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Human behavioral toxicology

Central nervous effects of low-dose exposure to neurotoxic substances
in the work environment

by Anders Iregren, PhD, Francesco Gamberale , PhD 1

IREGREN A, GAMBERALE F. Human behavioral toxicology: central nervous effects of low-dose ex­
posure to neurotoxic substances in the work environment. Scand J Work Environ Health 1990;16(suppl
I): 17- 25. The central nervous effects of low-dose exposure to the neurotoxic substances foun d in the
work environmen t can manifest themselves both as adverse subject ive reactions and as perf ormance
impairments and physiological changes. The acute manifestations of these effects can be studied unde r
highly controlled conditions in labora tory experiments on volunteers or in quasi-experimental field studies
on occupatio nally exposed wor kers. The effects of long-term occupational exposure are commonl y studied
with the use of epidemiologic techniques in cross-sectional investigations or coho rt studies. In addition
studies using data from clinical cases have been conducted to describe the chronic effects of exposure.
Although these types of investigations can provide valuable information on the health hazards due to
the neurotoxicityof different substances, their accomplishment encounters theoretical and practical problems,
some of which are described and discussed in the present paper.
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Classical toxicologic criteri a based on obvious injury
assessed with clinical, epidem iologic, or experimenta l
methods have too often been found inadequate, in view
of the continuously increasing demand s for the preven­
tion of health hazard s to man from environmental ex­
posure to chemicals. Indeed , the classical toxicologic
approac h based solely on lethality and /or advanced
pathology implies an arbitrary safety factor. In the oc­
cupa tional environment tod ay, exposure to chemical
agents most comm only occurs at relatively low doses,
which only rarely cause specific and definite patholog­
ica l symptoms. However , the results o f a large num­
ber of recent investigations clearly show that low-level
exposure to severa l of the substances commonly found
in the environm ent may cause impairment to the func­
tional capacity of the nervous system. For this reason,
toxicologists are currently taking an increasing interest
in behavioral tests and procedures suitable for a quan­
titat ive evaluation of the effects of exposure to chem i­
cal substa nces also at low-dose levels. The major ob ­
jective of this trend in mod ern to xicology is to find
ways to detec t , as early as possible, changes of sys­
temic or nuisance natur e that may be affecting humans.

Thu s the ever increasing interest in behavioral tox i­
cology is probably due to the sensitivity shown by psy­
chological measur ement techniques to unveil changes
which otherwise would not be detected in the hum an
organism. The evidence that these changes are among
the earliest indicators of the occurrence of health
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effects has, by now, become unequivocal. As a con­
sequence the measurement of behavioral effects has
come to be widely regarded as a device of major
importance for the mon itorin g of potential health
hazards. Thi s development seems to agree with the
definition of health put for ward by the World Health
Organ izat ion which has stated that hea lth does not
mean only absence of disease but also optimum physi­
cal , mental, and social well being and, moreover, that
health not only means freedom from pain and disease,
but also freedom to maint ain and develop one' s func­
tional capabilities.

The neurotoxic work environment

Behavioral methods have been widely and successful­
ly applied in many countries in studies of the neuro­
toxic effects from numerous compounds, such as or­
ganic solvents, anesthetic gases, heavy metals, and
chemicals used in agri culture.

The follo wing listing of potentially neurotoxic sub­
stances that are used in the work environment and have
been investigated using behavioral methods is by no
means exhau stive. The list summarizes the studies per­
formed at our institute, and for each substance studied
elsewhere only a single refer ence is given as an exam ­
ple. This list sho uld, however, give the reader an idea
of the potential of the use of behavioral method s within
toxicologic research.

A large num ber of single solvents have been studied
experimentally. At our laboratory methylene chloride
(I), methyl isobutyl ketone (MIBK) (2), styrene (3),
to luene (4) (5), I , I; I-trichloroethane (6), trichloroethy-
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lene (7), white spirit (8), and xylene (9) have been
studied. Still other solvents have been investigated else­
where, eg, acetone (10), ethanol (II), formaldehyde
(12), meth yl chloride (13), methyl ethyl ketone (MEK)
(14), and tetrachloroethylene (15).

