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Styrene is a widely used organic solvent, heavily employed in many manufacturing industries, as well
as in other economic sectors. Recently, evidence is beginning to accumulate on the deleterious effects
that styrene exposures have on the auditory system. In rats, a well-suited metabolic animal model for
these studies, aromatic solvents such as styrene have been shown fo affect the auditory sensitivity
mainly in the mid-frequency range. Quter hair cells are the primary targets within the organ of Corti,
although the spiral ganglions are not spared. Therefore, styrene must be considered as an ototoxic
chemical agent that can be potentially neurotoxic. Finally, noise-styrene exposures can have synergistic
effects on the auditory system. The findings reported in both human and animal studies indicate that
exposures to styrene, or to styrene associated to noise, may dramatically impact occupational hearing
conservation practices and legislation. Both human and animal studies will be summarized in
discussing the effects of styrene alone or in combination wi  noise. Gaps in scientific knowledge are
highlighted to assist future research.
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interact synergistically with noise (Lataye et al.,
2000). The first section of this paper will be
focused on styrene, and discuss its uses and the
international limits for occupational exposure.
The second section will discuss the ototoxic
processes that may affect the auditory system
and its functions. The final section will review
evidence on the effects of single and combined
exposures to styrene and other agents, and offer
suggestions for further research.

Introduction

Styrene is an organic solvent widely used in the
manufacturing of reinforced plastics, resins,
synthetic rubbers, protective coatings, and
insulating materials. The highest occupational
exposures to styrene occur during the production
of glass-reinforced polyester products, especially
of large items such as boats that involve manual
lay-up and spray-up operations. It is common for
workers to be exposed to styrene in these
operations (Miller et al., 1994), where noise

overexposure is also frequent (Morata et al.,
1994).

Styrene is one of the industrial chemicals proven
to impair auditory structures and functions in the
rat (Yano et al., 1992; Crofton et al.,, 1994;
Loquet et al., 1999; Campo et al., 2001) and

Styrene

Physical Properties, Absorption, Distribution
and Metabolism of Styrene

Styrene (CgHg or C¢HsCH=CH,) is a member of
the alkylbenzene family, those aromatic
hydrocarbons that consist of a single-benzene
ring containing one or more aliphatic side-chains
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Table 1. Total number and percentages of workers exposed to styrene by economic sector, and

by industry within the manufacturing group

Economic Sector

Exposed workers (N}, m

rercentage of

thousands workforce exposed
Agriculture, forestry & fisheries 0.1 0.02
Mining 0.5 0.09
Contract Construction 17.7 3.51
Manufacturing 263.6 0-15.60
Ordnance 1.5 0.08
Food 68.3 13.50
Tobacco 0.7 0.13
Textiles 0.9 0.17
Apparel 0.6 0.12
Lumber and wood 0 0
Furniture 1.5 0.29
Paper 5.5 1.09
Printing 0.7 1.27
Chemical 79.0 15.60
Petroleum 0.6 0.12
Rubber and plastic 40.1 7.95
Leather 0.6 0.12
Stone, clay and glass 14.3 2.83
Primary metals 1.3 0.26
Fabricated metals 8.5 1.68
Machines, non-electric 6.9 1.36
Electrical machines 12.7 2.51
Transportation equipment 11.0 2.19
Instruments 3.1 0.61
Miscellaneous manufacturing 5.8 1.15
Transportation, communication,
gas, electric and sanitary services 9.0 1.78
Wholesale and retail trade 69.3 13.74
Finance, insurance, real estate 11.1 2.19
Services 131.7 16.11

Data from the National Occupational Exposure survey (NIOSH, 1988, 1990).

styrene as a regular part of their jobs, whereas
30,000 workers are exposed in France. Clearly,
the manufacturing group has the greatest number
of workers exposed to styrene. Displayed in
Table 1 are the estimates (based on data from the
National Occupational Exposure Survey
[NOES]) of total number of workers by
economic sector and the percentage exposed for
each major industry grouping, with individual
industries listed within the manufacturing group.

