Neurotoxicology and Teratology, Vol. 10, pp. 39-50. © Pergamon Journals Ltd., 1988. Printed in the U.S.A.

Short Duration Exposures to Organic
Solvents: The Relationship Between
Neurobehavioral Test Results
and Other Indicators

ROBERT B. DICK

National Institute for Occupational Safety and Health, Division of Biomedical and Behavioral Science

Applied Psychology and Ergonomics Branch, Neurobehavioral Research Section
4676 Columbia Parkway, Cincinnati, OH 45226

Received 5 January 1987

DICK, R. B. Short duration exposures to organic solvents: The relationship between neurobehavioral test results and other
indicators. NEUROTOXICOL TERATOL. 10(1) 39-50, 1988.—Short duration exposure to solvents at even low concen-
trations can induce signs of mild toxicity such as mucous membrane irritation, tearing, nasal irritation, headache, and nausea.
These irritant effects are often used as warning properties for potential solvent toxicities and have frequently been
classified in the literature as pre-narcotic effects. With higher exposures the toxic effects are more pronounced and can
include intoxication, incoordination, exhilaration, sleepiness, stupor, and the beginning stages of anesthesia. Collectively
these effects are taken as indicators of narcosis. Offering recommendations for safe exposure limits for these shorter term
exposures is made difficult because, (1) the mild toxic effects are often reported subjectively and tolerance usnally
develops, (2) the solvent concentration(s) cannot be documented in all cases, and (3) the effects are reversible when
individuals are removed from exposure. Laboratory experiments involving controlled exposures to solvents using
neurobehavioral performance tests represent one form of investigation that can provide meaningful information in this
instance. The results can be viewed in two ways with reference to issues of safe exposure limits. One is to ensure that
performance functions that can compromise safety are not affected by the exposure limits prescribed. The second is to
consider performance changes due to short-term exposures as possible precursors of similar but more severe effects given
longer term exposures. Thus, setting exposure limits to protect against these performance changes could possibly prevent
the development of more serious cases of chronic solvent neurotoxicity. This paper compares solvent concentrations from
short-duration exposure studies using neurobehavioral tests with the concentrations producing irritant and narcotic effects,
as documented by the two main standards recommending bodies, the National Institute for Occupational Safety and Health
and the American Conference of Governmental Industrial Hygienists. Comparisons are also made with the regulatory
exposure limits established by the Occupational Safety and Health Administration. In general, the neurobehavioral changes
which occur following short-duration exposures are reported at concentrations between those which produce irritant
effects and narcosis. For the chemicals which have been tested, the performance changes measured by the present day
neurobehavioral tests in use rarely occur at or below those limits recommended by the standards recommending bodies.
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RECENT interest in the chronic effects of long term expo-
sure to solvents [8] raises several important research ques-
tions. These range from the adequacy of present day work-
place exposure limits to prevent the acute effects of solvent
exposures to definitive research strategies for predicting the
potential of chronic effects from repeated exposures. This
paper seeks to address these issues and suggest the advan-
tages of incorporating a wider array of behavioral indices in
the decision making process for setting exposure limits.
The central nervous system (CNS) effects produced by
exposure to solvents necessitates consideration of a new
domain of test procedures to augment the traditional
methods of toxicity testing. Neurobehavioral tests that
measure basic psycho-physiological functions of alertness,
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reaction time, memory and sensory-motor performance have
the potential to be sensitive indicators of mild central nerv-
ous system effects. Recent reviews [4, 8, 12, 23, 26] have
outlined the problems, summarized the tests and chemicals
used in both short duration and long term exposure studies,
and have begun to present an operational framework for the
assessment of neurotoxic effects through the use of
neurobehavioral tests and research strategies. This paper
will compare behavioral performance information docu-
mented in the literature from short duration exposures with
other indicators of neurotoxicity which have been reported
from similar short exposure durations. Additionally, this in-
formation will be examined for its usefulness in establishing
recommendations for exposure limits to prevent acute ef-
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fects and, possibly, chronic effects from longer term solvent
exposures. Preventing exposures that produce acute effects
will reduce the potential for development of chronic effects,
because total cumulative exposure concentrations are lower.
However, even with reduced exposure levels, the develop-
ment of chronic solvent neurotoxicities cannot be entirely
eliminated.

Apart from the acute effects of solvents, solvent
neurotoxicity does not at present have a universally ac-
cepted definition. This is due in part to the complexity of the
nervous system. Through the sponsorship of the World
Health Organization (WHO), some working definitions have
been proposed dividing solvent neurotoxicity into two gen-
eral classes with several sub-definitions [9]. The two general
types are (A) Acute Organic Mental Disorders, and (B)
Chronic Organic Mental Disorders. Acute Organic Mental
Disorders result from short duration exposures at higher
concentrations and are further subdivided into acute intoxi-
cation and acute toxic encephalopathy. Chronic Organic
Disorders are subdivided into organic affective syndrome,
mild chronic toxic encephalopathy, and severe chronic toxic
encephalopathy. In general, when the chronic conditions are
present, several CNS functions, such as psychomotor func-
tions (speed, attention, dexterity), memory, abstract think-
ing, judgement, and mood are severely impaired. Such con-
ditions are sometimes reversible if individuals are removed
from the exposure situations [9]. Chronic disorders (organic
affective syndrome and mild chronic toxic encephalopathy)
appear to represent more severe manifestations of the type
of CNS depression and psychomotor impairment present
during an episode of acute solvent intoxication.

