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Abstract: Recent studies involving guinea pigs have shown that noise can damage the synapses be-
tween the inner hair cells and spiral ganglion neurons, even with normal hearing thresholds—which
makes it important to investigate this kind of impairment in humans. The aim was to investigate,
with multiple audiological assessments, the auditory function of normal hearing workers exposed to
occupational noise. Altogether, 60 workers were assessed (30 in the noise-exposure group [NEG],
who were exposed to occupational noise, and 30 in the control group [CG], who were not exposed to
occupational noise); the workers were matched according to age. The following procedures were
used: complete audiological assessment; speech recognition threshold in noise (SRTN); speech in
noise (SN) in an acoustic field; gaps-in-noise (GIN); transient evoked otoacoustic emissions (TEOAE)
and inhibitory effect of the efferent auditory pathway; auditory brainstem response (ABR); and long-
latency auditory evoked potentials (LLAEP). No significant difference was found between the groups
in SRTN. In SN, the NEG performed worse than the CG in signal-to-noise ratio (SNR) 0 (p-value
0.023). In GIN, the NEG had a significantly lower percentage of correct answers (p-value 0.042). In
TEOAE, the NEG had smaller amplitude values bilaterally (RE p-value 0.048; LE p-value 0.045) and
a smaller inhibitory effect of the efferent pathway (p-value 0.009). In ABR, the NEG had greater
latencies of wave V (p-value 0.017) and interpeak intervals III-V and I-V in the LE (respective p-values:
0.005 and 0.04). In LLAEP, the NEG had a smaller P3 amplitude bilaterally (RE p-value 0.001; LE
p-value 0.002). The NEG performed worse than the CG in most of the assessments, suggesting that
the auditory function in individuals exposed to occupational noise is impaired, even with normal
audiometric thresholds.

Keywords: noise; occupational; cochlea; auditory perceptual disorders; hearing tests

1. Introduction

Noise-induced hearing loss results from lesions or dysfunctions, especially in the
cochlear outer hair cells; these cells were believed to be the structures most vulnerable
to noise. Thus, noise exposure that did not cause permanent hearing loss used to be
considered safe [1–3].

However, recent studies have demonstrated that the structures most vulnerable to
noise following exposure that leads to temporary hearing loss are the synapses between
the inner hair cells and the spiral ganglion neurons, even with normal hearing thresholds.
This synaptopathy has been demonstrated in guinea pigs and is named hidden hearing
loss [2–5].

Furthermore, this synaptopathy is specifically located in the fibers that form synapses
on the modiolar side of the inner hair cells, whose spontaneous rates are relatively low.
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They are particularly important in noisy environments because they are more resistant to
masking by continuous background noise due to their higher thresholds. Therefore, high
spontaneous rate fibers (the pillar side of inner hair cells) are believed to be the ones that
contribute the most in quiet environments, but as the background noise increases, low
spontaneous rate fibers are particularly important. Hence, in situations of greater auditory
demand, with higher background noise, speech intelligibility and temporal auditory pro-
cessing may be impaired, and it has been suggested that this is a sign of hidden hearing
loss [3–7].

Reduced input, with or without elevated hearing thresholds, may also lead to central
plasticity because the input to the auditory nerve decreases, causing a cascade of events
that impair the whole auditory pathway [3]. As this cascade of events can cause changes
throughout the entire auditory system, including the peripheral and central auditory
pathways, special assessments, such as long-latency evoked potentials (LLAEP), should be
used to verify the most rostral portion of the auditory system.

It is important to highlight that there is no consensus regarding the occurrence of
noise-induced synaptopathy in humans. Despite advances in the comparisons between
animal and human models, further studies in humans are still needed to establish strong
and reliable conclusions, especially regarding the diagnostic tools [8].

The studies on noise-induced hidden hearing loss suggest that humans are less vulner-
able to noise damage than smaller mammals. Moreover, animals and humans are exposed
to different types of noise. Guinea pigs are usually exposed to continuous noise at the high-
est possible level; this noise does not cause PTS, but it does cause synaptic losses in a short
period of time. Humans, however, do not experience this in real life; instead, they are often
exposed to intermittent noise at a much lower level and for a long time, especially when
hearing protection devices are used according to the current security standards [9–11].

Considerable attention has been given to experiments on specific mice strains to
identify candidate assays using non-invasive measures that could potentially identify
hidden hearing loss in humans. Nonetheless, there is still no consensus on which part
of the neurophysiological evidence observed in animal models would also be evident in
humans; this underlies the cause of the difficulties in speech intelligibility experienced by
subjects with normal audiograms after occupational noise exposure [12].

Therefore, it is highly important to investigate the feasibility and inclusion of multiple
assessments (besides conventional audiometry) to monitor workers exposed to noise.
Hearing thresholds are normal in cases of hidden hearing loss, and these workers may
present subtle auditory impairments, such as difficulty in following a conversation in noisy
environments. Moreover, this type of impairment must be confirmed in humans, due to
its possible practical consequences, including occupational regulations regarding noise
exposure limits.

Our study hypothesizes that workers exposed to noise, even while wearing hearing
protection, may have an unnoticed auditory impairment, which can be detected with
multiple peripheral and central auditory assessments. The noise-exposure and control
groups were matched according to age and underwent multiple audiological procedures to
assess different portions of the peripheral and central auditory pathways.

2. Materials and Methods

This observational cross-sectional study was approved by the institution’s Ethics
Committee under number 2.435.259/2017. The participants were informed in advance
about the study, and those who agreed with it signed an informed consent form.

2.1. Sample

Altogether, 60 male individuals participated in the study; they were divided into
two groups and were matched according to age (≤2 years): the noise-exposure group
(NEG), comprising 30 individuals exposed to occupational noise, with a mean age of
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35.6 ± 7.09 years (min: 23; max: 50), and the control group (CG), comprising 30 individuals
not exposed to occupational noise, with a mean age of 35.37 ± 7.56 years (min: 22; max: 49).

