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ABSTRACT

This study aimed to scope the literature, identify knowledge gaps,
appraise results, and synthesize the evidence on the audiological evaluation
of workers exposed to solvents. We searched Medline, PubMed, Embase,
CINAHL, and NIOSHTIC-2 up to March 22, 2021. Using Covidence,
two authors independently assessed study eligibility, risk of bias, and
extracted data. National Institute of Health Quality Assessment Tools was
used in the quality evaluation of included studies; the Downs and Black
checklist was used to assess the risk of bias. Of 454 located references, 37
were included. Twenty-five tests were studied: two tests to measure
hearing thresholds, one test to measure word recognition in quiet, six
electroacoustic procedures, four electrophysiological tests, and twelve
behavioral tests to assess auditory processing skills. Two studies used
the Amsterdam Inventory for Auditory Disability and Handicap. The
quality of individual studies was mostly considered moderate, but the
overall quality of evidence was considered low. The discrepancies between
studies and differences in the methodologies/outcomes prevent recom-
mending a specific test battery to assess the auditory effects of occupational
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solvents. Decisions on audiological tests for patients with a history of
solvent exposures require the integration of the most current research
evidence with clinical expertise and stakeholder perspectives.

KEYWORDS: solvents, ototoxicity, work-related hearing loss,

scoping review

The observed effects of workplace chemi-
cal exposures, such as toluene, styrene, and
xylene, on the auditory system, are diverse.
This variety of negative auditory outcomes
has motivated the use of different audiological
test batteries.”® Cases of audiometric hearing
loss induced by chemicals have been reported to
range from mild to moderate. The high-fre-
quency audiometric notch commonly seen in
noise-induced hearing loss (NIHL) is also often
present after prolonged exposure to chemicals,
although some reports indicate that broader
frequency bands are affected when compared
to those affected by noise exposures alone (for
details from specific studies, see Johnson and
Morata, 2010)." It should be emphasized, how-
ever, that ototoxic chemicals do not always
significantly affect audiometric thresholds.

Many studies have shown that some che-
micals may affect not only the sensory organ of
the auditory system (the cochlea) but also may
lead to adverse effects on the central auditory
structures.” ' Clinical studies have suggested
that exposure to certain industrial chemicals
may have retrocochlear effects.''? Chemicals
such as organic solvents, metals, and asphy-
xiants are known for their neurotoxic effects on
both the central and peripheral nervous sys-
tem™® and in addition they can modify the
effects of noise.”!® Chemicals such as solvents,
pesticides, and metals have neurotoxic proper-
ties that can damage to the brain as well as
sensory and/or neural elements of the ear.> 14
Signs of neurotoxicity in the auditory system
may or may not include poor auditory thres-
holds, but they relate to difficulties in discrimi-
nating sounds, such as speech, mainly in adverse
listening conditions.®’

Among the chemicals found in the work-
place with potential adverse effects for the
auditory system, solvents are the most studied.
Millions of people around the world are ex-

posed to organic solvents such as toluene and
xylene in the manufacturing sector alone.>1>16
Taking into consideration that neurotoxic
effects of solvents can impact many different
biological pathways and structures important to
processing sound in both the ear and the brain,
the use of a battery of tests has been pro-
posed.’’2! However, there is still no clear
consensus about which tests should be included
in this battery. Thus, the objective of this mixed
methods review was to scope the body of
literature, identify knowledge gaps, appraise
findings, and synthesize the evidence in total
on the audiological assessment of workers ex-
posed to solvents. This comprehensive review
should aid audiologists and other health care
professionals in their decision making when
determining the full extent of auditory damage
and providing treatment for this population.

METHODS
This mixed methods review combined the
framework of a scoping review, which delineates
the coverage and focus of a body of literature with
an evidence synthesis® and key features of a
systematic review. These include framing the
question in a structured and explicit way; using
a comprehensive, transparent, and reproducible
search of the literature; and conducting the
quality assessment of included studies.”®> A scop-
ing review also allows the identification of the
nature of a broad field of evidence and evaluates if
a systematic review or meta-analyses are feasible.
The search strategy was performed in five
electronic databases: Medline (OVID), Pub-
Med, Embase (OVID), CINAHL, and
NIOSHTIC-2. The search was set to include
all English, Spanish, Portuguese, or Italian
language studies (restricted to humans), no
time restriction up to March 22, 2021. Cita-
tions were imported into EndNote where



EFFECTS OF SOLVENTS ON THE HUMAN AUDITORY SYSTEM/ROGGIA ET AL

439

duplicates were removed. Remaining search
results were uploaded into Covidence for the
completion of the next steps. All studies directly
involving the audiological tests among workers
exposed to solvents were reviewed indepen-
dently by two authors and selected for further
analysis. Discrepancies between reviewers were
resolved by discussion. To avoid conflicts of
interest, none of the co-authors of this manu-
script analyzed their own studies eligibility or
quality during the review process.

