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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological
End Points

Number
of
Reference workers

Mean
duration of
exposure
(years)

(ppm)

NOAEL LOAEL
(ppm) Comments

Hearing

Triebig etal. 17
2009

Triebig etal. 31
2009

Morata et al. 65
2002

Sliwinska- 194
Kowalska et
al. 2003

Morioka et al. 93
1999

14.6
(range: 10-26)

6.3
(range: 1-26)

17
(range: 1-39)

NR

9.4

40

50

3.68

15.6

16

Average exposure was 30-50 ppm; in the
past, workers were exposed to 80—

100 ppm. Workers exposed to >85 dBA
noise were excluded from analysis. Lower
hearing thresholds were observed at
1,000-1,500 and 8,000-12,500 Hz.
Significant improvement in hearing
following an exposure-free period.

No significant alterations in hearing
threshold among workers with urinary MA
plus PGA levels of 970 mg/g creatinine
(approximately 40 ppm).

Noise level 82 dBA.

A higher prevalence of high frequency
hearing loss (47%) compared to controls
(33%), but difference was not statistically
significant. Significantly poorer thresholds
were observed at 2, 3, 4, 6, and 8 kHz in
the styrene group. The OR of 1.19 (95%
Cl, 1.11-1.28) times greater for each 1 year
of age was calculated and 2.44 times
greater (95% ClI, 1.01-5.89) for each
increment of 1 mmol MA/g creatinine in
urine.

Current styrene concentrations ranged from
0.05 to 46 ppm; average worklife mean
styrene concentration was 15.6 ppm.
Average noise level was 80.3 dBA.
Abnormal audiograms were found in 63.3%
of styrene workers, compared to 33.8% in
the unexposed controls. The OR of hearing
loss was 5.2 (95% ClI, 2.9-8.9). A positive
linear relationship between styrene working
life exposure levels and hearing thresholds.

Sound levels in the workplace ranged from
53 to 95 dBA.

Significant correlation between individual
percentiles of the upper limit of hearing and
styrene concentrations in workers exposed
for =5 years; the prevalence rates below the
75th percentile were significantly higher
than 25% in workers exposed to >16 ppm.
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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological

End Points
Mean
Number duration of
of exposure NOAEL LOAEL
Reference workers (years) (ppm)  (ppm) Comments
Molleretal. 18 10.8 18 No styrene-related alterations in the pure-
1990 (range: 6-15) tone audiometry and speech discrimination
tests were found. Seven workers displayed
abnormal results in distorted speech and/or
cortical response audiometry tests.
Calabrese et 20 7.6 36 All workers had normal hearing thresholds

al. 1996

Vestibular

Molleretal. 18
1990

Toppila et al. 88
2006

Calabrese et 20
al. 1996

(range: 2-23)

10.8
(range: 6-15)

7.6
(range: 2-23)

18

24.8

36

and no abnormalities of stapedial reflex
were found. No significant effect on ABRs
(as compared to 10 control subjects) were
observed; additionally, when nine subjects
were re-tested after 3 weeks without
exposure, no significant difference between
pre- and postrecovery values were found.

Significantly higher sway with eyes open or
closed in the static posturography test,
increased latency in saccade test, a phase
lag and depressed gain in unpredictable
and predictable stimulation in the smooth
eye pursuit test, and impaired ability to
suppress vestibulo-ocular reflex in
sinusoidal and pseudorandomized tests.

Nonlaminators used as the comparison
group; 88 pairs of age-matched workers
were used for postural stability tests; the
mean styrene and MA PGA concentrations
for these pairs were 24.8 ppm and

1.4 mmol/L for the laminators and 4.8 ppm
and 0.3 mmol/L for the nonlaminators.
Poorer performance in dynamic tests on the
static platform. In the tilting platform and
virtual reality tests, sway velocity was
greater and workers became unstable and
displayed large correctional movements.

Abnormal results in the vestibulo-ocular
tests, these alterations persisted after the
3-week recovery period. No alterations in
visual suppression test or postural
performance were found.
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Table 3-2. Summary of Occupational Exposure Studies Examining Neurological

End Points
Mean
Number duration of
of exposure NOAEL LOAEL
Reference workers (years) (ppm)  (ppm) Comments
Nerve conduction velocity

Seppalainen 96 5 30 Styrene exposure was estimated using end-

and of-shift urinary MA levels collected weekly

Harkoénen for 5 consecutive weeks.

1976 No significant differences in median, ulnar,
deep peroneal, or posterior tibial nerve
motor or sensory conduction velocities were
observed, as compared to a referent group
with a similar age distribution.

Stétkarova et 15 11 50 Decreased peripheral conduction velocities

al. 1993 in median and tibial nerves were observed
in female styrene workers; prolonged
latencies of peripheral and cortical
somatosensory evoked potentials were also
observed in the female workers exposed to
styrene.

Triebig etal. 11 4 100 No significant alterations in maximum

1985 conduction velocity in the ulnar nerve or

distal conduction velocity of the sensory
fibers of the ulnar and median nerves.

ABR = auditory brainstem response; CCI = color confusion index; Cl = confidence interval; LOAEL = lowest-observed-
adverse-effect level; MA = mandelic acid; MS = millisecond; NOAEL = no-observed-adverse-effect level; NR = not
reported; OR = odds ratio; PGA = phenylglyoxylic acid
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Color vision appears to be one of the more sensitive targets of styrene toxicity, with many studies
reporting alterations. Color vision was typically measured using the Lanthony desaturated panel

D-15 test in which the subjects were asked to arrange 15 painted caps in a line with definite chromatic
sequence; the color confusion index (CCI) quantifies the number of types of mistake. A significant
correlation between CCI and urinary mandelic acid concentration (after correction for age) was observed
in workers at fiberglass reinforced plastic facilities (Kishi et al. 2001). When workers were divided into
three groups based on end-of-shift urinary mandelic acid levels, there were significant differences
between CCI in workers with a mean a mandelic acid level of 0.14 or 0.65 g/L and age-matched referents;
no difference was found for the third group with a mean mandelic acid level of 0.05 g/L. The
investigators estimated that these urinary mandelic acid levels were equivalent to styrene exposure levels
of 4, 10, and 46 ppm. Thus, this study identifies a NOAEL of 4 ppm and a LOAEL of 10 ppm for
decreased color discrimination. Similarly, Gong et al. (2002) found significantly higher CCI values in
workers at a fiberglass reinforced plastic boat facility with end-of-shift urinary mandelic acid and
phenylglyoxylic acid levels of >0.24 g/g creatinine or <0.24 g/g creatinine; a mandelic acid plus
phenylglyoxylic acid urine level of 0.24 g/g creatinine is equivalent to a styrene exposure level of