Most of the similarities between the acute and chronic
disorders occur in the realm of psychomotor impairment.
Psychomotor impairment detected during short duration
exposures occurs at concentrations lower than those
reported to produce overt signs of narcosis or intoxication.
Psychomotor impairments during low level exposures may
be the precursors of more severe toxicities that could occur
over prolonged exposures despite the absence of overt signs
of narcosis and the rapid recovery from the intoxicating
symptoms. This relationship has most recently been stated
in a report from an international symposium on neuro-
behavioral methods in occupational and environmental
health: ‘‘Neurobehavioral effects may well be perceived by
the individual at a time when functional changes are not
readily demonstrated, and significant morphological signs
may occur only at a late stage,”” (p. 11, [65]). With the in-
creased emphasis on, and more widespread acceptance of
the chronic conditions (defined above) resulting from solvent
exposures, it is also important to recognize the health impli-
cations of the body of research available from controlled
short duration studies. Indeed, the nature of such informa-
tion can enhance worker safety both by preventing the re-
versible adverse CNS effects, which may contribute to the
potential for accidents, and by retarding the development of
long term chronic effects. In other words, by preventing the
regular occurrence of the acute reversible effects, the long
term chronic disorders are less likely to develop [65].

RESEARCH STRATEGIES

While the emphasis in this paper will be on short duration
exposure research, a brief discussion of the research ap-
proaches available for delineating the course of solvent
neurotoxicity is appropriate. A more in-depth review of the
research methods with behavioral performance tests has
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been provided by Gamberale [23]. Ideally, research on
human subjects is the most desirable, but definitive con-
trolled laboratory studies of chronic exposures using humans
as test subjects are ethically unacceptable because of the
possibility of irreversible health effects. Paradigms accept-
able for human research using neurobehavioral tests are
usually limited to retrospective epidemiological studies, clin-
ical case studies, worksite evaluations, and controlled lab-
oratory short duration exposure studies. Epidemiological
and clinical case studies usually cannot document chemical
exposure concentrations accurately nor relate current body
burden or exposure with the symptoms and clinical effects
reported. In many cases, these studies represent the only
choice because development of solvent neurotoxicity may
take several years, and employees may have worked in sev-
eral different types of jobs over the course of their work
history. Worksite studies on factory-exposed workers can
document exposure concentrations at the time of the study,
but have difficulties when it comes to reconstructing past
exposure levels. In some cases, studies report current expo-
sure concentrations while testing a population which also has
long term exposures. In addition, a worksite study requires a
non-exposed referent group with a similar work history and
the permission of a cooperative plant, which are sometimes
significant or major obstacles. On the other hand, this type of
study does provide a more realistic evaluation because it is
done at an actual worksite, reflects actual workload condi-
tions and can include opportunities to test for effects during
different periods of exposure.

Laboratory research offers another approach. It allows
for complete control over exposure conditions, selection of
subjects and the test environment. The laboratory setting
provides greater experimental precision to isolate chemical
from non-chemical effects. Subjects may be exposed once or
several times to one chemical, or combinations of chemicals,
usually at low level concentrations, and neurobehavioral test
measurements can be taken before, during and after expo-
sure. In the typical experiment, exposures are usually con-
stant and durations run 2-6 hours. Biochemical indicators of
body burden levels (blood, breath, urinary metabolites) can
also be studied for individual differences and correlated with
performance levels. A few experiments have used fluctuat-
ing exposures [45] and/or physical exercise [28,32] to simu-
late work load conditions, which is probably more represen-
tative of the actual workplace situation. However, in these
experiments, experimental control and statistical analysis
can be more difficult, and it is also harder to pinpoint the
actual concentration at which effects first appear in compari-
son to constant exposure studies with sedentary subjects.
For example, physical exercise increases solvent uptake [6]
especially to the CNS, which can lower the concentration-
effect thresholds for certain tasks. Additionally, although not
a major interest of this paper, studies have been conducted
with ethanol in combination with solvent exposures to in-
vestigate the interactions of the two CNS depressants {41,62].

