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In recent years, findings that exposure to industrial chemicals may affect hearing and interact with noise brought to light a
risk that had not been given substantial attention previously. The need for research becomes clear when the magnitude of
the population of workers exposed to noise and chemicals and the number of potentially hazardous chemicals found in
work environments are taken into consideration. The need for research is this area is further heightened by the fact that
there are no guidelines or standards for combined exposures of chemical and physical agents. The present paper reviews
the effects of combined exposures to chemicals and noise on hearing and examines study designs, hearing assessment al-
ternatives, and strategies for the analysis of combined effects.
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The Occupational Noise Standard from the
United States Department of Labor celebrated
25 years on April 27, 1996. Despite increas-
ing efforts towards hearing conservation, oc-
cupational hearing loss is still one of the most
prevalent work-related conditions in the Unit-
ed States, as in most industrialized countries
(Merry et al., 1995). The traditional approach
to hearing conservation, directed to manufac-
turing workers exposed to ndise levels equal
or greater than 85 dBA and which often relies
on personal hearing protection, has not prov-
en itself effective. Nonetheless, there has been
a steady progression in scientific knowl-
edge which could lead to novel strategies to
ensure effective hearing conservation strate-
gies to all worker populations at risk of hear-
ing loss (Merry et al., 1995). One of the rele-
vant findings related to occupational hearing
loss is that the effects of noise in the work-
place can be exacerbated by other factors, such
as: vibration, heat, individual characteristics
and industrial chemicals (Lindgreen, 1987;
Phaneuf & Hetu, 1990; Morata et al., 1994;
Lang, 1994; Pekkarinen, 1995; Ward, 1995).

The purpose of this paper is to focus on
the interaction between noise and solvents,
which are two common ototraumatic agents

in the workplace, and to discuss strategies for
taking multiple exposures into account when
investigating, and ultimately, preventing the
occurrence of occupational hearing loss.

Ototoxic industrial chemicals and noise

Industrial chemicals that have been investigat-
ed as potential ototoxicants include heavy met-
als, solvents, and asphyxiants (Ryback, 1992;
Fetcher, 1989; Fetcher, 1995; Johnson &
Nylén, 1995). The majority of animal investi-
gations on the ototoxicity of industrial chemi-
cals is constituted by studies investigating in-
dividual solvents, but some also looked at
combinations with noise, medicinal drugs, ge-
netic factors, and solvent mixtures (Johnson
& Nylén, 1995). In summary, these studies
have demonstrated that toluene, carbon disul-
fide, xylene, styrene, and trichloroethylene are
ototoxic and the evidence indicates, with the
exception of carbon disulfide, that the effect is
most likely related to cochlear damage (John-
son & Nylén, 1995). When toluene or trichlo-
roethylene exposure was combined with
noise, either sequentially or simultaneously, a
synergistic interaction was noted in rats
(Johnson et al., 1988; Muijser et al., 1993-
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1994). In most of the cases when solvent mix-
tures were investigated, additive rather than
non-additive interactions were indicated
(Johnson & Nylén, 1995).

In human studies, voluntary, accidental, or
occupational exposures to solvents, asphyx-
iants or metals have been associated with a
variety of symptoms that suggest several possi-
ble underlying mechanisms for hearing loss
(Fetcher, 1989, 1995). Some of these chemi-
cals are recognized as neurotoxic and can af-
fect hearing or equilibrium by acting primarily
at the level of the brainstem or higher central
auditory pathways (Maller et al., 1989; Méller
et al., 1990; Odkvist et al., 1987; Odkvist et
al., 1982). The indication that occupational
chemicals could alter auditory function by ei-
ther ototoxicity, neurotoxicity, or a combina-
tion of both processes should be taken into
account by any investigator especially when
selecting the metrics to be used.

Evaluating the effects of multiple expo-
sures on hearing

In general, studies on occupational hearing
loss have relied on pure tone audiometry and
averaging thresholds as the means to assess
noise effects on auditory function. To investi-
gate the effects of combined exposures, this
typical approach may not be sufficient nor
adequate.

Field studies conducted with styrene, an
organic solvent which ototoxicity has been re-
ported in rats (Pryor et al., 1987), used this
approach and identified only minimal effects
of the solvent on pure tone thresholds (Mdller
et al.,, 1989; Muijser et al., 1988; Sass-Kortsak
et al., 1995). Workers exposed to low levels of
styrene did not appear to have increased age-
dependent hearing loss at high frequencies
(Muijser et al,, 1988). Nonetheless, a compari-
son within the group of exposed workers be-
tween the least exposed and the most exposed
revealed a statistically significant difference in
hearing thresholds at high frequencies. Audio-
metric results of workers exposed to styrene
in a plastic boat plant did not indicate hearing
losses resulting from causes other than expo-
sure to noise (Moller et al., 1990), Seven of
eighteen workers, however, displayed abnor-
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mal results in central auditory system testing.
Styrene and noise exposures were meticulous-
ly assessed for 299 workers in the reinforced
fiber industry (Sass-Kortsak et al., 1995).
Noise levels were found to be in the range be-
tween 85 to 90 dBA, while styrene levels were
generally below the recommended level of 50
ppm. The association between noise expo-
sure, based on the developed lifetime noise
dose estimate, and hearing loss (assessed by
averaging pure tone thresholds) was signifi-
cant, That was not the case for styrene expo-
sure. Styrene exposure approached signifi-
cance for hearing loss only at some specific
frequencies (Sass-Kortsak et al., 1995).