ELIGIBILITY CRITERIA

A population, exposure, comparator, and out-
comes (PECO)** statement guided eligibility
decisions. Inclusion criteria required the study
population to consist of workers exposed to
solvents in the workplace (regardless of their
noise exposure) who received audiological test-
ing not restricted to pure-tone audiometry
(studies which only reported pure-tone audi-
ometry results were excluded). Given that the
focus of the present review was audiological
clinical tests exploring the auditory system,
studies involving only balance and neurobeha-
vioral findings were also not included. The
auditory testing results from exposed workers
had to be compared to results from a control
population who were not exposed to these
agents. The use of standardized questionnaires
to explore effects of solvent exposure on hearing
were considered as a complement to audiometry
and thus eligible for inclusion. Studies had to
have a control group to be included; so, studies
which compared only results with normative
criteria were excluded. Studies were evaluated
in three stages: (1) title and abstract screening,
(2) full-text review, and (3) data extraction in
combination with quality assessment.

DATA EXTRACTION AND
ASSESSMENT OF RISK OF BIAS IN
INCLUDED STUDIES

After identifying studies meeting all inclusion
criteria, the following data were extracted from
each article by two independent reviewers:
publication year, study design, sample size,
study purpose, target population (e.g., age,
gender, job category, and industry), as well as

audiological tests used and other reported out-
comes. To judge the quality of each article, as
demonstrated by internal validity, we used the
Downs and Black® checklist and two tools
from the National Institute of Health: (1) the
Quality Assessment Tool for Observational
Cohort and Cross-Sectional Studies and (2)
the Quality Assessment of Case-Control Stud-
ies.?® The domains used for the quality evalua-
tion of study designs included: clarity of the
research question, study population, uniformity
of eligibility criteria among sub-groups, statis-
tical power, exposure assessment information,
levels of exposures, allowing a sufficient time
frame to see an effect, methods for measuring
outcomes, blinding of outcome assessors, fol-
low-up rate, and statistical analysis. For this
review, data extractions and quality assessments
were accomplished by two different review
authors working separately. Review authors
did not participate in eligibility or quality
assessment decisions of articles they had autho-
red. Any disagreements within quality assess-
ment findings were resolved through discussion
between the two evaluators.

RESULTS

The search yielded 454 references in total. The
screening of abstracts and titles for inclusion
eligibility by pairs of review authors resulted in
73 articles which were retrieved in full text; one
study was located when we scanned the refer-
ence lists of identified studies for further artic-
les. Thirty-seven studies fulfilled the eligibility
criteria (see Fig. 1). Thirty of them are cross-
sectional studies, defined as those which deter-
mined participant selection by exposure. Seven
case—control study designs were included, de-
fined as studies which compared workers who
were suspected to have or already diagnosed
with a health outcome, for example, psycho-
organic syndrome or chronic encephalopathy
(however, these case—control studies could also
be considered cross-sectional, as they do not
investigate exposure frequencies which a formal
case—control study definition requires). All
studies compared hearing outcomes in workers
across one or more exposure groups to a control
group with no solvent exposures. Participants in
all studies were described as exposed to solvents
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484 references imported for screening S—— 30 duplicates removed
454 studies screened — 381 studies excluded
— 36 studies excluded

73 studies assessed for full-text eligibility

37 studies included

Figure 1 Prisma study flow diagram for this review ultimately including 37 studies.

at work, some individual (e.g., styrene or chlo-
rinated hydrocarbons), some in mixtures, and
some in combination with noise exposures.
However, workplace exposure descriptions
were often based on sporadic measurement
methods or not clearly described. Most studies
included only men as there was a majority of
male workers in workplaces that were studied.
A description of study designs, auditory testing
results, and system affected/conclusions for the
37 included studies can be seen in Appendix
Table Al. Technical descriptions of the tests
used in the studies can also be found in previous
publications.”

RISK OF BIAS IN THE INCLUDED
STUDIES

The authors’ judgments about each risk of bias
item for each included study were guided by the
Downs and Black checklist.?> An overview of
checklist results is shown in Figs. 2 and 3. The
review authors’ judgments about each risk of
bias item (presented as percentages across all
included studies in Fig. 2) indicate low risk of
bias in several categories of the individual
criterion of the Quality Assessment Tool for
Observational Cohort and Cross-Sectional

Studies.?® The risk of bias analysis is unclear
for important criteria such as “participation
rate,” “outcome analysis by different exposure
parameters,” and “assessors blinding.” In addi-
tion, the overall quality of evidence was consid-
ered low because of their design, given that all
included studies were either cross-sectional
studies or case—control.

Outcomes and Measures

The present review focused on audiological
tests that were used to examine workers exposed
to solvents, often to complement pure-tone
audiometric findings. Fourteen studies that
evaluated only pure-tone audiometry results
were not included. Twelve of those studies
report higher prevalence rates of hearing loss
associated with solvent exposure. The audio-
logical tests used in the included studies, as well
as the auditory aspects and the structures of the
system evaluated by each test, and the total
number of articles that used each one of the
auditory tests can be observed in Table 1.

