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Abstract
This study is a meta-analysis of the previous epidemiological studies which investigated the quantitative estimates of the as-
sociation between independent or combined exposure to noise and mixed organic solvents and hearing loss until Octo-
ber 2014. Overall, 15 studies with information on 7530 individuals (6% female) were included. Having assessed – by pure-
tone audiometry – the adjusted odds ratio estimates for the association between solvents mixture exposure and the risk of 
developing hearing loss stood at 2.05 (95% confidence interval (CI): 1.44–2.9). Similarly, for subjects who were concurrently 
exposed to noise and solvents mixture, an OR of 2.95 (95% CI: 2.1–4.17) was obtained. There was some evidence of hetero-
geneity within each of the 2 exposure groups (p heterogeneity < 0.001). This heterogeneity was not explained by differences 
in strength of effect between duration of exposure, the number of solvent and exposure index in subgroups of solvents mix-
ture exposure. Based on the available data, our analysis has provided the evidence of increased risk of developing hearing 
loss for workers exposed to organic solvents even at quite low concentration. Moreover, if such exposure is accompanied by 
noise, it will exacerbate the extent of hearing loss. Int J Occup Med Environ Health 2017;30(4):521–535
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ototoxic effects does not seem to be obtainable [23]. Previ-
ous experiments on animals and in particular on rats have 
confirmed the synergistic adverse effects of combined expo-
sure to noise and solvents on hearing [36–40]. Though one 
of the drawbacks of such studies is that the subjects were 
usually exposed to high concentrations of solvents for short 
periods of time and is contrary to occupational exposure 
conditions. In the case of combined exposure to noise and 
organic solvents, depending on the parameters and charac-
teristics associated to the noise (such as intensity and impul-
siveness) and solvent (such as concentration), they might in-
teractively affect each other. Previous investigations about 
the  combined exposure also revealed that solvents had 
the capability of deteriorating noise-induced impairments 
even though the noise intensity level was below the permis-
sible limits value  [3,22,41,42]. It has also been cited that 
for noise and solvents, even if the single exposure is kept 
within current exposure limits, the co-exposure to them will 
synergistically increase the risk to hearing [43]. Several hu-
man studies, have also suggested that exposure to organic 
solvents at levels below current regulatory limits could still 
cause ototoxicity [17,24,25,27,30,33,44,45].
Pure-tone audiometry  (PTA) has been merely the  com-
mon clinical test employed to determine the  extent of 
hearing loss in occupational settings. It seems that the im-
plementation of other clinical tests such as otoacoustic 
emission measurements would remarkably complement 
the data from pure-tone audiometry recordings [14]. Thus, 
it is necessary to devise an appropriate and comprehen-
sive audiological test battery for solvent-exposed work-
ers in occupational setting. Such a test should be precise 
enough to detect the hearing dysfunction as well as being 
suitable to be carried out for screening purposes [18]. To 
date, most of the studies about the concurrent exposure 
to noise and organic solvents have been considered to be 
cross-sectional and there has been a limited amount of hu-
man studies [3,27,33] that longitudinally assess the risk of 
hearing loss in workers exposed to varied levels of organic 

