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Guidelines for Neurotoxicity Risk
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AGENCY: Environmental Protection
Agency.

ACTION: Notice of availability of final
Guidelines for Neurotoxicity Risk
Assessment.

SUMMARY: The U.S. Environmental
Protection Agency (EPA) is today
publishing in final form a document
entitled Guidelines for Neurotoxicity
Risk Assessment (hereafter
“Guidelines”). These Guidelines were
developed as part of an interoffice
guidelines development program by a
Technical Panel of the Risk Assessment
Forum. The Panel was composed of
scientists from throughout the Agency,
and selected drafts were peer-reviewed
internally and by experts from
universities, environmental groups,
industry, and other governmental
agencies. The Guidelines are based, in
part, on recommendations derived from
various scientific meetings and
workshops on neurotoxicology, from
public comments, and from
recommendations of the Science
Advisory Board. An earlier draft
underwent external peer review in a
workshop held on June 2-3, 1992, and
received internal review by the Risk
Assessment Forum. The Risk
Assessment Subcommittee of the
Committee on the Environment and
Natural Resources of Office of Science
and Technology Policy reviewed the
proposed Guidelines during a meeting
held on August 15, 1995. The
Guidelines were revised and proposed
for public comment on October 4, 1995
(60 FR 52032-52056). The proposed
Guidelines were reviewed by the
Science Advisory Board on July 18,
1996. EPA appreciates the efforts of all
participants in the process, and has
tried to address their recommendations
in these Guidelines.

This notice describes the scientific
basis for concern about exposure to
agents that cause neurotoxicity, outlines
the general process for assessing
potential risk to humans because of
environmental contaminants, and
addresses Science Advisory Board and
public comments on the 1995 Proposed
Guidelines for Neurotoxicity Risk
Assessment (60 FR:52032-52056). These
Guidelines are intended to guide
Agency evaluation of agents that are
suspected to cause neurotoxicity, in line

with the policies and procedures
established in the statutes administered
by the Agency.

DATES: The Guidelines will be effective
on April 30, 1998.

ADDRESSES: The Guidelines will be
made available in several ways:

(1) The electronic version will be
accessible from EPA’s National Center
for Environmental Assessment home
page on the Internet at http://
www.epa.gov/ncea.

(2) 3%2" high-density computer
diskettes in WordPerfect format will be
available from ORD Publications,
Technology Transfer and Support
Division, National Risk Management
Research Laboratory, Cincinnati, OH,;
Tel: 513-569-7562; Fax: 513-569-7566.
Please provide the EPA No.: EPA/630/
R-95/001Fa when ordering.

(3) This notice contains the full
document. Copies of the Guidelines will
be available for inspection at EPA
headquarters and regional libraries,
through the U.S. Government
Depository Library program, and for
purchase from the National Technical
Information Service (NTIS), Springfield,
VA,; telephone: 703-487-4650, fax: 703—
321-8547. Please provide the NTIS PB
No. (PB98-117831) when ordering.

FOR FURTHER INFORMATION CONTACT: Dr.
Hugh A. Tilson, Neurotoxicology
Division, National Health and
Environmental Effects Research
Laboratory, U.S. Environmental
Protection Agency, Research Triangle
Park, NC 27711, Tel: 919-541-2671;
Fax: 919-541-4849; E-mail:
tilson.hugh@epamail.epa.gov.
SUPPLEMENTARY INFORMATION: In its 1983
book Risk Assessment in the Federal
Government: Managing the Process, the
National Academy of Sciences
recommended that Federal regulatory
agencies establish “inference
guidelines” to promote consistency and
technical quality in risk assessment, and
to ensure that the risk assessment
process is maintained as a scientific
effort separate from risk management. A
task force within EPA accepted that
recommendation and requested that
Agency scientists begin to develop such
guidelines. In 1984, EPA scientists
began work on risk assessment
guidelines for carcinogenicity,
mutagenicity, suspect developmental
toxicants, chemical mixtures, and
exposure assessment. Following
extensive scientific and public review,
these first five guidelines were issued
on September 24, 1986 (51 FR 33992—
34054). Since 1986, additional risk
assessment guidelines have been
proposed, revised, reproposed, and
finalized. These guidelines continue the

process initiated in 1984. As with other
EPA guidelines (e.g., developmental
toxicity, 56 FR 63798-63826; exposure
assessment, 57 FR 22888-22938; and
carcinogenicity, 61 FR 17960-18011),
EPA will revisit these guidelines as
experience and scientific consensus
evolve.

These Guidelines set forth principles
and procedures to guide EPA scientists
in the conduct of Agency risk
assessments and to inform Agency
decision makers and the public about
these procedures. Policies in this
document are intended as internal
guidance for EPA. Risk assessors and
risk managers at EPA are the primary
audience, although these Guidelines
may be useful to others outside the
Agency. In particular, the Guidelines
emphasize that risk assessments will be
conducted on a case-by-case basis,
giving full consideration to all relevant
scientific information. This approach
means that Agency experts study
scientific information on each chemical
under review and use the most
scientifically appropriate interpretation
to assess risk. The Guidelines also stress
that this information will be fully
presented in Agency risk assessment
documents, and that Agency scientists
will identify the strengths and
weaknesses of each assessment by
describing uncertainties, assumptions,
and limitations, as well as the scientific
basis and rationale for each assessment.
The Guidelines are formulated in part to
bridge gaps in risk assessment
methodology and data. By identifying
these gaps and the importance of the
missing information to the risk
assessment process, EPA wishes to
encourage research and analysis that
will lead to new risk assessment
methods and data.