The assignment of audiometric results into
categories using various criteria, and the sub-
sequent estimation of prevalence rates and
risk ratios (from hearing results being ana-
lyzed as a binary variable), are approaches that
have yielded more robust indications of the
risk posed by occupational exposures to sol-
vents on hearing. Some examples of these al-
ternatives are presented below.

In a 20-year longitudinal study of hearing
sensitivity in 319 employees from different
departments of industry, the percentage of
workers with compensable hearing loss was
calculated (Bergstrém et al,, 1986). A large
proportion of the workers in the chemical sec-
tor showed compensable hearing loss (23%)
as compared to groups from non-chemical en-
vironments (5-8%). This effect was found de-
spite the lower noise levels in the chemical de-
partment (80-90 dBA) when compared to
other divisions (95-100 dBA). Thus, the expo-
sure to industrial solvents was implicated as
an additional causative factor for those hear-
ing losses.

The hearing function of workers from a
printing facility who were exposed simulta-
neously to noise (88-98 dBA) and toluene
(100-365 ppm) were compared with a group
of printers exposed to noise alone (88-97
dBA), a group exposed to a solvent mixture in
which toluene was the main component, and a
control group exposed neither to noise nor to-
luene (Morata et al., 1993; Morata, 1990). The
audiometric thresholds of the four study
groups were averaged and compared as the
first step in the data analyses (Morata, 1990).
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risk and indicated that the administration of
complementary audiologic tests is needed to
adequately assess the impact of chemicals on
hearing (Morata, 1990),

A similar approach was used with petro-
chemical workers who were exposed to vari-
ous levels of noise and solvents mixtures (Mo-
rata et al, 1997). The ideal study design
would have a comparison group with neither
noise nor chemical exposure, i.e., the baseline
nonexposed group, a group with only noise
exposure and another with only chemical ex-
posure. Preferably these latter two groups will
have similar levels of exposure as the group
with both noise and chemical exposure. This
configuration allows for the clearest delinea-
tion of the additive or synergistic effects that
may be related to combined exposures. A fur-
ther requirement is similarity among groups
with respect to age, gender, and socioeconom-
ic status, Often the ideal is difficult to attain
and probably the most difficult problem is to
identify a population with similar exposures.
Data from a group with exposure to a com-
pound with a similar chemical structure and
exposure level could be used, and in the case
of noise exposure, comparing the results with
ISO estimates for noise exposure and age is
an option. This was the approach used in the
study with petrochemical workers. The study
groups included workers exposed to various
concentrations of organic solvents and noise,
and unexposed controls (Morata et al., 1997).
Since no group was exposed exclusively to
noise, mean audiometric thresholds of the
groups were compared to estimates from ISO
1999, databases B and E (ISO 1999, 1990).
Each of the studied groups had poorer thresh-
olds at the frequencies of 1 and 2 kHz than the
ISO estimates for their age, and some of the
exposed groups also had poorer thresh-
olds than ISO 1999 databases B and E at
higher frequencies (3 to 6 kHz). Again, from
this analysis only, it was difficult to reach a
conclusion on which exposures were associat-
ed with hearing loss. Evidence on the associa-
tion of exposure to various combinations of
solvent and noise became clear after the esti-
mation of prevalence rates and risk ratios.
Despite measurements which suggested most
exposures to noise and solvents were below
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recommended limits, the prevalence for hear-
ing loss within the exposed groups ranged
from 42 to 50%, significantly exceeding the
30% prevalence observed for the unexposed
group. The adjusted odds ratio cstimates for
hearing loss were 2.4 times greater for groups
from aromatics and paraffins (95% CI: 1.0-
5.7), 3 times pgreater for the maintenance
group (95% CI: 1.3-6.9) and 1.8 times greater
for the group from shipping (95% CI: 0.6-4.9),
when compared to unexposed workers from
the warehouse and health clinic. Finally, the
results of acoustic reflex decay test contribut-
ed to the differentiation of the causes of some
of the observed disorders.

The effects of toluene on the auditory sys-
tem were studied in a group of rotogravure
printers through the use of brainstem auditory
evoked responses (Abbate et al., 1993). Forty
workers with normal hearing ability (assessed
by pure tone audiometry), who had been ex-
posed to an average of 97 ppm for 12 to 14
years, were selected to participate. Their re-
sults were compared with those from a group
of workers of the same age but not occupation-
ally exposed to solvents, The study indicated
that exposure to toluene was associated with a
statistically significant alteration in the evoked
responses, visible for all waves and all the in-
tervals studied. The auditory brainstem e-
voked responses demonstrated auditory nerv-
ous system modifications before the occur-
rence of clinical signs due to chronic exposure
to toluene.

Clinical studies have been conducted on
auditory and vestibular functions of workers
exposed to mixtures of unspecified alcohols,
jet fuels, and aromatic solvents (Méller et al.,
1989; Odkvist et al., 1987). The test battery
included pure-tone audiometry, speech recep-
tion threshold, maximum speech discrimina-
tion score, discrimination of interrupted
speech, acoustic reflex thresholds and decay,
phase audiometry, auditory brainstem re-
sponses, and cortical response audiometry. The
findings of pure-tone audiometry and speech
discrimination testing essentially were normal
for age and noise exposure history, and did
not indicate measurable cochlear damage due
to solvent exposure. However, a significant
abnormality was found in tests that assessed
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