10 ppm. A significant increase in CCI was also observed in workers at fiberglass reinforced plastic
facilities as compared to age-matched controls (Gobba et al. 1991); although the mean styrene
concentration was 16 ppm for all workers (n=73), the mean for the subset of workers used for age-
matched analysis was not reported. When workers were stratified based on styrene air levels, workers
exposed to 49 ppm styrene had significantly higher CCI scores than workers exposed to lower levels. In
contrast to other studies, Gobba et al. (1991) did not find a significant relationship between end-of-shift
urinary mandelic acid levels and CCI; however, urinary styrene levels correlated with CCI values. CCI
values were significantly higher in laminators at a boat manufacturing facility with a median urinary
mandelic acid plus phenylglyoxylic acid levels of 472 mg/g creatinine compared to control subjects when
the test was administered on a Thursday after work (Triebig et al. 2001). Although CCI values were also
elevated on a Monday before work, the values were not significantly different from controls. Classifying
CCl values for the workers as normal or abnormal (exceeding the 95" percentile of the age reference
values) demonstrated that abnormal CCI values were typically associated with urinary mandelic acid plus
phenylglyoxylic acid levels of approximately 500 mg/g creatinine and higher (approximately 20 ppm
styrene in air for 8 hours). Significantly higher CCI values were observed in fiberglass reinforced
workers with a mean urinary mandelic acid levels of 1.06 g/L, which is roughly equivalent to a styrene
exposure level of 93 ppm (Eguchi et al. 1995). This study did not find significant alteration in workers
with a mean urinary mandelic acid level of 0.02 g/L, equivalent to 8 ppm. Another study of fiberglass

reinforced plastic workers (some of this cohort was examined by Gobba et al. 1991 and Campagna et al.
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1995) found a significant association between CCI and styrene exposure levels (Campagna et al. 1996).
The investigators concluded that color vision impairment could be detected at styrene levels of 4 ppm
with a 95% upper confidence limit of 26 ppm. Two other occupational exposure studies using different
measures of color vision impairment also found significant alterations. Chia et al. (1994) found
significantly poorer color discrimination, after adjusting for age, education, and alcohol consumption, in
21 workers at a fiber-reinforced plastic boat manufacturing facility; the styrene exposure level of 6 ppm
was estimated from a mean end-of-shift urinary mandelic acid level of 84.0 mg/g creatinine. No
relationship between the total color difference score and the urinary mandelic acid level was found. In
60 workers in the shipbuilding industry with a mean styrene exposure level of 24.3 ppm, a significantly
higher incidence of workers with errors in the blue-yellow or red-green ranges, compared to a referent
group, was found (Fallas et al. 1992). Total error score was significantly different in workers, with a
lifetime weighted average exposure level of 22 ppm styrene, as compared to workers in a low exposure
group (9 ppm) (Iregren et al. 2005). In contrast to these results, Seeber et al. (2009b) found no significant
association between CCI scores or visual contrast sensitivity among styrene workers with long-term
exposure to average styrene concentrations up to 27 ppm; identification of a NOAEL from this study is

limited by the lack of a control group.

Several studies found improvements in color vision following an extended period of no styrene exposure
or lower exposure. Triebig et al. (2001) reported a significant improvement in CClI scores following a

4-week period with no styrene exposure; in contrast, no improvement in CClI scores was found in another
group of styrene workers following a 1-month period without styrene exposure (Gobba et al. 1991). Two
studies found significant improvements in color vision (age-adjusted color confusion score or CCI score)
were observed in styrene workers following a decrease in styrene air level (Castillo et al. 2001; Triebig et
al. 2001). However, one study found no change in age-adjusted near visual contrast sensitivity following

a decrease in styrene exposure levels (Castillo et al. 2001).

A number of studies have found significant alterations in performance on a variety of neurobehavioral
tests; among these studies, reaction time appears to be the most frequently examined end point.
Significant increases in simple reaction time have been observed in styrene workers exposed to
concentrations of 21.9, 22.68, 47, or 92 ppm (Cherry et al. 1980; Gamberale et al. 1976; Jegaden et al.
1993; Tsai and Chen 1996); tests for reaction time were measured in the morning before the work shift,
suggesting that the effect was not due to acute exposure to styrene. The reaction times were 4-10%
slower in the styrene workers as compared to the referent groups. No significant alterations in simple

reaction time were observed in workers exposed to 8.6 ppm (Edling et al. 1993) or 24.3 ppm (Fallas et al.
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1992). Similarly, complex reaction time was significantly increased among styrene workers exposed to
21.9, 22.68, or 25 ppm (Fallas et al. 1992; Jegaden et al. 1993; Multti et al. 1984a); the variance from
controls ranged from 7.5 to 20%. No alterations in complex reaction time were observed in workers
exposed to 8.6 ppm (Edling et al. 1993). No alterations in choice reaction time were observed in styrene
workers exposed up to 27 ppm averaged over 15 years (Seeber et al. 2009a); this value was not identified
as a NOAEL because the study did not include a control group. Impaired performance on the digit span
test, which measures attention/concentration, was observed in workers exposed to 6 ppm (Chia et al.
1994), 22.68 ppm (Jegaden et al. 1993), or 24.3 ppm (Fallas et al. 1992). Other neurobehavioral
performance tests that may be altered by chronic exposure to styrene included digit symbol or symbol
digit tests at 6 ppm (Chia et al. 1994), vibration perception threshold at 15.9 ppm (Sato et al. 2009),
memory at 25 ppm (Multti et al. 1984a), and visuomotor at 50 ppm (Mutti et al. 1984a) or 75 ppm
(Lindstrom et al. 1976). However, other studies have not found significant alterations in digit symbol at
8.6 ppm (Edling et al. 1993), 24.3 ppm (Fallas et al. 1992), or 25 ppm (Multti et al. 1984a), or memory at
75 ppm (Lindstrom et al. 1976). By pooling response data for several tests of neurobehavioral
performance, Mutti et al. (1984a) were able to analyze exposure-response relationships. When workers
were divided into four groups based on morning urinary mandelic acid and phenylglyoxylic acid levels,
the number of subjects with abnormal scores on greater than one, two, or three tests increased with
increasing exposure concentration. Additional analyses demonstrated that the exposure intensity and
duration of exposure affected a worker’s performance on neurobehavioral tests and the duration of

exposure appeared to affect performance more than exposure intensity.

