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The appropriate use and interpretation of cognitive tests pre-
sents important challenges to the toxicologist and to the risk
assessor. For example, intelligence cannot be measured directly;
rather intelligence is quantified indirectly by scoring responses
(i.e., behaviors) to specific situations (problems). This workshop,
“Cognitive Tests: Interpretation for Neurotoxicity?” provided an
overview on the types of cognitive tests available and described
approaches by which the validity of such tests can be assessed.
Unlike many tools available to the toxicologist, cognitive tests have
a particular advantage. Being noninvasive and species-neutral, the
same test can be performed in different mammalian species. This
enhances one’s ability to assess the validity of test results. Criteria
for test validity include comparable responses across species as
well as similar disruption by the same neurotoxicant across spe-
cies. Test batteries, such as the Operant Test Battery, have indi-
cated remarkable similarity between monkeys and children with
respect to performance of certain tasks involving, for example,
short-term memory. Still, there is a need for caution in interpre-
tation of such tests. In particular, cognitive tests, especially when
performed in humans, are subject to confounding by a range of
factors, including age, gender, and, in particular, education. More-
over, the ability of such tests to reflect intelligence must be con-
sidered. Certain aspects of intelligence, such as the ability to plan
or carry out specific tasks, are not well reflected by many of the
standard tests of cognition. Nonetheless, although still under de-
velopment, cognitive tests do hold promise for reliably predicting
neurotoxicity in humans.
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If the nervous system is the last scientific frontier, then
cognitive function is the most distant outpost. Well-educated

and competent chemists, pharmacologists, and even toxicolo-
gists, have inquired whether one can really measure chemical
effects on cognitive function. This healthy skepticism is not all
based on ignorance, but is fueled by the inability to determine
the molecular weight of a memory trace or the molecular
structure of a learning paradigm. How do we overcome this
challenge that memory, learning, and other cognitive functions
are not directly measurable in a quantitative fashion? In addi-
tion to mandating that experimental psychology be incorpo-
rated into every neuroscience curriculum, brain researchers
must do a better job of describing their science in a logical and
quantitative manner. Based on over 50 years of solid scientific
investigations, cognitive researchers have established very re-
producible, sensitive, and quantitative approaches to assess
memory, learning, and attention functions in both animals and
humans. Behavioral toxicologists must describe their behav-
ioral paradigms in logical terms and their findings in plain
language.

As with much of toxicology, the questions concerning ex-
trapolation of findings from animals to humans are of para-
mount importance. In this area of species extrapolation, cog-
nitive investigators have a real advantage because of the
noninvasive and species-neutral nature of their tests. It is in this
area of cross-species extrapolation that modern cognitive func-
tion research can make a lasting impact.

Although there has been progress in the application of spe-
cies-neutral, cognitive function assessment tasks, several im-
pediments have limited greater progress, including (1) the use
of language-based (written or spoken) assessment tools for
human subjects that are not applicable to animal assessments,
(2) the expense and technical/computer skills necessary to
conduct operant testing procedures, and (3) the diverse training
history and discipline preservation of the researchers or phy-
sicians performing the cognitive function assessments. All of
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these impediments can be overcome, however, with enlighten-
ment and a unified commitment.

Cognitive tests should provide for measurement of the total
functional output of the nervous system, yet cognitive function
cannot be directly observed. The intelligence quotient (IQ), one
of the commonly used indices of cognitive abilities in humans,
cannot be observed directly but is measured by scoring re-
sponses (behaviors) to specific situations (problems). The lack
of direct measures makes interpretation of cognitive tests prob-
lematic. The extent to which IQ, for example, reflects factors
other than intelligence, such as socioeconomic status, has been
hotly debated; the difficulty in interpreting cognitive function
tests in humans exposed to neurotoxicants is, thus, complicated
by a range of factors, such as the adequacy of control of
confounders.

Difficulty in test interpretation is also an issue when species
other than humans are used for neurotoxicological assessment.
To overcome these problems, sophisticated assessment tools
have been developed for looking into selected aspects of com-
plex brain function (cognition) and their alteration by toxicant
exposure. Advances in the interpretation of animal cognitive
function tests has resulted from data generated from the use of
carefully designed operant and non-operant problem solving
tasks, especially those that can be modeled in animals in
exactly the same way as they are in humans. Examples of these
tasks include delayed matching-to-sample (short-term mem-
ory); repeated acquisition (learning); temporal discrimination
(timing ability); condition and position responding (color or
position discrimination), and progressive ratio (motivation).
With respect to causation, interpretation of cognitive test re-
sults in exposed humans is enhanced by consistency with
results from animal species. Challenges still remain regarding
interpretation of cognitive findings with respect to adverseness
of effect. Although improvements are still underway, cognitive
function tests, especially those that maintain continuity across
species, are quantifiable and can be automated, and these hold
promise for reliably predicting neurotoxicity. The aim of this
workshop, which was held at the 1999 Society of Toxicology
meeting in New Orleans, was to discuss: the range of cognitive
tests available; their use in different species, including humans,
for predicting neurotoxicity; and the appropriate interpretation
of such tests with respect to overall function and general
toxicity.

Assessment of Complex Cognitive Function in Rodents
and Extrapolation across Species

(Deborah A. Cory-Slechta)

In the realm of toxicology, measures of behavioral function
are critical for assessment of the neurobehavioral effects of
toxic compounds, for the elaboration of mechanisms of action
of exogenous agents, and for defining the risks associated with
such exposures. Often, these behavioral assessments are de-
rived from experimental animal studies and their results ex-

trapolated to human populations. In other cases, it may be
possible to include both human and nonhuman subjects in the
assessment process.

Comparison of Methodologies for Animal versus Human
Neurobehavioral Testing

Typically, animal studies utilize experimental paradigms
designed to evaluate explicit behavioral domains, and are typ-
ically based on operant conditioning methods. In contrast,
behavioral evaluations carried out in human populations have
relied on standardized test instruments (pencil and paper or
computer-based), even though the same experimental methods
can be used to test people. This dichotomy of approach has
risen in part because of the differential training associated with
human vs. experimental animal psychology (clinical and ex-
perimental psychology, respectively). It has resulted in the
evolution of two parallel paths of research, which unfortu-
nately have only infrequent intersections, somewhat different
theoretical formulations of the research, and publication of
findings in different scientific journals.