A total of 25 different auditory tests were
used to evaluate the auditory system of workers
exposed to solvents. These included two differ-
ent types of behavioral tests to measure hearing
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Figure 2 Risk of bias graph: review authors’ judgments about each risk of bias item presented as

percentages across all included studies.

thresholds, one behavioral test to measure word
recognition in quiet, six different electroacous-
tic procedures, four different types of
electrophysiological tests, and 12 different be-
havioral tests used to assess auditory processing
skills. In addition, two studies used the Ams-
terdam Inventory for Auditory Disability and
Handicap (AIADH) which is a self-report
questionnaire. Pure-tone audiometry was the
most used auditory test (25 studies), and audi-
tory brainstem response (ABR) was the second
most used test (15 studies). Tables 2 to 5
identify the auditory tests, sorted by test cate-
gory, which have reported significant differen-
ces between solvent-exposed and unexposed
participants. Several of the included studies
report only p-values of the comparisons be-
tween study groups and do not report effect
sizes. While we included p-values when repor-
ted by the authors of the included studies we
alert readers that such values are arbitrary.
Nonstatistically significant results should not
be dismissed as they may conceal potentially
important public health effects.?’

Statistical differences between exposed and
unexposed groups in pure-tone thresholds were
reported only in less than half of the studies in
which it was used (12 of 25 studies). As can be
seen in Appendix Table Al, all these studies
showed poorer hearing thresholds in workers
exposed to solvents than in those not exposed,
and in four of these studies,'*?%?%%’ differences
were found even with all hearing thresholds
within the normal range in both groups.
The second most utilized testing methodology
of the 37 studies reviewed was ABR shown
in Table 4.

InTables 2 to 5, the following tests showed
statistically significant differences between sol-
vent-exposed and solvent-unexposed partici-
pants in all studies in which they were used:
AIADH (two studies), Transient-Evoked
Otoacoustic Emission (TEOAE) contralateral
suppression (one study), Dichotic Digit (DD)
test (five studies), Filtered Speech (FS) test
(four  studies), Hearing-in-Noise  Test
(HINT; six studies), Swedish Speech Recogni-
tion in Noise (one study), Pitch Pattern
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Figure 3 Risk of bias summary: review authors’ judgments about each risk of bias item for each included

study.

Sequence (PPS) test (five studies), Random
Gap Detection (RGD) test (six studies), Dura-
tion Pattern Sequence (DPS) test (one study),
and Psychoacoustical Modulation Transfer
Function (PMTF) test (one study). In addition,
the following tests showed statistically signifi-
cant differences between participants exposed
and unexposed to solvents in half or more of the
studies: acoustic reflex decay (two of three
studies), TEOAE (four of six studies),
DPOAE (three of six studies), and P300
(four of seven studies). The following tests
did not show significant differences between
solvent-exposed and solvent-unexposed parti-
cipants in any study where they were used:
Adaptive Tests of Temporal Resolution
(ATTR,; one study), Gaps in Noise (one study),

and Masking Level Difference (MLD) test
(three studies).

Abnormal clinical results were found in
several tests used, as can be seen in Appendix
Table Al. Considering both statistical differen-
ces between exposed and unexposed partici-
pants, as well as the presence of clinically
abnormal results in the applied tests, only two
of the included studies did not test and conse-
quently could not have shown impairment in
the central auditory nervous  system
(CANS).3%%! Several studies concluded that
solvents may trigger central auditory dysfunc-
tion even when participants have normal-hear-
ing audiometric thresholds.'®?%*** Thirteen
studies which tested auditory performance in

the peripheral auditory system did not find an
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adverse effect of solvent exposure on peripheral
auditory structures as measured by the follow-
ing methodologies: pure-tone audiome-
try,8’32_38 acoustic reflex threshold (ART),**
TEOAE,* and ABR.***** Four of the
reviewed studies did not include testing for
peripheral auditory dysfunctions.***

Overall, many different tests have been
used across the 37 included studies to determine
the adverse effects from solvent exposure on the
human auditory system. Differences in study
methodologies, exposure scenarios, and various
levels of inconsistency in study findings make it
difficult to determine with precision what hear-
ing tests should be included in a test battery for
populations exposed to ototoxicants in the
workplace. However, this review elucidates
the type of auditory dysfunctions to be expec-
ted, which can inform the selection of diagnos-
tic tests to use with this population.

Number of References
20,28,37,38
80
16,20,28,37,38,69
32,33,35,68
20,37,69
20,28,37,69,80
68
16,20,28,29,37,38
68

studies

4
1
6
4
3
5
1
6
1

DISCUSSION

Self-Report Listening Questionnaire
Only two studies in this review used a self-report
questionnaire about listening performance.28’29
Both of these studies used the Amsterdam
Inventory for Auditory Disability and Handi-
catp.48 Both found that workers exposed to
solvents presented with significantly more listen-
ing difficulties in daily-life activities than unex-
posed participants. Specifically, Fuente et al®
found that workers exposed to solvents from two
paint-making factories reported poorer listening
performance for sound detection (peripheral
auditory function), speech discrimination (cen-
tral auditory function), and sound localization/
lateralization (central auditory function) than
participants not exposed to solvents. In addition,
the authors determined the ATADH scores were
significantly associated with pure-tone thres-
holds and RGD results. A recent study by Drei-
sbach et al* reported consistent and marked
lower scores of a modified AIADH version for
a group of military personnel exposed to jet-fuels,
when compared to a control group.

