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WHITE, R. F., F. GERR, R. F. COHEN, R. GREEN, M. D. LEZAK, J. LYBARGER, J. MACK, E. SILBER-
GELD, J. VALCIUKAS, W. CHAPPELL AND L. HUTCHINSON. Criteria for progressive modification of neurobe-
havioral batteries. NEUROTOXICOL TERATOL 16(5) 511-524, 1994. — Six specific issues affecting the progressive modi-
fication of neurobehavioral test batteries used in field studies of populations exposed to neurotoxicants are discussed and
test review recommendations are provided addressing each issue. The issues include: (a) general test review standards, (b)
comprehensive assessment, (c) tailored batteries, (d) incorporation of new tests and techniques, (¢) personnel and mechanisms
for review, and (f) development of a battery assessing peripheral nervous system function.

Neurobehavioral tests Neurotoxicology

THE AGENCY FOR Toxic Substances and Disease Registry
(ATSDR) convened the Workshop on Neurobehavioral Test-
ing in Atlanta, GA, September 11-13, 1991. The general pur-
pose of the workshop was to evaluate methods and strategies
for ATSDR use in determining whether neurobehavioral ef-
fects are associated with exposure to hazardous substances (in
humans). The charge given to us was to develop criteria and
methods for the progressive evaluation and modification of
test batteries for use in field studies assessing nervous system
effects of exposure to known or suspected neurotoxicants.

Six areas of interest were identified as foci for the workshop:

1. Development of general standards to be employed in pro-
gressive evaluation of test battery components to determine
if individual tests should remain in the battery;

. Progressive modification of adult and pediatric test batter-

ies so that each battery approximates as comprehensive an
evaluation of nervous system function as possible;

. Tailoring of test batteries for use when assessing the effects

of specific toxicants as the range of possible effects be-
comes known from previous studies;

. Review of newly developed neurobehavioral assessment

methods for possible inclusion in adult and pediatric test
batteries;

. Recommendations regarding personnel and mechanisms to

be established to accomplish the task of progressively re-
viewing standard batteries;

. Development of a battery for assessment of peripheral ner-

vous system (PNS) function and criteria for review of a
PNS battery.

! Requests for reprints should be addressed to Roberta White, Ph.D., Department of Veterans Affairs Medical Center, 150 South Huntington

Avenue, Boston, MA 02130.
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Neurobehavioral test batteries aimed at assessing the ef-
fects of neurotoxicant exposure are generally administered
with one of two objectives, either (a) epidemiologic assessment
of health effects of exposure in a group of individuals or (b)
clinical assessment of individual subjects to render diagnostic
conclusions about exposure effects (i.e., determine if the sub-
ject meets criteria for diagnosis of toxic encephalopathy or
peripheral neuropathy). In some field studies these two goals
are combined: Subjects are assessed individually and assigned
appropriate diagnoses and group data are also analyzed epide-
miologically (28,30,43,54). When clinical diagnosis is one of
the aims of assessment, the criteria for test inclusion and pro-
gressive evaluation are different from those applicable to the
epidemiologic setting (75).

In the epidemiologic setting, psychometric concerns are
critical and have greater importance than they do in clinical
assessment and diagnosis. For example, a test that is passed
by virtually all subjects except those with brain damage affect-
ing a particular part of the brain may be extremely informative
in the clinic but adds no information at all in an epidemiologic
behavioral neurotoxicology field study (57). This type of test
suffers from the problem of restriction of score range, which
should generally be avoided in epidemiologic settings unless a
focussed hypothesis involving cerebral localization of toxic
effects is being addressed. Likewise, qualitative findings are
quite important in clinical settings but are difficult to score
and observe reliably or summarize in the epidemiologic set-
ting. Finally, epidemiologic settings almost always place
greater constraints on time available for testing. Whereas a
clinical battery might require 3 to 4 h or more of testing to
produce an accurate diagnosis (74), the investigator rarely has
more than 1 h of a subject’s time available for behavioral
testing during field studies. A 1-h battery is frequently all
that can be administered in an epidemiologic setting. In prior
studies, 1-h batteries have provided a fairly comprehensive
assessment in which one or more theoretical hypotheses have
been tested but individual clinical diagnosis was not possible
(4,18,72,70,77).

The validity of epidemiologic testing is undisputed, but
individual diagnosis might be appropriate and essential under
certain circumstances: (a) exploring potential outcomes, as-
sessing clusters of cases or meeting the concerns of exposed
citizens; (b) forming a set of hypotheses about exposure ef-
fects based on casework, especially in novel or unusual expo-
sure situations; (c) differentiating toxic effects from social or
psychological effects, or in investigating exposure effects on
particularly susceptible individuals or subgroups of exposed
individuals. Furthermore, epidemiologic studies may be essen-
tial for detecting subtle deficits caused by exposure. Statisti-
cally significant differences between exposed cases and nonex-
posed controls can be found in well designed and performed
epidemiologic studies that would not be detected using only
clinical evaluation and diagnosis as outcome measures (77).

Recommendation. Intensive investigation of nervous sys-
tem function using assessment techniques that produce clinical
diagnoses of individual subjects may be informative under
particular circumstances. These include investigations of clus-
ters, assessment of subgroups of especially susceptible or vul-
nerable subjects, or in exploring the effects of novel exposures
or unusual subject groups. In addition, intensive investigation
of a small sample of subjects could be undertaken at the begin-
ning of a large-scale study to explore the occurrence of specific
symptoms and nervous system deficits. It can be argued that
random or stratified subsamples of subjects should be exten-
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sively studied by a team of sophisticated clinicians in any large
study.

I. GENERAL STANDARDS FOR EVALUATION OF
TEST BATTERY COMPONENTS

The two previous articles offer a neuropsychological test
battery for adults and the functional areas to be assessed for
children in environmental research. The decision rules for test
inclusion apply not only to developing new test batteries but
also to the ongoing evaluation of test battery components
(individual tests) to determine whether the tests should be re-
tained in the battery. For this reason, general standards for
evaluation of tests included in assessment batteries designed
for field testing of subjects exposed to known or suspected
neurotoxicants are briefly described next.

The evaluation of test battery components using these stan-
dards requires careful investigation of and control for both
subject and exposure variables. Some of the most pertinent
subject variables considered by the group include develop-
mental stage(s) or age at the time of exposure (which in envi-
ronmental studies is often different than age at the time of
testing), age at the time of testing, education, occupation,
socioeconomic status of origin, handedness, gender, language
background, ethnicity, learning history, medical history, pre-
morbid psychiatric adjustment, individual neurogenetic and
neurochemical susceptibility, social/political/forensic issues
affecting subjects, and exposure to neurotoxicants other than
those under investigation (self-administered drugs including
alcohol, medications, other environmental or occupational ex-
posures). The ability to predict the variance in test perfor-
mance due to subject variables (often treated as covariates in
behavioral neurotoxicology field studies) reduces the total er-
ror variance when analyzing test data. Relevant exposure vari-
ables include type of toxicant(s), route(s) of entry, dosage,
biological markers of exposure, and duration and chronicity
of exposure.

Evaluation standards are divided into general evaluation
criteria and validation criteria.

