2. HEALTH EFFECTS
2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health
officials, physicians, toxicologists, and other interested individuals and
groups with an overall perspective of the toxicology of styrene and a
depiction of significant exposure levels associated with various adverse
health effects. It contains descriptions and evaluations of studies and
presents levels of significant exposure for styrene based on toxicological
studies and epidemiological investigations.

2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons living
or working near hazardous waste sites, the information in this section is
organized first by route of exposure--inhalation, oral, and dermal--and then
by health effect--death, systemic, immunological, neurological, developmental,
reproductive, genotoxic, and carcinogenic effects. These data are discussed
in terms of three exposure periods--acute (less than 15 days), intermediate
(15-364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented
in this chapter in tables and illustrated in figures. The points in the
figures showing no-observed-adverse-effect levels (NOAELs) or lowest-observed-
adverse-effect levels (LOAELS) reflect the actual doses (levels of exposure)used
in the studies. LOAELs have been classified into "less serious" or
"serious" effects. These distinctions are intended to help the users of the
document to identify the levels of exposure at which adverse health effects
start to appear. They should also help to determine whether or not the
effects vary with dose and/or duration, and place into perspective the
possible significance of these effects to human health.

The significance of the exposure levels shown in the tables and figures
may differ depending on the user's perspective. For example, physicians
concerned with the interpretation of clinical findings in exposed persons may
be interested in levels of exposure associated with "serious" effects. Public
heal,th officials and project managers concerned with appropriate actions to
take at hazardous waste sites may want information on levels of exposure
associated with more subtle effects in humans or animals (LOAEL) or exposure
levels below which no adverse effects (NOAEL) have been observed. Estimates
of levels posing minimal risk to humans (Minimal Risk Levels, MRLs) may be of
interest to health professionals and citizens alike.

Levels of exposure associated with the carcinogenic effects of styrene
in animals are indicated in Figures 2-1 and 2-2.

Estimates of exposure levels posing minimal risk to humans (MRLs) have
been made, where data were believed reliable, for the most sensitive noncancer
effect for each exposure duration. MRLs include adjustments to reflect human
variability from laboratory animal data to humans.
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Although methods have been established to derive these levels (Barnes
et al. 1988; EPA 1989d), uncertainties are associated with these techniques.
Furthermore, ATSDR acknowledges additional uncertainties inherent in the
application of the procedures to derive less than lifetime MRLs. As an
example, acute inhalation MRLs may not be protective for health effects that
are delayed in development or are acquired following repeated acute insults,
such as hypersensitivity reactions, asthma, or chronic bronchitis. As these
kinds of health effects data become available and methods to assess levels of
significant human exposure improve, these MRLs will be revised.

2.2.1 Inhalation Exposure

Most information on the effects of inhalation exposure to styrene in
humans comes from studies of workers exposed to styrene vapors in the
production and use of plastics and resins, especially polystyrene resins. In
most cases, the studies involve workplace exposures such as fiberglass boat
building factories where the actual levels of styrene are reported as a range
of styrene air concentrations. However, there are a few human clinical
studies in which exposures are better quantified. Provided below are
descriptions of the known effects of inhalation exposure of humans and animals
to styrene.

2.2.1.1 Death

There have been no reports of deaths in humans directly associated with
exposure to styrene in the workplace (EPA 1988b; Gosselin et al. 1984; NIOSH
1983) .

In animals, inhalation studies indicate that the acute toxicity of
styrene is low to moderate. An LCsqy of 2,770 ppm after 2 hours of exposure
was reported in rats, and the LCsg for mice after exposure for 4 hours was
4,940 ppm (Shugaev 1969). All rats and guinea pigs survived after exposure to
1,300 ppm styrene for 30 hours and 16 hours, respectively (Spencer et al.
1942) . However, all animals died after 40 hours of exposure.

All reliable LOAEL values and LCsq values for lethality in each species
and duration category are recorded in Table 2-1 and plotted in Figure 2-1.

2.2.1.2 Systemic Effects

No studies were located regarding cardiovascular and musculoskeletal
effects in humans or animals after inhalation exposure to styrene.

For the following systemic effects resulting from inhalation exposure to
styrene, the highest NOAEL values and all reliable LOAEL values in each
species and duration category are recorded in Table 2-1 and plotted in
Figure 2-1.