In Table 1 it can be noted that up to 16% of the
Services work force is estimated to be exposed to
styrene. In the manufacturing sector, the industry
that has the highest estimate of workers exposed
to styrene is the chemical industry, with 15.60%,
followed by the food industry, with 13.5%.

Occupational Exposure Limits for Styrene

International occupational exposure limits for
styrene vary from 20 to 100 ppm for
time-weighted averages of exposure (AIHA,
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Table 2. Animal experiments on the effects of single or combined exposure to styrene on the auditory

systeni.
Agents & animal Exposure conditions Auditory | References Results Comments
model tests
Styrene(S)&Xylene(X | S:800,1000,1200ppm, 14h/d, 3w; ABR Both agents are ototoxic in S & X more potent
by inhalation X: 6w: mixture of 10%p, ¢ and CAR Pryor et al., | the high-frequencies ototoxicants than
weanling rats 80%1 BA 1987 Toluene
800ppm, 14h/d, S5d/w 3w ABR only at 8-16 kHz HL and 30 kHz to
Styrene by inhalation 4,8, 16 and | Yano et al., | & lesser extent Deficit restricted to
young rats 30 kHz 1992 OHC3>0OHC>>0HC, mid-frequencies
ME
S: 2 injections of 0.75mt each 1 No difference btw exposed  j Guinea pig not a good
Noise (N) & Styrene | spaced 30 min apart and control animals model for solvent
by injection N: 95dB(A) broadband noise ECoG Fechter, | No potentiation with noise | experiments
adult guinea pigs 1993 (metabolic
differences?)
Styrene & (TCE) 8h/d,5d with the ratio SITCE: Only 16 kHz was
Trichloroethylene (0/3000),(250/2250) ABR Rebert et | 16kHz HL induced by both § | tested. Neither
by inhalation (500/750),(1000/0) al., 1993 |and TCE synergistic nor
Young rats antagonistic effects
Toluene (T), Styrene | T:2500ppm 8h/d, 5d; S:
Xylene & TCE 1600ppm; RMA Crofton er | 8-16kHz HL, i.c., mid-freq. | Deficit restricted to
by inhalation X: 1800ppm; al., 1994 | Loss mid-frequencies
adult rats TCE: 3500ppm
Noise & Styrene 5:100,300,600ppm 12h/d, 5d/w, ABR Synergistic effects above the | PhD thesis Univ.
by inhalation 4w- ME Mikitie, | critical level (600ppm) Helsinski.
adult rats N: 100-105dB 1997 results not published
Styrene & Toluene | 1750 ppm Sand T are present within | At the same dose, a
by inhalation 6 consecutive h , 4h the following ABR Campo et | the organ of Corti, not in the | bigger amount of S
vdult rats day ME al., 1999 | perilymph compared to T reaches
the organ of Corti.
Styrene &Toluene | T: 1000- 2000ppm 12-16-20-24kHz HL. Upper | S is 2.4 times more
by inhalation S: 500-1500ppm ABR Loquet et | turn of the cochlea injured potent ototoxicant
adult rats 6h/d, 5d/w for 4w ME al., 1999 than T- Deficit
restricted to mid/mid-
low range
Noise & Styrene S: 750ppm 6h/d, 5d/w, 4w 15-20kHz HL Synergistic effects
by inhalation N: 97dB 80BN ABR Lataye er | S: CHC3>OHC>>OHC, Deficit restricted to
adult rats al., 2000 | N:OHC;>OHC:>0HC; mid-frequencies
Styrene & Ethanol(E) | S: 750ppm,6h/d, 5d/w, 4w 16-20 kHz HL. Huge potentiation of
by inhalation (S) or E: 4g/Kg ABR Loquet et | No (E) induced HL the effects of S by E
gavage (E) ME al., 2000 over a wide frequency
adult rars range

Abbreviations used in Table 2: ppm= parts per million, h= hours, h/d=hours per day, d/w= days per week, ml:mmil]ililer, g/Kg= grams per
Kilogram , HL=hearing loss, CAR= conditioned avoidance response, TD= tone discrimination, ABR= auditory brais.srem response, BA=
behavioral audiometry, RMA= Reflex Modification Audiometry, ME= morphologic examination

Numerous studies were carried out with animals
to understand the neuropathological process
caused by styrene. They are summarized in Table
2.