General Criteria

Efficiency and scoring. Each test included in a screening
battery should be as efficient as possible to maximize informa-
tion obtained about each area of cognitive function (see sec-
tion II for a listing of domains). Many tests assess more than
one cognitive domain, and it is possible to score some tests so
that the contribution of each domain (or many of the do-
mains) can be captured. For example, if a symbol-digit substi-
tution task is included in the battery, separate scores can mea-
sure motor speed (time to complete task), accuracy of
scanning (error scores), spatial orientation (number of rotated
symbols + omissions of responses occurring in a series of
filled in cells), learning (incidental recall of symbols and/or
digit-symbol associations), and consistency of responding over
time (fatigue or acceleration effects seen when comparing
number of responses made as the task progresses at set timed
intervals, e.g., every 5 s). All of these scores can be obtained
without adding time to test administration while simultane-
ously maximizing information derived from the task (40).

Within the rubric of testing efficiency, several parameters
are essential in reviewing existing test battery components.
Most of these relate to scoring. They include: ease and objec-
tivity of scoring, dimensions of scoring, consistency measures
of scoring rules, the use of raw scores versus scaled scores,
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and the appropriate comparison groups to be used in score
evaluation. Scoring issues (especially as they relate to consis-
tency of scoring and test administration) are especially impor-
tant in field settings where multiple examiners, at least some
of whom may be relatively naive about psychometric theory
and standardization rules, may carry out testing.

The use of summary test scores is an issue of concern.
Valuable information is sometimes lost in studies when sum-
mary scores are used rather than component scores. This may
result in negative conclusions when positive conclusions are
more accurate or may even result in a distortion in interpreta-
tion when summary scores prove insensitive. For example, if
grip strength measures on a hand dynamometer are measured
for each hand and then combined, the finding of a “normal”
score may obscure a weakness in one hand accompanied by
above average strength in the other.

A major concern regarding summary scores involves the
use of IQ scores. The finding of low IQ scores might be inter-
preted to mean that exposure produced a lowering of general
intelligence when, in fact, the IQ score decrements could be
explained on the basis of significant impairment on tests mea-
suring only attention or visuospatial function. Validity of the
construct of 1Q or general intelligence is disputed. The impact
of the conclusions of the Needleman et al. studies (51,52)
regarding the effects of childhood lead exposure on public
health policy, which used the construct of intelligence and 1Q,
serves as an example of the controversial use of the IQ score.

Although many support the use of IQ summary scores, the
opposition to such scores deserves explanation, described
next. Whereas summary test scores for specific research pur-
poses can make obvious trends that would have remained sub-
tle in certain instances, the general use of summary score [e.g.,
1Q, Memory Quotient (MQ), “Impairment Indices”], is both
inappropriate and unscientific. These scores were all devel-
oped more than 60 years ago (more than 75 for the 1Q scores),
when notions about mental processes on which these scores
are based represented the best armchair speculations of their
day. By the 1990’s, knowledge about brain function and cur-
rent research have demonstrated not just the inutility of these
summary scores but how, in obscuring relevant data, they may
actually cover up important performance differences between
groups. Moreover, the naive reliance on summary scores by
persons and groups who make important financial, educa-
tional, and vocational training decisions about individuals has
resulted in innumerable personal tragedies such that some
learning disabled or culturally deprived children have been
declared retarded, some severely cognitively impaired persons
have been deprived of benefits they deserve, and so on (Lezak,
in press). So long as these scores are in the records of partici-
pants in epidemiological field studies, these persons are vul-
nerable to this kind of inappropriately based decisions. This
argument does not mean that many valuable tests of mental
abilities or cognitive functions from which summary scores,
such as 1Qs, as often derived are not useful. However, the
data from the individual tests should be handled as discrete
variables in initial analyses.

A final scoring issue is the use of qualitative observations
of test performance (e.g., spatial neglect, perseverations) in
epidemiologic settings. Such measures are often unreliable to
score, too low in frequency of occurrence to be useful, and
cumbersome in data analysis.

Recommendations. Scoring methods should be easy and
objective. Objectivity of scoring can be determined by assess-
ing inter-scorer reliability.
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Scoring procedures should capture important features of
each performance dimension the test is intended to assess.

The different dimensions of cognitive functioning assessed
by a given test should be scored, analyzed, and reported sepa-
rately when possible.

In most cases, raw scores from case and control groups
(not scaled scores based on national normative data) should
be used in data analyses. Whenever normative data are used,
their appropriateness for the subjects under study should be
carefully considered.

Summary scores such as IQ, MQ, and Impairment Indices
should not be used or used only with great caution and for
well defined reasons.

Functional specificity. This concept refers to the capacity
of tasks to tap specific types of cognitive processing and to
differentially measure processing deficits within a designated
cognitive domain. For example, digit-symbol tasks, as noted,
tap many types of cognitive processing, while the Continuous
Performance Test is most clearly a measure of attention. Al-
though several authors felt that relatively “pure” assessment
of specific cognitive processes would enhance the interpreta-
tion of study results at a processing level and in regard to
brain-behavior relationships, some felt that purity of cognitive
measures was not extremely important.

Recommendations. The contributing cognitive processes
assessed by each task in the battery should be operationally
defined (and scored) as precisely as possible.

Repeatability. Because environmental field studies often
involve use of longitudinal study designs to assess chronicity
of effects, recovery, or delayed effects of exposure, it is im-
portant to consider the advisability of repeating the use of
screening battery tests (or alternate forms of the tests) in longi-
tudinal assessments of individual subjects. Particular prob-
lems here include: (a) familiarity with test stimuli (which can
be somewhat overcome using alternate test forms); (b) learn-
ing how to perform the task on its first or subsequent presen-
tation (inflating all future performances of the task); (c) re-
striction of range of scores at the upper end of the outcome
range (so that repeated testing produces perfect scores); (d)
variability in test performance from one period of testing to
the next based on some task parameter causing the test to
be unstable or unreliable in ways that cannot be defined or
operationalized and that are not related to exposure.

Recommendations. Tests should not be subject to the prac-
tice effects induced when the test-taker is aware of task param-
eters. Tests should not be subject to practice effects to the
extent that improved scores approach ceiling effects. Tests
should be as impervious as possible to the effects of subjects
communicating with one another regarding test parameters,
stimuli, or correct responses. It may be necessary to query
subjects about information they had learned from other sub-
jects about the tasks or to ask field examiners about comments
from subjects indicating advance familiarity with task de-
mands. Inclusion of instructions asking subjects not to discuss
individual tests and questions may have to be added to the test
protocol or emphasized in it. Test~retest reliability of task
performance should be carefully considered.

Task acceptability to subjects. Some tests are acceptable or
even useful based on important criteria (e.g., they are robust
psychometrically or are sensitive exposure indicators) but are
nonetheless noxious to subjects. This is especially true of tests
involving discomfort such as nerve conduction testing. How-
ever, subjects sometimes also object to behavioral tests if they
are difficult, boring, or seem irrelevant, especially if they do
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not have obvious face validity as a measure of memory or
other cognitive function. If the measure is an especially sensi-
tive one, concerns of subject discomfort must sometimes be
weighed against the utility of the task. Subjects can certainly
be reassured that all of the tests were included for specific,
well thought out reasons and completion is much appreciated.
However, at other times it may be necessary to delete a task
from the battery to ensure continued cooperation, particularly
in longitudinal testing situations.

Recommendations. Examiners using the ATSDR screening
battery tasks should provide feedback to the Agency on their
impressions about task acceptability. If indicated, it may be
necessary to interview subjects or to collect systematic data
during field studies regarding the acceptability of each test in
the battery or specific tests, especially if refusals occur during
tasks or at follow-up testing in longitudinal studies.