Clinical symptoms of neurotoxicity have been reported by styrene workers; commonly reported
symptoms included headaches, dizziness, impaired memory, and feeling “drunk”. At 6 or 12 ppm,
abnormal tiredness and short memory were reported by most of the styrene workers examined by Flodin
et al. (1989); problems concentrating and irritation were also reported by most workers exposed to

12 ppm. After a 7-month period without styrene exposure, there was a marked improvement in
symptoms and the mean number of symptoms reported was 1.9, compared to 5.3 reported 7 months
earlier. Fiberglass reinforced plastic industry workers exposed to 18.9 or 50.0 ppm reported a higher
prevalence of headaches, dizziness, light headedness, fatigue, irritability, feeling “drunk”, and memory
loss (Checkoway et al. 1992); the prevalence of clinical signs was not significantly increased in workers
exposed to 10.8 ppm. Increases in the incidence of headache, memory disturbances, forgetfulness,
dizziness, and sensory symptoms in the upper and lower extremities were observed in workers with high
exposure to styrene compared to those with low styrene exposure (Matikainen et al. 1993a); exposure

levels were not reported. A significantly higher incidence of subjective symptoms (nausea, feeling of
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drunkenness, dizziness, and disturbance) was observed in styrene workers exposed to 4-164 ppm, as
compared to controls (Geuskens et al. 1992). No significant difference in the incidence of symptoms
related to cognitive motor disturbances (lack of concentration, understanding, trouble with movements)
was found. Fiberglass boat manufacturing workers exposed to 92 ppm reported a higher prevalence of
physical and mental tiredness at the end of the work shift than controls (Cherry et al. 1980). No
alterations in the reporting of clinical symptoms were observed in plastic industry workers exposed to a

mean concentration of 8.6 ppm (Edling et al. 1993).

Styrene-induced damage to hearing and the vestibular system have been examined in a number of studies
of chronically exposed workers. Several studies have reported significant associations between styrene
exposure and hearing impairment; however, interpretation of the findings of most of these studies is
limited by confounding exposure to noise or other solvents. Noise studies have found that exposure to
>85 dB for over 10 years can result in a 10% hearing loss (Prince et al. 1997). Triebig et al. (2009) did
not find an association between hearing loss and current styrene exposure among workers at a boat
building plant (workers exposed to noise levels >85 dBA were excluded from the analysis); the high
exposure group had a mean urinary mandelic acid plus phenylglyoxylic acid level of 970 mg/g creatinine
(approximately 40 ppm). However, among long-term workers (exposed to styrene for >10 years) exposed
to high levels of styrene, several effects were observed including hearing losses at 1,000-1,500 and
8,000-12,500 Hz and an improvement in hearing function following a non-exposure period; the average
exposure level was 30-50 ppm with >50 ppm exposure (80-100 ppm) in the past. Morioka et al. (1999)
found an increased prevalence of workers with a urinary mandelic acid level of >0.3 g/L (approximately
16 ppm) with an upper frequency of hearing below the 75" percentile for normal. However,
interpretation of the results is limited by confounding exposure to noise and exposure to other solvents,
particularly toluene, which has been shown to be ototoxic. The noise levels ranged from 53.0 to

95.0 dBA with 14% of the measurements exceeding 85 dBA. Another study (Muijser et al. 1988) of
styrene workers found a significant difference in hearing threshold at 8 kHz between indirectly exposed
workers (mean styrene level of 14 ppm) and directly exposed workers (mean styrene level of 32 ppm);
however, no differences were found in comparisons of indirectly and directly exposed workers with
referent workers. The noise level for both groups of styrene workers was 80-85 dBA for most of the day.
Sliwinska-Kowalska et al. (2003) found a significantly elevated risks of hearing loss among styrene
workers exposed to a mean styrene concentration of 15.6 ppm (average noise level of 80.3 dBA). The
odds ratio (adjusted for noise and gender) in workers only exposed to styrene was 5.2 (95% CI1 2.9-8.9).
The hearing losses were found within the range of 2-8 kHz. Morata et al. (2002) found significant

decreases in hearing thresholds at 2, 3, 4, and 6 kHz in workers exposed to 0.05-22 ppm (mean of
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4 ppm); no difference in the prevalence of high frequency hearing loss, as compared to referent workers,
was found. The fairly wide range of exposure levels adds a great deal of uncertainty to estimating the
LOAEL from this study; although the mean exposure is reported as the LOAEL in Figure 3-1, this value
may be an overly conservative estimate of the true LOAEL. Other studies have not found significant
alterations in hearing. Moller et al. (1990) found no indications of hearing loss in workers exposed to

18 ppm styrene. Sass-Korstak et al. (1995) did not find significant relationships between lifetime styrene
exposure and hearing loss in workers at fiber-reinforced plastics manufacturing facilities. The cumulative
styrene exposure level was calculated using data for current exposure (25 ppm for directly exposed
workers and 8 ppm for indirectly exposed workers), length of time in each job category, and a downward
adjustment for self-reported respirator use. The average noise levels (L¢,) were 88.1 and 89.2 dBA for the
directly and indirectly exposed workers, for nonexposed workers, a sound level of 80 dBA was assumed.
In another study of fiberglass workers (Calabrese et al. 1996), no significant alterations in audiometric
tests or auditory brainstem response were observed in workers exposed to a mean styrene level of 36 ppm.
Additionally, a 3-week recovery period did not result in any significant changes in auditory brainstem

responses (pre- and post-recovery) in nine of the workers.

Other studies have examined workers for styrene-induced vestibular effects. Significant alteration in tests
of central vestibulo-ocular and opto-ocular motor movements (i.e., static posturography, smooth eye
pursuit, saccade, and vestibulo-ocular reflex tests) were observed in workers at a plastic boat
manufacturing facility exposed to a TWA styrene concentration of 18 ppm (Méller et al. 1990). No
indications of labyrinthine or peripheral vestibular lesions were observed. Toppila et al. (2006) also
found significant alterations in postural stability in workers at fiberglass-reinforced plastic boat
manufacturing facilities exposed to 25 ppm styrene. In contrast, Calabrese et al. (1996) did not find
significant alterations in visual suppression tests or postural stability in fiberglass plant workers exposed
to 36 ppm styrene. Significant alterations in vestibulo-ocular reflex were found. A 3-week recovery

period did not result in significant changes in the test results.