This reliance on different instruments for human vs. exper-
imental animal studies complicates the ability to extrapolate
across species for several reasons. First, it can be difficult to
compare behavioral functions across these different instru-
ments, since they may include measurement of similar but also
of dissimilar behavioral functions. Whereas an operant learn-
ing paradigm can be devised to explicitly differentiate learning
processes from other behavioral domains, an IQ test is a much
more global instrument measuring multiple behavioral capa-
bilities while purporting to provide an indication of native
intellect. Further, the behavioral functions that standardized
tests are said to measure are often not sufficiently defined,
operationally, to permit a generalized and universally held
understanding of the specific behavioral processes involved.
An additional complication is that the different measuring
instruments, as typically used in human vs. experimental ani-
mal studies, may involve very different limits and levels of
sensitivity, and these limits may be poorly defined.

Alternative Approach for Cross-Species Comparisons

An alternative approach, the utilization of the same experi-
mental paradigms in humans and experimental animals, offers
several key advantages to furthering the goals defined above
for behavioral toxicity and risk assessment. First, it can mini-
mize the obscurities associated with attempts to equate the
nature of the behavioral deficits in clinical vs. experimental
methods, since the behaviors assessed and the outcome mea-
sures would be identical. The utilization of experimental be-
havioral methods designed to evaluate specific behavioral do-
mains, moreover, would permit, in the case of toxic exposure
effects, a more precise delineation of the behavioral deficits
and thus provide guidance both to the underlying neurobiolog-
ical mechanisms and the potential therapeutic strategies.
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Such an approach would also permit the comparison of
effect levels of a toxicant across species. In so doing, a direct
evaluation of the need for specific safety factors in risk assess-
ment can be examined and/or altered as needed. Correspond-
ingly, comparisons of actual exposure-effect data allow deter-
minations of comparable levels of neurotoxicity across species
(e.g., comparative ED10 values) and thus provide metrics with
respect to differences in species sensitivity (Benignuset al.,
1998). A similarity of behavioral performances when the same
paradigms are used across species also indicates the phyloge-
netic continuity of the behavioral domains being assessed, and
such continuity further validates experimental animal models
and cross-species extrapolations. One impediment, voiced by
some, to the strategy of using common behavioral methods in
human and experimental animal studies is the lack of a “nor-
mative” database for many of the experimental methods used,
which may leave residual questions about what constitutes
normal impaired performance. This is a potential problem but
one that can be systematically remedied. A continuity of be-
havioral processes further validates experimental animal mod-
els and cross-species extrapolations.

A strategy embodying these approaches in the area of neu-
rodegenerative diseases exemplifies their potential utility. First,
behavioral deficits can be characterized in human populations
with known neurodegenerative disease states using explicit
experimentally based methods. Successful reproduction of this
pattern of behavioral deficits, using the same behavioral meth-
ods in experimental animal models as might be achieved using
various tools (e.g., lesions, microinjections, in vivo neuro-
chemistry, gene transfer, or deletion) becomes the next goal,
since it defines the underlying neurobiological substrates of the
disease. Further, it provides an experimental model for the
development of potential therapeutic strategies and assessment
of their efficacy. Successful therapeutic outcomes could then
be taken back to the affected human population.

Future Directions

Similar benefits could be envisaged to advance neurotoxi-
cology research and risk assessment. Studies of neurotoxicant
effects in human populations frequently suffer from the ab-
sence of any specific predictions about expected behavioral
impairments, and they seldom include control procedures for
“false positive” behavioral deficits. Experimental animal stud-
ies could be utilized to precisely define the patterns of behav-
ioral deficits expected from a neurotoxicant and provide the
bases for such hypotheses, both for domains expected to be
sensitive and those that would not be impacted by this neuro-
toxicant. It could also permit a comparison of exposure effect
levels. Additionally, data bases from experimental animal stud-
ies may make it possible to differentiate which behavioral
deficits arise from which specific neurotoxicant exposures in
the case of multiple or mixed human exposure scenarios.

At least two criteria should be met for the utilization of the

same experimental behavioral approaches across species to
prove beneficial. The first is that there should be continuity of
behavioral performance across species. Secondly, these behav-
ioral performances should be sensitive to disruption by phar-
macological, toxicological, environmental, or other neurobio-
logical risk factors. Indeed, for various measures of cognitive
function, such criteria are clearly satisfied. Some of these
experimental methods actually originated in human subjects
and have been increasingly applied and adapted for experimen-
tal animal studies, attesting to the feasibility of this approach.

One such example is the multiple schedule of repeated
learning and performance (Cohnet al., 1993, 1996; Cohn and
Paule, 1995; Cory-Slechta, 1994). This behavioral paradigm,
first utilized by Boren in humans (Boren, 1963; Boren and
Devine, 1968), provides for a separate determination of learn-
ing and rote performance of an already learned sequence of
responses in the same subject in the same test session. This is
achieved by using separate components of the session for the
learning vs. performance baselines, with different environmen-
tal stimuli signaling to the subject which component is opera-
tive. The same baseline has been utilized in several species,
including nonhuman primates and rats (Kellyet al., 1997;
Moerschbaecheret al., 1985; Thompson, 1977, 1980). More
recently, the technique has been adapted for use in normal and
genetically engineered mice (Brookset al., 2000). For all of
these species, acquisition of a new response chain, i.e., learn-
ing, can be documented within a session, as evidenced by an
increase in accuracy, or as a decrease in errors, or in latencies
to complete the response chain across the session. Figure 1
depicts such comparable functions in normal humans (Kellyet
al., 1997) and genetically-engineered mice (Brookset al.,
2000). In such studies, accuracy remains high in the perfor-
mance component both within and across sessions, as ex-
pected, given that it is an already acquired response chain.
Furthermore, as documented in these same studies, the para-

FIG. 1. Decrease in errors across trials, indicative of learning in a repeat-
ed-acquisition paradigm in normal human subjects (left column; modified from
Kelly et al., 1977) and decreases in latencies to complete the response se-
quence in normal C57B1 mice (right column; unpublished data from Brookset
al., 2000). Data points represent group mean6 SE values.
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digm has been found to be sensitive to disruption by pharma-
cologic agents, lesions, and genetic engineering (Brookset al.,
2000; Cohn and Cory-Slechta, 1993, 1994a,b; Cohnet al.,
1993; Kelly et al., 1997).

