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Review

Hearing loss associated with organic solvent
exposure: a systematic review

Perda auditiva associada a exposigao ocupacional a solventes
organicos: uma revisao sistemadtica

Abstract

Introduction: evidences indicate chemicals as potentially otoneurotoxic
agents; however, there is no consensus as to the associations between exposure
characteristics and the ototoxicity of different chemicals present in industrial
environments. Objective: to review the available scientific literature in order
to identify studies that point to evidence of association, or non-association,
between hearing impairment and occupational exposure to organic solvents.
Method: systematic review of the literature, through query on electronic
databases, considering only original articles, published from January 1987
to February 2013. Results: thirty-one studies were included in the systematic
review. Discussion: studies have confirmed exposure to certain solvents as a
risk factor for occupational hearing loss, especially in the presence of noise.
Various assessment and classification methods were used regarding cochlear
and/or central hearing impairment, contributing to the understanding of the
extent of chemical-induced hearing loss as well as to the identification of
populations at risk. However, data on appropriate diagnostic procedures, safe
levels of chemical exposure and dose-response effect have not yet been fully
elucidated.

Keywords: hearing loss; organic solvents; occupational exposure; systematic
review.
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Introduction

Despite its widespread occurrence within
various production processes, noise is not the only
determinant of work-related hearing loss. Currently,
evidence shows different potentially otoneurotoxic
occupational exposures, comprising the exposure to
chemical agents, whether alone or in combination
with noise'?. Chemicals are considered exogenous
ototoxic substances capable of inducing ototoxic
hypoacusis® in workers of different occupational
sectors.

The lack of accurate data on the toxicity of
chemicals routinely used or recently spread by the
manufacturing industry, in their many possible
combinations, as well as the unawareness of their
effects on hearing, especially those resulting
from exposure to low doses, is a challenge for
professionals committed to the prevention of
Occupational Hearing Loss (OHL)"*.

Due to the general neurotoxicity of certain
chemicals, the auditory system might be affected
beyond the cochlear structures. However, the ototoxic
action of some products shares certain features found
in noise*®. These common characteristics of agents
delay the differential diagnosis and recognition of
industrial chemicals as potentially hazardous to
hearing.

OHL resulting from co-exposure to ototoxic agents
is still often assigned exclusively to noise*’. None
of the tolerance limits prescribed in international
regulations on solvents considers the ear to be a
target organ®.

OHL may be aggravated by exposure to chemical
solvents in environments with the presence of
noise, both of them being above or even within
legally allowed levels®'*. By means of an interaction
mechanism, the combined action of the agents
may aggravate their isolated adverse effects on
hearing®'*'®. Impairment caused by agents acting
together may exceed the simple sum of impairment
produced by each agent separately*®. Data on the
magnitude and characteristics of auditory effects
due to chronic exposure to chemicals, as well as
possible interactions, concentration levels, quantity
and length of exposure without any known damage
to hearing, although widely discussed, are as yet
insufficient or divergent®*017-19,

Noting the lack of definition of such information,
the following question was proposed: might hearing
impairment observed in workers be associated with
exposure to organic solvents in the workplace?

Therefore, this study aimed to review the available
scientific literature to identify studies pointing to
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evidence of association or non-association between
hearing loss and exposure to organic solvents,
including their different configurations and features.

Methods

The research databases consulted in this review
were: MEDLINE, Scopus, Web of Science, Science
Direct, CINAHL, LILACS and SciELO.

Starting out from the proposed question, the
search strategy for the bibliography research was
based on a combination of descriptors and qualifiers
indexed in Medical Subject Headings (MeSH) and
in health Descriptors (DeCS), besides some free
terms. Using Boolean operators and truncation
techniques (both adapted to the rules established
in each database), the keywords were combined,
in English, in three levels of inclusion strategy:
target population, investigated clinical outcome
and risk factor (exposure). The search strategy was
performed by entering the terms accordingly to the
order of established levels in the databases or, in
some cases, simultaneously, according to the setting
of the consulted database: “worker” OR “employee”
OR “occupational exposure” AND “hearing loss” OR
“hearing impairment “OR” hearing disorder “OR”
hypoacusis “OR” dysacusis “OR” central auditory
dysfunction “AND” solvent “OR” organic solvents
“OR” chemical-induced “OR” solvent exposure “OR”
chemical compound exposure.”