Reliability. Test reliability must be addressed during test
selection and it is best to keep error variance at a minimum.
However, adherence to an artificially strict criterion for relia-
bility would not appreciably enhance the power of statistical
comparisons that use the tests and could lead to the loss of
potentially important information concerning variability in
test performance as an exposure outcome. In addition, criteria
for adequate reliability may be somewhat dependent upon the
functional domain being assessed by a task. For example,
measures of vocabulary or word knowledge should be quite
stable over short periods of time while measures of attention
span or mood may vary appreciably. In some cases, variable
performance between and within tasks may itself reveal an
important exposure effect. Finally, minimization of examiner
effects and of diurnal variations in performance and practice
effects are important (especially in longitudinal investiga-
tions).

Recommendations. Test-retest reliability should be exam-
ined for individual tests included in the battery through review
of experimental, clinical, or behavioral neurotoxicologic stud-
ies in which such reliability has been examined. If no such
studies exist, but a test is included in the screening battery,
test-retest reliability studies should be conducted. Extremely
high levels of reliability (e.g., >0.80) need not be enforced
because measures with lower reliability will not substantially
reduce the power to detect significant performance differences
between groups in epidemiologic studies. Criteria for adequate
levels of reliability will vary depending on the nature of the
function being assessed by a test and should be determined
with this variability in mind. Reliability within a single testing
session can be assessed by comparing performance on tests
from the same behavioral or cognitive domain. Variability in
performance between and within tasks should be assessed as a
possible dependent measure of exposure effects.

Score distribution. To be useful in an epidemiologic bat-
tery designed to assess behavioral effects of toxic exposures, a
test should have a reasonably wide distribution of possible
score outcomes. If there are too few scores possible, spurious
positive or negative results may be obtained (exaggeration of
small differences in performance or response). If the test has
too low a ceiling or too high a floor, false negative findings
may reflect test parameters, obscuring actual dysfunction that
would be detected on a better designed test. The range of
scores for some tests can be improved by adding a speed of
response measure to the traditional percent total correct
scoring.

Recommendations. Scatter plots of score distributions for
each test in the screening battery should be reviewed to exam-
ine floor and ceiling effects.
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Miscellaneous field experiences. 1diosyncratic field condi-
tions can result in the elimination of specific tests or adjust-
ment of test administration in unforeseen ways. A significant
portion of a group of subjects might, for example, prove un-
testable by the use of computers or might be unable to com-
prehend test instructions for a visuospatial task.

Recommendations. Field notes on test battery alterations
should be systematically maintained and reviewed by ATSDR
investigators or advisors. Such historical information may
allow investigators to anticipate special field testing demands
in specific subject groups prior to beginning field assessment
or at least to approach a subject group with an anticipatory
flexible assessment plan.

VALIDITY
Specificity Versus Sensitivity

In examining the relationship between tests to be validated
and external validating criteria, one must consider the impor-
tance of selecting both broadly sensitive tests and tests that are
indicative only of specific nervous system dysfunctions. Tests
sensitive to a wide variety of validating variables are likely to
be useful in determining the presence or absence of a neurobe-
havioral effect in response to a variety of toxic substances.
Performance on a commonly used test such as the Benton
Visual Retention Test, for example, reflects several indepen-
dent cognitive functions, including attention (not memory),
planning ability, and visuoperceptual ability (8,64,65,80). Be-
cause such tests are representative of multiple underlying cog-
nitive functions, they are broadly sensitive to diverse types of
CNS impairment and are thus likely to be validated with re-
spect to a wide variety of criteria.

Recommendations. Sensitivity to the effects of a wide vari-
ety of validating criteria is one important feature establishing
validity, but specificity — sensitivity to a specific set of validat-
ing criteria—may be equally or more important than broad
sensitivity in some studies.

Criteria for Establishing Validity of Measures

In behavioral neurotoxicologic field studies, validity of in-
dividual tests in a screening battery may be verified by assess-
ing the relationship between test performance and a number
of outside criterion measures or variables. These include sensi-
tivity to neurotoxicant exposure, CNS and PNS sensitivity,
native intellectual capacity or “mental abilities,” specificity of
cognitive function, clinical signs and symptoms, diagnosis,
patterns of performance among battery tasks, disabilities, and
outcome in follow-up studies.

Neurotoxicant Sensitivity

A major goal of studies in behavioral neurotoxicology is to
identify tests that are sensitive to exposure to neurotoxicants.
This may include neurotoxicants as a general class and/or
specific neurotoxicants, specific parameters of exposure such
as dosage or chronicity, or the interrelationships between a
subject variable (such as age at exposure), neurotoxicant expo-
sure(s) and neurobehavioral outcome measures. For some
tests it may be possible to develop expected levels of sensitiv-
ity, i.e., minimal differences between exposed groups and con-
trols which confirm dysfunction suggestive of neurotoxic ef-
fects in the exposed groups. However, no rigid a priori
standards for sensitivity are possible or appropriate at this
time.

Recommendations. Each task in the screening battery
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should be evaluated each time it is used to assess exposure
groups and across investigations in terms of its sensitivity to
exposure parameters (type of neurotoxicant, dosage —includ-
ing dose-effect relationships, chronicity, and other pertinent
exposure variables). If a task has no demonstrated sensitivity
in repeated studies, a decision to eliminate the task may be
necessary unless the task is considered to be valuable as a
“control” measure known to be impervious to neurotoxicant
effects or as a “marker” measure for some other variable such
as premorbid intelligence.

Specificity as well as sensitivity should be examined when
exploring the relationships between exposure variables and
test performance.

Sensitivity to CNS and PNS dysfunction. The assessment
of nervous system dysfunction secondary to exposure to neu-
rotoxicants is most accurately and efficiently accomplished
through the use of tests which are known to be valid as indica-
tors of brain or CNS and peripheral nervous system (PNS)
function.

Many tests are now available that measure some aspect of
behavioral or cognitive function and have been validated as
measures of CNS function. Such validation requires the ad-
ministration of tests to subjects with known brain damage,
preferably with specific types of neuropathological or neuro-
chemical abnormality (e.g., demyelination in white matter
secondary to multiple sclerosis, neurofibrillary plaques and
tangles secondary to Alzheimer’s disease, neurotransmitter
deficits in Parkinson’s disease or Huntington’s disease) or with
specific sites of cerebral damage (e.g., focal stroke involving
the mesial aspects of the left temporal lobe or the right thala-
mus, surgical removal of a structure such as the amygdala). It
may be argued that CNS validation of a test requires investiga-
tions in which in-depth evaluations completed by a neuropsy-
chologist, behavioral neurologist and psychiatrist must be
combined with imaging studies to verify the criterion neuro-
logical diagnosis being used in the study. When a behavioral
test with known CNS validity is used in a carefully controlled
study of subjects exposed to a known or suspected neurotoxi-
cant, it is usually reasonable to conclude that the impairment
in test performances reflects CNS damage secondary to expo-
sure. If, however, toxicant-related impairment is seen in a
behavioral test which has not been validated on subjects with
known CNS dysfunction, one can safely conclude only that a
specific test performance is affected by exposure or (by gener-
alization) that the function measured by the test is affected. If
the function measured by the test is similar to a known func-
tional effect of CNS damage, one could reason by analogy
that the impairment reflected a neurotoxic effect of exposure.
However, this requires a greater logical leap than the same
conclusion based on a CNS-validated test (71). A number of
tests currently advocated for use in behavioral neurotoxico-
logic batteries, including the computerized versions of com-
mon neuropsychological tasks, have this drawback, though
others such as the World Health Organization extended neuro-
behavioral battery (33) do not (70,75). Some group members
considered this drawback to be more limiting than other group
members.