Ethically, human laboratory studies must provide
adequate margins of safety and thus are limited to fow level,
short duration exposures with chemicals posing little risk.
This may reduce the number of chemicals that can be
studied, eliminating those for which inadequate information
exists concerning their toxicity. The delineation of dose-
effect information is also limited because most investigators
are reluctant to test at levels where the overt intoxicating
effects are present. Although it would be possible to expose
subjects for periods of several weeks or more under con-
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trolled conditions (to approximate some longer term expo-
sure conditions), such studies are rare [51]. Most short dura-
tion studies expose the subjects only once to one concentra-
tion, or not more than a total of 6-10 times at one or multiple
concentrations [41]. When subjects are exposed succes-
sively, there are often several days of separation between
exposure periods unless the cumulative effects of solvent
build up are the object of investigation [29].

Short Duration Laboratory Exposure Research

Presently, many of the exposure limits offered by the
standards-recommending bodies (the National Institute for
Occupational Safety and Health [NIOSH], and the American
Conference of Governmental Industrial Hygienists [AC-
GIH]) do use data from short duration studies when it is
available. These are often reported as irritant and/or narcotic
effects, and maximum exposure concentrations are some-
times set to prevent the onset of both types of effects as they
do represent a continuum depending on the concentration
and duration of exposure. However, the use of short-term
exposure research findings to predict effects from long term
exposures is not apparent.

Irritant effects generally include mucous membrane irri-
tation; odor, eye, nose and throat irritation, mild headache,
nausea and slight incoordination. These are often referred to
as the warning properties for solvent exposures and
tolerance usually develops in most exposed individuals.
With higher exposure levels or with prolonged durations,
overt effects can be produced. These include the irritant ef-
fects noted above, plus sleepiness, drowsiness, exhilaration,
excitability, motor instability, narcosis (stupor) and the be-
ginning stages of anesthesia. These are often referred to col-
lectively, as narcotic effects. The effects reported from
solvent exposures advance along a continuum from irritant
to overt narcotic effects, which produces some confusion in
the reporting of narcotic effect levels. In this paper, narcotic
effects will mean levels where definite signs of narcosis are
present.

Frequently, subjective reporting has been used to docu-
ment solvent exposure effects. This can lead to unreliable
results, because for several solvents, the olfactory
thresholds are so low it is sometimes difficult to separate true
CNS effects from situational effects (viz., subjects knew
they were in an exposure situation). In addition, irritant ef-
fects are usually reported at concentrations lower than the
other indicators of systemic toxicity (hepatotoxicity, kidney
dysfunction, neurotoxicity) [46]. As mentioned previously,
tolerance to the irritant effects can occur rapidly and there is
often a sizeable concentration gap between the irritant effect
levels and the levels where the other more verifiable narcotic
effects indicators appear for some solvents. The use of more
objective measures of toxicity such as neurobehavioral tests
to identify effects at the lower concentrations, can fill this
void. Neurobehavioral test results can be indicators of sub-
clinical toxic effects which are often attributed to mild CNS
depression.

It is quite possible to test for several functions relating to
central nervous system processes. These include sensory
and motor functions, cognitive processing, psychomotor
abilities, memory, alertness, attention, and coordination.
Tests and measurements of these functions used in
neurobehavioral toxicology research can be either neuro-
psychological or physiological, or a combination of both.
They include simple/choice reaction time, recognition/recall
memory, auditory/visual evoked potentials, electronystag-

mography, electromyography, mental processing (e.g.,
number addition, learning), vigilance (auditory and visual),
tracking, postural sway, balance acuity (visual and audi-
tory), and manual dexterity. From examination of the litera-
ture the most sensitive tests for detecting solvent effects
appear to be simple and choice reaction time, critical flicker
fusion (CFF), vigilance, dual tasks, postural sway,
vestibulo-oculomotor tasks, evoked potentials and manual
dexterity. Tests which manipulate task parameters, and/or
are automated also improve the sensitivity, by improving the
measurement precision.

In summary, the use of neurobehavioral tests in labora-
tory settings would yield test results under conditions afford-
ing tighter control of exposure and situational variables. Re-
sults produced from such studies would be an improvement
over the highly subjective irritant or narcotic effect informa-
tion reported for many solvents cited by the stand-
ards/recommending bodies referenced in this paper.

Irritant, Narcotic and Neurobehavioral Effects vs.
Established Limits

Examination of the literature on short duration solvent
exposure studies allows some comparisons to be made be-
tween concentrations at which behavioral test measurements
indicate statistically significant changes and the reported ex-
posure levels at which irritant and narcotic effects occur. A
second comparison can contrast these concentration values
with the maximum concentrations promulgated or recom-
mended by regulatory (US Dept. of Labor, Occupational
Safety and Health Administration-OSHA) and research
agencies (NIOSH) and a professional standards-recom-
mending groups (ACGIH). In addition, many studies are
testing at the present day recommended exposure concen-
trations, with confirmatory body burden indicators,
which can provide another comparison. Shortcomings exist
with these comparisons, including the limited number of
chemicals studied and the general applicability of the find-
ings to the actual workplace setting.