Styrene’s potential to impair odor threshold and vibration potential threshold have also been examined in
styrene workers. Two studies examined styrene’s potential to affect olfactory function. No alterations in
three clinical tests of olfactory function were observed in styrene workers exposed to 24.6 ppm styrene
for minimum of 4 years (Dalton et al. 2003). Another study by these investigators (Dalton et al. 2007)
found a significant impairment in performance on an odor identification test between styrene workers
(current exposure levels ranging from 11 to 22 ppm as assessed via urinary mandelic acid plus

phenylglyoxylic acid levels) compared to non-exposed workers (current styrene levels of 0.6-7.1 ppm).
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However, no significant relationships between current (on the day of olfactory testing or on the preceding
day) or historical styrene exposure levels were found, suggesting that the difference was not related to
styrene exposure. Sato et al. (2009) reported significant differences in vibration potential threshold in
upper and lower limbs in workers at fiberglass-reinforced plastic boat facilities with a mean urinary
mandelic acid plus phenylglyoxylic acid level of 0.42 g/g creatinine (approximately 17 ppm styrene in
air), as compared to age-matched controls; however, the relationship between current urinary metabolites
level and vibration threshold potential was not statistically significant. A past maximum urinary mandelic

acid level of >50 ppm were significantly associated with impaired vibration threshold potential.

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 a NOAEL (Rosen et al. 1978). Peripheral neuropathy and reduced nerve
conduction velocity was also reported in an individual following a 2-day exposure to an unknown amount
of styrene (and other chemicals) (Fung and Clark 1999). Leg weakness, leg muscle cramps, and
paresthesia were also reported in two styrene workers (Gobba et al. 1995). Moderate sensorimotor
neuropathy of the demyelinating type was diagnosed in both cases based on the clinical symptoms and the
decreased motor nerve conduction velocity in the peroneal nerve and decreased sensory nerve conduction
velocity in the sural and median nerves. Alterations in nerve conduction velocity have also been observed
in styrene workers. Decreased peripheral conduction velocities in the median and tibial nerves and
prolonged latencies of peripheral and cortical somatosensory evoked potentials were observed in female
styrene workers exposed to 30-130 ppm (midpoint of the range is 50 ppm) (Stétkarova et al. 1993).
Significant decreases in ulnar and peroneal maximum conduction velocities and increased peroneal motor
distal latencies were observed in fiber reinforced workers exposed with urinary mandelic acid levels (end
of shift) of >250 mg/L, as compared to referent workers. Motor distal latencies in the workers with
urinary mandelic acid levels >250 mg/L were also significantly lower than in workers with urinary
mandelic acid levels <250 mg/L (Yuasa et al. 1996). In contrast, no alterations in motor or sensory nerve
conduction velocity in the ulnar, median, deep peroneal, or posterior tibial nerve were observed in
workers exposed a to TWA styrene concentration of 30 ppm (based on urinary mandelic acid excretion)
(Seppaldinen and Harkénen 1976), and no alteration in motor or sensory nerve conduction velocity was
observed in workers exposed to approximately 100 ppm for a median of 4 years (Triebig et al. 1985).
Although Seppaldinen and Harkonen (1976) did not find alterations in nerve conduction velocity, they
found abnormal EEGs in 24% of the styrene workers, as compared to reported values for the normal
population. The mean urinary mandelic acid level (975 mg/dm?®) was higher in workers with abnormal

EEGs compared to those with normal readings (750 mg/dm?). Similarly, a significantly higher absolute
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EEG power in alpha band in the fronto-temporal region of the brain was found in workers with high

styrene exposures, as compared to workers with low-level exposure (Matikainen et al. 1993a).

The majority of the available animal neurotoxicity studies have focused on hearing impairment. Hearing
loss and a loss of outer hair cells (OHC) in the organ of Corti were observed in rats acutely exposed to
1,000 ppm (Campo et al. 2001; Lataye et al. 2003) or 1,600 ppm (Crofton et al. 1994). In contrast, acute
exposure of guinea pigs to 1,000 ppm did not result in hearing loss or OHC damage (Lataye et al. 2003).
Intermediate-duration exposure studies have consistently found hearing loss and loss of OHC in rats
exposed to >750 ppm styrene (Campo et al. 2001; Lataye et al. 2000, 2001; Loquet et al. 2000; Pouyatos
et al. 2002; Pryor et al. 1987; Yano et al. 1992). Exposure to 600-650 ppm resulted in OHC losses but no
alterations in hearing threshold (Loquet et al. 1999; Makitie et al. 2002; Pouyatos et al. 2002). A NOAEL
of 300 ppm was identified by Makitie et al. (2002).

Other neurological effects that have been observed in animal studies include lethargy and unsteady gait in
mice exposed to 250 ppm for 2 weeks (Cruzan et al. 1997), an increase in astroglial alterations at

320 ppm (Rosengren and Haglid 1989), a decrease in nerve conduction velocity in rats exposed to

2,000 ppm, but not 200 ppm, for 32 weeks (Yamamoto et al. 1997), and concentration-related alterations
in nystagmus elicited by optokinetic, vestibular, simultaneous optokinetic-vestibular, and saccadic
stimulation in rats exposed to 830-4,000 ppm styrene for at least 60 minutes (actual duration of exposure

was not reported) (Niklasson et al. 1993).

The highest NOAEL values and all reliable LOAEL values for neurological effects in each species and

duration category are recorded in Table 3-1 and plotted in Figure 3-1.

3.2.1.5 Reproductive Effects

Information on the reproductive effects of styrene in humans is available from epidemiological studies of
the reproductive outcomes of females employed in the various industrial operations in which styrene is
used. However, exposures to styrene were not adequately quantified in any of the studies cited. In one
study, spontaneous abortions among 9,000 Finnish chemical workers from 1973 to 1976 were analyzed
(Hemminki et al. 1980). The risk of spontaneous abortion expressed as number of abortions per

100 pregnancies) was significantly higher in women employed in styrene production compared to all
women in Finland 15.0 vs. 5.5). However, this increase was not detected in a follow-up study of the same

workers (Hemminki et al. 1984). An increase in the occurrence of spontaneous abortions was also
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observed in a study of 76 women involved in processing polystyrene plastics (McDonald et al. 1988); the
ratio of observed to expected abortions was 1.58 (95% CI 1.02-2.35). The possible embryotoxic effects
of styrene on 67 female lamination workers compared to 67 age-matched controls were evaluated in a
second study (Harkdnen and Holmberg 1982). The number of births was significantly lower among the
workers exposed to styrene. This result was explained in part by a greater number of induced abortions in
the styrene-exposed group. The number of spontaneous abortions was not elevated in the exposed
women. No increased risk of spontaneous abortions among workers processing polymerized plastics or
heated plastics made of vinyl chloride or styrene was reported (Lindbohm et al. 1985). The authors
reported that the statistical power of the study was low due to the small study population. These studies
are not conclusive since the workers were exposed to chemicals other than styrene in the workplace and
the concentrations of styrene were not adequately reported. Two studies have examined the potential of
styrene to induce menstrual disturbances. A significant increase in the incidence of oligomenorrhea was
observed in petrochemical industry workers; the adjusted odds ratio was 1.65 (95% CI 1.05-2.55) (Cho et
al. 2001). Although the odds ratio includes an adjustment for exposure to other aromatic chemicals, there
was potential for exposure to other chemicals; only three workers were exposed to styrene only and none
of these women reported oligomenorrhea. In contrast, no significant alterations were observed in women
working at reinforced plastics facilities with a mean styrene exposure level of 52 ppm for women directly
exposed to styrene and 13 ppm for those indirectly exposed (Lemasters et al. 1985). Several studies have
examined levels of prolactin, follicle stimulating hormone, and luteinizing hormone levels in female

styrene workers; the results of these studies are discussed in Section 3.2.1.2, Endocrine Effects.

