and developmental toxicity is less likely to be associated
with exposures that minimize absorption of the agent. Exposures associated
with an unknown risk of reproductive and developmental toxicity should be as
brief and as infrequent as possible. The amount of an agent used should be
minimized, and reasonable safety procedures and engineering safeguards should
be used to limit the exposure.

•  The Navy should consider using the National Library of Medicine's
Developmental and Reproductive Toxicology (DART) database as the
primary source of bibliographic information in this area.

DART is a bibliographic database that covers the literature on teratology
and other aspects of reproductive and developmental toxicology. DART is an
essential resource to the Navy for gathering information on the potential
reproductive and developmental effects of agents because it greatly simplifies
the process for searching for literature in this area.
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In addition to DART, there are a number of additional sources of
information that the Navy should consider using to evaluate the reproductive
and developmental toxicity potential of agents. These sources are described in
Appendix B.

RESEARCH RECOMMENDATIONS

•  The Navy should conduct or commission studies that are necessary to
obtain sufficient data sets for the agents it is considering for use.

As noted in Chapter 1, for a data set to be considered sufficient, it should
include consideration of potential adverse reproductive and developmental
effects of male and female exposure. The absence or inadequacy of data on one
or more of the components of reproductive toxicity (male reproductive effects,
female reproductive effects, developmental effects) does not equate with lack of
effect.

Data on the reproductive and developmental toxicity of exposures to
agents are often sparse and, when data are available, there can be variability in
the quality of the studies from which they are obtained. To account for such
incomplete or inadequate data sets, an uncertainty factor is applied to the no-
observed-adverse-effect level, lowest-observed-adverse-effect level, or
benchmark dose. It is possible that such uncertainty could lead to the
calculation of an exposure limit that is more conservative than necessary and,
based on those limits, the Navy could decide to curtail use of specific
substances or institute costly exposure control measures. Uncertainty could be
reduced by filling in data gaps and improving exposure estimates so that the
potential toxicity of agents that the Navy is considering for use is better
understood. Developing a sufficient data set on a particular exposure to an agent
could provide a cost savings to the Navy and reduce the risk of reproductive and
developmental toxicity.

Because there are exposure scenarios that are unique to the Navy's work
environment, the subcommittee also recommends that the Navy consider
developing a research program to meet needs that are not being met by civilian
research (e.g., the study of reproductive and developmental toxicity in the
context of naval operations). Such a program would allow the Navy to
anticipate and rank the agents it would like to use and to study the reproductive
and developmental toxicity of those agents before its personnel are exposed.
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•  The Navy should monitor Navy personnel for reproductive and
developmental outcomes.

The Navy is well equipped to design, implement, and conduct
epidemiological studies that focus on various reproductive and developmental
outcomes. Such studies should include male and female military and civilian
personnel as well as other populations at risk (e.g., partners of naval personnel
and residents of communities affected by naval operations). Naval ships provide
a unique opportunity to study a well-defined population, and one in which many
confounders that affect community or occupational studies (e.g., lifestyle
factors thought to affect reproductive health such as alcohol consumption and
cigarette smoking) can be documented. As such, the Navy is well suited to
conduct surveillance, record linkage, and etiological studies.

Specifically, the following activities could be conducted:

•  A complete and up-to-date reproductive history should be obtained and
available for all naval personnel (men and women; active duty and
reservists). Such a history should be updated annually or after a
reproductive outcome. This would provide important baseline
information and permit study of maternally and paternally mediated
effects. The reproductive history should address sexual activity and
inactivity, sexual libido, sexual dysfunction, semen analysis,
menstruation history, pregnancy intentions, time-to-pregnancy
(conception delays, fecundability, infertility), and pregnancy outcomes
(e.g., ectopic pregnancy, spontaneous loss, fetal demise, birth size,
secondary sex ratios, birth defects, mental retardation, developmental
disabilities). Recording this information is in keeping with the
definition for reproductive health and the need to address all health
aspects of individuals.

•  Surveillance of reproductive health could be obtained via record
linkages with live birth or fetal death registeries or via the
establishment of outcome-specific registries (such as a congenital
malformation registry for the navy). Baseline prevalence figures for
various outcomes are urgently needed for military populations; the
U.S. general population might not be an appropriate reference group.

•  Hypothesis-driven etiological studies can be designed on an ad hoc
basis in response to concerns or based on associations
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observed in linkage or surveillance studies. The studies should be
designed to address questions of utmost concern, and they should be
grounded within the epidemiological method or framework for study.

•  The Navy should conduct toxicity studies on chemical mixtures.

In many cases, exposure is not to an individual chemical, but to mixtures
of chemicals. Risks to human health from multichemical exposures often are
not well understood. Because multichemical exposures are found in the Navy
workplace, the Navy should conduct research on the toxicity of these mixtures.
Research also should be conducted to illuminate exposure scenarios associated
with chemical mixtures.
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Appendix A

Application of the Recommended
Evaluative Process to Specific Chemicals

his appendix demonstrates the evaluative process described in Chapter 2
and Chapter 3. To do that, the Subcommittee on Reproductive and
Developmental Toxicology evaluated two agents of interest to the Navy, jet fuel
JP-8 and 1,1,1,2-tetrafluoroethane (HFC-134a). The Navy is concerned about
the health effects, including reproductive and developmental effects, of
exposure to these agents. JP-8 was selected because it is a complex mixture and
because it illustrates many of the problems that attend characterization of toxic
substances: There is a sparse database on the mixture and on many of its
individual components, composition varies between lots, and there are few data
on human exposure. Because of the wide range of environmental conditions of
human exposure (e.g., extreme cold to extreme heat, variable humidity), the
actual exposure to aerosolized or vaporized components of the fuel varies with
the environmental circumstance. The subcommittee evaluated the toxicity of
JP-8 only under standard conditions. A complete assessment by the Navy would
require an evaluation of each component under the full range of environmental
conditions in which human exposures occur. A number of toxicity studies,
including reproductive and developmental toxicity studies, have been conducted
on HFC-134a. HFC-134a was selected because more data are available for this
compound than for JP8.
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Additional examples of the application of the evaluative process to specific
agents can be found in the literature (Moore et al. 1995b; 1997); An Assessment
of Boric Acid and Borax Using the IEHR Evaluative process For Assessing
Human Developmental and Reproductive Toxicity of Agents. Reproductive
Toxicology, 11(1): 123-160; and An Assessment of Lithium Using the IEHR
Evaluative process For Assessing Human Developmental and Reproductive
Toxicity of Agents. Reproductive Toxicology, 9(2):175-210.

JP-8 JET FUEL

Jet fuel JP-8 (jet propellant-8) is a kerosene-based distillate selected by the
U.S. Air Force to replace JP-4 and other predecessors, which were replaced
because JP-8 has a higher flash point, is composed of higher chain
hydrocarbons, and does not contain benzene. Profiles for JP-8 list the following
classes of compounds exclusive of additives: alkanes (43% by weight);
cycloalkanes (11%); alkylbenzenes (12%); naphthalenes (2%); and
dicycloparaffins, tetralins, and olefins (% not specified) (USAF 1991). A more
detailed list of hydrocarbon components is given in Table A-1.

Another jet fuel, JP-5, is physically and chemically similar to JP-8, and the
differences between these fuels are considered minor (ATSDR 1998). Several
studies described below were conducted using JP-5.

Exposure Data

Human exposure to JP-8 occurs during refueling and defueling operations
and during mechanical activities that deal with storage, transfer, and
combustion. Military personnel can be exposed to JP-8 by the inhalation (of
aerosolized or vaporized fuel), dermal, and oral routes of exposure.

Occupational standards for JP-8 are primarily based on knowledge about
the toxicity of kerosene and naphtha (a petroleum distillate fraction). National
Institute for Occupational Safety and Health (NIOSH) guidelines include an 8-
hour (hr) time-weighted-average recommended exposure limit (TWA-REL) for
naphtha of 400 milligrams per cubic meter (mg/m3) (100 parts per million
(ppm)) (NIOSH
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TABLE A-1 Composition of JP-8 Jet Fuel

Hydrocarbon Type Weight % JP-8a

Isooctane 3.66

Methylcyclohexane 3.51

m-Xylene 3.95

Cyclooctane 4.54

Decane 16.08

Butylbenzene 4.72

1,2,4,5-Tetramethylbenzene 4.28

Tetralin 4.14

Dodecane 22.54

1-Methylnapthalene 3.49

Tetradecane 16.87

Hexadecane 12.22

a Composition of surrogate JP-8 (USAF 1991).

1999). Naval Occupational Safety and Health recommends a permissible
exposure limit (PEL) of 350 mg/m3 and a 15-minute (min) short term exposure
limit (STEL) of 1,000 mg/m3 (D.T. Harris et al. 1997). Puhala et al. (1997)
reported measurement of jet fuel vapors at three domestic Air Force
installations. Breathing-zone samples were collected from workers involved in
aircraft maintenance, fuel handling, and flightline positions. Exposures at the
base that used only JP-8 are listed in Table A-2. Each exposure fell below the
American Conference of Governmental Industrial Hygienists (ACGIH) TWA
threshold limit values (TLVs) for the chemicals analyzed. Two recent studies
measured exposure of Air Force personnel to jet fuels, including JP-8. Pleil et
al. (2000) used newly developed methods to collect exhaled breath from
personnel at Air Force bases and then analyzed the samples for certain volatile
marker compounds for JP-8 and for aromatic hydrocarbons such as benzene.
The study authors found a demonstrable JP-8 exposure for all subjects, ranging
from slight elevations to greater than 100-fold when compared with a control
cohort. Carlton and Smith (2000) collected breathing zone samples from workers
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during aircraft fuel tank entry and repair at 12 Air Force bases. They report that
the highest 8-hr time-weighted average fuel exposure found was 1,304 mg/m3,
and the highest 15-min short-term exposure was 10, 295 mg/m3.

TABLE A-2 Mean Exposure Concentrations of Jet Fuel Vapors, ppma

Analyte Overall Mean (n) Standard Deviation ACGIH TWA-TLV

Naphthas 0.359 (26) .556 300

Benzene 0.003 (26) .003 10b

Heptane 0.003 (26) .006 400

m-Xylene 0.005 (26) .008 100

o-Xylene 0.003 (26) .004 100

p-Xylene 0.004 (26) .005 100

Toluene 0.006 (26) .012 50

General Toxicological and Biological Parameters

Lethality

Several case studies have reported death following accidental ingestion of
kerosene by children (reviewed in ATSDR 1998). The primary cause of death is
respiratory effects (lipoidal pneumonia). The lowest dose of kerosene associated
with death was 1,900 milligrams per kilogram (mg/kg) body weight by a 2-year-
old child. Doses ranging from 120 to 870 mg/kg and as high as 1,700 mg/kg did
not lead to death in children ranging from 10 months to 5 years old.

No studies have reported death in humans associated with inhalation or
dermal exposure to kerosene-based fuels.

The acute oral lethal dose for 50% of the test animals (LD50) of JP-5 in rats
(Bogo et al. 1983) and of kerosene in guinea pigs and rabbits (Deichmann et al.
1944) is greater than 10 grams (g) per kg.

a From Puhala et al. (1997) for base A where only JP-8 was used.
b The Occupational Safety and Health Administration PEL for benzene is 1 ppm.
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Acute Studies

Acute exposure to kerosene-based fuels, such as JP-8, has been associated
with respiratory, cardiovascular, ocular, neurological, immunological, renal,
and dermal effects. Those studies are briefly described below and are
summarized in Table A-3.

Human Studies

After inhalation of JP-5 for approximately 1-hr, two individuals
experienced mild hypertension, eye irritation, and neurological effects (e.g.,
coordination and concentration difficulties, fatigue, headache, apparent
intoxication, anorexia) and one individual experienced nausea (Porter 1990).
All symptoms subsided by 4 days (d) after exposure. The concentration of JP-5
was not known. Six volunteers exposed to kerosene vapor at 140 mg/m3 for 15
min did not experience any respiratory effects (Carpenter et al. 1976).

Ingestion of kerosene by children and adults has been reported to cause
pulmonary (e.g., pneumonia, bronchitis) and neurological (e.g.,
unconsciousness, semiconsciousness, drowsiness, restlessness, irritability)
effects, tachycardia, cardiomegaly, vomiting, and increased leukocyte counts
(reviewed in ATSDR 1998). Because in many cases ingestion of kerosene is
accidental, the concentrations associated with specific effects are not reported.
It has been estimated that respiratory distress will result from ingestion of 10-30
milliliters (mL) of kerosene (Zucker etal. 1986). Neurological effects (e.g.,
convulsions, coma) were observed in 2 of 78 children ingesting approximately
30 mL of kerosene; those effects were not observed in children ingesting from 3
to 20 mL.

There are no studies assessing acute dermal exposure in humans.

Experimental Animal Studies

Respiratory effects, such as bronchoconstriction, were observed in rabbits
and guinea pigs exposed by inhalation to kerosene (Casaco et al. 1982; Garcia
et al. 1988). The rabbits were exposed to 32,500 mg/m3 for 4-9 min, and the
guinea pigs were exposed to 20,400 mg/m3 for 5 min. A study exposing mice to
20 microliters (µL) of kerosene (the only dose tested) by aspiration reported that
the animals showed
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respiratory effects (e.g., pulmonary consolidation and hemorrhage,
pneumonitis, a decrease in pulmonary clearance of Staphylococcus aureus, an
increase in relative lung weight) and neurologic effects (e.g., lack of
coordination, drowsiness, behavioral fraction, and respiratory rate and decreases
in arterial oxygen tension, heart rate, and mean arterial blood pressure
(Goodwin et al. 1988). Rats exposed to kerosene administered by gavage at
single doses of up to 12,000 mg/kg were not found to exhibit cardiovascular,
gastrointestinal, hematological, hepatic, or endocrine effects (Muralidhara et al.
1982). However, they did exhibit histopathological kidney changes (although
no change was observed in kidney weight) and some neurological effects,
including unsteady gait and drowsiness. No neurological effects were observed
in rats exposed at 8,000 mg/kg. Rats exposed by gavage to a single dose of JP-5
at 18,912 mg/kg did have hematological, hepatic, and renal effects (Parker et al.
1981). Hepatic effects were observed in rats exposed by gavage to single doses
of JP-5 at 24-60 mL/kg (Bogo et al. 1983; Mehm and Feser 1984). Renal (e.g.,
hyaline droplets in the cytoplasm of epithelial cells in the proximal tubules),
neurological (e.g., reduction in food and water intake), and dermal (e.g.,
alopecia and congestion of the subcutis) effects were found in rats exposed to a
single dose by gavage at 19,200 mg/kg of JP-5 (Bogo et al. 1983).

Rabbits exposed dermally to undiluted JP-5 or JP-8 at 0.5 mL did not show
any signs of dermal effects (Schultz et al. 1981); however, in another study
using rabbits dermally exposed to JP-8, slight skin irritation was observed
(Kinkead et al. 1984). Also, dermal effects were observed in mice exposed to
JP-5 (concentration not reported) (NTP/NIH 1986). Acute dermal exposure of
mice to JP-5 at 10,000 mg/kg led to decreased body weight, but exposure at
5,000 mg/kg did not have this effect. Acute dermal exposure of guinea pigs to a
1% solution of JP-5 led to mild dermal sensitization (Cowan and Jenkins 1981a).

Repeated-Dose Studies

Repeated exposure to kerosene-based petroleum distillates, such as JP-8,
has been associated with hepatic, renal, cardiovascular, neurological, and
pulmonary toxicity in humans and experimental animals. These studies are
described briefly and summarized in Table A-3.
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Human Studies

Struwe et al. (1983) reported that airline industry workers occupationally
exposed by inhalation, oral, and dermal routes to jet fuels (type not specified)
were examined for neuropsychiatric effects. Thirty employees exposed at an
estimated time-weighted average of 250 mg/m3 during work for 4 to 32 years
were examined. The study authors concluded that personality changes and
emotional dysfunctions are effects of long-term exposures to jet fuels. The
usefulness of this study for determining the general toxicity of exposure to JP-8
in the context of Naval operations is unclear for the following reasons: (1) the
exposed workers studied were not a random sample but “were selected in
collaboration with the management of the factory, the trade unions and the
health department of the factory” and the criteria for selection are not reported;
(2) the composition of the jet fuel or fuels involved is not reported, and their
similarity to JP-8 is uncertain; (3) the average exposure for these workers was
estimated to be in the range of the permissible exposure limit, however, 21 of
the 30 workers are reported to have had recurrent acute exposures that produced
symptoms such as dizziness, headache, nausea, palpitations, and feelings of
suffocation; and (4) although the medical history obtained did not indicate that
the exposed workers were more likely than controls to have selected
confounding factors, possible confounders were not otherwise considered in the
data analysis.

In an epidemiological study reported by Knave et al. (1978), factory
workers chronically exposed by inhalation, oral, and dermal routes to jet fuel
(fuel type not reported) were found to have significant increases in conditions
such as fatigue, depression, dizziness, and sleep disturbances. Also, the workers
reported a significant increase in “a feeling of heaviness” in their chests. An
estimated time-weighted average of 128-423 mg/m3 jet fuel was found in the
work area. A limitation of this study is that other exposures were not
considered. Factory workers chronically exposed by the dermal route to
kerosene for up to 5 hr/d exhibited dermatosis and erythema (Jee et al. 1985).
The concentration of kerosene was not reported.

Experimental Animal Studies

Carpenter et al. (1976) exposed rats and dogs to deodorized kero
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sene at 100 mg/m3 for 6hr/d, 5d/wk, for 13 wk by inhalation. The animals did
not exhibit any respiratory, cardiovascular, gastrointestinal, hematological,
musculoskeletal, hepatic, renal, body weight, or neurological effects as a result
of exposure. Hepatic effects also were not observed in a study in which rats
were exposed by inhalation to 1,100 mg/m3 of JP-5 for 6 hr/d, 5d/wk, for 30 d
(Bogo et al. 1983).

However, other studies have reported respiratory, cardiovascular,
hematological, hepatic, renal, or body weight effects associated with exposure
by inhalation to kerosene-based fuels. Rats exposed nose-only at 497 mg/m3 of
JP-8 for 1hr/d for 7d or for 28 d showed increased alveolar epithelial
permeability (Chen et al. 1992; USAF 1994). Lung epithelial permeability in
rats was affected by exposure by inhalation of JP-8 at 500 and 800 to 1,100 mg/
m3 for 56 d, but not for 7 or 28 d (USAF 1994; Hays et al. 1994). Rats exposed
to an average concentration of 950 mg/m3 of JP-8 for 28 d exhibited
pathological changes, including disruption of epithelial and endothelial
structures, convoluted airways, and alveoli filled with red blood cells and fluid
(Pfaff et al. 1993; USAF 1994).

Cardiovascular effects (aortic plaques) were observed in guinea pigs
exposed by inhalation to kerosene at 20,400-34,000 mg/m3 for 15 min/d for 21
d (Noa and Illnait 1987a,b). Hematological effects were observed in dogs and
rats exposed by inhalation to JP-5 (USAF 1978b). The rats were exposed at 150
or 750 mg/m3 (females) and 750 mg/m3 (males) for 90 d. The dogs were
exposed at 750 mg/m3 for 90 d. Changes in blood glucose, blood lactate, and
pyruvate concentrations were observed in rats exposed by inhalation at an
average of 58 mg/m3, 231 mg/m3, and 231 mg/m3, respectively (Starek and
Vojtisek 1986). Dogs exposed to JP-5 at 150 or 750 mg/m3 for 90 d showed
hepatic effects, including lesions, and mild cloudy swelling of hepatocytes
(USAF 1978b). The nature of those lesions was not reported. Hepatic changes
also were observed in mice exposed to JP-5 at 150 mg/m3 for 90 d (Gaworski et
al. 1984).

In a study by Mattie et al. (1991), Fischer 344 rats and C57B1/6 mice were
exposed to vapors of JP-8 at 0, 500, or 1,000 mg/m3 continuously for 90 d and
were held for further observation as long as 21 months. The only toxicity
observed was a kidney lesion, -2u-globulin protein droplet nephropathy,
specific to male rats. There was no exposure-related increase in the incidence of
tumors in either sex of either species. However, it should be noted that a 3-
month exposure period is
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not generally considered adequate for a rigorous evaluation of carcinogenic
potential. In a subsequent study, male Sprague-Dawley rats were dosed with
JP-8 at 0, 750, 1,500, 3,000 mg/kg/d by gavage for 90 d to further characterize
kidney lesion and assess further toxic effects (Mattie et al. 1995). In addition to
the -2u-globulin protein droplet nephropathy observed in male rats, there was
a dose-related decrease in body weight, a dose-related increase in gastritis and
perianal dermatitis, and an increase in liver enzymes that was not related to the
dose of JP-8. Several other studies have reported this type of nephropathy in
rats treated via inhalation with jet fuels at 150 or 750 mg/m3 (Cowan and
Jenkins 1981a,b; Bruner 1984; Gaworski et al. 1984; USAF 1985). Because the
condition is specific to male rats, it is not relevant to humans.