TABLE 2-1. Levels of Significant Exposure to Styrene - Inhalation

C

Exposure LOAEL (effect)
Key to frequency/ NOAEL Less serlous Serious
figure® Species duration System (ppm) (ppm) (ppm) Reference
ACUTE EXPOSURE
Death
1 Rat 3-404 hr 1300 (LC100) Spencer et al.
1942
2 Rat & hr 2770 (LC50) Shugaev 1969
3 Gn pig 16-40 hr 1300 (LC100) Spencer et al.
1942
4 Mouse 2 hr 4940 (LC50) Shugaev 1969
Systemic
5 Human 14d Renal 212 (increased urinary Aliberti and
(occup) levels of alanine Severini 1987
aminopeptidase)
6 Human 15-45 Resp 216 (nasal irritation) Stewart et al.
min Derm/oc 216 376 (eye and skin 1968
irritation)
7 Mouse 3 min Resp 156 (irritation of Alarie 1973
upper respiratory
tract)
Neurological
8 Human 14d 55 (slowed reaction Gamberale et al.
(occup) time) 1976
9 Human 1 hr 87 (inhibition of Odkvist et al.
vestibular- 1982
oculomotor
system)
10 Human 7 hr 99 (impaired balance) Stewart et al.

1968
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TABLE 2-1 (Continued)

Exposure LOAEL (effect)
Key to frequency/ NOAEL Less serious Serious
figure® Species duration System (ppm) (ppm) (ppm) Reference
11 Human 14 92 (tiredness, slow Cherry et al.
(occup) reaction times, 1980

mood changes)

12 Mouse 4 hr 413 (behavioral DeCeaurriz
changes) et al. 1983
Developmental
13 Rat 10 d 600 Murray et al.
7hr/d 1978
N
14 Rabbit 13 & 600 Murray et al. ’
7hr/d 1978
&
15 Hamster 12 d 750 1000 (fetal deaths or Kankaanpaa et b
6hr/d resorptions) al. 1980 F_;
o
5
d i
Reproductive =
f
16 Mouse 54 300 Salomaa et al. g
6hr/d 1985 a
)
V5]

INTERMEDIATE EXPOSURE

Systemic

17 Rat 21 4 Resp 150 1000 (nasal mucosa Ohashi et al.
5d/wk effects) 1986
4hr/d

18 Rat 11 wk Hepatic 300 (enzyme Vainio et al.
5d{wk alterations, 1979
6hrfd liver morphology)

Renal 300

19 Rat 13 wk Renal 133 Viau et al. 1987

5d/wk

7hr/d




TABLE 2-1 (Contimued)

Exposure LOAEL (effect)
Key to frequency/ NOAEL Less serious Serious
figure® Species duration System (ppm) (ppm) (ppm) Reference
20 Gn pig 26 wk Derm/oc 1300 (nasal irritation, Spencer et al.
5d/wk severe lung 1942
7-8hr/d irritation after

a few exposures)

21 Pig 3 wk Hemato 360 ' Johnston et al.
5d/wk 1983
6hr/d

Neurological

22 Rat 3 mo 90 320 (astroglial Rosengren and
(cont) alterations) Haglid 1989

23 Rat 18 wk 1400 Kulig 1988
5d/wk
16hr/d

24 Rat 21 d 800 (ototoxicity) Pryor et al.
14hr/d 1987

CHRONIC EXPOSURE

Systemic
25 Human 5.1 yr Hepatic 120 Harkonen et al.
(occup) 1984
26 Human ND " Hemato 44 (lowered red Checkoway and
(ocecup) blood cell Williams 1982
count)
27 Human 1-20 yr Hepatic 100 (increased serum Hotz et al. 1980
(occup) levels of OCT
and ALAT)
28 Human 6 yr Renal 24 ) Viau et al. 1987

(mean)

¢
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TABLE 2-1 (Continued)

Exposure LOAEL (effect)
Key to frequency/ NOAEL Less serious Serious
figure?’ Species duration System (ppm) (ppm) (ppm)} Reference
29 Human 11 yr Renal 53 Vyskoecil et al.
(mean) 1989
(occup)
30 Human >1 yr Hepatic 100 (elevated serum Axelson and
(occup) amino-transferase Gustavson 1978
levels)
31 Rat 18-21 mo Hepatic 600 (increased liver Jersey et al.
5d/wk weight) 1978
6hr/d
Neurological
32 Human 5.1 yr 31 (EEG 55 (visuomotor Harkonen et al.
(mean) abnormalities) accuracy and 1978
(occup) psychomotor
performance
decline)
33 Human 8.6 yr 25" (decreased verbal Mutti et al.
(mean) learning skills) 1984a
(occup)
34 Human 6.2 yx 130 (neurocendocrine Mutti et al.
{mean) effects) 1984b
(occup)
Cancer
35 Rat 52 wk 100° CEL (mammary Conti et al.
5d/wk tumors) 1988

