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odological approach to the evaluation of neurotoxicity data and the classification of neurotoxic chem-
icals. Scand J Work Environ Health 1994;20:1—12. This text is the result of the authors’ involve-
ment in a working group on criteria for the identification and classification of neurotoxic chemicals.
(The work of the group does not necessarily represent the official stand of the affiliated institutes.) A
definition of neurotoxicity and criteria for evaluating studies dealing with neurotoxicology are pre-
sented. The evaluation is a stepwise process that ends with assigning the chemicals to groups depend-
ing on the available evidence for neurotoxicity (ie, neurotoxic, probably neurotoxic, possibly neuro-
toxic, probably not neurotoxic, or not classifiable). Finally, the description of the potency of neuro-
toxic chemicals is briefly discussed. The model has been tested by evaluating selected research pa-
pers on the following 10 chemicals: manganese, aluminum, tetrahydrofuran, cyclohexanone, dichlor-
vos, trichloroethylene, formaldehyde, tri-ortho-cresyl phosphate, n-hexane, and vinyl chloride. There
was sufficient evidence for classifying five of the ten chemicals (aluminum, manganese, n-hexane,
trichloroethylene, tri-ortho-cresyl phosphate) as definitely neurotoxic to humans, and three were con-
sidered to be possibly neurotoxic to humans (dichlorvos, tetrahydrofuran, vinyl chloride). Cyclohex-
anone and formaldehyde were not classifiable according to the model.
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The human nervous system is one of the most com-
plex organs in terms of both structure and function.
It is composed of more than 100 billion cells of dif-
ferent types, such as astrocytes, neurons, and
Schwann cells. Each neuron has numerous synapses
to other neurons, sensory cells, muscle cells, or
glands. More than 100 different substances are used
as neurotransmitters, and they vary in chemical struc-
ture from simple amino acids (eg, glutamic acid) to
peptides such as somatostatin and galanin. Fur-
thermore, the function of the nervous system is plas-
tic, and therefore the response of the nervous sys-
tem to sensory input is dependent on previous input
(1—4).

The complexity of the nervous system is reflect-
ed in the wide variety of toxic actions that can be
exerted upon it by hazardous chemicals and by the
large number of symptoms and signs associated with
these actions. Apathy, dementia, coma, hyperactivi-
ty, irritability, paralysis, sensory dysfunction, spas-
ticity, tremor, cramps, and weight loss are all signs
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or symptoms associated with neurotoxicity in humans
(5—3).

Although the blood-brain barrier protects the ma-
jor parts of the central nervous system from many
toxic substances, there are areas of the brain where
this protection is less effective. These areas include
the pineal body, hypothalamus, and the autonomic
ganglia (9). Furthermore, several noxious substanc-
es, particularly those that are soluble in lipids, are
able to cross the blood-brain barrier (10).

Neurotoxic chemicals are found in the workplace,
in homes, and in the environment. Several examples
exist of outbreaks of neuronal diseases due to envi-
ronmental pollution and incidents of contamination
of food or beverages. Chemicals that are generally
considered to be neurotoxic include various pes-
ticides, solvents, and metals or organometal com-
pounds (11). Furthermore, some drugs are considered
neurotoxic under occupational circumstances.

Public awareness of the potentially harmful effects
of chemicals and drugs on the nervous system has
increased over the last few decades (5, 8, 12, 13).
Several agencies and groups in different countries
have therefore started to recommend guidelines and
“test batteries” for screening chemicals for their neu-
rotoxic potential (6, 13—17), and a core protocol for
performing epidemiologic studies has been prepared
by the World Health Organization (18).

Although it is extremely important to establish
screening tests for new chemicals and guidelines for
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conducting tests, it is equally important to provide
a basic definition of neurotoxicity and guidelines for
evaluating existing data on neurotoxicity. The eval-
uation of data is usually the first step in the process
of evaluating neurotoxicity. This step may later be
followed by recommendations for further animal test-
ing, leading to a complete estimation of neurotoxic-
ity, if the existing data are found inconsistent or in-
sufficient for evaluation.

The objectives of the present work were to set up
a definition of neurotoxicity and to develop a model
to be used for evaluating studies dealing with toxic
effects of chemicals on the nervous system of ani-
mals and humans. The described model can serve to
classify chemical agents according to their neurotoxic
effect and potencys; this is an important step in risk
assessment and in the prevention or minimization of
human exposure to hazardous chemicals. The present
paper should therefore primarily be looked upon as
a contribution to the risk assessment of occupational
and environmental exposure to chemicals.