INTRODUCTION
Today work-related hearing loss is one of the  main con-
cerns of the  occupational health and safety specialists. 
The  U.S.  National Institute for Occupational Safety and 
Health (NIOSH) has listed the work-related hearing loss as 
one of the priority research areas of the 21st century [1]. It 
is almost obvious that exposure to excessive levels of noise 
leads to hearing loss; usually known as noise-induced hear-
ing loss (NIHL) [2–4]. Noise-induced hearing loss normally 
affects the inner ear and is characterized by the loss of au-
ditory acuity, particularly in the  range of  3–6  kHz  [5]. In 
an occupational context, the risk of hearing loss, increases 
with age, noise levels and duration of occupational noise 
exposure and will ultimately lead to permanent hearing 
loss. Such impairment is usually defined as a  weighted 
average hearing loss at the  audiometric test frequencies 
of 1, 2, 3, and 4 kHz greater than 25 dB [6]. Strong evidence 
exists from several epidemiological studies that in addition 
to noise, exposure to mixed organic solvents for humans is 
associated with an excessive risk of developing hearing loss 
with and without concurrent noise exposure [7–34].
In industry, one of the  most common kinds of expo-
sure is reported to be exposure to solvents mixture. Over 
the past 3 decades, several studies investigated the relation-
ship between occupational exposure to organic solvents 
mixture and hearing loss for humans. Workers from a wide 
range of industry sectors are usually exposed to mixtures 
of xylene, toluene, benzene, methyl ethyl ketone  (MEK), 
methyl isobutyl ketene, ethanol, ethyl acetate, butyl ac-
etate, ethyl benzene, cyclohexane, etc. The most prevalent 
exposures seem to happen in industries where workers 
have contacts with paints, thinners, lacquers and printing 
inks [35]. Although not well recognized in the case of hu-
mans, the  ototoxic effects of organic solvents have been 
widely studied. There is no consensus about the  correla-
tion between the solvents exposure level and the resultant 
hearing loss. Hence the  confirmation of a  dose–response 
relationship between exposure to organic solvents and their 
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hearing threshold at any audiometric frequency) due to 
exposure estimates in odds ratio/relative risk calculations. 
We also included the studies in which noise and solvent-
induced hearing loss were considered as an outcome mea-
sure and hearing levels were assessed using the  results 
of pure tone audiometry (air and bone conduction) as 
the evaluation method (Grason-Stadler GSI-61). An aver-
age hearing threshold greater than 25 dB in at least one 
ear was defined as the hearing loss (HL) (250–8000 Hz). 
Most of the studies, we included, had measured the levels 
of hearing loss with a calibrated audiometer and had fol-
lowed a written protocol. Pure-tone audiometry is one of 
the major hearing tests which entails the participation of 
subjects to determine and measure the hearing sensitivity. 
For individuals who take part in this test the  pure tone 
threshold is usually the  lowest sound audible to them at 
least 50% of the time [18]. Due to the fact that workers in 
industrial settings might be exposed to complex exposure 
conditions, implementation of PTA may be really useful 
particularly when used as a  screening tool to investigate 
the hearing disorders [21].
We only included the epidemiological studies which had 
investigated the risk of developing hearing loss in individ-
uals occupationally exposed to a mixture of organic sol-
vents alone or in combination with noise. The exposure to 
individual solvents was not covered by search.

Exposure assessment to organic solvents mixture and noise
An exposure index (EI) was used for expressing the level of 
exposure to organic solvents mixture. Regarding the fact 
that many industrial workers are usually exposed to mul-
tiple solvents we used EI for determining the influence of 
these solvents on the workers’ total exposure load. In order 
to calculate the EI, the sum of the mean time-weighted ex-
posures to each solvent was divided by its occupational ex-
posure limit (American Conference of Governmental In-
dustrial Hygienists threshold limit value – ACGIH TLV) 
and expressed as a unit value. Hence, EI > 1 indicates that 

solvents and noise. So far, no meta-analysis study has been 
published to investigate the relationship between occupa-
tional exposure to organic solvents mixtures and noise and 
the development of hearing loss, either alone or in combi-
nation with each other. Therefore, a meta-analysis study, 
which according to available data may provide us with 
reliable quantitative information on independent or com-
bined exposures to noise and organic solvents on the one 
side and the risk of developing hearing loss on the other 
side, is warranted. One of the main objectives of this study 
is then to provide us with the  insight into what we need 
to know about the hearing loss risk estimates of workers 
exposed to a mixture of solvents alone with special regard 
to the dose–response relationship.

MATERIAL AND METHODS
Data sources
Relevant studies were selected by a systematic search on 
PubMed, MEDLINE and a number of smaller databases 
using a MeSH heading search strategy and the key words 
such as hearing loss, noise, organic solvent mixture, com-
bined exposure until October 2014. Titles and abstracts of 
the articles identified in our search results were reviewed. 
Then the abstracts which were clearly unrelated were ex-
cluded. Considering the criteria for inclusion of the stud-
ies, the full texts from all potentially eligible studies were 
determined and the  relevant studies were eventually in-
cluded. References from identified studies, as well as 
from the review and related articles, were also scanned to 
identify any other relevant studies. Two authors indepen-
dently extracted the data using a specific form. We used 
no restrictions on publication year or publication status; 
however, languages were limited to English.