D.T. Harris et al. (1997) exposed C57B1/6 mice to aerosolized JP-8 for 1
hr/d for 7 d at 0, 100, 250, 500, 1,000, 2,500 mg/m3 to determine possible
immunotoxicity. Dose-related immunological effects seen at the lowest
concentration (100 mg/m3) included a decrease in spleen and thymus organ
weight and a decrease in total viable cells recovered from those organs. At low
exposure concentrations (100 and 250 mg/m3), there was a loss of total cell
numbers in the lymph nodes and peripheral blood; at higher exposure
concentrations (500 and 1,000 mg/m3), there was an increase in total cell
numbers. Bone marrow analysis showed that exposure to low concentrations
resulted in an increase of total cell numbers and that exposure to higher
concentrations resulted in a decrease in total cell numbers. To determine
whether exposure to JP-8 can cause loss of immune function, splenic immune
cells were examined for the ability to undergo functional responses after
stimulation by a growth factor and a mitogen. Dose-related decreases in
immune function were observed in mice exposed to JP-8 and stimulated with
the T-cell mitogen, Concavalin-A. The authors concluded that at concentrations
as low as 100 mg/m3, JP-8 can act as an immunosuppressive agent.

No studies have evaluated the toxicity of kerosene-based fuels as a result
of multiple oral exposures.

Two studies tested the toxicity in mice exposed by dermal administration
of kerosene at 0.1 mL/d for 1 wk (Upreti et al. 1989) and JP-5 at 2,500 to 8,000
mg/kg for 5 d/wk for 13 wk and 103 wk (NTP/NIH 1986). Hematological
effects were observed at all concentrations and
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durations tested, and hepatic effects were observed at all concentrations in the
13-wk study. Dermal effects (rough skin, edema, inflammation, dermatosis) in
mice were reported in both studies. No respiratory, cardiovascular,
gastrointestinal, musculoskeletal, renal, or endocrine effects were reported in
either study. Renal lesions were reported in mice exposed dermally to 100% or
50% JP-5 for 3 times/wk for 60 wk (Easley et al. 1982). Mice treated dermally
with JP-5 at 8,000 mg/kg showed small (3-7%) changes in body weight (NTP/
NIH 1986). In the study by Upreti et al. (1989), male mice (females were not
tested) treated with JP-5 showed decreases in relative lymph node and thymus
weight and decreases in thymocyte count, bone marrow nucleated cell count,
thymic cortical lymphocytes, and the cellularity of the thymic lobules. The NTP/
NIH (1986) study found induced granulocytic hyperplasia in the bone marrow
and hyperplasia in the lymph nodes of mice treated with JP-5. Male mice
treated with JP-5 dermally to 0.1 mL of kerosene per day for 1 wk had
increased response to tactile stimuli and hyperactivity (Upreti et al. 1989).

Cancer

No epidemiology studies have been conducted to determine the
carcinogenicity of JP-8 or other kerosene-based fuels.

No oral carcinogenicity studies have been conducted in experimental
animals exposed to kerosene, JP-5, or JP-8. No renal tumors were observed in
rats after continuous exposure to JP-5 at 750 mg/m3 for 90 d and followed for
their lifetime (Bruner 1984). Skin tumors (type not reported) were observed in
mice exposed dermally at 22.9 mg of JP-5 for 40 wk; however, tumors were not
observed at a dose of 42.4 mg (Schultz et al. 1981).

Genetic Toxicity

The genotoxic potential of JP-8 has been evaluated in a battery of tests
(USAF 1978a). JP-8 was not mutagenic in five strains of Salmonella
typhimurium with or without metabolic activation. Gene mutations were not
induced in L5178Y mouse lymphoma cells at the thymidine
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kinase locus. In a test for unscheduled DNA synthesis, JP-8 induced significant
increases in 3H-thymidine incorporation in WI-38 cells at 5.0 µL/mL. JP-8 was
negative in dominant lethal assays in mice and rats. The mice were
administered the test compound in the feed for 5 d at concentrations of 0.13 mL/
kg, 0.4 mL/kg, and 1.3 mL/kg. The rats were exposed via the same route and
duration at concentrations of 0.1 mL/kg, 0.3 mL/kg, and 1.0 mL/kg.

Disposition and Pharmacokinetics

Because JP-8 is a complex mixture of numerous volatile hydrocarbons and
other substances, it is difficult to describe the pharmaco-kinetics both of the
mixture and of its components as they relate to toxicity. The pharmacokinetics
of some JP-8 components are known, but the usefulness of such data is limited
because some components of the mixture likely affect the kinetics of uptake,
distribution, metabolism, and elimination of others in the mixture. The kinetics
of the mixture also would vary by route (e.g., oral versus dermal) and condition
of exposure (e.g., aerosol versus vapor).

Riviere et al. (1999) used the isolated perfused porcine skin flap model to
study absorption and disposition of JP-8. The percutaneous absorption and
cutaneous disposition of topically applied neat Jet-A and JP-8 jet fuels were
assessed by monitoring the absorptive flux of the marker components 14C
naphthalene and 3H dodecane simultaneously. Absorption of 14C hexadecane
was estimated from JP-8. Data were not reported in absolute amounts or
concentrations. Instead, the objectives were to determine the relative absorption
of the individual marker components from jet fuel, and the effect of a specific
jet fuel's composition on the absorption of a specific marker. Having evaluated
the absorption of only three of the 228 major nonadditive hydrocarbon
constituents of the fuels, the authors stated that this is insufficient information
to conduct risk assessments on jet fuels. However, the authors' conclusions are
informative. Naphthalene penetrated the skin more rapidly than dodecane or
hexadecane, but the latter compounds had a larger fraction of the dose deposited
in the skin. There were also differences in naphthalene and dodecane absorption
and skin deposition between the fuels. These findings reinforce the difficulty of
predicting risk for complex mixtures such as jet fuels.
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Reproductive and Developmental Toxicity Data

Human Studies

Two studies have been published about possible genotoxicity and male
reproductive toxicity in aircraft maintenance personnel exposed to solvents,
paints, and fuels (mainly JP-4; Lemasters et al. 1999a,b). A total of 50 men
working on aircraft maintenance at an Air Force base were included in the
studies. The subjects were divided into subgroups based on work assignment,
and therefore related chemical exposure: 6 sheet metal workers, 6 painters, 15
men involved in jet fueling, and 23 flightline workers. Eight unexposed men
served as a control group. All measures of chemical exposure were below 6
ppm, well below the Occupational Safety and Health Administration standards
for those chemicals. Evaluation of blood lymphocytes for genotoxic changes
after 15 and 30 wk exposure as measured by sister chromatid exchanges and
micronuclei revealed no significant changes in either parameter among the jet
fueling and flight line groups of men (Lemasters et al. 1999a). The reproductive
study included measures of sperm production, structure, and function (sperm
concentration, sperm motion, viability, morphology, morphometrics, and
stability of sperm chromatin) after 15 and 30 wk exposure. There was an
increase in sperm concentration in the jet fuel and flightline groups and a
decrease in sperm linearity in the jet fuel group, but the authors concluded that
exposure to jet fuel did not cause an apparent effect on semen quality for
aircraft maintenance personnel (Lemasters et al. 1999b).

No human studies have been conducted to assess female reproductive or
developmental toxicity caused by exposure to JP-8 or any other kerosene-based
fuel.

Experimental Animal Studies

Developmental Toxicity

Cooper and Mattie (1996) reported the results of a study of the
developmental toxicity of JP-8 in Sprague-Dawley rats dosed orally at 0, 500,
1,000, 1,500, 2,000 mg/kg/d on days 6-15 of pregnancy. Dams exposed to doses
of 1,000 mg/kg/d or above gained significantly less
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body weight during pregnancy than did control rats. There were several
maternal deaths among exposed animals that were attributed to the presence of
JP-8 in the lungs. Fetal body weight at the two highest doses was significantly
decreased from control weight, but those doses were associated with even
greater reduction of maternal weight gain during pregnancy. Fetal weight was
reduced by 12% and 25%, and maternal gestational weight gain was reduced by
70% and 85% at concentrations of 1,500 and 2,000 mg/kg/d, respectively. It is
unclear if the fetal weight reduction was causally associated with reduced
maternal gestational weight gain.

The number and type of fetal malformations and variations observed did
not differ significantly between dose groups. A progressive increase in the
overall incidence of fetal alterations (variations and malformations) with
increasing dose was reported between the 500 mg/kg/d and 1,500 mg/kg/d dose
groups, but not for the 2,000 mg/kg/d dose group. It should be noted that the
number of fetuses and litters exposed to the highest dose (2,000 mg/kg/d) and
available for examination for abnormal development was much lower than in
other dose groups because approximately one-third of the dams died; one
animal had a totally resorbed litter. Observed variations included dilated renal
pelvis, ureter, and lateral ventricle; unossified sternebra; rudimentary 14th rib;
less than four metatarsals; and external and subdural hematomas. Observed
malformations included malformed sternum, missing centrum, hydronephrosis,
ectopic heart, short tail, no tail, and encephalomyocoele.

No other studies have assessed the developmental toxicity of JP-8 (or other
kerosene-based fuels) in experimental animals.

Reproductive Toxicity

No studies of reproductive toxicity of JP-8 (or other kerosene-based fuels)
in experimental animals were found. Ancillary data from other toxicity studies
do not suggest an adverse reproductive effect (no effect on fertility in dominant
lethal studies in mice and rats (USAF 1978a) and no effect on testis weight or
histopathology in a 90-d gavage study in rats (Mattie et al. 1995)). An increase
in atrophy of seminiferous tubules in testes of male mice exposed to JP-4 by
inhalation for 12
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months was considered by the authors to result from the debilitating effects of
chronic skin disease in exposed mice (Bruner et al. 1993).

Integration of Toxicity and Exposure Information

Interpretation of Toxicity Data

Data to assess the potential of JP-8 to adversely affect reproduction and
development are sparse. One study (Puhala et al. 1997) reported measurements
of human exposures and the values for the components of jet fuels analyzed that
were far below the TWA threshold limit values (see Tabel A-2). Data on the
absorption of volatile hydrocarbon components of JP-8 suggest that systemic
exposure is likely, by any route of exposure. The single published
developmental toxicity study (Cooper and Mattie 1996) did not report an
adverse effect on embryonic or fetal development in rats with oral treatment at
up to 2,000 mg/kg/d on days 6-15 of pregnancy, except for a decrease in body
weight of offspring.

No studies of humans or experimental animals have been done to assess
reproductive performance after exposure to JP-8. There are human data that
demonstrate that exposure to jet fuel (mostly JP-4) at below 6 ppm did not
affect semen quality for aircraft maintenance personnel (Lemasters et al.
1999b). Ancillary studies in rats and mice (USAF 1978b; Mattie et al. 1995) did
not suggest an adverse effect on reproductive organs or reproductive
performance. The testicular atrophy reported in mice exposed to JP-4 (Bruner et
al. 1993) might have been secondary to the debilitating effect of chronic skin
disease.

Quantitative Evaluation

One study identified a NOAEL (no-observed-adverse-effect level) for a
reproductive or developmental endpoint (Cooper and Mattie 1996). Rats were
exposed orally at 0, 500, 1,000, 1,500, and 2,000 mg/kg/d on days 6-15 of
pregnancy. There was a significant decrease in fetal body weight in rats
exposed to JP-8 at high doses (1,500 and 2,000 mg/kg/d). No effect on fetal
body weight was observed after
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exposure at 1,000 mg/kg/day, and the authors identified that dose as the fetal
NOAEL.

Maternal toxicity in the form of death and decreased body weight occurred
at the same doses at which developmental toxicity (decreased fetal body
weight) was observed. No effect on maternal body weight was observed after
exposure at 500 mg/kg/d, and that dose was identified as the maternal NOAEL.
Whether the developmental toxicity is directly related to the maternal toxicity
or is independent of the effects on the mothers is not known.

Data on comparative pharmacokinetics are sparse; there are no data to
support a conclusion that adverse reproductive or developmental toxic effects in
rats or mice are not predictive of some adverse effect in humans. Thus, it is
accepted by default that animal data are relevant to humans.

Estimates of human exposure to JP-8 do not provide documentation of
exposures to individual components of JP-8. Studies have not been done to
determine which components of JP-8 might account for its toxicity. Thus, the
value of calculation of a margin of exposure for JP-8 is questionable because
knowledge of the composition of JP-8 might not accurately predict the relative
exposure to components of JP-8 at the tissue level.

The subcommittee chose the NOAEL of 1,000 mg/kg/d to calculate an
unlikely effect level (UEL) for developmental toxicity. The aggregate
uncertainty factor for human sensitivity is 1,000 (10 for inter-individual
variation, 10 for extrapolation from rats to humans, 10 for an incomplete data
set). The UEL is calculated by dividing the NOAEL by the aggregate
uncertainty factor for human sensitivity:

The UEL is only for effects that are observed at birth and only for a short
term exposure. No long-term follow-up studies (e.g., on neurotoxicity) have
been conducted. UELs for other reproductive endpoints cannot be calculated. A
UEL for chronic exposure to JP-8 was not calculated because there are no
chronic toxicity studies on JP-8 reported in the literature. Conversion from mg/
kg/day by the oral route to the equivalent concentration in inhaled air to achieve
the same daily
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dose determines that the 1 m/kg/d UEL is equivalent to 1.5 ppm for rats
(assume 8 hr/d exposure, 100% absorption, 185 g body weight, respiratory
minute volume of 0.76 mL/min/g body weight), and 0.8 ppm for humans
(assume 8 hr/d exposure, 100% absorption, 69 kg body weight, respiratory
minute volume of 0.42 mL/min/kg body weight).

Critical Data Needs

Data on the toxicity and disposition of JP-8 in animals are sparse, and no
data are available for humans. No reproductive toxicity studies have been done
in experimental animals. One adequate study demonstrated developmental
toxicity in rats treated orally at 1,500-2,000 mg/kg/d (Cooper and Mattie 1996).
A study in a second species should be supplemented with a multiple-generation
reproductive toxicity study in rats or mice, including an evaluation of postnatal
endpoints, such as developmental neurotoxicity, immunotoxicity, and
hematological, hepatic, and renal effects, that could result from prenatal
exposures.

Uncertainty about the toxicity of JP-8 could be reduced as follows:

•  The toxicity of individual components of the fuel should be assessed
from the literature to determine whether exposure to any of the
components is known to produce reproductive or developmental
toxicity in animals or humans.

•  The pharmacokinetics of known components of the fuel should be
assessed to better define exposure, placental transfer, bioaccumulation,
and other factors relevant to toxicity.

•  Research should determine systemic exposure from the various relevant
modes of exposure. Toxicological studies have been done for gavage
and inhalation of aerosolized fuel and vapors. Data are not available to
determine the comparability of exposure by these routes and modes of
exposure. Humans are exposed dermally as well as by inhalation. The
contribution to the internal dose from exposure of the skin to JP-8 or
its vapors is not known. Measurements of jet-fuel components in blood
of exposed workers would permit comparisons to similar data
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from laboratory animals and would facilitate extrapolation of toxicity
data from animals to humans.

Additional data are needed to define exposures of humans and
experimental animals better. Because JP-8 is a complex mixture of substances
that differ in volatility, solubility, metabolic rates and pathways, and rate and
route of elimination from the body, dosimetry of critical components of the
mixture at critical sites in the body is crucial. Knowledge of the composition of
JP-8 might not be a good surrogate for prediction of risk of some highly toxic
minor component of the fuel.

Also, exposure to individual components of JP-8 under desert conditions
of high temperature and low humidity would be different from exposures at
very low temperatures because of different rates of aerosolization and
vaporization. Exposure data should be collected from a variety of
environmental conditions.

Summary

Jet propulsion fuel JP-8 is the fuel used by the U.S. Air Force and other
services to fuel jets and other military vehicles. JP-8 is a mixture of hundreds of
chemicals, mostly alkanes in the C8 to C17 range, and aromatics, including
substituted benzenes and naphthalenes. The exact composition of JP-8 varies
from batch to batch.

Human Exposure

Human exposure to JP-8 occurs during refueling and defueling operations
and mechanical activities that deal with storage, transfer, and combustion. The
most likely exposure of military personnel is via inhalation of aerosolized or
vaporized fuel; however, topical and oral exposures also are possible.
Occupational exposure standards are based on knowledge of the toxicity of
components of JP-8. Those few exposure values that are published suggest that
human exposures were below ACGIH TWA threshold limit values for those
chemicals.
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Toxicology

Developmental Toxicity

There are no human data on the effects of JP-8 on development. The
animal data are sufficient to conclude that prenatal oral exposure at doses of
1,500 mg/kg/d and greater administered on gestation days 6-15 in rats causes
developmental toxicity. These toxicity findings in rodents are assumed to be
relevant for prediction of risk to humans.

Reproductive Toxicity

There are no human data on the effects of JP-8 on male or female
reproduction. There are human data that show that exposure to jet fuel (mostly
JP-4) at below 6 ppm did not affect semen quality for aircraft maintenance
personnel. Likewise, there are no laboratory animal studies on the effects of
JP-8 on male or female reproduction.

Quantitative Evaluation

Developmental Toxicity

There are no human data from which to develop a quantitative evaluation.
One laboratory study in rats identified a NOAEL of 1,000 mg/kg for
developmental effects. Using an aggregate uncertainty factor of 1,000 (10 for
interindividual variation, 10 for extrapolation from rats to humans, 10 for an
incomplete data set), the UEL for developmental toxicity for a short term
exposure is 1 mg/kg/d.

Reproductive Toxicity

There are no human or animal data from which to develop a quantitative
evaluation or calculate UELs for male or female reproductive toxicity endpoints.
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Certainty of Judgment and Data Needs

Data on the toxicity and disposition of JP-8 in animals are sparse and no
data are available for humans. One adequate study demonstrated developmental
toxicity in rats. This study has not been replicated and there are no
corroborative data from other studies with rats or other species. A multiple-
generation reproduction study that examines a variety of postnatal endpoints
that result from prenatal exposures, such as developmental neurotoxicity;
immunotoxicity; and hematological, hepatic, and renal effects, should be
conducted in rats or mice.

Additional data are needed to better define the exposure of humans and, in
the context of animal toxicity studies, of laboratory animals. Because JP-8 is a
complex mixture of chemicals that differ in volatility, solubility, metabolic rate
and pathway, and rate and route of elimination from the body, dosimetry of
critical components of the mixture at critical sites in the body is important to
enhance the quality of risk assessment. The fact that human exposures can
involve liquid fuel, aerosolized fuel, and vapor, by inhalation, dermal, and oral
routes of exposure makes it difficult to accurately predict the internal dose of
JP-8 and its components.

1,1,1,2-TETRAFLUOROETHANE1

Hydrofluorocarbons (HFCs), including 1,1,1,2-tetrafluoroethane
(HFC-134a), have been developed as alternatives to chlorofluorocarbons
(CFCs), which are known to contribute to the breakdown of ozone to oxygen in
the stratosphere. HFCs do not contribute to the destruction of stratospheric
ozone, but some HFCs have global warming potential. They primarily serve as
replacements for CFCs in refrig

1Subcommittee member Paul Foster was previously employed at a company
that conducted reproductive and developmental toxicity studies on HFC-134a.
Because Dr. Foster was involved in the review of those studies, he did not
participate in the subcommittee's discussions and deliberations on HFC-134a.
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eration equipment and mobile air conditioning; they also have pharmaceutical
applications (e.g., as a propellant for metered dose inhalers used to treat
asthma). The physical and chemical properties of HFC-134a are listed in Box A-1.

EPA has developed a chronic reference concentration (RfC) for chronic
exposure of 80 mg/m3 (Integrated Risk Information System (IRIS) 1998), based
primarily on a 2-year inhalation study in rats (Collins et al. 1995). Briefly, male
rats exposed at concentrations of 10,000 ppm and 50,000 ppm had a significant
increase in the incidence of Leydig cell hyperplasia compared with controls.
The study is described below.