The study included original articles of
epidemiological research, with statistical measures
of association between exposure and outcome of
interest, published in Portuguese, English and
Spanish between January 1987 and February 2013.
The last manual search carried out in electronic
databases occurred in February 2013.

To meet the exclusion criteria established in
research protocol, the study did not include any
literature review articles or case reports, letters and
editorials, nor duplicated articles (investigating
the same population and data) or those describing
diagnostic procedures, self-reported hearing
complaints or other types of health assessment
besides auditory function.

In order to identity relevant studies, the selection
included the analysis of all identified titles,
preserving those that met the inclusion criteria
(first stage). In the second stage, the content of the
abstracts was checked. Whenever the title or abstract
raised doubts about the appropriateness to the
theme, the texts were collected in full (third stage)
for posterior assessment of pertinence and analysis.
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Results

A total of 838 titles was identified in all
databases. During the first stage (reading of titles)
and the second stage (reading of abstracts), 729
documents were excluded for the following reasons:
incompatibility with the scope of the study (430);
research with guinea pigs (84); documents (letters
and editorials) that were not articles (111); type of
study (56 literature reviews and 18 case reports); and
language (30).

Of the 109 documents initially selected, 27 were
found in two or more databases. After analyzing the
repetition of articles among the databases, 51 titles
were considered relevant for the study; among these,
one was not retrieved due to insufficient information
contained in the database. Thus, 50 articles were
selected for full reading.

After the texts were read, and still following the
inclusion and exclusion criteria, 19 articles were
excluded: one due to duplication of study population;
three for using non-valid hearing evaluation
methods; and 15 for not featuring statistical analyses
consistent with the eligibility criteria for this study.

In the end, 31 articles met the inclusion
criteria. All studies included in this review were
observational, 27 cross-sectional studies and three
historical cohort studies (Table 1).

Rev Bras Saude Ocup 2016;41:e10

Exposure to solvent mixture featured in 21
studies, associated or not with noise, with toluene
(17 studies) and xylene (16 studies) being the most
frequent solvents in mixtures. The compounds
found in isolated exposures were styrene (7 studies),
toluene (4 studies) and carbon disulfide (one study)
(Table 1).

Evaluations of the peripheral auditory pathway
through Pure Tone Audiometry (PTA) were included
in all studies reviewed, with 10 of them also assessing
damage to the Central Auditory Nervous System
(CANS) via electroacoustic tests (Immitanciometry,
Immitance Decay, Otoacoustic Emissions - OAE),
electrophysiological tests (Brainstem Auditory
Evoked Potential - BAEP, Auditory Cortical Response
— ACR) and Central Auditory Processing (CAP)
(Table 1).

Measures of association showed statistically
significant values for “exposure to organic solvents
and hearing impairment” in 21 studies (Table 2).

The scientific publications are presented below,
according to the exposure characteristics (isolated or
mixed compounds), in order to compile information
about hearing outcomes, possible associations
with chemical exposure, nature of the effect in
combined exposure tests and the audiological tests
suitable for inclusion among occupational medical
examinations.
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Table 2 Description of studies regarding levels of exposure to noise and chemicals, status of statistical asso-
ciation measurements and hearing impairment

Below OEL and  Above OEL and  Below OEL  Above OEL and/

Substance absence/noise  absence/noise  and noise noise Association . Heqring References
<85 dB(A) <85dB(A)  >85dB(A)  >85dB(A) impairment
X i p Sass-Kortsak, Corey and Robert-
son (1995)
X + P Morata et al. (2002)
X + P Sliwinska-Kowalska et al. (2003)
Styrene X + P Johnson et al. (2006)
X + p Triebig, Bru(czlgz)%r)and Seeber
X X + P and HS Zamyslows(l;.-g;Tytke etal.
+ P Morata et al. (2011)
X + PandC Morata et al. (1993)
X - P Seeber et al. (2005)
Toluene X + P Chang et al. (2006)
X X i P Schdper, See(t;g:)gr;d Van Thriel
gf‘srsbu‘l’g e X X + P Chang et al. (2003)
Xylene X + P,Cand HS Fuente et al. (2013)
X + P Morata et al. (1997a)
+ Pand C Morata et al. (1997b)
+ P Sliwinska-Kowalska et al. (2001)
X + P Sulkowski et al. (2002)
X + P Sliwinska-Kowalska et al. (2004)
X + P Kaufman et al. (2005)
+ P Kim et al. (2005)
X + P Sliwinska-Kowalska et al. (2005)
+ P Rabinowitz et al. (2008)
Sqlvent X + Pand HS Fuente et al. (2009)
Mixture *X - P Guestetal.(2010)
N n P Mohammadi, La.bbaﬁnejad and
Attarchi (2010)
X ) p Beshir, Elserougy and Amer
(2011)
+ Pand HS Fuente etal. (2011)
+ Pand HS Fuente et al. (2013)
+ P and HS Fuente etal. (2013)
X - P Hughes and Hunting (2013)
X + P Kaewboonchoo et al. (2014)