Several studies have also examined styrene’s potential to induce male reproductive effects. A significant
decrease in sperm concentration, total sperm count, percentage of normal sperm, and percentage of
nonvital sperm and an increase in sperm velocity were observed in 23 workers employed at a styrene
manufacturing facility for approximately 6 months, as compared to levels during the first week of
employment (Kolstad et al. 1999a; results are also presented in Kolstad et al. 1999b). No significant
relationships between urinary mandelic acid level and sperm density, total sperm count, or proportion of
sperm with normal morphology were observed. A positive correlation between mandelic acid levels and
the percentage of nonvital sperm was found, but the trend test was not statistically significant. In a large
multinational study of male styrene workers, no significant alterations in time-to-pregnancy were found;
the odds ratio, adjusted for maternal age, use of oral contraceptives, maternal and paternal smoking
habits, time-to-pregnancy starting year, length of employment, and country, was 0.79 (95% CI 0.59-1.05)
(Kolstad et al. 2000). Additionally, no significant alterations in fertility rates were found when workers

were divided into groups based on length of exposure, period of attempting pregnancy, or exposure group
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(monitoring data from a subset of facilities were used to divide workers into different exposure groups)
(preliminary data from this study was reported by Kolstad et al. 1999c). Similarly, no significant
alterations in time to pregnancy among styrene workers exposed to high or intermediate/low exposure

levels (based on urinary mandelic acid levels) (Sallmén et al. 1998).

Two animal studies have examined the reproductive toxicity of styrene following inhalation exposure.

No statistically significant alterations in the frequency of abnormal sperm heads were observed in mice 3—-
5 weeks after exposure to 300 ppm for 5 days (Salomaa et al. 1985). In a two-generation study in rats
(Cruzan et al. 2005b), no significant alterations in reproductive performance, estrous cycle length,
spermatogenic parameters, or histological alterations in reproductive tissues were observed at
concentrations up to 500 ppm.

3.2.1.6 Developmental Effects

Limited information concerning developmental effects of styrene in humans is available from studies of
delivery outcome of women employed in the plastics industry (processing styrene or polyurethane
plastics). Case-control studies performed in Sweden and Norway did not detect an increase in the odds
ratio for developmental effects (stillbirth, infant death, malformations, low birth weight) in women who
worked in the plastic industry (Ahlborg et al. 1987). However, actual levels of styrene exposure were not
known for either group of workers. Another study did not find significant increases in the occurrence of
congenital malformations in children of men or women working at reinforced plastics facilities (Harkdnen
etal. 1984). A <4% lower birthweight were observed in the children of women who worked in the
reinforced plastics industry in areas with elevated levels of styrene (mean concentration of approximately
82 ppm) during pregnancy (Lemasters et al. 1989). However, this decrease was not statistically
significant (p=0.08). These studies suggest that developmental effects in exposed workers are not of
major concern, but the data are not adequate to exclude this effect. Moreover, interpretation of the results
is complicated due to exposure of the workers to other chemicals in the workplace such as toluene,
xylene, acetone, methylene chloride, and methyl ketone (Lemasters et al. 1989), as well as thermal
degradation products of styrene polymers (Ahlborg et al. 1987). Workers may also be exposed to
aerosols containing aldehydes, ketones, alcohols, esters, acids, and anhydrides. An expert panel convened
by the National Toxicology Program (NTP 2006) concluded that the human data are not sufficient to

evaluate the potential developmental toxicity of styrene in humans.
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The developmental toxicity of styrene has been examined in several animal studies. The average fetal
crown-rump length was significantly reduced in rats exposed to 300 ppm on gestational days 6-15, but
was not affected in rats exposed to 600 ppm (Murray et al. 1978); the investigators concluded that this
effect was not treatment-related. A few skeletal variants such as lumbar spurs and delayed ossification of
sternebrae occurred in the styrene-exposed litters at a higher incidence than the control litters; however,
the occurrence of this effect was similar to historical controls. No developmental effects were observed
in rabbits exposed to 600 ppm styrene on days 6-18 of gestation (Murray et al. 1978). Although there
was a significant increase in the incidence of unossified sternebrae in the 600 ppm group, it did not
exceed that found in historical control data. No significant alterations in the number of live fetuses,
dead/resorbed fetuses, or malformed fetuses were observed in the offspring of mice exposed to 250 ppm
styrene on days 6-16 of gestation (Kankaanpad et al. 1980). In the same study, exposure of hamsters to
1,000 ppm of styrene on days 6-18 of gestation resulted in a significant increase in the number of dead or
resorbed fetuses; no other alterations were observed (Kankaanpad et al. 1980). No effects were observed
at 750 ppm. Similarly, no developmental effects were observed in a two-generation study in which rats
were exposed to 500 ppm prior to mating, during mating, and during gestation and lactation (Cruzan et al.
2005b). In contrast, Katakura et al. (1999, 2001) reported a significant increase in neonatal deaths in the

offspring of rats exposed to 300 ppm on gestational days 6-20.

Two studies have examined potential neurodevelopmental effects. Some minor alterations in tests of
developmental milestones (incisor eruption), functional observational battery tests (forelimb grip
strength), and swimming maze test were observed in the F2 offspring of rats exposed to 500 ppm in a
two-generation study; these alterations were attributed to a lower body weight rather than a
neurodevelopmental effect of styrene (Cruzan et al. 2005a). No alterations in locomotor activity, acoustic
startle response, or brain morphology and weights were observed in this study. Another study found
delays in righting reflex and incisor eruption in the offspring of rats exposed to 300 ppm on gestational
days 6-20 (Katakura et al. 2001). This study (Katakura et al. 1999, 2001) also found alterations in
homovanillic acid levels in the cerebrum and 5-hydroxyindoleacetic acid levels in the hippocampus of the
offspring in the 300 ppm group.