The reviewed studies indicate that styrene
exposure causes a permanent and progressive
damage to the auditory system of the rat, and
mainly of the rat. The auditory system of the
guinea-pig, for instance, is not injured by styrene
as much as that of the rat (Fetcher et al., 1993).
Susceptibility to solvents is, therefore, species

dependent. The metabolism of the aromatic
solvents inherent to each species should be the
origin of such .a difference of susceptibility
among  species. Unfortunately, solvent
metabolism in human is similar to that of rat; the
latter is, consequently, the best animal model for
studying the ototoxic effects of solvents.

In most of the experiments summarized in Table
2, animals were exposed to styrene by inhalation.
Only Fechter (1993) used injections as a major
route of exposure. This difference is not
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significant for studying the effects of aromatic
solvents on the auditory system since the uptake
of solvents by blood is so important that the
solvents can reach the cochlea whatever the
route of intoxication chosen, and finally
contaminate the organ of Corti via the external
sulcus (Campo et al., 1999).

To summarize the effects of styrene on animal’s
auditory system, several important
characteristics deserve to be taken in
consideration. Firstly, styrene induced hearing
loss is species dependent. If the rat is sensitive to
styrene, guinea-pig seems to ignore if.
Unfortunately, styrene metabolism in human is
closer to rat than that of guinea pig. Secondly,
the mid- frequency hearing loss is the most often
reported throughout the experiments mentioned
in Table 2. In fact, based on several experiments,
the apical turn of the cochlea could even be
impaired (Figure 1). So, the tonotopicity of the
trauma is different from that induced by
aminoglycosides (high frequency) or by
polyhalogenated aromatic hydrocarbons (low-
frequency). The third characteristic is the higher
susceptibility of outer hair cells compared to
inner hair cells. The inner hair cells begin to be
phagocyted when the quasi totality of the third
and second rows of outer hair cells have already
disappeared. A corollary of the outer hair cells
susceptibility is the progression of the trauma
from the third to the first row of hair cells within
the organ of Corti (Figure 2). This feature is
likely to be related to the intoxication route taken
by the solvents to reach the organ of Corti.
Finally, the intoxication process could be
efficient even after the end of the exposure.

Since there is evidence that noise interacts with
styrene (Lataye et al., 2000), noise levels should
be measured and controlled in studies of the
auditory system, to minimize its chance of being
a confounder of the effects of the solvent.
Similarly, ethanol consumption can potentiate
the effects of styrene on the auditory system

(Loquet et al., 2000). There are professional and
extra-professional  factors which could
considerably aggravate the ototoxic effects of
styrene. One can reasonably wonder about the
pertinence of limit values when people are
exposed simultaneously to several factors.

Concentration and exposure time of styrene
exposure were shown to influence the ototoxic
effects in rats (Loquet et al., 1998 , 2000; Campo
et al., 2001). From the occupational point of
view, what is still more insidious and worrisome
is that the ototoxic effects continue to progress
far beyond the cessation of the styrene exposure.
In fact, an eventual interaction could take place
even out of the workplace and therefore beyond
preventionists’ control.

Occupational Studies

In 1991, Bielski investigated the effects of
combined exposure of noise and a mixture of
solvents that included toluene, benzene, styrene,
xylene and butyl acetate and found an increased
prevalence of hearing disorders. Almost half of
the workers reported hearing loss, which was
documented by audiometric testing to be
permanent hearing losses of 10 to 60 dB.