+:association observed;

-: association not observed;

*not studied or not reported;

P: peripheral;

C: central;

HS: hearing skills.;

OEL: Occupational Exposure Limits.
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Styrene

Focused on the plastic and fiberglass industries,
six studies found a positive association between
exposure to styrene and Hearing Loss (HL)'2024
four of which featured styrene exposure levels below
recommended limits?***, The worst PTA responses
for a wide range of frequencies (0.25 — 8 kHz) were
found among individuals of the group exposed to the
solvent %224,

Morata et al.?® found significantly worse
thresholds at frequencies between 2 and 6 kHz in
the group exposed to noise and styrene, with an
odds ratio of 1.19 for each increase of one year in age
(CI959% 1.11 — 1.28); 1.18 for each dB of noise (95%CI
1.01 — 1.34); and 2.44 for each mmol of mandelic
acid per gram of creatinine in urine (CI195% 1.01 —
5.89). In this study, an additive effect between noise
and styrene was observed.

In another study'', the odds of developing
HL (1-8 kHz) was almost about four-fold among
those exposed to styrene in comparison to not
exposed group. In the group of “noise and styrene”
co-exposure, the odds of HL (OR=10.9) was greater
than the sum of the odds of those exposed to noise
alone (OR=3.4) and styrene alone (OR=5.2), also
suggesting an additive effect of co-exposure. The
group of co-exposure to styrene, toluene and noise
was 21- -fold more likely to develop HL, thus
suggesting a synergistic action among multiple
ototoxic agents.

The auditory thresholds for high frequency PTA
were statistically different for groups with prolonged
exposure to styrene levels within recommended
limits (8 — 12.5 kHz)?%.

The study by Johnson et al.?* showed changes in
both the peripheral auditory pathway, with BAEP
results indicating damage to the organ of Corti (inner
ear), and CANS. Differences were observed between
the findings obtained for individuals exposed to
styrene and normality scores for the ACR and
speech-in-noise tests. Significant differences were
also found among those exposed to styrene for the
auditory skills tests Frequency Pattern Test (FPT) and
Duration Pattern Test (DPT), but not for the Gaps-in-
noise test (GIN)%.

In a multicenter study carried out in Sweden,
Finland and Poland?*, styrene exposure was
associated with poorer PTA hearing thresholds,
with confirmed association between HL and
co-exposure of styrene and noise. The data indicated
a statistically significant interaction between noise
and styrene in the generation of OHL. However,
the lack of complete information on the history of
exposure and other relevant parameters prevented

18/25

the precise identification of the contribution of each
agent in triggering hearing damage. The authors also
consider it inappropriate to attempt to calculate
dose-response effect or set safe limits related to
audition for styrene exposure from the data obtained
in the study.

Toluene

Four studies evaluated the ototoxic effects of
exposure to toluene through PTA: three in printing

and rotogravure plants®'®* and one in an adhesive
material factory?®. Only one study evaluated the
possible impairment of the central auditory pathway,
through observation of peri-stimulatory fatigue of
cranial nerve VIII, recorded by immitanciometry
(decay decline). This observation suggested to
the authors that hearing damage could not be
solely attributed to noise exposure, since hearing
impairment caused by that agent would not affect the
neural portion of the auditory pathway (p <0.001)°.

In the study by Morata et al.?, all exposed groups
(noise, noise and toluene or solvent mixture) showed
a high relative risk (RR) of HL, although the highest
prevalence and probability (RR adjusted for length of
employment) of HL. was found in the group expose
to toluene and noise, compared to those exposed
only to noise. The lack of a group exposed only to
toluene prevented the authors from investigating the
nature of the interaction (additive or multiplicative)
between noise and solvent.

Two studies suggested that toluene exposure
lower than 50 ppm may not be associated with
HL. With low concentration exposure, the odds of
worsened audiometric thresholds over five years of
follow-up were not statistically significant®®.