Neurobehavioral performance test results in short dura-
tion studies do not show marked neurotoxic effects at pres-
ent day recommended limits for most solvents, but some
effects are noted at concentrations which fall between those
yielding irritant and narcotic effects. In Table 1 are listed,
left to right, the chemicals that have been tested in controlled
laboratory studies; the recommended workday and ceiling or
short term exposure limits (STELSs) as prescribed by NIOSH
[59,60], ACGIH [1,2], and OSHA [61]; reported concentra-
tions which produce irritant effects; concentrations reported
to produce neurobehavioral test effects, exposure durations,
the effects which have been reported using behavioral per-
formance tests and the number of subjects tested. The last
column reports concentrations where overt indications of
narcosis should be present. In this column are the im-
mediately dangerous to life or health levels (IDLH) [60]. The
IDLH level represents a maximum level from which one
could escape within 30 minutes without any irreversible
health effects. Because several of the IDLH concentrations
are equal to or greater than concentrations reported in the
literature documenting narcotic effects, they should be con-
sidered at the upper end of true narcotic effect levels. Al-
though the IDLH levels have not been updated since 1971
and are designed primarily for respiratory protection, they
do offer for comparison purposes an operationally defined
health effects level. The OSHA Permissible Exposure Limits
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TABLE 1
COMPARISON OF INDICES (ppm) OF CNS EFFECTS AT LEVELS REPORTED (ppm) FOR NEUROBEHAVIORAL EFFECTS WITH THE

EXPOSURE STANDARDS (ppm)

DICK

Chemical
NIOSH ACGIH OSHA Neurobehavioral
REL TLV PEL Irritant Narcosis
(a) (b) () Effects (Concentration Duration? Effects Subjects) IDLH
Methyl chloride
LFLe 50 100 — 200 3hr Slight impairment (4%)—visual 10,000
100 200 time discrimination; dual task
56S [36]
150 1-7.5 hr Time discrimination-slight
impairment 4S [52]
Methylene chloride
LFL® 50¢ 500 — >300 3hr Auditory Vigilance and CFF 5000
500 175¢ 1000 128 [63]
200 4 hr Dual task, Auditory vigilance
after 3 hr 128 {35]
Styrene
50 50 100 100 1] >375 2-7 hr Romberg test, dexterity, 5000
100 100 200 200 [61] coordination 98 [47]
>350 30 min Simpie RT (5% decrement)
12 S [18]
>50 1 hr Reaction time (RT) and attention
5S¢ [34]
87-139" 1 hr Vestibulo-oculomotor tests
108 [32]
Trichloroethylene
25 50 100 50 [1] >300 2.75 hr Necker cube test 1S [54] 1000
200 200 200 [56] >500 2.75 hr Manual Dexterity 1S [54]
>1000 2 hr Depth perception, Purdue Peg.,
hand steadiness 8S [57]
>300' 2 hr CFF, depth and form perception
hand steadiness 6S [15]
110 8 hr Perception, memory, RT, manual
dexterity 6S [39]
32-78 I hr Vestibulo-oculomotor tests
10S [28]
1,1,1-Trichloroethane
200 350 350 500 [61] 500 6-7 hr/S days Romberg test 1000
350 450 — >1000 [56) SS [48]
>350 30 min Perceptual speed 128 [17]
>450 30 min Dexterity, RT 12S [17]
Tetrachloroethylene
MWLkX 50 100 >200 {61] 104 7 hr Romberg test—17S [49] 500
200 200 >200 [1] Moderate effects not
replicated in later study [53]
Toluene
100 100 200 100-200 >300 20 min Simple RT 128 [16] 2000
200 150 500 [61] >500 20 min Choice RT 128 [16]
200 [40) 240 1 hr Auditory Vigilance 118 [24]
126-157" 1 hr Vestibulo-oculomotor tests

158 [25]

(Continued on next page)
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TABLE 1
(Continued)
Chemical
NIOSH ACGIH OSHA Neurobehavioral
REL TLV PEL Irritant Narcosis
(a) (b) ) Effects (Concentration Duration® Effects Subjects) IDLH
Xylene
100 100 100 200 [56] >300™ 70 min RT for addition, choice RT, 1000
200 150 8hr 200 [1] short term memory 15S [22]
TWA 100-200" 4 hr Whole body sway, choice and
simple RT 8S [41,43]
100-400° 6 hr Whole body sway, RT, CFF
6S [42]
126-400° 4 hr Whole body sway (eyes closed)
9S [45]
Acetone
250 750 1000 500 [1] 250 6 hr/6 days Simple RT (5%) 6S [29] 20,000
1000 200 [58] 500 6 hr/6 days Simple RT (10%) 6S [29]
FC-113»
1000 1000 500 [1} >2500 2.45 hr Manual dexterity, vigilance, 4500
1250 card sorting 2S [54]
2500 [7]
(est)
White spirit®
60 100 500 150 [1] 760 50 min Simple RT and short term 5000
310 1000 400 [61] memory 8S [20]

aNIOSH REL—Ist value in column is time-weighted average (TWA)-10 hr day and value below it is ceiling value (15 min).
"TLV—Documentation of Threshold Limit Values, 4th ed. 1st value is 8 hr TWA and 2nd is short term exposure level (STEL).
‘PEL—Permissable Exposure Limits. 1st value is 8 hr TWA and 2nd is ceiling.