Furthermore, the effec ts of a number of combina­
tion s of solvents have been investigated. At our insti­
tu te we have studied toluene in combination with
xylene (16) and in combination with ethanol (17). Other
laboratories have investigated the effects of, eg, ace­
tone and MEK (18), tetrachloroethylene and ethanol
(IS) , tolu ene and MEK (14), trichloroethylene and
ethanol (19), xylene and etha nol (20), and xylene and
trichloroeth ane (21). Toxic gases that have been inves­
tigated experimentally include carbo n mon oxide (22),
nitrous oxide (23), and halothane (24). The effects
found in the studies of acute solvent exposures are
generally slight , transient, narcotic effects, measured,
eg, as prolonged respon se latenci es in various tests.

At our laboratory , some cross-sectional investiga­
tions have been performed to study the potential toxic
effects of long-term occupational exposures. These in­
vestigations included workers exposed to toluene (25),
jet fuel (26), and mixed solvents (27). Other research­
ers have studied , eg, workers exposed to carbon di­
sulfide (28), methylene chloride (29), and styrene (30)
and also performed a number of investigations on
groups of workers exposed to mixtures of solvents. The
most commonly studied groups with mixed solvent ex­
posure are house paint ers (31) and spray painters (32).
Th e effects from long-term exposure to organic sol­
vents seem to be very nonspecific and range from com­
plaints of diffuse symptoms like fatigue or memory
impairment to subst antial redu ction in intellectual
functions, measured, eg, as concentration difficulties,
memory problems, and decreased learn ing capacity.

We have recentl y investigated workers exposed to
mangan ese (33), and other research gro ups have
studied the effects of exposure to metals like lead (34)
and mercury (35). There are also some studies on work­
ers expos ed to chem icals used in agriculture , eg, that
of Metcalf & Holmes (36). Th e effects of long-term
exposure to metals, eg, peripheral nervous system
effects o f mercur y, appear to be mor e specific than
the diffuse effects related to long-term solvent ex­
posur e. An increased tre mor is often registered, and
in severe cases the tremor may even be revealed in tests
of eye-hand coordinati on .

As can be seen from these examples, behavioral
methods have been applied in studies of effects of both
short- and long-term exposure to a large number of
potentially neurotoxic substances. Experimental studies
on the acute manifestations of organic solvent toxici­
ty have, for several compounds, provided informa tion
that has been used to determine industrial exposure
standards. There is still, however , a controversy con­
cerning the validity of the results of studi es on the
effects of long-term exposures. This is certainly the case
regarding the possible effec ts of long-term occupa-
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tional exposure to organic solvents. Th ese discussions
are beyond the scope of the present paper , and , for
more comprehensive reviews of the research on effects
from organic solvent exposur e, see the reports by Dick
(37), Gamberale (38), Grasso et al (39), lregren (40),
or Spencer & Scha umburg (41) as recom mended.

Research problems

Route of exposure

To our knowledge no human experiment with the ob­
jective of studying behavioral effects has adop ted
derma l contact as a means of exposing subjects to sol­
vents . Ingestion, which is the usual route o f exposu re
in beha vioral pharmacology, has also been the com­
mon procedure for administering doses in studies of
the effects of alcoh ol. Experimental exposure to sol­
vents has almost exclusively been brou ght about by in­
halation of the solvent vapor. In long-term exposures
the rout e may be, eg, inhalation (solvent vapors, ex­
haust fumes, or du st contai ning heavy metal s) or in­
gestion (foodstuffs contaminated with meta ls, chemi­
ca ls fro m agriculture, or other toxicant s).