The inclusion criteria for the study participants were as follows: age between 18 and
50 years; normal hearing thresholds (<25 dBHL at 250 to 8000 Hz); absence of changes
in the external auditory meatus; no exposure to chemical products; absence of tinnitus;
not undergoing chemotherapy or radiotherapy; not taking any ototoxic drugs; exposure
to occupational noise for at least 5 years (NEG); no exposure to occupational noise (CG);
and no exposure to non-occupational noise (both groups). Both groups’ conventional and
high-frequency audiometry results can be found in Appendix A.

The workers were selected based on the university’s Environmental Risks Prevention
Program, which describes the risks to which each worker is exposed in their workday.
The NEG comprised individuals who worked in maintenance at the university, and the
CG comprised individuals who worked in other university departments without noise
(basically, administrative staff). The NEG participants had been exposed to intermittent
noise (Lavg [average sound pressure level over a period of time]: 88 dBA; minimum:
75 dBA, maximum: 111 dBA; 69% of the daily dose) during their 8 h workday for a mean
of 8.6 years (SD: 6.1 years) in which they had been in that position (exposure). All of them
used hearing protection during their workday.

2.2. Procedures

The tests described below were reproduced in a sound booth with a two-channel
audiometer (model AC-40; Interacoustics, Middelfart, Denmark).

− Sentence recognition threshold in noise (SRTN) was assessed with a list of sentences in
Portuguese (LSP) [13]—a list of sentences was presented to individuals in ipsilateral
white noise through TDH-50 earphones. They were asked to repeat the sentences as
they understood them. The noise was maintained at 65 dBHL throughout the test,
while the sentences were initially presented at 68 dBHL. After each sentence that the
patient repeated correctly, the intensity was decreased by 4 dB; then, after the first
mistake, 2 dB intervals were used for either correct or wrong answers. Thus, the SRTN
was obtained which corresponded to the final signal-to-noise ratio (SNR).

− Speech recognition in noise (SN) was assessed with monosyllables, using an acoustic
field system with three loudspeakers. Pink noise was presented in channel 1, which
was connected to the loudspeakers on the participants’ right and left sides, 85 cm
away from them and at a 90◦ azimuth. Speech stimuli were presented in channel 2,
which was connected to the central loudspeaker, placed 100 cm away from them and
at a 0◦ azimuth. The study used recorded monosyllables [14,15] as stimuli, presenting
25 monosyllables in each SNR (0 and −10 dB), while the speech remained at 65 dB(A).
The results were based on the percentage of correct answers in each SNR.

− Temporal resolution was assessed with the gaps-in-noise test (GIN)—the GIN test [16]
was used and presented stimuli monaurally through TDH-50 earphones 50 dBSL above
the mean pure-tone thresholds of the right ear at 500, 1000, and 2000 Hz. The results
were based on the number of silent intervals correctly detected, with the threshold set
as the shortest silent interval perceived by the individual in 4/6 presentations. The
normal criteria used in this study were 70% or more correct answers and a 5 ms or
lower gap-detection threshold [17].

− An analysis of the transient evoked otoacoustic emissions (TEOAE) and the inhibitory
effect of the efferent auditory pathway was conducted. Nonlinear stimuli were pre-
sented at 80 dBSPL to assess responses at 1 kHz, 1.4 kHz, 2 kHz, 2.8 kHz, and 4 kHz
and at the total response amplitude (ILO 292; Otodynamics, Hatfield, UK). They were
considered present when the SNR was ≥3 dBSPL at three consecutive frequencies [18].
The participants whose responses were present in the TEOAE had the inhibitory effect
of the efferent auditory pathway assessed with linear click stimuli at 60 dBSPL in white
noise (also at 60 dBSPL), presented with 10 s intervals between them. To calculate the
inhibitory effect, the TEOAE results with and without noise were transformed into
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micropascals (µPa); then, the difference between the emissions in these two situations
was obtained. Differences with positive values were considered to represent the pres-
ence of the inhibitory effect of the efferent auditory pathway [19]. The percentage of
this inhibitory effect was also calculated. As the right ear has an advantage over the
left one with regard to the inhibitory effect of the efferent pathway [20], only the right
ear results were considered for analysis.

− Amplitudes and latencies were assessed with auditory brainstem response
(ABR)—electrodes were positioned on the vertex (Cz), forehead (FPz), and left (M1)
and right mastoid (M2), with impedance values below 5 kiloohms (kΩ). The integrity
of the auditory pathways was assessed, first in the right ear, then in the left one, with
click stimuli presented through insert headphones at 80 dBnHL (Smart EP, Intelligent
Hearing System). This protocol used a presentation rate of 19 clicks per second, each
one lasting 0.1 ms, totaling 2000 stimuli [21]. Two collections were made from each ear
to confirm wave reproducibility. The amplitudes and latencies of waves I, III, and V
and the interpeak intervals I-III, III-V, and I-V were analyzed according to the normal
values set for the equipment [22]. The V/I amplitude ratio was also analyzed.

− Amplitudes and latencies were assessed with LLAEP; initially, the skin was cleaned
with abrasive paste at the places where the electrodes were positioned: vertex (Cz),
on the right (M2) and left (M1) mastoids, and on the forehead (Fpz). The electrode
impedance values should be below 5 kOhms. Tone-burst stimuli were presented
monaurally at 75 dBnHL, at a rate of 1.1 stimuli per second, totaling 300 stimuli; 15%
were rare stimuli presented at 2000 Hz, while 85% were frequent stimuli presented
at 1000 Hz (Smart EP, Intelligent Hearing System). The analysis window lasted
512 ms, and the high-pass and low-pass filters were from 1 to 30 Hz. The subjects
were instructed to pay attention to the rare stimuli and mentally count every time
they perceived them. In the tracing that resulted from subtracting the rare stimuli
from the frequent ones (waveform subtraction), the P3 component was identified
and analyzed regarding its latency and amplitude values (N2-P3). As for the tracing
that corresponded to the frequent stimuli, the P1, N1, P2, and N2 components were
identified and analyzed regarding their latency and amplitude values (P1-N1 and
P2-N2) [22].