The use of a self-report questionnaire
about listening performance in daily-life activi-
ties such as the AIADH can be useful to detect
the functional impact of the effects of solvent

Auditory aspect or structure evaluated
Temporal processing. Discrimination of sound frequency;
Tone detection in the presence of fluctuating noise.

Sound segregation, auditory closure
temporal ordering and sequencing
Sound segregation, auditory closure

Auditory closure
Temporal resolution
Auditory closure
Binaural interaction
Sound segregation
Temporal resolution

Test name

Filtered Speech

Gaps in Noise Test

Hearing in Noise Test
Interrupted Speech

Masking Level Difference
Pitch Pattern Sequence
Psychoacoustical Modulation
Transfer Function

Random Gap Detection test
Speech Recognition in Noise

3Cortical response audiometry (CRA): all studies were included in which the authors named the test as CRA, and the evoked-related potential (ERP) components were not specified

in the articles.
bLate auditory evoked potentials (LAEP): included those studies with one or more of the following components: N1, N100, N2, N200, N250, P1, P2.

Table 1 (Continued)

Type of test
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Table 2 Statistical

differences between solvent-exposed and nonexposed workers of

audiological outcomes for 25 epidemiological studies: self-report questionnaires and behavioral

auditory tests

Study AIADH

PTA

EHFA WR

NSD SIG NR

NSD SIG NR

NSD SIG NR NSD SIG NR

Muijser et al*® X

Antti-Poika et al”®
Moller et al®?

Moller et al®®

Morata et al®®

Calabrese et al**

Morata et al®’

Niklasson et al®® X

Moshe et al*® X
Sutkowski et al®®

Prasher et al®?

Fuente et al®’ X
Johnson et al®®

Fuente and McPherson®®

Fuente and McPherson?® X
Zamyslowska-Szmytke et al®°

Fuente et al?®

Fuente et al®®

Fuente et al'®

Fuente et al®® X

Chiaramello et al®’

Juédrez-Pérez et al®®

Landry and Fuente® X
Roggia et al®®
Sliwinska-Kowalska et al®®

Total 0/2 2/2

0/2 5/25

X

X X X X X X

X
X X

12/25 8/25 1/3 /3 13 03 03 373

Abbreviations: NSD, no statistical difference; SIG, statistically significant difference; NR, not reported (included all
studies where the authors did not report test results, or if they did not mention whether there was a statistical
difference between the groups); AIADH, Amsterdam Inventory for Auditory Disability and Handicap; PTA, pure-tone
audiometry; EHFA, extended high-frequency audiometry; WR, word recognition in quiet (this also includes maximum
discrimination speech, speech discrimination, speech recognition).

exposure on the auditory system. Inventories,
such as the ATADH, explore hearing functions
that go beyond sound detection thereby inves-
tigating performance of aspects associated with
both the peripheral and central auditory sys-
tems. The AIADH seems to detect auditory
symptoms associated with solvent exposure
even before they can be detected by pure-tone
audiometry. In the study conducted by Fuente
et al*’ all participants (exposed and unexposed)
presented with normal audiometric hearing
thresholds and yet solvent-exposed workers
showed significantly worse AIADH scores
than those not exposed to solvents. Fuente

et al®’ suggested that the AIADH should be

used in hearing conservation programs to screen
for possible negative auditory outcomes due to
solvent exposure that are not detected by pure-
tone audiometry. The ATADH was initially
developed in Dutch and English48 and later
adapted into Spanish,50 Cantonese,”! Portu-
guese,”” and Turkish.>®

Pure-Tone Audiometry

Pure-tone audiometry was the most frequently
used audiological test investigating the effects of
solvents on the human auditory system (25 of 37
studies). Several studies demonstrated abnormal-
ities in other auditory tests of workers exposed to
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Table 3 Statistical

differences between solvent-exposed and nonexposed workers of

audiological outcomes for 13 epidemiological studies: results for electroacoustic tests

Study ART ARD

SOE

TEOAE SETEOAE DPOAE

NSD SIG NR NSD SIG NR NSD SIG NR NSD SIG NR NSD SIG NR NSD SIG NR

Morata et al*®® X X
Calabrese et al**
Morata et al®’
Sutkowski et al®® X
Prasher et al®?