A more difficult topic is the identification of appropriate
neurologic disorders to be used in CNS validity studies for
selected tests. Traumatic brain injury (TBI) is a possible model
for neurotoxic effects because attention and executive deficits
are common to both TBI and toxic encephalopathies. The
utility of models of brain damage in which the neuropathology
is similar to that seen in specific types of toxic encephalopathy
is another option. Multiple sclerosis is a demyelinating disease
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of the white matter, which seems to be affected in some sol-
vent exposures such as toluene (59,60), and Parkinson’s dis-
ease affects the basal ganglia, as do carbon disulfide (54) and
carbon monoxide (16).

Tests used to measure PNS function must have indepen-
dent validation as accurate measures of the specific aspect of
PNS functioning being addressed. PNS test measures and
their validation are discussed fully in Section VI.

Recommendations. In order to be retained as measures in
standard batteries used in ATSDR field studies, tasks that
have not been validated as sensitive CNS measures can: (a) be
independently validated through separate studies; (b) reviewed
periodically to determine if studies carried out by independent
investigators have accomplished such validation. CNS valida-
tion can be legitimately addressed by establishing relationships
between test performance and results of neuropathologic stud-
ies on brain tissue, neurologic diagnosis, neuroimaging scans
(computerized tomography, magnetic resonance imaging),
neurophysiologic and neurometabolic studies (electroencepha-
logram [EEG], computerized EEG, functional imaging and
functional EEG, positron emission tomography, cerebral
blood flow, evoked potentials), neuroendocrine or neuro-
chemical assays, or assessing dose-effect relationships follow-
ing controlled administration of pharmacological agents
(drugs and medications) which have known neuropathological
or neurochemical effects.

Native intellectual capacity or mental abilities. Some tests
are included in screening batteries as control measures. The
rationale for inclusion may include that of a “negative con-
trol,” i.e., a test which is not predicted to be sensitive to expo-
sure to neurotoxicants. However, at other times such measures
are included as indicators of premorbid or native abilities.
In these cases, scores from the control tests may be used as
covariates in data analysis. When completing environmental
studies, it is important to be very careful in choosing such
measures for at least two reasons raised by workshop mem-
bers. First, the control measure may actually be an outcome
measure. There is particular danger of this occurring when
exposure occurred during childhood (even if testing is carried
out in adulthood). Thus, many cognitive functions, including
language acquisition and vocabulary knowledge, have been
associated with developmental exposure to well-described tox-
icants such as lead; therefore, it is difficult to identify a “safe”
indicator of native intellectual capacity in subjects with child-
hood exposure. The second reason is that the appropriate test
might not be the same for all subcultural groups. Vocabulary
might be applicable to one but motor function or visuopercep-
tual skill to another.

Recommendations. Control tests should be validated in ap-
propriate manner specific to their use in any particular study.
Sources of validation might include estimates for children
based on parental performance, premorbid (i.e., preexposure)
school records or test performance, income, vocational status
or success, or social position.

Specificity of cognitive function. The specificity of the
tests that measure cognitive processing is important in charac-
terizing the functional effects of exposure and in hypothesiz-
ing CNS mechanisms and sites of exposure. Factor analytic
studies often do not produce the same dimensions of cognitive
functioning as are described in cognitive research and repeat-
edly supported by neuropsychological studies. This implies
that factor analytic studies of test batteries and complex omni-
bus tests (such as WALIS or Stanford-Binet) should be interpre-
ted cautiously.

Recommendations. When evaluating screening battery tasks
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for continued retention in the battery, it is recommended that
the criterion of functional specificity be evaluated by review-
ing the literature (especially in neuropsychology, cognitive
neuroscience) to determine whether cognitive specificity has
been established in other research and to examine the relation-
ship between performance on different tasks or components
of tasks in the screening battery which are thought to measure
the same cognitive processing capacity.

Clinical signs and symptoms. The workshop group, though
not specifically charged with assessment of subject-perceived
symptoms of intoxication, was concerned that such self-report
symptoms be carefully elicited to gain cues to behavioral do-
mains of special interest in particular exposed groups and to
understand the relationship between test performance and
symptoms. An additional concern is the possible omission of
executive system symptoms from both formal assessment and
self-report measures.

Recommendations. Ongoing evaluation of tests in the
screening battery should include evaluation of the relationship
between test performance and self-perceived symptoms. If
symptoms far outweigh test findings, inspection of symptom
clusters may lead to identification of susceptible behavioral
domains for which assessment techniques should be included
in a tailored or general test battery.

Diagnosis. In behavioral neurotoxicology field studies, in-
formation may be available about the relationship between
performance on screening battery tests and diagnosis of expo-
sure-related illness. Of particular interest would be CNS or
PNS disease, though metabolic, genetic, or endocrinologic
disorders affecting behavior are also of potential interest.

Recommendations. Tests reviewed for continued inclusion
in a screening battery should be evaluated with regard to diag-
nostic validity as predictors of neurotoxic illness.

Patterns of interrelationships of test performance. Compo-
nent tests of the screening battery may cluster together to
form patterns of deficit within a cognitive process, cognitive
domain or set of processes and domains. These patterns may
be important in predicting functional deficit and/or sites of
CNS effects of neurotoxicants.

Recommendations. When tests are reviewed in terms of
inclusion criteria, patterns of test performance should be ex-
amined.

Disabilities. Dysfunction on behavioral tests often predicts
certain types of disability in daily living. These may be aca-
demic or vocational or they may relate to personal, social, and
familial adjustment.

Recommendations. When tests are reviewed with regard to
continued inclusion in test batteries, the validation criterion of
prediction to daily life disabilities at work, in school, or in
personal adjustment should be considered.

Outcome in follow-up studies. Data collected in ongoing
field studies can provide useful predictors of findings available
only in follow-up studies. For example, children with nervous
system function secondary to environmental exposure might
show specific types of test deficits that are related to a later
manifestation of poor occupational performance and lowered
earnings in adulthood (or, similarly, intact performance on
some tests might predict to a positive occupational outcome)
(70). Another example would be a relationship between a spe-
cific pattern of test performance in exposed adults and later
development of a progressive dementing disorder.

Recommendations. When follow-up studies are completed
on subjects who have previously undergone CNS or PNS test-
ing, studies of the relationship between performance on tests
and relevant outcomes should be undertaken.
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II. ONGOING EVALUATION OF COMPREHENSIVENESS
OF TEST BATTERIES

Review of test batteries to make decisions about retention
of existing tests or inclusion of new tasks should consider the
comprehensiveness of the overall battery. The use of compre-
hensive test batteries in epidemiological investigations has a
number of distinct advantages. For example, it is often possi-
ble for the neuropsychologist associated with a study to de-
velop hypotheses about functional cerebral localization based
on the pattern of positive and negative results. It is also often
possible to develop hypotheses about deficits in psychological
processes associated with exposure to specific neurotoxicants
(71). In addition, such testing allows the investigator to discover
new functional deficits that may go undetected in highly focus-
sed batteries. Comprehensive testing of behavioral domains is
appropriate when invoking principles for testing the full devel-
opmental age range which may be seen in environmental stud-
ies. Children, for example, often show a much wider range of
functional deficits following toxic exposures than do adults
(70,76), and it is likely that geriatric exposure may produce dif-
ferent deficits than exposure in younger adults (56). Finally,
comprehensive testing can sometimes allow the investigator to
compare test scores earned by a subject to a model of likely pre-
morbid abilities. This allows investigation of individual deficit
patterns which may be obscured in analyses of group data. For
example, a subject may earn superior scores on visuospatial and
vocabulary tests but low average scores on tests of learning and
memory (in group comparisons the memory scores would not
appear as impaired, but the subject’s performance differential
clearly reflects a relative memory problem). The advantages of
comprehensive testing are particularly salient when little is
known about the functional or neuropathological effects of the
toxicant exposure(s) under investigation. Comprehensive test-
ing may be less appropriate for studies involving well-
investigated toxicants.