The American Industrial Hygiene Association's (AIHA) Workplace
Environmental Exposure Level Committee gave HFC-134a an occupational
exposure limit (8-hr time-weighted average) of 4,250 mg/m3 (AIHA 1991, as
cited in European Centre for Ecotoxicology and Toxicology of Chemicals
(ECETOC) 1995).

Exposure Data

Human exposure to HFC-134a occurs via inhalation from accidental leaks
of air conditioning units and refrigerators, from spills or industrial use, and from
use of metered-dose inhalers such as those that deliver medication for the
treatment of asthma (Hazardous Substance Data Base (HSDB) 1998; Alexander
and Libretto 1995).

The likely maximum exposure from a metered-dose inhaler is 33 ppm hr/
m3 lung surface area/d (Alexander et al. 1996).

General Toxicological and Biological Parameters

Acute Studies

No adverse health effects in humans from acute exposure to HFC-134a
have been reported.

In experimental animals, HFC-134a has been shown to have low toxicity
via inhalation. An approximate lethal concentration in rats ranges from 567,000
to 750,000 ppm after 4-hr and 30-min exposures,
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respectively (Rissolo and Zapp 1967; Silber and Kennedy 1979a). Also in rats,
a 15-min lethal concentration for 50% of the test animals (LC50) was reported to
be 800,000 ppm and a 4-hr LC50 was reported to be 500,000 ppm (Collins
1984). Clinical signs of toxicity included lethargy, labored and rapid
respiration, foaming at the nose, tearing, salivation, convulsions, and death. For
surviving animals, the effects were reversible. HFC-134a was not lethal to dogs
exposed at concentrations of 700,000-800,000 ppm for 3-5 hr (Shulman and
Sadove 1967).

BOX A-1 PHYSICAL AND CHEMICAL PROPERTIES, HFC-134A

Common name: FC-134a

Chemical name: 1,1,1,2-tetrafluoroethane

Synonyms: HFC-134a; Norflurane; HFA-134a;
1,2,2,2- tetrafluoroethane; F-134a;
R134a; Refrigerant R134a

CAS number: 811-97-2

Molecular formula: C2-H2-F4

Description: Colorless gas

Molecular weight: 102.03

Boiling point: -26.5 °C at 736 mm Hg

Freezing point: -101 °C

Density and specific gravity: 1.21 g/mL (liquid under pressure at 25 °C)

Vapor pressure: 96 psi at 25 °C

Flash point and flammability: Nonflammable

Solubility: 0.15% in water; soluble in ether

Octanol and water partition
coefficient:

Pow = 1.06

Conversion factors: 1 mg/L = 238 ppm; 1ppm = 4.2 mg/m3

Deep narcosis occurred in dogs, cats, and monkeys exposed via inhalation
at concentrations of 500,000 ppm within approximately 1 min; the recovery
period was approximately 2 min (Shulman and Sadove 1967). In a review of
preclinical toxicology studies, Alexander and Libretto (1995) reported no deaths
or treatment-related effects on clinical signs, body weight, food and water
consumption, or postmortem findings in rats and mice exposed via inhalation at
a concentration of 810,000 ppm with oxygen supplementation for 1 hr. Male and
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female mice exposed to HFC-134a without oxygen supplementation at 150,000
ppm for 1 hr showed respiratory effects, and the female mice were comatose
after 15 min exposure (Alexander and Libretto 1995). In that study, there were
significant decreases in tidal volume at 74,000 ppm, slight decreases in
respiratory rate at 90,500 ppm, and marked reductions in minute volume at
150,000 ppm. In the same study, rats exposed at concentrations of 47,000 ppm
had significantly reduced respiratory rates. Dogs exposed via inhalation to
HFC-134a at concentrations of 40,000 and 80,000 ppm for 1 hr did not show
treatment-related clinical signs. At 160,000 ppm, three of four dogs showed
salivation, head shaking, and struggling; at 320,000 ppm the effects were more
severe.

HFC-134a was found to be a weak cardiac sensitizer when tested in an
epinephrine challenge in dogs (Mullin and Hartgrove 1979). Cardiac
arrhythmias were observed at concentrations of 75,000 ppm and above. No
effects were observed at 50,000 ppm. In another study, HFC-134a induced
cardiac sensitization at concentrations of 80,000 ppm and above, and no effects
were observed at 40,000 ppm (Hardy et al. 1991).

Repeated-Dose Studies

No adverse health effects in humans from repeated exposure to HFC-134a
have been reported.

Subacute, subchronic, and chronic studies have been conducted in
experimental animals to test the toxicity of HFC-134a (Kennedy 1979; Riley et
al. 1979; Silber and Kennedy 1979b; Hext and Parr-Dobrzanski 1993; Hext
1989; Alexander and Libretto 1995; Collins et al. 1995). Those studies are
summarized in Table A-4.

The NOAEL for subacute exposure in rats ranged from 10,000 to 100,000
ppm (Kennedy 1979; Riley et al. 1979; Silber and Kennedy 1979b). Subchronic
exposure using 1 hr/d snout-only exposure for rats and mice resulted in no
effects at 50,000 ppm (Alexander and Libretto 1995); whole-body exposure of
rats for 6 hr/d to 50,000 ppm also had no effect (Hext 1989; Collins et al. 1995).
There were no effects in dogs when 120,000 ppm was administered by face
mask for 1 hr/d (Alexander and Libretto 1995). In rats exposed chronically to
HFC-134a by
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inhalation using snout-only exposure for 1 hr/d, 7d/wk there were no
effects at 50,000 ppm (Alexander and Libretto 1995); with whole-body
exposure for 6 hr/d, 5 d/wk (Hext and Parr-Dobrzanski 1993; Collins et al.
1995), an increase in Leydig cell hyperplasia and adenomas was seen at 50,000
ppm with a NOAEL of 10,000 ppm.

Genetic Toxicity Studies

There is no evidence to suggest that HFC-134a induces either genetic or
chromosomal mutations, and therefore, there is no reason to suspect that
HFC-134a exposure would induce heritable effects in humans. HFC-134a is
reported to be nonmutagenic when tested in the Ames assay (Litton Bionetics
1976; Callander and Priestly 1990; Collins et al. 1995) or in the microbial
mutagenicity assay in Escherichia coli (Alexander and Libretto 1995). It does
not alter DNA synthesis in rat hepatocytes (Trueman 1990; Collins et al. 1995),
induce chromosomal aberrations in mouse lymphoma L51787 cells in the
presence or absence of microsomal-induced liver homogenates (Alexander and
Libretto 1995), human lymphocytes or Chinese hamster lung cells (Mackay
1990; Collins et al. 1995), or alter micronucleus formation in the femoral bone
marrow of exposed mice (Muller and Hoffmann 1989; Collins et al. 1995).
HFC-134a also appears to be nonmutagenic to male mice exposed at 1,000,
10,000, or 50,000 ppm for 6 hr/d for 5 d via inhalation when tested in a
dominant lethal assay (Hodge et al. 1979a). The results of a study of
chromosomal aberrations in rat bone marrow cells were inconclusive (Anderson
and Richardson 1979).

Carcinogenicity Studies

Rats were exposed, whole body, to HFC-134a via inhalation at
concentrations of 2,500, 10,000, and 50,000 ppm for 6 hr/d, 5d/wk for up to 104
wk (Hext and Parr-Dobrzanski 1993; Collins et al. 1995). At 50,000 ppm there
was an increase in testicular weight, Leydig cell hyperplasia, and Leydig cell
tumors. Such tumors are common in rats and are induced by a variety of
chemicals. Because HFC-134a does not demonstrate mutagenic activity, the
increased incidence of Leydig cell tumors is attributable to a nongenotoxic
mechanism. A very low in
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cidence of Leydig cell tumors in humans has been reported (Mostofi and Price
1973), and the relevance of extrapolating the findings from rats to humans has
been questioned. However, Clegg et al. (1997), in a thorough evaluation of
Leydig cell hyperplasia and adenomas, indicated that the incidence in humans is
uncertain and that, as a default when the mode of induction is unknown, agents
that induced both hyperplasia and adenomas should be considered relevant and
of concern for progression to carcinogenesis in humans. Several other HFCs
also have been shown to induce Leydig cell hyperplasia and adenomas
(summarized in Clegg et al. 1997). When this is the only or the primary effect
of an agent and there is no mutagenic activity, the dose-response relationship is
assumed to be nonlinear.

In another study, rats were exposed to HFC-134a at 300 mg/kg of body
weight by gavage 5 d/wk for 1 year (Longstaff et al. 1984). No carcinogenicity
was observed in this investigation. However, only one concentration was used,
and it is possible that the route of administration and the dose of the compound
used were not capable of detecting carcinogens of low potency. Furthermore,
because the onset of Leydig cell adenomas is usually seen in aged animals,
chronic studies will be more useful for detecting these effects and predicting
their occurrence.

Other Toxicity

HFC-134a was shown to cause slight skin irritation in rabbits, perhaps
because of local freezing (Mercier 1989). In that study, 0.5 mL of liquified
HFC-134a was applied to scarified and intact skin areas of rabbits and the
exposed site was covered for up to 24 hr.

HFC-134a also was shown to produce slight eye irritation in rabbits
(Mercier 1990a). The chemical was administered as a gas, sprayed for either 5
or 15 seconds (sec) from a distance of 10 centimeters.

HFC-134a did not produce skin sensitization in one study conducted in
guinea pigs (Mercier 1990b). The animals received a single intradermal
injection of Freund's complete adjuvant followed by seven consecutive
(occlusive) epicutaneous administrations of liquified HFC-134a. The challenge
administration was performed after 12 d without treatment by occlusive
epicutaneous treatment with liquified HFC-134a.
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Pharmacokinetics

Two pharmacokinetics studies have been conducted in human volunteers
with exposure to HFC-134a. Vinegar et al. (1997) reported on the exposure of
two male volunteers to 0.4% (4,000 ppm) HFC-134a via inhalation. The first
subject lost consciousness after 4.5 min and exhibited a dramatic increase in
blood concentration, which reached 1.29 mg/L by 2.5 min, and decrease to zero
in pulse rate and blood pressure. The subject was revived and pulse and blood
pressure returned to normal after 1 hr. However, dizziness and balance
problems persisted after 6 wk. The second subject showed a rapid rise in blood
pressure and pulse after 10.5 min, by which time the blood concentration had
reached 0.7 mg/L; he was removed from the exposure and his vital signs
returned to normal after 30 sec. The same subject was exposed again after about
1 hr to 0.2% HFC-134a and began having problems after 2.5 min. His blood
concentration was 0.16 mg/L at the beginning of exposure and reached 0.38 mg/
L by 2.5 min. Most symptoms were gone by the next day, but dizziness and
balance problems persisted for 6 wk and he reported persistent ringing in the
ears.

The second study (Emmen and Hoogendijk, 1999) involved eight
volunteers (four males and four females). This study used whole-body
inhalation exposure to CFC-12 or HFC-134a on eight occasions. The exposures
to HFC-134a were at 1,000, 2,000, 4,000, or 8,000 ppm for 1 hr. No treatment-
related effects of inhalation exposure to HFC-134a were noted on
echocardiogram, pulse rate, systolic and diastolic blood pressure, or lung
function compared with air control and CFC-12 reference conditions. The
maximum concentrations reached 5.95-7.22 µg/mL after exposure to 8000 ppm.
The half time (t1/2) for distribution was 8.34-9.44 min, and for elimination it
was 38.29-44.45 rain.

Absorption of fluorocarbons and bromofluorocarbons via inhalation in
experimental animals is rapid; the maximal blood concentrations of the
substances develop within 5 min and equilibrium is achieved within the next 15
rain of exposure (Azar et al. 1973; Trochimowicz et al. 1974; Mullin et al.
1979). Blood concentrations do not increase further with increasing durations of
exposure for a given concentration of these substances. In a fertility study
(Alexander et al. 1996), blood samples were taken from P (parental generation)
male rats after 15 wk exposure, and from P females after 3 wk premating, 3 wk
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gestation, and 2 wk postpartum exposure. P females from a peri- and postnatal
study were sampled after one exposure on gestation day 17, or after repeated
exposures in the second week postpartum. The data showed rapid absorption
into blood of HFC-134a, increasing concentration with increasing exposure, and
rapid excretion with no accumulation on repeated dosing. The mean half-lives
ranged from 5.8 to 7 min.

Toxic effects observed in animals following oral and inhalation exposure
to HFC-134a indicate it is absorbed by the lungs and gastrointestinal tract
(Salmon et al. 1980). Studies conducted in rats exposed to high concentrations
of HFC-134a, either orally or via inhalation, indicate it is rapidly excreted,
mostly as the unchanged parent compound (Salmon et al. 1980). Analysis of the
urine, feces, and expired air of rats exposed to HFC-134a at 10,000 ppm (1.0%)
for 1 hr showed that only 0.34%-0.40% was metabolized (Ellis et al. 1993). The
study by Salmon et al. (1980) found that some HFC-134a is retained in the liver
and that relatively large amounts are retained in the adrenal gland; the study by
Ellis et al. (1993) did not report any evidence for specific accumulation in any
organ or tissue, including fat.

Studies in rat liver microsomes show that HFC-134a is oxidized by the
cytochrome P450 system; this implies that cytochrome P450-containing tissues,
such as nasal mucosa, liver, and lungs might convert HFC-134a to trifluoracetic
acid, a toxic metabolite (Olson et al. 1990). Another study on the metabolism of
HFC-134a in isolated rat hepatocytes found that the chemical undergoes limited
metabolism as measured by the release of inorganic fluoride (Reidy et al. 1990).
Microsomal metabolism was inhibited by carbon monoxide, was decreased in
the presence of low oxygen concentration, and was increased in the presence of
hepatic microsomes isolated from Arochlor-treated rats. These results indicate
that HFC-134a undergoes a cytochrome P450-catalyzed defluorination reaction.

Reproductive and Developmental Toxicity Data

Human Studies

No data were found on the reproductive and developmental effects of
HFC-134a in humans.
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Experimental Animal Studies

Reproductive Toxicity

Three reproductive toxicity studies testing HFC-134a have been conducted
in rats and mice (Table A-5). Additionally, data from several repeated-dose
studies included information on reproductive effects (see Table A-4).

Hodge et al. (1979a) exposed male CD-1 mice (40 per group) in a
dominant lethal study design to HFC-134a at 0, 1,000, 10,000 or 50,000 ppm by
inhalation for 6 hr/d for 5 consecutive days, then mated them to unexposed
females (two females for 4 d/wk) for 8 wk. Fifteen days after the initial date of
pairing, the females were killed and their uterine contents examined. Females
were not examined for vaginal plugs so there was likely some variability in
gestational age when females were killed. The only dose-related effects
observed were an increase in early deaths (as a percentage of implants) in the
50,000-ppm group at wk 4 and 8. This could have been because of a low
incidence in the controls at these times; the incidence in the HFC-134a-exposed
groups was within the control range across all weeks and was unlikely to have
been a significant treatment effect.

In a two-generation study by Alexander et al. (1996), 30 male and female
rats per group were exposed by snout-only exposure to HFC-134a at 0, 2,500,
10,000 or 50,000 ppm (1 hr/d) for 10 wk (males) or 3 wk (females) before
pairing (P generation), the males continued to be exposed for a total of 18 wk,
and the females continued through pregnancy and lactation. Estrous cycles were
monitored for 14 d before pairing. F1 (first filial) generation fetuses were
examined on day 20 of gestation in 14 females per group; the rest were allowed
to litter and nurse their young. Twelve F1 males and females per group were
selected at weaning and mated at approximately 70 d of age. Survival and
development of the F2 (second filial generation) progeny were monitored for 21
d postpartum. One F2 animal of each sex (eight litters per group) was retained to
sexual maturity. Physical and reflex development were evaluated in F1 and F2 

offspring, as were locomotor coordination, activity, and learning, memory, and
reversal. A slight but statistically significant decrease in body weight gain was
seen in P males exposed to 10,000 and 50,000 ppm after 2 wk exposure;
cumulative
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body weight gain in males exposed to 50,000 ppm over 5 wk or 10 wk was
significantly reduced. There were no effects on body weight or weight gain in P
females, or in F1 or F2 offspring. There appeared to be a slight increase in
skeletal defects in F1 fetuses, but no significant change was reported, and some
might have been cases of decreased ossification (this was unclear from the
reported data). In F2 offspring, there was a slight but statistically significant
increase in the age at pinna detachment (exposed at 10,000 ppm), startle
response (exposed at 10,000 and 50,000 ppm), and air righting (exposed at
2,500 and 10,000 ppm); these changes were not clearly dose related, and on
average they represented a ½- to 1-d delay. Because the F2 offspring were never
exposed directly or indirectly, there was no change in body weight at birth or
weaning, and no changes were seen in the F1 off-spring on these same
measures; the changes detected in F2 animals were not considered treatment-
related.

As a follow-up to studies showing Leydig cell hyperplasia, Barton et al.
(1994) exposed 25 male Sprague-Dawley rats per group to HFC-134a at 0,
10,000, 30,000, or 100,000 ppm for 6 hr/d for a total of 18 wk (11 wk before
mating and 7 wk during and after mating). Animals were exposed snout-only
for the first 9 wk to reduce the amount of material used; thereafter, whole-body
exposure was used. In 10 males per group, luteinizing hormone concentrations
were assessed after 16 wk, and again at 17 wk after stimulation with luteinizing
hormone releasing hormone (LHRH). In another 10 males per group, at
necropsy, the left testis was decapsulated, then incubated with human chorionic
gonadotropin to assess androgen release; the right testis was examined
histologically. High basal concentrations of luteinizing hormone were seen in
all groups including controls, but there was no difference between controls and
treated groups in luteinizing hormone levels before or after LHRH stimulation.
At 100,000 ppm, there was no statistically significant increase in testosterone
secretion and biosynthesis, but an increase in progesterone was observed. The
increase in progesterone was consistent with increased Leydig cell function at
this exposure level.

Developmental Toxicity Studies

Four developmental toxicity studies testing HFC-134a have been
conducted in rats and rabbits (Table A-5).
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Lu and Staples (1981) exposed female Sprague-Dawley rats at
concentrations of 0, 30,000, 100,000, or 500,000 ppm HFC-134a for 6 hr/d,
days 5-14 of gestation (11 pregnant control animals, 6 in each exposed group).
All gestational ages are converted to correspond to the day of insemination as
gestational day 0. Animals were killed on gestational day 20 and uterine
contents were examined. Dams exposed to 100,000 or 300,000 ppm showed a
reduced or absent response to sound, respectively, demonstrating the anesthetic
action of HFC-134a. Animals exposed to 300,000 ppm consumed significantly
less food and gained significantly less weight than did controls. There was a
significant decrease in fetal weight at 300,000 ppm, and a significant increase in
the incidence of skeletal variations, many of which were related to reduced
ossification.

Hodge et al. (1979b) exposed female rats to concentrations of 0, 1,000,
10,000, or 50,000 ppm HFC-134a for 6 hr/d on gestation days 615 and killed
them on gestation day 21 for examination of uterine contents (23-29 pregnant
animals per group). There were no treatmentrelated effects on maternal animals
except for acute pulmonary irritation that increased in severity and incidence
with exposure concentration. There was no effect on the number of implants,
litter size, or litter weight. At 50,000 ppm, fetal weight was slightly but
significantly decreased and there was an increased incidence of skeletal
variations, primarily reduced ossification of cervical vertebrae, sternebrae, and
digits. An increase in the incidence of abnormal sternebrae also was reported in
the 50,000 ppm group, but these effects (bipartite or misaligned sternebrae) are
often seen in controls and are likely related to reduced ossification observed in
the same groups. All fetal effects reported in this study at the highest exposures
can be accounted for by the fact that litter size was greater in this group than in
any other, including controls. Reduced fetal weight often is associated with
increased litter size, and reduced ossification of skeletal elements often
accompanies reduced fetal weight.

Wickramaratne et al. (1989a,b) conducted a prenatal developmental
toxicity study in rabbits in two phases. In the pilot study (Wickramaratne et al.
1989a), groups of artificially inseminated rabbits were exposed to 5,000, 20,000
or 50,000 ppm (six to nine pregnant animals per group) for 6 hr/d, on gestation
days 6-18, then killed on gestation day 29. Fetuses were examined only for
external anomalies and cleft palate. Two animals aborted late in pregnancy, one
in the
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5,000 ppm group and one in the 50,000 ppm group. Maternal body weight loss
was observed during the early dosing period in the 50,000 ppm group. The
number of implantations was reduced in the 20,000 and 50,000 ppm treated
groups compared with controls, with consequent reduction in litter size, gravid
uterine weight, and litter weight, but increased fetus weight due to reduced litter
size.