2.3. Data Analysis

The data were analyzed using descriptive measures (means, standard deviations,
and minimum and maximum values) and inferential statistical tests (independent sample
analysis of variance and chi-square test, when appropriate). The odds ratio (OR) and its
confidence interval (CI) were also calculated for some tests. The significance level was set
at 5% (p ≤ 0.05).

3. Results

The speech recognition index in silence did not differ between the groups (right ear:
NEG = 99.5%; SD = 1.38; CG = 98.5%; SD = 2.67 − p-value = 0.073/left ear: NEG = 99.2%;
SD = 1.63; CG = 99.3%; SD = 1.52 − p-value = 0.806). No statistically significant difference
was found between the groups in the SRTN assessment. In the SN test, the NEG had a lower
percentage of recognition in both SNRs, with a significant difference in SNR 0 (p-value
0.023) (Table 1).

In the GIN test, the gap detection threshold was higher in the NEG than the CG
(5.86 ms and 5.20 ms, respectively), though with no significant difference. The percentage of
correct answers was significantly lower in the NEG (64.1%). In general, the NEG performed
worse as it had more individuals with abnormal GIN test results (43.3%) (Table 2). The OR
of having an abnormal GIN test result was 3.059 (CI: 0.96–9.65) in the comparison between
the individuals exposed to occupational noise and those not exposed.
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Table 1. Signal-to-noise ratio (in dB) of the speech recognition threshold in noise (SRTN) and
percentage of correct answers in the speech in noise test (SN) in an acoustic field, per group.

Group Mean Standard
Deviation

p-Value
(ANOVA)

SNR
(in dB)

RE SRTN
CG −3.07 2.22

0.541NEG −2.71 2.30

LE SRTN
CG −3.00 1.66

0.653NEG −3.21 1.96

% of correct answers
SN with 0 dB SNR

CG 78.2 7.61
0.023 *NEG 69.8 13.67

SN with −10 dB SNR
CG 53.7 16.51

0.102NEG 43.3 19.00
Legend: SNR—signal-to-noise ratio; RE—right ear; LE—left ear; *—significant difference.

Table 2. Gap detection thresholds (in ms) and percentage of correct answers (in %) in the GIN test.

Group Mean Standard
Deviation p-Value

GIN threshold
CG 5.20 1.24

0.116 aNEG 5.86 1.92

% of correct answers
CG 69.4 9.06

0.042 a*NEG 64.1 10.6

% of abnormal results
CG 20 -

0.052 bNEG 43.3 -
Legend: GIN—gaps-in-noise; ms—milliseconds; a—ANOVA; b—chi-square; *—significant difference.

Regarding TEOAE (Table 3), the NEG had a lower total amplitude than the CG, with
statistically significant differences in both ears (p-value 0.048 in the RE; p-value 0.045 in
the LE). Likewise, in the qualitative assessment the NEG had more individuals without
responses than the CG (30% in the RE and 23.33% in the LE), with a significant difference
in the RE (p-value 0.019).

Table 3. Amplitude in transient evoked otoacoustic emissions (TEOAE) (in dB) and percentage of
ears without responses per group.

Group Mean Standard
Deviation p-Value

Total amplitude in TEOAE
RE

CG 12.28 3.04
0.048 a*NEG 10.38 4.18

LE
CG 10.05 4.24

0.045 a*NEG 7.66 4.80

% of absent responses
RE

CG 6.66 -
0.019 b*NEG 30 -

LE
CG 13.33 -

0.319NEG 23.33 -
Legend: TEOAE—transient evoked otoacoustic emissions; RE—right ear; LE—left ear; a—ANOVA; b—chi-square;
*—significant difference.

In the assessment of the inhibitory effect of the efferent pathway in the RE, the NEG
had a greater absence of the effect and less inhibition, with a significant difference in both
situations (respective p-values: 0.015 and 0.009) (Table 4). Furthermore, the OR for the
absence of the inhibitory effect of the efferent pathway was 8.1 (CI: 1.54–42.47) in the
comparison between the individuals exposed to noise and those not exposed.
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Table 4. Inhibitory effect of the efferent auditory pathway (in micropascals) in the right ear and the
percentage of individuals without the inhibitory effect per group.

Group Mean Standard
Deviation p-Value

Inhibitory effect (µPa) CG 3.24 0.69
0.009a*NEG 2.90 0.08

% of individuals
without the effect

CG (n = 29) 6.89 -
0.015b*NEG (n = 24) 37.5 -

Legend: µPa—micropascal; a—ANOVA; b—Fisher’s exact; *—significant difference.

In ABR, the NEG had increased latency of wave V (p-value 0.017) and interpeak
intervals III-V and I-V (respective p-values: 0.005 and 0.040) in the LE (Table 5).

Table 5. Latencies of waves I, III, and V and interpeak intervals I-III, III-V, and I-V (in ms); ABR V/I
ratio per group.

Group Mean Standard
Deviation

p-Value
(ANOVA)

Waves
(in ms)

I—RE
CG 1.62 0.08

0.554NEG 1.63 0.13

I—LE
CG 1.62 0.10

0.458NEG 1.64 0.13

III—RE
CG 3.81 0.21

0.758NEG 3.82 0.15

III—LE
CG 3.81 0.23

0.436NEG 3.85 0.17

V—RE
CG 5.74 0.15

0.312NEG 5.79 0.21

V—LE
CG 5.74 0.17

0.017 *NEG 5.86 0.20

Interpeak intervals
(in ms)

I-III RE
CG 2.22 0.12

0.214NEG 2.17 0.14

I-III LE
CG 2.21 0.12

0.768NEG 2.20 0.16

III-V RE
CG 1.90 0.12

0.229NEG 1.95 0.18

III-V LE
CG 1.90 0.15

0.005*NEG 2.02 0.16

I-V RE
CG 4.12 0.15

0.441NEG 4.15 0.20

I-V LE
CG 4.12 0.18

0.040 *NEG 4.24 0.25

Amplitude ratio
V/I RE

CG 1.87 1.71
0.537NEG 2.11 1.30

V/I LE
CG 2.33 2.69

0.224NEG 1.67 1.18
Legend: ABR—auditory brainstem response; RE—right ear; LE—left ear; ms—milliseconds; I—wave I;
III—wave III; V—wave V; I-III—interpeak interval I-III; III-V—interpeak interval III-V; I-V—interpeak inter-
val I-V; V/I—amplitude ratio between waves V and I; *—significant difference.