4thr/d

"
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TABLE 2-1 (Continued)

Exposure ’ LOAEL (effect)
Key to frequency/ NOAEL Less serious Serious
figure? Species duration System (ppm) (ppm) (ppm) Reference
36 Rat 18-21 mo 600° CEL (mammary Jersey et al.
5d/wk adenocarcinomas - 1978
6hr/d females)

*The number corresponds to entries in Figure 2-1.

®Used to derive a chronic inhalation MRL of 0.06 ppm: exposure level adjusted by 5/7 and 8/24 to account for intermittent
exposure, and divided by an uncertainty factor of 100 (10 for use of a LOAEL, and 10 for human variability).

‘There is significant uncertainty in this CEL value for styrene; see text for discussion of study limitations.

ALAT = alanine aminotransferase; CEL = cancer effect level; cont = continuous; d = day(s); Derm/oc = dermal/ocular;

EEG = electroencephalograph; Gn pig = guinea pig: Hemato = hematological; hr = hour(s); LC50 = lethal concentration, 50% kill;
LC100 = lethal concentration, 100% kill; LOAEL = lowest-observed-adverse-effect level; min = minute(s); mo = month(s);
Musc/skel = musculoskeletal; ND = no data; NOAEL = no-observed-adverse-effect level; occup = occupational (typically 5 d/wk,

8 hr/d); OCT = ornithine carbamyl transferase; Resp = respiratory; wk = week(s); yr = year(s)

'
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FIGURE 2-1. Levels of Significant Exposure to Styrene — Inhalation
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FIGURE 2-1 (Continued)
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Respiratory Effects. Several human studies have examined the
respiratory effects caused by inhalation exposure to styrene. The most
commonly reported general symptom is mucous membrane irritation. Irritation
of the upper respiratory tract (i.e., nose and throat) has occurred in human
volunteers (Carpenter et al. 1944; Stewart et al. 1968) and workers (NIOSH
1983) . Throat irritation and increased nasal secretion occurred following
exposure of two male subjects to 800 ppm for 4 hours (Carpenter et al. 1944).
Nasal irritation was observed in all volunteers after exposure to 376 ppm
styrene for 60 minutes (Stewart et al. 1968). Obstructive lung changes were
observed in 4 of 21 workers exposed to styrene for about 10 years (Chmielewski
and Renke 1975; Chmielewski et al. 1977). However, exposure levels were not
defined.

Similar effects have been reported in animals following exposure to
styrene vapor. In rats, pathological changes in the respiratory mucosa were
found following exposure to 1,000 ppm styrene for 4 hours/day, 5 days/week for
3 weeks. The upper nasal mucosa demonstrated decreased ciliary activity and
abnormal morphology. Also, vacuolization and increased numbers of dense
bodies of respiratory epithelial cells and sporadic rupture of the cytoplasmic
membrane were observed in the rats exposed to 1,000 ppm for 21 days (Ohashi
et al. 1980).

Rats and guinea pigs exposed to styrene at a level of 1,300 ppm for
7-8 hours/day, 5 days/week for 6 months showed nasal irritation, but rabbits
and monkeys did not (Spencer et al. 1942). Histopathological examinations
revealed no changes between test and control rats, but pronounced lung
irritation was seen in guinea pigs that died after a few exposures. The
irritation, which included congestion, hemorrhages, edema, exudation, and a
general acute inflammatory reaction, was not seen in the guinea pigs, rabbits,
and monkeys that survived the 6-month exposure period (Spencer et al. 1942).
In another study, sensory irritation of the upper respiratory tract in mice
was observed following exposure to a styrene aerosol of 666 mg/m’ (156 ppm)
(Alarie 1973). This effect was determined by measuring the decrease in
respiratory rate during the exposure of the mice to the aerosol.

f-Nitrostyrene, which was also tested in this study, exhibited much greater
activity than styrene. No pathological data were available.

These well conducted human and animal studies (see Table 2-1 and
Figure 2-1) demonstrate the characteristic irritant properties of styrene on
the upper respiratory tract.