Study selection
Hearing outcome evaluation
We included studies that evaluated an increased risk for 
developing hearing loss (the probability of abnormal 
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ratio (OR) with their 95% confidence interval (CI). For 
epidemiological studies which did not report the risk of 
developing hearing loss in individuals, if the  data was 
sufficient to determine a  risk estimate (odds ratio/rela-
tive risk) and its 95% CI, it was calculated by the author 
using SPSS.

Data synthesis
For literature data, we made use of the random effects 
analysis to obtain pooled estimates of odds ratios (ORs) 
with  95%  confidence intervals  (95%  CI). Each study 
was weighted according to an estimate of its statistical 
size, which was defined as the  inverse of the  variance 
of log  OR. Heterogeneity was tested with the  I2  statis-
tic and tested with the  Q  statistic. The  heterogeneous 
data  (I2  >  50%), normally lead to the  use of the  ran-
dom effects model as a  more appropriate model  [48]. 
Pooled ORs for the 2 exposure groups (solvents mixture 
alone, noise plus solvent mixture) were estimated and 
then compared with the reference group (workers with-
out exposure to noise and solvents). Potential sources of 
heterogeneity were investigated by means of subgroups 
analyses. In addition, estimates were pooled separately 
to examine any dose–response relationship of solvents 
mixture exposed group that used 3 exposure index cat-
egories (e.g., < 0.5, 0.5–1, > 1), duration of exposure and 
the number of solvent. The data analysis was performed 
using Stata, version 11.

RESULTS
Our search identified 13 700 studies; out of which 175 were 
potentially relevant  (Figure  1). A  total of  15  epidemio-
logical studies  [20–34], from  2  cohort studies  [27,33], 
and 13 cross-sectional studies, with information on a total 
of 7530 workers (6% female) were published to publicize 
estimates of the association between independent or com-
bined exposure to noise and mixture of organic solvent 
and developing hearing loss were eligible for inclusion in 

the  organic solvent mixture concentration has exceeded 
the threshold limit [46].
Since in most of the  previous studies the  mean concen-
tration of each solvent was below or slightly above oc-
cupational exposure limits, we employed  3  categories 
(EI < 0.5, EI = 0.5–1, EI > 1) to analyze the dose–re-
sponse relationship between the  level of exposure to 
the mixture of organic solvents and the risk of developing 
hearing loss. The current literature suggests that it takes 
about 2 to 3 years [21,47] to 5 or more years of exposure 
for individuals to develop hearing loss from solvent expo-
sures  [22]. Thus, in order to take into account the  rela-
tionship between the duration of exposure to the solvents 
mixture (the latency period) and the  risk of developing 
hearing loss, we considered  3  follow-up times as impor-
tant: the  period shorter than  5  years,  5  to  10  years and 
more than 10 years.
We included all reported noise measurements according 
to a written national or international standard method. To 
make a distinction between the exposed and non-exposed 
subjects, only the  admissible noise value (A-weighted 
sound pressure level of 85 dB) was selected in a way that 
subjects who were exposed to ≥ 85 dB were considered as 
the noise exposed group. Since in the previous literature, 
the data about the noise intensity level in the combined 
exposure to noise and solvents mixture was quite scarce, 
we could not analyze the  dose–response relationship in 
this group.

Data extraction
Two authors  of this review (HM,  AAM) independently 
extracted the data form studies that met inclusion crite-
ria using a structured data-extraction form. The follow-
ing information was abstracted: the  first author, publi-
cation year, location of study, population characteristics, 
exposure assessment, risk estimates and variables con-
trolled for in the  analysis. Authors extracted the  most 
relevant estimators including relative risk (RR) and odds 
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or hunting, noisy hobbies, solvent exposure, alcohol con-
sumption, hypertension, diabetes, smoking, noise trauma, 
and family history. These were particularly executed in 
the multivariate analysis of models.
Most literatures included in this study, assessing the audi-
tory function in industrial workers concern the 3 catego-
ries of exposure:
–– mixed solvents-only exposure,
–– noise-only exposure,
–– noise and mixed solvents exposure, when compared to 