Definition of neurotoxicity

Several definitions of neurotoxicity can be found in
the literature. While some consider any adverse ef-
fect on the nervous system as neurotoxicity, others
suggest a differentiation between reversible and ir-
reversible effects (14, 19). Furthermore, the defini-
tion of neurotoxicity can vary depending on view-
point and field of interest. A toxicologist may use
neurotoxicity to describe biochemical or physiolog-
ical abnormalities induced in the nervous system by
the chemical under study. In this context, neurotox-
icity is often envisaged as a universal feature hav-
ing specific effects on a neuronal cell. On the other
hand, occupational health personnel and specialists
in occupational medicine often characterize neuro-
toxicity as a cause of human disorder due to expo-
sure to some specific chemical, or a mixture of chem-
icals. These two views of neurotoxicity are not mu-
tually exclusive, and both have to be considered in
the definition.

Because of conceptual differences as to the mean-
ing of the word neurotoxicity, it was decided to use
the following definition: neurotoxicity refers to the
capability of inducing adverse effects in the central
nervous system, peripheral nerves, or sense organs.
A chemical is considered to be neurotoxic if it is ca-
pable of inducing a consistent pattern of neural dys-
function or lesion in the nervous system.

Furthermore, a crude distinction can be drawn be-
tween reversible neurotoxic effects and irreversible
neurotoxic effects. Reversible effects are usually due
to temporary functional changes in the nervous sys-
tem. They occur mainly in experimental or acciden-
tal solvent or pesticide exposure episodes. In this
context, such rorally reversible effects are not con-
sidered neurotoxic. Irreversible neurotoxic effects
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generally involve structural changes with degenera-
tion of the nerve cells. However, there are examples
of lasting functional changes without any apparent
morphological abnormalities (20).

Neurotoxicity is a general phenomenon, and neu-
rotoxic changes in structure or function can there-
fore be demonstrated in humans as well as in ani-
mals. Such changes are due to the fact that all neu-
rotoxins exert their action at the molecular level of
nerve cells. However, demonstration of neurotoxic-
ity in this sense does not necessarily mean that the
chemical in question constitutes a risk to humans.
There are often significant species differences in the
susceptibility of the nervous system of animals to
various chemicals. For instance, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) is extremely neu-
rotoxic to humans but not to rats (21). The situation
can also be the opposite in that some animals are
much more vulnerable to chemicals than humans.
However, for practical reasons, evidence of a neu-
rotoxic action by a specific chemical in one or more
animal species may suggest that the same chemical
is neurotoxic in humans. Even if general animal neu-
rotoxicity can be demonstrated, extrapolation to hu-
mans should be made with caution.

Neurotoxicity is generally manifested as a con-
tinuum of symptoms and effects, which among other
things depend on the nature of the chemical, the dose,
and the duration of exposure. The different strengths
of effects recognized for neurotoxicity are shown in
table 1. The severity of the observed effects, as well
as the evidence of neurotoxicity, increases through
levels 1 to 6. Short-term or low-dose exposure to a
neurotoxic chemical can result in subjective symp-
toms such as headache and dizziness, but the effect
is usually reversible. With increasing dose, neurolog-
ical changes can appear, and eventually irreversible
morphological changes are produced. However,
doses near or above those resulting in the death of
animals should not be taken into consideration when
the neurotoxicity of chemicals is evaluated. Further-
more, at a given dose, it should be ascertained that
the nervous system is the primary target of the chem-
ical.

The degree of abnormality needed for implying
neurotoxicity for a chemical agent is a controversial
issue which somehow depends on subjective evalu-
ations. According to the definition, and for the
present purpose, we suggest that a chemical be con-
sidered neurotoxic if there is well documented
evidence for lasting effects on level 4, 5, or 6 in ta-
ble 1. In addition, reports on biochemical changes
(level 3) should be taken as evidence for neuro-
toxicity in those cases in which a structurally related
chemical has been proved neurotoxic with a known
biochemical mechanism, which can be used as an
assay for neurotoxicity, for instance, in the case of
the organophosphates, for which the neurotoxic es-
terase (NTE) activity test can be used as a toxicity
test (22). In all other cases of biochemical changes,
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Table 1. Different signs of neurotoxicity. The order of listing represents decreasing strength in the evidence of neurotoxicity.