The behavioral domains in Table 1 are essential for inclu-
sion in comprehensive behavioral sampling. These domains
are similar to those published by other groups in the field of
behavioral neurotoxicology and neuropsychology (33,39,74).
Within each domain, the specific cognitive processes that are
starred reflect a consensus of the authors as especially essential
to assess.

Recommendations. When reviewing test batteries with re-
gard to the criterion of comprehensiveness, a determination
must be made as to whether an individual test: (a) materially
contributes to the comprehensiveness of the battery; (b) offers
an accurate measure of the functional domain which the test
is thought to address.

If there is a question about a test (on the basis of its psycho-
metric properties or apparent insensitivity to exposure or other
important independent variables) but its inclusion is thought
to have some value or to be necessary for other methodologi-
cal reasons, an additional test from the same cognitive domain
can be added to the battery to increase the sensitivity of the
battery.

In addition to the accumulated experience of the Agency
from field studies, the experience of other researchers in the
field of behavioral neurotoxicology and neuropsychology
should be considered when reviewing tests to be used in each
cognitive domain.

TAILORED OR FOCUSED BATTERIES

The situations under which tailored or focused batteries
could contribute important information to field studies were
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TABLE 1
ESSENTIAL BEHAVIORAL DOMAINS

Attentional Functioning
Span*
Divided attention*
Sustained attention*
Focussing of attention

Executive Functioning
Flexibility and shifting
Initiation
Planning
Monitoring
Evaluation

Memory
Anterograde, material specific memory
Verbal*: Learning and retention, with measurement of delayed
recall and recognition
Visual-nonverbal*
Retrograde memory
Skill learning (Procedural memory)
Priming
Language* (for children)
Word retrieval
Syntactic comprehension
Word comprehension
Reading comprehension
Writing/Spelling
Conceptual functioning
Level of premorbid abilities

Nonverbal/visuospatial skills
Complex visual perception
Visual organization*
Constructional ability
Right-left orientation
Spatial orientation

Complex auditory functions

Somatosensory functions

Speed of information processing*
Simple reaction time
Choice reaction time

Mood
States*

Range*

Sensory abilities

Motor*

Personality

considered by the workshop in some detail, and recommenda-
tions for specific types of test batteries were offered.

Known Neurotoxicants

When the effects of a neurotoxicant or group of neurotoxi-
cants have been well described for the environmental exposure
situation, it may be most efficient to employ a battery of
known sensitive tests and control tasks rather than a general
unfocused screening battery. However, the investigator must
be careful in designing the battery if the circumstances and
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variables affecting exposure effects in prior studies are in any
significant way different from those occurring in the case
group under investigation. The most obvious of these is devel-
opmental stage at the time of exposure. Focused batteries for
children should not be based exclusively on findings in adults.
One also has to consider exposure variables when designing
a focused battery. Exposure variables such as dosage and
chronicity of exposure, which may lead to different be-
havioral outcomes, should also be considered when using
prior studies to design a focused battery. Whereas batteries
for environmental studies are often based on occupational
study methods, this must be done with caution because the
behavioral deficits associated with chronic low dose exposure
(common in environmental settings) may cluster in different
cognitive domains than those associated with the higher dose,
acute or intermittent chronic exposure seen in occupational
settings.

Whereas the existence of a complete description of the ner-
vous system sequelae of exposure to any neurotoxicant is
doubtful, lead represents the toxic substance about which the
greatest knowledge has accumulated. Studies completed to
date on lead exposure in adults have varied in findings con-
cerning the lowest dosage at which nervous system effects can
be detected through the use of CNS and PNS tests (74). How-
ever, when effects are detected they are generally confined to
the domains of executive function, visuospatial skills, mem-
ory, motor function, and mood (4,5,29,79). A focused battery
assessing adults with lead exposure would sample these do-
mains heavily, using tests which have been shown to be sensi-
tive in prior investigations. However, such a tailored assess-
ment would be overly restricted if one were assessing children
with lead exposure or adults whose history of exposure in-
cluded exposure during childhood. The many studies of child-
hood lead exposure suggest that the functional sequelae of
such exposure are widespread, extending in some cases to ba-
sic intellectual capacity, language/verbal skills, and personal-
ity (7,51,52,70). Therefore, a focused battery might be inap-
propriate unless combined with a comprehensive standard
battery.

Potential Neurotoxic Substances

Given the large number of man-made substances with high
potential for neurotoxicity, it is likely that there are many
substances which are in fact, neurotoxic but have not yet been
so identified. When a group of subjects is identified with expo-
sure to substances which are potentially neurotoxic, addition
of a focused battery to the standard battery can be helpful. In
such situations, focussed batteries can be used to explore a
wider range of possible subtle behavioral effects, to use tests
which are exquisitely sensitive to subtle deficits (e.g., Paced
Auditory Serial Addition Test), or to compare the effects of
the new substance to known effects of similar substances.

Explication of Brain-Behavior Relationships

Because neuropsychological tests have been used exten-
sively in the study of patients with brain damage, a great deal
is known about the relationship between impaired perfor-
mance on neuropsychological tasks and focal or diffuse brain
damage. Patients with damage to different parts of the brain
show different patterns of impaired performance on neuro-
psychological tests (13,31,39,42,58,68). Knowledge of these
functional deficit patterns allows the neuropsychologist to
render inferences about sites of neuropathological damage fol-
lowing trauma to the brain (e.g., stroke, tumor, infection).
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Such inferential reasoning also allows behavioral neurotoxi-
cologists to develop hypotheses about cerebral sites of damage
caused by toxic exposure.

For example, there is neuropathological evidence linking
mercury exposure to brain damage involving the white matter
(73), the occipital lobes, the brain stem and the cortex dif-
fusely (6). Such evidence allows the investigator to tailor a
battery of tests investigating mercury exposure which would
include tasks assessing executive, visuospatial, and motor
function. These tasks are sensitive to damage to the aforemen-
tioned areas of the brain. Tin is another example of a toxin for
which brain-behavior relationships could be further explored
neuropsychologically. The neuropathology of tin exposure has
been found to involve the hippocampal formation (9,20), a
structure which in humans is involved in the mediation of
memory function. Thus, studies of subjects with tin exposure
could be tailored to emphasize memory as a functional do-
main. Carbon disulfide is known both from neurological and
behavioral studies to affect the basal ganglia of the brain,
producing a Parkinsonian syndrome among workers with
chronic exposure (43,54,55). The expected behavioral deficits
associated with basal ganglia dysfunction have been docu-
mented in a number of studies (motor, visuospatial, reason-
ing, new learning, mood) (69). A tailored battery designed for
a carbon disulfide-exposed group might include focused tests
which are known to be sensitive to Parkinsonian syndromes.
Organic solvents are a complicated issue and the neuropatho-
logical effects of solvents may vary enormously depending on
type of solvent, exposure variables, and individual susceptibil-
ities. However, the occurrence of frontal lobe atrophy follow-
ing chronic solvent exposure has been documented in neuro-
imaging studies (47). These findings suggest the importance of
including tests of executive function in a focused solvent bat-
tery. A final example is that of the solvent toluene. Exposure
to toluene among glue sniffers has been found to be associated
with white matter abnormalities on magnetic resonance im-
aging (MRI) scan (21,59). Although this finding awaits confir-
mation, the inclusion of tests sensitive to white matter pathol-
ogy is potentially informative in a study of subjects exposed
to toluene, perhaps with adjunctive MRI testing.