Dated: April 30, 1998.
Carol M. Browner,
Administrator.
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Part A: Guidelines for Neurotoxicity
Risk Assessment

1. Introduction

These Guidelines describe the
principles, concepts, and procedures
that the U.S. Environmental Protection
Agency (EPA) will follow in evaluating
data on potential neurotoxicity
associated with exposure to
environmental toxicants. The Agency’s
authority to regulate substances that
have the potential to interfere with
human health is derived from a number
of statutes that are implemented through
multiple offices within EPA. The
procedures outlined here are intended
to help develop a sound scientific basis
for neurotoxicity risk assessment,
promote consistency in the Agency’s
assessment of toxic effects on the
nervous system, and inform others of
the approaches used by the Agency in
those assessments. This document is not
a regulation and is not intended for EPA
regulations. The Guidelines set forth
current scientific thinking and
approaches for conducting and
evaluating neurotoxic risk assessments.
They are not intended, nor can they be
relied upon, to create any rights
enforceable by any party in litigation
with the United States.

1.1. Organization of These Guidelines

This introduction (section 1)
summarizes the purpose of these
Guidelines within the overall
framework of risk assessment at EPA. It
also outlines the organization of the
guidance and describes several default
assumptions to be used in the risk
assessment process, as discussed in the
recent National Research Council report
“*Science and Judgment in Risk
Assessment” (NRC, 1994).

Section 2 sets forth definitions of
particular terms widely used in the field
of neurotoxicology. These include
“neurotoxicity” and “‘behavioral
alterations.” Also included in this
section are discussions concerning
reversible and irreversible effects and
direct versus indirect effects.

Risk assessment is the process by
which scientific judgments are made
concerning the potential for toxicity in
humans. The National Research Council
(NRC, 1983) has defined risk assessment
as including some or all of the following
components (paradigm): hazard
identification, dose-response
assessment, exposure assessment, and
risk characterization. In its 1994 report
“Science and Judgment in Risk
Assessment” the NRC extended its view
of the paradigm to include
characterization of each component
(NRC, 1994). In addition, it noted the

importance of an approach that is less
fragmented and more holistic, less
linear and more interactive, and that
deals with recurring conceptual issues
that cut across all stages of risk
assessment. These Guidelines describe a
more interactive approach by organizing
the process around the qualitative
evaluation of the toxicity data (hazard
characterization), the quantitative dose-
response analysis, the exposure
assessment, and the risk
characterization. In these Guidelines,
hazard characterization includes
deciding whether a chemical has an
effect by means of qualitative
consideration of dose-response
relationships, route, and duration of
exposure. Determining a hazard often
depends on whether a dose-response
relationship is present (Kimmel et al.,
1990). This approach combines the
information important in comparing the
toxicity of a chemical with potential
human exposure scenarios (section 3).
In addition, it avoids the potential for
labeling chemicals as ‘‘neurotoxicants”
on a purely qualitative basis. This
organization of the risk assessment
process is similar to that discussed in
the Guidelines for Developmental
Toxicity Risk Assessment (56 FR
63798), the main difference being that
the quantitative dose-response analysis
is discussed under a separate section in
these Guidelines.

Hazard characterization involves
examining all available experimental
animal and human data and the
associated doses, routes, timing, and
durations of exposure to determine
qualitatively if an agent causes
neurotoxicity in that species and under
what conditions. From the hazard
characterization and criteria provided in
these Guidelines, the health-related
database can be characterized as
sufficient or insufficient for use in risk
assessment (section 3.3). Combining
hazard identification and some aspects
of dose-response evaluation into hazard
characterization does not preclude the
evaluation and use of data for other
purposes when quantitative information
for setting reference doses (RfDs) and
reference concentrations (RfCs) is not
available.

The next step in the dose-response
analysis (section 4) is the quantitative
analysis, which includes determining
the no-observed-adverse-effect-level
(NOAEL) and/or the lowest-observed-
adverse-effect-level (LOAEL) for each
study and type of effect. Because of the
limitations associated with the use of
the NOAEL, the Agency is beginning to
use an additional approach, the
benchmark dose approach (BMD)
(Crump, 1984; U.S. EPA, 1995a), for
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more quantitative dose-response
evaluation when sufficient data are
available. The benchmark dose
approach takes into account the
variability in the data and the slope of
the dose-response curve, and provides a
more consistent basis for calculation of
the RfD or RfC. If data are considered
sufficient for risk assessment, and if
neurotoxicity is the effect occurring at
the lowest dose level (i.e., the critical
effect), an oral or dermal RfD or an
inhalation RfC, based on neurotoxic
effects, is then derived. This RfD or RfC
is derived using the NOAEL or
benchmark dose divided by uncertainty
factors to account for interspecies
differences in response, intraspecies
variability, and other factors of study
design or the database. A statement of
the potential for human risk and the
consequences of exposure can come
only from integrating the hazard
characterization and dose-response
analysis with the human exposure
estimates in the final risk
characterization.

The section on exposure assessment
(section 5) identifies human populations
exposed or potentially exposed to an
agent, describes their composition and
size, and presents the types,
magnitudes, frequencies, and durations
of exposure to the agent. The exposure
assessment provides an estimate of
human exposure levels for particular
populations from all potential sources.

In risk characterization (section 6), the
hazard characterization, dose-response
analysis, and exposure assessment for
given populations are combined to
estimate some measure of the risk for
neurotoxicity. As part of risk
characterization, a summary of the
strengths and weaknesses of each
component of the risk assessment is
given, along with major assumptions,
scientific judgments and, to the extent
possible, qualitative and quantitative
estimates of the uncertainties. This
characterization of the health-related
database is always presented in
conjunction with information on the
dose, route, duration, and timing of
exposure as well as the dose-response
analysis including the RfD or RfC. If
human exposure estimates are available,
the exposure basis used for the risk
assessment is clearly described, e.g.,
highly exposed individuals or highly
sensitive or susceptible individuals. The
NOAEL may be compared to the various
estimates of human exposure to
calculate the margin(s) of exposure
(MOE). The considerations for judging
the acceptability of the MOE are similar
to those for determining the appropriate
size of the uncertainty factor for
calculating the RfD or RfC.