Neither duration nor intensity of exposure
revealed adverse effects on audiometric thresholds®.
Possible biases are cited in these studies, such as
inexistence of control groups, healthy worker effect*
and inadequate definition of “case”* %%, which may
have influenced the absence of risk of OHL in
exposures at levels below recommendation.

HL induced by combined “noise and toluene”
exposure (speech frequencies) was six times higher
than induced by noise only, being slightly lower
among workers with lower exposure to toluene.
However, no dose-response effect was found?®.

Xylene

The study by Fuente et al.?’” on histology
laboratory workers evaluated the effects of exposure
to a mixture of xylene isomers. Differences in
PTA thresholds were observed for a wide range of

Rev Bras Saude Ocup 2016;41:e10



frequencies, between exposed and non-exposed
workers, with a moderately significant correlation
between methylhippuric acid and threshold average
(2-8 kHz): increase of 0.034 dBHL for each increment
of 1 g/g of creatinine. Dose-response effect for xylene
concentration levels on hearing thresholds was also
observed: the higher the dose of exposure, the worse
the audiometric threshold.

There was no difference between exposed and
non-exposed workers regarding the evaluation of
Distortion Product Otoacoustic Emissions (DPOAE)
and levels of methylhippuric acid; however,
regarding the cumulative dose, correlation was found
with the binaural average of DPOAE amplitude: the
greater the exposure, the lower the amplitude®.

A difference was found between exposed and
non-exposed workers in the analysis parameters of
Brainstem Auditory Evoked Potential (BAEP) and the
Central Auditory Processing (CAP) tests Pitch Pattern
Sequence (PPS), Dichotic Digit (DD) and Hearing-
In-Noise Test (HINT); however, no correlation
with methylhippuric acid or cumulative dose was
observed. No statistically significant difference
was observed for Masking Level Difference (MLD),
Adaptive Test of Temporal Resolution (ATTR) and
Hearing-In-Noise — Speech Reception Threshold
HINT - SRT (p> 0.05).

Carbon disulfide

One study evaluated the adverse effects of
carbon disulfide on the hearing of workers of a silk
viscose factory?®, finding an apparent dose-response
association. Carbon disulfide levels greater than
14.6 ppm increased the effects of noise exposure on
hearing (OR=35 in exposures associated with noise
above the tolerance limit). The higher prevalence
of HL in the co-exposure group suggested the
worsening of HL due to the solvent.

The impairment involves a range of audiometric
frequencies higher than initially reached by noise
(also including speech frequencies). The authors
describe the presence of limitations and biases
in the study, such as lack of precision in sample
characterization in relation to concentration levels
(information bias), lack of homogeneity between
the groups regarding the variables “age,” “duration
of employment” and “education level,” besides the
absence of the group exposed to the solvent alone.

Solvent mixture

Exposure to solvent mixture of various
compositions, combined or not with noise, was
investigated in 18 studies. One study made no

Rev Bras Saude Ocup 2016;41:e10

reference to chemical exposure levels?®, but
mentioned high levels of exposure to noise.

The diversity of the examined work environments
and branches of economic activity explains the
variety found in solvent mixture compositions used
in production processes: petrochemical, aluminum
and metal industry; manufacture of paints,
varnishes, ceramics, wooden furniture, automobiles
and coating; printing and rotogravure; aircraft
maintenance and mechanics; naval and military
shipyards were fields of study of researchers of
different nationalities.

Due to the complexity of exposure, few
homogenous groups exposed to solvent mixture were
mutually comparable. Differences were observed
in nature of exposure, data collection period and
follow-up, hearing assessment procedures and
definition of outcomes, as well as analyses of data
obtained in each study. The level of exposure to
solvent mixture, within or outside allowed limits,
was considered in order to facilitate the analysis of
the studies.

Low exposure to mixture

Most of the studies mentioned exposure to
organic solvent mixtures at levels within local
and/or international recommended tolerance
limits®17-273038 T those studies, noise exposure
levels varied according to compliance with the
tolerance limit of 85 dB(A) for an eight-hour working
day, recommended internationally.