Cognitive Processing Deficits

Hypotheses regarding underlying cognitive processing defi-
cits occurring as a result of exposure to neurotoxicants can
also be explored using primary or adjunctive tailored test bat-
teries in field settings. For example, the finding of basal gan-
glia dysfunction following carbon disulfide exposure suggests
that functions which appear to be at least partially mediated
by neurotransmiiters such as dopamine may be affected by
CS? exposure. These functions (which may underlie the ability
to carry out other types of cognitive processing) include under-
arousal and cognitive rigidity, both of which could be specifi-
cally addressed in a tailored battery. Dysphoria and other
negative affective responses (e.g., fatigue, irritability) are also
known to be associated with basal ganglia syndromes (22,36,
45,48,63,69,78) and could be specifically explored in a focused
battery.

When studying both children and adults, focused tests can
also be used to explore cognitive domains that are now
thought to be unaffected by neurotoxic exposure in the ab-
sence of anoxia. For example, in studies of adults, language is
rarely found to be affected on standard test batteries (1,74).
Although there is some evidence to suggest that word list gen-
eration may be affected by exposure to solvents, this is most

WHITE ET AL.

likely secondary to an executive deficit not to primary lan-
guage dysfunction. Likewise, vocabulary recognition appears
to be unaffected, though definitions are sometimes found to
be rather concrete. Certainly adults with toxic exposure are
not clinically noted to be aphasic (76). However, subtle lan-
guage deficits (e.g., slowing of retrieval on naming tests, im-
pairment in comprehension of complex communications) have
not been carefully explored.

Detailed Assessment of Subject Variables

In individual groups of people with environmental expo-
sures, exploration of highly specific subject variables may be
crucial to interpreting neurobehavioral test data. In such cir-
cumstances, focused batteries may be used. Specific issues that
can be addressed in tailored batteries of tests include motiva-
tional factors (including malingering), preexisting learning dis-
abilities, preexisting psychiatric disorder, exposure-related
stress conditions, or effects of familial neurologic disorders.
There is concern among some authors that psychiatric and
social factors might affect performance on cognitive tests so
that impaired performance might actually reflect psychosocial
factors, not exposure. These factors include concern and fear
among subjects about health outcome or desire for compensa-
tion for real or imagined adverse health effects.

Special concern was voiced about the subject of subcultural
group membership. In some exposure settings or with some
subgroups of exposed populations, specialized testing may be
necessary to accurately assess cognitive domains and behav-
ioral dysfunction. In addition, it may be necessary to carefully
select control groups when subcultural membership is an issue.

Community Concerns About Diagnosable Disease

In some exposed populations, there may be specific con-
cerns among exposed individuals about the development of
diagnosable disease entities. Thus, a population with exposure
to carbon disulfide might be concerned about the occurrence
of a Parkinsonian syndrome or a population of persons with
aluminum exposure might be concerned about the possibility
of developing Alzheimer’s disease. Any exposed group might
voice concern about exposure-induced learning disabilities or
permanent brain damage in children, or about teratogenic ef-
fects of exposure. In these communities, it is important to
confirm or clarify the nature of health concerns and to assess
potential clusters and other small population effects. An ex-
tensive neurological, medical and neuropsychological evalua-
tion may be appropriate for at least some subjects.

Recommendations for Implementation and Review

It is recommended that four levels of test battery be used
for field studies: (a) Core screening batteries for broad cross
sectional studies; (b) Focused batteries which include clusters
of tests to address issues listed above (viz., known neurotoxi-
cants, potential neurotoxicants, brain-behavior relationships,
cognitive processing deficits). These tests could be given to all
subjects or a subset of subjects in addition to a core screening
battery. Examples of focused batteries are provided (see Ap-
pendix). Quality control batteries including tests designed to
further examine population variables that may affect test re-
sults in a specific subject group to be administered to a subset
of subjects (see Appendix).

Full neurological and neuropsychological assessment to be
administered to a subset of subjects when diagnosis is an issue
or the exposure is unusual enough to warrant in-depth evalua-
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tion of some subjects (see Appendix). Special test batteries
would be subject to the same general criteria for ongoing re-
view as the core screening battery (see Section I).

IV. INCORPORATION OF NEW METHODS
IN TEST BATTERIES

New testing methods that measure behavioral and PNS
function are constantly being developed and validated (see
Appendix). Inclusion of these measures in standard test bat-
teries used in field studies can add important new information
to study findings and can serve as a means of exploring new
instruments potentially useful in epidemiologic assessment.

The use of new testing measures and the innovative combi-
nation of behavioral test measures with other innovative as-
sessment techniques in neurology, neurogenetics, neurochem-
istry, and neuroimaging were enthusiastically endorsed by
workshop participants. Innovative testing strategies such as
the use of videotaping were also discussed.

Recommendations. To identify new tests for possible in-
clusion in screening or tailored batteries, the following steps
were recommended:

Identify relevant functional domains for which new assess-
ment techniques are needed and review the literature on that
domain. Follow the literature on neuropsychological and PNS
assessment and related fields. Maintain communication be-
tween investigators carrying out human studies and those en-
gaged in animal research explicating models of neurotoxicity
to identify important functional and CNS endpoints to be
assessed with appropriate tests. Some participants recom-
mended that ATSDR convene a workshop of these groups of
investigators to stimulate interaction and development of test
strategies. Promote the development of tests that will facilitate
early identification of neurodegenerative effects of exposure.
Consider the concomitant use of neuroimaging, neurophysio-
logic, neuroendocrine, and neurogenetic measures.

New tests should be added under the following circum-
stances: A previously untapped domain is determined to be
important in the core screening battery. A new test from a
particular behavioral domain proves through pilot studies to
better fulfill the criteria for test inclusion than does an existing
battery test. Signs and symptoms are suggestive of neurotoxic
illness, but the core screening battery tests are negative.

New tests can be piloted with a fading-in technique in
which many subjects receive the new test in addition to the
current core battery. If the new test proves to better fulfill the
inclusion criteria than the existing test, it should replace the
old test (unless the test is to be retained for some other reason,
in which case the new test should be added). The continued
use of functionally nonspecific tests in the core battery should
be reviewed carefully, particularly if there is more than one
such task in the battery or it is time-consuming.

V. REVIEW PERSONNEL AND MECHANISMS

Recommendations for test battery review procedures.