Similarly, delayed matching-to-sample is a behavioral par-
adigm that has been used to evaluate memory (remembering)
that evidences cross-species continuity as well as sensitivity to
behavioral disruption (Pauleet al., 1998). The paradigm re-
quires the subject to remember which of two stimuli was
presented prior to the beginning of a delay period and to
respond correctly to it following the delay. Typically a range of
delay values is presented within a session, generating accuracy
by delay function for each session. A zero-second delay is used
to control for non-mnemonic effects. Typically, accuracy de-
clines as the delay period is lengthened, because it is harder to
“remember” the stimulus that was presented before the delay.
Such a response pattern has been observed across species,
including humans, nonhuman primates (see Fig. 2), and ro-
dents, and has also been shown to be sensitive to various
pharmacological compounds as well as to lesion effects (Fray
and Robbins, 1996; Heyseret al., 1993; Joelet al., 1997;
Penetar and McDonough, 1983).

Another important component of cognitive function is atten-
tion. Attention is a global behavioral construct that encom-
passes numerous behavioral responses. Clinically, attention
deficit disorder is diagnosed using three such classes: hyper-
activity, impulsivity (self control), and inattention. The ability
to sustain attention has received considerable attention and has
been examined using sustained attention or vigilance para-
digms that require the subject to report target stimulus presen-
tations that occur at unpredictable intervals. Accuracy of re-
porting is a function of the delay between such presentations,
the salience of the stimuli, and other parameters. A continuity
in vigilance or sustained attention performance is also seen

across species, including human, nonhuman primates, and ro-
dents (Bushnell, 1998). The ability to sustain attention, more-
over, can be disrupted across species by various techniques,
including psychopharmacological agents, lesions, and expo-
sures to neurotoxic compounds (Brockel and Cory-Slechta,
1999; Bushnellet al., 1994; Callahanet al., 1993; Dicket al.,
1992; Kellyet al., 1991; Lane and Phillips-Bute, 1998; Rueck-
ert and Grafman, 1998; Walkowiaket al., 1998).

In summary, the approach of utilizing the same experimental
behavioral paradigms across species is clearly feasible. It may
offer the potential to significantly accelerate our understanding
of the neurotoxicity of chemical agents and thereby define their
associated mechanisms of action, devise therapeutic strategies
where appropriate, and advance the understanding of the risks
they pose to human health.

Assessment of Complex Brain Function in Both
Nonhuman Primates and Humans Using Identical

Behavioral Tasks (Merle G. Paule)

The use of animals as surrogates for predicting the toxic
potential of chemicals in humans is critical. When the toxicity
of interest relates to the functional capabilities of the brain, it
is important to appropriately model aspects of brain function in
animals so that measures relevant to humans can be obtained.
This need has led to the identification and application of a
variety of relatively complex behavioral tasks for use in both
nonhuman primates and humans. Maintenance of task conti-
nuity across species allows for direct observations of interspe-
cies similarities and differences in a variety of functional
domains and should assist in the extrapolation of data from lab
animals to humans.

The Operant Test Battery

The National Center for Toxicological Research (NCTR)
Operant Test Battery (OTB) represents one of the first instru-
ments that has undergone relatively extensive testing to deter-
mine the relevance and utility of the measures obtainable by its
use. The functions modeled by the tasks that comprise the OTB
include motivation, color and position discrimination, time
estimation, short-term memory, and learning. All tasks are
administered using a behavioral or intelligence “panel” on
which a variety of levers, press-plates, and visual stimuli are
located (see Pauleet al., 1988 and Schulzeet al., 1988 for
details). Both monkeys and humans (children) are assessed
using identical apparatus with monkey subjects “working” for
banana-flavored food pellets and children “working” for nick-
els. Additionally, each task is presented for a specific amount
of time, allowing for determination of a percent task completed
measure that is useful in comparing treatment effects across
tasks.

For the motivation task, subjects must operate (hence the
term “operant”) a response lever in a progressive fashion in
order to continue to receive reinforcers: the first reinforcer

FIG. 2. Decreases in accuracy with increasing delay values in a delayed
matching-to-sample paradigm in normal children (left column; 6–12 years-of-
age; unpublished data from Brockel and Cory-Slechta) and in normal monkeys
(right column; modified from Parkeret al., 1997). Data points represent group
mean6 SE values.
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might, for example, “cost” 2 lever presses, the second, 4 lever
presses, the third, 6, etc. In this way, the work required for
subsequent reinforcers is escalated throughout a session and
metrics of a subject’s motivation to work for their reinforcers
are obtained. These include response rate and number of re-
sponses made for the last reinforcer earned. Data from mon-
keys indicate that individual subjects are, from session to
session, quite consistent in their apparent level of motivation.

For the color and position discrimination task, 3 press-plates,
aligned horizontally, are used. Initially, the center plate is
illuminated with one of 4 colors (red, yellow, blue, or green).
Subjects respond to this plate (push it) to continue the trial.
Immediately after the colored plate is operated, it is extin-
guished and the 2 side plates are illuminated white. If the color
had been red or yellow, a response on the left plate nets a
reinforcer. If it had been blue or green, then a response to the
right plate would have resulted in reinforcer delivery. Laten-
cies to respond to the colored plates and the choice position
plates, as well as accuracy of choice responding are obtained.

For the time estimation task, subjects must depress and hold
a response lever for at least 10 s, but no more than 14 s, in order
to obtain a reinforcer. Releasing the lever too early or too late
has no programmed consequences, but subjects may initiate
another trial immediately. Data from this task are often char-
acterized by lever hold durations that form a Gaussian distri-
bution with the mean lever hold times occurring within the
10–14-s window. Mean lever hold times are thought to indi-
cate a subject’s timing accuracy, whereas the spread (standard
deviation) of the response population is thought to indicate
timing precision (Pauleet al., 1999b).

For the short-term memory task, a white-on-black geometric
symbol (square, circle, triangle, etc.) illuminates the center of
3 press-plates. Subjects are required to press this plate to
continue the trial, after which it is immediately extinguished
and one of 6 randomly chosen delays begins. When the delay
times out, all 3 plates are illuminated, each with a different
geometric symbol, one of which matches the initial “sample”
symbol. A choice response to the matching symbol results in
reinforcer delivery. By determining accuracy of matching for a
variety of delays, it is thought that metrics of memory decay or
forgetting can be obtained. Response accuracy at very short
delays is thought to reflect processes closely associated with
the discrimination and encoding of visual information, whereas
accuracy at longer delays is thought to be more relevant to the
rate of decay of memory or to information retrieval (Pauleet
al., 1998).