Regarding LLAEP, no significant differences were found between the latencies ana-
lyzed. On the other hand, the NEG had a lower P3 amplitude in both ears (RE p-value 0.001
and LE p-value 0.002) (Table 6).
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Table 6. LLAEP latencies (in ms) and amplitudes (µV) per group.

Group Mean Standard
Deviation

p-Value
(ANOVA)

Latency
(in ms)

P1 RE
CG 55.4 16.9

0.366NEG 52.0 11.5

P1 LE
CG 52.2 13.5

0.621NEG 50.6 11.4

N1 RE
CG 97.3 18.9

0.352NEG 93.5 12.0

N1 LE
CG 94.5 17.4

0.642NEG 92.5 14.5

P2 RE
CG 187.0 31.9

0.653NEG 183.6 27.3

P2 LE
CG 180.6 29.4

0.971NEG 180.9 27.3

N2 RE
CG 259.3 37.9

0.347NEG 268.1 34.5

N2 LE
CG 254.7 40.9

0.197NEG 269.1 45.0

P3 RE
CG 306.6 29.9

0.572NEG 311.2 32.2

P3 LE
CG 307.9 37.2

0.688NEG 312.2 45.6

Amplitude
(µV)

P1-N1 RE
CG 3.63 1.92

0.533NEG 3.36 1.39

P1-N1 LE
CG 3.84 1.93

0.373NEG 3.43 1.59

P2-N2 RE
CG 4.28 2.64

0.275NEG 4.98 2.30

P2-N2 LE
CG 4.78 3.77

1.000NEG 4.78 1.77

P3 amplitude RE CG 9.92 4.40
0.001 *NEG 5.98 4.72

P3 amplitude LE CG 9.10 4.57
0.002 *NEG 5.58 3.61

Legend: LLAEP—long-latency auditory evoked potentials; RE—right ear; LE—left ear; ms—milliseconds;
µV—microvolts; P1—positive peak 1; N1—negative peak 1; P2—positive peak 2; N2—negative peak 2;
P3—positive peak 3; P1-N1—amplitude of wave P1-N1; P2-N2—amplitude of wave P2-N2; P3—amplitude
of wave P3; *—significant difference.

4. Discussion

The noise-exposed individuals in this study performed worse than the non-exposed
ones in most of the assessments. The NEG performed worse than the CG in the speech-in-
noise and GIN tests and had smaller TEOAE amplitudes, smaller inhibitory effects of the
efferent system, increased ABR latencies in wave V and interpeak intervals I-V and III-V,
and decreased P3 amplitudes.

Previous studies have suggested that the supraliminal effects of noise-induced hidden
hearing loss can be perceived through auditory perception [2,4,6,23,24]. These effects may
result from damage to the fibers with low trigger rates, thus explaining why audiologically
normal individuals behave so differently when trying to listen to speech in noise [23].

This study assessed speech intelligibility in noise with SRTN (using earphones) and SN
tests (presenting monosyllables in an acoustic field). However, the two groups performed
differently only in SN, in SNR 0. Our hypothesis for these findings, with regard to the
fact there was a difference between the groups in only one test, is that the SN test poses
a more adverse condition for the auditory system; this makes clearer the NEG’s greater
difficulty in listening to speech in noise. This difference in performance between normal
hearing individuals exposed to occupational noise and those not exposed agrees with some
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of the previous studies in the literature, which, though using different methodologies, also
verified worse assessment results in noise-exposed individuals [25–27].

Kumar et al. [25] assessed train engineers with regard to speech recognition in noise
with a −5 dB SNR and verified a significantly worse performance in the noise-exposed
group. The same was found by Hope et al. [26], who assessed speech perception in noise
in pilots with a history of noise exposure. Liberman et al. [27] assessed normal hearing
young people at high risk of synaptopathy and verified that this group performed worse
in speech recognition in noise and time-compressed speech tests; they also had a longer
reverberation time than the group at low risk of synaptopathy.

Another study, using a free-field system to emit monosyllables (65, 70, and 75 dB)
and pink noise at different SNRs (0, −5, −10, and −15), compared a group exposed to
occupational noise with a non-exposed group, both with normal hearing. They verified that
the non-exposed group performed better in all situations, suggesting that this difference
between the groups could be due to deficits in the auditory pathway caused by their history
of noise exposure [28].

Nonetheless, other previous studies did not find any association between the history
of noise exposure and worse performances in speech in noise and/or temporal processing
tests [23,29]. This may have been influenced by the methodologies used in each study,
such as the inclusion criteria, assessment methods, analysis criteria, speech and noise
presentation levels, and so forth, which can impact the results. Furthermore, as pointed
out by Pathasarathy et al. [24], variabilities in the studies using tests of speech recognition
in noise may be related to bottom-up temporal processing abilities and top-down active
listening resources; hence, it is difficult to generalize based on a single test type [24].

In temporal resolution assessment with the GIN test, the NEG had a higher gap
detection threshold than the CG (5.86 ms and 5.20 ms, respectively). Consequently, they
had a significantly lower percentage of correct answers (64.1%). It is important to highlight
that the normal GIN threshold in adults is 5 ms or lower. The NEG performed significantly
worse in this sample as it had fewer individuals in the normal range (43.3%). This indicates
that the NEG had worse temporal resolution—and therefore worse auditory temporal
processing—than the CG. Moreover, a 3.0 OR of having abnormal GIN test results was
found by comparing individuals exposed to occupational noise with those not exposed,
which suggests that this test, when used to investigate noise-induced hidden hearing loss,
effectively identifies individuals at a higher risk of changes in auditory temporal processing.