Gastrointestinal Effects. Nausea was observed in humans exposed to
376 ppm styrene after 1 hour exposure (Stewart et al. 1968). This effect is
probably secondary to effect on the central nervous system, although
mucociliary transport of styrene aerosol droplets from the upper respiratory
tract to the gastrointestinal tract might also contribute to gastrointestinal
irritation. A Russian study (Basirov 1975) reviewed by the World Health
Organization (WHO 1983) investigated the effects of styrene on digestive
function by testing the secretory, excretory, motor, and pepsinogen-generating
functions of the stomach in 20 unexposed and 80 exposed workers. The authors
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reported that some workers in the styrene-butadiene synthetic rubber
manufacture exposed to 60-130 mg/m® (14-31 ppm) styrene for less than 5 to
more than 10 years had decreased digestive function and decreased stomach
acidity.

No studies were located regarding gastrointestinal effects in animals
after inhalation exposure to styrene.

Hematological Effects. Several studies indicate that inhalation
exposure of humans to styrene cause mild or no effects on the blood. In one
study, the incidence of abnormal values for hematological parameters including
erythrocyte, leukocyte, and platelet counts, and hemoglobin levels for 84
styrene workers generally exposed to less than 1 ppm styrene for 1-36 years
was investigated. However, these workers were also exposed to intermittent
high levels of styrene as well as to other chemicals. The percentages of the
exposed group with abnormally low hemoglobin and erythrocyte values or
abnormally high leukocyte values were less than those percentages in the
62 person control group. There were no abnormal thrombocyte values reported
in either the exposed or control groups (Thiess and Friedheim 1978). Findings
from a group of 93 workers engaged in the manufacture of styrene polymers and
exposed to generally less than 1 ppm styrene for 1-38 years were also
presented in this study; only the incidence of abnormally low erythrocyte
counts (in the group exposed to styrene) was found to be statistically
significant (p<0.05). However, because exposures could not be determined
accurately and because there were concomitant exposures to other chemicals,
the results of these studies are difficult to interpret.

Lowered erythrocyte counts, hemoglobin, platelets, and neutrophils and
slightly higher mean corpuscular red cell volumes and neutrophil band counts
were observed in workers in a styrene-butadiene rubber manufacturing plant
(Checkoway and Williams 1982). The highest mean styrene level was 13.67 ppm.
However, interpretation of this study is limited because multiple-chemical
exposures were involved and exposure and clinical signs were measured at the
same time and only once. An earlier study of styrene workers showed no
definite pattern of hematological changes (Lorimer et al. 1978). In these
studies, exposure levels were uncertain and multiple chemicals were involved.

In an animal inhalation study, no adverse hematological effects were
noted in Jersey pigs exposed to 72 or 360 ppm styrene for 3 weeks (Johnston
et al. 1983). In rats exposed to 49 ppm styrene, erythrocyte-aminolevulinate
dehydratase (ALA-D) was depressed markedly. The decrease in enzyme activity
was accompanied by a decrease in the enzyme content in bone marrow cells
(Fujita et al. 1987). The author's suggestion that the changes may have been
a result of styrene oxide reducing the enzyme protein is based on in vitro
data.

The well-conducted Thiess and Friedheim (1978) study as well as the more
limited studies indicate that few adverse hematological effects occurred in
styrene-exposed workers. However, the full meaning of the findings is not
clear because of poor characterization of the exposure level and concurrent
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exposures to other chemicals. The animal data do not permit a

characterization of hematological effects in animals after inhalation exposure
to styrene. However, oral animal data support the suggestive evidence in
humans that styrene may affect hematological parameters (Section 2.2.2.2).