non-exposed workers.
Our study design comprised  3  groups. The  first one 
included  1135  workers who were exposed to organic 
solvents mixture alone (noise below 85 dBA), the sec-
ond group consisted of  2493  workers exposed to or-
ganic solvents mixture and noise simultaneously and 
finally the  reference group included  3902  individuals 
without exposure to noise and solvents. The main com-
ponents of mixtures in organic solvents were xylene, 
toluene, methyl ethyl ketone  (MEK), styrene, ben-
zene, jet fuel. The  pooled estimates odds ratio  (OR) 
for cross-sectional and cohort studies for hearing loss 
in  2  exposed groups are shown in the  Tables  2  and  3. 
The combined pooled estimate of association between 
solvents mixture exposure and risk of developing hear-
ing loss from cross-sectional (N = 10) and cohort stud-
ies  (N  =  2) was  2.05  (95%  CI:  1.44–2.9)  (Table  2). 
Similarly, pooled estimates OR for hearing loss in co-
exposure to noise and mixture of organic solvents from 
cross-sectional  (N  =  10) and cohort studies  (N  =  1) 
was 2.95 (95% CI: 2.1–4.17) (Table 3).
There was some evidence of heterogeneity within each 
of the 3 exposure groups (p heterogeneity < 0.001). This 
heterogeneity was not explained by differences in strength 
of effect between duration of exposure to solvent mix-
ture, the  number of solvent  (N  >  5) and exposure in-
dex (EI = 0.5–1 and > 1) in subgroups of solvents mixture 
exposure (Table 4).

this meta-analysis. A summary associated with the charac-
teristics of the included studies are shown in the Table 1.
The largest exposed groups were from paint and lacquer, 
dockyard, oil refinery, aviation, aluminum, air force re-
serve, automobile and petrochemical industries. The ma-
jority of the study populations were from; Iran (N = 2), 
Poland (N = 4), USA (N = 3), South America (N = 2) 
with the  remaining  3  studies from either Denmark or 
Egypt.
The included studies had employed the  PTA test and 
medical records, or a  combination of these  2  methods 
along with other diagnostic methods to record data re-
lated to hearing loss. In all included studies, the hearing 
loss was adjusted to a  variable such as age. Researchers 
in some studies also included several other variables such 
as noise exposure, employment duration, gender, shooting 

Titles and abstracts of relevant papers identified
through electronic search (N = 175)

Articles selected for full text retrieval (N = 21)
Articles added after citation search (N = 6)

Articles used for meta-analysis (N = 15)

Excluded articles (N = 128)
– not in English (N = 7)
– reviews (N = 32)
– experimental studies (N = 63)
– not occupational exposure (N = 8)
– epidemiological studies which did not

investigate the risk of developing
hearing loss in individuals (N = 18)

Excluded articles (N = 12)
– not with a cohort design or cross

sectional (N = 3)
– insufficient data to determine a risk

estimate and its 95% CI (N = 9)

Fig. 1. Flow diagram of study selection for the meta-analysis  
of the association between exposure to noise and mixed organic 
solvents and risk of hearing loss
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Table 2. Solvent mixture exposure and risk of hearing loss in a meta-analysis

Study OR (95% CI) Adjustment level

Kim et al. (2005) [20]

0.5 1 2 4 8

2.57 (0.64–10.3) 1, 2, 3, 4, 5

Sulkowski et al. (2002) [29]

0.5 1 2 4 8

4.18 (0.87–20.0) 1

Morata et al. (1993) [21]

0.5 1 2 4 8

5.00 (1.50–17.5) 6

Morata et al. (1997) [24]

0.5 1 2 4 8

1.80 (0.60–4.90) 1

Metwally et al. (2012) [30]

0.5 1 2 4 8

3.70 (1.67–8.18) 1, 4, 17

Sliwinska-Kowalska et al. (2005) [26]

0.5 1 2 4 8

5.30 (2.60–10.9) 1, 10, 12

Sliwinska-Kowalska et al. (2001) [25]

0.5 1 2 4 8

4.40 (2.30–8.10) 1, 12

Mohammadi et al. (2010) [31]