For the learning task, subjects are presented with 4 response
levers. Initially, a simple one-lever task is required wherein
subjects must determine which one of the 4 levers is the correct
one for that level of task difficulty. Once the one-lever se-
quence has been mastered, the response requirements are in-
cremented so that an additional lever must be pressed before
pressing the previously learned lever. In this way, the length of
the required response sequence is incremented as subjects

demonstrate mastery of the shorter response chains, with the
ultimate goal of presenting subjects with 6 lever response
sequences.

Each of these tasks has face validity in that the rules asso-
ciated with the correct performance of each task appear, at face
value, to result in the production of behaviors that one would
think appropriate for the function being modeled. In addition,
each can be said to have content validity, since these proce-
dures have been widely accepted by experts as reasonable
instruments for the assessment of the specific functional do-
mains mentioned earlier. Discriminant validity (a type of con-
struct validity) can be demonstrated when the performance of
a given task is not highly correlated with the performance of
tasks that are supposed to measure other functions or con-
structs. It has been demonstrated, using monkey data, that
performance in the NCTR OTB tasks are not highly correlated
with each other and, in some cases, not at all (see Paule, 2000).
Thus, discriminant validity has been addressed, at least to a
limited degree.

The relevance of OTB measures to more traditional mea-
sures of human brain function has been addressed in studies
wherein OTB measures obtained from children were correlated
with measure of full scale, verbal, and performance IQ in the
same subjects (see Pauleet al., 1999a). The findings clearly
show that the performance of several OTB tasks (e.g., color
and position discrimination, time perception, short-term mem-
ory, and learning,) is significantly correlated with IQ, even
though the correlation coefficients are not large. Thus, OTB
behaviors provide data that are relevant to human brain func-
tion. Perhaps just as important is the observation that several
OTB endpoints do not correlate at all with IQ: this demon-
strates that operant behaviors can provide data about brain
function that are not attainable using traditional IQ assess-
ments.

Cross-Species Comparisons of OTB Performance

Comparisons of the OTB performance of children with that
of adolescent monkeys has also been examined and remarkable
between-species similarities have been observed. Equality of
task performance between monkeys (4 years old) and children
has been demonstrated, albeit, the similarities are dependent
upon task, endpoint, and the children’s ages. For example,
accuracy and rate of forgetting in the short-term memory task
is nearly identical for four-year-old children and adolescent
monkeys, whereas in this same task, choice response latency
(time to make responses to choice stimuli) in monkeys is
equivalent to that for thirteen-year-old children. Monkey sub-
jects appear to be just as motivated to work for banana-flavored
food pellets as six- to eight-year-old children are to work for
nickels. In the color and position discrimination task, monkey
accuracy is equivalent to that for eight- to nine-year-old
children.

Drug studies in monkeys have provided data for several
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compounds that have also been assessed in human adults (see
Table 1). While the tasks used to assess drug effects in humans
were not identical to those in the OTB, they were designed to
assess the same or similar functions. These comparative data
are beginning to shed light on the predictive validity of the
monkey model (Paule, 2000). For example, delta-9-tetrahydro-
cannabinol (THC), the main psychoactive ingredient in mari-
juana smoke, causes both humans and monkeys to overesti-
mate the passage of time (eight seconds “feels” like ten
seconds). Marijuana smoke causes deficits in performance of
short-term memory tasks in both species. Likewise, for both
monkeys and humans, chlorpromazine decreases response ini-
tiation, diazepam impairs learning and memory, morphine
causes a general decrease in rate of responding, and atropine
disrupts learning. In studies on the effects of chronic drug
exposure, data from the monkey model indicate that, as re-
ported for adolescent and young adult human subjects, chronic
marijuana smoke exposure produces an “amotivational” syn-
drome (Paule, 2000).

Thus, where appropriate data exist, it seems that the monkey
model is quite predictive of drug effects in adult humans. As
the use of monkey-appropriate tasks becomes more widespread
with human subjects, it will be possible to collect data on a
variety of experimental manipulations using exactly the same
instruments in both species. Direct comparisons will, thus, be
more readily accomplished and the predictive validity of the
monkey animal model will be more directly assessable. Re-
markable interspecies comparabilities portend the utility of
such an approach in neurotoxic risk assessment procedures. In
addition, ongoing studies using similar approaches in rodents
indicate that additional animal models may prove useful (Fer-
guson and Paule, 1996; Mayorgaet al., 2000a,b; Popkeet al.,
2000).

Human Neurobehavioral Test Methods for Studying
Neurotoxicity in Working Populations (W. Kent Anger)

The dangerous effects of workplace exposure to neurotoxic
chemicals were readily apparent in the 1800s and early 1900s

when workers died from high-concentration exposures to dan-
gerous chemicals such as lead (Hunter, 1969), and the link
between those exposures and their effects was readily estab-
lished. At the beginning of the 21st century, however, evidence
of neurotoxicity is rarely demonstrated by neuropathological
evidence of adverse effects, except in developing countries
where serious overexposures continue (e.g., Weiss, 1983).
Clinical psychologists were the first to apply tests of neurobe-
havioral performance to identify adverse effects in humans
exposed to neurotoxic chemicals (Ha¨nninenet al., 1966), and
these have become the methodological staple in research or
clinical studies for detecting and characterizing human neuro-
toxicity in industrialized nations.

Acute exposure studies of human subjects were widely re-
ported in the 1980s, but the danger of intentionally exposing
people to neurotoxic chemicals with unknown properties, and
the expense of assuring their safety, has led to a decline in this
type of research. Consequently, the bulk of the research now
being conducted is in the workplace or community where
ongoing exposures are believed to be safe, or at least not
demonstrated to be hazardous. While it is possible to design
acute exposure studies in a workplace, such studies are virtu-
ally always conducted against a background of chronic expo-
sures. Cognitive measures have begun to dominate this field of
research because they have repeatedly revealed differences in
exposed workers as compared to unexposed comparison
groups (e.g., Angeret al., 1998).