9Duration—min=minutes; hr=hours; days.
*LFL—Lowest Feasible Level.
Proposed change—1986-87 TLV®,

£Three of the five subjects had occupational exposure to styrene.

"With 50w physical exercise.

iWith 50w physical exercise.

‘Ethanol in combination with the chemical exposure.
YMWL—Minimize Workplace levels

LWith S0w physical exercise.

mExercise at a set work load during the chemical exposure.

"Ethanol/Physical exercise in combination with the chemical exposure.

°The exposure level was fluctuating and not constant.
°Fluorocarbon-113 (1,1,2-Trichloro-1,1,1-trifluroethane).

9Stoddard Solvent (Values are reported in mg/m?®, but have been converted to estimated ppm values for this table).

(PELs) represent regulatory limits having the force of law;
this sets them apart from the NIOSH Recommended Expo-
sure Limits (REL’s) and ACGIH Threshold Limit Values
(TLVs®) which are recommendations. The concentrations
producing irritant effects are principally drawn from secon-
dary reference sources {1, 6, 7, 40, 56, 58, 61], while the
neurobehavioral results were extracted from the primary
sources. The references are listed in the Tables. No attempt
has been made to indicate the quality of studies reporting
effects. A recent review [12] does provide critiques to most
of the studies used in this paper.

Table 1 shows that the exposure concentrations at which
statistically significant neurobehavioral test decrements are
reported can occur roughly between the concentrations that
produce irritant and narcotic effects. Exposures are usually

constant using sedentary subjects (exceptions are noted),
and durations in most studies average 4 hours, although
some are as short as 30 min. However, exposure durations
between the three indicators used in Table 1 are not always
consistent. With four chemicals (1,1,1-trichloroethane, tet-
rachloroethylene, acetone and styrene), the concentrations
reported to produce behavioral effects are at or below the
reported irritant effect concentrations.

Table 2 provides a comparison indicating where concen-
trations have been tested near or below either the NIOSH
REL'’s or the ACGIH TLVs® and where no behavioral per-
formance changes, as measured by the tests used, have been
reported. Some studies appear in both tables (1 and 2) be-
cause the listings are by concentration levels tested.

Some differences exist between the two tables, notably in
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TABLE 2
COMPARISON OF LABORATORY STUDIES WITH NEGATIVE RESULTS WITH THE NIOSH REL’s TWA/CEILING LEVELS AND ACGIH
TLVs/STELS
(No Positive Effects at
NIOSH ACGIH These Concentrations)
REL TLV Exposure
Chemical (PPM) (PPM) (PPM) Duration? References
Methyl chloride LFLY 50 100 3 hr Putz-Anderson et al. 1981 [36]
100 100 1,3,7.5hr Stewart et al. 1977 [52]
Methylene chloride LFLP 50¢ 242-964 30 min Gamberale et al. 1975 (19]
175¢ 100+200 2-4 hr DiVincenzo et al. 1972 [13]
Styrene 50 100 50-250 30 min Gamberale & Hultengren 1974 [18]
100 100 50—-100 2-7 hr Stewart et al. 1968 [47]
Trichloroethylene 25 50 100+300 2 hr Vernon and Ferguson 1969 [57]
200 110 8 hr Stewart et al. 19732 [50]
100 6 hr Nakaaki et al. 1973 [30]
100+200 70 min Gamberale et al. 1976 [21]
95 4 hr Konietzko et al. 1975 [27]
81-201 4 hr Nomiyama & Nomiyama 1977 [31]
1504300 2.5 hr Ettema er al. 1975 [14)
50 3.5 hr Winneke 1982 [64]
1,1,1-Trichloroethane 200 350 350 8 hr Salvini et al. 1971 [38]
350 450 250 30 min Gamberale & Hultengren 1973 [17]
Tetrachloroethylene MWLd 50 100 5.5 hr Stewart et al. 1977 [53]
200
Toluene 100 100 200 6 hr Suzuki 1973 [55]
200 150 100+200 7 hr Ogata et al. 1970 [33)]
100 20 min Gamberale & Hultengren 1972 [16]
100 3.5hr Winneke 1982 [64]
100 3.5-7.5 hr Stewart er al. 1975 [51]
100 6 hr Anderson et al. 1983 [3]
100 4 hr Dick er al. 1984 [11]
80 4 hr Anshelm Olson et al. 1985 [5]
80 4 hr Cherry er al. 1983 [10]
Xylene 100 100 100+300 70 min Gamberale et al. 1978 [22]
200 150 100-150 4-6 hr Savolainen ef al. 1979, 80, 82
[42-44)
80 4 hr Anshelm Olson et al. 1985 [5]
Methyl ethyl 200 200 200 4 hr Dick et al. 1984 [11]
Ketone 300
White spirit 60 100 625-2500¢ 30 min Gamberale er al. 1975 [20]
310 200!
FC-113# — 1000 1500 2 hr 45 min Stopps and Mclaughlin 1967 [54]
1250 500+ 1000 6 hr for 5 days Reinhardt e al. 1971 [37)]
each level

aDuration—min=minutes; hr=hours; days.