0.5 1 2 4 8

1.81 (1.08–3.03) 1, 4, 6

Rabinowitz et al. (2008) [27]

0.5 1 2 4 8

1.87 (1.22–2.89) 1, 12, 13, 14, 15, 16

Hughes et al. (2013) [33]

0.5 1 2 4 8

0.80 (0.60–1.20) 1, 18

Jacobsen et al. (1993) [22]

0.5 1 2 4 8

1.40 (1.10–1.90) 1, 7, 8

Loukzadeh et al. (2014) [34]

0.5 1 2 4 8

0.99 (0.96–1.02) 1, 4, 6

Pooled

0.5 1 2 4 8

2.05 (1.44–2.91)

0.5 1 2 4 8

Abbreviations and adjustment levels as in Table 1.
% heterogeneity (95% CI) = 87% (79.5–92.0%), p for heterogeneity < 0.001.

Table 3. Co-exposure to noise and solvents mixture and risk of hearing loss in a meta-analysis

Study OR (95% CI) Adjustment level

Kim et al. (2005) [20]

0.5 1 2 4 8 12

8.12 (2.03–32.5) 1, 2, 3, 4, 5

Rizk and Sharaf (2010) [32]

0.5 1 2 4 8 12

3.00 (0.79–11.3) 1, 2, 4, 12, 17

Morata et al. (1993) [21]

0.5 1 2 4 8 12

10.9 (4.10–28.9) 6

Kaufman et al. (2005) [28]

0.5 1 2 4 8 12

2.41 (1.04–5.57) 1, 4, 12, 15

Morata et al. (1997) [24]

0.5 1 2 4 8 12

3.00 (1.30–6.90) 1

Sliwinska-Kowalska et al. (2001) [25]

0.5 1 2 4 8 12

2.80 (1.60–4.90) 1, 12

Mohammadi et al. (2010) [31]

0.5 1 2 4 8 12

4.13 (2.59–6.58) 1, 4, 6

Sliwinska-Kowalska et al. (2004) [23]

0.5 1 2 4 8 12

4.88 (3.09–7.68) 1, 9, 10, 11

Sliwinska-Kowalska et al. (2005) [26]

0.5 1 2 4 8 12

2.40 (1.60–3.70) 1, 10, 12

Hughes et al. (2013) [33]

0.5 1 2 4 8 12

1.20 (0.90–1.50) 1, 18

Jacobsen et al. (1993) [22]

0.5 1 2 4 8 12

1.80 (1.60–2.10) 1, 7, 8

Pooled

0.5 1 2 4 8 12

2.95 (2.08–4.17)

0.5 1 2 4 8 12

Abbreviations and adjustment levels as in Table 1.
% heterogeneity (95% CI) = 83.6% (72.0–90.3%), p for heterogeneity < 0.001.
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higher risk of developing hearing loss (OR = 1.37,  
95% CI: 0.75–2.48) (Table 2).
Regarding the  duration of exposure, there was a  highly 
statistically significant difference between mixed sol-
vent exposed groups (p < 0.001). The pooled ORs esti-
mates for the  hearing loss among the  individuals who 
had a record of 5 to 10 years of exposure to organic sol-
vents increased up to 1.57 times; furthermore, this value, 
among the individuals who were exposed to such solvents 
for more than  10  years, increased to  3.36  times more 
than the  reference group of those who were exposed to 
neither solvents nor noise  (OR  =  1.57,  95%  CI:  1.27–
1.93  vs.  OR  =  3.36,  95%  CI:  2.36–4.79). For indi-
viduals who had the  lowest exposure history (less 
than 5 years) to solvent mixtures, no risk to hearing was 
observed (OR = 1.01, 95% CI: 0.92–1.1).
Out of all  11  studies which reported the number of sol-
vents present in the  workplaces, workers in various 
industries were exposed to the  minimum  2  and maxi-
mum  8  different organic solvents. The  results from 
the  pooled  ORs in the  2  categories which considere 