Level Effect Explanation/examples
6 Morphological changes Cell death and axonopathy, as well as subceilular morphological changes
52 Neurological changes Findings from neurological examinations of single individuals
4 Physiological/behavioral Experimental findings in groups of animals or humans as changes iq evoked
changes potentials and electroencephalography or changes in psychological and
behavioral tests
3 Biochemical changes Changes in relevant biochemical parameters (eg, transmitter level, content
of glial fibrillary acidic protein, or enzyme activities)
22 Irreversible, subjective Symptoms not verified by a neurological examination or measurements
symptoms
12 Reversible, subjective Symptoms not verified by a neurological examination or measurements
symptoms

a2 Humans only,

in vitro tests and quantitative structure activity rela-
tionship (QSAR) analysis should be looked upon
only as supporting data. Irreversible subjective
symptoms in humans should be supported by exper-
imental data.

Table 1 therefore reflects the weight of evidence
provided by different signs of neurotoxicity. The
higher the value of the evidence, the higher the cer-
tainty that the chemical is neurotoxic. Both human
and animal data can, and must, be used in this eval-
uation. However, the effects and neurotoxic poten-
tials of a chemical vary greatly between species, pri-
marily due to differences in kinetics, but also due to
differences in mechanisms of action and sensitivity.
Furthermore, the effects and neurotoxic potentials of
different chemicals vary too, and the table should be
considered only as a rough classification of neuro-
toxic effects.

Screening tests for neurotoxicity

Rather than providing an overview of the methods
used in neurotoxicity studies, this section deals with
some important issues in neurotoxicity testing. For
a detailed review of methods in neurotoxicity, the
reader is referred to the comprehensive accounts in
the literature (6, 18, 23).

Real or potential hazard to the nervous system is
difficult to assess because of the complexity of the
nervous system. Some of the problems in hazard as-
sessment are associated with the large number of
targets for toxic action in the nervous system, and
some are related to an incomplete understanding of
how the results should be interpreted, as, for in-
stance, with the changed activity in open field tests.
Furthermore, some neurotoxic effects may be
masked by the plasticity of the nervous system. It is
clear, therefore, that normally no single test will suf-
fice to characterize the hazard of a chemical to the
nervous system, and it is impossible to envisage a
simple specific test method of universal validity for
neurotoxicity screening. In other words, the use of

stereotyped predetermined tests is indeed inappro-
priate in neurotoxicology more than in any other
branch of toxicology (13).

Ideally, a predetermined neurotoxicity test of a
novel compound requires both short-term and long-
term exposure to the compound, a sufficient number
of species to compensate for possible interspecies
variation, and exposure of neonates, as well as adults.
Furthermore, no single experimental technique is ca-
pable of detecting all possible neurotoxic effects. The
predetermined tests should therefore be tailored for
the compound in question or should constitute a bat-
tery of different techniques, such as behavioral, his-
tological, electrophysiological, neurological, and bi-
ochemical studies. Moreover, they should be per-
formed on different species for different genders and
ages and at different dose levels.

When compounds with hitherto unknown proper-
ties are tested, a tier testing approach is generally ac-
cepted as the most appropriate strategy. In tier test-
ing, each successive stage should be designed to an-
swer increasingly specific questions about the tox-
icity of a chemical (6, 24—26). At first, “simple”
methods of high sensitivity should be used. These
include acute toxicity testing, Irwing’s screen (27),
the functional observational battery (FOB) (26), and
the motor activity test (MAT) (28), or, even better,
behavioral test batteries (16, 29). Once a chemical
has been identified as neurotoxic, the next objective
is to determine dose-effect relationships more pre-
cisely. An important objective for standard setting
is to determine the no-observed effect levels (NOEL).
This task often requires sophisticated and sensitive
techniques, as well as many experimental observa-
tions (23, 30, 31).

Compounds that are structurally related to other
chemicals with a well known neurotoxic effect, such
as peripheral neuropathy, could be tested using a
method suitable for determining this specific effect
(eg, nerve conduction velocity measurements). For
example, 1,2-diethyl benzene is structurally related
to n-hexane, and electrophysiological examinations
confirm that the metabolite of 1,2-diethyl benzene
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induces axonal degeneration, as does 2,5-hexanedi-
one (32).