In the main study (Wickramaratne et al. 1989b; same study reported in
Collins et al. 1995), pregnant rabbits (18-24 per dose group) were exposed 6 hr/
d to 2,500, 10,000, and 40,000 ppm gestation days 6-18. Observations were the
same as in the pilot study, but fetuses were examined for external, visceral, and
skeletal defects, and a single section was made through the head to examine the
brain macroscopically. One control animal aborted late in pregnancy. Maternal
body weight and food consumption were signficantly reduced at 10,000 and
40,000 ppm, although the effects at 2,500 ppm were within the historical
control range. There was no effect on implantation number, litter size, gravid
uterine weight, litter weight, or individual fetus weight. The incidence of major
and minor defects either did not appear to be dose related or was within
historical control ranges. The NOAEL was considered to be 10,000 ppm, based
on maternal toxicity, and the NOAEL for developmental toxicity was `40,000
ppm.

In a peri- and postnatal study design, Alexander et al. (1996) exposed rats
by snout only to HFC-134a at 0, 1,800, 9,900, or 64,400 ppm (1 hr/d). Pregnant
females were exposed on gestation day 17-20, then from postnatal day 1-21. F1 

pups were weaned at postnatal day 21, and one male and female per litter (20
litters per group) were selected and raised to maturity. F1 animals were mated at
approximately 84 d of age, killed on gestation day 20, and the uterine contents
were examined. F1 offspring were examined for physical and reflex
development as well as locomotor coordination, activity, learning, memory, and
reversal. There were no effects on any parameter measured except for a
statistically significant delay in the age at pinna detachment, eye opening, and
startle response in F1 offspring at 64,400 ppm (approximately half-day delay).
Although there was no effect on body weight, these animals were exposed
indirectly via the milk during the period when most of these measurements were
made. Exposure concentrations and blood concentrations of the dams were
somewhat higher in the peri- and postnatal study than in the fertility study
reported at the
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same time. These minor but statistically significant effects could be the result of
the exposure to HFC-134a.

Integration of Toxicity and Exposure Information

Interpretation of Toxicity Data

General Toxicity and Pharmacokinetics

Data on the toxicity of HFC-134a indicate that it is nontoxic in most
circumstances. Most of the changes reported have been at high concentrations,
which also induce narcosis. There is no evidence of genetic toxicity for
HFC-134a. The primary effect reported is the induction of Leydig cell
hyperplasia and adenomas in male rats exposed at 50,000 ppm for 6 h/d, 5 d/wk
over a 2-yr period (Collins et al. 1995; Hext and Parr-Dobrzanski 1993). The
NOAEL of 10,000 ppm from these data was the basis of the EPA's RfC.

It should be noted that in a two-generation study (Alexander et al. 1996),
the NOAEL for adult toxicity was 10,000 ppm, based on significant changes in
body weight in male rats exposed snout-only at a concentration of 50,000 ppm
for 1 h/d, 5 d/wk for 18 wk. The difference in results might be attributed to the
snout-only exposure protocol, which might have caused stress to the rats and
affected their body weight in the Alexander et al. (1996) study.

Data in two human volunteers from one study (Vinegar et al. 1997)
indicate severe effects on vital signs after brief exposures at concentrations of
2,000-4,000 ppm HFC-134a by inhalation. However, in a study by Emmen and
Hoogendijk (1999), human volunteers exposed whole body at concentrations as
high as 8000 ppm for 1 hr did not show any effects of HFC-134a. Absorption of
HFC-134a was very rapid and maximal concentrations were achieved within
15-30 min. Repeated exposures in animal studies do not result in accumulation
because the half-life is so short. Given the rapid absorption and excretion in rats
and humans, the kinetics appear to be similar between the species.

Reproductive and Developmental Toxicity

Interpretation of the experimental animal data described above is
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complicated by the fact that two exposure regimens were used: 1 hr/d snout-
only exposure, to mimic MDI exposures, and 6 hr/d whole-body exposure, to
mimic environmental exposures.

Developmental Toxicity. No data were found from studies of
developmental toxicity of HFC-134a in humans. The experimental animal data
are sufficient to conclude that HFC-134a does not cause prenatal developmental
toxicity when pregnant animals were exposed (whole body) for 6 hr/d during
major organogenesis to HFC-134a concentrations below those associated with
narcosis (<30,000 ppm). The NOAEL for rat maternal toxicity was 30,000 ppm,
whereas the NOAEL for rat prenatal toxicity was 50,000 ppm (Hodge et al.
1979a; Lu and Staples 1981). The NOAEL for rabbit maternal toxicity was
10,000 ppm, whereas the NOAEL for rabbit prenatal toxicity was greater than
40,000 ppm (Wickramaratne 1989a,b; Collins et al. 1995). The data are
insufficient to determine the extent to which HFC-134a causes postnatal
developmental effects, as the only study addressing this issue used 1 hr/d snout-
only exposures for 10 wk before mating, throughout gestation to day 20, and
from postnatal days 1-21 (fertility study), or from gestation day 17-20 and
postnatal days 1-21 (peri- and postnatal study); exposure to pups was not
continued beyond postnatal day 21 (Alexander et al. 1996). In these studies, the
adult NOAEL was 10,000 ppm (LOAEL, 50,000 ppm) in the fertility study and
greater than 64,400 ppm in the peri- and postnatal study. The developmental
NOAEL was greater than 50,000 ppm in the fertility study and 9,900 ppm
(LOAEL = 64,400 ppm) in the peri- and postnatal study. The effects at 64,400
ppm in the peri- and postnatal study were minimal and might not be related to
exposure, so 50,000 ppm is assumed to be the NOAEL for postnatal effects for
snout-only exposure for 1 hr/d. The data are insufficient to determine what the
extent and types of effects would be with continued exposure to pups after
weaning and into the F2 generation. The experimental animal data are assumed
relevant to humans.

Reproductive Toxicity. No data were located from studies of the
reproductive toxicity of HFC-134a in humans. The animal data were sufficient 
to show that HFC-134a exposures similar to those metered-dose inhalers did not
affect fertility and sexual function. Although there was an effect of exposure to
50,000 ppm on male body weight gain in the fertility study mentioned above
(Alexander et al. 1996), fertility and reproductive function were not affected.
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The data were sufficient to show that whole-body exposure to HFC-134a
for 6 hr/d for 2 yr could affect the testis. Although a dominant lethal study
showed no effects at concentrations as high as 50,000 ppm (Hodge et al.
1979a), chronic exposure of rats at 50,000 ppm HFC-134a resulted in a
statistically significant increase in the incidence of Leydig cell hyperplasia and
adenoma (Hext and Parr-Dobrzanski 1993; Collins et al. 1995). The NOAEL
was 10,000 ppm for a 6 hr/d exposure. In a follow-up study to Hext and Parr-
Dobrzanski (1993), Barton et al. (1994) showed that HFC-134a (6 hr/d, 18 wk)
increased the synthesis and release of testosterone and progesterone from testes
incubated with human chorionic gonadotropin but did not alter the qualitative
aspects of androgen biosynthesis. The changes in testosterone and progesterone
secretion were consistent with the increased Leydig cell activity in the chronic
study. Given the significant increase in Leydig cell hyperplasia and adenoma in
rats, EPA considered these effects adverse and based the RfC for HFC-134a on
this effect.

The experimental animal data are assumed relevant to humans, because the
data are inadequate to show that the effects are irrelevant.

Default Assumptions

The data on Leydig cell hyperplasia and adenoma are assumed to be
relevant to humans. Likewise, the lack of developmental toxicity is also
assumed to be relevant to humans. The pharmacokinetics in humans and
animals are very similar, as is the lack of toxicity from acute exposures,
notwithstanding the data from the two subjects reported by Vinegar et al.
(1997). Because of the similarities in human and animal pharmacokinetics, this
portion of the interspecies uncertainty factor can be reduced from 10 to 3. The
intraspecies uncertainty factor of 10 should be retained because of the unusual
findings in the Vinegar et al. (1997) study. A database deficiency factor of 10
should be applied due to the lack of a 6 hr/d exposure in a multigeneration study
with exposure continuing throughout the two generations, as well as lack of a
developmental neurotoxicity study with a 6 hr/d exposure. It appears that there
is little or no effect of HFC-134a in any of the studies reviewed except at doses
that induce narcosis, but additional data with longer exposure durations and
additional endpoints are needed to confirm this observation.
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Quantitative Evaluation

In the two-generation study by Alexander et al. (1996), no adverse
reproductive or developmental effects were observed in rats exposed at a
concentration of 50,000 ppm for 1 hr/d during gametogenesis and mating
(males), or gametogenesis, mating, pregnancy, and lactation (females). Since
the effects at 64,400 ppm (exposed for 1 hr/d) in the peri- and postnatal study
(Alexander et al. 1996) were minimal, and the next lower dose was 9,900 ppm,
the subcommittee has identified 50,000 ppm as the NOAEL for reproductive
and developmental effects for less than a chronic exposure. The NOAEL of
50,000 ppm for a 1 hr/d exposure converted to a 6 hr/d exposure is 8,300 ppm.
The UEL for reproductive and developmental effects is then calculated using
the adjusted NOAEL of 8,300 ppm divided by an aggregate uncertainty factor
of 300 (3 for interspecies extrapolation, 10 for intraspecies differences, and 10
for deficiencies in the database). Thus, the UEL for reproductive and
developmental toxicity is

For chronic exposure, the subcommittee chose the NOAEL of 10,000 ppm
for a 6-hr/d, 2-yr exposure based on a significant increase in the incidence of
Leydig cell hyperplasia in treated rats (Collins et al. 1995; Hext and Parr-
Dobrzanski 1993). Applying an aggregate uncertainty factor of 300 (3 for
interspecies extrapolation, 10 for intraspecies differences, and 10 for
deficiencies in the database), the UEL for reproductive and developmental
toxicity is 

The chronic exposure UEL is higher than the EPA's chronic RfC of 80 mg/
m3, which is based on the same study and endpoints (see above). There are
several differences in the way the UEL was derived compared with the RfC. To
calculate the chronic RfC, EPA derived a BMC10 of 11,030 ppm and adjusted it
from a 6-hr/d, 5-d/wk exposure to a continuous exposure by multiplying by
6/24 hr and 5/7 d. A total
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uncertainty factor of 100 was applied to the BMC10: 3 for interspecies
extrapolation, 10 to protect sensitive individuals, and 3 for a database
deficiency of a two-generation study. The NOAEL of 10,000 ppm was used as
the basis for the chronic UEL and the UEL was not adjusted because it was
developed for an occupational exposure scenario. A total uncertainty factor of
300 was applied to the NOAEL: 3 for interspecies extrapolation, 10 to protect
sensitive individuals, and 10 for database deficiencies due to the lack of both a
two-generation study and a developmental neurotoxicity study. The latter
concern was raised by the Alexander et al. (1996) peri- and postnatal study that
suggested the possibility of developmental neurotoxicity in offspring of animals
exposed for 1 hr/d, 5 d/wk during late gestation and lactation. Had the BMC10

derived by EPA been used in the calculation, the final value would have been
slightly higher (i.e., 37 ppm or 155 mg/m3).

Critical Data Needs

A two-generation reproduction study is needed with at least 6 hr/d
exposure continuing to pups after weaning and into the F2 generation to
determine the effects of long-term exposures. Developmental neurotoxicity
endpoints should be included in this study based on the types of effects seen in
the peri- and postnatal study with the snout-only 1 hr/d exposure.

Summary

HFCs, including HFC-134a, have been developed as an alternative to
CFCs, which are known to contribute to the breakdown of ozone to oxygen in
the stratosphere. HFCs do not contribute to the destruction of stratospheric
ozone, but some HFCs have global warming potential. They primarily serve as
replacements for CFCs in refrigeration equipment and mobile air conditioning;
they also have pharmaceutical applications (e.g., as propellants for metered-
dose inhalers used to treat asthma).
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Human Exposure

Human exposure to HFC-134a occurs via inhalation from accidental leaks
of air conditioning units and refrigerators, from spills or industrial use, and from
use of metered-dose inhalers such as those that deliver medication for the
treatment of asthma.

Toxicology

Developmental Toxicity

There are no human data on the effects of HFC-134a on development. The
animal data are sufficient to support a conclusion that exposures to HFC-134a
does not cause prenatal developmental toxicity when pregnant animals are
exposed for 6 hr/d during major organogenesis to concentrations of HFC-134a
below those associated with narcosis (less than 30,000 ppm). HFC-134a also
did not cause peri- and postnatal effects in rats with snout-only exposure for 1hr/
d during gestation days 17-20 and postnatal days 1-21 at 50,000 ppm. However,
the data are insufficient to determine the extent to which HFC-134a caused
postnatal developmental effects including endpoints of developmental
neurotoxicity, as there are no studies with at least a 6 hr/d exposure throughout
two generations. These toxicity findings are assumed to be relevant for the
prediction of risk to humans.

Reproductive Toxicity

There are no human data on the effects of HFC-134a on male or female
reproduction. The animal data are sufficient to conclude that HFC-134a
exposures similar to those used in MDIs will not cause affect sexual function
and fertility. There was no effect on dominant lethality after treatment of males
and mating with unexposed females. However, data are insufficient to
determine the effects of whole-body exposure for 6 hr/d, as a multigeneration
study with exposure continuing through two generations is not available.
Chronic exposure of rats at concentrations as high as 50,000 ppm resulted in a
significant in
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crease in the incidence of Leydig cell hyperplasia. These toxicity findings are
assumed to be relevant for the prediction of human risk.

Quantitative Evaluation

Reproductive and Developmental Toxicity

There are no human data from which to develop a quantitative evaluation.
Laboratory studies in rats identified a NOAEL of 50,000 ppm for reproductive
and developmental effects for a less than chronic exposure. The NOAEL of
50,000 ppm was adjusted to convert from a 1hr/d exposure to a 6hr/d exposure;
the adjusted NOAEL is 8,300 ppm. Dividing the adjusted NOAEL by an
aggregate uncertainty factor of 300 (3 for interspecies extrapolation, 10 for
intraindividual differences, and 10 for an incomplete database), the UEL for
reproductive and developmental toxicity for less than a chronic exposure is 28
ppm.

A similar UEL is calculated for chronic exposures. Laboratory studies in
rats identified a NOAEL of 10,000 ppm based on a significant increase in the
incidence of Leydig cell hyperplasia. Applying an aggregate uncertainty factor
of 300 (3 for interspecies extrapolation, 10 for intraindividual differences, and
10 for an incomplete database), the UEL for reproductive and developmental
toxicity for a chronic exposure is 33.3 ppm.

Certainty of Judgment and Data Needs

Data on the toxicity and disposition of HFC-134a suggest that it is a
compound with little or no reproductive or developmental toxicity except at
very high exposure concentrations that induce narcosis. However, data are
needed from postnatal evaluations and from a multigeneration study with 6 hr/d
exposure. The similarities in pharmacokinetics between humans and laboratory
animals provide confidence that the data are relevant for predicting human risk.
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Appendix B

Ascertaining Information on the
Reproductive and Developmental Toxicity

of Agent Exposures

nformation on potential reproductive and developmental toxicity of
exposures to chemical and physical agents can be obtained from a variety of
resources that vary greatly in their approach, coverage, and manner of
presentation. Some resources include only bibliographic information; others
provide critical evaluations of the available data sets. Some resources
emphasize investigations in humans; others focus on experimental animal
studies. Some resources take a quantitative approach; others provide only
qualitative descriptions of available data. Some resources include only
information published in the open literature; others emphasize studies, often
unpublished, that have been submitted for regulatory review.

This appendix describes many of the information resources available on
reproductive and developmental toxicology that should be useful to the Navy
for conducting evaluations. These resources are listed in Box B-1 and Box B-2.
The amount of relevant information varies greatly from resource to resource
and from agent to agent and for different specific reproductive and
developmental outcomes. The following section provides descriptions of
several documents and databases that are designed specifically to evaluate
reproductive and
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developmental toxicity data. Generally, except for the bibliographic
databases and primary data sources, an expert or committee of experts in
reproductive and developmental toxicology has either written or reviewed each
document or database. The final section describes additional sources of
information that might be useful for assessing agent exposures for potential
reproductive and developmental toxicity. Quality control, including the extent
of peer review, is noted for each source, as well as the subcommittee's
evaluation of the usefulness of the source in identifying exposures that pose a
substantial risk of reproductive or developmental toxicity in humans.

No single source of information exists that includes everything needed for
a comprehensive evaluation of the reproductive and developmental toxicity of
exposures to most agents. It is usually necessary to review several secondary
information sources as well as a large amount of primary data to obtain an
adequate overall assessment. Even such a thorough review of available
information is inadequate in most cases because all of the necessary studies to
fully delineate the reproductive and developmental toxicity of an agent have not
been conducted. The most complete screening data sets are for pesticides,
pharmaceutical agents, food and color additives, and some environmental
chemicals (e.g., lead, methylmercury, and polychlorinated biphenyls). The
proprietary nature of the data for the first three cases may require the Navy to
request information from the appropriate regulatory agencies.

SOURCES OF INFORMATION SPECIFIC TO
REPRODUCTIVE AND DEVELOPMENTAL TOXICITY

Detailed Evaluations

California Environmental Protection Agency Hazard Identification
Documents on Reproductive and Developmental Toxicity

Description

The Safe Drinking Water and Toxic Enforcement Act of 1986 (Proposition
65, California Health and Safety Code 25249.5 et seq.) requires that the
governor cause to be published a list of those chemicals
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“known to the state” to cause cancer or reproductive (including developmental)
toxicity. Substances can be added to that list if they have been classified as
reproductive toxicants by an authoritative body (e.g., the World Health
Organization, WHO), by the state or federal government, or by a state expert
panel, including the California Office of Environmental Health Hazard
Assessment Science Advisory Board Developmental and Reproductive
Toxicant (DART) Identification Committee. That DART Identification
Committee evaluates selected agents for reproductive toxicity using a set of
criteria adapted from the U.S. Environmental Protection Agency (EPA). The
products of the evaluations are Hazard Identification Documents that can be
found on the Internet at <http://www.oehha.org/prop65.html>. Thus far, only a
few agents (methyl-tert-butyl ether, benzene, inorganic arsenic, and cadium)
have been evaluated by the DART Identification Committee.

Reproductive and Developmental Toxicity

The DART Identification Committee evaluated each selected agent for
male and female reproductive toxicity and developmental toxicity in humans
and experimental animals. It also reviews other types of available toxicity data
(e.g., acute and carcinogenicity) and pharmaco-kinetic data.

Quality Control

The documents are initially prepared by scientists with expertise in
reproductive toxicity from the California EPA Reproductive and Cancer Hazard
Assessment Section. They are then reviewed by the DART Identification
Committee and open to public comment. The final documents are used to
determine whether an agent should be placed on the state's list.

Usefulness in Identifying Exposures that Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

The DART Identification Committee's evaluation is comprehensive in
assessing reproductive toxicity. Although currently there are only a few
documents available, they can be useful for providing a comprehensive review
and evaluation for each agent.
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Evaluative Process (Moore et al. 1995a,b; 1997)

Description

An expert committee has produced documents that assess lithium and boric
acid for reproductive and developmental toxicity (J.A. Moore et al. 1995b,
1997). That committee used the evaluative process developed by Moore et al.
(1995a); Chapter 2 and Chapter 3 of this report are based on that process. The
reviews of lithium and boron follow a systematic approach for assessing agents
for reproductive and developmental toxicity: (1) reviewing the conditions of
exposure; (2) reviewing and summarizing the agent's toxicological and
biological properties; (3) reviewing and summarizing human and experimental
animal studies on reproductive and developmental toxicity; (4) integrating the
reproductive and developmental toxicity data with information derived from the
review of toxicological and biological properties, including pharmacokinetic
data and exposure information; and (5) determining the certainty of the
judgments about an agent's potential reproductive and developmental risk to
humans. The expert committee's conclusions are stated in a summary.

Reproductive and Developmental Toxicity

The evaluative process was used to assess lithium and boric acid for their
potential to cause reproductive and developmental toxicity (J.A. Moore et al.
1995b, 1997). The final product is a summary statement that integrates
reproductive and developmental data and exposure data. The summary also
makes a statement about the certainty of judgment about an agent's reproductive
and developmental risk, and critical data needed for reducing uncertainty and
improving the risk assessment.

Quality Control

The evaluative process was conducted by a team of scientists with
expertise in a variety of disciplines related to reproductive and developmental
toxicology.
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Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive and Developmental Toxicity in Humans

The evaluative process provides a comprehensive assessment of human
reproductive and developmental toxicity of agent exposures.