Core Tests

The cognitive test methods have evolved over the years, but
a core of tests has been used in many of the studies. In 1983,
early leaders in this field were assembled by the World Health
Organization (WHO) to propose a core of tests for future
neurotoxicology research (Johnsonet al., 1987). The battery
was termed the Neurobehavioral Core Test Battery (NCTB),
and its 7 core tests (Digit Symbol, Digit Span, Benton Visual
Recognition, Simple Reaction Time, Aiming, Santa Ana, and
Profile of Mood States) or functionally comparable tests have
been used extensively in neurobehavioral research since that
time. The Digit Symbol, Digit Span, and Benton tests are
primarily cognitive tests, although a motor component is found
in the Digit Symbol. The Digit Symbol, perhaps because it
draws on such a wide array of neurobehavioral functions, is the
most productive test in terms of demonstrated findings in
human neurotoxicology research (Anger, 1990). Table 2 lists,
for chemical substances with extensively replicated findings,
those cognitive functions most frequently associated with per-
formance deficits in exposed workers when compared to un-
exposed referents. The functional tests most often used to
assess those deficits (and to reveal statistically significant dif-
ferences) are listed under each function.

In the 1980s, computerized neurobehavioral testing systems
emerged to increase the efficiency (one-on-one testing is very

TABLE 1
Agents for Which Comparable Behavioral Effects Have Been

Observed in Both Monkeys and Humans

Drug Effect

Delta-9-tetrahydrocannabinol Overestimate time passage
Marijuana smoke Short-term memory impairment (acute effect)

Amotivational syndrome (chronic effect)
Chlorpromazine Decrease response initiation
Diazepam Learning and memory impairments
Morphine Decrease response rates
Atropine Learning disruption
Pentobarbital Overestimate time passage

Note.Adapted from Paule, 2000.
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expensive in personnel time) and reliability (technically trained
humans are invariably variable in test administration) of this
type of research. These methods were widely adopted, and the
Neurobehavioral Evaluation System 2 (NES 2) became the
dominant testing system through the 1990s (Letz, 1990), al-
though others emerged to expand the available options. The
Cambridge Neuropsychological Test Automated Battery
(CANTAB) system provided sophisticated cognitive tests that
were developed in animal studies (Fray and Robbins, 1996), as
did Stollery’s Automated Computerized Test or ACT system
(Stollery, 1996). The behavioral assessment and research sys-
tem (BARS) focused on improved instructions for established
tests, drawing in new tests from the animal neurotoxicology
literature, and a nine-button response unit that is placed over
the computer keyboard for the computer naı¨ve (Angeret al.,
1996). The addition of a computerized system for diverse
psychological tests (Koveraet al., 1996) added a new dimen-
sion to the field that had been lost after the departure of the
early clinicians from behavioral neurotoxicology (Anger,
1990).

Validity

Cross-sectional comparisons between exposed and unex-
posed groups are required to identify nonreversing adverse
chemical effects on cognition. Such research designs are sub-
ject to possible bias due to selection of unequal comparison
groups. Replication in different studies of the same effect
associated with the same chemical exposure is therefore nec-
essary to establish a neurotoxic effect. For at least lead, mer-
cury, and a handful of solvents, there is substantial replication

of findings in studies from different countries using similar or
in many cases the same tests, differing only in the translated
instructions from the original format, usually English (Table
2). Anger (1990) identified 185 such studies in a comprehen-
sive review through the end of the 1980s. More studies con-
tinue to be reported (e.g., see Angeret al., 1998 and Dick, 1995
for reviews).

The data in Table 2 constitute criterion validity. That is,
those findings demonstrate that groups exposed to neurotoxic
chemicals consistently have deficits on cognitive tests based on
performance, as compared to unexposed comparison groups
selected to be similar to the exposed groups in other ways.
Another measure of validity is the ability of these tests of
neurotoxicity to detect the functional deficits found in neuro-
logic diseases. Whiteet al. (1996) administered neurobehav-
ioral tests from the NES2 to 73 Parkinson patients in stages 1–3
of the Hoehn and Yahr scale (Gancher, 1997) and compared
their performance to friends and family members of the pa-
tients; a similar comparison with 61 multiple sclerosis patients
was also reported. These reports demonstrate that the neurobe-
havioral tests used to detect chemical neurotoxicity also detect
differences produced by neurologic diseases. Similarly, BARS
tests were administered to 15 Parkinson patients in stages 1–2
of the Hoehn and Yahr scale (Gancher, 1997) and age-, edu-
cation- and gender-matched controls. Figure 3 reveals that the
greater differences in this motor neuron disease lie in the motor
tests such as tapping, but cognitive differences, as reflected in
performance tests such as Selective Attention, are also seen,
demonstrating the sensitivity of cognitive measures (Camicioli
et al., in press).

TABLE 2
Cognitive Functions Associated with Deficits from Extended Duration Neurotoxicant Exposures in Humans,

and Most Frequently Used Tests of Those Functions

Function
Solvent
mixtures

Carbon
disulfide Perchloroethylene Styrene Toluene

OP***
pesticides

Mercury
(inorganic)

Lead
(inorganic)

Reasoning/
intelligence

Block
Design

Block
Design

— Block
Design

Block
Design

— Raven
Progressive
Matrices

Wechsler
Tests

Learning — — — — — — — Paired
Associates

Complex function
(coding)

Digit
Symbol/
SD*

Digit
Symbol

Digit Symbol Digit
Symbol

Digit
Symbol

Digit
Symbol/SD*

Digit
Symbol

Digit
Symbol

Memory Benton — — — — — Rey Tests,
Bender,
Sternberg

Rey Tests,
Sternberg

Attention/vigilance Bourdon
Wiersma/
CPT**

— — CPT** — CPT** — CPT**

Attention Digit Span Digit
Span

Digit Span, D2 Digit
Span

Digit
Span

Digit Span Digit Span Digit Span

Note.*SD, symbol digit; **CPT, continuous performance test; ***organophosphate; — indicates deficit not reported.
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Human Subject Factors