Compounds belonging to groups of chemicals with
a well-known mechanism of neurotoxic action can
sometimes be tested with specific in vitro test meth-
ods. For example, the NTE assay has been evolved
as a rapid and sensitive screening test for detecting
the neurotoxic potential of organophosphates (22).

So far, an “Ames test” for neurotoxicity has not
been developed and, except for special cases, as with
the NTE assay, in vitro test methods are still not suit-
able for sensitive testing for the neurotoxicity of
chemicals (33). However, promising results have
been reported recently by Stoltenburg-Didinger et al
(34). They found specific neurotoxic effects of dif-
ferent organic solvents on dissociated cultures of
nerve cells. These methods may be of increasing sig-
nificance in the future. However, for the time being,
data from in vitro tests and QSAR analyses should
only be used as support for data from animal and
human studies.

Well-performed epidemiologic studies may be the
most valuable source of data on human neurotoxici-
ty. Nevertheless, there are many limitations and
weaknesses in the existing studies. These limitations
and weaknesses include a lack of compensation for
the “healthy worker effect” in cross-sectional stud-
ies, inability to exclude reversible effects of expo-
sure, doubtful exposure assessment, and lack of sen-
sitivity and comparability of the methods used for
assessing nervous system function. With this back-
ground, a core protocol has been prepared by experts
to promote an international collaborative epidemi-
ologic study on the possible effect that may result
from long-term exposure to organic solvents (18).
The guidelines in this report can be used for other
epidemiologic studies as well. In the future, epide-
miologic studies can provide answers to the more
complex questions concerning human neurotoxicity,
but human data from case reports, industrial acci-
dents, and environmental poisonings will still pro-
vide important information with which to evaluate
chemicals for neurotoxicity.

Evaluation of evidence for neurotoxicity

As in all fields of toxicology there is information on
biological effects on various types of organisms,
ranging from cells (or even molecules) to different
species of animals to humans and human popula-
tions. However, in dealing with human neurotoxi-
cology in general and occupational neurotoxicology
in particular, it is evident that the end point in the
evaluation is neurotoxicity to humans. Consequent-
ly, data from human studies are the most important,
but, as previously discussed, animal data must also
be used.

Based on the definition of neurotoxicity and the
criteria described in the preceding section, a model

4

for evaluating existing data on neurotoxicity has been
developed. The proposed model for evaluating ex-
perimental data, as well as the terminology used, has
many similarities with the model that the Internation-
al Agency for Research on Cancer has developed for
evaluating carcinogenicity data (35). The evaluation
process involves four steps, as indicated by the Ro-
man numerals in figure 1. The first step (I) concerns
the evaluation of evidence reported for neurotoxici-
ty in each single study on animals and humans. The
second step (II) concerns the evaluation of all ani-
mal data and all human data and results in a state-
ment about the overall degree of evidence for neu-
rotoxicity in animals and humans. In the third step
(III), the evidence for neurotoxicity in animals and
humans is combined in a statement regarding neu-
rotoxicity to humans. Finally, in step IV, the neuro-
toxic potency of the chemical classified as neurotoxic
is described in terms of the dose-effect relationship
as far as data are available. The individual steps in
the evaluation process are described in more detail
in the following.

L. Degree of evidence presented by single studies

In evaluating reports on neurotoxicity, the following
aspects should be taken into account: type of study,
sensitivity, specificity, effect level demonstrated,
species used, gender and age, strength of causality
(presence or absence of confounding factors), number
of observations, statistics, and the like. However, first
of all, the objective of the study should be clear.

The following three main objectives in neuro-
toxicity studies can be described: (i) detection of
whether the structure or function of the nervous sys-
tem is altered by the chemical, (ii) description of the
nature of the alteration associated with exposure, and
(iii) determination of dose- and time-effect relation-
ships aimed at establishing a NOEL.