°] FI.—Lowest Feasible Level.

“Proposed change in 1986-87 TLVs®.

IMWL-—Minimize Workplace Level.

¢Values reported in mg/m® are converted to approx. ppm.
fSTEL is dropped in the 1986-87 TLVs®.
gFluorocarbon-113 (1,1,2-Trichloro-1,2,2-trifluroethane).
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the trichloroethylene, 1,1,1-trichloroethane, methylene
chloride, xylene and styrene studies. The Salvini [39] study,
using trichloroethylene and the more standard psychomotor
tests as the neurobehavioral measures, reported a 110 ppm
effect level that has never been replicated despite numerous
attempts using similar tests [12]. However, a recent study
[28] using electronystagmographic measurements of
vestibulo-oculomotor responses has reported significant
changes in a one-hour exposure at a mean concentration
level of 5SS ppm coupled with physical exercise (50 watts).
The addition of exercise, which increases solvent uptake,
probably lowered the threshold of effects using a series of
new electrophysiological tests. These tests may be more
sensitive indicators of CNS responses than the more stand-
ard psychomotor tests. These same authors [25,32] using this
research protocol have also reported significant effects using
toluene and styrene at concentrations lower than other re-
ports. The 1,1,1-trichloroethane [38] study which reported
no effects is at variance with another study reporting signifi-
cant effects using similar concentrations [17] (see Table 2).
In the studies of methylene chloride, similar exposure con-
centrations have caused marginal decrements as noted by
Putz [35] and Winneke [63], but not found by Gamberale [19]
and DiVincenzo [13]. There is one styrene [34] study report-
ing effects at 50 ppm, but two other studies [18,47] using the
same concentration level showed no effects. The study
demonstrating effects [34] involved a small subject group
(five) which, given the lack of replication from other studies,
would render the result as questionable. Hence, the 50 ppm
effect level for styrene seems unlikely. The two tet-
rachloroethylene studies [49,53] conflict (one reported ef-
fects, the other didn’t), even though they were conducted by
the same researcher. The latter study [53] reported no effects
and should be considered the more definitive one because it
included a control condition.

The xylene studies also have some interpretation prob-
lems because the neurobehavioral test measurements don’t
show consistent results, even at the lowest levels of expo-
sure. This is due to the Savolainen reports [41-44] which
used fluctuating exposure levels singly and in combination
with physical exercise/ethanol conditions. In these studies
significant effects were reported at lower levels than have
been found for constant single exposure level conditions.

In general, there is little evidence in Table 2 of any acute
CNS disturbances, as indicated by behavioral performance
tests in humans, at either the present day NIOSH recom-
mended levels or the ACGIH TLV’s® for this small number
of chemicals tested.

Tables 3 and 4 are presented to indicate the potential for
the prevention of neurotoxic effects by using objective
neurobehavioral test results. Neurobehavioral methods may
provide more sensitive tests to detect sub-clinical and/or
early neurotoxic effects in humans. Even these minimal in-
sults to the nervous system may indicate early stages of in-
Jjury that could eventually progress to fully developed clinical
diseases [65].

Table 3 provides a rough calculation of the effect ratios
using the present-day NIOSH REL'’s, the TLVs® and the
OSHA PELS. These values are compared to the lowest and
highest reported concentration levels domonstrating irritant
effects and neurobehavioral deficits. Only the IDLH levels
are used for narcotic effects. Concentration levels and effect
ratios (in parentheses) reflect special treatment conditions
such as fluctuating exposures or the addition of exercise that
often result in different values than the sedentary, constant

exposure conditions. These special conditions are identified
in the footnotes. To compute effects ratios, concentrations
where effects were reported were divided by the recom-
mended NIOSH REL’s and ACGIH TLVs® limits and the
PEL'’s, and then rounded to the nearest whole number.
Larger effect ratio numbers indicate greater protection from
the solvent exposures.