Dose–response relationship between exposure  
to organic solvents mixture and risk of hearing loss
In the presented meta-analysis in all 13 studies of  
the 15  selected studies had assessed the exposure to 
solvents mixture, in 8 studies, the concentration of in-
dividual solvents was below the occupational exposure 
limit. The assessment concerned current and/or cumu-
lative concentration of every single solvent and current 
and/or cumulative exposure index. The results showed 
a statistically significant dose–response relationship be-
tween the level of solvent mixtures exposure and the 
risk of developing hearing loss. The adjusted odds ra-
tio estimates for hearing loss for individuals with the 
highest exposure to organic solvents mixture (EI ≥ 1), 
was 4.5 times greater (95% CI: 3.46–5.9) and in those 
with moderate exposure (EI = 0.5–1) – 3.25 times 
greater (95% CI: 1.88–5.62) than the reference group 
who did not have exposure to noise and solvents mix-
ture (p = 0.049). The results also indicated that even 
individuals who were exposed to the lower concentra-
tions of solvents mixture (EI < 0.5), were prone to 1.37  

Table 4. Dose–response relationship between organic solvents mixture exposure and risk of hearing loss*

Variable Reports
[n] OR (95% CI) p

Duration of exposure 0.001
< 5 years 4 1.01 (0.92–1.10)
5–10 years 3 1.57 (1.27–1.93)
> 10 years 7 3.36 (2.36–4.79)

Exposure index (EI) 0.049
< 0.5 3 1.37 (0.75–2.48)
0.5–0.99 3 3.25 (1.88–5.62)
≥ 1 7 4.51 (3.46–5.90)

Solvents 0.045
2–5 7 1.62 (1.07–2.44)
6–8 4 4.22 (2.72–6.56)

* Reference group was exposed neither to noise nor to solvents.
Abbreviations as in Table 1.
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The results of our analyses have confirmed that simultane-
ous exposures to noise and organic solvents mixture pro-
duce a risk for developing hearing loss that is significantly 
greater than from either agent acting alone, as well as we 
suggest an increased risk of developing hearing loss in 
workers exposed to organic solvents mixture alone.
Most human studies have shown that solvents mixture-
induced hearing loss, with or without exposure to noise, is 
predominantly associated with an increased risk in higher-
frequencies (3, 4, 6 and 8 kHz) [15,18,23–27,34] and it cov-
ers almost the entire region of frequencies tested, includ-
ing the mid frequencies (2–8 kHz) when assessed by PTA. 
This, however, may be dependent upon the type of solvent 
to which the worker is exposed [7].
Solvent-induced hearing impairment for humans not only 
involves the inner ear but also the central nervous system. 
Although there is strong research evidence that excessive 
generation of oxidative stress products are the underlying 
cause of developing hearing loss, animal studies also sug-
gest that there are differences in mechanisms of solvent-
induced and noise-induced hearing loss in the  cochlea 
in a  way that solvents usually cause chemical poisoning, 
whereas noise causes mechanical damage  [35]. Due to 
the fact that concentrations of organic solvents in occupa-
tional settings are usually much lower than the ones used 
in animal studies, it is more difficult to make a conclusion 
about their ototoxic effects of these solvents [48].

Solvent mixture exposure level 
and risk of developing hearing loss
A novel finding of this study is to show a dose–response 
relationship between exposure level (measured as expo-
sure index) and duration for mixture of solvents and risk 
of occupational hearing loss. The analysis, however, found 
that when the  exposure history was short  (<  5  years), 
the group who were exposed to organic solvents mixture 
did not show any excessive risk of developing hearing 
loss, compared to non-exposed population. Excessive risk 

the  number of solvents suggests that the  risk of devel-
oping hearing loss for individuals who were exposed to 
more than 5 solvents was 4.22 times (95% CI: 2.72–6.56) 
and for those who had exposure to fewer than 5 solvents, 
was 1.62 times (95% CI: 1.07–2.44) greater than the refer-
ence group of those who were exposed to neither solvents 
nor noise. Such evidence approves a positive correlation 
between the increase in the number of solvents (particu-
larly if the number exceeds 6) and the risk of developing 
hearing loss (p = 0.045).