Shifts in audiometric thresholds and increased
prevalence and/or probability of OHL were some of
the data found among the groups of co-exposure to
noise and solvent mixture!”-30:3237.39,

In all studies of possible impairment to CANS
and listening skills, the results suggested action of
solvents on the central auditory pathways, indicating
that PTA might not be the only recommended
audiological test for this population'7-34-36:37:39

Sliwinska-Kowalska et al.®® found a higher
incidence of HL among individuals with combined
“noise and solvent” exposure; however, OR was
similar in both groups. The group of isolated
exposure to solvent had a slightly higher exposure,
which may have underestimated the additive effect
of combined exposure. The RR of 2.8 to 4.4 in
individuals exposed to solvents suggested increased
HL risk due to occupational exposure to organic
solvents. The group exposed solely to solvent had
a worse threshold average (1-8 kHz) than the non-
exposed group.

In the OAE assessment, the amplitude reductions
closely corresponded with the cumulative dose of

19/25



exposure to solvent mixture, as did HL found in
PTA: the higher the dose, the higher the audiometric
thresholds and the lower the OAE amplitude. The
presence of low noise levels associated with the
individual concentrations of each solvent within or
slightly above recommended limits led the authors
to believe that the hearing findings resulted from the
rate of exposure to the mixture (combined)*®.

With regard to the cumulative effects of
“noise and solvent” co-exposure on HL, the OR
was practically the product of the OR of isolated
exposures (significantly higher) for each agent.
These findings suggested effects on the auditory
system resulting from chronic exposure to solvents,
besides a multiplicative interaction among agents.
However, due to the difference in numbers among
the groups (fewer workers exposed to solvents than
non-exposed or exposed to noise), information on
the HL pathway or mechanism caused by solvents
could not be defined?®!.

A significant increase in the odds of HL resulting
from combined “noise and solvent” exposure was
found as length of exposure increased from three to
12 years. After 12 years of exposure, no statistically
significant differences were observed. For the
confounding variable “regular consumption of
alcohol,” an odds 0f3.03 to trigger HL was found in
the population with combined exposure®?.

A five-year follow-up study identified hazardous
effects on the PTA frequencies of 3.4 and 6 kHz.
According to the authors, no extrapolations were
possible of the dose-response relationship or safe
hearing levels. They further emphasize that the
measures of association may have been compromised
by the absence of a not exposed control group??.

Apparently, exposure to solvent mixture may
cause the early appearance of a notch (v-notched)
in the audiogram and affects first and foremost
the main frequency of 8 kHz. Smokers exposed to
solvents showed higher hearing thresholds than
smokers exposed to noise alone™.

Morata et al.’” found changes in audiometric
thresholds and increasing prevalence and risk of
HL in simultaneous exposures to noise and solvent
mixture. Measurements of immittance decay
suggested possible retrocochlear impairment. The
authors suggest the possibility that the data were
underestimated, since the methods used may have
failed to detect auditory disorders due to their
locations in the auditory system.

Workers exposed to combined “noise and solvent
mixture,” when compared with non-exposed
controls, had worse results in CAP tests: Speech-
in-Silence (SS), PPS®, HINT?%3° Random Gap
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Detection (RGD)?*7:3% and DD **3¢, but no statistically
significant difference was observed for MLD?.
The results suggest that solvents may be adversely
associated with central auditory dysfunction.

The results obtained for pure tone thresholds in
investigations of possible CAP disorders related to
co-exposure ranged from presence of normality, but
with higher thresholds among exposed workers (1, 2,
3 and 6 kHz)?” to the observation of adverse effects
at the frequencies of 1, 2 and 3 kHz%®, 3-6 kHz and
12-16 kHz, with a higher percentage of HL among
more exposed individuals®%. In the absence of noise,
subjects exposed to solvent mixture also showed
worse hearing thresholds than those not exposed, at
1, 2, 3 and 8 kHz, with solvent exposure significantly
associated with binaural average of audiometric
thresholds®.

Peripheral changes have also been suggested
among exposed individuals showing a lower signal/
noise ratio to Transient Otoacoustic Emissions
(TOAE) than non-exposed individuals®.

In Thai navy officers, authors found an
association between HL, age and length of service,
but the noise exposure levels significantly exceeded
the recommended limits, while exposure to solvents
remained within tolerance limits. Thus, they
concluded that the findings cannot be attributed to
a combined effect of the exposures, and the effects
of exposure to high levels of noise pressure were
therefore predominant?®.

Among US Air Force Reserve officers, HL was not
associated with increased noise levels, and the OR
for moderate solvent exposure was below 1.0. No
interaction was shown to indicate that solvents are
ototoxic in the presence or absence of noise — above
85 dB(A). The results showed that HL. was associated
with workers’ age at the date of the first audiogram,
follow-up time and exposure to noise.