Table 3 indicates considerable differences between the
various chemicals on the effect ratios provided by the var-
ious exposure limits, both at the average levels (TWAs and
TLVs) and the ceiling values and STELs. The NIOSH RELs
are the most conservative, followed by the ACGIH TLVs®.
Most of the OSHA PEL'’s, which are the enforceable regula-
tory limits, have not been updated for 18 years, and this is
reflected in the low ratio between the PEL’s and the
neurotoxic effect levels of some of these chemicals. With
some solvents (tetrachloroethylene, methylene chloride,
acetone, toluene), the allowable concentrations are at levels
where neurobehavioral test effects have been reported.
Solvents that have been identified as possible carcinogens or
have other known toxic effects (methyl chloride, methylene
chloride, tetrachloroethylene, trichloroethylene, styrene)
have the lowest recommended levels (for methylene chloride
and tetrachlorethylene—NIOSH only) and thus the highest
ratios. Tetrachloroethylene is not included in Tables 3 and 4
because only one concentration level has been tested and
reported. Six chemicals have low ratios against the effect
levels indicated by neurobehavioral test results. Four of
these (acetone, fluorocarbon-113, white spirit, and 1,1,1-
trichloroethane) are only represented by one study or studies
with small sample sizes, which offer(s) a limited basis for
definitive conclusions. Further research seems particularly
needed here. Toluene and xylene ratios are low, but these
two chemicals have been extensively tested at the present
TLV® concentrations with no evidence of acute neurotoxic
effects.

The safety margins for short term exposure limits
(STELs®), which are present in Table 4 indicate some po-
tential for possible neurotoxic effects. For many of the chem-
icals in this Table, which is organized similarly to Table 3,
the effect ratios are low, often less than 1.

The concentrations and chemicals for which neuro-
behavioral effects are reported at both the high and low
concentration levels as occurring at or below the established
ceiling levels are methylene chloride, 1,1,1-trichloroethane,
tetrachloroethylene, toluene (OSHA only), and acetone.
While differences in exposure durations may seem apparent
between the 8 hour TWA/TLVs, the NIOSH 10 hour TWA
and short duration studies, actual exposure durations expe-
rienced at the worksite probably closely approximate the 2-6
hour average experimental exposure conditions.

DISCUSSION

This paper outlines a use of behavioral test data for defin-
ing an adequate margin of safety to prevent the onset of
acute effects and the possible development of chronic
solvent neurotoxicity. Nonetheless, one must not overlook
the complexities involved in these determinations. The po-
tential for acute intoxication varies widely among chemicals
and individuals, and most exposures in the workplace are
combinations involving other chemicals and environmental
hazards (heat, noise, dust, ventilation, etc.). Similarly, it
would be unwise to extend these conclusions about the range
of significant neurotoxic effects indicated by these studies to
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TABLE 3

EFFECT RATIOS PROVIDED BY THE RECOMMENDED STANDARDS AND PELs
AGAINST WORKPLACE TWA’s

Irritant Effects

Neurobehavioral

Narcosis
TWA Low High Low High (IDLH)
Chemical ppm ppm ppm ppm ppm ppm

Methyl chloride — —_ 150 200 10,000
NIOSH LFL — —_ —
TLV 50 3 4 200
PEL 100 2 2 100
Methylene chloride — — 200 300 5000
NIOSH LFLa — — —
TLV 50r 4 6 100
PEL 500 <1 <1 10
Styrene 100 200 350(1139) 375 5000
NIOSH 50 2 4 7(2) 8 100
TLV 50 2 4 7(2) 8 100
PEL 100 1 2 4(1) 4 50
Trichloroethylene 50 200 300(559 1000 1000
NIOSH 25 2 8 12(2) 40 40
TLV 50 1 4 6(1) 20 20
PEL 100 <1 2 3(<1) 10 10
1,1,1-Trichloroethane 500 1000 350 500 1000
NIOSH 200 3 S 2 3 5
TLV 350 1 3 1 i 3
PEL 350 1 3 1 1 3
Toluene 100 200 240(142%) 300 2000
NIOSH 100 1 2 ) 3 20
TLV 100 1 2 2(1) 3 20
PEL 200 <1 1 <1 2 10
Xylene 200 — 300(260Y 400 1000
NIOSH 100 2 3(3) 4 10
TLV 100 2 3(3) 4 10
PEL 100 2 3(3) 4 10
Acetone 200 500 250 500 20,000
NIOSH 250 <1 2 1 2 80
TLV 750 <1 <1 <1 <1 80
PEL 1000 <1 <1 <1 <1 20
FC-113# 500 2500 4500
NIOSH — — — — — —
TLV 1000 <1 3 5
PEL 1000 <1 3 5
White spirith 150 400 760 5000
NIOSH 60 3 6 13 83
TLV 100 2 4 8 50
PEL 500 <1 <1 2 10

Effect Ratio—Reported concentration level divided by the NIOSH REL, ACGIH TLV and

OSHA PEL.
aLowest feasible level.
bProposed change—1986-87 TLVs®.

cApproximate mean concentration (87-139 ppm) with 50w exercise condition.
dApproximate mean concentration (32-78 ppm) with 50w exercise condition.
¢Approximate mean concentration (126-157 ppm) with 50w exercise condition.
fApproximate mean concentration (126-400 ppm) with fluctuating exposures.

fFluorocarbon-113 (1,1,2-trichloro-1,1,1-trifluroethane).

hStoddard solvent (values are reported in mg/m?, but have been converted to estimated ppm

values for this table).