National Institute of Environmental Health Sciences Center for the
Evaluation of Risks to Human Reproduction

Description

Only recently established, the National Institute of Environmental Health
Sciences (NIEHS) Center for the Evaluation of Risks to Human Reproduction
will provide comprehensive, unbiased, and scientifically sound assessments of
reproductive health hazards (including developmental health hazards)
associated with human exposures to environmental agents. The assessment
process to be used will be based on the evaluative process developed by J.A.
Moore et al. (1995a). The center's product will be reports published in the peer-
reviewed literature. The reports will be produced by expert panels in
reproductive and developmental toxicology and reviewed by a committee
composed of scientists from the center, NIEHS, and other institutions. Agents to
be assessed are selected by an oversight committee composed of NIEHS
scientists and representatives of federal and state agencies, public interest
groups, and cofunders. Several phthalates have been reviewed and the
assessments will be released to the public via the Center's website (http://
cerhr.niehs.nih.gov). No other reports are available yet.

Reproductive and Developmental Toxicity

Reports produced by the center will assess environmental agent exposures
for their potential to cause reproductive and developmental toxicity in humans.
All relevant data are evaluated.

Quality Control

Center reports are prepared by an expert panel that comprehen
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sively evaluates the relevant data, reviewed by a committee of scientists from
NIEHS, the center, and other institutions, and approved by an oversight
committee.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

The center reports will be comprehensive assessments of potential
reproductive and developmental toxicity in humans for selected environmental
agent exposures.

Informational Summaries

Reproductive Hazards of Industrial Chemicals: An Evaluation of Animal and
Human Data

Description

Reproductive Hazards of Industrial Chemicals: An Evaluation of Animal
and Human Data (Barlow and Sullivan 1982) is a classic reference book that
provides detailed reviews of the reproductive and developmental toxicity of
about 50 common occupational exposures. Each substance is treated in a
separate chapter introduced by a description of the chemical, its general
pharmacology, and its overall toxicity. Extensive citations to literature
published before 1982 are included.

Reproductive and Developmental Toxicity

Reproductive Hazards of Industrial Chemicals provides detailed
discussions of the full range of reproductive toxicity. Data from animal studies
and investigations in humans are considered separately. Overall interpretations
are provided, whenever possible, for reproductive endpoints in the context of
general maternal toxicity.

Quality Control

S.M. Barlow and F.M. Sullivan are internationally-recognized
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authorities in reproductive and developmental toxicology. There is no formal
external peer review of the book's contents.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

Reproductive Hazards of Industrial Chemicals is a valuable guide to
information available prior to 1982 on the reproductive toxicity of the
chemicals included. Unfortunately, the book is out of date and has not been
revised.

REPROTEXT

Description

REPROTEXT is an electronic knowledge base developed by B. Dabney. It
includes reviews of more than 850 commonly encountered industrial agents.
Most are chemicals, but some physical agents are also covered. Subscriptions to
REPROTEXT are available on CD-ROM from MICROMEDEX, Inc., as a
component of its REPRORISK system.

Reproductive and Developmental Toxicity

REPROTEXT summaries provide information on the physical
characteristics, use, and monitoring of agents as well as detailed discussions of
the full range of general and reproductive toxicity. An extensive list of
bibliographic citations is provided, reflecting the breadth of the material
included. A grading system gives overall ratings of the general toxicity and
reproductive hazard associated with each agent.

Quality Control

REPROTEXT summaries are written by an expert reproductive and
developmental toxicologist. There is no formal external peer review of the
summaries.
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Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

REPROTEXT summaries provide a comprehensive overview of the
information available on the reproductive and developmental toxicity of many
important occupational exposures. The data are interpreted in the context of
human reproductive hazards.

REPROTOX

Description

The REPROTOX knowledge base was developed by A. R. Scialli and
associates at the Reproductive Toxicology Center, Bethesda, MD. REPROTOX
is available on CD-ROM as part of the REPRORISK package distributed by
MICROMEDEX, Inc. Subscriptions in other electronic formats are available
through the Reproductive Toxicology Center. The knowledge base also has
been published as a book, Reproductive Effects of Chemical, Physical and
Biologic Agents (Scialli et al. 1995), but the electronic versions are more current.

Reproductive and Developmental Toxicity

REPROTOX has information on the reproductive and developmental
toxicology of some 3000 chemical and physical agents. Each entry summarizes
available data on a variety of reproductive outcomes in males and females. Each
study is briefly described, and bibliographic citations are provided. The
emphasis is on investigations in humans, but experimental animal data also are
summarized. The primary intended audience is obstetricians and other
physicians.

Quality Control

REPROTOX is written by clinical teratologists who have recognized
expertise in the interpretation of reproductive and developmental toxicology
studies in the context of actual human exposures. The summaries are revised, if
necessary, in response to concerns raised by
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users and are frequently reviewed to ensure that the information included is up
to date. There is no formal external peer review of REPROTOX summaries.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

REPROTOX is useful clinically. It provides succinct, authoritative
overviews of the reproductive and developmental toxicity of a large number of
chemical exposures, including many important occupational exposures. The
system is designed for use by health professionals who are familiar with the
general principles of risk assessment and is intended to assist in the counseling
of individual patients.

Chemically Induced Birth Defects

Description

Chemically-Induced Birth Defects (Schardein 2000) describes mammalian
teratology studies on more than 3300 chemicals, including those found in
occupational exposures and in drugs. Each chapter deals with a group of related
agents, such as industrial solvents. Literature citations are extensive.

Reproductive and Developmental Toxicity

Chemically-Induced Birth Defects contains information on human and
other conventional mammalian teratology studies. Other kinds of reproductive
toxicology are not usually covered. Full discussions are provided on chemicals
for which substantial data exist, but most chemicals, for which information is
much more limited, are listed in tables that summarize studies by species as “+”
(developmental abnormalities observed), “ `” (developmental abnormalities not
observed), and “±” (equivocal results).

Quality Control

Chemically-Induced Birth Defects is written by an internationally-
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recognized authority in teratology. There is no formal external peer review of
the contents.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

This book provides a useful overview of mammalian teratology studies on
many important occupational exposures. When extensive data are available,
they are interpreted in the context of human reproductive hazards.

Shepard's Catalog of Teratogenic Agents

Description

Currently in its eighth edition, H. Shepard's Catalog of Teratogenic Agents 
(1998) has been in print since 1973. Shepard's Catalog is also distributed in the
MICROMEDEX, Inc. REPRORISK CD-ROM package and in other electronic
formats through the TERIS Project at the University of Washington, Seattle.
The Catalog is intended for use by investigators and clinicians.

Reproductive and Developmental Toxicity

Shepard's Catalog contains information on teratology studies of more than
2600 chemical and physical agents; other kinds of reproductive toxicity are not
usually covered. Each entry summarizes available data from human and
laboratory animal studies. Each study is described, and bibliographic citations
are provided.

Quality Control

T.H. Shepard is an internationally recognized authority on clinical
teratology. There is no formal external peer review of the summaries.
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Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

Shepard's Catalog provides succinct, authoritative overviews of the
information available on teratogenicity of many chemicals, including many that
are important in occupational exposures. The data generally are not interpreted
in the context of human reproductive hazards.

TERIS

Description

The Teratogen Information System (TERIS) is an electronic knowledge
base developed by J. M. Friedman and J. Polifka. It includes information on
more than 1000 agents, most of which are medications. TERIS is available on
CD-ROM as part of the MICROMEDEX, Inc., REPRORISK package and in
other electronic formats from the TERIS Project at the University of
Washington, Seattle. The information also has been published as a book,
Teratogenic Effects of Drugs: A Resource for Clinicians (TERIS) (Friedman and
Polifka 2000); but the electronic versions are more current.

Reproductive and Developmental Toxicity

TERIS is designed to assist in counseling pregnant women about possible
developmental risks; other forms of reproductive toxicity are not considered. In
addition to brief critical reviews and references to the peer-reviewed literature,
each TERIS summary contains an assessment of the risk of teratogenic effects
in children of women with typical exposures during pregnancy. An evaluation
of the quality of data available to determine the risk is also provided.

Quality Control

TERIS risk statements are based on consensus of the TERIS Advi
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sory Board, a group of recognized authorities in clinical teratology. The board
also provides peer review of all TERIS summaries.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

TERIS is useful clinically. It provides succinct, authoritative summaries
and interpretations of information available on the teratogenicity of a large
number of drugs and a few important occupational agents. No information is
included on other forms of reproductive toxicity. The system is designed for use
by health professionals who are familiar with the general principles of risk
assessment and is intended to assist in the counseling of individual patients.

Bibliographic Resources

Developmental and Reproductive Toxicology Data Base

Description

The Developmental and Reproductive Database (DART) is a bibliographic
resource maintained by the National Library of Medicine (NLM). DART has
more extensive coverage of the reproductive and developmental toxicology
literature than Medlars Online (MEDLINE), and its records are similar in
format to those in MEDLINE. Each record provides bibliographic information,
Medical Subject Headings (MeSH) indexing terms, Chemical Abstract Service
(CAS) numbers, and an abstract (if available) for one publication in the open
literature. DART contains more than 30,000 records for papers published since
1989; more than 3600 new records are added each year. DART captures
approximately 60% of its records from MEDLINE; the remaining 40%
represent journals not covered by MEDLINE, books, and meeting proceedings.
DART is available on-line through the NLM's Toxicology and Data Network
(TOXNET) system, on the Internet at <http://toxnet.nlm.nih.gov>.
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Reproductive and Developmental Toxicity

DART provides bibliographic information and abstracts on reproductive
and developmental toxicology studies. There is better coverage of
developmental toxicity literature than reproductive toxicity literature. The
studies cover a broad range of species and reproductive and developmental
endpoints.

Quality Control

DART does not evaluate the studies included. Many of them, but not all,
have been subjected to conventional peer review prior to publication.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

DART is an essential tool in identifying recent published literature on
reproductive and developmental toxicology, but considerable expertise is
required to interpret the information obtained in terms of risks related to actual
human exposures.

Environmental Teratology Information Center Backfile

Description

The Environmental Teratology Information Center Backfile (ETICBACK)
is a bibliographic resource primarily on developmental toxicology studies
published from 1950 to 1989 (before the DART system was established). Each
ETICBACK record provides bibliographic information, CAS registry numbers,
and special keywords related to species and treatment details. ETICBACK is
available online through NLM's TOXNET system: <http://toxnet.nlm.nih.gov>.

Reproductive and Developmental Toxicity

ETICBACK has more than 50,000 bibliographic records. The stud
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ies include a broad range of species and developmental toxicology endpoints.

Quality Control

ETICBACK does not evaluate the studies indexed. Many of them, but not
all, have been subjected to conventional peer review prior to publication.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive and Developmental Toxicity in Humans

ETICBACK is a useful tool in identifying older published literature on
reproductive and developmental toxicology, but considerable expertise is
required to interpret the information obtained in terms of risks related to actual
human exposures.

Primary Data

National Toxicology Program Teratology Studies

Description

The purpose of the National Toxicology Program (NTP) Teratology
Studies is to determine the developmental toxicity of chemicals to which
women of child-bearing age, primarily pregnant women, are exposed. The
studies are conducted in experimental animals and are designed to determine a
dose-response relationship and to detect potential for developmental toxicity.
This information can be used to provide a basis for human risk assessment.
Requests to test chemicals come from the general public, from NIEHS
personnel and other government agencies, international agencies, academia, and
industry. Information, including a list of chemicals tested, can be found on the
Internet at <http://www.niehs.nih.gov>. Individual documents can be ordered
through the National Technical Information Service (NTIS).
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Reproductive and Developmental Toxicity

These studies are designed to test chemicals for developmental toxicity.
The program is also developing several techniques for evaluating potential toxic
effects of chemical exposure on the reproductive system of humans and rodent
models and on the developing embryos of rodents. Research efforts include
increasing current knowledge about the site and mechanism of action for
reproductive and developmental toxicity.

Quality Control

The results of all NTP studies undergo a rigorous public peer review. The
study reports are evaluated by a standing subcommittee of the NTP Board of
Scientific Counselors.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive and Developmental Toxicity in Humans

The studies are designed to test selected exposures for developmental
toxicity, but considerable expertise is required to extrapolate the findings to
humans.

NTP Reproductive Assessment by Continuous Breeding Studies

Description

The purpose of the NTP Reproductive Assessment by Continuous
Breeding (RACB) Studies is to identify potential hazards to male and/or female
reproduction. The studies are conducted in experimental animals and are
designed to determine a dose-response relationship and to detect potential for
reproductive toxicity. This information can be used to provide a basis for
human risk assessment. Chemicals may be nominated for testing through the
Office of Chemical Nomination in the Environmental Toxicology Program at
NIEHS or directly from the public to Reproductive Toxicology Group at NTP.
Information, including a list of chemicals tested, can be found on the Internet at
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<http://www.niehs.nih.gov>. Individual documents can be ordered through the
National Technical Information Service (NTIS).

Reproductive and Developmental Toxicity

The RACB studies were designed by NTP to test chemicals for potential
reproductive toxicity in males and females. In addition, this two-generation
study design can be used to characterize the toxicity and to define the dose-
response relationship for each chemical.

Quality Control

The results of all NTP studies undergo rigorous public peer review. The
study reports are evaluated by a standing subcommittee of the NTP Board of
Scientific Counselors.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive and Developmental Toxicity in Humans

The studies are designed to test selected agent exposures for reproductive
toxicity, but considerable expertise is required to extrapolate the findings to
humans.

NTP Short-Term Developmental and Reproductive Toxicity Studies

Description

The purpose of the NTP Short-Term Developmental and Reproductive
Toxicity Studies is to assess the general reproductive and developmental
toxicities of substances identified by EPA as possible drinking-water
contaminants. The general approach is designed to identify, using rats, the
physiological processes (development, female reproduction, male reproduction,
and effects on various somatic organs and processes) that are most sensitive to
exposure to selected chemicals. Information, including a list of chemicals
tested, can be found on the Internet at <http://www.niehs.nih.gov>. Individual
documents can be ordered through NTIS.
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Reproductive and Developmental Toxicity

The studies are designed using the NTP's Short-Term Reproductive and
Developmental Toxicity Screen protocol (M.W. Harris et al. 1992). They are
designed to provide preliminary data on the reproductive and developmental
toxicity of chemicals about which little or no data exist. The results can be used
to select chemicals for further study, to delineate the relative toxicities of
structurally related chemicals, and to identify the proper dose range for
subsequent toxicity studies.

Quality Control

The results of all NTP studies undergo rigorous public peer review. The
study reports are evaluated by a standing subcommittee of the NTP Board of
Scientific Counselors.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive and Developmental Toxicity in Humans

The studies are designed to test selected agent exposures for reproductive
and developmental toxicity, but considerable expertise is required to extrapolate
the findings to humans.

ADDITIONAL SOURCES THAT MAY INCLUDE
INFORMATION ON REPRODUCTIVE AND

DEVELOPMENTAL TOXICITY

Detailed Evaluations

Agency for Toxic Substances and Disease Registry Toxicological Profiles

Description

The Agency for Toxic Substances and Disease Registry (ATSDR)
toxicological profiles succinctly characterize the toxicological and adverse
health effects information for hazardous substances. Each
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profile has a public health statement that describes toxicological properties in
nontechnical terms. The profile also provides information about the amounts of
significant human exposure and, where known, significant health effects for
acute, subchronic, and chronic exposures. The adequacy of information also is
described. Responsibility for the content and views expressed in a profile
resides with ATSDR. A list of substances covered can be found on the Internet
at <http://www.atsdr.cdc..gov/toxpro2.html>.

The profiles are used by federal, state and local health officials and health
professionals, interested private-sector organizations and groups; and members
of the public. The agency's intent is to revise and republish profiles as newer
data become available.

Reproductive and Developmental Toxicity

Pertinent information on reproductive and developmental effects is
presented in a narrative summary and in tabular form for species, route, dose,
no-observed-adverse-effect level (NOAEL), and lowest-observed-adverse-effect
level (LOAEL).

Quality Control

Draft profiles are usually prepared by contractors with demonstrated
technical expertise. The drafts are reviewed by several groups within ATSDR,
published for public comment, and peer reviewed by several experts. ATSDR
evaluates peer reviewers' comments, and comments not incorporated in the
profile are made part of the administrative record with a brief explanation of the
rationale for their exclusion.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

Information presented in the profiles can be useful for identifying and
summarizing studies relevant to reproductive and developmental toxicity.
Significant exposures to substances are reported.
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National Institute for Occupational Safety and Health Criteria Documents

Description

The National Institute for Occupational Safety and Health (NIOSH)
develops criteria documents to describe the scientific basis for occupational
safety and health standards. They contain critical reviews of the available
literature on physical and chemical properties, uses and occurrence,
toxicokinetics, general toxicity, toxic effects on various organs, genotoxicity,
carcinogenicity, and developmental and reproductive toxicity of particular
agents. Data are evaluated in the context of potential human occupational
exposures, and recommendations for minimizing safety and health risks are
provided. Most of these documents were written more than 10 years ago, and
many are more than 20 years old.

Criteria documents are developed primarily for the U.S. Department of
Labor, but they are also distributed to health professionals, industry, organized
labor, public interest groups, and federal state, and local government agencies.
More than 140 NIOSH criteria documents are available on the Internet at
<www.cdc.gov/niosh>. Individual documents or the entire set on CD-ROM can
be obtained from NTIS.

Reproductive and Developmental Toxicity

Available information on reproductive and developmental effects is
presented and critically evaluated. Human data and animal studies are
considered separately and assessed in terms of potential implications for human
occupational exposures.

Quality Control

NIOSH criteria documents are developed by NIOSH staff and reviewed by
external expert consultants.
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Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

NIOSH criteria documents provide information that is useful for
identifying exposures that might be associated with reproductive and
developmental toxicity. Unfortunately, most of the documents are out of date.

International Agency for Research on Cancer Monographs on the Evaluation
of Carcinogenic Risks to Humans

Description

These monographs are prepared and published by the International Agency
for Research on Cancer (IARC), which is part of WHO. Qualitative evaluations
of published literature are made by international working groups of independent
scientists. A list of agents covered can be found on the Internet at <http://
www.iarc.fr>.

Reproductive and Developmental Toxicity

Each agent evaluation has a section that briefly summarizes reproductive
and developmental effects using the traditional IARC format of presenting
human data separately from data in experimental systems.

Quality Control

IARC working groups are composed of individuals with expertise related
to cancer. There usually is a member with expertise on reproductive and
developmental toxicity who prepares that section, but the working group is not
constituted to provide a peer review of reproductive or developmental toxicity.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

Information presented in the IARC evaluations can be useful for
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identifying and summarizing studies relevant to reproductive and
developmental toxicity.

International Programme on Chemical Safety Environmental Health Criteria
Documents

Description

The International Program on Chemical Safety (IPCS) has been preparing
and issuing Environmental Health Criteria Documents since 1976. More than
170 documents have been issued. IPCS is a joint effort of the United Nations
Environmental Program (UNEP), International Labor Organization (ILO), and
WHO. The documents provide critical reviews on the effects on human health
and the environment of chemicals, or combinations of chemicals, and physical
and biological agents. The documents assist national and international
authorities in making risk assessments and risk management decisions.
Information about the documents, including a list of agents covered, can be
found on the Internet at <http://www.who.int/pcs/>.

IPCS Environmental Health Criteria Documents reflect the collective view
of an international group of experts and do not necessarily represent the
decision or stated policy of UNEP, ILO, or WHO. The reports summarize and
interpret the pertinent published literature. Unpublished information is used
when published information is absent or when data are pivotal to the risk
assessment. Adequate human data are preferred to animal data. Topics include
physical chemistry; sources of exposure; environmental fate and transport;
concentrations in the environment and in humans; pharmacokinetics; effects
from acute, subacute, and long-term exposure; toxic effects on skin, eye, and
reproduction; mutagenesis; and cancer.

Reproductive and Developmental Toxicity

Summary statements are provided under the heading of reproductive
toxicity, embryotoxicity, and teratogenicity. Data from individual studies
usually are not presented.
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Quality Control

Typically, a draft is prepared by an expert and presented to an IPCS
official. The draft is communicated to approximately 150 contact persons who
have an opportunity to provide comments. A revised draft is then prepared and
submitted to a technical group of international experts. Further changes are
made to reflect their deliberations, and, after editing and approval by the
director of IPCS, the document is issued.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

The Environmental Health Criteria Documents provide information on
reproductive and developmental effects for selected agents that can be useful
for identifying important studies.