1t was recommended by workshop participants that a com-
mittee be assembled for ongoing review of the core and tai-
lored batteries. Some authors strongly favored inclusion of a
community member, but others strongly opposed their inclu-
sion at this level of review. However, the following areas of
expertise were listed by workshop members as essential for
inclusion on the committee. Note that a single committee
member could embody one or several of these areas of exper-
tise:
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. Behavioral neurotoxicology

. Neuropsychology

. Neurologic assessment (central and peripheral)
. Toxicology

. Epidemiology

. Biostatistics

. Psychometrics

. Neurodevelopment

. Behavioral/neuropsychological field testing

. Behavioral neurology
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Core screening battery tests should be reviewed at least
once a year by the expert committee and consultants. When
problems are identified during field testing, relevant commit-
tee members should be consulted as needed. It may be impor-
tant to have an expert experienced in field testing present at
the outset of studies to iron out procedural difficulties and
assess special aspects of the group under study. Tailored bat-
teries and new tests should be reviewed by relevant experts
before and after each study in which they are used.

Statistical analysis issues were discussed and the following
general thoughts were voiced:

1. Conclusions about study outcomes should not be based
on rigid p values.

2. Because environmental studies often involve subtle effects
and small numbers of subjects, a flexible approach to
statistical analysis is necessary.

3. Positive but statistically nonsignificant results should not
necessarily be interpreted as reflecting an absence of neu-
rotoxic effects.

4. Development of meta-analytic methods for use in analyz-
ing data from more than one exposure site is recom-
mended.

5. Small magnitude effects in environmental studies may be

important.

Use of nonparametric techniques may be appropriate.

Confounders must be carefully considered. Some vari-

ables thought to be confounders may actually be outcome

measures (e.g., low education level in a population that
suffered childhood exposure).

8. Methodology for analysis of clusters of cases may be
needed.

9. The absence of significant findings may reflect the limita-
tions of the measures used or the fact that variance in
performance (not central tendency) is the manifestation
of exposure.

10. Statistical analysis should emphasize statistical power

over statistical probability.

~N

V1. PERIPHERAL NERVOUS SYSTEM BATTERY

A battery for assessing peripheral nervous system (PNS)
function was seen as an essential component of any compre-
hensive assessment. The following provides a discussion of
PNS responses to toxic insult, a review of currently available
methods for its assessment, and a discussion of validation
of these methods. This serves as a supplemental information
relevant to both workgroups (1,3).

Introduction to Assessment of Peripheral Nervous System
Function

The most commonly used methods for objective assess-
ment of the sensorimotor components of PNS function (as
opposed to autonomic function) are the neurological physical
examination and electrophysiologic evaluation of nerve con-
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duction (nerve conduction velocity and amplitude measure-
ment) and motor activity (electromyography). These methods
have utility in the clinical and laboratory setting for evaluation
of individual patients or subjects. However, they are of lim-
ited utility for use in field-based epidemiologic studies of the
effects on populations of exposure to neurotoxicants in the
environment. Methods of assessing the integrity of the PNS
that have greatest utility in environmental epidemiology are
those that provide outcomes that are objective, quantitative,
reliable, sensitive, standardized, and nonaversive, can be ad-
ministered rapidly with portable, inexpensive equipment by
minimally trained testers, and have readily available norma-
tive data.

Nerve Conduction Velocity

Nerve conduction velocity measurement is a physiological
procedure that allows measurement of nerve conduction ve-
locity as well as compound action potential amplitude. In
combination with needle electromyography it can provide ex-
tensive information about the location of a peripheral nerve
lesion as well as the specific pathological process (i.e., general-
ized axonal neuropathy, demyelination, focal compression).
Normative data are available (35) and the reliability of the
measure is considered to be good, although it has not been
studied extensively. Nerve conduction velocity measurement
has been performed in field and laboratory studies of the
effects of exposure to neurotoxicants (62) as well as in the
study of virtually all large fiber neuropathies of nontoxic ori-
gin. Because it is a physiological measure, it is not subject to
motivational factors as are behavioral measures. Nerve con-
duction velocity measurement provides information about the
function of large myelinated nerve fibers only, however.

Vibrotactile Thresholds

The most well established behavioral measure of peripheral
somatosensory function is measurement of cutaneous vibrotac-
tile thresholds. The method involves presentation of cutaneous
vibration stimulation to a subject who must make a behavioral
response to it. Studies of the reliability of a variety of testing
protocols in different populations of interest are available in the
literature. The best test-retest correlation coefficients for the
method are around 0.9 (24,25). In addition to reliability, the
effects of age and other covariates have been studied for this
method (24). Vibrotactile thresholds are best correlated with
electrophysiologic measures that assess long nerve segments as
opposed to short ones with correlations approaching 0.7 (26).
Vibrotactile thresholds have been used in field studies of a vari-
ety of groups, including organophosphate-poisoned agricul-
tural workers (46), acrylamide-exposed workers (3), and work-
ers experiencing sensorineural symptoms related to use of
vibrating power tools (15). Testing equipment is relatively inex-
pensive, easy to use and transportable.

Thermal Thresholds

Measurement of thermal thresholds is less well studied than
is measurement of vibrotactile thresholds. It requires more
sophisticated equipment than measurement of vibrotactile
thresholds and most testing protocols require more time than
does vibrotactile threshold testing. Arezzo et al. (2) present
coefficients of variation for repeated measures with a forced-
choice technique that range from 8.3% to 47.1%. The mean
coefficient of variation for 10 subjects was 19.0% and 26.6%
for the upper and lower extremities, respectively.
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Thermal thresholds were used in a study of construction
painters exposed to organic solvents (14). Analyses indicated
some association between exposure and thermal threshold.
Significantly elevated thermal thresholds were found in a
group of symptomatic vibration exposed workers when com-
pared to unexposed asymptomatic controls (19). Thermal
thresholds have also been used to study diabetic small fiber
neuropathy (17,38) and neuropathy associated with uremia
(41). In summary, a growing body of evidence suggests that
thermal thresholds are useful for detection of small fiber dys-
function that might not be measurable with other techniques.
Field use is currently somewhat limited by existing instruments
that are expensive and barely portable.

Grip Strength Dynamometry

Measurement of motor strength with simple mechanical
devices is performed routinely in virtually all physical medi-
cine and rehabilitation programs to assess both degree of im-
pairment and progress of patients. Well established measure-
ment technique and extensive normative data are available.
The reliability of the measure has been studied in both chil-
dren and adults and ranges from good to excellent (44,66).
Comparisons with other measures of neurologic function are
not available and grip strength dynamometry has rarely if
ever been used in a study of the effects of occupational or
environmental exposure to neurotoxicants. The method de-
serves further exploration, as it is rapid, reliable, quantitative,
acceptable to subjects, requires inexpensive equipment, and
is the only nonaversive measure of motor function currently
available.

Postural Stability

Portable equipment has recently become available for the
quantitative assessment of postural or standing stability. As-
sessment of postural stability is especially attractive because
of the simplicity of the test protocol. Subjects are instructed
to stand upright and remain steady to the best of their ability.
Currently, a variety of testing protocols and measurement sys-
tems are in use. The average coefficient of variation of re-
peated measurement with one system ranged from 39% to
42% but did not show systematic change over the course of
the repeated measures (12). Normative data are available for
at least one test protocol (12). Significant changes in postural
stability have been found among styrene-exposed workers
(49), patients with solvent related psycho-organic syndrome
(37) and in children exposed to lead (11). Experimental studies
utilizing administration of ethanol have produced equivocal
results (10).