The Agency recently issued a policy
statement and associated guidance for
risk characterization (U.S. EPA, 1995b,
1995c), which is currently being
implemented throughout EPA. This
statement is designed to ensure that
critical information from each stage of a
risk assessment is used in forming
conclusions about risk and that this
information is communicated from risk
assessors to risk managers (policy
makers), from middle to upper
management, and from the Agency to
the public. Additionally, the policy
provides a basis for greater clarity,
transparency, reasonableness, and
consistency in risk assessments across
Agency programs.

Final neurotoxicity risk assessment
guidelines may reflect additional
changes in risk characterization
practices resulting from implementation
activities. Risk assessment is just one
component of the regulatory process
and defines the potential adverse health
consequences of exposure to a toxic
agent. The other component, risk
management, combines risk assessment
with statutory directives regarding
socioeconomic, technical, political, and
other considerations in order to decide
whether to control future exposure to
the suspected toxic agent and, if so, the
nature and level of control. One major
objective of these Guidelines is to help
the risk assessor determine whether the
experimental animal or human data
indicate the potential for a neurotoxic
effect. Such information can then be
used to categorize evidence that will
identify and characterize neurotoxic
hazards, as described in section 3.3,
Characterization of the Health-Related
Database, and Table 8 of these
Guidelines. Risk management is not
dealt with directly in these Guidelines
because the basis for decision making
goes beyond scientific considerations
alone, but the use of scientific
information in this process is discussed.
For example, the acceptability of the
MOE is a risk management decision, but
the scientific bases for establishing this
value are discussed here.

1.2. The Role of Environmental Agents
in Neurotoxicity

Chemicals are an integral part of life,
with the capacity to improve as well as
endanger health. The general population
is exposed to chemicals in air, water,
foods, cosmetics, household products,
and drugs used therapeutically or
illicitly. During daily life, a person
experiences a multitude of exposures to
potentially neuroactive substances,
singly and in combination, both
synthetic and natural. Levels of
exposure vary and may or may not pose

a hazard, depending on dose, route, and
duration of exposure.

A link between human exposure to
some chemical substances and
neurotoxicity has been firmly
established (Anger, 1986; OTA, 1990).
Because many natural and synthetic
chemicals are present in today’s
environment, there is growing scientific
and regulatory interest in the potential
for risks to humans from exposure to
neurotoxic agents. If sufficient exposure
occurs, the effects resulting from such
exposures can have a significant adverse
impact on human health. It is not
known how many chemicals may be
neurotoxic in humans (Reiter, 1987).
EPA’s TSCA inventory of chemical
substances manufactured, imported, or
processed in the United States includes
more than 65,000 substances and is
increasing yearly. An overwhelming
majority of the materials in commercial
use have not been tested for neurotoxic
potential (NRC, 1984).

Estimates of the number of chemicals
with neurotoxic properties have been
made for subsets of substances. For
instance, a large percentage of the more
than 500 registered active pesticide
ingredients affect the nervous system of
the target species to varying degrees. Of
588 chemicals listed by the American
Conference of Governmental Industrial
Hygienists, 167 affected the nervous
system or behavior at some exposure
level (Anger, 1984). Anger (1990)
estimated that of the approximately 200
chemicals to which 1 million or more
American workers are exposed, more
than one-third may have adverse effects
on the nervous system if sufficient
exposure occurs. Anger (1984) also
recognized neurotoxic effects as one of
the 10 leading workplace disorders. A
number of therapeutic substances,
including some anticancer and antiviral
agents and abused drugs, can cause
adverse or neurotoxicological side
effects at therapeutic levels (OTA,
1990). The number of chemicals with
neurotoxic potential has been estimated
to range from 3% to 28% of all
chemicals (OTA, 1990). Thus,
estimating the risks of exposure to
chemicals with neurotoxic potential is
of concern with regard to their overall
impact on human health.

1.3. Neurotoxicity Risk Assessment

In addition to its primary role in
psychological functions, the nervous
system controls most, if not all, other
bodily processes. It is sensitive to
perturbation from various sources and
has limited ability to regenerate. There
is evidence that even small anatomical,
biochemical, or physiological insults to
the nervous system may result in
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adverse effects on human health.
Therefore, there is a need for consistent
guidance on how to evaluate data on
neurotoxic substances and assess their
potential to cause transient or persistent
and direct or indirect effects on human
health.

These Guidelines develop principles
and concepts in several areas. They
outline the scientific basis for evaluating
effects due to exposure to
neurotoxicants and discuss principles
and methods for evaluating data from
human and animal studies on behavior,
neurochemistry, neurophysiology, and
neuropathology. They also discuss
adverse effects on neurological
development and function in infants
and children following prenatal and
perinatal exposure to chemical agents.
They outline the methods for
calculating reference doses or reference
concentrations when neurotoxicity is
the critical effect, discuss the
availability of alternative mathematical
approaches to dose-response analyses,
characterize the health-related database
for neurotoxicity risk assessment, and
discuss the integration of exposure
information with results of the dose-
response assessment to characterize
risks. These Guidelines do not advocate
developing reference doses specific for
neurotoxicity, but rather support the use
of neurotoxicity as one possible
endpoint to develop reference doses.
EPA offices have published guidelines
for neurotoxicity testing in animals
(U.S. EPA, 1986, 1987, 1988a, 1991a).
The testing guidelines address the
development of new data for use in risk
assessment.