DISCUSSION
The results of this meta-analysis of 7530 industrial work
ers  indicated that the  adjusted odd ratio estimates of 
hearing loss in each of 2 groups of exposure increased as 
compared to the reference group of those who were ex-
posed neither to noise nor to solvents. The risk estimates 
of hearing loss were over 2 times greater for the solvents 
mixture group alone and about 3  times greater for indi-
viduals who were exposed to a combination of noise and 
organic solvent mixtures. These values indicate a higher 
effect of combined exposure to noise and solvents mixture 
on the risk of developing hearing loss. Previous epidemio-
logical studies, indicate that an observed additive or even 
synergistic effect occurs from having combined exposures 
to noise and organic solvents mixture, by 2 to 11 times in-
crease in the odds ratio of hearing loss [20–26,28,31].
It has been demonstrated that there is a synergistic causal 
effect caused by concurrent exposure to organic solvents 
mixture and noise in animal models  [35]. However, in 
the  case of human studies, the  possible synergism of 
combined exposure to solvents and noise on hearing has 
not been consistently identified [7]. In industrial settings 
the individuals are usually exposed to the different levels 
and durations of noise and/or solvents and this makes it 
difficult to draw a conclusion that there is an interaction 
between solvents and noise on the risk of developing hear-
ing loss in humans [16].
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levels, might not affect the  hearing threshold in pure- 
tone-audiometry  [22,33,34]. Other occupational stud-
ies have demonstrated that the  latency period for de-
veloping hearing loss from solvent exposures varies 
from  2  to  3  [21,47] or even  5  or more years of expo-
sures  [22]. Thus, it is possible that such period was not 
adequate to detect solvent-induced hearing loss among 
these study subjects and the period of latency before per-
sistent loss appears to be dependent on the ototoxic and 
the characteristics of the exposure.
Kaufman et al. (2005) [28] showed that there was an in-
crease in adjusted odds ratio for hearing loss;  1.7-fold 
among subjects who were exposed to noise and jet fuel 
for  3  years. They also found that for subjects who had 
a history of 12 years of exposure to both agents, the odds 
for hearing loss increased to 2.41. However, for those who 
had a combined exposure of more than 12 years the effects 
of jet fuel exposure on hearing were not statistically sig-
nificant which might have been associated with a plateau 
effect for jet fuel exposure or the more dominant effect of 
noise-induced hearing loss as compared with the solvent-
induced hearing loss particularly for those who have pro-
longed history of exposure to both agents [28].
The results from the previous studies indicated that with 
the  increasing number of solvents in a  given mixture 
the  risk of developing hearing loss increased  [26]. Our 
analysis provided evidence that when the number of sol-
vents exceeded 5, the  risk estimate was 4.22  times high-
er. Several animal studies have confirmed that exposure 
to combinations of some solvents (mixtures of solvents) 
will contribute to greater hearing loss than it was found in 
single-solvent exposures [49–53]. The human studies have 
also confirmed such results [35].
The assessment of dose–response relationships are usu-
ally challenging and demanding. Such an assessment 
normally entails access to a  large number of studies and 
detailed exposure information. Thus, the limitations of ex-
isting studies such as cross-sectional designs, insufficient 

was found for these workers with the increase in duration 
of exposure especially when exposure history was more 
than 10 years (OR = 3.36). The  increased risk of devel-
oping hearing loss associated with increasing solvents 
mixture level also existed in each category; particularly 
when the  exposure level was moderate (exposure index 
between  0.5  to  1) and high (exposure index exceeding 
or equivalent one),  ORs  estimates were  3.25-fold and 
4.5-fold, respectively. Moreover, when level of exposure 
to solvents was very low,  ORs  estimates were  1.37-fold 
for EI < 0.5. This means that the concentration of indi-
vidual solvents may be within exposure limits, but in com-
bination they can still pose a  risk. These results support 
a causal association between exposure to different levels 
organic solvents mixture and developing hearing loss.
There is evidence that exposures to very low concentrations 
of solvents (a few to tens of ppm for a  given component 
of a  mixture), probably do not produce any ototoxic ef-
fect [24]. However, it has been shown that moderate expo-
sures to organic solvents mixture (below or around the oc-
cupational exposure limit (OEL) for each solvent), increase 
the odds ratio of developing hearing loss [25]. Those who 
are exposed to concentrations much above organic sol-
vents  OELs, there is a  linear dose–response relationship 
between exposure level, the risk of hearing loss and hearing 
threshold at high frequencies (in principle 8 kHz), the odds 
ratio for hearing loss was 1.004 for each increment of the 
index of lifetime exposure to solvents [23].
In the cohort study, even though exposures level were low 
and the time of follow-up was quite short, workers devel-
oped additional hearing impairment at high frequencies 
which might be explained by peaks in solvent exposures 
and/or additional absorption of solvents through the skin. 
It seems that biological monitoring would be needed to 
assess such exposures [27].
The results from some studies show that short-term expo-
sures with a mean work duration up to 4 years, to a mix-
ture of solvents with or without exceeding permissible 
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bins  J. Noise exposure and hearing loss prevention pro-
grammes after 20 years of regulations in the US. Occup  
Environ Med. 2006;63:343–51, https://doi.org/10.1136/oem. 
2005.024588.