Heart Rate Variability

This technique has been used for detection of autonomic
neuropathy primarily in diabetics (53). The equipment re-
quired to perform this test is portable and relatively inexpen-
sive. It has also been used in studies of vibration exposed
workers (27) and a recent study of lead-exposed workers (50).
A standard protocol, consensus summary measures, and nor-
mative data are not currently available.

Recommendations

Measures recommended for immediate inclusion in a
screening battery’:

2 Measures of vibrotactile threshold in the finger and hand grip
strength also were included in the recommendations of Workgroup 1

).
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1. Vibrotactile threshold measurement; great toe bilaterally

2. Grip and pinch strength dynamometry; upper extremity,
bilaterally

3. Thermal threshold measurement; one lower extremity site

These measures are recommended because they (a) target
both large and small nerve fiber function, (b) are well vali-
dated in studies of groups exposed to neurotoxicants or those
at risk of peripheral neuropathy of metabolic origin such as
diabetes mellitus, and (c) testing equipment and test protocols
are currently available.

Measures recommended for priority development:

1. Heart rate variability
2. Postural stability

Heart rate variability measurement targets a PNS subsys-
tem (the autonomic nervous) system not accessible to measure-
ment with any other testing method. If measurement equip-
ment and a consensus test protocol were currently available, it
would be recommended for inclusion at this time. Postural
stability may be a sensitive integrated measure of both central
and peripheral neurologic functions required for maintenance
of standing stability. These measures are considered priority
areas for development.

Measures recommended for consideration in tailored bat-
teries:

1. Functional or behavioral measures
a. Odor identification
b. Tremor measurement
¢. Color vision testing
d. Saccade eye movements
2. Electrophysiologic measures
a. Nerve conduction velocity (NCV)
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b. Quantitative electroencephalography
¢. Evoked potentials

A variety of circumstances preclude recommendation of
these measures for inclusion in the screening battery at this
time. These measures either involve aversive stimulation
(NCV), are unproven in the field setting (evoked potentials,
quantitative EEG), or are inadequately tested for sensitivity to
neurotoxicant exposure.

VII. MISCELLANEOUS CONSIDERATIONS
We also express considerable concern on four issues:

1. Appropriate selection of tests for distinct subcultural
groups;
Quality control in test administration;
. Appropriate interview/questionnaire assessment of symp-
toms;
4. Combining the use of behavioral with other neurological,
genetic, and medical testing.
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APPENDIX

EXAMPLES OF FOCUSED BATTERIES

1. Known neurotoxicant (lead in adults): CPT, Grooved Peg-
board, WMS Vis Reproductions subtest (Immediate Re-
call, Delayed Recall, Savings Score), WAIS-R Similarities,
Profile of Mood States (POMS), Paced Auditory Serial
Addition Test (PASAT);

2. Possible neurotoxicant (new solvent): Trails, CPT, WMS
Vis Reproductions, Embedded Figures, POMS;

3. Brain-behavior relationships (TCE, to examine hypothesis
of frontal/limbic dysfunction): PASAT, CPT, Trails B,
California Verbal Learning Test (CVLT) or Rey Auditory
Verbal Learning Test (RAVLT), Peterson Task, POMS;

4. Cognitive processing (executive function): PASAT, Por-
teus Mazes, Figural Fluency or Design Fluency (WCST was
recommended by three clinicians—RC, ML, JM; RW has
used the task in field studies where performance on the
task was found to be affected by subjects’ discussing test
parameters and where it was found to be too affected by
the subjects’ learning of task parameters to be used in lon-
gitudinal studies).

Control Variables

1. Learning disabilities: WRAT, Reading Tests;
2. Psychiatric: Schedule of Affective Disorders and Schizo-
phrenia-L, MMPI;

Full Neurologic and Neuropsychologic Evaluation

Neurologic examination, tremor test, eyeblinks, nerve con-
duction, WAIS/WISC (Info, Simil, Arith, Digit Span, Pic
Com, Pic Arr, Block Des, Digit Symbol), CVLT or RAVLT,
WMS Visual Reproductions, Peterson Task, Controlled Word
Association, Boston Naming Test, Repetition Test, Rey-
Osterrieth, Finger Tap, Pegboard, Ravens, MMPI, POMS;

Ellen Silbergeld wrote the following concerning her views
on development and incorporation of new test methods.

An important method for identifying and selecting new
tests in evaluating neurotoxicity in populations and cases is
the set of basic research findings on (a) mechanisms of specific
neurotoxins and (b) neurobiological substrates of behavioral
function. These two areas of research, taken in combination,
can produce the following logic for test selection: identifica-
tion of specific neurochemical/neuroanatomic mechanisms
for neurotoxicants, examination of the role(s) of these mecha-
nisms in neurobiological systems, functional expression of al-
terations in these systems, neuropsychologic or other tests that

can measure changes in functional expression. For instance, a
considerable amount of research indicates that low level lead
exposure affects GABAergic pathways in globus pallidus (in
rats); changes in GABAergic function have been correlated
with specific alterations in behavioral state; these states may
be measurable by specific tests. Other examples are the mecha-
nistic studies done on certain chlorinated solvents by Fuxe et
al: these indicate specific mechanisms involving median emi-
nence dopaminergic neurotransmission. The behavioral and
neuroendocrinological consequences of altering these path-
ways have also been described.

SELECTION OF TESTS PREDICTIVE OF LONG LATENCY
NEURODEGENERATIVE DISEASES AND DYSFUNCTION

This selection principle is derived from the current hypoth-
esis that environmental neurotoxicants may be etiologic fac-
tors in the induction of long latency degenerative diseases of
the nervous system. The drug impurity MPTP is the paradigm
example of this hypothesis. Based on this, a rationale for test
selection could be those tests that are predictive of the later
induction of such diseases. The goal of these tests is to detect
the early onset of pathology before overt behavioral or other
dysfunction is expressed. This is similar to the rationale for
selecting tests sensitive to low level exposures.

Considerable research has been done on developing pre-
dictive tests for diseases such as Huntington’s chorea, demen-
tia, and Parkinsonism. At present, these tests are not predict-
ive over the long term, that is, when the gap between overt
disease expression and time of testing is very great. But this
is an arena that could be quite useful for neurotoxicology,
particularly if manganese is introduced into the environment
on a wide scale.

OTHER MEASURES OF THE NERVOUS SYSTEM

In addition to behavior and electrophysiology, other sig-
nals of the nervous system can be measured by biochemical
means. These measures have not been considered in this
Workshop, but ATSDR should consider their utility as adding
to the repertoire of neurotoxicity assessment methods as well
as contributing to the validation of neurobehavioral/neuro-
physiological methods discussed at this Workshop. In the near
term, neuroendocrine markers are probably ready for consid-
eration in studies of exposures to neurotoxicants. There are
data on effects of solvents and metals on such neuroendocrine
markers as growth hormone, prolactin, somatostatin, and
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FSH. Other markers available in compartments that can be
sampled (e.g., blood, urine, saliva) are: some neuropeptides,
pituitary and hypothalamic hormones and releasing factors;
neurotransmitter precursors and metabolites.

In the longer term, it is possible that the lymphocyte can
provide information on gene-level damage to the nervous sys-
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tem in a manner analogous to the information that is being
extracted for the purpose of estimating dose and cellular re-
sponse to carcinogens (DNA adducts). As we identify neuro-
toxicant-induced alterations in gene transcription and transla-
tion, the lymphocyte may be exploited to provide parallel
signals of these events.