The studies by Kumar et al. [25] and Liberman et al. [27] used modulation detection
and duration pattern tests and verified worse results in the auditory temporal processing
tests in the noise-exposed individuals than in the non-exposed ones [25,27]. It has been
suggested that these results show a tendency toward decreased temporal processing abil-
ities in noise-exposed individuals, indicating that the noise can significantly distort the
processing of supraliminal temporal cues, which would make hearing even more difficult
in adverse listening situations [25].

Cochlear functioning was assessed with TEOAE, according to which the NEG had
lower total amplitude values and more individuals without responses. The inhibitory effect
of the RE efferent pathway was assessed in the individuals with TEOAE responses. The
NEG had a greater absence of this inhibitory effect and a lower percentage of inhibition.
Moreover, an 8.1 OR of absent inhibitory effects of the efferent pathway was found by
comparing the individuals exposed to occupational noise with those not exposed to occu-
pational noise. This suggests that this procedure, when used to investigate noise-induced
hidden hearing loss, effectively identifies those individuals at a higher risk of changes in
the efferent auditory pathway.

The studies assessing normal hearing individuals exposed to noise and those not
exposed to noise also found a greater absence of otoacoustic emissions in the exposed
group [30,31]. This indicates that the cochlear function in noise-exposed individuals
already shows signs of damage, even with normal hearing thresholds [32–34].
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Some researchers highlight the importance of studying not only otoacoustic emission
amplitudes but also the olivocochlear efferent auditory pathway, which was believed to be
responsible for protecting hair cells from noise exposure. However, since the vulnerability
of the synapses between hair cells and the auditory nerve was discovered, some studies
have highlighted the protective role of the efferent system against synaptopathy [35,36].

In studies that assessed the inhibitory effect of the efferent auditory pathway with
TEOAE suppression, the researchers found increased synaptopathy in noise-exposed guinea
pigs [35] and old guinea pigs [36] after the efferent bundle section. Based on our findings
and these previous studies, we hypothesize that this portion of the efferent auditory system
is impaired in noise-exposed individuals, contributing to noise-induced hidden hearing
loss symptoms. Therefore, this procedure should be included in the battery to assess
noise-exposed individuals.

Concerning the electrophysiological assessments performed in this study, the NEG
had increased latencies in wave V and interpeak intervals III-V and I-V.

A recent study conducted in 56 normal hearing adults divided into groups at low and
high risk of hidden hearing loss and matched according to age found similarly increased
interpeak results. The authors found increased values in interpeak intervals I–III and I–V
in the group at high risk, suggesting delayed central neural conduction, which may be a
consequence of hearing impairments more distally present in the auditory system. The
authors also found different V/I amplitude ratios from those in the present study as the
high-risk group had a higher mean value. These findings were explained as being due to a
central gain control mechanism, which compensated for the reduced input. On the other
hand, the authors question the clinical usefulness of the V/I amplitude ratio as it has great
variability [37].

The study by Nam et al. [38] compared normal hearing individuals exposed to an
episode of intense high-pitched noise with those not exposed and did not find differences
in ABR latencies, amplitudes, or interpeak intervals between the groups. The authors
questioned the fact that the data were collected retrospectively since it is possible that the
noise-induced lesions in some individuals would not be severe enough to cause synaptopa-
thy, which may explain the difference in findings in relation to other studies.

Concerning LLAEP, the NEG in this study had smaller P3 amplitudes in both ears. Pre-
vious research on the P3 component using verbal and nonverbal stimuli in workers exposed
to occupational noise and those not exposed verified that the exposed ones had greater P3
latency values with both stimuli than those not exposed to occupational noise [39].

Brattico et al. [40] assessed workers exposed to occupational noise and compared them
with a control group. They observed a smaller P1 amplitude in the noise-exposed group.
The authors suggested that prolonged noise exposure changed the strength and hemispheric
organization of speech sound discrimination and decreased the cortical processing speed.

A more recent study used magnetoencephalography to record cortical responses
to speech stimuli with a multi-talker background noise. It verified that normal hearing
individuals with speech intelligibility difficulties in noise had less cortical speech tracking
than the control group [41]. These possible changes observed more rostrally in the auditory
system may result from synaptopathy, which can trigger a series of neural processing
changes in the posterior stages of the auditory system. This may explain some hidden
hearing loss manifestations in humans [12].

Our study hypothesized that workers exposed to noise performed worse in periph-
eral and central assessments. In summary, this study found abnormal results in various
audiological battery tests for individuals exposed to occupational noise, even with nor-
mal hearing thresholds. Hence, we suggest using the following procedures along with
conventional audiometry to assess noise-induced damage early:

− Speech recognition in noise, as poor performances in difficult listening conditions are
the most common signs of hidden hearing loss [25–27,42].

− Auditory temporal processing assessment, which may indicate the status of auditory
processing abilities in adverse listening conditions [25,27].
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− Assessment of the inhibitory effect of the efferent auditory pathway, which provides
indications of the efferent system protection from synaptopathy [35,36].

− ABR, assessing V/I wave amplitude ratio to help identify hidden hearing loss [37,43].
− LLAEP, to assess possible changes more rostrally in the auditory system [12,39].

The strengths of this study include the sample selected with extremely strict inclusion
and exclusion criteria—including study and control groups matched according to age,
which made it possible to control this variable as much as possible. Moreover, the study
used an extensive battery of tests to assess the whole peripheral and central auditory
systems and to identify which procedures were more suitable to assess noise-exposed
individuals at higher risk of developing hidden hearing loss. Our findings suggest that the
current noise regulation laws may not be enough to effectively protect workers exposed to
occupational noise, and we verified that the exposed workers performed worse in auditory
assessments than those who had not been exposed. Thus, hidden hearing loss can be a
ubiquitous and neglected health problem. It is also possible that hearing protection devices
are not being used properly or are not providing adequate attenuation [44,45] since these
workers reported using them during their workday.

It is important to consider the fact that some of our results were different from those
obtained in previous studies—which may be due to different study populations (different
levels and types of noise and duration of exposure) and the different procedures used,
as well as other methodological differences. Furthermore, different results in human
studies may be due to the lower susceptibility of human auditory structures to adverse
noise exposure effects than that of guinea pigs. Valero et al. (2017) [11] described the fact
that primates need approximately 20 dB of noise more than rodents to induce a similar
degree of cochlear synaptopathy, highlighting the different susceptibility between species.
Therefore, noise-induced damage in humans may be lower; moreover, the procedures
available for humans may not be sensitive enough to detect this damage. Furthermore,
the measurements used, especially the electrophysiological ones, show great inter-subject
variability, hindering their clinical use for this purpose [12].