EPA Integrated Risk Information System

Description

The Integrated Risk Information System (IRIS), prepared and maintained
by EPA, is an electronic knowledge base containing information on human
health effects that might result from exposure to various chemicals in the
environment. IRIS was initially developed for EPA staff in response to a
growing demand for consistent information on chemical substances for use in
risk assessments, decision-making, and regulatory activities. The information in
IRIS is intended for those without extensive training in toxicology but with
some knowledge of health sciences. IRIS includes chronic reference doses
(RfDs), reference concentrations (RfCs), and cancer unit risks and slope factors
for more than 500 substances. It is searchable on the Internet at <http://
www.epa.gov/iris>.

Reproductive and Developmental Toxicity

The review of data for setting chronic RfDs and RfCs is comprehensive
and includes a review of reproductive and developmental toxicity
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data. Two prenatal developmental toxicity studies in two species and a two-
generation reproduction study are considered part of the minimum database for
setting the chronic RfD-RfC. If such studies are not available, a database
deficiency factor (ranging from 1 to 10) may be applied.

Quality Control

Draft IRIS summaries and support documents undergo rigorous internal
and external peer review, followed by an agency-scientific consensus review.
The IRIS program manager oversees the consensus process and provides quality
control of all documents. A senior science manager provides scientific authority.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

Information in the files for the RfD and RfC can be useful for identifying a
risk of reproductive and developmental toxicity in humans, if such data have
been used in setting the RfD or RfC. The review of data in establishing RfDs
and RfCs is comprehensive, and newer assessments have detailed support
documents that can be downloaded from the IRIS Internet site, <http://
www.epa.gov/iris>.

EPA National Center for Environmental Assessment Documents

Description

The National Center for Environmental Assessment (NCEA), which is part
of the EPA Office of Research and Development (ORD), serves as the national
resource center for the overall process of human health and ecological risk
assessments; the integration of hazard, dose-response, and exposure data; and
models to produce risk characterizations. NCEA prepares a variety of
documents, many of which are the source of scientific information used by EPA
decision makers in developing or revising regulations. The documents can
pertain to a specific medium, such as air or water, or they can be comprehensive
analyses of scientific data. Many NCEA documents contain analyses
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of reproductive and developmental toxicity data. The documents are available
on the NCEA web site, http://www.epa.gov/ncea, and from NCEA's technical
information staff.

Reproductive and Developmental Toxicity

Available reproductive and developmental toxicity data are reviewed and
summarized.

Quality Control

All NCEA documents undergo internal and external peer review according
to EPA, ORD, and NCEA policies. Each document is cleared by a senior
manager before publication.

Usefulness in Identifying Exposures that Pose a Substantial Risk of
Reproductive and Developmental Toxicity in Humans

The review of data is comprehensive, and information in the documents
can be useful for identifying a risk of reproductive and developmental toxicity
in humans.

Informational Summary

Chemical Hazards of the Workplace

Description

Proctor and Hughes' Chemical Hazards of the Workplace (Hathaway et al.
1996) is a standard reference that provides summaries of the toxicity of more
than 500 frequently encountered occupational chemicals. Each summary
includes American Conference of Governmental Industrial Hygienists
Threshold Limit Values (when available); a statement describing physical
properties, uses, and usual routes of exposure; and selected literature citations.
Brief descriptions of the clinical effects of toxic exposure are given along with
the doses at which the effects have been observed. Emphasis is placed on data
obtained from human studies.
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Reproductive and Developmental Toxicity

The summaries for chemical exposures that have been associated with
human reproductive or developmental toxicity usually include a paragraph
describing those effects.

Quality Control

Chemical Hazards of the Workplace is written by internationally
recognized authorities in occupational toxicology. There is no formal external
peer review of the summaries.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

The book provides a short, authoritative overview of the information
available on the occupational toxicology of many important chemical
exposures. Consideration of reproductive and developmental toxicology is
limited.

Bibliographic Resources

Bibliographic resources that may contain information on reproductive and
developmental toxicity include the NIOSH Registry of Toxic Effects of
Chemical Substances (RTECS), TOXLINE, MEDLINE, and PUBMED.
RTECS is a NIOSH database of toxicological information — including
mutagenic effects, reproductive effects, tumorgenic effects, and other toxicity
— obtained from the open scientific literature. RTECS includes study
summaries (route, species, study type, dose, effect) and bibliographic
information on reproductive effects, if available. RTECS does not evaluate the
studies included. Considerable expertise is required to interpret the information
obtained in terms of risks related to human exposure. Originally published in
1971 as the “Toxic Substances List,” RTECS contains information on more
than 130,000 substances. It is available on the Internet at http://www.cdc.gov/
niosh/rtecs.html, on CD-ROM, and on computer tape.

TOXLINE is NLM's collection of online bibliographic information
covering the biochemical, pharmacological, physiological, and toxico
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logical effects (including effects on reproduction and development) of drugs
and other chemicals. It contains more than 2.5 million bibliographic citations,
most with abstracts and/or indexing terms and CAS Registry Numbers. It is
available on the Internet at http://toxnet.nlm.nih.gov/. MEDLINE is an NLM
bibliographic database covering the fields of medicine, nursing, dentistry,
veterinary medicine, the health care system, and the preclinical sciences.
MEDLINE contains bibliographic citations and author abstracts from more than
4,000 biomedical journals published in the United States and 70 other countries.
The file contains over 11 million citations dating back to the mid-1960's.
MEDLINE can be accessed on the Internet at: http://igm.nlm.nih.gov/. PubMed
was developed by the National Center for Biotechnology Information (NCBI) at
NLM. PubMed provides access to bibliographic biomedical-related
information, which is drawn primarily from MEDLINE, PreMEDLINE,
HealthSTAR, and publisher-supplied citations. PubMed also provides access
and links to the integrated molecular biology databases included in NCBI's
Entrez retrieval system. These databases contain DNA and protein sequences, 3-
D protein structure data, population study data sets, and assemblies of complete
genomes in an integrated system. PUBMED can be accessed on the Internet at:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi.

Primary Data

National Toxicology Program Toxicology Report Series

Description

Acute or repeated dose studies of up to 90 days are conducted in rats and
mice on selected agents under the direction of NIEHS. Results from genetic
toxicity testing and pharmacokinetic studies are frequently presented.

Reproductive and Developmental Toxicity

Reports of 90-day repeated-dose studies usually incorporate an evaluation
of sperm morphology and vaginal cytology. The proce
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dures are performed on 10 animals per dose group. Data from males are
collected at time of necropsy. For females, vaginal swabs are collected daily for
the last 12 days of the study. Typically, tables for males include data for weight
of the left testis, left epididymis, and cauda epididymis and data on sperm
count, concentration, and motility. Data from females also are expressed as
mean estrus cycle length and the percent of cycle in diestrus, proestrus, estrus,
or metestrus. It is standard for a histological examination of testis and ovary to
be performed in each study on animals from the highest dose groups and from
control groups. Lower dose groups may be evaluated when effects are observed
at the high dose.

Quality Control

Studies since the mid-1980s have generally been performed in
conformance with good laboratory practice regulations. Histological
examinations are reviewed by a pathology working group. Each draft report is
reviewed independently. The reviewers determine whether the design and
conditions of the studies are appropriate and ensure that toxicity reports present
results and conclusions fully and clearly. The comments of the reviewers are
not summarized or otherwise presented in reports, but the comments of peer
reviewers are reviewed and addressed.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

The NTP toxicology reports can be useful for identifying agents that cause
male or female reproductive (but not developmental) effects in those parameters
examined.

Organization for Economic Cooperation and Development Screening
Information Data Set Profiles

Description

The Organization for Economic Cooperation and Development (OECD)
has committed to the development and assessment of a core
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set of toxicological and environmental data on 2000 chemical substances with
high production and use throughout the world. The Screening Information Data
Set (SIDS) represents the core data that are assessed to determine whether a
substance can be set aside with low priority for additional evaluation or needs
further study because of possible environmental or human health effects. The
data address physical and chemical properties and acute and repeated dose (28-
day) mammalian toxicity. SIDS dossiers are reviewed by a committee of
technical and scientific experts from OECD-member countries. More than 100
dossiers have been completed. Information on SIDS can be found on the
Internet at <http://www.oecd.org/ehs/hpv.htm>.

Reproductive and Developmental Toxicity

The core data requirements include assessment of fertility and
reproduction. This requirement is commonly met through a 28-day repeated-
dose protocol in rats, which requires treated members of both sexes to be mated
and females observed for pregnancy, parturition, and survival of pups through
postnatal day 4. Histological evaluations of testis and ovary also are required.
Positive test results are not considered definitive, in part because of the limited
numbers of animals used, but they signal the need to confirm and expand the
characterization of possible effects using more traditional protocols.

Quality Control

The studies are done according to a standardized OECD protocol and in
compliance with good laboratory practices. Test results are reviewed by the
responsible government entity within the country with lead responsibility.
Dossiers are subsequently reviewed by an international committee of experts.

Usefulness in Identifying Exposures That Pose a Substantial Risk of
Reproductive or Developmental Toxicity in Humans

The SIDS profiles rank chemical substances based on their potential
environmental and human health effects. Some information on reproductive and
developmental toxicity is included in each profile.
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Appendix C

Human Study Designs

roadly, epidemiological studies can be categorized into three types:
descriptive studies that focus on the occurrence of disease or health-related
states in specific populations or representative samples, analytical studies
designed to assess associations or test hypotheses about risk factors or
exposures and health outcomes, and experimental trials in which investigators
randomly assign exposures to treatment groups. Table C-1 lists the available
designs by type of study.

TABLE C-1 Epidemiological Research Design

Descriptive Analytical Experimental

Case series Case-control Community

Cross-sectional Cohort Randomized Clinical

Ecological
•  Retrospective
•  Prospective

Descriptive studies do not formally test hypotheses; rather, they generate
hypotheses based on evaluation of research questions. As such, descriptive
designs cannot assess causality. One common descriptive design that offers
considerable information on selected outcomes, such as birth defects, is the case
series design. As the name suggests, this design encompasses a series of cases
with the same outcome. There is no comparison group. This type of study can
raise
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suspicion of an association and, in fact, has been instrumental in identifying
certain adverse effects (e.g., diethylstilbestrol and vaginal adenocarcinoma). In
fact, much of the available data on adverse outcomes and pharmaceutical
compounds comes from case series designs. Cross-sectional studies measure
exposures and outcomes at the same point in time. Correlational or ecological
studies attempt to correlate an exposure with an outcome. Individual case
studies or case series also are used. Most descriptive studies compare disease or
health-related endpoints in relationship to a specific exposure or risk factor.
Because comparison groups vary with regard to other factors associated with
the exposure, further assessment of associations is needed, and causality cannot
be determined.

Analytical studies include cohort (prospective and retrospective) and case-
control (retrospective) types. Several hybrid designs exist as well, such as those
that use retrospective cohorts. Control studies might be matched or unmatched
in the design phase; matched-cohort studies are relatively rare, despite offering
improved efficiency over other designs (K.J. Rothman and Greenland 1998).
The major distinction between cohort and case-control designs is that cohort
studies begin with the exposure and follow individuals to ascertain incident or
new cases of disease. In this regard, the investigator has confidence in the
temporal ordering between exposure and outcome. Case-control studies, on the
other hand, start with disease status and retrospectively ascertain exposure, and
may be subject to biases associated with the correction of data.

Experimental designs include randomized clinical (or community) trials
and are considered the most scientifically desirable design available to
epidemiologists. These designs ensure the temporal ordering between an
exposure and outcome and minimize confounding via the randomization
process by maximizing the internal validity of findings; external validity may
be limited. Such designs have limited applicability to environmental and
occupational epidemiology, given that exposures typically cannot be randomly
assigned. Few “natural” experiments occur in which a particular subgroup of
the population is exposed while others are not, and exposure is not randomized
in such instances.

Scientifically sound epidemiological studies adhere to the essential
elements of the epidemiological method:
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1. Formulation of a well-defined research question or study hypothesis
suitable for testing.

2. Description of the referent population or representative (probability)
sample;

3. use of standardized methodology for data collection (exposure,
outcome, effect modifiers, confounders).

4. Application of a well-described and appropriate analytical plan.
5. careful interpretation of the data using an established paradigm for

assessing causality.

After carefully weighing the choice of study design, the existing literature
should be used to ground the hypothesis within a theoretical framework to
enhance biological plausibility in interpreting the results. Characterization and
selection of the study population or representative (probability) sample is
extremely important and requires careful consideration. Random-sampling
techniques should be used to ensure that each individual in the referent
population has an equal chance of being selected. That approach minimizes bias
and thereby enhances the validity of findings. Careful attention must be given to
the inclusion and exclusion criteria that can render a sample too restrictive,
resulting in limited external validity (generalizability). The effect of
occupational exposures on reproductive and developmental outcomes is of
added interest in that employed females might include a higher proportion of
sub- or infertile women than is found in the general population. If fertile women
leave the work force for child-bearing, bias can be introduced into the study,
resulting in the “infertile worker effect” (Joffe 1985).

Use of a standardized methodology for data collection is critical for
collecting information for all study subjects, regardless of exposure or disease
status. Information must be collected on exposure, outcome, and effect
modifiers or confounders. There are several methods available for ascertaining
information on exposures and outcomes, such as self-reported data obtained in
personal or telephone interviews, self-administered questionnaires, diaries,
observation, existing records, actual physical measurements, and collection of
biological specimens (Armstrong et al. 1995).

National and state registries provide another source of data that can be
used for epidemiological studies that assess the effects of partic
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ular exposures. All states maintain records in fetal death and live birth and death
registries, and all are population based. Some states have cancer or birth defects
registries. With the exception of live birth and death registries, states vary in
their mechanisms (active versus passive) and requirements for surveillance.
There also is variability in which developmental defects are ascertained and
how they are classified. Hence, registry data are not all comparable. Most
United States registries do not have exposure data readily available for analysis
of outcomes, so this information must be collected retrospectively or surrogate
information, such as parental occupation or residence location, must be used.
For European countries with centralized health care systems, some
prospectively collected exposure data can be linked to other registries, such as
birth defect or live birth registries. The increasing frequency of pregnancy
termination when prenatal diagnosis detects fetal anomalies could
underestimate the accuracy of registry data. Hence, the birth prevalence of
malformations may be estimated, but the incidence remains unknown.

Pregnancy registries established for postmarketing surveillance of
pharmaceutical substances could offer some information for assessing
reproductive and developmental toxicity. This data source could have limited
validity, however, because only a proportion of affected or exposed women are
included in such registries. The representativeness of registry data will be
determined in part by the prevalence of the exposure across the population at
risk, the voluntary nature of the registry, the type of sponsor (industry,
government, university), and reporting and surveillance mechanisms. Similar
concerns could affect data obtained by following-up on women who contact
teratogen information services because of concerns about possible exposures.

Registries could offer some preliminary information about the distribution
and determinants of a few reproductive and developmental outcomes (fetal
death, live births, birth defects), but often additional information on exposures
and the precise nature of the adverse outcomes will need to be collected.
Registry data are simply not available for most fecundity-related outcomes
indicative of male and female reproductive health (conception delay, early
pregnancy loss).

Exposure data varies in quality across epidemiological studies, especially
those concerned with environmental exposures. Many earlier epidemiological
studies relied exclusively on self-reported or proxy exposures (e.g., residence).
For example, a study of the effect of
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air pollution on respiratory health might have compared ambient-air
concentrations for pollutants by rate of respiratory disease. Without individual
measurements, it is hard to know who was truly exposed (or not exposed). Of
late, there is a growing trend to collect biological specimens suitable for
estimating exposure. If there are inadequate resources for measuring exposures
for all study participants, epidemiologists often will stratify subjects by
estimated exposure and randomly select subjects for more detailed study of
exposure status (with biological specimens). Simulation techniques can be used
to evaluate how well the associations from exposure biomarker studies are
upheld as theoretical sample sizes are increased.

Other important concerns with respect to exposure assessment include
ensuring the temporal ordering of the exposure-to-outcome relationship and
assessment of dose-response effects. If effects are interpreted as causal, then the
temporal ordering of exposure to outcome must be established. A spectrum of
reproductive and developmental outcomes might be possible, depending on
critical windows of development. For example, a fetus exposed to thalidomide
in the first trimester is at increased risk for phocomelia; the same exposure in
the last trimester does not increase that risk. Although evidence of a dose-
response relationship is important for assessing causality, often such
relationships are lacking. Moreover, aninverse dose-response relationship might
result in a high early pregnancy loss rate (or sterility) for those most heavily
exposed and, thereby, appear to have a protective effect on risk of
malformations or other adverse pregnancy outcomes. Consideration of potential
fertility bias (Weinberg et al. 1994) is needed. Continuous quality control
ensures the validity and reliability of data, and often a proportion of individuals
are selected for a formal study of validity (e.g., confirmation with another data
source, such as medical records or biomarkers) and reliability (i.e., individuals
are queried at different points in time about exposures).

The fourth element of the epidemiological method includes a well-
developed analytical plan that might be modified over the course of study. The
plan must be appropriate for the study design and hypothesis under study, type
of data collected and scale of measurement, completeness of data (e.g.,
percentage of missing data), distributions of variables, appropriateness of
assumptions that underlie statistical techniques for the data set, consideration of
potential effect modification or confounding, and statistical significance testing
for sample data.
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If multiple comparisons are made, it might be necessary to adjust for them (e.g.,
by Bonfierroni procedures) to ensure the validity of the findings.

The last step in the epidemiological method is the careful interpretation of
findings. All alternative explanations (chance, random error, bias) must be
considered carefully and eliminated in assessing causality. Negative findings
should receive the same careful consideration as positive findings. To that end,
a priori power estimates are extremely useful for determining the statistical
power of the study and for assessing Type I and II errors.

Interpretation of findings requires evaluation of bias (systematic
distortion), random error (noise), confounding (distortion produced by a third
factor associated with both exposure and outcome), synergism (interaction of
two or more causal factors to produce effects greater than the sum of individual
effects) and effect modification (direction and strength of an association
depending on a third variable) (Jekel et al. 1996). Bias is a major threat to
validity that weaken or distort a true relationship between an exposure and
disease or even produce a spurious one. Common sources of bias include the
selection of study participants (selection bias), sources of information
(information bias), or misclassification of subjects either by disease or by
exposure status (misclassification bias). If subjects are randomly misclassified,
effects will be underestimated (biased toward null). That might result in
erroneous and negative findings. However, nonrandom or differential
misclassification bias might produce effects that are either over- or
underestimated. There are few statistical techniques for addressing bias (e.g.,
covariance adjustment and causal modeling); however, minimizing bias in the
design phase is preferable to posthoc statistical adjustments.

Random error can over- or underestimate risk and is generally not as
severe as bias. Moreover, the magnitude of error can be estimated with
statistical techniques. Assessment of confounding, synergism, or effect
modification can be accomplished in the analytical phase (by stratification or
multivariate modeling), providing sufficient data have been collected on those
factors. Restriction or randomization procedures also can be used in the design
phase to minimize confounders.

Causality can be considered in analytical or experimental epidemiological
studies. That involves assessing the statistical association, the temporal
relationship between exposure and outcome, and the elimina
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tion of other potential explanations such as chance or bias (Jekel et al. 1996).
There are several different criteria for assessing causality; Hill's criteria are
cited often (Hill 1965). The existing paradigms for assessing causality have
been discussed by Weed (1995) and are illustrated in Table C-2. Moreover,
authors vary in degree to which they use criteria for assessing causality (Weed
1997). Despite explicit criteria for evaluating causality, scientists might vary in
their use or interpretation of the criteria. Scientists must consider formalized
strategies for weighing scientific evidence to assist in the interpretation of
available information (Weed 1997).
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Appendix D

Experimental Animal and In Vitro Study
Designs

xperimental animal studies should be evaluated as part of hazard
characterization to ensure that adequate research has been carried out. The
design (choice of species, vehicle, route and timing of exposure), conduct,
interpretation, and reporting should be considered. In any assessment of the
reproductive and developmental toxicity potential of exposure to a potentially
harmful substance, all available data should be considered, including
supplementary data from studies that are not designed to test reproductive and
developmental toxicity. Supplementary information can be obtained from acute
(single or multiple exposures that occur within 24 hours or less), subchronic
(multiple or continuous exposures that last up to 3 months), and chronic
(multiple exposures that occur over a significant fraction of an animal's life
span) systemic toxicity studies (particularly where reproductive organs have
been examined) and from toxicokinetic or tissue distribution data. In vitro test
systems also can provide information about an agent's potential to cause
reproductive or developmental toxicity. By themselves, however, in vitro tests
are insufficient for defining the potential reproductive or developmental toxicity
of an agent.