No additional risk was found for the co-exposure
group, although follow-up time was sufficient to
detect changes in hearing. The authors underline
limitations in the study such as information bias,
for not having data of other potential confounding
variables and of the actual characterization of the
exposure, which may have given the data some
degree of uncertainty®.

High exposure to mixture

Levels of exposure to organic solvent mixture
exceeded recommended local and/or international
tolerance limits in some studies'®'*1840 Among
them, only one showed levels of exposure to noise
below the allowed tolerance limit*®.
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Morata et al.'® described an increased likelihood
of HL with OR=1.76 for each gram of hippuric
acid per gram of creatinine found in urine, with
the risk of developing HL being four times higher
(OR=4.4) when the considered threshold was 2.5 g/g
of creatinine (100 ppm in the air). No statistically
significant interaction between solvents and noise
was observed, probably due to the short length of
exposure of the population.

Among shipyard workers, the likelihood of
developing HL was almost five times higher in
the “noise and solvent” co-exposure group. Worse
thresholds in the co-exposure group, compared
to workers exposed solely to noise, suggested an
additive effect of co-exposure to noise and solvents
in the likelihood of developing HL. The latter, in
turn, ranged between the frequencies of 2 to 8 kHz
(affecting more 8 kHz). The authors suggested that
at high exposure levels (noise and solvents), the
effects of noise on hearing thresholds exceed those
of solvents.

In a study of a population of workers from various
industries, authors stated that occupational exposure
to organic solvents is associated with a two- to
five-fold increase in the odds of developing HL.
Exposure to solvent mixture or combinations of two
substances triggered HL between 4 and 8 kHz, while
exposure to styrene alone affected a wide frequency
range (1-8 kHz). Exposure combined with noise
almost doubled the likelihood of HL compared to
sole exposure to noise, suggesting an additive effect
of co-exposure. There was a positive correlation
between average lifetime exposure index (solvents)
and HL at 4, 6 and 8 kHz; however, no dose-effect
relationship was found for any of the combined or
isolated exposures®®.

An increase in HL rate was found among
automobile plant workers with combined “noise and
solvent mixture,” who were four times more likely to
develop HL (3 and 8 kHz) compared to those exposed
only to noise. Workers exposed solely to solvent
mixture below limit values were also 1.8 times more
likely to develop HL*.

In the study by Guest et al.?°, limitations were
observed in the characterization of exposure to
solvent mixture. The detected HL showed a high
level and little variation between groups. An
essential role of noise in determining HL between
the groups was suggested by the existence of a noise
notch at 6 kHz. However, the authors emphasized
the difficulty in determining the role of chemical
exposure in occupational hearing impairment based
on the results.
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Discussion

The effects of exposure on audiometric
frequency thresholds and ranges, as well as on
electrophysiological responses and scores of CAP
assessment procedures showed differences between
worker exposed and not exposed to chemicals.
These hearing evaluation parameters did not show
significant variation between types of exposure,
whether to a single solvent or a solvent mixture.
However, the prevalence or risk of developing
OHL was higher among individuals exposed to
“solvent(s) and noise”10-12:20.28:31-33.40 g qd “noise and
two solvents”""® combinations.

The typical onset in the frequency range of 3 to
6 kHz in Noise-Induced Hearing Loss (NIHL) also
appeared in exposure to solvents and, sometimes
more sharply, in co-exposure with noise**. However,
the action of solvents on a wider range of the cochlear
structure (0.25 to 8 kHz) was observed in several
studies!®?2:28:303436 " ggpecially in the frequencies of
2 and 8 kHz!#21:24:273539.40 Tp gne study there was no
statistically significant difference between subjects
exposed and not exposed to solvents concerning
hearing impairment in PTA; however, auditory
thresholds were worse in the groups exposed to
solvents®.

Three studies attributed OHL found among
individuals of co-exposure groups to the likely action
of noise**3#*! This conclusion can be questioned
by observing limitations among the studies, which
may have affected the quality of the analyses:
absence of a control group with isolated exposure
to noise?**!; healthy worker effect (sole permanence
at the workplace of workers with no impairment or
health complaints) and inadequate case definition?;
or even differences between the exposure levels of
agents (solvents within the allowed limit and noise
considerably above the limit)%,

In addition to the impairment observed in PTA,
further cochlear damage was observed in audiometry
within higherfrequencies(between 9 and 16 kHz)
and OAE. Decrease in the OAE response pattern
suggested compromise of Outer Hair Cells (OHC)
and, therefore, impairment of cochlear motor
function in exposure to styrene and its combination
with noise??, as well as exposure to solvent mixture
and noise'®. However, two studies found no direct
association between the Otoacoustic Emissions
Signal/Background noise ratio (SNR ratio) or OAE
amplitude and groups exposed to styrene?? or
xylene®.