The majority of investigations on occupational
hearing loss has relied on pure-tone audiometry

-and averaging thresholds as the means to assess
_noise effects on auditory function. To investigate

the effects of chemical exposure, this traditional
approach may not be sufficient, or even
adequate. Field studies conducted on styrene
used this traditional approach and identified only
minimal effects of the solvent on pure-tone
thresholds (Muijser et al., 1988 ; Moller et al,
1990; Sass-Kortsak et al., 1995). Workers
exposed to low levels of styrene did not appear
to- have increased hearing loss at high
frequencies when compared to controls (Muijser
et al., 1988). The comparison of the two extreme
exposure groups, however, revealed a
statistically significant difference in hearing
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higher mean audiometric thresholds (p<0.05)
were observed in the styrene exposed workers at
2, 4 and 6 kHz, when compared to the noise only
and the unexposed groups. From the numerous
variables that were analyzed for their
contribution to the development of hearing loss,
age, noise exposure (past and current) and
mandelic acid levels (one of the biologic
markers for styrene in urine), were the only
variables that met the significance level criterion
in the final multiple logistic regression model.
The odds ratio estimates for hearing loss were
2.44 times greater for each mmol of mandelic
acid per gram of creatinine (95% CI: 1.01-5.88),
1.18 times greater for each dB of current noise
exposure (cumulative exposure index, 95% CI :
1.01-1.38), and 1.19 greater for each year of age
(95% CI 1.11-1.28). At the ACGIH
recommended limit level (Biological Exposure
Index, or BEI®) of end-of-shift urine is 800 mg/g
creatinine or 5.3 mmol/g of mandelic
acid/creatinine, the odds ratio for hearing loss
estimated in the present study is 12 (odds of 2.44
per mmol/g x 5.3 mmol/g of mandelic acid /gram
of creatinine). Testing for interaction between
noise and styrene exposure was not significant,
suggesting an additive effect between the two
agents. This observation is certainly dependent
on the exposure Ilevels of the studied
populations.

As part of a large investigation conducted in
Poland (N= 1366), which studied the auditory
effects of several solvents and noise (Sliwifiska-
Kowalska et al. 1999), a group of styrene
exposed workers (n= 171) was compared with
groups of workers exposed to noise (n= 216)
and other solvents, or unexposed (n=159). The
study protocol included a questionnaire,
assessment of styrene and noise exposures, and
an audiologic test battery. The questionnaire, an
adapted and translated version of the protocol
used by Johnson et al., 2000, included questions
on work story, non-occupational solvent and
noise exposure, and medical history. Exposure

assessment included gathering data from
interviews and company records, and site
measurements of noise levels for different work
tasks. The participants from the styrene group
were exposed to noise levels ranging from 78-86
dBA. Styrene average exposures (8 h values)
ranged from 11 to 38 ppm with a maximum level
of 120 ppm. Hearing loss (> 25 dB at more than
one frequency above 2 kHz) was observed in
70% of the workers exposed to styrene and
noise, compared to 16% of the unexposed
workers. The prevalence of hearing loss among
groups with exposure to other solvents in paint
and lacquer, or furniture manufacturing
industries ranged from 56 to 67%, while for the
noise exposed group it was 20%. Significantly
higher mean audiometric thresholds (p<0.05)
were observed in the styrene exposed workers at
2,4 and 6 kHz, when compared to the noise only
and the unexposed groups. When compared to
the solvent exposed groups, mean thresholds
were also significantly higher at the frequencies
of 4 and 8 kHz. The odds ratio estimates for
hearing loss ‘were also the highest among all
groups. The.risk for developing a hearing loss
was 12 times greater (95% CI: 5.7-19.2), when
styrene exposed workers were compared to the
unexposed group.

These observations constitute the strong
evidence of the ototoxicity of styrene to date and
the seriousness of the risk it represents.
Evidence suggests than even when in
combination with noise levels within
recommended limits, styrene exposure may
affect the auditory system. Both animal and
human investigations have shown that the
audiometric frequency range affected by this
solvent is not limited to the range affected by
noise. Nevertheless if careful analyses were not
performed and attention had not been given to all
the exposure conditions, the observed hearing
disorders could have been erroneously attributed
to noise.
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