Exposure set-up

Exposure to gases or solvents can take place in an ex­
posure chamber in which the gas or vapors are injected
into the air of the chamber or, in special cases, by
having the subjects inhale the agent thr ough a mask
or a breathing tube. Th e use of an exposure chamber
enables several subjects to be exposed simultaneo us­
ly. Mor eover, the subjects can be exposed for much
longer periods than is possible with a mask or oth er
devices. For certa in purposes, however, it might be of
importance to expose subjects for very sho rt periods
of time, as is requ ired in most psychophysical studies,
or to avoid uptake of the agent throu gh the skin. When
effects of long-term exposures are studied, the possi­
bilities for derm al uptake or uptake by ingestion of
the toxic agent must also be taken into con sideration .

Level of exposure

Experimental invest igations may be directed toward s
the same behavioral effect or different behavioral
effects at different levels of expos ure . Thus, for some
agent s, psychophysical studie s have been perfo rmed
to assess the lowest level of exposure detectable by
humans, ie, the perceptual th reshold for the specific
agent. Informat ion concerning the perceptual thresh­
olds is of parti cular importa nce for substances with
irritati ng characteristics, eg, formaldehyde, carbon di­
sulfide, and styrene. In most exper iments, however,
the aim has been to evaluate the risks for acute
manifestations of toxicity in the central nervous sys­
tem (eNS) in occupational exposure. For this reason,
the specific objective has often been to assess the lowest
level of exposure capable of causing functiona l impair-



ments to the nervous system. For ethical reasons, sub­
jects are seldom exposed experimentall y to concentra­
tions abo ve current exposure standards. Ther efore ex­
perimental studies nowada ys are often performed to
evaluate occupational exposure limits or other sta n­
dard s. For new agents or mixtu res of agents hum an
experimental studies might contribute to the establ ish­
ment of new exposure standard s.

In studying the effects of past exposure conditions,
the most difficult task is to obtain reliable exposure
dat a. In most cases there is no way of estimating what
the exposure has been at the individual level, and the
investigator is ofte n left only with information regard ­
ing average expos ure at the gro up level. In some cases
the investigator has to rely merely on inform ation con­
cerning the number of years the subjects have been em­
ployed in the exposed occupation.

Duration of exposure

According to the literature , hum ans have been ex­
perimentall y exposed to, eg, solvent vapors for periods
of time ranging fro m a few seconds to 8 h. Exposure
periods of a few seconds have exclusively occurre d in
psychophysical studies aimed at the assessment of per­
ceptual thresholds (12). Eight hours has been the length
of exposure in some studies perfor med to investigate
the adequacy of current occupational standards. More­
detailed info rma tion on the duration of experimental
exposure to solvent vapors in human experimen ts can
be found in reviews by Gamberale (38) and Anshelm
Olson (42).

It might be questioned whethe r it is necessary to ex­
pose subjects for 7 or 8 h in ord er to evaluate ex­
periment ally the adequacy of occ upati onal exposure
limits in eliminating risks for acute effects on central
nervous functions. Even if occupatio nal exposure limits
and other exposure standards are intended for 8-h time­
weighted averages, workers are very seldom exposed
for this period of time without a lunch break or ot her
pa uses.

Variation of exposure over time

Some resear chers have investigated and comp ared ex­
perimental expos ure conditions which yield ident ical
time-weighted averages but differ considerably with
regard to the variat ion in expos ure over time. In an
experiment by Savolainen et al (43), eg, one experimen­
tal condition consisted o f expos ing subjects to a con­
sta nt level of xylene, while in ano ther conditio n the
same time-weighted average was obta ined for the con­
centration of xylene with considerable variati on in ex­
posure over time. Both these conditions of exposure
occur frequ ently in the work environment. Thu s, in
a quasi-experimental field study o f the acut e effec ts
o f exposure to styrene in four shipyards (44), two
gro ups of exposed workers, assemblers and resin ap­
pliers , were studied separately and were com pared to

each oth er and to a group of unexposed workers. The
two experiment groups were exposed to the same time­
weighted average of styrene. How ever , while the as­
semblers were exposed to relatively low concentrations
during the whole workday, the resin appliers were
repeatedly exposed for shor t periods of time to rela­
tively high concentrations of the solvent. Neither the
experiment nor the field study gave sufficient evidence
to allow conclusions about differences between the two
cond ition s with regard to potential risks for acute ef­
fects .