Hepatic Effects. Human studies on the hepatic effects of styrene
inhalation frequently used serum levels of enzymes as indicators of liver
dysfunction. In general, human studies have resulted in negative or equivocal
results (Harkonen et al. 1984; Hotz et al. 1980; Lorimer et al. 1978; Thiess
and Friedheim 1978). The effects of styrene, at exposure levels generally
less than 1 ppm, were evaluated in 84 styrene workers exposed for 1-36 years
(Thiess and Friedheim 1978). In this study, serum glutamate-oxalacetate
transaminase (SGOT), serum glutamate-pyruvate transaminase (SGPT) and
gammaglutamyl transferase (GGT) were measured in exposed workers and a reference
population. Within the styrene-exposed group the incidence of high SGOT or
SGPT values was less than the reference group. The number in the exposed
group having abnormally high GGT values was twice as high as the control
group. However, only a small number of exposed workers and controls were
included in this study and the results were not statistically significant. In
another study, workers exposed to styrene in the range of 100-300 ppm as an
8-hour time-weighted average in small manufacturing operations showed elevated
levels of liver amino transferase (Axelson and Gustavson 1978). However, the
cause of the increased levels and effects on liver function are uncertain. In
another exposed population of 93 workers exposed to less than 1 ppm styrene
for 1-38 years, hepatic enzyme levels (SGOT, SGPT, and GGT) were measured
(Thiess and Friedheim 1978). There were no statistically significant
differences in the hepatic enzyme levels of the exposed and reference
population.

Liver enzyme levels were also measured in 57 workers exposed to styrene
in the polyester industry for 1-20 years (Hotz et al. 1980). The styrene
exposure concentrations were from 1 to 100 ppm. The hepatic enzymes,
ornithine carbamyl transferase (OCT), aspartate amino transferase (ASAT),
alanine amino transferase (ALAT), and GGT were measured and showed increased
activity compared to control values. The OCT and ALAT levels correlated
better than the GGT and ASAT levels with the degree of styrene exposure.
These study results suggest hepatic injury at 100 ppm and less. In another
study, the effect of styrene exposure in 34 styrene-exposed and 34 control
female workers was evaluated (Harkonen et al. 1984). These workers were
exposed to approximately 50-120 ppm styrene for a mean duration of 5.1 years
in the breathing zone with the highest levels temporarily exceeding 200 ppm.
Liver function was assessed by measurement of ASAT, ALAT, and GGT. Bile acid
concentrations were also measured. The styrene-exposed group did not have
higher activity levels of either liver enzymes or bile acids when compared to
the control group values. A few abnormal values in both the exposed and
control groups were associated with the use of drugs or alcohol and the study
results indicated no hepatic effects associated with exposure to styrene. In
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a different study, workers exposed to approximately 5-20 ppm styrene for up to
20 years or more were found to have high GGT values even when the use of
alcohol was taken into consideration (Lorimer et al. 1978). However, no other
hepatic parameters were affected.

In animal studies, rats were exposed to 300 ppm styrene intermittently
for 11 weeks (Vainio et al. 1979). Free glutathione in rat liver
significantly decreased (approximately 59%) after an exposure period of
2 weeks. The glutathione depression continued throughout the intermittent
ll-week exposure. The cytochrome P-450 content of hepatic microsomes was
doubled during the first 2 weeks of exposure to 300 ppm. The epoxide
hydratase and UDP glucuronosyltransferase activity in rat liver increased upon
exposure to 300 ppm over 11 weeks of intermittent exposure. Degenerative
morphologic alterations were also observed in the parenchymal cells of the
liver 2 weeks after exposure to 300 ppm (Vainio et al. 1979). In another
study by the same author, a 4-day exposure at even lower styrene levels (less
than 200 ppm) resulted in decreased free glutathione in rat liver. In this
case the decrease was reversible as evidenced by a slight elevation of hepatic
glutathione concentrations in styrene exposed animals 18 hours after exposure.

In a 24 month study of rats exposed to 600 or 1,000 ppm styrene,
increased absolute and relative liver weights were observed in females at both
exposure levels at 6 months (Jersey et al. 1978). At 12 months and terminal
necropsy, these effects were inconsistent and not dose-related. Histopathological
findings were similar for exposed and control females at the 6 and
12 month intervals. For males, there was evidence of a nutritional state
associated with decreased body weight gain. At termination, alveolar
histiocytosis was observed in the lungs of females exposed to 1,000 ppm only.
Excessive mortality and chronic mucosa pneumonia prevented an appropriate
evaluation of the male rat histopathology.

Although the well-conducted studies on workers generally gave negative
results, the animal studies involving higher exposures suggest that styrene
inhalation may affect liver function.