The highest NOAEL values and all reliable LOAEL values for developmental effects in each species and

duration category are recorded in Table 3-1 and plotted in Figure 3-1.
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3.2.1.7 Cancer

A number of studies have examined the carcinogenic potential of styrene in workers at styrene
manufacturing and polymerization facilities, reinforced plastics facilities, and styrene-butadiene
manufacturing facilities and among community members exposed to elevated styrene workers. Although
there are several epidemiologic studies which suggest there may be an association between styrene
exposure and an increased risk of leukemia and lymphoma, the evidence is generally inconclusive due to
multiple chemical exposures and inadequate documentation of the levels and durations of exposure to

styrene.

Of the industries examined, workers employed at glass-reinforced plastics manufacturing facilities are
likely to be exposed to higher levels of styrene and have lower potential for exposure to other
carcinogenic agents. Some studies of glass-reinforced plastic workers have found suggestive evidence of
increased cancer risks, particularly in workers with longer exposures to higher levels of styrene. No
alterations in the number of deaths from cancer were observed in workers with high styrene exposure
(mean levels at two facilities were 42.5 and 71.5 ppm) (Okun et al. 1985). In a follow-up study of these
workers (Ruder et al. 2004), a significant increase in the number of deaths from urinary tract cancer
(standardized mortality ratio [SMR] 3.44; 95% CI 1.26—7.50) was observed among workers with high
styrene exposure; a trend for increasing SMRs for urinary tract cancer with increasing duration of
exposure was also observed. The SMRs were not significantly elevated for other cancer types. In a very
large epidemiological study of nearly 16,000 workers in the styrene plastic industry, the death rate from
leukemia was twice as high in areas of high exposure as in areas of low exposure (Wong 1990); however,
there were no statistically significant differences. In a follow-up study conducted 12 years later (Wong et
al. 1994), significant increases in deaths from all cancers (SMR 115.5, 95% CI 104.8-127.1), cancer of
the esophagus (SMR 191.7; 95% CI 104.8-321.7), bronchus, trachea, or lung (SMR 140.6; 95% CI
119.3-164.0), cervix or uteri (SMR 283.5; 95% CI 135.9-521.3), and female genital organs (SMR 201.6;
95% CI 107.4-344.8) were observed. However, no relationships between styrene exposure (exposure
level or duration of exposure) and deaths from these cancer types were found. No significant increases in
the incidence of non-Hodgkin’s lymphoma, Hodgkin’s disease, multiple myeloma, leukemia, or all
lymphohematopoietic malignancies were observed in workers at Danish reinforced plastics facilities in
which 50-100% of the workers were involved in reinforced plastics production (Kolstad et al. 1993,
1994). However, when workers were divided by first year of employment, there was a significant
increase in leukemia (standard incidence ratio [SIR] 1.69, 95% CI 1.09-2.49) among workers with a

latency of >10 years and first year of employment of 1964-1970; when the data were analyzed by the


http:1.09�2.49
http:1.26�7.50

STYRENE 73

3. HEALTH EFFECTS

length of employment, the incidence of leukemia was only significantly elevated among workers
employed for <1 year. Significant increases in incidence were also observed for pancreatic cancer in
workers with a high probability of styrene exposure (incidence rate ratio of 2.2; 95% CI 1.1-4.5) and
urinary bladder cancer in workers with the highest probability of exposure and employed for >1 year
(incidence rate ratio of 2.1; 95% CI 1.1-4.1) (Kolstad et al. 1995). No significant alterations in the
incidence of leukemia, lymphoma, or other cancers were observed in styrene workers at eight British
reinforced plastic manufacturing facilities (Coggon et al. 1987). In a large international cohort of workers
employed in the reinforced plastics industry (this cohort included the British cohort examined by Coggon
et al. 1987 and the Danish cohort examined by Kolstad et al. 1993, 1994, 1995), no significant alterations
in no excess in mortality from all cancer or cancer of the lymphatic and hematopoietic tissues were
observed (Kogevinas et al. 1993, 1994). However, significant increases in the incidence of lymphatic and
hematopoietic neoplasms were observed in workers with a latency of at least 10 years (relative risk [RR]
2.90; 95% CI 1.29-6.48 in workers with a latency of 10-19 years and RR 3.97; 95% CI 1.30-12.13 for
workers with a latency of >20 years) and in workers exposed to >100 ppm styrene (RR 3.11; 95% CI
1.07-9.06 for workers exposed to 100-119 ppm; RR 3.08; 95% CI 1.04-9.08 for workers exposed to
120-199 ppm; RR 3.59; 95% CI 0.98-13.14 for workers exposed to >200 ppm), as compared to
unexposed workers. An increase in the number deaths from malignant lymphomas was also observed in
workers exposed to 120-199 ppm styrene (RR 7.15; 95% CI 1.21-42.11).

An increase in lymphatic leukemia (4 observed deaths versus 0.5 expected) in workers exposed to
polymer extrusion fumes, solvents, and colorants, but was not found to be related to duration or level of
exposure (Ott et al. 1980). In a follow-up to this study, which followed the workers for another 11 years
(Bond et al. 1992), a nonsignificant increase in the number of deaths from lymphatic and hematopoietic
tissue cancers (SMR 144; 95% CI 95-208) was observed. Statistically significant increases in the number
of deaths from lymphatic and hematopoietic cancer were observed in workers exposed to 1-4 ppm
styrene and a 15-year minimum latency (SMR 160; 95% CI 102-238); however, significant alterations
were not found in workers exposed to >5 ppm or with longer latency periods. In another study of workers
involved in the styrene production, polymerization, or processing, a statistically significant excess of
lymphoma deaths (3 deaths observed versus 0.56 expected) was reported; 2 of the 3 deaths occurred in
men <40 years of age who had been exposed for at least a year (Hodgson and Jones 1985). However, the
lack of association with actual exposure levels or specific durations and the small number of observed
deaths requires cautious interpretation. No significant alterations in the number of deaths from cancer
were observed in workers (1960 subjects) exposed to styrene in a production and polymerization facility

(Frentzel-Beyme et al. 1978). In a study of workers at a styrene-polystyrene manufacturing facility who
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had at least 5 years of exposure, there were no significant increases in cause-specific mortality (Nicholson
et al. 1978). However, when workers employed for <5 years were included in the analysis, there was an
apparent increase in the number of deaths from lymphoma or leukemia (statistical analysis not

conducted).