As there are many different methods for determin-
ing the neurotoxic effects of a chemical, it is impor-
tant first to evaluate whether the experimental design
and the methods used are appropriate for the objec-
tives of the study and for the conclusions drawn. In
other words, the validity of the study should be an-
alyzed (19). A discussion of the pros and cons of the
numerous methods used in neurotoxicity testing can
be found in the literature (6, 24, 26, 36—39). Sec-
ond, it is important to consider how precisely the
compound under study is defined. Could the ob-
served effect be due to impurities in the chemical
used, or, in the case of epidemiologic studies, have
the individuals been exposed to several different
chemicals at the same time (40)? Third, the dose has
to be evaluated. Is it reasonably below the lethal
dose, how was it monitored, and is the nervous sys-
tem the primary target of the chemical? In inhala-
tion studies and especially in epidemiologic studies,
the dose estimation may be difficult and inaccurate
(18, 40). Finally, the consistency of the results should
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Combining all evaluated studies
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Figure 1. Evaluation of neurotoxicity data. (I = evaluation of degree of evidence from single studies, |l = evaluation of all
animal and all human data, Il = evaluation combining animal and human data, and 1V = evaluation of neurotoxic potency)

be evaluated through a determination of the number
of observations and the statistics used (30, 38, 39).

This evaluation step, which concerns the quality
and the credibility of an investigation, results in a
statement on the degree of evidence for neurotoxic-
ity presented by that single study.

The following four different levels of evidence are
proposed: (i) sufficient evidence, which is achieved
by well-performed, high-quality studies describing
effects on level 4, 5, or 6 in table 1; (i) limited evi-
dence, which is achieved by well-performed studies
demonstrating effects on level 1, 2 or 3 or less well-
performed studies showing effects on level 4, 5 or
6; (iii) inadequate evidence, which is achieved from
studies of no value, either because they are of poor
quality or only have marginal relevance to the field
of neurotoxicity; poor-quality studies demonstrating
effects on the low level 1, 2 or 3 may also represent
inadequate evidence; (iv) negative evidence is ob-
tained from well-performed studies showing no neu-
rotoxic effects using methods designed for any lev-
el in table 1. The last class represents a continuum
of studies ranging from those of no value to those
demonstrating with reasonable certainty that a chem-
ical is not neurotoxic. However, from a scientific
point of view, negative evidence is always more du-
bious in nature than a positive result. Even with a
reliable study presenting negative evidence, the pos-
sibility cannot be excluded that, with another meth-
od, dose, duration of exposure, species, or route of

administration, neurotoxicity might be demonstrated.
Thus negative evidence is only tentative, whereas
adequate positive evidence is definitive.

II. Evaluation of all animal data and all human
data

In the second step of the evaluation process the evi-

dence is classified for all animal and human stud-

ies.

Animal data. Compared with humans, animals have
different patterns of metabolism, and different spe-
cies often show different sensitivity to drugs and tox-
ic compounds. Sufficient evidence for the neurotox-
icity of a chemical in animals can therefore gener-
ally be obtained only if at least one well-performed
experiment shows similar effects in two or more spe-
cies. However, in some cases, two or more independ-
ently performed experiments on one species or one
study supported by evidence from in vitro tests or
QSAR analysis may be sufficient. For example, suf-
ficient evidence from only one species may be sat-
isfactory for claiming the neurotoxicity of 1,2-diethyl
benzene and its metabolite because of their structural
relationship to n-hexane and its metabolite, which is
known to induce human neurotoxicity (32). In other
words, if a chemical is found to be neurotoxic in one
species, it can only be evaluated as neurotoxic to oth-
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er species if strong supporting evidence from in vit-
ro tests or QSAR analyses exist.

Human data. In contrast to the requirements for an-
imal experiments, only one well-performed human
study showing effects on level 4, 5, or 6 (table 1) is
required for sufficient evidence of neurotoxicity to
humans. For ethical reasons, controlled experiments
fulfilling these requirements are generally not avail-
able, and, therefore, epidemiologic studies and case
reports are the main source of human data.

In general, several studies, each representing lim-
ited or inadequate evidence, can never increase the
overall degree of evidence to a higher level than that
of the highest rating individual study. In some situ-
ations, when the same mechanism is examined, how-
ever, several reports with limited evidence can add
up to sufficient evidence.

Studies suggesting negative evidence of neurotox-
icity may throw doubt on similar studies which in-
dicate that the same chemical is neurotoxic, and the
evaluation may result in classifying the available ev-
idence as inadequate. Nevertheless, a single negative
study is only of limited value, but, if there are sev-
eral well-performed studies showing no neurotoxic-
ity, the overall evidence may be classified as nega-
tive. In principle, however, a chemical can never be
proved not neurotoxic, and therefore the evidence for
a lack of neurotoxicity should be substantial before
it is classified as negative.