The implications of variations in exposure levels for
the development of effects from long-term expo sures
are not known. It has been suggested, however, that
occasional high levels of exposure may be of particu­
lar importance in th e development of chronic effects
(45 ) .

Contr ol of exposure

The contro l of exposure in experimental studies is
usually carried out through the monitoring of the con­
centra tion of the solvent vapor in inspir ed air. This
cont rol may be supplemented by biological measure­
ments of the concentrat ion of solvent in, eg, alveolar
air , venous blood , arterial blood, or adipose tissues.
Due to its effect on ventilation, physical work increases
the uptake of the so lvent in the body and influ ences
its metabolism. Thu s, in a few studies, exposure to sol­
vents has been enhanced by the exposed subjects'
working on a bicycle ergometer. In two of these studies
(9, 43), it was sho wn that an increase in the uptake
of a solvent, obtained with this meth od , could indeed
be followed by an impairment in performance. In other
studies (46) impairments in performance were related
both to the concentrat ion of the solvent in the inspired
air and to the uptake of the solvent in the bod y as es­
timated on the basis of measurem ent s of alveolar air
concentra tio n.

Regarding long-term exposur es, there are seldom
dat a on ambient expos ure levels for individual work­
ers. For some agents, however, dat a from biological
monitorin g may be available, such as blood levels of
lead or styrene metab olit es in urine.

Biotransf ormation

Many toxic compo unds have to be transformed before
they can be excreted, although some of the agent taken
up may leave the organ ism unch anged in expired air,
urine, or feces. Th e chemical proc esses involved in the
biotransformation of many compounds, such as or­
gani c solvents, are not known in detail, although for
some agents the enzyme systems involved in these
processes have been explored . While the metabolic
processes generally result in less toxic intermediates,
for some agents reactive metabolites are produced
which are more toxic than the original compound.
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Effect mechanisms
Although very little is known about the actual physi­
ological processes underlying normal central nervous
functions, there is a rapidly growing body of knowl­
edge concerning the specific neurochemical effects of
exposure to various agents. For most neurotoxic com­
pounds the exact mechan ism of action is still not fully
understood, but several possible ways of causing toxic
effects in the CNS are known. A disturbance of neu­
ron al fun ctioning due to exposure to neur otoxic sub­
stances could be caused by effects on , eg, cell mem­
bran es, axonal transportation , and cell metabolism or
by interference with synaptic functions through
changes in neurotransmitter balance.

Type of effects
Various types of interactions, eg, additive, synergis­
tic, or antagonistic, may occur in exposure to mixtures
of chemicals. The effects from a mixture may be equal
to , worse than, and in some cases even less than the
mere sum of the separate effects. Additive effects are
generally assumed when exposure norms are estab­
lished . It has been shown, however , that the effects
from some combinations of agents, which are relatively
harmless separately, may potentiate each other strong­
ly.

Individual susceptibility
Th e large interindividual vanation in respon ses to
irritating compounds is a well known fact. For man y
irritating agents, it has been established that individuals
with a predisposition for allergic reactions exhibit much
stronger reaction s than others. Similar differences
between individuals have been proposed to account
for the large variation observed in CNS respon ses to
long-term expo sures. However , to our knowledge, no
studies pertaining to this question have been reported
so far.

Reversibility of effects
The degree of reversibility of effects from environ­
mental toxicants is dependent on , eg, the toxicity of
the specific agent, the level of expos ure, the length of
the exposure period, and the susceptibility of the in­
dividu al af fected. Although very little is known about

the actua l mechanisms by which var ious toxicants ex­
ert their influence on the organism, it is believed that
the effects may be reversible as long as there is no struc­
tural dam age to the nervous system.