Human subject variables, including age, education, gender,
and motivation, have a demonstrated effect on cognitive test
performance. These factors must strongly influence the selec-
tion of appropriate comparison subjects (controls or referents)
and cautions for research throughout the world. There is evi-
dence that education has the greatest impact on performance in
the cognitive tests used in neurotoxicity research (Angeret al.,
1997). Shortly after the development of the WHO-recom-
mended NCTB, a cross-cultural feasibility study was con-
ducted in 10 countries on 4 continents (Angeret al., 1993)
using the NCTB. That study revealed comparable performance
in such culturally diverse populations as in Poland, France,
Italy, USA, Canada, and China in people of comparable age
and gender. Unexpectedly, the one Latino population, from
Nicaragua, performed at a much lower level on the cognitive
tests. However, the Nicaraguan farm workers had a mean of 3
years of education, compared to 10 years and above in the
other populations. Subsequent research in Latino populations
using the same tests has demonstrated that the number of years
of education has a large impact on performance on the tests
used in neurotoxicity assessments (Angeret al., 1997). In
recent research, this has been extended to repeated cognitive
testing. The same series of BARS computerized tests was
administered 4 times over several weeks to 9 Caucasian adults
educated in the U.S. (mean age 41.0 years; mean education
13.9 years), 9 Hispanic youth educated primarily in the U.S.
(mean age 16.0 years; mean education in the U.S. 10.2 years),
and 9 Hispanic youth educated primarily in South America
(mean age 16.0; mean education in South America 4.1 years).
Figure 4 reveals the constant performance in the adults and the
improvement of both youth groups over the 4 sessions on the
Selective Attention Test, a test of attention drawn from animal
research. The education system and its cultural heritage may
produce a large difference in performance, as it did in this
study, and these effects may not be erased with repeated
administration of the cognitive tests. The same trends were

seen in all the cognitive tests in this study (Rohlmanet al., in
press). Clearly, educational background has a large impact on
the cognitive tests used in this field, as does age, and to a lesser
extent, gender (Angeret al., 1997). Thus, cognitive research in
human populations must control these factors in the groups
under study, not in the analysis.

New Methods/Future Directions

Any dynamic field has constantly evolving methods, and
human behavioral neurotoxicology is no exception. The pri-
mary direction is that new systems are largely computerized
and more attention is being paid to the manner in which
responses are measured. For computerized tests, the keyboard
is an inadequate input device from the standpoint of response
speed, comfort, and reliability. Two prominent alternative ex-
amples are the use of a stylus or pencil-like device by the
Neurobehavioral Evaluation System-3 (NES 3) and the nine-
button input device implemented for the BARS testing system.

The necessity of conducting most occupational and commu-
nity research in the field, and away from the clinic or research
laboratory, has led to the use of field portable equipment or
laptop computers, whenever possible. The increased reliability,
consistency, and accuracy of the computerized systems make
these testing instruments ideal for neurotoxicity research.
Equally important is the efficiency introduced by test comput-
erization, which has reduced the cost of conducting field stud-
ies significantly. There is an urgent need to study extended-
duration exposures to neurotoxic chemical agents, and also
physical agents such as heat overexposure. There are hundreds
of neurotoxic chemical substances in the workplace or the
environment with some potential for human exposure (Anger,
1990; Anger and Johnson, 1985; Spencer and Schaumburg,
2000); this necessitates the expansion of this research to es-
tablish adverse effect potential and exposure thresholds in
humans. The increased efficiency of computerized systems will
allow more studies to be conducted with limited resources, and
the cognitive measures that have emerged as highly sensitive
are optimally suited to computerized methods.

FIG. 4. Performance on the BARS Selective Attention Test in 4 sessions
separated by several weeks.

FIG. 3. BARS Tapping and Selective Attention Test performance in
Parkinson patients (PD) and age-, education-, and gender-matched con-
trols (C).

229FORUM



Issues in the Interpretation of Human Neurotoxicity Data
(David Bellinger)

Children’s neurobehavioral test scores have served as criti-
cal endpoints in policy debates about exposure standards for
environmental neurotoxicants, such as lead and methyl mer-
cury. Because this is likely to be true in future discussions of
other chemical exposures, it is important to consider the lim-
itations of such test scores, particularly pitfalls in their inter-
pretation.

Apical Test Scores Represent Final Common Pathways for
the Expression of Diverse Cognitive Patterns

The assessment battery typically used in a neurotoxicant
study consists of a global or apical test, supplemented by tests
thought to assess particular aspects of cognition (e.g., lan-
guage, visual-spatial skills, memory, and fine motor function).
Historically, however, it is apical test scores (e.g., full-scale
IQ) rather than domain-specific test scores that have received
the most attention, most likely because they can more readily
be incorporated into risk assessment and cost-benefit analyses.

Because apical tests integrate performance on a diverse set
of tasks, a variety of cognitive patterns will result in the same
score. Gardner (1993) argued that traditional, psychometrically
based IQ tests focus on logical-mathematical and linguistic
skill intelligence. For instance, three children, one with Down
syndrome, one with autism, and one with Williams syndrome,
may all have the same full-scale IQ score yet have remarkably
little in common in terms of their cognitive strengths and
weaknesses. Because of this, a full-scale IQ score is of limited
clinical interest or utility. The fact is that logical-mathematical
and linguistic skills are considered to be thesine qua non.
Although the sensitivity of an apical test to a neurotoxicant
exposure might be high, its specificity is likely to be low.

This principle extends to tests purported to assess a partic-
ular domain of function. For instance, one might assume that a
child’s score on the design copying test, called the Develop-
mental Test of Visual-Motor Integration (VMI) (Beery, 1989)
depends largely on his or her visual-motor integration skills. In
fact, a child can score poorly on this test for many other
reasons, including deficits in visual perception (seeing part-
whole relationships), planning and sequencing (ability to or-
ganize behaviors involved in reproducing designs), grapho-
motor control (ability to control the pencil tip), behavioral
modulation (self-monitoring of progress in implementing a
plan), and motivation. A low score does not convey any infor-
mation about which one (or more) of these aspects of perfor-
mance was the source of a child’s difficulties. The examiner
may formulate hypotheses by observing how the child went
about the task. Although this information may be included in
the clinical report, it is only the test score that is entered into
the research database. Nevertheless, lower VMI scores among
children with higher lead burdens have led to the inference that
lead selectively affects visual-motor integration skills and thus

right hemisphere, specifically parietal lobe, function. Although
adults with acquired lesions in the right parietal lobe (due to
trauma or cerebrovascular accidents) have difficulty on design
copying tasks (Lezak, 1995), children chronically exposed to
low levels of lead may achieve poor VMI scores for entirely
different reasons. Only detailed test batteries, constructed with
the explicit goal of evaluating the competing hypotheses, will
provide the data needed to address this issue.