Fuente et al*’

Johnson et al®®
Quevedo et al*®

Fuente et al®®

Fuente et al'®
Chiaramello et al®’
Roggia et al®®
Sliwinska-Kowalska et a
Total 3/6 2/6

X
|56

1/6 1/3

2/3 0/3 0/

X

X

X X
X

o/ 11 16 4/6 1/6 01 11 0/1 2/6 3/6 1/6

Abbreviations: NSD, no statistical difference; SIG, statistically significant difference; NR, not reported (included all
studies where the authors did not report test results, or if they did not mention whether there was a statistical

difference between the groups); ART, acoustic reflex thresholds; ARD, acoustic reflex decay; SOE, spontaneous
otoacoustic emissions; TEOAE, transient-evoked otoacoustic emission; SETEOAE, suppressive effect of TEOAE;

DPOAE, distortion product otoacoustic emissions.

solvents even in subjects presented with normal
audiometric hearing thresholds.2*3*373%%* Tp
addition to the 25 included studies which used
it, 14 studies were excluded because they only
used that test. It should be noted that 12 of the
excluded studies detected an effect of solvents by
comparing rates of hearing loss across different
exposure groups. Several authors have argued
that pure-tone audiometry is not sufficient for
a complete evaluation of the auditory perfor-
mance of workers exposed to solvents, and not
likely to detect early auditory signs of solvent
exposure. 11828

Several studies have found significantly
poorer audiometric hearing thresholds in sol-
vent-exposed workers than unexposed partici-
pants, even when they were classified as normal-
hearing thresholds.'®?%?%2% Thus, pure-tone
audiometric results can still contribute to the
decision for a referral. If a worker exhibits
hearing thresholds within the normal range
(0-25dB) but the individual complaints of
listening difficulties that cannot be explained
by the audiogram, then this worker should be
referred for a comprehensive audiological
assessment.

Only three studies used extended high-
frequency audiometric testing to investigate
the effects of solvent exposure on the human
auditory system.***>® The limited utilization

of this audiometric methodology was unexpect-
ed since extended high-frequency pure-tone
audiometry is one of the recommended proce-
dures for ototoxicity monitoring.””*® Among
the three included studies, only one of them
showed significantly worse results in workers
exposed to solvents than in unexposed parti-
cipants.®® The large intersubject variability in-
herent to ultra-high-frequency  hearing
thresholds®® could explain the absence of sig-
nificant differences in two of the three studies
that used this auditory test. Future studies with
the aim to determine possible associations
between solvent exposure and changes in high
or ultra-high-frequency thresholds should pri-
oritize longitudinal study designs.

Speech Audiometry

The Word Recognition in Quiet was the only
speech audiometric test cited by 3 of the 37
studies.***3?> None of these studies found a
significant difference between solvent-exposed
and unexposed participants. These results
suggest that speech recognition in quiet is
likely to be unaffected by solvent exposure
and therefore this procedure does not add to
an audiological test battery to be used with
solvent-exposed workers. See the behavioral
tests used to assess auditory processing skills
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Table 4 Statistical

differences between solvent-exposed and nonexposed workers of

audiological outcomes for 23 epidemiological studies: results for electrophysiological tests

Study ABR

CRA

LAEP P300

NSD SIG NR

NSD SIG NR NSD SIG NR NSD SIG NR

Antti-Poika et al’® X
Moller et al*?

Massioui et al. (1990)7° X
Moller et al®®

Morrow et al. (1992)*

Abbate et al. (1993)°* X
Deschamps et al*°
Lille et al*’

Araki et al*?

Calabrese et al**

X X X X

Vrca et al’* X
Kumar and Tandon*® X
Steinhauer et al*®

Niklasson et al®®

Moshe et al*® X

Prasher et al®?

Johnson et al®®
Keski-Santti et al*®
Keski-Santti et al*’
Fuente et al®®
Juérez-Pérez et al®®
Roggia et al®®
Sliwinska-Kowalska et a

Total

X X X X

|56

7/15  8/15

0/15 0/5

2/5  3/5 2/3 1/3 03 3/7 4/7 - 0/7

Abbreviations: NSD, no statistical difference; SIG, statistically significant difference; NR, not reported (included all
studies where the authors did not report test results, or if they did not mention whether there was a statistical
difference between the groups). ABR, auditory brainstem responses; CRA, cortical response audiometry (includes all
studies in which authors described the test as CRA and evoked-related potential were not specified); LAEP, late
auditory evoked potentials (includes studies with one or more of the following components: N1, N100, N2, N200,

N250, P1, P2); P300, includes P3.

session for information on other tests that
used speech stimuli.

Acoustic Reflex Thresholds and
Acoustic Reflex Decay

ARTs were investigated in six studies. Two
studies found significant differences between
workers exposed and unexposed to solvents®¢0
but three studies did not.>*%? One study did
notreportits results.® Roggia et al%° found that
workers exposed to gasoline had significantly
worse ARTs and a greater number of absent
reflexes than nonexposed participants. Consid-
ering that ART are typically elevated or absent
with the stimulus to the affected ear in cases of
retrocochlear pathologies, or eighth cranial

nerve lesions,®* the abnormal results could
indicate an effect of the solvent exposures.
Elevated or absent ART were found in
workers with hearing thresholds within the
normal range in audiometry, but with a history
of exposure to gasoline,”***® which suggests
that this test may be more sensitive than pure-
tone audiometry for detecting the effects of
solvents on the auditory system. The ART is
common in clinical audiology practice, as it is a
simple, quick procedure that does not depend on
sophisticated equipment. However, it is neces-
sary to keep in mind that ART measurements are
often not reliable because of limitations of the
equipment (few parameters are user modifiable,
and the impedance probes are often not sensitive
enough). The result is that many unexposed,
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Table 5 Statistical differences between the results from behavioral test used to assess
auditory processing skills from solvent-exposed and nonexposed workers of audiological

outcomes for 13 epidemiological studies

Study DD FS HINT

MLD PPS RGD

NSD SIG NR NSD SIG NR NSD SIG NR NSD SIG NR NSD SIG NR

NSD SIG NR NSD SIG NR

Moller et al*?