These neurotoxicity risk assessment
guidelines provide the Agency’s first
comprehensive guidance on the use and
interpretation of neurotoxicity data, and
are part of the Agency’s risk assessment
guidelines development process, which
was initiated in 1984. As part of its
neurotoxicity guidelines development
program, EPA has sponsored or
participated in several conferences on
relevant issues (Tilson, 1990); these and
other sources (see references) provide
the scientific basis for these Guidelines.

This guidance is intended for use by
Agency risk assessors and is separate
and distinct from the recently published
document on principles of neurotoxicity
risk assessment (U.S. EPA, 1994). The
document on principles was prepared
under the auspices of the Subcommittee
on Risk Assessment of the Federal
Coordinating Council for Science,
Engineering, and Technology and was
not intended to provide specific
directives for how neurotoxicity risk
assessment should be performed. It is
expected that, like other EPA risk

assessment guidelines for noncancer
endpoints (U.S. EPA, 1991b), this
document will encourage research and
analysis leading to new risk assessment
methods and data, which in turn would
be used to revise and improve the
Guidelines and better guide Agency risk
assessors.

1.4. Assumptions

There are a number of unknowns in
the extrapolation of data from animal
studies to humans. Therefore, a number
of default assumptions are made that are
generally applied in the absence of data
on the relevance of effects to potential
human risk. Default assumptions should
not be applied indiscriminately. First,
all available mechanistic and
pharmacokinetic data should be
considered. If these data indicate that an
alternative assumption is appropriate or
if they obviate the need for applying an
assumption, such information should be
used in risk assessment. For example,
research in rats may determine that the
neurotoxicity of a chemical is caused by
a metabolite. If subsequent research
finds that the chemical is metabolized to
a lesser degree or not at all in humans,
then this information should be used in
formulating the default assumptions.
The following default assumptions form
the basis of the approaches taken in
these Guidelines:

(1) It is assumed that an agent that
produces detectable adverse neurotoxic
effects in experimental animal studies
will pose a potential hazard to humans.
This assumption is based on the
comparisons of data for known human
neurotoxicants (Anger, 1990; Kimmel et
al., 1990; Spencer and Schaumburg,
1980), which indicate that experimental
animal data are frequently predictive of
a neurotoxic effect in humans.

(2) It is assumed that behavioral,
neurophysiological, neurochemical, and
neuroanatomical manifestations are of
concern. In the past, the tendency has
been to consider only neuropathological
changes as endpoints of concern. Based
on data on agents that are known human
neurotoxicants (Anger, 1990; Kimmel et
al., 1990; Spencer and Schaumberg,
1980), there is usually at least one
experimental species that mimics the
types of effects seen in humans, but in
other species tested, the neurotoxic
effect may be different or absent. For
example, certain organophosphate
compounds produce a delayed-onset
neuropathy in hens similar to that seen
in humans, whereas rodents are
characteristically insensitive to these
compounds. A biologically significant
increase in any of the manifestations is
considered indicative of an agent’s

potential for disrupting the structure or
function of the human nervous system.

(3) It is assumed that the neurotoxic
effects seen in animal studies may not
always be the same as those produced
in humans. Therefore, it may be difficult
to determine the most appropriate
species in terms of predicting specific
effects in humans. The fact that every
species may not react in the same way
is probably due to species-specific
differences in maturation of the nervous
system, differences in timing of
exposure, metabolism, or mechanisms
of action.

(4) Itis also assumed that, in the
absence of data to the contrary, the most
sensitive species is used to estimate
human risk. This is based on the
assumption that humans are as sensitive
as the most sensitive animal species
tested. This provides a conservative
estimate of sensitivity for added
protection to the public. As with other
noncancer endpoints, it is assumed that
there is a nonlinear dose-response
relationship for neurotoxicants.
Although there may be a threshold for
neurotoxic effects, these are often
difficult to determine empirically.
Therefore, a nonlinear relationship is
assumed to exist for neurotoxicants.

These assumptions are “plausibly
conservative” (NRC, 1994) in that they
are protective of public health and are
also well founded in scientific
knowledge about the effects of concern.

2. Definitions and Critical Concepts

This section defines the key terms and
concepts that EPA will use in the
identification and evaluation of
neurotoxicity. The various health effects
that fall within the broad classification
of neurotoxicity are described and
examples are provided. Adverse effects
include alterations from baseline or
normal conditions that diminish an
organism’s ability to survive, reproduce,
or adapt to the environment.
Neurotoxicity is an adverse change in
the structure or function of the central
and/or peripheral nervous system
following exposure to a chemical,
physical, or biological agent (Tilson,
1990). Functional neurotoxic effects
include adverse changes in somatic/
autonomic, sensory, motor, and/or
cognitive function. Structural
neurotoxic effects are defined as
neuroanatomical changes occurring at
any level of nervous system
organization; functional changes are
defined as neurochemical,
neurophysiological, or behavioral
effects. Chemicals can also be
categorized into four classes: Those that
act on the central nervous system, the
peripheral nerve fibers, the peripheral
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nerve endings, or muscles or other
tissues (Albert, 1973). Changes in
function can result from toxicity to
other specific organ systems, and these
indirect changes may be considered
adverse. For example, exposure to a
high dose of a chemical may cause
damage to the liver, resulting in general
sickness and a decrease in a functional
endpoint such as motor activity. In this
case, the change in motor activity could
be considered as adverse, but not
necessarily neurotoxic. A discussion
concerning problems associated with
risk assessment of high doses of
chemicals in the context of drinking
water and health was published by the
National Research Council (1986).