Another problem in interpreting neurobehavioral test scores
is that two tests purporting to assess the same domain of
function may in fact assess quite different aspects of function
within that domain. This problem is germane in efforts to
evaluate the concordance of study findings. For example, the
Faroe Islands study reported that prenatal methyl mercury
exposure and memory were inversely related (Grandjeanet al.,
1997), while the Seychelles Islands study reported that they
were not (Davidsonet al., 1998). Are these findings truly
discrepant, or were the memory assessments used so different
that the data are not comparable? In the Seychelles study,
memory was operationalized as performance on the memory
scale of the McCarthy Scales of Children’s Abilities. This is
composed of 4 subtests, each involving memory for different
types of material: a pictured array of objects, tone sequences,
word strings in specific orders, sentences, and digit strings. In
the Faroe study, memory was operationalized as performance
on the California Verbal Learning Test-Children, a word list
learning task that consists of five learning trials, short and long,
free and cued, recall trials, an interference trial, and a recog-
nition trial. Nothing that we know about the neuropsycholog-
ical toxicity of methyl mercury would lead us to expect that
performance on these two quite dissimilar tests would be
affected to the same extent.

Even when the same test is administered in two studies,
scores may not be directly comparable if different approaches
are taken to scoring performance. To use another example from
the methyl mercury literature, the Faroe study reported a pos-
itive association between prenatal exposure and children’s
error scores on the Bender-Gestalt Test (Grandjeanet al.,
1997), whereas the Seychelles study did not (Davidsonet al.,
1998). In the Faroe study, the Gottingen scoring system was
used, while in the Seychelles study the simpler Koppitz system
was used. In a direct comparison, children’s error scores,
derived using the Gottingen system, were significantly associ-
ated with lead burden, whereas scores assigned to the identical
test protocols using the Koppitz scoring system were not (Trill-
ingsgaardet al., 1985), suggesting that the Gottingen system is
more sensitive than the Koppitz system to lead exposure.

Apical Test Scores Convey More about the Product than the
Process of Cognition, And Fail to Assess Important
Aspects of “Intelligence.”

Test items tend to focus on what a child knows rather than
on what he or she does when faced with the task of learning
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new material. Furthermore, many items are scored pass or fail,
ignoring qualitative aspects of performance. Little account is
generally taken of errors or error types. Thus, we learn whether
exposure to a neurotoxicant is related to a child’s present
competence with respect to a skill within a particular domain,
but little about how he or she achieved that competence.

A more general issue is that apical tests, such as IQ, by no
means “cover the ballpark“, and exclude consideration of many
dimensions of behavior pertinent to an individual’s success in
life. Gardner (1993) argued that traditional, psychometrically
based IQ tests focus on logical-mathematical intelligence and
hypothesized the existence of several other semi-autonomous
“intelligences,” including linguistic, musical, spatial, bodily-
kinesthetic, and personal. The fact that logical-mathematical
skills are considered to be thesine qua nonof intelligence
probably reveals more about the values of modern industrial-
ized society than about the human brain.

An important dimension of function that is poorly repre-
sented in apical tests is “executive functions.” This refers to the
ability to independently structure moment-to-moment behav-
ior, involving the orderly planning and sequencing of behavior,
selecting goals, anticipating outcomes, and monitoring ongo-
ing performance. These skills are expressed variously as the
ability to attend to several stimuli simultaneously, to resist
distraction, and to follow multi-step directions. To a large
extent, these skills are not elicited in the highly structured
one-to-one interaction in which an IQ is administered. The
diagnosis of attention deficit hyperactivity disorder (ADHD)
illustrates this point insofar as it is generally made on the basis
of historical information provided by parents and teachers
about a child’s “free range” behavior in less structured settings.
For most children with ADHD, the structure provided by an
examiner is sufficient to keep their behavior task-focused,
reducing the opportunities to observe vulnerabilities in the
ability to sustain attention and to self-organize.

Another important endpoint that is poorly assessed by apical
measures is “learning disabilities” (LD). Sometimes LD ap-
pears to be equated with a low IQ. In fact, the definition of LD
that is most commonly applied in educational settings requires
a significant discrepancy between ability (as measured by IQ)
and achievement in an academic domain such as reading or
mathematics (Reynolds, 1985). A child with LD is one who
performs below the level expected based on his or her IQ.
Thus, IQ alone is not sufficient for determining whether a child
is learning-disabled.

Neurobehavioral Test Scores Are Final Common Pathways
for the Expression of Many Influences Other than
Neurotoxicants

Under the best of circumstances, when the critical correlates/
determinants of performance on neurobehavioral tests have
been measured well, approximately 50% of the variance in
such scores can be accounted for. Among the reasons why it is

important to consider these factors in evaluating neurotoxicant
effects are the following:

● Error variance in the endpoint can be reduced, boosting
the statistical power of the hypothesis tests involving neuro-
toxicant exposure. The impact of this can be substantial given
that a low-level neurotoxicant exposure is unlikely to account
for more than 5% of test score variance.

● Confounding bias can be addressed. This is a methodolog-
ical artifact that occurs when a correlate/determinant of test
score is also associated with neurotoxicant exposure. The crit-
ical confounders may be somewhat toxicant-specific. For lead,
socioeconomic status is critical (Brodyet al., 1994). For
methyl mercury, the major concern is chemicals, such as or-
ganochlorines and polyunsaturated fatty acids, to which an
individual may also be exposedvia nursing or consumption of
seafood (Grandjeanet al., 1995).

● Effect modification (or interaction) can be assessed. This
occurs when the magnitude of a neurotoxicant’s effect varies
depending on the context in which exposure occurs, because
some other factor increases or decreases susceptibility (e.g.,
age, sex, socioeconomic status, behavioral history, nutritional
status, or another neurotoxicant exposure). This issue has re-
ceived much less attention than confounding bias. The analytic
approach typically used rests on the dubious assumption that a
single point estimate best describes the impact of a neurotoxi-
cant, regardless of the characteristics of the host or the setting
in which exposure occurs (Bellinger, 2000).