Moller et al*®
Niklasson et al*®
Fuente et al®’
Johnson et al®®
Fuente and X X
McPherson®®

Fuente and X X X
McPherson?®

Zamyslowska-

Szmytke et al®°

Fuente et al*° X X

Fuente et al®®
Fuente et al'®
Fuente et al?®
Landry and X
Fuente®
Total

0/5 b5/5 0/5 0/4 4/4 0/40/6 6/6 0/6 1/4

X
X

1/4 2/4 3/3 0/3 0/30/55/5 0/5 0/6 6/6 0/6

Abbreviations: NSD, no statistical difference; SIG, statistically significant difference; NR, not reported (included all
studies where the authors did not report test results, or if they did not mention whether there was a statistical
difference between the groups); DD, dichotic digit; FS, filtered speech; HINT, Hearing In Noise Test; IS, interrupted
speech; MLD, masking level difference; PPS, Pitch pattern sequence; RGD, Random Gap Detection.

Notes: Five other tests not shown in Table 5 were used only in one study. Two tests, the Psycho-acoustical
modulation transfer function (PMTF) and Speech recognition in noise (SRN) tests, were used in one study (Johnson
et al, 2006);%8 both showed statistically significant differences between the groups. The Duration Pattern (DP) and

Gaps In Noise (GIN) tests were used in one study (Zamyslowska-Szmytke et al, 2009)

:80 the DP showed statistically

significant differences between the groups; however, the GIN did not show statistical differences. The ATTR
(Adaptive Tests of Temporal Resolution) test was used in only one study (Fuente et al, 2013);%® it did not show

statistical differences between the groups.

normal hearing subjects may display very high
reflex thresholds. Epidemiological and clinical
studies are needed on its use in the early detec-
tion of the effects of solvents on the auditory
system.

Only three studies measured the acoustic
reflex decay. Two of these studies found signifi-
cant differences between participants exposed
and unexposed to solvents, %61 while one study37
did not. While acoustic reflex decay results could
indicate retrocochlear or central auditory dys-
function among subjects exposed to chemicals,
its use has been questioned today due to the high
intensity of the stimulus that are necessary in the

test.®’

Otoacoustic Emissions

TEOAEs were used in six studies and
DPOAE:s in other six studies. TEOAE ampli-
tudes were lower (i.e., poorer) among solvent-
exposed workers than unexposed participants in

four studies,®31%%3 gne did not find signifi-

cant differences between groups,39 and one of
them did not report if differences were found.®?
Regarding DPOAE, three studies reported
lower DPOAE amplitudes for the samples of
workers exposed to solvents than the control
groups.56’6o’63 Two studies did not find signifi-
cant differences between groups for this audi-
tory outcome,®®®” and one study did not report
the statistical test results.®?

In summary, most of the studies have found
an effect of solvent exposure on otoacoustic
emissions (OAEs). These results are consistent
with animal studies which have consistently
found that solvents adversely affect the outer
hair cell in the cochlea.”® OAEs have also been
shown to be useful in the early detection of
cochlear dysfunctions induced by solvents, %071
as well as in monitoring the cochlear functioning
of workers exposed to solvents,”® and may be
considered a biomarker of inner ear dysfunction
associated with exposure to organic solvents.”!
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Thus, consideration should be given to
incorporating OAE testing in the audiological
test battery to evaluate workers exposed to
solvents, as they provide information on the
functional integrity of the outer hair cells”?
which are likely to be affected by solvent expo-
sure. Dhar and Hall”®> when reviewing the
contributions of OAEs suggested that this
procedure can detect early signs of cochlear
dysfunction. Future longitudinal studies should
be carried out with the aim to determine
possible associations between solvent exposure
levels and changes in OAEs. Such studies may
provide guidelines on how to use OAEs to
identify red flags that will prompt further
actions. The use of OAEs in the context of
hearing conservation programs would require
diagnostic equipment, trained personnel, and
extra time in testing workers, which are some of
the barriers for its implementation in the occu-
pational setting.

Auditory Evoked Potentials
The ABR was used in 15 out of the 37 articles
included in this review. Eight studies reported
significant differences between exposed and un-
exposed participants, 6000697374 hife sey-
en studies did not #0275 Giv studies
presented results suggestive of auditory pathway
impairment in the brainstem,3¢>>00:620973 v
studies have demonstrated alterations suggestive
of both peripheral and central auditory im-
pairment,”*”* and one study showed peripheral
impairment.s6 It is also important to highlight
that in six studies, the results were suggestive of
central auditory impairment even though the
subjects presented all audiometric thresholds
within normal limits, or only mild hearing loss
in some frequencies,>¢>%5%:60:62:69

The majority of the included studies which
used ABRs only analyzed the most common
parameters used in the clinic for the interpreta-
tion of the results, that is, the absolute latencies
of waves I, III, and V and the I-III, ITI-V, and
I-V interpeak latencies. ABR amplitudes have
been investigated only in four studies, 0007374
but three of them®>’374 reported significantly
smaller ABR waves among solvent-exposed
participants than in nonexposed, suggesting a
predominantly central auditory dysfunc-

tion®>”">™* or peripheral dysfunction.”* The

analysis of the ABR amplitude seems to be a
sensitive parameter to detect abnormalities.
Considering that few human studies have ana-
lyzed this ABR parameter, it is suggested that it
should be included in future studies with wor-
kers exposed to solvents.