Three effect continua

The neurotoxic effects caused by exposure to unfavor­
able environmenta l condition s are genera lly assessed
with ana lyses of the changes in individual response
which may occur as a result of impairments in the func­
tional capacity of the nervous system. These impair­
ments might be indicated by measurements in any or
all of the three effect domains illustrated in figure I .

Perception

Th e perceptual domain includes all kinds of subjec­
tive reactions, eg, sensations, feelings, symptoms.
These reactions are usually assessed with the use of in­
terviews, questionnaires, and ratin g scales or by clas­
sical psychoph ysical methods.

Perf ormance

The perfor mance domain includes all kinds of objec­
tive measures of the capacity of the nervou s system
with regard to sensory, perceptu al , cognitive , and
motor functions. Over the years, man y tests and bat­
teries have been applied in beha vioral toxicology, and
a recent trend has been the computeriza tion of tests.
Reasons for this trend can be found in the many poten­
tial benefits from automated or computerized testing,
which includ e an opportunity for stric t sta nda rdiza­
tion of test procedures, possibilities to perfo rm detailed
measurement and anal ysis of single respon ses or re­
sponse components, and an increased precision in the
measurement procedure. The computerized systems are
flexible and thus can be used to administer a variety
of tests and to facilitate prompt scoring and evalua­
tion of the results. Furthermore, computers are trans­
portable and thus make field testin g feasible.

Some possible implications of computerized testing
have been criticized . Two critical po ints mad e are the
supposedly poor rapport between the subject an d the
mach ine and the stat ic form of computerized testing.
Furthermore, computerized testing implies difficulties

Independent variables Dependentvariables

Neurotoxic Perceotual dimension <,

I I influences ./
Toxic agent

Human Performance dimension <,
Subject ./

I Extraneous factors : c f don Dun ng. Phvsioloaical dimension <,

modifying. /'
and interacting

influences
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Figure 1. Model of the three effect do mains in
behavioral toxicology research. The toxic et­
fects of exposure and the confounding effects
of extraneous fact ors (ind ependent variables)
are observed as changes in the percept ual. per­
forman ce , and physiolog ical variables (depen­
dent variables).



in testing large groups, and, most impor tant, it implies
restrictions with respect to both stimulus and response
mod es.

Since administ ra tion of, eg, aud itory or tactile
stimuli require the use of rather complicated external
equipm ent , the implementations of perfo rmance tests
on computers have almo st exclusively relied upon
visual stimuli. The few response media available
present a similar problem with respect to the develop­
ment of tests. Since input to a computer is normally
made via the keyboard, most testin g systems are cur­
rently restr icted to this medium. Atte mpts to use other
means of input usually also imply manual perform­
ance, as, eg, with joy-sticks or touch sensitive screens.
These restrictions are, at present , limit ing factors in
the development of standardized computerized test
bat teries. Access to a fast and reliable system for
pro cessing speech input would , of course, provide a
much better solution.

In spite of the limitations, the use of computerized
testing systems is steadily increasing. One example is
the system currently in use at our laboratory , the Swed­
ish Perforn~ance Evaluation System (SPES) (47). This
system has evolved over many years to meet our needs
in toxicologic research , and it is thus well established.
In add ition to several performance tests, it contains
several ra ting scales for the measurement of mood ,
symptoms, and subjective effort.

Various aspects of computerized testing have been
treated in recent reviews by, eg, Bartram & Bayliss (48),
McArthur & Choppin (49), Space (50), and Thomp­
son & Wilson (51).

Physiology

The physiological dom ain covers all measures, espe­
cially electrophysiological ones, which might reveal
functional changes in the central or peripheral nervous
system. Of special interest in this context are the mea­
sures collected by electroencephalographic methods
and the measures of peripheral nerve conduction in
majo r sensory and motor pathways.