Damage caused by chemical exposure to the
central auditory pathway extended from the auditory
nerve (cranial nerve VIII) and brainstem to the
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auditory pathways of the cerebral cortex responsible
for central auditory processing skills.

The presence of peri-stimulatory fatigue observed
with immittance decay suggested impairment of the
retrocochlear portion — more specifically cranial
nerve VIII — and was observed in studies involving
exposure to toluene® and solvent mixture'’. However,
it was not observed in the study by Morata et al.*®
with solvent mixture.

Changes in BAEP assessment parameters,
suggesting brainstem impairment, were observed
in individuals exposed solely to solvent mixture?®,
fuel (gasoline) and xylene?. Only two studies jointly
investigated BAEP and hearing skills, which were
compromised in frequency and duration pattern
recognition?’, temporal resolution®® and figure-
background 2739,

Differences between normality scores in the
Auditory Cortical Response (ACR) test and results
obtained from individuals exposed to styrene?
suggested damage to more central portions of
the auditory pathway. Also, the auditory skills
of discrimination (figure-background), closure,
temporal processing and frequency and duration
pattern recognition had different scores compared to
the normality patterns among individuals exposed
to styrene, xylene and solvent mixture?!2%27:36:37.39,
No study administering ACR or CAP assessment
procedures was carried out with individuals exposed
solely to toluene or carbon disulfide.

In the studies by Fuente et al.?*3”, evaluation of
central auditory skills was carried out in individuals
with normal auditory acuity (normal auditory
thresholds), resulting in lower scores compared to
the parameters considered normal for the tests DD,
PPS, Duration Pattern Sequence (DPS), Speech-in-
Silence (SS), Filtered Speech (FS), Random Gap
Detection (RGD) and HINT.

The authors previously mentioned point to the
fact that normal audiometric thresholds do not
guarantee normal auditory performance when an
individual is in adverse listening situations. Analysis
of auditory skills can demonstrate compatibility with
hearing complaints that are often not compatible
with the presence of normalcy in PTA. In some
studies, PTA and auditory skills test results were
outside the pattern expected for normalcy 2232739,

Thus, the results suggest that solvents may
be adversely associated with decreased hearing
thresholds in PTA and also with a dysfunction of the
central auditory pathway, characterized by a decrease
in the auditory processes of binaural integration,
temporal ordering and speech perception in noise.
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Analysis of biological exposure indices also
pointed to an association between HL and exposure
to solvent mixture??, styrene® and xylene?’.

An overview of the 31 studies analyzed shows
association between occupational exposure to
organic solvents and damage to the peripheral and/
or central auditory pathway. However, the difference
in group stratifications and methods to evaluate
and characterize exposure and studied variables
(sometimes lack of complete data), and the absence
of a suitable protocol to assess the peripheral and
central auditory function, did not allow accurate
inferences on dose-effect relationship for each single
agent and, especially, for solvent mixtures.

Some studies showed adverse auditory
effects in exposure below current internationally
recommended exposure limits, especially when
associated with noise above or within allowed limits.
These findings indicate that combined exposure
could modify the Lowest Observed Adverse Effect
Level (LOAEL) and the No Observed Adverse Effect
Level (NOAEL) of exposure to organic solvents. The
difficulty in obtaining a detailed and/or reliable
history of exposure and the existence of multiple
confounders or modifying effects are obstacles in
identifying LOAEL in humans.

A 7.46 times higher probability of HL resulting
from changes in styrene exposure lengths (from
short to long) was found in the study by Triebig et
al.?? Sulkowski et al.'® found a close correspondence
between HL and reduction in Transient-Evoked
Otoacoustic Emission (TEOAE) and DPOAE
amplitudes with the cumulative exposure dose to
solvent mixture: the higher the dose, the higher
the audiometric thresholds and the lower the OAE
amplitude (negative correlation). An apparent dose-
response association between carbon disulfide and
HL was reported by Chang et al.?®: exposure levels
greater than 14.6 ppm might increase the effects of
noise exposure on workers” hearing. In the study by
Fuente et al.**, groups of subjects working at different
intensities — minimum, moderate and maximum - of
exposure to solvent mixture showed progressively
worse audiometric thresholds as they were exposed
to higher intensities. The percentages per group of
individuals with hearing impairment were 25%, 61%
and 73%, respectively.