The ABR provides information on the
functioning of the auditory nerve and the
auditory pathway in the brainstem,”® allows
the identification of both peripheral and central
auditory dysfunctions,77 and is considered the
most clinically useful auditory evoked poten-
tial.”® The evidence from the included studies
which used ABR suggests therefore that this
audiological test can be useful for the early
detection of the effects of the solvents on the
human auditory system. In addition, ABR
could also help differentiate the effects of noise
from the effects of chemicals, considering that
ABR results have not often been reported to be
associated with occupational noise exposure.”’
Studies with more detailed exposure informa-
tion are necessary since ABR did not show
significant differences between participants in
seven of the fifteen studies included in this
review 3440-43,62,75

Electrophysiological measures other than
the ABR have also been used to investigate the
effects of solvent exposure on the human central
auditory system. All of them were cortical
evoked potentials. We used the terminology
“cortical response audiometry (CRA)” to all
studies where the authors named the test as
CRA and when the evoked-related potential
(ERP) components were not specified in the
articles. We used the terminology “late auditory
evoked potentials (LAEP)” to all studies that
analyzed one or more of the following ERP
components: N1, N100, N2, N200, N250, P1,
and P2. We also identified the studies where
P300 was measured.

P300 was used in seven studies,
CRA in 4 studies, >3 and LAEP in three
studies.***”3 The P300 is a positive peak that
occurs at around 300 milliseconds after stimulus
presentation when an oddball paradigm is used.
Four studies found significant differences be-
tween exposed and nonexposed participants for
the P300.** In two studies, participants ex-
posed to solvents showed longer P300 latencies

42,44-47,60,73
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than nonexposed participants44’45 ; in one study,

the P300 amplitude was smaller”’; and in one
study, the P300 amplitude was smaller and its
latency was longer.*® No significant differences
between groups were found for P300 in three
studies.*?0%73

Significant differences were found between
participants exposed and nonexposed to sol-
vents in only two studies that mentioned having
used CRA,**® and only in one study that
recorded LAEP.* Participants exposed to sol-
vents showed longer CRA latencies than non-
exposed participants in two studies,®®® as well
as increased N100 and P200 amplitudes, and
longer N250 latency in one study.44

Behavioral Tests Used to Assess
Auditory Processing Skills

Overall, 12 different behavioral procedures to
evaluate the CANS were used in the included
studies. Three were tests of temporal resolution:
ATTR®’; RGD test!6:20-28:29:37.38, Gaps-in-
Noise (GIN) test®%; DD test®2%28:37:6%, two tests
to evaluate temporal processing, specifically
temporal patterning and ordering—DPS test™®
and PPS test!®?%282937. one test to evaluate
binaural interaction—MLD?*37%; two tests to
evaluate the auditory closure—FS test?%28:37:38
and Interrupted Speech (IS) test>23335:68, and
three tests to evaluate sound segregation and
auditory closure—HINT,16-20,28:37,38,69
PMTF,® and the Swedish Speech Recognition
in Noise.®® The most used tests to evaluate the
CANS were the HINT and RGD, used in six
studies. Then, the DD and PPS tests were used
in five studies, and the FS test was used in four
studies. Most of the studies found significant
differences between groups for the tests used to
evaluate the CANS. The tests that consistently
showed differences between groups were the
HINT, the RGD, the DD, the PPS, and the
FS which showed significantly poorer results in
participants exposed to solvents than in nonex-
posed in all studies in which they were used. The
IS test showed significant differences between
solvent-exposed and nonexposed participants in
only one study,35 and the MLD test did not find
significant differences between solvent-exposed
and nonexposed participants in any of the three
studies in which it was used.?>3"%" In summary,

most studies®*>**2%3738 have shown signifi-
cantly poorer auditory processing skills in wor-
kers exposed to solvents than in nonexposed even
in the presence of audiometric thresholds con-
sidered to be within normality classifications.

The analysis of the results obtained in the
behavioral tests used for the assessment of
auditory processing suggests, therefore, that
solvents can affect the vast majority of auditory
processing skills, given that the only test that
did not show poorer auditory processing skills
in participants exposed to solvents than in
nonexposed was the MLD (a test that evaluates
the ability of binaural interaction). It should be
noted, however, that the MLD test was used in
only three studies.’®*"?