Study design

Various research strategies and types of studies are
represented within human behavioral toxicology re­
searc h. To give a general idea of the variety of inves­
tigations performed in this field of research , a few
study types will be described and discussed briefly.
They are (i) an experimental laborat ory study, (ii) a
quasi-experimental field study, (iii) a cross-sectional
epidemiologic investigation, (iv) an epidemiologic
register study, and (v) a study based on clinical obser­
vations.

Experimental laboratory studies

An investigat ion of the acute effects of exposure to
toluene in combinati on with ethanol intake reported
by Iregren et al (17) will serve as an example of an ex­
perimental laboratory stud y.

The objective of this experiment was to study wheth­
er exposure to toluene at a level corre sponding to the
Swedish exposure standard (80 ppm or 300 mg/m') for
4.5 h and ingestion of ethanol (15 mmo Ilkg) could in­
duce beha vioral effects. This goal was accomplished
by studying the results of four computerized psycho­
metric tests, by registering symptoms and mood
changes, and by recording physiological indices of
wakefulness for 12 male volunteers under four differ ­
ent experimental conditions. The experimental cond i­
tions which were compared included (i) exposure to
toluene , (ii) intake of ethanol, (iii) exposure to toluene
and intake of ethanol, and (iv) control conditions.
Toluene exposure produced symptoms like headache
and local irritation, and a weak depression of heart
rate during rest as well, but it did not reduce perform­
ance capability. Ethanol ingestion impaired perform­
ance on two of the tests and also increa sed heart rate .
Mood was likewise altered by ethanol, but no increase
in subjective symptoms due to ethanol ingestion could
be demonstrated. Physiological indices of wakefulness
were not affected either by toluene exposure or by
ethanol intake . No interaction effects were found .

Within behavioral toxicology, experimental studies
of the type described have been conducted primaril y
to study the risks for acute effect s on the nervou s sys­
tem when workers are exposed to the low concentra­
tions of neurotoxic substances commonly encountered
in the work environment. Since the experimental proce­
dure allows the manipulation of exposure and the con­
trol of known confounding influences, laboratory ex­
periments are especially suitable for establishing dose­
response relationships, which is one of the primar y
goals in toxicology.

The most evident limitation of the experiment as a
research strategy is that it cannot directly generate data
of interest for the evaluation of effects from long-term
exposure . In spite of this limit, experiments have often
been performed to establish entirely new exposure stan­
dards or to evaluate already existing standard s.

Experiments are often criticized for their lack of
representativeness with respect to the exposure situa­
tion and with respect to the selection of subjects. In
fact, in most respects the exposure situation in the real
work environmen t cannot be simulated in an exposure
chamber. The extent to which results obtained in the
exposure chamber can be generalized to the exposure
situation encountered in the work environment is open
to debate. In addition , for practical and safety reasons,
the subjects parti cipating in inhalation studies are of­
ten chosen from " healthy young male students." There
are , however, a few studies (eg, references 5 and 52)
in which occupationally exposed workers of varying
ages have been experimentally exposed . In these cases
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the results have not been different from those obtained
with young, healthy volunteers.

The aforementioned limitations of the experiment
as a research strategy in behavioral toxicology are part
of the rationale for performing so-called quasi-ex­
perimental field studies.

Quasi-experimental field studies
A field study that was reported by Anshelm Olson (53)
on workers in the paint indu stry will serve as an ex­
ample of this type of study design.