Renal Effects. Human studies generally confirm the importance of
urinary enzymes as indicators of kidney damage due to exposure to styrene
(Aliberti and Severini 1987; Viau et al. 1987; Vyskocil et al. 1989) and other
chemicals. The urine of 15 subjects exposed to styrene (900 mg/m® or 212 ppm)
for an 8-hour workshift and 20 unexposed control subjects was evaluated for
urinary enzyme effects (Aliberti and Severini 1987). The subjects exposed to
styrene demonstrated higher levels of alanine-aminopeptidase (AAP) at the end
of the workshift compared to unexposed controls (p<0.001). The N-
acetylglucosaminidase (NAG) was increased much less than AAP but the increase over
the control group was statistically significant (p<0.01). These results are
considered to represent an early biochemical indication of adverse renal
effects. Viau et al. (1987) measured urinary excretion of PB-microglobulin,
retinol-binding protein and albumin in 65 workers exposed to styrene (24 ppm)
for a mean duration of 6 years. No significant difference was observed in the
urinary excretion of proteins when compared to controls. No significant
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difference was found by Vyskocil et al. (1989) in the urinary excretion of
albumin B-microglobulin, retinol-binding protein, total protein, glucose,
lysozyme, lactate dehydrogenase, and P-N-acetyl-D-glucosaminidase in workers
exposed to an average of 53 ppm styrene when compared to a control group. The
minor kidney effects noted in these well-conducted human studies indicate that
styrene may exert a minor effect on some kidney enzyme functions.

Minor changes in renal enzyme activities and no effects on morphology
(Vainio et al. 1979; Viau et al. 1987) have also been observed in animals
after exposure to styrene. Intermittent ll-week exposure to styrene by
inhalation (300 ppm) induced the activities of the drug hydroxylating enzymes
ethoxycoumarin O-deethylase, and cytochrome P-450. Activities of the
conjugating enzymes, epoxide hydratase, and UDP glucuronosyltransferase were
also induced in the exposed rats (Vainio et al. 1979). Since there were no
degenerative morphologic alterations observed in the kidney, this is not a
clear adverse effect. In another study, no functional or morphological renal
changes could be detected in rats exposed to 133 ppm styrene (5 days/week) for
13 weeks (Viau et al. 1987).

Dermal/Ocular Effects. Eye irritation in humans has been reported at
high styrene concentrations (Carpenter et al. 1944; Stewart et al. 1968).
Immediate eye irritation was reported in two human subjects exposed to 800 ppm
styrene for 4 hours (Carpenter et al. 1944). Eye irritation was also noted by
Stewart et al. (1968) in two of five volunteers exposed to 376 ppm styrene for
1 hour. Also, 345 styrene-exposed workers (98% male) were evaluated for
ocular toxicity due to exposure to styrene (5-200 ppm) for 7-20 years. No
evidence of optic neuritis, central retinal vein occlusion, or retrobulbar
neuritis was found. Conjunctival irritation was a complaint of 22% of the 345
workers exposed to styrene levels above 50 ppm (Kohn 1978). Eye and nasal
irritation was observed in rats and guinea pigs exposed to 1,300 or 2,000 ppm
styrene, 7-8 hours/day, from 21 to 30 weeks (Wolf et al. 1956). 5 days/week for
durations ranging Rabbits and monkeys were exposed for up to 360 days with no
effects.

Other Effects. Exposure to styrene vapors has been found to increase
the levels of several pituitary hormones (prolactin, growth hormone) in female
workers (Mutti et al. 1984b). This effect is probably mediated through the
nervous system, and so is discussed in Section 2.2.1.4.

2.2.1.3 Immunological Effects

No dose-related differences in the concentrations of serum alpha, beta
and gamma globulins were found in workers exposed to different concentrations
of styrene (Chmielewski et al. 1977). However, exposure levels and durations
were not specified. In patch-testing studies of cross-reactors to styrene,
styrene epoxide was more sensitizing than styrene itself (Sjoberg et al.
1984) . The authors interpreted this as evidence that styrene requires
metabolism by skin aryl hydrocarbon hydroxylase to styrene epoxide for its
sensitizing activity.
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No other studies were located regarding immunological effects in humans
or animals after inhalation exposure to styrene.