III. Combining animal and human data

In the final part of the evaluation, the overall degrees
of evidence for neurotoxicity in animals and humans
are combined in a statement regarding the certainty
with which the chemical in question is considered
neurotoxic to humans. The outcome of all different
combinations of evidence of neurotoxicity in animals
and humans is shown in table 2. The result is five

groups depending on the degree of evidence for neu-
rotoxicity. [The group designation corresponds to
that used by the International Agency for Research
on Cancer (IARC) in its classification of chemical
carcinogens].

Group 1. Neurotoxic to humans. Agents in group |
are those with sufficient evidence from human stud-
ies or limited evidence from humans supported by
sufficient evidence from animal experiments. If there
is sufficient evidence for neurotoxicity in humans,
the chemical is, of course, neurotoxic to humans.
However, extrapolation from animal experiments to
conditions that prevail in industrial exposure is dif-
ficult. If a chemical has been proved neurotoxic in
animal experiments, it does not necessarily imply that
the same chemical is harmful to occupationally ex-
posed humans. In recognition of the fact that a toxic
effect may be specific only to some species, neuro-
toxicity to animals can at best only suggest with a
certain degree of probability that the chemical is also
neurotoxic in humans. However, the probability of
neurotoxicity to humans increases if the effect has
been demonstrated in closely related species (pri-
mates), or in species that are physiologically simi-
lar to man, and if supporting evidence from in vitro
tests or QSAR analyses exists. We therefore suggest
that a chemical agent be classified as neurotoxic to
humans on the basis of sufficient evidence from an-
imal experiments and limited evidence from human
studies.

Group 2A. Probably neurotoxic to humans. Chemi-
cals classified into group 2A are those with limited
evidence from human and animal studies or sufficient
evidence from animal studies alone or in combina-
tion with inadequate evidence from human studies
or supporting evidence from in vitro tests or QSAR
analyses.

Table 2. Classification of the neurotoxicity of a chemical agent to humans on the basis of the degree of evidence from animal
and human studies. Group designation (group 1, 2A, 2B, 3, and 4) corresponds to that used by the International Agency for

Research on Cancer for chemical carcinogens.

Degree of Degree of evidence from human studies
evidence from
animal studies Sufficient Limited Inadequate Negative
Sufficient Group 1, Group 1, Group 2A, Group 2B,
neurotoxic neurotoxic probably neuro- possibly neuro-
toxic toxic
Limited Group 1, Group 2A, Group 2B, Group 3,
neurotoxic probably neuro- possibly neuro- not classifiable
toxic toxic
Inadequate Group 1, Group 2B, Group 3, Group 4,
neurotoxic possibly neuro- not classifiable probably not
toxic neurotoxic
Negative Group 1, Group 2B, Group 3, Group 4,
neurotoxic possibly neuro- not classifiable probably not
toxic neurotoxic




Group 2B. Possibly neurotoxic to humans. Chemi-
cals in group 2B are those for which the evidence
from human studies is limited to negative and the
evidence from animal studies is sufficient to nega-
tive. (See table 2.)

Group 3. Cannot be classified. The available data on
chemicals in group 3 are inadequate or contradict-

ing.

Group 4. Probably not neurotoxic to humans. Chem-
icals for which there is negative evidence for neu-
rotoxicity in humans and negative or inadequate ev-
idence from animal studies belong to group 4.

1V. Evaluation of neurotoxic potency

It would lead too far to provide full documentation
on how to establish the potency of a neurotoxic
chemical. The following general considerations
should, however, be made. An evaluation of the neu-
rotoxic potency of a chemical is based upon a de-
scription of the dose-effect relationships observed in
one or more studies. In theory, it is possible to de-
scribe the relationship between exposure and effect
from experiments examining the toxic effect of two
or more doses. The position and slope of the dose-
effect curve provides an estimate of the potency of
the chemical. However, before the most reliable and
precise index of potency can be achieved, dose-ef-
fect relationships should ideally be based on all avail-
able observations.