The risk assessor should also know
that there are different levels of concern
based on the magnitude of effect,
duration of exposure, and reversibility
of some neurotoxic effects. Neurotoxic
effects may be irreversible (the organism
cannot return to the state prior to
exposure, resulting in a permanent
change) or reversible (the organism can
return to the pre-exposure condition).
Clear or demonstrable irreversible
change in either the structure or
function of the nervous system causes
greater concern than do reversible
changes. If neurotoxic effects are
observed at some time during the
lifespan of the organism but are slowly
reversible, the concern is also high.
There is lesser concern for effects that
are rapidly reversible or “transient,” i.e.,
measured in minutes, hours, or days,
and that appear to be associated with
the pharmacokinetics of the causal agent
and its presence in the body. Reversible
changes that occur in the occupational
setting or environment, however, may
be of high concern if, for example,
exposure to a short-acting solvent
interferes with operation of heavy
equipment in an industrial plant. The
context of the exposure should be
considered in evaluating reversible
effects. Setting of exposure limits is not
always associated with the
determination of a reference dose,
which is based on chronic dosing. Data
from acute or subacute dosing can be
used for health advisories or in studies
involving developmental exposures.

It should also be noted that the
nervous system is known for its reserve
capacity (Tilson and Mitchell, 1983).
That is, repeated insult to the nervous
system could lead to an adaptation.
There are, however, limits to this
capacity, and when these limits are
exceeded, further exposure could lead
to frank manifestations of neurotoxicity
at the structural or functional level. The
risk assessor should be aware that once
damaged, neurons, particularly in the

central nervous system, have a limited
capacity for regeneration. Reversibility
of effects resulting from cell death or
from the destruction of cell processes
may represent an activation of repair
capacity, decreasing future potential
adaptability. Therefore, even reversible
neurotoxic changes should be of
concern. Evidence of progressive effects
(those that continue to worsen even
after the causal agent has been
removed), delayed-onset effects (those
that occur at a time distant from the last
contact with the causal agent), residual
effects (those that persist beyond a
recovery period), or latent effects (those
that become evident only after an
environmental challenge or aging) have
a high level of concern.

Environmental challenges can include
stress, increased physical or cognitive
workload, pharmacological
manipulations, and nutritional
deficiency or excess. Evidence for
reversibility may depend on the region
of the nervous system affected, the
chemical involved, and organismic
factors such as the age of the exposed
population. Some regions of the nervous
system, such as peripheral nerves, have
a high capacity for regeneration, while
regions in the brain such as the
hippocampus are known for their ability
to compensate or adapt to neurotoxic
insult. For example, compensation is
likely to be seen with solvents (e.g., n-
hexane) that produce peripheral
neuropathy because of the repair
capacity of the peripheral nerve. In
addition, tolerance to some cholinergic
effects of cholinesterase-inhibiting
compounds may be due to
compensatory down-regulation of
muscarinic receptors. Younger
individuals may have more capacity to
adapt than older individuals, suggesting
that the aged may be at greater risk to
neurotoxic exposure.

Neurotoxic effects can be observed at
various levels of organization of the
nervous system, including
neurochemical, anatomical,
physiological, or behavioral. At the
neurochemical level, for example, an
agent that causes neurotoxicity might
inhibit macromolecule or transmitter
synthesis, alter the flow of ions across
cellular membranes, or prevent release
of neurotransmitter from the nerve
terminals. Anatomical changes may
include alterations of the cell body, the
axon, or the myelin sheath. At the
physiological level, a chemical might
change the thresholds for neural
activation or reduce the speed of
neurotransmission. Behavioral
alterations can include significant
changes in sensations of sight, hearing,
or touch; alterations in simple or

complex reflexes and motor functions;
alterations in cognitive functions such
as learning, memory, or attention; and
changes in mood, such as fear or rage,
disorientation as to person, time, or
place, or distortions of thinking and
feeling, such as delusions and
hallucinations. At present, relatively
few neurotoxic syndromes have been
thoroughly characterized in terms of the
initial neurochemical change, structural
alterations, physiological consequence,
and behavioral effects. Knowledge of
exact mechanisms of action is not,
however, necessary to conclude that a
chemically induced change is a
neurotoxic effect.

Neurotoxic effects can be produced by
chemicals that do not require
metabolism prior to interacting with
their sites in the nervous system
(primary neurotoxic agents) or those
that require metabolism prior to
interacting with their sites (secondary
neurotoxic agents). Chemically induced
neurotoxic effects can be direct (due to
an agent or its metabolites acting
directly on sites in the nervous system)
or indirect (due to agents or metabolites
that produce their effects primarily by
interacting with sites outside the
nervous system). For example,
excitatory amino acids such as domoic
acid damage specific neurons directly
by activating excitatory amino acid
receptors in the nervous system,
whereas carbon monoxide decreases
oxygen availability, which can
indirectly kill neurons. Other examples
of indirect effects include cadmium-
induced spasms in blood vessels
supplying the nervous system,
dichloroacetate-induced perturbation of
metabolic pathways, and chemically
induced alterations in skeletomuscular
function or structure and effects on the
endocrine system. Professional
judgment may be required in making
determinations about direct versus
indirect effects.

The interpretation of data as
indicative of a potential neurotoxic
effect involves the evaluation of the
validity of the database. This approach
and these terms have been adapted from
the literature on human psychological
testing (Sette, 1987; Sette and MacPhail,
1992), where they have long been used
to evaluate the level of confidence in
different measures of intelligence or
other abilities, aptitudes, or feelings.
There are four principal questions that
should be addressed: whether the effects
result from exposure (content validity);
whether the effects are adverse or
toxicologically significant (construct
validity); whether there are correlative
measures among behavioral,
physiological, neurochemical, and
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morphological endpoints (concurrent
validity); and whether the effects are
predictive of what will happen under
various conditions (predictive validity).
Addressing these issues can provide a
useful framework for evaluating either
human or animal studies or the weight
of evidence for a chemical (Sette, 1987;
Sette and MacPhail, 1992). The next
sections indicate the extent to which
chemically induced changes can be
interpreted as providing evidence of
neurotoxicity.