The primary information on experimental animal testing for reproductive
and developmental toxicity potential is likely to be derived from standard
studies used by regulatory agencies. Several statutes
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and guidelines have been published by different authorities, such as the
Organization for Economic Cooperation and Development (OECD 1983, 1984,
1995, 1996, 2000a,b), the U.S. Environmental Protection Agency (EPA
1998a,b,c,d), and the U.S. Food and Drug Administration (FDA 1994,2000).

This appendix describes experimental animal and in vitro studies that are
used to assess developmental toxicity and male and female reproductive toxicity
from exposures to pesticides, industrial chemicals, and food ingredients. The
testing of pharmaceutical agents is not described in detail here, but can be found
in FDA (1994). A summary of the study types, protocols, endpoints and
limitations is presented in Table D-1. A description of the manifestations of
each type of toxicity and guidance on the interpretation of results from the
studies also are presented.

DEVELOPMENTAL TOXICITY

Developmental toxicity is defined as adverse effects in the developing
organism that can result from exposure before conception in either parent,
exposure during gestation, or exposure during postnatal development from birth
to sexual maturation. Adverse developmental effects can be detected at any
point in the Life span of the organism. The major manifestations of
developmental toxicity include death of the developing organism, structural
abnormality, altered growth, and functional deficiency (EPA 1991).

Structural abnormalities in development include malformations and
variations. A malformation is usually defined as a permanent structural change
that can adversely affect survival, development, or function. The term variation 
indicates a divergence from the usual range of structural constitution that might
not adversely affect survival or health. Because there is a continuum of
responses from normal to severely abnormal, distinguishing between variations
and malformations can be difficult.

Altered growth can result in an alteration in the size or weight of an organ
or in body weight or size of exposed offspring. Changes in one indicator of
altered growth might or might not be accompanied by other signs of altered
growth. For example, changes in body weight sometimes accompany changes in
crown-rump length or skeletal ossification. Altered growth can occur at any
stage of development, and it can be reversible in some cases or permanent in
others. Most current study designs do not allow differentiation between
reversible and permanent changes.
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Functional developmental toxicity is the study of alterations or delays in
the physiological or biochemical competence of an organism or organ system
after exposure to an agent during pre- or postnatal development. In any given
test animal, delayed development can be assessed in relation to established
landmarks for physical, behavioral, and sexual maturation.

Types of Studies

Two types of studies specifically designed to assess developmental toxicity
are discussed in this section: the prenatal developmental toxicity study and the
developmental neurotoxicity study. Several other types of studies, although not
solely designed to assess developmental toxicity, can be used for that purpose.
They include single- and multigeneration reproduction studies, reproductive
assessment by continuous-breeding studies, and serial mating (dominant lethal)
studies discussed in later sections.

Prenatal Developmental Toxicity

The prenatal developmental toxicity study provides information on the
effects of repeated exposure to an agent during pregnancy (OECD 2000a; EPA
1998a; FDA 2000). It is normally conducted in two species, a rodent (usually
rat) and a nonrodent (usually rabbit), although not all guidelines specify
nonrodents. Animals are exposed to an agent, usually via ingestion or
inhalation, during the period of major organogenesis. The protocols include
exposure to the end of gestation in order to cover developmental events that
occur later in gestation (e.g., central nervous system, skeletal growth, sexual
differentiation). Offspring are delivered by cesarean section on the day before
the expected day of parturition, and a maternal necropsy is conducted, including
examination of the uterus for number of implantations, resorptions,
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fetal deaths, and live fetuses. Corpora lutea in the ovaries are also counted. Live
fetuses are weighed and examined carefully for external, visceral, and skeletal
malformations and variations. Although the terminology used for
malformations and variations has been variable from laboratory to laboratory,
attempts have been made at standardization (Wise et al. 1997).

Developmental Neurotoxicity

The objective of developmental neurotoxicity studies is to assess the
potential of an agent to affect neurodevelopment (EPA 1998c). The protocol is
designed to be used either as a separate study, usually as a follow up to other
studies, or as part of a multigeneration reproduction study. A test agent is
administered at a minimum of three dose levels to pregnant animals in groups
that are large enough to produce 20 litters per dose group from day 6 of
gestation through day 10 postnatally (the first half of lactation). (This is the
minimum exposure period. Dosing can be continued throughout lactation or, in
the context of a multigeneration study, dosing is done daily over two
generations.) Pregnant and lactating dams are assessed for clinical signs of
neurodevelopmental effects and for their performance in a functional
observation battery. Litter sizes can be adjusted by random selection to provide
equal numbers of male and female offspring (usually four of each). Offspring
are randomly selected from litters for neurotoxicity evaluation, including gross
neurological and behavioral disorders, motor activity, response to auditory
startle, learning and memory, brain weight, and neuropathological examination.
Motor activity is studied on postnatal days 13, 17, 21, and 60 ± 2. Auditory
startle tests are conducted on postnatal days 22 and 60 ± 2. Learning and
memory are evaluated in the offspring around the time of weaning (postnatal
day 21) and again in adulthood (postnatal day 60 ± 2). Neuropathology is
examined in the offspring on postnatal day 11 and at the termination of the
study. The neuropathology analysis includes simple morphometric
measurements of brain areas.

Although these studies are designed to specifically assess the effects of
developmental exposures on nervous system structure and function, they are
limited in the extent to which this complex system can be evaluated as part of
routine testing. For example, assessment of
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social and reproductive behavior and condition (such as anxiety) are not
included, different types of learning and memory–such as spatial and sequential
learning, reference and working memory, or the effects of recall delay–are not
assessed, and long-term effects of developmental exposures (beyond 60 days
(d)) are not evaluated. Several efforts are under way to evaluate the utility of
such protocols and to improve the methods used in rodent studies so that they
are more comparable to those used in humans.

In Vitro Assays

Any developmental toxicity assay that uses a test subject other than a
pregnant mammal falls under the general heading of an “in vitro assay.”
Examples include isolated whole mammalian embryos in culture,
nonmammalian embryo culture, and tissue, organ, and cell culture. Several
manipulations are possible using in vitro assay systems that are not possible
using pregnant mammals, such as the removal of the maternal environment, the
removal or transplantation of specific tissues and cells, and the ability to track
specific cells and molecules, to genetically alter cells, or to monitor embryo
physiology.

There are two potential applications for in vitro assays: screening for
developmental toxicity and analyzing mechanisms of normal and abnormal
development. In vitro assays to screen chemicals for potential developmental
toxicity have been under development for approximately 15 years with the idea
that they could be used to assess larger numbers of chemicals than can be
evaluated with in vivo developmental toxicity tests in mammals, could reduce
the number of experimental animals used in those tests, and could be used to
reduce the costs of testing large numbers of chemicals. A number of attempts
have been made to validate in vitro assays for screening chemicals, and efforts
are under way to validate the rodent embryo culture, micromass, and stem cell
assays in a European-sponsored trial (Spielmann et al. 1998), and the frog
embryo teratogenicity assay (Xenopus) in an interlaboratory comparison (Fort et
al. 1998). Validation requires certain considerations in study design, including
defined endpoints for toxicity, an understanding of the procedure's ability to
respond to chemicals that require metabolic activation, and the accuracy of the
test's response to chemicals that cause developmental toxicity or no effect in
whole
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animal studies (Kimmel et al. 1982; Kimmel and Kochhar 1990; Schwetz et al.
1991). Since most in vitro systems involve an interruption in normal
metabolism and the biological interrelationships found in the intact system, the
range of developmental effects that can be produced and the power of the study
to detect an effect are compromised as compared to those obtained using
standard study designs in whole animal systems (Kimmel 1990). For these and
other reasons, in vitro developmental toxicity assays are unlikely to be used
alone to screen chemicals for risk assessment purposes when there is no prior
knowledge about the potential for developmental toxicity. In the case of priority-
setting in early drug or chemical development, such assays may be useful for
eliminating those with toxicity that can be detected in these systems, leading to
further development of those with little or no toxicity, with the expectation that
standard in vivo assays would be conducted before actual marketing. In vitro
screens also may be useful for assessing the developmental toxicity of
chemicals or chemical classes for which there is already some information
about toxicity from in vivo studies for the purpose of describing the relative
toxicity (potency) of members of chemical families. If chemicals are likely to
act through a common mechanism, a Single in vitro screen that is sensitive to a
particular mechanism may predict the relative potencies of a class of chemicals.
For example, an in vitro mouse limb bud cell screen has been used successfully
to rank the relative teratogenic potential of a large series of synthetic retinoids
(Kistler 1987). In addition, in vitro assays may be useful for studying complex
mixtures for synergism or antagonism, and for evaluating the cumulative risk of
two or more chemicals that have similar mechanisms or effects.

In vitro assays have become widely used for mechanistic studies in
developmental toxicology (Harris 1997). An advantage to using in vitro assays
for such studies is that they utilize decreasing levels of biological complexity to
isolate specific developmental processes. In vitro assays are useful for
identification of tissue sites of accumulation, initial biochemical insults, gene
expression changes, structure-activity relationships, and disrupted
developmental pathways. It is important to link the information developed in
these assays to the whole tissue and organism events that are seen as a result of
developmental toxicity in order to be most useful for risk assessment purposes.
Such information can be employed in developing biologically based dose-
response models for developmental toxicity (e.g., Shuey et al. 1994).
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Interpretation

Box D-1 lists endpoints that can be used to assess developmental toxicity
from standard testing studies. EPA (1991) published guidelines for
developmental toxicity risk assessment that provide more detailed discussion of
study result interpretation.

Observations on dams during the course of a study include regular
examination for signs of toxicity and measurements of body weight.
Assessment of food and water intake also can indicate toxicity and is essential
to calculate actual test substance intake when the substance is administered in
the diet or in drinking-water. When an agent is known to produce
pharmacological or toxic effects, including sedation, respiratory depression, or
hemolysis, such endpoints also are monitored. Maternal observations assess the
relative contribution of maternal toxicity to any embryo-fetal toxicity observed.
Maternal body weight before and after removal of the gravid uterus allows the
determination of toxicity to the mother exclusive of effects on uterine content.

Examination of the uterus and its contents and of the ovaries of animals
that are killed before parturition allows determination of the number of corpora
lutea (a measure of the number of eggs released); implantations; live, dead, and
resorbing fetuses; fetal weight; and sex. The number of implantation sites
equals the number of live fetuses plus the number of dead embryos and dead
fetuses. Preimplantation loss can be determined by subtracting the number of
implantation sites from the number of corpora lutea. It is possible that the
treatment can prevent implantation, and caution should be applied when
interpreting the number of implantation sites and preimplantation loss. Dividing
the number of resorptions (embryonic deaths) by the total number of implants
gives a measure of postimplantation loss, subject to the same caution as above.
It should be noted that postimplantation loss is sometimes expressed inclusive
of fetal deaths. Uteri that show no signs of implantation at all can be stained
with ammonium sulfide to reveal completely resorbed implantation sites
(Salewski 1964).

Viable fetuses are examined for external, visceral, and skeletal
malformations and variations, and the sex is determined. Individual fetal weight
and identification allow external, visceral or skeletal findings to be linked to
individual weights. Because there is a correlation between the number of fetuses
in a litter and fetal weight, fetal weight can be analyzed with litter size as a
covariate.
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BOX D-1 DEVELOPMENTAL TOXICITY ENDPOINTS FROM
STANDARD TESTING PROTOCOLS

Endpoints typically measured at terminal phase of pregnancy
Preimplantation loss
Implantation site
Corpora lutea
Resorptions and fetal death
Live offspring with malformations and variations
Affected (nonlive and malformed) conceptus
Fetal weight
Endpoints that can be measured postnatally
Stillbirth
Offspring viability (birth, within the first week, weaning, etc.)
Offspring growth (birth, postnatal)
Physical landmarks of development (e.g., vaginal opening,

palanopreputial separation)
Neurobehavioral development and function (actual enpoints

measured depend on the function or organ system being studied)
Reflex development
Locomotor development
Motor activity
Sensory function
Social-reproductive behavior
Cognitive function
Neuropathology and brain weight
Reproductive system development and function
Vaginal opening
Onset of estrus
Balano-preputial separation
Ovarian cyclicity
Quantitation of ovarian primordial follicles
Sperm measures (e.g., morphology, motility, number)
Fertility
Pregnancy outcome
Other organ system function (e.g., renal, cardiovascular)

Source: Adapted from EPA 1991.
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It is helpful to distinguish between early and late resorptions because dose-
related effects can assist in determining the period during development that is
sensitive to the test agent. Placental examination and weight might be of value
in interpreting results. It is the commonly accepted practice for studies of rats,
mice, and hamsters to allocate fetuses alternately for visceral or skeletal
examination; this is done when fetal sectioning is used for visceral examination
and the fetus cannot be examined skeletally. Where fresh microdissection is
used, the fetuses can be examined both viscerally and skeletally, except for the
head, which is usually fixed for head sections to examine the brain, eyes,
nasopharynx, and other structures or processed with the skeleton to examine
skeletal structures. For rabbit or larger fetuses, each fetus usually is examined
both for visceral and skeletal effects. Several techniques are used for skeletal
examination, including single-staining with alizarin red S, double-staining with
alizarin red S and alcian blue to show both ossified bone and cartilage, or X-
rays with or without intensification (Inouye 1976; Whitaker and Dix 1979).

Maternal and developmental endpoints are evaluated to interpret
developmental toxicity data (EPA 1991). Of particular concern are agents for
which there are no signs of toxicity to the maternal animal but that induce
toxicity in the developing offspring, or when developmental effects are
observed at doses below those causing toxicity in maternal animals. Another
common situation is when adverse developmental effects occur only at doses
that cause minimal maternal toxicity. In these situations, developmental effects
should be attributed to developmental toxicity and should not be considered
secondary effects of maternal toxicity. It is possible that the adult and the
developing offspring are sensitive to the same dose of an agent. Also, it is
important to note that maternal effects might be reversible whereas
developmental effects could be permanent. Data on developmental effects can
be difficult to assess when they occur at doses that cause severe maternal
toxicity.
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REPRODUCTIVE TOXICITY

Manifestations

Male Reproductive Toxicity

Expressions of male reproductive toxicity can involve alterations in the
male reproductive organs or in related endocrine systems. Such alterations can
include changes in sexual behavior (mating behavior, libido, erection,
intromission, ejaculation), onset of puberty (delayed physical and behavioral
development), fertility (achieving conception within a defined period),
pregnancy outcome (production of normal quality and number of offspring),
reproductive organ structure and morphology, reproductive endocrine
parameters (including peptide and steroid hormone control), or other functions
that compromise the integrity of the male reproductive system.

Female Reproductive Toxicity

Female reproductive toxicity includes adverse effects on reproductive
organs and related endocrine systems. Endpoints that reflect toxicity include
sexual behavior (receptivity to the male at appropriate times in the cycle), age at
onset of puberty, fertility (the ability to produce offspring in normal number),
gestation length, parturition, lactation, loss of primordial follicles, and age at
reproductive senescence.

Types of Studies

Single-Generation Reproduction Study

The single-generation test can provide useful information on basic
reproductive function (OECD 1983). It also provides information on the effects
of subchronic exposure of peripubertal and adult animals.

In a single-generation reproduction study, males and females can
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be exposed during the same or separate trials to determine whether one or both
sexes are affected. Daily dosing of male laboratory animals should begin when
they are 5 to 9 weeks (wk) old and continue for 10 wk (for rats) or 8 wk (for
mice) before the mating period. This schedule exposes the animals to an agent
for the duration of one complete cycle of spermatogenesis (approximately 70 d
in rats and 56 d in mice). Daily dosing of females should begin when they are 5
to 9 wk old and continue for at least 2 wk (OECD 1983) before mating. Females
should continue to receive daily doses of the test agent throughout the 3-wk
mating period, during pregnancy, and until offspring are weaned. At least three
dose groups and one control group are usually included. Either one male to one
female or one male to two female matings can be used, resulting in group sizes
of at least 20 females and 10 or 20 males. The goal is to produce a minimum of
20 pregnant females per treatment group. Animals that have not mated or that
remain infertile should be separated and studied for the cause of their infertility.

Animals are allowed to litter normally and rear their progeny until
weaning. Optionally, by the removal of some pups, the litters can be
standardized (normally on day 4 postpartum) to include an equal number of
pups of each sex (Agnish and Keller 1997). It is considered inappropriate to
remove only runts or any other deviant animals. Adjustment of litter size is not
possible when there are fewer than eight animals per litter. The major advantage
of the standardization of litter size is the diminished variability of pup and litter
data, because dams have equal lactational challenges and pups have similar
possibilities for growth. The disadvantages of standardization have been
documented extensively elsewhere (Palmer 1986; Palmer and Ulbrich 1997)
and include the disruption of the normal distribution of litter sizes; standardized
litter sizes that are below the natural mean, median, and modal values normally
observed for most rat and mouse strains; the elimination of large numbers of
offspring that normally would survive; the introduction of human bias in
selection; and the raising of mean body weight of pups and the lowering of the
challenge to the lactating ability of the dam.

The animals are observed daily throughout testing. Toxic effects,
mortality, neurobehavioral changes, altered sexual behavior, and problems in
parturition and lactation are recorded. Food consumption and weight of animals
are measured at least weekly, and after parturition on the same days litters are
weighed. Individual records of each parent
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test animal and litter are maintained. The time after pairing to achieve a sperm-
positive smear (the precoital interval) and duration of pregnancy are recorded,
and soon after delivery the number and sex of pups, stillbirths, live births, and
the presence of gross anomalies in each litter are recorded. The pups are
weighed at a minimum on the morning after birth, on days 4 and 7, and weekly
thereafter. Dead pups and the excess pups killed at day 4, if the litter is
standardized, should be studied for any defects. All abnormalities in the dams or
offspring should be recorded.

At necropsy, the offspring are examined for structural abnormalities,
particularly those of reproductive organs, that also can be preserved for
histopathological study. At a minimum, all parental animals and offspring that
die during the test, those in the highest dose group, and the controls should be
examined. Whenever there are gross abnormalities in an organ, the animals also
must be examined microscopically.

The data should be treated with appropriate statistical methods. If one male
is mated to two females, then nested statistical analysis must be performed
based on the number of males used. A well-conducted, single-generation
reproductive toxicity study should provide an estimate of a no-observed-
adverse-effect level (NOAEL) and an assessment of adverse effects on fertility,
parturition, lactation, and postnatal growth. Significant detrimental effects on
any endpoint should be considered adverse.

The primary limitation of a single-generation toxicity study is that it
provides no information on the breeding capacity of offspring. Other limitations
are noted in Table D-1. An EPA workshop (Francis and Kimmel 1988)
examined the value of the single-generation reproductive study and concluded
that it is “insufficient to identify all potential reproductive toxicants, because it
would exclude detection of effects caused by prenatal and postnatal exposures
(including the prepubertal period) as well as effects on germ cells that could be
transmitted to and expressed in the next generation” (EPA 1996a).

Multigeneration Reproduction Study

Several authorities have published guidelines on multigeneration
reproductive assays (OECD 2000b; FDA 2000; EPA 1998b). For a
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discussion of multigeneration tests, see articles by Lamb (1988, 1989) and
Christian (1986).

Multigeneration reproduction studies determine the potential of an agent to
produce adverse effects on the male and female reproductive systems, in the
embryo and fetus, and in the neonate. The bioassay examines a wide variety of
endpoints related to reproduction, including effects on libido; germ cells;
gametogenesis; fertilization; implantation; embryonic, fetal, and neonatal
growth; development; parturition; lactation; and postweaning growth and
maturity. The direct toxic effects of an agent on the pregnant dam can be
evaluated. In addition, the recently revised guidelines include measures of
estrous cyclicity and ovarian primordial follicle counts in parental and first filial
( F1) females, and sperm parameters (number, motility, and morphology) in
parental and F1 males. Development of the reproductive system and measures of
sexual maturation (vaginal opening and preputial separation) are also included.
Finally, organ weights of the reproductive organs, target organs, and brain,
spleen, and thymus are included. Because of its study design, a multigeneration
reproduction study can provide data that cannot be developed from other
standard testing protocols. The observed effects can be different from those
seen in other (e.g., subchronic) studies.