A number of older studies provide suggestive evidence of increased risk of lymphatic and hematopoietic
cancers in workers at styrene-butadiene rubber manufacturing facilities (Matanoski and Schwartz 1987;
Matanoski et al. 1990; McMichael et al. 1976; Meinhardt et al. 1982); however, these studies provided
limited exposure data and did not adjust for contribution of 1,3-butadiene to the overall cancer risk. A
case-control study (Matanoski et al. 1993, 1997; Santos-Burgoa et al. 1992) provides suggestive evidence
that the increase in leukemia was due to exposure to 1,3-butadiene rather than to styrene exposure.
However, increases in the risk of lymphosarcoma and myeloma were associated with styrene exposure
(Matanoski et al. 1997). More recent studies of styrene-butadiene workers include adjustments for
1,3-butadiene exposure. A cohort mortality study conducted by Delzell and associates (Delzell et al.
1996; Macaluso et al. 1996) examined workers at many of the same styrene-butadiene rubber
manufacturing facilities examined by Matanoski and associates and Meinhardt and associates. In this
examination of 15,649 male synthetic rubber workers employed for at least 1 year at one of eight styrene-
butadiene rubber manufacturing facilities in the United States or Canada, significant increases in deaths
from leukemia were observed among hourly employees (SMR 143; 95% CI 104-191), particularly among
workers employed for >10 and >20 years since hire (SMR 224; 95% CI 149-323) (Delzell et al. 1996).
When workers were divided by year of hire and age at death, leukemia deaths were elevated in workers
who were hired between 1950 and 1959 (SMR 200; 95% CI 122-310) and who were <55 years of age at
the time of death (SMR 179; 95% CI 104-287). Using calculated estimates of exposure levels to
1,3-butadiene, styrene, and benzene, Macaluso et al. (1996) found that 75% of the cohort was exposed to
1,3-butadiene with a median cumulative exposure of 11.2 ppm-years, 83% of the cohort was exposed to
styrene with a median cumulative exposure of 7.4 ppm-years, and 25% of the cohort was exposed to
benzene with a cumulative exposure of 2.9 ppm-years. Among workers with leukemia, 86% had
1,3-butadiene exposure and 90% had styrene exposure; median cumulative exposure levels of
1,3-butadiene and styrene were about 3 times higher than the rest of the cohort. Workers with a
cumulative exposure of 20-79 ppm 1,3-butadiene had a relative risk of leukemia mortality (after
adjustment by race, age, and cumulative styrene exposure) that was 50% higher than workers with a
cumulative exposure of 0.1-19 ppm and workers with a cumulative exposure of >80 ppm had a 70%
higher relative risk than the low exposure group; the progressive of relative risk with increasing

cumulative exposure was statistically significant. Although a similar progression was observed for
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cumulative styrene exposure, the trend was not statistically significant. A follow-up to the Delzell et al.
(1996) study, which tracked deaths for an additional 7 years (Sathiakumar et al. 2005), found similar
results. A significant increase in deaths from leukemia was observed among hourly workers employed
for >10 years and hired 20-29 years earlier (SMR 258; 95% CI 156-403). Increases in deaths for
colorectal cancer among workers employed for >10 years and hired 20-29 years earlier (SMR 147; 95%
Cl1 103-205) and deaths from prostate cancer among workers employed for <10 years and hired >30 years
earlier (SMR 155; 95% CI 113-206). Significant increases deaths from leukemia were observed in
workers involved in polymerization, coagulation, and finishing processes, maintenance workers, and
laboratory workers; these workers had the highest potential exposure to 1,3-butadiene, styrene, and
possibly dimethyldithiocarbamate. Subsequent analysis of these data using updated exposure assessments
(Cheng et al. 2007; Delzell et al. 2001; Graff et al. 2005) found that the increased risk of leukemia was
positively associated with 1,3-butadiene exposure. Positive associations between cumulative
1,3-butadiene exposure (ppm-years) and leukemia and between cumulative styrene exposure and
leukemia were observed; the associations were only statistically significant at the highest cumulative
exposure levels for 1,3-butadiene (>362.2 ppm-years) or styrene (>60.4 ppm) (Delzell et al. 2001).
However, when the relative risks were adjusted for 1,3-butadiene and dimethyldithiocarbamate
cumulative exposure, cumulative styrene exposure was no longer significantly associated with leukemia
(Delzell et al. 2001; Graff et al. 2005). Because styrene, 1,3-butadiene, and dimethyldithiocarbamate

exposure were correlated, it is difficult to separate the risks for each individual compound.

Several population-based studies have examined the possible carcinogenicity of styrene. A case-control
study found a significant increase in prostate cancer (odds ratio of 5.5; 95% CI 1.4-21.8) and rectal
cancer (odds ratio of 5.1; 95% CI 1.4-19.4) among workers with medium to high exposure to styrene
(Gerin et al. 1998). Workers in the following professions were considered to have medium to high
styrene exposure: motor vehicle painters, motor vehicle repairers, firemen, and plastic mould makers.
Another study found a significant increase in the incidence of rectal cancer (SIR 3.11; 95% CI 1.14-6.77)
among individuals with occupational exposure to styrene (Antilla et al. 1998). A limitation of both of
these studies is the lack of exposure information, including levels of styrene and confounding exposure to
other chemicals; thus, it is difficult to ascribe the increased cancer risks to styrene exposure. Loughlin et
al. (1999) examined former students who attended a high school adjacent to synthetic styrene-butadiene
rubber production facilities between 1963 and 1993 and found no significant alterations in deaths from
lymphatic and hematopoietic cancer. Two studies have examined the possible association between
styrene exposure and breast cancer. A case-control study by Cantor et al. (1995) found significant

elevations in the risk of breast cancer among women possibly exposed to styrene in the workplace. Coyle
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et al. (2005) found a significant higher incidence of age-adjusted breast cancer rate in men and women,
women, and women >50 years of age and living in counties with EPA toxics release inventory (TRI)
facilities with on-site releases of styrene. As with the other population-based studies, these studies did
not monitor styrene levels or exposure to other potentially carcinogenic chemicals and thus provided

limited information on the carcinogenic potential of styrene.