The limitations of the study include its cross-sectional design, which prevents infer-
ences on the causality of the changes that were found, as well as the sample size and the
relatively long exposure period. Future longitudinal studies may have larger samples and
divide them into different groups according to their exposure time, allowing for additional
comparisons.

5. Conclusions

Despite the normal hearing thresholds verified with conventional audiometry, the
NEG performed worse than the CG in most of the audiological assessments conducted in
this study.

Therefore, it is suggested that the auditory function of normal hearing individuals
exposed to occupational noise may be impaired. This highlights the importance of including
complementary assessments in the battery of tests for noise-exposed individuals and of
conducting further studies to investigate hidden hearing loss in this population.
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Appendix A

Table A1. Conventional and high-frequency audiometry results for both groups by ear.

Frequency Ear Group Mean Standard
Deviation

p-Value
(ANOVA)

250 Hz
RE

Control 8.00 4.84
0.367Study 9.17 5.10

LE
Control 7.50 5.37

0.217Study 9.17 5.00

500 Hz
RE

Control 10.50 5.92
0.350Study 11.83 5.00

LE
Control 10.50 5.47

0.359Study 11.67 4.22

1 kHz
RE

Control 7.67 5.68
0.216Study 9.33 4.54

LE
Control 6.83 5.00

0.101Study 9.00 5.09

2 kHz
RE

Control 6.67 4.87
0.137Study 8.83 5.20

LE
Control 6.67 4.87

0.087Study 9.00 5.48

3 kHz
RE

Control 8.33 5.47
0.356Study 10.33 6.94

LE
Control 8.67 5.56

0.127Study 11.00 6.10

4 kHz
RE

Control 10.33 6.40
0.129Study 13.00 7.02

LE
Control 9.03 6.31

0.060Study 12.50 7.63

6 kHz
RE

Control 6.67 7.04
0.144Study 9.00 4.98

LE
Control 5.33 6.29

0.103Study 7.83 5.36

8 kHz
RE

Control 5.50 6.34
0.449Study 6.67 5.47

LE
Control 5.33 5.86

0.401Study 6.67 6.34

9 kHz
RE

Control 6.00 7.59
0.934Study 5.83 7.89

LE
Control 7.33 8.28

0.383Study 5.67 6.26

10 kHz
RE

Control 11.00 9.14
0.231Study 14.00 10.03

LE
Control 10.50 8.13

0.257Study 13.00 8.77

11.2 kHz
RE

Control 11.67 12.06
0.436Study 14.00 10.94

LE
Control 11.50 12.12

0.953Study 11.67 9.50
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Table A1. Cont.

Frequency Ear Group Mean Standard
Deviation

p-Value
(ANOVA)

12.5 kHz
RE

Control 12.17 16.38
0.314Study 16.33 15.37

LE
Control 12.83 14.12

0.649Study 14.33 11.12

14 kHz
RE

Control 21.33 20.59
0.548Study 24.50 20.02

LE
Control 18.67 20.47

0.442Study 22.67 19.51

16 kHz
RE

Control 35.00 24.32
0.977Study 35.17 19.93

LE
Control 33.17 25.71

0.568Study 36.67 21.35
Legend: Hz—hertz; kHz—kilohertz; RE—right ear; LE—left ear.

References
1. Moore, B.C.J. Cochlear Hearing Loss: Physiological, Psychological, and Technical Issues, 2nd ed.; Wiley: Chichester, UK, 2007.
2. Plack, C.J.; Barker, D.; Prendergast, G. Perceptual consequences of “hidden” hearing loss. Trends Hear. 2014, 18, 2331216514550621.

[CrossRef]
3. Shi, L.; Chang, Y.; Li, X.; Aiken, S.; Liu, L.; Wang, J. Cochlear Synaptopathy and Noise-Induced Hidden Hearing Loss. Neural.

Plast. 2016, 2016, 6143164. [CrossRef] [PubMed]
4. Kujawa, S.G.; Liberman, M.C. Synaptopathy in the noise-exposed and aging cochlea: Primary neural degeneration in acquired

sensorineural hearing loss. Hear. Res. 2015, 330 (Pt B), 191–199. [CrossRef]
5. Kobel, M.; Le Prell, C.G.; Liu, J.; Hawks, J.W.; Bao, J. Noise-induced cochlear synaptopathy: Past findings and future studies. Hear.

Res. 2017, 349, 148–154. [CrossRef]
6. Bharadwaj, H.M.; Verhulst, S.; Shaheen, L.; Liberman, M.C.; Shinn-Cunningham, B.G. Cochlear neuropathy and the coding of

supra-threshold sound. Front. Syst. Neurosci. 2014, 8, 26. [CrossRef] [PubMed]
7. Furman, A.C.; Kujawa, S.G.; Liberman, M.C. Noise-induced cochlear neuropathy is selective for fibers with low spontaneous

rates. J. Neurophysiol. 2013, 110, 577–586. [CrossRef]
8. Kohrman, C.D.; Wan, G.; Cassinotti, L.; Corfas, G. Hidden Hearing Loss: A Disorder with Multiple Etiologies and Mechanisms.