DICK
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TABLE 4

EFFECT RATIOS PROVIDED BY THE RECOMMENDED STANDARDS AND PELs
AGAINST CEILING/STEL VALUES

Irritant Effects Neurobehavioral
Narcosis
Ceiling/ Low High Low High (IDLH)
Chemical STEL ppm ppm ppm ppm ppm
Methy! chloride — — 150 200 10,000
NIOSH LFL2 — —_ —
TLV 100® 2 2 100
PEL 200¢ <1 1 50
Methylene chloride . _ 200 300 5000
NIOSH LFLa — — —
TLV 500 <1 <1 10
PEL 1000¢ <1 <1 5
Styrene 100 200 350(113%) 375 5000
NIOSH 100¢ 1 2 41 4 50
TLV 100% 1 2 4(1) 4 50
PEL 200¢ <1 1 2(<) 2 25
Trichloroethylene 50 200 300(55% 1000 1000
NIOSH — — —_ — —
TLV 200¢ <1 1 2(<1) 5 S
PEL 200¢ <1 1 2(<1) 5 5
1,1,1-Trichloroethane 500 1000 350 500 1000
NIOSH 350¢ 1 3 1 1 3
TLV 450¢ 1 2 <1 1 2
PEL — — — — —
Toluene 100 200 240(142%) 300 2000
NIOSH 200¢ <1 1 1(<1) 2 10
TLV 150¢ <1 1 2(<1) 2 13
PEL 300¢ <1 <1 <l(<1) 1 7
Xylene 200 — 300260 400 1000
NIOSH 200¢ 1 2(<) 2 5
TLV 1508 1 2(<1) 3 7
PEL — — — —
Acetone 200 500 250 500 20,000
NIOSH — — —_— —
TLV 1000% <1 <1 <1 <1 20
PEL — — — —
FC-113¢ 500 2500 4500
NIOSH — — — —
TLV 1250¢ <1 2 4
PEL <1 3 5
White spirit® 150 400 760 83
NIOSH 60 3 6 13 83
TLV 100 2 4 8 50
PEL 500 —_ — — —

Effect Ratio—Reported concentration level divided by the NIOSH REL, ACGIH TLV and OSHA
PEL.

aLowest feasible level.

bApproximate mean concentration (87-139 ppm) with 50w exercise condition.

Ceiling value.

dApproximate mean concentration (32-78 ppm) with 50w exercise condition.

¢Approximate mean concentration (126-157 ppm) with 50w exercise condition.

fApproximate mean concentration (126-400 ppm) with fluctuating exposures.

eFluorocarbon-113 (see Table 3).

"Stoddard solvent (see Table 3).

sSTEL.

s*STEL is dropped in the 1986-87 TLVs®.
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other solvents. The number of solvents studied is small and,
overall, there are both good and poorly designed studies in-
cluded in this review. Of equal importance are limitations on
the range of neurobehavioral effects studied and the lack of
replication (only one study) for many of the solvents. How-
ever, the consistency with which certain effects are meas-
ured by behavioral performance tests at concentrations
below those reported by overt indicators of narcosis repre-
sents a potential criterion. Standardized neurobehavioral
toxicity test performance measures could provide an objec-
tive benchmark for the development of recommended expo-
sure levels. For the CNS effects which have been studied,
standardized test performance measures would also allow
limits to be established with objectively definable criteria
which relate to the possible long term development of
solvent neurotoxicity. Although the connection of mild re-
versible CNS deficits from short-duration exposures with
long term development of solvent neurotoxicity is as-yet-
unproven, it is a possibility. Some of the same decrements
reported after short duration exposures by behavioral testing
show more severe impairment after long term chronic expo-
sures. Exposure limits could be adjusted upwards or down-
wards when coupled with other indicators such as cumula-
tive body burden levels, carcinogenic potential, specific organ
toxicity, and physical demands of work in certain job tasks.

DICK

SUMMARY

The main points to be concluded from this paper are
as follows: (1) Performance changes measured by neu-
robehavioral tests which occur following controlled short
duration exposures are reported at concentrations between
those levels which produce irritant and narcotic effects. In
most cases the performance decrements are at concentra-
tions closer to the irritant effect levels than the levels were
overt narcosis is reported. (2) For the chemicals which have
been tested, the performance changes rarely occur below the
limits recommended by the standards recommending bodies
(NIOSH and ACGIH), but they do occur at some of the
currently enforceable levels (PELSs). (3) The effect ratios for
ceiling/STEL values reveal low margins of protection for
several solvents. This may indicate that greater attention
needs to be devoted to setting ceiling/STEL values and in
the prevention of exposures that exceed them. (4)
Neurobehavioral testing may offer promise for testing the
potential for long-term development of solvent neurotoxicity
from repeated exposures to solvents. In conclusion, it is
hoped that this paper will stimulate interest in the use of
neurobehavioral tests to expand the criteria presently in use
for recommending safe exposure limits for individuals ex-
posed to solvents.
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