The carcinogenicity of styrene has been examined in three studies in rats (Conti et al. 1988; Cruzan et al.
1998; Jersey et al. 1978; Maltoni et al. 1982) and one study in mice (Cruzan et al. 2001). No significant
increases in the incidence neoplastic lesions were observed in rats exposed to styrene concentrations as
high as 1,000 ppm 6 hours/day, 5 days/week for 2 years (Cruzan et al. 1998). Similarly, exposure of
female rats to 600 or 1,000 ppm styrene 6 hours/day, 5 days/week for 21 months did not result in styrene-
related increases in the incidence neoplastic tumors (Jersey et al. 1978); a high incidence of chronic
murine pneumonia in the control and 1,000 ppm male rats precludes the use of the male data for assessing
the carcinogenic potential of styrene. There was a significant trend (Cochran-Armitage test conducted by
ATSDR) for increased incidence of malignant mammary tumors in female rats exposed to styrene

4 hours/day, 5 days/week for 52 weeks (Conti et al. 1988); the incidences were 6/60, 6/30, 4/30, 9/30,
12/30, and 9/30 in the 0, 25, 50, 100, 200, and 300 ppm groups, respectively. No other significant
increases in specific tumors were observed in this study (Conti et al. 1988; Maltoni et al. 1982). The
findings of the Conti et al. (1988) study conflict with those of Cruzan et al. (1998), who found a
concentration-related decrease in mammary tumors in female rats exposed to similar or higher styrene
concentrations for a longer duration (20/60, 13/44, 9/43, 5/38, and 2/59 in female rats exposed to 0, 50,
200, 500, or 1,000 ppm, respectively). The decrease in body weight observed in the female rats exposed
to >200 ppm may have influenced the occurrence of mammary tumors. In contrast to the results in rat
studies, significant increases in the incidence of bronchioloalveolar carcinoma were observed in female
mice exposed to 160 ppm 6 hours/day, 5 days/week for approximately 2 years (Cruzan et al. 2001). The
incidences of bronchioloalveolar carcinoma were 0/50, 0/50, 2/50, 0/50, and 7/50 in the 0, 20, 40, 80, and
160 ppm female mice, respectively). Significant trends for increasing incidences of bronchioloalveolar
adenoma were also observed for the male and female mice; the respective incidence of adenomas was
15/50, 21/50, 35/50, 30/50, and 33/50 in males and 6/50, 16/50, 16/50, 11/50, and 24/50 in females. The
incidence of adenoma was significantly higher than controls in males exposed to 40, 80, or 160 ppm and

in females exposed to 20, 40, or 160 ppm.

As discussed by IARC (2002) and Cruzan et al. (2002), the lung tumors observed in the mice are likely

due to the in situ formation of styrene 7,8-oxide and 4-vinylphenol resulting in cytotoxicity and increased
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cell proliferation. The relevance of these tumors to humans has been questioned due to species
differences in the metabolism of styrene in the lungs. In rats and mice, Clara cells have the ability to
metabolize styrene to styrene 7,8-oxide and 4-vinylphenol in the lung, whereas humans have limited
ability to metabolize styrene to these metabolites in the lung. A physiologically based pharmacokinetic
(PBPK) model predicted that the total amount of styrene oxide in the terminal bronchioles in mice is

10 times higher than in rats and 100-fold higher than in humans. In addition to these quantitative
differences in the generation of styrene 7,8-oxide between rats and mice, there are qualitative differences
in styrene metabolism. Mice produce higher levels of the R-enantiomer of styrene oxide, as compared to
rats; the R-enantiomer has been shown to be more potent pneumotoxic than the S-enantiomer. The ratio
of R- to S-enantiomers ranges from 2.2 to 2.87 in mice exposed to 20-160 ppm styrene and from 0.7 to
0.73 in rats exposed to 50-1,000 ppm. Thus, mice appear to be very sensitive to the induction of lung
tumors and the mechanism of inducing lung tumors is not likely to be relevant to humans. Although the
mechanism involved in the development of lung tumors in mice may not be applicable to humans, other

mechanisms of styrene carcinogenicity may be relevant for humans.

3.2.2 Oral Exposure

No studies were located regarding health effects in humans after oral ingestion of styrene. Based on the

animal data that follow, the oral toxicity of styrene in humans would be expected to be low to moderate.

3.2.2.1 Death

No deaths in humans from ingesting styrene have been reported in the evaluations of case studies (EPA
1989c; Gosselin et al. 1984; NIOSH 1983).

The approximate reported oral LDs, for male and female rats was 5,000 mg/kg (Wolf et al. 1956). A
100% survival rate and 100% mortality rate were reported in rats exposed to single oral doses of styrene
(observation period 2 weeks) at 1,600 and 8,000 mg/kg, respectively (Spencer et al. 1942). Death in this
study was mainly due to pronounced irritation of the esophagus and stomach. In another study, female
mice were given a single oral dose of 1,350 mg/kg styrene on the 17th day of pregnancy (Ponomarkov
and Tomatis 1978). After weaning, the progeny received the same dose once per week. The treatment
was suspended after 16 weeks due to high mortality among the progeny (including both males and
females). Fifty percent of the males and 20% of the females had died after 20 weeks, despite the
suspension of treatment at week 16. The cause of death was liver necrosis and lung congestion. A high

mortality rate was reported in 40 female rats exposed to 250 mg/kg/day styrene for 52 weeks (Conti et al.
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1988). Mortality was significantly elevated in male and female rats administered styrene by gavage at a
dosage level of 2,000 mg/kg/day for 78 weeks (NCI 1979b). In this study, mortality was unaffected at
dosage levels of 500 and 1,000 mg/kg/day in male and female rats. Male mice administered styrene at
doses of 150 or 300 mg/kg/day for 78 weeks showed increased mortality; however, the female mice did

not.

The highest reliable LOAEL values and LDsgs values in each species and duration category are recorded
in Table 3-3 and plotted in Figure 3-2.

3.2.2.2 Systemic Effects

No studies were located regarding endocrine, metabolic, musculoskeletal, or dermal/ocular effects in

humans or animals after oral exposure to styrene.

For the following systemic effects resulting from oral exposure to styrene, the highest NOAEL values and
all reliable LOAEL values for each species and duration category are recorded in Table 3-3 and plotted in
Figure 3-2.

Respiratory Effects. No studies were located regarding respiratory effects in humans after oral

exposure to styrene.

Severe lung congestion was observed in mice that were the offspring of dams given a single oral dose of
styrene at 1,350 mg/kg on the 17th day of gestation and that continued to receive the same dose once per
week after weaning (Ponomarkov and Tomatis 1978). The lung congestion was noted following

16 weeks of styrene administration. No respiratory effects were observed in rats exposed to

35 mg/kg/day styrene in drinking water for 105 weeks (Beliles et al. 1985).

Cardiovascular Effects. No studies were located regarding cardiovascular effects in humans

following oral exposure to styrene.

No cardiovascular effects were observed in rats chronically exposed to 35 mg/kg/day in drinking water
(Beliles et al. 1985).





















Figure 3-2 Levels of Significant Exposure to Styrene - Oral (Continued)
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