Once a functional relationship between dose
and effect has been established, it is generally pos-
sible to predict the NOEL and the lowest-observed
effect level (ILOEL), which can also be used as a
measure of toxic potential. The NOEL, although
often less informative than the LOEL, can then be
used to set exposure limits below which workers (or
the public) can be exposed without adverse health
effects.

Dose-effect relationships and potency are usually
first determined more precisely when the target or-
gan or mechanism of toxic action has been estab-
lished. It is therefore only relevant to discuss poten-
cy for chemicals that have been proved neurotoxic
(chemicals in group 1). The measures used as indi-
ces of the toxic effect must be expressed in a man-
ner that can be directly quantified (41). In combin-
ing data from different studies, it is also important
that the duration of the exposures and routes of ad-
ministration be taken into consideration.

It is often necessary to use toxicokinetic models
to compare different studies in which different ex-
posure routes and exposure patterns have been used
(42). Toxicokinetic models make it possible, at least
theoretically, to calculate the concentration (mg -
kg™) in the blood stream or at the target site as a
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function of time, provided certain kinetic data for the
substance and its metabolism are known and relevant
physiological parameters for the species used are
available (43, 44). The use of physiologically based
pharmacokinetics models has also been suggested for
interspecies extrapolations (45).

The route of administration and the duration of
exposure are of significance for the resulting effect.
For occupational regulation, experiments using ad-
ministration by inhalation or by skin contact have the
highest informative value. The administration of
chemicals by other routes may give rise to transient
concentration levels and effects that are of no rele-
vance to occupational exposure. Experiments using
different exposure routes and exposure durations can,
at least to some extent, be compared through calcu-
lations of the absorbed dose and peak concentrations
according to toxicokinetic models. It has been sug-
gested that the absorbed dose should be given in
mg - kg - d', and, if possible, the peak concentra-
tions at the target site or in the blood should be es-
timated to allow comparison with the values relevant
for occupational exposure.

We suggest that the values listed in table 3 be used
for classifying neurotoxic chemicals according to
their potency.

Classifying and ranking neurotoxic chemicals ac-
cording to their potency may be of importance for
regulatory purposes. Furthermore, ranking may be a
valuable tool for risk assessment and for the indus-
trial hygienist in considering potential candidates as
substitutes for hazardous compounds. However, any
classification is arbitrary in nature, and the regula-
tory consequences that it may entail depend solely
on political decisions. Furthermore, the potency of
a chemical should not be confused with the risk of
being exposed to the compound. Some chemicals
may be classified as highly potent, but they do not
necessarily present a serious risk to the work envi-
ronment. For example, aluminum is highly neurotox-
ic when in contact with neurons, but aluminum is
unlikely to be absorbed during work with aluminum
compounds. Finally, it is relevant to mention that
potencies should only be compared within a class of
related chemicals.

The values in table 3 have been used for classify-
ing the five neurotoxic chemicals in table 4 accord-
ing to their potency in the work environment.

Table 3. Suggested classification of neurotoxic chemicals ac-
cording to potency.

Potency Dose?

Slightly neurotoxic 200—2000 mg - kg=!-d~*
Moderately neurotoxic 20—200 mg-kg='-d-?
Highly neurotoxic <20 mg - kg—1-d-1

2 Absorbed dose per day required to elict a consistent effect
on one or more of the levels 4 to 6 in table 1.
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Table 4. Summary of the evaluation process for the 10 chemicals evaluated.

Degree of evidence

Chemical Conclusion Potency?
Animals Humans
Aluminum Sufficient Limited Neurotoxic High®
Cyclohexanone Inadequate Inadequate Not classifiable .
Dichlorvos Limited Inadequate Possibly
neurotoxic
Formaldehyde No data Inadequate Not classifiable
Manganese Sufficient Sufficient Neurotoxic High
n-Hexane Sufficient Limited Neurotoxic Moderate —
high
Tetrahydrofuran Limited Inadequate Possibly e
neurotoxic
Trichlorethylene Sufficient Limited Neurotoxic Moderate
Tri-ortho-cresyl Sufficient Sufficient Neurotoxic High
phosphate
Vinyl chioride No data Limited Possibly
neurotoxic

2 The potency (slightly, moderately, or highly neurotoxic) of the chemical at the target site has only been established for those

chemicals that are neurotoxic.

b Aluminum is generally considered a nontoxic compound due to its low uptake by inhalation and ingestion, but when it has
reached the target site, the neurotoxic potency of aluminum is fairly high.