The study was conducted to investi gate the effects
on the CNS function of paint industry workers who
were exposed daily to a mixture of organic solvents .
Forty-seven solvent-exposed workers and forty-seven
age-matched unexposed industrial workers were exam­
ined before and after a workday with a battery of tests
including reaction time, perceptual speed, short-term
memory, and critical flicker fusion. A questionnaire
was used to assess subjective symptoms. The exposed
group consisted of workers who had been occupa­
tionally exposed for more than 10 years or were ex­
posed to concentrations of solvents clearly above the
occupational exposure limits at the time of the inves­
tigation. On the average , the exposed workers per­
formed less well than the unexposed group on the tests.
The differences were the most pronounced in the mea­
surements performed after the workday for the group
exposed to higher solvent concentrations. The result
could be interpreted as primarily due to an acute effect
of exposure to the solvent mixtures.

This investigation, which can be regarded as a quasi­
experiment, gives an interest ing illustration of how be­
havioral changes during the work shift may be associat­
ed with acute effe cts of solvent exposure.

The characteristic feature of this type of study is that
measurements of the dependent variables are per­
formed both at the beginning and at the end of a work­
day. The rationale of this design is based on the un­
derlying assumption that the effect of solvent exposure
during the day may manifest itself at the end of a work­
day with a return to normality by the beginning of the
following workday, after approximately 16h free from
exposure. If, on the contrary, the action of the ex­
posure to solvent vapors lasts long enough to bridge
the exposure-free period between two con secuti ve
workdays, the behavioral variables should be negative­
ly affected also at the start of a workday.

The application of this stud y design does, however,
requ ire very careful planning and thorough experimen ­
tal control, since the results may easily be biased by
various confounding factors associated with the selec­
tion of workers. Furthermore , when measures of be­
havioral variables have to be carried out at different
times during the da y, circadian rhythm s, learning, and
motivation may con stitute confounding factors. It is,
eg, necessary , as an operation of experimental control,
that half of the workers in the expo sed and in the age-
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matched contro l group be examined before work the
first time and after work the second time, whereas the
other half must be examined after work the first time
and before work the second time.

Cross-sectional epidemiologic studies

A study of the performance effects of low-dose ex­
posure to man ganese in Swedish foundry workers, re­
cently presented by Iregren (33), will exemplify the
cros s-sectional study. A group of 30 mangane se-ex­
posed workers from two worksites and a reference
group of 60 workers matched for age, geographic area,
and type of work were studied with a comprehensive
computerized test battery. Manganese exposure was
found to be relatively low, varying between approxi­
mately I and 50 070 of the Swedish expo sure limit of
2.5 mg/m", and the duration of exposure was from
1 to 35 years. In the evaluation of the results a dif­
ference was found between the groups in a test of ver­
bal ability. As this difference was believed to indicate
a premorbid difference in general cognitive abilities,
a secondary mat ching of the groups was performed.
It added verbal test scores to the matching criteria. Fol­
lowing this secondary matching the performance of the
exposed group was still inferior to that of the refer­
ence group on tests of simple reaction time, memory
span, and finger tapping. These results were interpreted
by the author as indicating a risk for adverse effects
on the CNS at levels of exposure clearl y below the
Swedish standards for this substance.

There are, however, a number of difficulties in the
interpretation of group differences in behavioral mea­
sures found in cross-sectional studies. When comparing
the result s from two groups, one makes the assump­
tion that the gro ups were actually comparable with
respect to the outcome variable prior to expo sure.
There is unfortunately no way to ascertain this assumed
comparab ility when psychological effects are being
dealt with. Matching has often been tried, but the num­
ber of potentially confounding variables is so great that
matching for all of them is practically impossible.

In clinical neuropsychology, it is common practice
to regard the results on tests of verbal ability as being
relat ively resistant to diffuse organic CNS damage .
Thi s hypothesis about "hold-tests" has been in­
troduced in behavioral toxicolog y, where the result s
on more intellectual tests have been assumed to indi­
ca te premorbid cognitive abilities. Thus secondary
mat ching or statistica l corrections for verbal ability
have o ften been applied, eg, by Hanninen et al (32)
in their study of car painters and by Hane et al (54)
and Lindstrom & Wickstrom (31) in studies of house
painters. Hanninen et al (32) compared car painters
to a group of railwa y engineers and found the exposed
group inferior on cognitive tests. Thi s difference was
elimin ated by a secondary matching. In the study by
Hane et al (54) hou se painters were compared to a
mixed group of industrial workers, who performed
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Figure2. Position of the mean reaction time fordifferent diag·
nostic groups as compared with the distr ibution of reaction
times in a population of 424 industrialworkers without solvent
exposure. (POS = psychoorganic syndrome, RT = reaction time)