3. Hazard Characterization

3.1. Neurotoxicological Studies:
Endpoints and Their Interpretation

The qualitative characterization of
neurotoxic hazard can be based on
either human or animal data (Anger,
1984; Reiter, 1987; U.S. EPA, 1994).
Such data can result from accidental,
inappropriate, or controlled
experimental exposures. This section
describes many of the general and some
of the specific characteristics of human
studies and reports of neurotoxicity. It
then describes some features of animal
studies of neuroanatomical,
neurochemical, neurophysiological, and
behavioral effects relevant to risk
assessment. The process of
characterizing the sufficiency or
insufficiency of neurotoxic effects for
risk assessment is described in section
3.3. Additional sources of information
relevant to hazard characterization, such
as comparisons of molecular structure
among compounds and in vitro
screening methods, are also discussed.

The hazard characterization should:

a. Identify strengths and limitations of
the database:

« Epidemiological studies (case
reports, cross-sectional, case-control,
cohort, or human laboratory exposure
studies);

¢ Animal studies (including
structural or neuropathological,
neurochemical, neurophysiological,
behavioral or neurological, or
developmental endpoints).

b. Evaluate the validity of the
database:

¢ Content validity (effects result from
exposure);

¢ Construct validity (effects are
adverse or toxicologically significant);

« Concurrent validity (correlative
measures among behavioral,
physiological, neurochemical, or
morphological endpoints);

< Predictive validity (effects are
predictive of what will happen under
various conditions).

c. ldentify and describe key
toxicological studies.

d. Describe the type of effects:

 Structural (neuroanatomical
alternations);

« Functional (neurochemical,
neurophysiological, behavioral
alterations).

e. Describe the nature of the effects
(irreversible, reversible, transient,
progressive, delayed, residual, or latent).

f. Describe how much is known about
how (through what biological
mechanism) the chemical produces
adverse effects.

g. Discuss other health endpoints of
concern.

h. Comment on any nonpositive data
in humans or animals.

I. Discuss the dose-response data
(epidemiological or animal) available for
further dose-response analysis.

j. Discuss the route, level, timing, and
duration of exposure in studies
demonstrating neurotoxicity as
compared to expected human
exposures.

k. Summarize the hazard
characterization:

* Confidence in conclusions;

» Alternative conclusions also
supported by the data;

 Significant data gaps; and

« Highlights of major assumptions.

3.1.1. Human Studies

It is well established that information
from the evaluation of human exposure
can identify neurotoxic hazards (Anger
and Johnson, 1985; Anger, 1990).
Prominent among historical episodes of
neurotoxicity in human populations are
the outbreaks of methylmercury
poisoning in Japan and Iraq and the
neurotoxicity seen in miners of metals,
including mercury, manganese, and lead
(Carson et al., 1987; Silbergeld and
Percival, 1987; OTA, 1990). In the past
decade, lead poisoning in children has
been a prominent issue of concern
(Silbergeld and Percival, 1987).
Neurotoxicity in humans has been
studied and reviewed for many
pesticides (Hayes, 1982; NRDC, 1989;
Ecobichon and Joy, 1982; Ecobichon et
al., 1990). Organochlorines,
organophosphates, carbamates,
pyrethroids, certain fungicides, and
some fumigants are all known
neurotoxicants. They may pose
occupational risks to manufacturing and
formulation workers, pesticide
applicators and farm workers, and
consumers through home application or
consumption of residues in foods.
Families of workers may also be
exposed by transport into the home
from workers’ clothing. Data on humans
can come from a number of sources,
including clinical evaluations, case
reports, epidemiologic studies, and
human laboratory exposure studies. A

more extensive description of issues
concerning human neurotoxicology and
risk assessment has been published
elsewhere (U.S. EPA, 1993). A review of
the types of tests used to assess
cognitive and neurological function in
children, in addition to a discussion of
methodological issues in the design of
prospective, longitudinal studies of
developmental neurotoxicity in
humans, has recently been published
(Jacobson and Jacobson, 1996). Stanton
and Spear (1990) reviewed assessment
measures used in developmental
neurotoxicology for their comparability
in humans and laboratory animals and
their ability to detect comparable
adverse effects across species. At the
level of the various functional
assessments for sensory, motivational,
cognitive and motor function, and social
behavior, there was good agreement
across species among the neurotoxic
agents reviewed.

3.1.1.1. Clinical Evaluations

Clinical methods are used extensively
in neurology and neuropsychology to
evaluate patients suspected of having
neurotoxicity. An array of examiner-
administered and paper-and-pencil
tasks are used to assess sensory, motor,
cognitive, and affective functions and
personality states/traits.
Neurobehavioral data are synthesized
with information from
neurophysiological studies and medical
history to derive a working diagnosis.
Brain functional imaging techniques
based on magnetic resonance imaging or
emission tomography may also be useful
in helping diagnose neurodegenerative
disorders following chemical exposures
in humans (Omerand et al., 1994,
Callender et al., 1994). Clinical
diagnostic approaches have provided a
rich conceptual framework for
understanding the functions (and
malfunctions) of the central and
peripheral nervous systems and have
formed the basis for the development of
methods for measuring the behavioral
expression of nervous system disorders.
Human neurobehavioral toxicology has
borrowed heavily from neurology and
neuropsychology for concepts of
nervous system impairment and
functional assessment methods.
Neurobehavioral toxicology has adopted
the neurologic/neuropsychologic model,
using adverse changes in behavioral
function to assist in identifying
chemical-or drug-induced changes in
Nervous system processes.