The parental animals (P generation) are treated with an agent, usually via
ingestion, for at least 10 wk before mating. Females continue to be exposed
during gestation and lactation. Each dam can produce one to three litters,
depending on whether the outcome in the first litter is unequivocal or
confirmation is required of findings. This gives some flexibility in the protocol
(multiple litters are needed only when initial results are equivocal), and it
applies to P and F1 generations. If the effects in the F2 (second filial) generation
are more marked than in the F1 generation, additional generations can be
examined to clarify potential transgenerational effects.

Dosing of all generations is continuous throughout the study. During
lactation, pups receive the test substance through the dam's milk and later from
the treated food or drinking-water. If inhalation exposure is used, grooming of
the fur can lead to additional exposure to the test material. Coprophagia by the
pups is another possible route of exposure. Upon reaching sexual maturity, at
least one male and one female from the F1 generation are selected from each
litter for mating with another pup from a different litter but exposed to the same
dose.
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F1 generation rats are treated for at least 13 wk and F1 mice are treated for at
least 11 wk before mating.

The study report must include the following data:

•  Species and strain.
•  Toxic response data by sex and dose, including indices of mating,

fertility, gestation, birth, viability, and lactation; offspring sex ratio;
time-to-mating (including the number of days until mating and the
number of estrous cycles until mating); duration of gestation.

•  Day of death if that occurs during the study.
•  Toxic or other effects on reproduction and pre- or postnatal growth of

the offspring.
•  Developmental data, such as anogenital distance (triggered in F2 pups if

positive findings are noted in the F1 animals), age of vaginal opening,
and preputial separation.

•  Number of P and F1 females with normal cycles and cycle length.
•  Day of recording an abnormal effect and its subsequent course.
•  Body weight data by sex for each generation.
•  Dietary intake and food efficiency (body weight gain per food

consumed), and test substance consumption for P and F1 animals,
except for the period of cohabitation.

•  Sperm evaluation on data including total cauda epididymal sperm
counts, percentage of progressively motile sperm, percentage of
morphologically normal sperm, and percentage of sperm with each
identified abnormality.

•  Stage of estrous cycle at the time of death for P and F1 females.
•  Necropsy findings.
•  Implantation data and postimplantation loss calculations for P and F1

females.
•  Absolute and relative organ weight data.
•  Detailed descriptions of all histopathological findings.
•  Adequate statistical analyses.
•  A copy of the study protocol.

The multigeneration study is probably the most complex type undertaken
for regulatory purposes and provides information on toxicity that follows
treatment throughout the entire reproductive
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cycle, except that it does not evaluate reproductive senescence other than the
evaluation of primordial follicles in females. Other limitations are noted in
Table D-1. In general, significant detrimental effects on any endpoints or on
indices derived from the data should be considered adverse. EPA (1996a)
provides a detailed discussion on adverse effects.

Reproductive Assessment by Continuous Breeding Study

The U.S. National Toxicology Program (NTP) has developed a test
protocol for evaluating toxicity through a reproductive assessment by
continuous breeding (RACB) study design (Lamb 1985; Gulati et al. 1991). The
protocol was originally developed for mice as a faster and more cost-effective
alternative to the conventional regulatory reproductive toxicity studies, but it
also has been used successfully with rats. After a 1-wk pretreatment period,
males and females are housed as breeding pairs in individual cages and allowed
to mate continuously for 14-wk. Exposure to the test substance (usually in feed
or drinking-water) is continued throughout the study, and the offspring are
removed from the cage immediately after parturition. After the cohabitation
breeding period, the pair is separated and the last litter is raised to weaning.
Pups from these litters can then be selected, and treatment is continued. The
pups are used in a mating trial to evaluate effects in the second generation in a
manner comparable to that described previously for the multigeneration design.

The same endpoints (fertility, pups per litter, pup weight, sex, survival) are
studied in the RACB protocol as in the standard multigeneration protocol. It is
the time between Litters and the progressive effects on fertility and
reproduction that are specific to the RACB study design. The difference is that
the RACB study design allows more than one litter to be examined per
generation and can give an indication of subfertility and infertility. Adverse
effects that might not be noted in the first mating may become evident later due
to longer exposure time; such findings would not normally be detected in the
conventional studies.

The RACB does not give information on specific male and female
reproductive effects unless cross-breeding of control and treated males and
females is done following the 14-week mating trial. It also does
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not provide information on effects in the second generation unless F1 pups are
raised to breeding age and mated to produce a second generation as in the
multigeneration study design. Other limitations are noted in Table D-1.

Serial Mating Study (Dominant Lethal Study)

If a single-mating trial results in an adverse effect attributable to the male,
it is difficult to determine the developmental stage in which the disruption
occurs. It is well known that different stages of spermatogenesis are variably
sensitive to toxic effects and that each toxic substance can affect different sperm
cell populations (Parvinen 1982). Spermatogonia, for example, are sensitive to
cyclophosphamide in experiments conducted in mice (Toppari et al. 1990),
whereas spermatocytes are disrupted by ethylene glycol monomethyl ether in
experiments conducted in rats (Chapin et al. 1985). The action of a compound
that primarily affects the somatic Sertoli cells of the testis, for example, m-
dinitrobenzene (Foster 1989), will produce an extensive period of infertility
because of adverse effects on the function of these cells at various stages of
germ cell differentiation.

Serial mating makes it possible to assess the sensitive stages of
spermatogenesis and susceptible cell types. This information can be obtained
from a specific serial-mating trial or from a similar protocol used for dominant
lethal testing (OECD 1984; EPA 1998d). Adult males (usually rats) are exposed
before mating, typically for 1-5 d, with 20 males per dose group, where after
they are mated to one to three females weekly for the next 8-10 wk. Adverse
effects on male reproduction are manifested as decreased numbers of
implantation sites in uteri (indicative of failure of fertilization or
preimplantation loss) and increased early fetal mortality (indicative of
postimplantation loss or dominant lethality). To examine the uterine contents,
dams are killed before parturition (e.g., on days 13-18 of pregnancy).

Any adverse effects can then be attributed to specific cell populations by
back-calculation on the basis of the well-known kinetics of spermatogenesis
(Chapin et al. 1985). The test was originally designed for detection of germ cell
mutagenicity, and it requires a large number of female animals (e.g., an 8-wk
trial would use 160-480 females), which is a disadvantage.
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The limitations of serial-mating trials are similar to those shown in
Table D-1 for other reproduction studies, except for the identification of stage
of spermatogenesis affected. Additional endpoints of male reproductive toxicity
and effects other than death of the offspring are not evaluated unless included in
the protocol.

Total Reproductive Capacity

The total reproductive capacity study, a variant of the continuousbreeding
study, is designed to assess ovarian toxicity. Female fetuses are particularly
susceptible to agents that can adversely affect germ cells because development
of the oocyte occurs prenatally; no new germ cells develop after birth. Female
animals are exposed to a test substance for a short period in utero (i.e., days
9-16 of gestation) (McLachlan et al. 1981) or postnatally (Generoso et al. 1971)
and allowed to mate with a single male as long as the females remain fertile.
The numbers of litters and offspring are compared with those of control animals
to estimate the loss of oocytes resulting from the exposure.

Total reproductive capacity studies have been designed with the specific
purpose of evaluating female reproductive capacity and are not tests of general
reproduction function.

Interpretation

Well-conducted multigeneration and continuous-breeding studies can
provide data that demonstrate changes in the key parameters of male and female
fertility and reproduction. Statistically significant, dose-related changes in the
indices listed in Table D-2 provide sufficient evidence of reproductive toxicity
but by themselves do not identify the affected sex. Because most
multigeneration or continuousbreeding studies place test males with females
treated at the same dose, they cannot identify which sex is affected. Although
such studies are the most typical way to evaluate the reproductive toxicity of an
agent, most provide insufficient evidence of whether the agent causes male or
female reproductive toxicity in animals. There is, therefore, a need for
additional data, which, in fact, can come from the same study. For example,
evidence of gonadal toxicity measured by testicular weight or altered
morphology can provide sufficient evidence that an agent is a male reproductive
toxicant or add weight to evidence that it is not a male reproductive toxicant.
Likewise for females, evidence of ovarian toxicity measured by weight changes
and altered morphology can provide sufficient evidence for female reproductive
toxicity. Another way to provide sufficient evidence of male reproductive
toxicity would be to mate the treated animal of one sex to the untreated animal
of the other sex.
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TABLE D-2 Indices of Fertility and Reproductive Function
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Male Indices

Organ Weight

A statistically significant, dose-related decrease in absolute or relative
testicular weight is generally sufficient evidence that an agent can cause
reproductive toxicity in animals. Most agents that cause testicular toxicity also
cause decreases in testicular weight, but if they cause edema, the testicular
weight increases. Decreases in testicular weight can be considered sufficient
evidence of toxicity by themselves, but increases must be explained by other
endpoints, such as morphology. Any changes also must be considered in light of
the systemic toxicity elicited by the test chemical. Severe systemic toxicity
brings into question not only the organ weight data, but also the relevance of
any other reproductive effects.

Weight changes in male accessory sex organs can indicate significant
functional effects. Both the seminal vesicles and the prostate, for example,
contain a large proportion of luminal fluid that can decrease rapidly when
androgenic hormone concentrations decline. Epididymal weight is largely
affected by the number of sperm present in the epididymis. Statistically
significant, dose-related decreases in the weight of the epididymis would be
sufficient evidence of male effects. Decreases in the weight of the seminal
vesicles or ventral prostate can be sufficient evidence of male reproductive
toxicity, but are more useful if supplemented by data on endocrine effects.
Changes in pituitary weight alone would typically be insufficient evidence of
male reproductive toxicity, because pituitary weight is an inaccurate indicator
of changes in pituitary function, which are best measured by other parameters,
such as hormone concentrations. Furthermore, only a small portion of the gland
is involved with reproductive function.

Organ Morphology

Changes in testicular morphology are best observed when the tissues are
preserved by optimal methods. The best evaluations can be
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done on testes fixed by perfusion and embedded in a plastic, such as glycol
methacrylate. More conventional, but still quite acceptable, morphologic
investigations can be performed on testes fixed by immersion in Bouin's
fixative, embedded in paraffin, and stained with PAS. Formalin fixation and
paraffin embedding of testes is an inferior and generally inadequate method for
the study of testicular pathology because it will reveal only the most severe
effects. In formalin-fixed and paraffin-embedded tissues, only the most severe
changes in the seminiferous epithelium of the testis could be considered
sufficient evidence of male effects. The sensitivity of these evaluations can be
substantially improved by more careful fixation, embedding, and observation
techniques. Low-quality morphological techniques, such as formalin fixation
and paraffin embedding, are never sufficient to show that an exposure did not
produce testicular toxicity.

Morphological changes in accessory sex organs are less common, but clear
treatment-related effects also can provide sufficient evidence of male effects.

Sexual Behavior

Fertility studies do not incorporate measures of sexual behavior, but they
indirectly measure endpoints that can be altered by effects on sexual behavior.
These measurements include collecting vaginal smears to check for the
presence of sperm or checking vaginal plugs as evidence of mating. An
azospermic male, however, might have normal sexual behavior but will not
have a “sperm-positive” mating. Thus, even though a decrease in sperm-
positive matings can be sufficient evidence of reproductive toxicity, it would
not be sufficient evidence of abnormal sexual behavior. If a study does measure
sexual behavior, mounting frequency, intromission, ejaculation number, and
latency can be measured. More detailed studies of sexual behavior (Zenick and
Clegg 1989) would be helpful, but are rarely done.

Sperm Evaluation

In mice and rats, sperm motility and count are relatively sensitive and
reliable indicators of male reproductive toxicity (Morrissey et al. 1988a,b).
Statistically significant, dose-related decreases in these
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parameters would constitute sufficient evidence of male reproductive toxicity,
even if fertility is not adversely affected. Sperm morphology changes, if
statistically significant and dose-related, would be sufficient evidence of
reproductive toxicity. Experience has shown, however, that sperm morphology
changes in rodents are fairly insensitive indicators of reproductive toxicity
(Morrissey et al. 1988a,b) even though they can be good indicators of
reproductive dysfunction in humans.

Sperm evaluations in rats and mice are nearly always limited to the
terminal sacrifice of the test animals because it is extremely difficult to collect
semen samples from such small animals. Because investigators can collect
whole semen samples from rabbits and domestic animals, however, it is
possible to assess and follow progressive changes in semen in these animals
over time. The potential advantages to conducting sperm assessments in rabbits
include the ability to assess the same parameters (morphology, motility, sperm
count) at successive points. Studies have shown that large decreases in semen
parameters must occur before there are noticeable changes in fertility.
Statistically significant, dose-related decreases in semen quality, however,
could constitute sufficient evidence that an exposure causes reproductive effects
in the test species.

Endocrine Evaluations

If adequately designed studies detect changes in concentrations of gonadal
steroid or gonadotropic pituitary hormones, these endocrine parameters do
provide sufficient evidence of reproductive toxicity. Typically, adequate studies
that show toxicity will have multiple samples obtained in a well-defined context
that includes sex, age, reproductive state, day of cycle, and so on. Endocrine
changes that indicate toxicity will include both multiple values outside the
normal physiological ranges and physiologically plausible changes in direction
in hormone concentrations.

Biochemical Markers of Reproductive Exposure and Effect

Various markers of exposure and effect have been investigated in male
reproductive toxicology, including prostatein, androgens, and prolactin
(NRC1989). Sertoli cell enzymes or biochemical secretory
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products, measured in vitro and in vivo as markers of cell function, are other
examples of useful endpoints for studying target organ or cell responses.
Currently, however, they cannot be considered evidence of male reproductive
toxicity.

In Vitro Methods

There are methods for culturing various cells from the male reproductive
system, such as pituitary cells, Sertoli cells, and germ cell-Sertoli cell
cocultures. Although these investigations help elucidate mechanisms of action,
they cannot by themselves generate sufficient evidence of reproductive toxicity.

Female Indices

Several endpoints listed in Table D-2 can provide evidence for female
reproductive toxicity. For example, when a continuous-breeding study shows an
adverse effect, it is desirable that the study also mate each member of a
breeding pair to an untreated control to identify which member is affected by
the agent. If a study has not taken this step, it cannot be said with certainty that
the observed effect is the result of female reproductive toxicity; it can be
equally likely that a male effect or a couple effect is involved.

Because most standard animal reproduction studies do not observe mating,
they do not contain evaluations of an agent's effect on sexual behavior. If a
study does report observations of mating, the failure of female rodents to
assume a lordotic position and to accept mounting is evidence of abnormal
sexual behavior. Additional signs include running from or fighting with the
male (Uphouse and Williams 1989; Uphouse 1985).

Cytology Abnormalities

Abnormal findings for estrous animals include persistent estrus, prolonged
diestrus, or anestrus (May and Finch 1988). To characterize the estrous cycle in
appropriate experimental animals, studies can use vaginal cytology or other
cyclic signs in animals that menstruate,
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including humans. These parameters can give information on whether cycling
has discontinued or whether segments of the cycle are altered in length.
Because estrous cycle length has a normal variation, it is also possible to
evaluate changes in the distribution of cycle lengths. The interpretation of these
data is, however, open to question. Vaginal cytology data can also be
incorporated into such protocols as the continuous-breeding test, the subchronic
study, and the two-generation reproduction study (Morrissey et al. 1988a,b;
EPA 1998b; OECD 2000b; FDA 2000). Alterations in the distribution of
estrous or menstrual cycle length alone have not been shown to be reliable
predictors of reproductive toxicity. By themselves, these alterations would be
insufficient to identify an agent as a reproductive toxicant.

Weight and Morphology Changes

A statistically significant decrement in ovarian or uterine weight in a study
properly controlled for cyclic variation is worthy of consideration and should
signal the need for additional studies. Similarly, an increase in uterine weight in
an acyclic or castrate animal, or in a study that controls for cyclic variation,
should raise concern about possible estrogenicity of the test agent and should
suggest that additional studies are needed. Neither of these parameters, as an
isolated endpoint, is sufficient to characterize an agent as a reproductive
toxicant. Evaluation of the ovary often includes counts of follicles or
subpopulations of follicles (Pederson and Peters 1968; Heindel 1999). A
decrease in the number of ovarian follicles or a change in follicle subtype,
however, is evidence of reproductive toxicity.

Biochemical Changes

Secretion products of the uterus can be obtained with uterine lavage (Teng
et al. 1986). Changes in uterine secretions could be useful for characterizing
alterations associated with treatment because these changes can be cycle
dependent, however, they can be difficult to interpret. To date, the
characterization of normal changes in uterine secretory products is incomplete.
Such changes alone, however, are insufficient to characterize an agent as a
reproductive toxicant.
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Alterations in Age at Puberty or Reproductive Senescence

In animals with estrous cycles, the onset of puberty is marked by vaginal
opening. Reproductive senescence may manifest as persistent vaginal estrus
followed by anestrus. A change in the age at puberty or reproductive senescence
is sufficient to characterize reproductive toxicity, although it is desirable to have
supporting data that explain the mechanism of toxicity.

Endocrine Parameters

In estrous and menstrual animals, the reproductive cycle is characterized
by the production of sex steroids from the ovary in response to pituitary
gonadotropins, which are under hypothalamic control. It is possible to measure
the relevant hormones, but evaluators must keep in mind that the hormones are
produced in a pulsatile fashion, with cyclic variation in the amplitude and
frequency of the pulses. For this reason, single static measures are unlikely to
be informative unless a result is well outside the normal ranges (e.g., castrate
concentrations of gonadotropins). Other strategies for evaluating endocrine
parameters include serial measurements of hormones in blood at short intervals,
and response of an endocrine measure to a stimulus. In the serial measurement
strategy, frequent sampling permits the construction of a profile of the hormone
change over time, which can disclose the pulse pattern. This method is difficult
in animals with small blood volumes where frequent sampling may produce its
own effects.

The second method, response of an endocrine measure to a stimulus,
involves sampling an animal at a fixed time after administration of a releasing
factor. One can, for example, measure luteinizing hormone after injecting
gonadotropin-releasing hormone or measure progesterone after injecting
chorionic gonadotropin (Hughes 1988). The disadvantage of this method is the
possibility that the injection of the releasing agent will cause an atypical
physiological situation, so that one cannot extrapolate the effect it “unmasks” to
unmanipulated animals.

If changes in concentrations of gonadal steroid or gonadotropic pituitary
hormones are detected in adequately designed studies, these endocrine
parameters do provide sufficient evidence of reproductive
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toxicity. Results that show multiple values outside the normal physiological
ranges, changes in hormone concentrations in physiologically plausible
directions, or failure of key hormonal events (such as luteinizing hormone
surge, preovulatory estradiol rise, maintenance of luteal phase progesterone
production) provide sufficient evidence of reproductive toxicity.

In Vitro and Perfusion Systems

Tissue culture methods have been used to study ovary slices in vitro, and
cell culture methods have been used for studying granulosa cells and
myometrial cells. In culturing ovary slices or granulosa cells, investigators often
use the release of sex steroids into the medium as an outcome parameter. Under
some conditions, granulosa cells will luteinize, producing a range of steroid and
nonsteroid products; of these, progesterone is measured most commonly. Some
studies, however, have measured other products, including nonsteroidal
substances (Haney et al. 1984; Teaff et al. 1990). Some cell culture studies have
made use of the contractile properties of myometrial cells for evaluating the
potential of agents to alter uterine activity. In all of these test systems, the
artificial nature of the in vitro setting can limit the predictive value of the results.

Ovaries perfused in vitro are useful systems for studying the mechanical
aspects of ovulation. The preparations allow observations on the effects of
agents in preventing rupture of the follicle and expulsion of the oocyte. The
perfusion system is artificial, however, and the relocation of the ovary from
peritoneal cavity to the perfusion chamber can alter the mechanical features of
the system. For this reason, data from perfusion studies are not, in themselves,
sufficient for drawing conclusions about an agent's reproductive toxicity.

Any change observed in an in vitro or organ perfusion system should be
considered supplemental. Isolated findings of studies that use these systems are
insufficient to characterize an agent as causing reproductive toxicity.

Breast Milk

Changes in breast histopathology or in breast milk amount or
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composition should signal the need for additional studies, and in particular, the
need for studies that evaluate the effect of such changes on the nourishment and
health of the offspring. The mere presence of xenobiotics in milk is not, by
itself, evidence of toxicity; however, if a test agent is concentrated in milk, this
should prompt recognition of the need for studies on the nursling. Conversely, if
an agent is not transferred into the milk in rodent studies, but it is clear that
exposure to critical organ systems continues in utero at the same developmental
stages in humans, it may be appropriate to conduct direct dosing studies in
rodents to determine any potential effects on the structural and functional
development of these systems.
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