Concluding remarks

There seem s to be various reasons for the use of be­
havioral method s in to xicologic studies. One is that be­
havioral methods have proved to be more sensi t ive in
many instances than traditional neurological o r neu­
rophysiological methods in situations invol ving low­
dose exposu re . This characteristic of th e behavioral
methods makes them especially useful in genera ting
adequat e dat a for the evaluation of existing exposure
standards for known neurotoxic substances, or for the
establishment o f new such standards for substances not
previously known to be neurotoxic. Because of their
sens it ivity, behavioral methods may reveal early signs
of functional disorders and thereby provide useful
means for pr eventing lat er manifestations of irre­
versible damage. Finally, and most impo rt a nt, be ­
ha vioral measures may contribute to a successful im ­
plementation of employee monitoring programs for
neurotoxic substances. One example would be the sys­
tematic co llection of behavioral data for follow-up
health assessment and effect monitoring .

wo rse th an the painters on a verbal test. In this study
the verba l test sco re was used for statis t ica l manipu­
lations aimed at making the gro ups co mpa rable. Lind ­
strom & Wickstrom (31) compared house painters to

co nc rete reinforcement workers and found the refer­
ence gro up to have higher scores on intellectual test s.
In this study results from preexposure intelligence tests,
per formed during the military se rvice, were used for
a secondary matching. The va lid ity of an y of these
pr actices is uncertain, but th e main po int that should
be mad e is that th e groups de facto were not compa­
rable in the firs t place. An y effort at seco ndary cor­
rect ion s o f thi s incomparability is certa inly debatable.

epidemiologic register studies

Dat a from various registers have been utilized in
epide miologic studies to obtain in formation regarding
the po ssible neuropsychiatric effects of long-term ex­
po sures to neurotoxic substances. These research
stra tegies should thus be mentioned in th is context,
although the y do not imply direct beh avioral measure­
ments. A few studies have been conducted to inves­
tigate th e role of solvent exposure as a ca use of dis­
ab ility pen sion due to neuropsych iatric disorders.
Thus, in a case-referent study , Axelson his a nd col­
leagu es (55) found occupations with solvent exposure
to be o verrepresented among disabled wo rkers . Simi ­
lar res ults were obtained in a co hort study performed
by Mikkelsen (56), who found an increased risk for
disability pen sion due to presenile dementia in a cohort
of Dani sh painters. Since an evaluati on of th e epide mi­
ologic techniques is beyond the sco pe of the present
paper , the int erested reader is referred to , eg, Hern­
berg (57) for a further di scu ssion of methodological
problems in the use of these stra tegies and to the review
by G rasso et al (39) for a discu ssion of the results .

Studies based on clinical data

Clinical data from three different applications (58,59,
and unpublished data) of the test of simple reaction
time fr om the SPES battery will serve as an illustra­
tion of the clinical uses of behavioral to xicology.

In the three clini cal applications o f the react ion-time
test a total o f nearl y 200 patients, referred to differ­
ent clinics o f occupational medicine with suspected
so lvent-ind uced occupational d isease, were tested .
Figure 2 shows the po sit ion of the mean reaction time
fo r different diagnostic groups as compa red with the
distribution of reaction times in a population of 424
industrial workers without solvent expos ure. From the
figure it can easily be seen that the groups di ffered
markedl y in th eir performance on the test. However ,
th e figure gives no information on the predictiv e value
of the results of this test with respect to the diagnosis
of so lvent-induced illness on an individual basis .
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