Neurological and neuropsychological
methods have long been employed to
identify the adverse health effects of
environmental workplace exposures
(Sterman and Schaumburg, 1980).
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Peripheral neuropathies (with sensory
and motor disturbances),
encephalopathies, organic brain
syndromes, extrapyramidal syndromes,
demyelination, autonomic changes, and
dementia are well-characterized
consequences of acute and chronic
exposure to chemical agents. The range
of exposure conditions that produce
clinical signs of neurotoxicity also has
been defined by these clinical methods.
It is very important to make external/
internal dose measurements in humans
to determine the actual dose(s) that can
cause unwanted effects.

Aspects of the neurological
examination approach limit its
usefulness for neurotoxicological risk
assessment. Information obtained from
the neurological exam is mostly
qualitative and descriptive rather than
gquantitative. Estimates of the severity of
functional impairment can be reliably
placed into only three or four categories
(for example, mild, moderate, severe).
Much of the assessment depends on the
subjective judgment of the examiner.
For example, the magnitude and
symmetry of muscle strength are often
judged by having the patient push
against the resistance of the examiner’s
hands. The endpoints are therefore the
absolute and relative amount of muscle
load sensed by the examiner in his or
her arms.

Compared with other methods, the
neurological exam may be less sensitive
in detecting early neurotoxicity in
peripheral sensory and motor nerves.
While clinicians’ judgments are equal in
sensitivity to quantitative methods in
assessing the amplitude of tremor,
tremor frequency is poorly quantified by
clinicians. Thus, important aspects of
the clinical neurologic exam may be
insufficiently quantified and lack
sufficient sensitivity for detecting early
neurobehavioral toxicity produced by
environmental or workplace exposure
conditions. However, a neurological
evaluation of persons with documented
neurobehavioral impairment would be
helpful for identifying nonchemical
causes of neurotoxicity, such as diabetes
and cardiovascular insufficiency.

Administration of a
neuropsychological battery also requires
a trained technician, and interpretation
requires a trained and experienced
neuropsychologist. Depending on the
capabilities of the patient, 2 to 4 hours
may be needed to administer a full
battery; 1 hour may be needed for the
shorter screening versions. These
practical considerations may limit the
usefulness of neuropsychological
assessment in large field studies of
suspected neurotoxicity.

In addition to logistical problems in
administration and interpretation,
neuropsychological batteries and
neurological exams share two
disadvantages with respect to
neurotoxicity risk assessment. First,
neurological exams and
neuropsychological test batteries are
designed to confirm and classify
functional problems in individuals
selected on the basis of signs and
symptoms identified by the patient,
family, or other health professionals.
Their usefulness in detecting low base-
rate impairment in workers or the
general population is generally thought
to be limited, decreasing the usefulness
of clinical assessment approaches for
epidemiologic risk assessment.

Second, neurological exams and
neuropsychological test batteries were
developed to assess the functional
correlates of the most common forms of
nervous system dysfunction: brain
trauma, focal lesions, and degenerative
conditions. The clinical tests were
validated against these neurological
disease states. With a few notable
exceptions, chemicals are not believed
to produce impairment similar to that
from trauma or lesions; neurotoxic
effects are more similar to the effects of
degenerative disease. There has been
insufficient research to demonstrate
which tests designed to assess
functional expression of neurologic
disease are useful in characterizing the
modes of central nervous system
impairment produced by chemical
agents and drugs.

It should be noted that alternative
approaches are available that avoid
many of the limitations of clinical and
neurological and traditional
neuropsychological methods.
Computerized behavioral assessment
systems designed for field testing of
populations exposed to chemicals in the
community or workplace have been
developed during the past decade. The
most widely used system is the
Neurobehavioral Evaluation System
(NES) developed by Baker et al. (1985).
Advantages of computerized tests
include (1) standardized administration
to eliminate intertester variability and
minimize subject-experimenter
interaction; (2) automated data
collection and scoring, which is faster,
easier, and less error-prone than
traditional methods; and (3) test
administration requires minimal
training and experience. NES tests have
proven sensitive to a variety of solvents,
metals, and pesticides (Otto, 1992).
Computerized systems available for
human neurotoxicity testing are
critically reviewed in Anger et al.
(1996).

3.1.1.2. Case Reports

The first type of human data available
is often the case report or case series,
which can identify cases of a disease
and are reported by clinicians or
discerned through active or passive
surveillance, usually in the workplace.
However, case reports involving a single
neurotoxic agent, although informative,
are rare in the literature; for example,
farmers are likely to be exposed to a
wide variety of potentially neurotoxic
pesticides. Careful case histories assist
in identifying common risk factors,
especially when the association between
the exposure and disease is strong, the
mode of action of the agent is
biologically plausible, and clusters
occur in a limited period of time.

Case reports can be obtained more
quickly than more complex studies.
Case reports of acute high-level
exposure to a toxicant can be useful for
identifying signs and symptoms that
may also apply to lower exposure. Case
reports can also be useful when
corroborating epidemiological data are
available.

3.1.1.3. Epidemiologic Studies

Epidemiology has been defined as
“the study of the distributions and
determinants of disease and injuries in
human populations” (Mausner and
Kramer, 1985). Knowing the frequency
of illness in groups and the factors that
influence the distribution is the tool of
epidemiology that allows the evaluation
of causal inference with the goal of
prevention and cure of disease
(Friedlander and Hearn, 1980).
Epidemiologic studies are a useful
means of evaluating the effects of
neurotoxic substances on human
populations, particularly if effects of
exposure are cumulative or exposures
are repeated. Such studies are less
useful in cases of acute exposure, where
the effects are short-term. Frequently,
determining the precise dose or
exposure concentration in
epidemiological studies can be difficult.