Supplementary Tests of Specific Domains Are Often Not Well
Matched Psychometrically, Impeding Efforts to Identify a
“Signature” Behavioral Injury

The tests used to assess different domains need to be com-
parable in discriminating power (specifically their true-score
variance) in order for direct comparisons of scores across
domains to be informative (Chapman and Chapman, 1973).
Otherwise, increased exposure may appear to be more strongly
related to performance in one domain than in another, simply
because the tests used to assess the two domains differ in their
psychometric characteristics. Observing a neurotoxicant effect
on a test of language skills that includes items that vary widely
in difficulty, but not on a test of visual-spatial skills that
consists exclusively of easy tasks, provides little useful infor-
mation as to whether language or visual-spatial skills are more
vulnerable to the neurotoxicant. In human studies, this problem
is rarely discussed when interpreting the pattern of findings on
the different tests included in a battery.

In human neuropsychological work, many of the most com-
monly used tests were developed in the context of clinical
evaluation, where the primary goal is to identify clinically
significant impairments among patient groups (e.g., individuals
with CNS insults such as traumatic brain injury, stroke, tumors,
infections, etc.). Many domain-specific tests were not designed
to detect small differences in performance within the normal

231FORUM



range. In this respect, apical tests, which were developed to
permit inferences about individual differences along the entire
spectrum of performance, may be better suited than domain-
specific tests to the task of detecting subtle impacts of toxicant
exposures on neuropsychological function (Bellinger, 1995).

In conclusion, because a child’s scores on conventional
neuropsychological tests are strongly predictive of his or her
later success in meeting school and workplace challenges, it is
likely that such tests will continue to play an important role in
risk assessments of environmental neurotoxicants. Therefore, it
is critical that the strengths and limitations of such tests be
openly acknowledged.

Summary and Conclusions (Barbara D. Beck)

The Workshop on “Cognitive Tests: Interpretation for Neu-
rotoxicity?” identified many of the difficulties and challenges
associated with the use of specific tests to assess neurotoxicity
in humans. However, the presentations also brought out ap-
proaches to enhance the validity of such tests with respect to
evaluating toxicant exposure, as well as appropriate interpre-
tation of such tests with respect to performance in humans.

Importantly, the validity of such tests can be enhanced by
performance of the same battery across animal species. Behav-
ioral deficits can be characterized in humans with known
degenerative disease states and the same tests replicated in
experimental animal models, developed, for example, by gene
manipulation. Conversely, animal models of neurotoxicant ex-
posure can be developed for identification of patterns of be-
havioral deficits with subsequent application to humans ex-
posed typically to low levels of neurotoxicants. The utility of
such approaches depends upon a continuity of behavioral per-
formance across species and the selection of performances that
are affected by various risk factors, including drugs and exog-
enous chemicals. Several performance measures including spe-
cific measures of cognition meet these criteria.

A specific test has been developed at the National Center for
Toxicological Research, the Operant Test Battery (OTB). The
OTB fulfills several of the above-described criteria for utility.
This test battery, which involves the operation of a response
level in order to receive reinforcers, has been evaluated in both
primates (i.e., four-year-old monkeys) and in humans (chil-
dren), and has been used to measure learning, memory, and
other measures of brain function. The validity of the OTB is
reflected in the similarity of response across species on a range
of parameters, such as accuracy and rate of forgetting in the
short-term memory task. These similarities enhance one’s con-
fidence that the response of the monkey to toxicant (e.g.,
tetrahydrocannibol or chlorpromazine) exposure is a good pre-
dictor of response to toxicant exposure in humans.

The use of computerized testing systems has facilitated
the expansion of neurobehavioral tests outside the labora-
tory setting and into workplace and environmental settings.
Over time, these systems have become more user-friendly.

Examples include the Cambridge Neuropsychological Test
Automated Battery (CANTAB) and the Behavioral Assess-
ment and Research System (BARS). As with the OTB, these
test systems have been based on tests developed in animal
systems. The criteria for validity of such tests include dem-
onstration of consistent patterns of deficits across neurotoxi-
cant (e.g., solvent mixtures, mercury) exposed populations
in different countries and an ability to discriminate deficits
associated with neurodegenerative diseases, such as Parkin-
son’s. Nonetheless, such tests are subject to confounding
from a number of factors such as age, gender and, in
particular, education. Thus conclusions regarding causation
and magnitude of impact must consider the extent to which
these factors have been adequately addressed.

It is important to be careful in the interpretation of cognitive
tests, especially in the context of risk assessment for neuro-
toxicant exposures and subsequent risk management decisions.
For example, tests of apical or global function, such as the IQ
test, may show sensitivity with respect to neurotoxicant expo-
sure, but may have little specificity. This is because a variety of
cognitive deficits may produce the same overall reduction in
score, in which case the test provides little or no information on
which functions are impaired. Even a test designed to measure
a specific performance, e.g., visual-motor integration, may
reflect other performances, such as motivation. Of particular
importance in interpreting cognitive tests is assessing their
ability to accurately reflect “intelligence.” Important compo-
nents of intelligence, such as artistic ability or ability to plan
and carry out tasks, are not well reflected in the standard IQ
tests. A particular challenge lies in the fact that many of the
commonly used neuropsychological tests were developed in
the context of clinically significant impairment (e.g., brain
trauma) and may be of limited utility in detecting subtle
difference in performance in the normal range.

In conclusion, this workshop illustrated some of the chal-
lenges associated with the use of cognitive tests for cross-
species comparisons. At present there is no “gold standard” for
such tests, although the OTB has clearly demonstrated some
success in cross-species comparisons involving rodents, mon-
keys, and humans. At least one human neurotoxicity test
(BARS) has adopted the OTB test. Nevertheless, the available
test batteries differ in their breadth of applicability, the types of
study subjects, and other factors. As such, the information
developed among different test batteries should be viewed as
complementary.

There are several potential areas for improvements in the
use of cognitive tests, especially as applied to risk assess-
ment. For example, better definitions of exposure-response
relationships across species would help in quantifying in-
terspecies differences in responsiveness. In addition, more
dialogue between risk assessors and neurotoxicologists is
needed to facilitate the appropriate interpretation of tests in
terms of adverseness of effect (e.g., what is normal vs.
impaired performance), potential clinical significance, and
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importance of confounding factors. An improved under-
standing would help in selection of the most relevant end-
points for risk assessment purposes. It is clear that many
challenges remain for the risk assessor and the risk manager,
who must decide how to consider such tests with respect to
success in life, and make decisions regarding permissible
exposure limits accordingly.
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