2.2.1.4 Neurological Effects

Several epidemiological and clinical studies have shown that styrene
exposure causes alterations of central nervous system functions in humans.
Men exposed to levels of 52-117 ppm (mean = 92 ppm) in a boat-building factory
were more subject to mood changes, were more likely to report feeling tired,
and had slower reaction times than unexposed workers (Cherry et al. 1980). A
similar decrease in reaction time was observed in four groups of workers
exposed to styrene at levels of 17-101 ppm (mean = 55 ppm) (Gamberale et al.
1976) . Workers exposed to styrene in several industries at mean
concentrations of 5-125 ppm had mild sensory neuropathy characterized by
decreased sensory conduction amplitude and increased duration, but there were
too few people to define no-adverse-effect levels (Rosen et al. 1978). An
increased occurrence of fast activity in central and precentral areas of the
brain was also noted in styrene workers. These effects were clearly visible
in workers exposed to an average of 47 ppm or more. In a study by Stewart
et al. (1968), no toxicity was noted following 1l- or 2-hour exposure to 51 ppm
(3 subjects) or 117 ppm ( 1 subject) styrene, respectively. In the same
study, 6 subjects were exposed to 99 ppm styrene vapor for 7 hours. Three of
these subjects reported that they were having difficulty performing the
modified Romberg test which measures balance and coordination. Also, l-hour
exposure to 376 ppm styrene vapor resulted in abnormal neurological findings
and complaints of nausea and inebriation. In another study, immediate
muscular weakness, listlessness, drowsiness and impaired balance was observed
in two human subjects exposed to 800 ppm styrene (Carpenter et al. 1944).
Odkvist et al. (1982) investigated the inhibition of the vestibular-oculomotor
system in ten human subjects experimentally exposed to 87-139 ppm styrene for
1 hour. Visual suppression was disturbed and the authors concluded that
styrene acts, along with other organic solvents, to block cerebellar
inhibition of the vestibula-oculomotor system.

Chronic exposure of workers to styrene results in increased incidence of
abnormal electroencephalograms (EEGs) (Harkonen et al. 1978). In this study,
exposure levels were estimated from an empirical relationship that was
established between workplace air concentrations and urinary levels of
mandelic acid (MA) in exposed workers. This relationship is expressed as:

In(styrene air concentration, ppm) =
-3.4915 + 1.0568 e 1n (urinary MA concentration, mg/L)

The authors had previously observed a strong correlation (r? = 0.86, p<0.001)
between the time weighted average styrene concentrations in air and urinary
mandelic acid concentrations. Thus, exposure estimates derived from urinary
metabolite levels are considered to be sufficiently reliable to establish
meaningful dose-response relationships. Exposure to an 8 hour time-weighted
average of 31 ppm or above resulted in a 30% incidence of altered EEGs,
compared to 10% in workers exposed to less than 31 ppm. The abnormalities
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included local slow wave activity (14/23), diffuse theta activity (8/23), and
bilateral discharges (2/23). Exposure to 55 ppm or higher resulted in
decreased visuomotor accuracy and impaired psychomotor performance. As part
of the same study, 9 out of 40 workers who displayed subjective symptoms of
styrene exposure were found to have abnormal nerve conduction velocities.
However, no clear relationship between the altered conduction velocity and
styrene exposure could be established. Mutti et al. (1984a) reported verbal
learning skills were significantly impaired in workers exposed to mean daily
concentrations of styrene greater than 25 ppm (this value is also estimated
from levels of urinary metabolites). This exposure level (25 ppm) is the
lowest concentration known to have caused significant neurological effects in
humans, and so has been selected to calculate a chronic inhalation MRL of
0.06 ppm, as described in the footnote to Table 2-1. Logical memory and
visuo-constructive abilities were also significantly affected in workers
exposed to greater than 50 ppm styrene.

Inhalation exposure to styrene may also cause peripheral neuropathy. A
man exposed to an undetermined concentration of styrene vapor for 5 years
(4-10 hours/day, 7 days/week) developed burning sensations in the feet and
moderate slowing of nerve conduction velocity in the lower limbs (Behari
et al. 1986). Histologic examination revealed demyelination of sural nerve
fibers. However, this individual also had a history of prescription drug use
and may have been exposed to chemicals other than styrene. Therefore, this
report does not contain adequate information to establish an unequivocal
cause-effect relationship.

The effects of styrene on the neuroendocrine activity of the
tuberoinfundibular dopaminergic system (TIDA) in humans was indirectly
investigated with measurements of adenohypophysial hormones, including serum
prolactin (PRL), human growth hormone (HGH), thyroid-stimulating hormone
(TSH), follicle-stimulating hormone (FSH) and luteinizing hormone (LH) in
30 female workers exposed to approximately 130 ppm styrene and 30 age-matched
controls (Mutti et al. 1984b). The exposed subjects' serum levels of PRL were
more than double the reference values and correlated with exposure to styrene.
The serum levels of HGH in exposed women were also higher than the reference
g