3.1.1.3.1. Cross-Sectional Studies.

In cross-sectional studies or surveys,
both the disease and suspected risk
factors are ascertained at the same time,
and the findings are useful in generating
hypotheses. A group of people are
interviewed, examined, and tested at a
single point in time to ascertain a
relationship between a disease and a
neurotoxic exposure. This study design
does not allow the investigator to
determine whether the disease or the
exposure came first, rendering it less
useful in estimating risk. These studies
are intermediate in cost and time



Federal Register/Vol. 63, No. 93/ Thursday, May 14, 1998/ Notices

26933

required to complete compared with
case reports and more complex
analytical studies, but should be
augmented with additional data.

3.1.1.3.2. Case-Control (Retrospective)
Studies.

Last (1986) defines a case-control
study as one that “‘starts with the
identification of persons with the
disease (or other outcome variable) of
interest, and a suitable control
population (comparison, reference
group) of persons without the disease.”
He states that the relationship of an
“attribute” to the disease is measured by
comparing the diseased with the
nondiseased with regard to how
frequently the attribute is present in
each of the groups. The cases are
assembled from a population of persons
with and without exposure, and the
comparison group is selected from the
same population; the relative
distribution of the potential risk factor
(exposure) in both groups is evaluated
by computing an odds ratio that serves
as an estimate of the strength of the
association between the disease and the
potential risk factor. The statistical
significance of the ratio is determined
by calculating a p-value and is used to
approximate relative risk.

The case-control approach to the
study of potential neurotoxicants in the
environment provides a great deal of
useful information for the risk assessor.
In his textbook, Valciukas (1991) notes
that the case-control approach is the
strategy of choice when no other
environmental or biological indicator of
neurotoxic exposure is available. He
further states: ““Considering the fact that
for the vast majority of neurotoxic
chemical compounds, no objective
biological indicators of exposure are
available (or if they are, their half-life is
too short to be of any practical value),
the case-control paradigm is a widely
accepted strategy for the assessment of
toxic causation.” The case-control study
design, however, can be very
susceptible to bias. The potential
sources of bias are numerous and can be
specific to a particular study. Many of
these biases also can be present in cross-
sectional studies. For example, recall
bias or faulty recall of information by
study subjects in a questionnaire-based
study can distort the results. Analysis of
the case-comparison study design
assumes that the selected cases are
representative persons with the
disease—either all cases with the
disease or a representative sample of
them have been ascertained. It further
assumes that the control or comparison
group is representative of the
nonexposed population (or that the

prevalence of the characteristic under
study is the same in the control group
as in the general population). Failure to
satisfy these assumptions may result in
selection bias that may invalidate study
results.

An additional source of bias in case-
control studies is the presence of
confounding variables, i.e., factors
known to be associated with the
exposure and causally related to the
disease under study. These should be
controlled, either in the design of the
study by matching cases to controls on
the basis of the confounding factor, or
in the analysis of the data by using
statistical techniques such as
stratification or regression. Matching
requires time to identify an adequate
number of potential controls to
distinguish those with the proper
characteristics, while statistical control
of confounding factors requires a larger
study.

The definition of exposure is critical
in epidemiologic studies. In
occupational settings, exposure
assessment often is based on the job
assignment of the study subjects, but
can be more precise if detailed company
records allow the development of
exposure profiles. Positive results from
a properly controlled retrospective
study should weigh heavily in the risk
assessment process.

3.1.1.3.3. Cohort (Prospective, Follow-
Up) Studies.

In a prospective study design, a
healthy group of people is assembled
and followed forward in time and
observed for the development of
dysfunction. Such studies are
invaluable for determining the time
course for development of dysfunction
(e.g., follow-up studies performed in
various cities on the effects of lead on
child development). This approach
allows the direct estimate of risks
attributed to a particular exposure, since
toxic incidence rates in the cohort can
be determined. Prospective study
designs also allow the study of chronic
effects of exposure. One major strength
of the cohort design is that it allows the
calculation of rates to determine the
excess risk associated with an exposure.
Also, biases are reduced by obtaining
information before the disease develops.
This approach, however, can be very
time-consuming and costly.

In cohort studies information bias can
be introduced when individuals provide
distorted information about their health
because they know their exposure status
and may have been told of the expected
health effects of the exposure under
study. More credence should be given to
those studies in which both observer

and subject bias are carefully controlled
(e.g., double-blind studies).

A special type of cohort study is the
retrospective cohort study, in which the
investigator goes back in time to select
the study groups and traces them over
time, often to the present. The studies
usually involve specially exposed
groups and have provided much
assistance in estimating risks due to
occupational exposures. Occupational
retrospective cohort studies rely on
company records of past and current
employees that include information on
the dates of employment, age at
employment, date of departure, and
whether diseased (or dead in the case of
mortality studies). Workers can then be
classified by duration and degree of
exposure. Positive or negative results
from a properly controlled prospective
study should weigh heavily in the risk
assessment process.

3.1.1.4. Human Laboratory Exposure
Studies

Neurotoxicity assessment has an
advantage not afforded to the evaluation
of other toxic endpoints, such as cancer
or reproductive toxicity, in that the
effects of some chemicals are short in
duration and reversible. This makes it
ethically possible to perform human
laboratory exposure studies and obtain
data relevant to the risk assessment
process. Information from experimental
human exposure studies has been used
to set occupational exposure limits,
mostly for organ