5.	Rabinowitz PM, Galusha D, Slade MD, Dixon-Ernst  C, 
Sircar KD, Dobie RA. Audiogram notches in noise-ex-
posed workers. Ear Hear. 2006;27:742–50, https://doi.org/ 
10.1097/01.aud.0000240544.79254.bc.

6.	John AB, Kreisman BM, Pallett S. Validity of hearing im-
pairment calculation methods for prediction of self-report-
ed hearing handicap. Noise Health. 2012;14:13–20, https:// 
doi.org/10.4103/1463-1741.93321.

7.	Fuente A, McPherson B. Organic solvents and hearing loss: 
The challenge for audiology. Int J Audiol. 2006;45:367–81, 
https://doi.org/10.1080/14992020600753205.

8.	Gagnaire F, Langlais C. Relative ototoxicity of 21 aro-
matic solvents. Arch Toxicol. 2005;79:346–54, https://doi.
org/10.1007/s00204-004-0636-2.

9.	Henderson D. Solvents and hearing loss. J Am Acad Au
diol. 1996;7:375.

10.	Morioka I, Miyai N, Yamamoto H, Miyashita K. Evaluation 
of combined effect of organic solvents and noise by the up-
per limit of hearing. Ind Health. 2000;38:252–7, https://doi. 
org/10.2486/indhealth.38.252.

11.	Skender L, Zabukosek J, Karaciæ V, Bilban M. Assessment 
of occupational exposure to organic solvents in paint indus-
try. Arh Hig Rada Toksikol. 2000;51:287–94.

12.	Morata TC, Dunn DE, Sieber WK. Occupational exposure 
to noise and ototoxic organic solvents. Arch Environ He
alth. 1994;49:359–65, https://doi.org/10.1080/00039896.1994. 
9954988.

13.	Morata TC, Little MB. Suggested guidelines for studying 
the combined effects of occupational exposure to noise and 
chemical on hearing. Noise Health. 2002;4:73–87.

14.	Campo P, Morata TC, Hong O. Chemical exposure and 
hearing loss. Dis Mon. 2013;59:119–38, https://doi.org/10. 
1016/j.disamonth.2013.01.003.

characterization of the exposure levels and history for sol-
vents and noise, and lack of calculation of working lifetime 
exposures in some studies must be taken into account. One 
of the limitations of pure-tone audiometry is that it is not 
capable of assessing hearing loss from combined exposure 
to noise and chemicals. This is usually due to the fact that 
it usually does not let the underlying source of the prob-
lem be diagnosed (i.e.,  cochlear vs.  retro cochlear). In 
the case of central hearing loss, a PTA may lead to normal 
auditory test results. Thus, pure tone audiometry alone 
may underestimate the individual or combined effects of 
noise and organic solvents [14,54].

CONCLUSIONS
Based on the available epidemiologic data, our meta-anal-
ysis has provided the evidence increased the risk of devel-
oping hearing loss for workers exposed to organic solvents 
mixture with either increasing the level or duration of ex-
posure. Moreover, simultaneous exposure to noise and or-
ganic solvents mixture produces a risk for developing hear-
ing loss that is significantly greater than from either agent 
alone. The  result from the  studies must raise awareness 
among occupational physicians and decision makers that 
the current exposure limits for solvents (usually established 
separately for each single chemical) are not effective in pro-
tecting worker from developing hearing.
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