Cold Spring Harb. Perspect. Med. 2020, 10, a035493. [CrossRef] [PubMed]
9. Dobie, R.A.; Humes, L.E. Commentary on the regulatory implications of noise-induced cochlear neuropathy. Int. J. Audiol. 2017,

56 (Suppl. S1), 74–78. [CrossRef]
10. Ripley, S.; Xia, L.; Zhang, Z.; Aiken, S.J.; Wang, J. Animal-to-Human Translation Difficulties and Problems With Proposed

Coding-in-Noise Deficits in Noise-Induced Synaptopathy and Hidden Hearing Loss. Front. Neurosci. 2022, 16, 893542. [CrossRef]
11. Valero, M.D.; Burton, J.A.; Hauser, S.N.; Hackett, T.A.; Ramachandran, R.; Liberman, M.C. Noise-induced cochlear synaptopathy

in rhesus monkeys (Macaca mulatta). Hear. Res. 2017, 353, 213–223. [CrossRef]
12. Valderrama, J.T.; de la Torre, A.; McAlpine, D. The hunt for hidden hearing loss in humans: From preclinical studies to effective

interventions. Front. Neurosci. 2022, 16, 1000304. [CrossRef]
13. Costa, M.J.; Iório, M.C.M.; Mangabeira-Albernaz, P.L. Development of a test to evaluate speech recognition with and without

noise. Pró-Fono 2000, 12, 9–16.
14. Pen, M.; Mangabeira-Albernaz, P. Test Development for Speech Audiometry-Vocal Discrimination; Congresso Pan-Americano de

Otorrinolaringologia e Broncoesofagia: Lima, Peru, 1973.
15. Mangabeira-Albernaz, P.L. Logoaudiometria. In Processamento Auditivo Central: Manual de Avaliação; Pereira, L.D., Schochat, E.,

Eds.; Lovise: São Paulo, Brasil, 1997; pp. 37–42.
16. Musiek, F.E.; Shinn, J.B.; Jirsa, R.; Bamiou, D.E.; Baran, J.A.; Zaida, E. GIN (Gaps-in-Noise) test performance in subjects with

confirmed central auditory nervous system involvement. Ear Hear. 2005, 26, 608–618. [CrossRef] [PubMed]
17. Samelli, A.G.; Schochat, E. The gaps-in-noise test: Gap detection thresholds in normal-hearing young adults. Int. J. Audiol. 2008,

47, 238–245. [CrossRef] [PubMed]
18. Gorga, M.P.; Neely, S.T.; Ohlrich, B.; Hoover, B.; Redner, J.; Peters, J. From Laboratory to Clinic: A large Scale Study of Distortion

Product Otoacoustic Emissions in Ears with Normal Hearing and Ears with Hearing Loss. Ear Hear. 1997, 18, 440–445. [CrossRef]
[PubMed]

19. Ryan, S.; Kemp, D.T. The influence of evoking stimulus level on the neural suppression of transient evoked otoacoustic emissions.
Hear. Res. 1996, 94, 140–147. [CrossRef] [PubMed]

20. Bidelman, G.; Bhagat, S. Right-ear advantage drives the link between olivocochlear efferent ‘antimasking’ and speech-in-noise
listening benefits. Neuroreport 2015, 26, 483–487. [CrossRef]

https://doi.org/10.1177/2331216514550621
https://doi.org/10.1155/2016/6143164
https://www.ncbi.nlm.nih.gov/pubmed/27738526
https://doi.org/10.1016/j.heares.2015.02.009
https://doi.org/10.1016/j.heares.2016.12.008
https://doi.org/10.3389/fnsys.2014.00026
https://www.ncbi.nlm.nih.gov/pubmed/24600357
https://doi.org/10.1152/jn.00164.2013
https://doi.org/10.1101/cshperspect.a035493
https://www.ncbi.nlm.nih.gov/pubmed/30617057
https://doi.org/10.1080/14992027.2016.1255359
https://doi.org/10.3389/fnins.2022.893542
https://doi.org/10.1016/j.heares.2017.07.003
https://doi.org/10.3389/fnins.2022.1000304
https://doi.org/10.1097/01.aud.0000188069.80699.41
https://www.ncbi.nlm.nih.gov/pubmed/16377996
https://doi.org/10.1080/14992020801908244
https://www.ncbi.nlm.nih.gov/pubmed/18465408
https://doi.org/10.1097/00003446-199712000-00003
https://www.ncbi.nlm.nih.gov/pubmed/9416447
https://doi.org/10.1016/0378-5955(96)00021-4
https://www.ncbi.nlm.nih.gov/pubmed/8789819
https://doi.org/10.1097/WNR.0000000000000376


Brain Sci. 2023, 13, 968 13 of 13

21. Hickox, A.E.; Larsen, E.; Heinz, M.G.; Shinobu, L.; Whitton, J.P. Translational issues in cochlear synaptopathy. Hear. Res. 2017,
349, 164–171. [CrossRef]

22. Jacobson, J.T. The Auditory Brainstem Response; Taylor & Francis: London, UK, 1985.
23. Guest, H.; Munro, K.J.; Prendergast, G.; Millman, R.E.; Plack, C.J. Impaired speech perception in noise with a normal audiogram:

No evidence for cochlear synaptopathy and no relation to lifetime noise exposure. Hear. Res. 2018, 364, 142–151. [CrossRef]
24. Parthasarathy, A.; Hancock, K.E.; Bennett, K.; DeGruttola, V.; Polley, D.B. Bottom-up and top-down neural signatures of

disordered multi-talker speech perception in adults with normal hearing. eLife 2020, 9, e51419. [CrossRef]
25. Kumar, U.A.; Ameenudin, S.; Sangamanatha, A.V. Temporal and speech processing skills in normal hearing individuals exposed

to occupational noise. Noise Health 2012, 14, 100–105.
26. Hope, A.J.; Luxon, L.M.; Bamiou, D.E. Effects of chronic noise exposure on speech-in-noise perception in the presence of normal

audiometry. J. Laryngol. Otol. 2013, 127, 233–238. [CrossRef]
27. Liberman, M.C.; Epstein, M.J.; Cleveland, S.S.; Wang, H.; Maison, S.F. Toward a Differential Diagnosis of Hidden Hearing Loss in

Humans. PLoS ONE 2016, 11, e0162726. [CrossRef]
28. Rocha, C.H.; Lisboa, G.; Padilha, F.Y.O.M.M.; Rabelo, C.M.; Samelli, A.G. Effects of hearing protector devices on speech

intelligibility: The importance of individualized assessment. Int. J. Occup. Saf. Ergon. 2021, 28, 1227–1234. [CrossRef]
29. Le Prell, C.G.; Siburt, H.W.; Lobarinas, E.; Griffiths, S.K.; Spankovich, C. No Reliable Association Between Recreational Noise

Exposure and Threshold Sensitivity, Distortion Product Otoacoustic Emission Amplitude, or Word-in-Noise Performance in a
College Student Population. Ear Hear. 2018, 39, 1057–1074. [CrossRef]

30. Vinck, B.M.; van Cauwenberge, P.B.; Leroy, L.; Corthals, P. Sensitivity of transient evoked and distortion product otacoustic
emissions to the direct effects of noise on the human cochlea. Audiology 1999, 38, 44–52. [CrossRef]

31. Sliwinska-Kowalska, M.; Kotylo, P.; Hendler, B. Comparing changes in transient-evoked otoacoustic emission and pure-tone
audiometry following short exposure to industrial noise. Noise Health 1999, 1, 50–57.