Testing of the model

For the purpose of testing how the model works, se-
lected literature on 10 chemicals was evaluated ac-
cording to the criteria described in the preceding sec-
tions. The 10 chemicals were aluminum, cyclohex-
anone, dichlorvos, formaldehyde, manganese, n-hex-
ane, tetrahydrofuran, trichloroethylene, tri-ortho-
cresyl phosphate, and vinyl chloride. The studies on
which the evaluation was based are listed in appen-
dix 1, and a fully documented report (46) is availa-
ble upon request.’

The results of the evaluation are summarized in
table 4. Aluminum, manganese, n-hexane, trichlo-
rethylene, and tri-ortho-cresyl phosphate all were
found to be neurotoxic to humans (group 1), while
dichlorvos, tetrahydrofuran, and vinyl chloride were
considered possibly neurotoxic (group 2B). Cy-
clohexanone and formaldehyde were not classifiable
according to the present model (ie, there was no evi-
dence for neurotoxicity nor was there evidence which
suggested that they are not neurotoxic). The classi-
fication reflects the results of a hazard assessment,
but not the risk associated with working with the
chemicals. In the case of aluminum the evaluation
led to a classification of neurotoxic to humans, and
highly potent, but the risk of being poisoned by alu-
minum during normal work is considered fairly low,
as aluminum is practically not absorbed by inhala-
tion or ingestion.

5 Address requests to Dr L Simonsen, National Institute

of Occupational Health, Lersg Parkallé¢ 105, DK-2100
Copenhagen, Denmark.

Discussion

According to our knowledge this is the first attempt
to provide an operational model for evaluating in-
formation on the neurotoxicity of chemicals. Al-
though the model seems to serve its purpose, we are
aware that it is not free of pitfalls. Any classifica-
tion of continuous functions will give rise to border-
line problems — in this case the most evident in ta-
ble 2. There is no strict line between any of the four
degrees of evidence, neither for animal nor for hu-
man data. Furthermore, neurotoxicity has many dif-
ferent facets, and neurotoxic chemicals can interfere
with the nervous system at many different sites and
therefore give rise to many different effects and
symptoms. Hence toxic responses of the nervous sys-
tem to chemicals can be detected in many ways, and
assessing neurotoxicity is therefore a process involv-
ing subjective evaluation of the methods used, the
way the experiment was performed, and the interpre-
tations made. These processes can hardly be set up
in a prescription and will therefore always give rise
to some discrepancy when performed by different
persons. Therefore, although the model appears rath-
er “mechanistic,” it is definitely not free from sub-
jective judgment.

The model bears many similarities to the IARC
model for classifying carcinogenic chemicals, and
these similarities are fully intentional (35), partly due
to the similarity of the nature of the task. On the other
hand, it is clear that the models differ in detail. A
major obstacle for developing a model or setting up
criteria for neurotoxicity is, unlike for carcinogenic-
ity, that the toxic response is not all or none; instead
it represents a continuum in severity. Consequently,



a model for neurotoxicity will necessarily be more
elaborate than the IARC model. Furthermore, it has
to be established at which response or symptom level
an effect has to be considered adverse, which is again
unlike cancer, for which any event in the process of
developing a tumor is not only undesirable but may
also turn out to be fatal.

Nevertheless, it has been possible to classify the
neurotoxic chemicals into five groups comparable to
the grouping used by the IARC model. This classi-
fication has been used to make the interpretation of
the model easier.

During testing of the model we often found it par-
ticularly difficult to evaluate whether the observed
effects were directly related to the exposure condi-
tions. Furthermore, it often appeared that the infor-
mation in many reports was insufficient for estab-
lishing dose-response relationships.

Another problem was how to handle information
dealing with effects seen in lower animals, isolated
cells, and cell cultures. The working group was most-
ly inclined to consider the use of cell cultures or in
vitro experiments for the screening of neurotoxicants
as premature. However, these methods may be val-
uable for examining neurotoxic mechanisms. The use
of data from in vitro tests and QSAR analyses is con-
sequently suggested to be limited to supporting the
evidence from human and animal studies.

In spite of these reservations, we feel that the mod-
el works reasonably well for evaluating the strength
of the scientific evidence with respect to the neuro-
toxicity of a chemical.
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