The results obtained in this review suggest
that the most effective tests for detecting the
effects of solvents on the auditory system are the
HINT and the RGD, followed by the DD and
the PPS. However, considering the number of
tests that evaluate behavioral assessment of
auditory processing, as well as the small number
of studies that each of the existing tests was
applied to workers exposed to solvents, more
research would help determine which of these
would be most useful for the early detection of
the effects of solvents on the auditory system.
Furthermore, the choice of test(s) to be used
must also consider the feasibility of application
in the specific clinical context.

QUALITY AND IMPLICATIONS OF
THE EVIDENCE

This mixed review method used techniques from
both scoping reviews and systematic reviews and
described the volume of literature available as
well as an overview of the focus of included
studies. The quality assessment for included
studies identified how far primary research evi-
dence, singly and collectively, could inform
clinical practice recommendations for audiolo-
gists who encounter patients with hearing com-
plaints which may be due to occupational or
other chemical ototoxicity. The evaluation for
the quality of each of these 37 individual studies
was considered low to moderate. The overall
quality of the evidence together was considered
low due to their study designs (either cross-
sectional studies or case—control).
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In addition to being limited by the quality
of research reported, this review had another
limitation worth acknowledging. Publication
bias may be influencing the results synthesized
here and the degree to which these impacts
would be seen is difficult to assess or quantify.
However, given the greater likelihood of studies
with statistically significant findings to face
fewer obstacles during the publication process,
we might expect studies with positive outcomes
to be overrepresented to some degree and
studies with negative or inconclusive results
to be underrepresented.

We included p-values when reported by the
authors of studies as a method to compare results
across these different study designs inclusively.
However, it should be noted that p-values can be
arbitrary and studies showing results which are
not significant statistically should not always be
dismissed as they may conceal potentially im-
portant public health effects.?* Effect sizes (such
as risk ratios and corresponding confidence
intervals) were rarely reported in these 37 stud-
ies. Future research investigating solvent oto-
toxicity should be encouraged to calculate effect
sizes and report these values as they improve
power calculations, estimations for target sample
sizes, and facilitate clinical interpretations as well
as decision-making in risk assessments. Howev-
er, effect sizes are scale dependent; so, compa-
risons across different scales
measures are more challenging.

Many barriers hinder the implementation
of using a variety of audiological tests in occu-
pational settings, but we hope that newer
technologies and this review can help narrow
down to a few test alternatives. In particular, we
recommend occupational health practitioners
use self-report listening questionnaires, espe-
cially in combination with pure-tone audiomet-
ric results. A self-report of an individual’s
listening performance in a variety of settings
and to different types of sounds offers addition-
al information to guide judgments on the need
for further audiological testing and referrals.
This review demonstrates the importance of
routinely gathering noise and chemical expo-
sure information, both occupational and recre-
ational, from patients by hearing health
professionals in clinical settings; this review
also has summarized selection of testing options

or outcome

to use for solvent-exposed patients. For addi-
tional information on possible actions in the
occupational setting, see Morata et al (2022).%!

The absence of strong conclusive evidence
means further research in the field of occupa-
tional ototoxicity assessment will have an im-
portant impact. Limitations in providing
conclusions generalizable to other populations
from these studies include the differences in
chemical (and noise) exposures; the paucity of
information described regarding current and
past exposures histories (to both solvents and
noise); and the variety of audiological testing
methodologies performed.

Due to the state of the literature it is
unfeasible to conduct a full systematic review
and meta-analysis at this point in time. How-
ever, there is a growing consensus that evi-
dence-based practices should involve the
integration of the highest quality and most
current research findings with clinical/educa-
tional expertise and relevant stakeholder per-
SpeCtiVCS.22’23 The evidence synthesized in this
review might facilitate the decision making of
which clinical tools to use in the diagnoses of
ototoxicity and central auditory dysfunctions
associated with solvent exposures.

CONCLUSION

The 37 articles reviewed here demonstrate that a
variety of tests have been used to evaluate many
aspects of auditory function in workers exposed
to solvents. The majority of evidence from these
studies utilized pure-tone audiometry and/or
ABR to evaluate the auditory system in sol-
vent-exposed workers. Not all these tests are
likely to be available in all clinical settings. Few
studies used the AIADH self-report question-
naire, or assessed auditory processing skills
through the DD, FS, HINT, PPS, or RGD
behavioral tests. All studies which used these six
tests reported significant differences among sol-
vent-exposed groups, so we suggest future re-
search and clinical practice focus on these tests.
Gaps in this body of literature include a lack of
high-quality studies using a randomized design
or a longitudinal design. These types of studies
would obtain more detailed information on
current exposure indicators as well as occupa-
tional exposure histories and thereby establish a
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greater rigor in selecting comparison subgroups.
Current evidence, however, allows us to identify
the type of auditory dysfunctions to be expected
and characteristics that an audiological test
battery for solvent-exposed workers should
have. Furthermore, information provided by
the current review should facilitate the develop-
ment of high-quality studies in the future to
better address these existing gaps and limita-
tions. Finally, the absence of conclusive evidence
should not be interpreted as evidence of lack of
effectiveness for the audiological methodologies
studied. Rather, it means that further research in
occupational ototoxicity determination is very
likely to have an important impact.
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