It is noteworthy that current limits of
occupational exposure to chemicals do not consider
adverse effects on workers’ hearing. Thus, the current
limits cannot guarantee the integrity of peripheral
and central auditory pathways of that population®.
Several studies have shown that workers submitted
to low exposure to chemicals, even in the absence of
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noise, or noise within controlled limits, presented
significant hearing alteration'”-2%:2427:30.34,37-39,

The minimum time necessary for solvent
exposure to affect hearing has been poorly
investigated in studies, and defining the nature of
the impairment process, whether acute or chronic,
has not been possible. In combined “solvent mixture
and noise” exposure, the odds of HL after three years
of exposure ranged from 1.70%* to 1.87%, increasing
to 8.25 after 12 years®?. According to data from these
studies, impairment latency does not seem to depend
on the type of ototoxic agent, but the characteristic of
the exposure related to chronicity increases the risk/
probability of developing HL. The study by Johnson
et al.?!, with data on adverse auditory effects in
relation to exposure time, indicated that impairment
may arise after three years of exposure to styrene.

Some studies reported interaction between
ototoxic agents and the occurrence of hearing
damage. Sliwinska-Kowalska et al.’?*° found worse
auditory thresholds among subjects exposed to
combined “solvent mixture and noise” compared to
those exposed strictly to noise, signaling an additive
effect of the solvent. In 2003, among workers
exposed to styrene and solvent mixture, Sliwinska-
Kowalska et al.’* found that the odds of HL was 3.4
times higher among those exposed to noise and 5.2
times higher among those exposed to styrene, being
10.9 times higher for the group exposed to these
agents simultaneously, constituting interaction
between noise and styrene. In this study, the author
also noted the presence of synergism between noise,
styrene and toluene (OR=13.1)"". In a multicenter
study, the data confirmed the association between HL
and combined occupational exposure to styrene and
noise, indicating statistically significant interaction
between noise and styrene in generating OHL. The
authors classified noise as an effect modifier in
styrene exposure .,

The main limitations found in the studies
were: prevalence of cross-sectional study design;
small sample size and no guarantee of sample
representativeness; lack of homogeneity or
absence of comparison groups exposed solely to
the investigated chemical or even non-exposed to
solvents; insufficient characterization of exposure
levels to solvents and/or noise; diversity in HL

Authors’ contributions

definition (outcome) and lack of statistical treatment
of confounding variables and unilateral and
conductive hearing loss.

In general, based on the analysis of the reviewed
studies, it can be affirmed that there is a growing
concern of authors to about the proper parameters
as mean to accomplish conclusive results, even
if some interference of biases and limitations still
remain. These are often implicit in the dynamics of
occupational epidemiological studies and thereby
require extremely careful assessment.

Final considerations

Information currently available confirm the
influence of chemical compounds in the mechanism
of Occupational Hearing Loss (OHL), especially in
the presence of the physical noise agent. The data
also raise concerns about the diversity of chemical
exposure and combinations of ototoxic agents
present in the work environment, as well as the
precise correlation between solvent exposure levels
and the risk of OHL. Data regarding dose-effect
associated with the increase of HL risk, besides those
on duration and exposure levels required for the
onset of signs and symptoms, and for determining
the most accurate investigation procedures thereof,
are as yet insufficient for the widespread acceptance
of hypotheses about the association between
occupational exposure to organic solvents and
hearing impairment among workers.

Based on findings from the analysis of the studies,
we suggest wider but epidemiological research
should be carried out to estimate interactive effects,
identifying the involvement of each risk factor in
cases of combined exposure to physical and chemical
agents. Furthermore, differences in composition and
concentration of solvent mixtures found in labor
activities should be addresses. Nevertheless, we
also suggest a review of the traditional methodology
of occupational hearing loss assessment in order
to confirm the suitability of current practices and
support the development of standard protocols that
include accurate methods of assessing auditory
function in workers exposed to chemical agents.

Mont’Alverne LR: study design, data analysis, drafting the article e final revision of manuscript. Régo MA
and Corona AP: revision of the preliminary study project; periodic review of the study, and final revision of

article.
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