32. Lalaki, G. Noise Induced Hearing Loss (NIHL) and OAEs. In Proceedings of the 6th European Federation of Audiology Societies
Congress, Crete, Greece, 3–6 May 2003.

33. Torre, P.; Hoffman, H.; Springer, G.; Cox, C.; Young, M.; Margolick, J.B.; Plankey, M. Cochlear function among HIV-seropositive
and HIV-seronegative men and women. Ear Hear. 2014, 35, 56–62. [CrossRef]

34. Khoza-Shangase, K. An analysis of auditory manifestations in a group of adults with AIDS prior to antiretroviral therapy. Afr. J.
Infect. 2011, 5, 11–22. [CrossRef]

35. Maison, S.F.; Usubuchi, H.; Liberman, M.C. Efferent feedback minimizes cochlear neuropathy from moderate noise exposure.
J. Neurosci. 2013, 33, 5542–5552. [CrossRef]

36. Yin, Y.; Liberman, L.D.; Maison, S.F.; Liberman, M.C. Olivocochlear innervation maintains the normal modiolar-pillar and
habenular-cuticular gradients in cochlear synaptic morphology. Assoc. Res. Otolaryngol. 2014, 15, 571–583. [CrossRef]

37. Suresh, C.H.; Krishnan, A. Search for Electrophysiological Indices of Hidden Hearing Loss in Humans: Click Auditory Brainstem
Response Across Sound Levels and in Background Noise. Ear Hear. 2021, 42, 53–67. [CrossRef]

38. Nam, G.S.; Kim, J.Y.; Hong, S.A.; Kim, S.G.; Son, E.J. Limitation of Conventional Audiometry in Identifying Hidden Hearing Loss
in Acute Noise Exposure. Yonsei Med. J. 2021, 62, 615–621. [CrossRef]

39. Massa, C.G.; Rabelo, C.M.; Matas, C.G.; Schochat, E.; Samelli, A.G. P300 with verbal and nonverbal stimuli in normal hearing
adults. Braz. J. Otorhinolaryngol. 2011, 77, 686–690. [CrossRef]

40. Brattico, E.; Kujala, T.; Tervaniemi, M.; Alku, P.; Ambrosi, L.; Monitillo, V. Long-term exposure to occupational noise alters the
cortical organization of sound processing. Clin. Neurophysiol. 2005, 116, 190–203. [CrossRef]

41. Ghinst, M.V.; Bourguignon, M.; Wens, V.; Naeije, G.; Ducène, C.; Niesen, M.; Hassid, S.; Choufani, G.; Goldman, S.; De Tiège,
X. Inaccurate cortical tracking of speech in adults with impaired speech perception in noise. Brain Commun. 2021, 3, fcab186.
[CrossRef]

42. Lokwani, P.; Prabhu, P. Efficacy of behavioral audiological tests in identifying cochlear synaptopathy: A systematic review. Eur.
Arch. Otorhinolaryngol. 2022, 279, 577–594. [CrossRef]

43. Verhulst, S.; Jagadeesh, A.; Mauermann, M.; Ernst, F. Individual Differences in Auditory Brainstem Response Wave Characteristics:
Relations to Different Aspects of Peripheral Hearing Loss. Trends Hear. 2016, 20, 2331216516672186. [CrossRef] [PubMed]

44. Takada, M.M.; Rocha, C.H.; Neves-Lobo, I.F.; Moreira, R.R.; Samelli, A.G. Training in the proper use of earplugs: An objective
evaluation. Work 2020, 65, 401–407. [CrossRef] [PubMed]

45. Morata, T.; Gong, W.; Tikka, C.; Samelli, A.G.; Verbeek, J. Effects of hearing protection field attenuation estimation systems and
associated training on the level of noise attenuation in workers exposed to noise (Protocol). Cochrane Database Syst. Rev. 2021, 10,
CD015066. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.heares.2016.12.010
https://doi.org/10.1016/j.heares.2018.03.008
https://doi.org/10.7554/eLife.51419
https://doi.org/10.1017/S002221511200299X
https://doi.org/10.1371/journal.pone.0162726
https://doi.org/10.1080/10803548.2021.1880763
https://doi.org/10.1097/AUD.0000000000000575
https://doi.org/10.3109/00206099909073001
https://doi.org/10.1097/AUD.0b013e3182a021c8
https://doi.org/10.4314/ajid.v5i1.66506
https://doi.org/10.1523/JNEUROSCI.5027-12.2013
https://doi.org/10.1007/s10162-014-0462-z
https://doi.org/10.1097/AUD.0000000000000905
https://doi.org/10.3349/ymj.2021.62.7.615
https://doi.org/10.1590/S1808-86942011000600002
https://doi.org/10.1016/j.clinph.2004.07.030
https://doi.org/10.1093/braincomms/fcab186
https://doi.org/10.1007/s00405-021-06927-x
https://doi.org/10.1177/2331216516672186
https://www.ncbi.nlm.nih.gov/pubmed/27837052
https://doi.org/10.3233/WOR-203092
https://www.ncbi.nlm.nih.gov/pubmed/32007983
https://doi.org/10.1002/14651858.CD015066

	Introduction 
	Materials and Methods 
	Sample 
	Procedures 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	Appendix A
	References

